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The bronchial epithelium is the barrier to the external environment
and plays a vital role in protection of the internal milieu of the lung. It
functions within the epithelial-mesenchymal trophic unit to control
the local microenvironment and help maintain tissue homeostasis.
However, in asthma, chronic perturbation of these homeostatic
mechanisms leads to alterations in the structure of the airways,
termed remodeling. Damage to the epithelium is now recognized to
playakey role indrivingairwayremodeling.Wehavepostulatedthat
epithelial susceptibility to environmental stress and injury together
with impaired repair responses results in generation of signals that
act on the underlying mesenchyme to propagate and amplify
inflammatory and remodeling responses in the submucosa. Many
types of challenges to the epithelium, including pathogens, aller-
gens, environmental pollutants, cigarette smoke, and even mechan-
ical forces, can elicit production of mediators by the epithelium,
which can be translated into remodeling responses by the mesen-
chyme. Several important mediators of remodeling have been
identified, most notably transforming growth factor-b, which is
released from damaged/repairing epithelium or in response to
inflammatory mediators, such as IL-13. The cross talk between the
epithelium and the underlying mesenchyme to drive remodeling
responses is considered in the context of subepithelial fibrosis and
potential pathogenetic mechanisms linked to the asthma suscepti-
bility gene, a disintegrin and metalloprotease (ADAM)33.
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AIRWAY REMODELING IN ASTHMA

Asthma is an inflammatory diseases associated with alterations
in the normal architecture of the airway walls, termed airways
remodeling (1). These structural changes are characterized by
epithelial goblet cell hyperplasia and metaplasia, an increase in
bronchial smooth muscles and new blood vessels, and deposi-
tion of interstitial collagens that extends beyond the thickened
lamina reticularis to involve the entire inner airway wall in
proportion to disease severity. Tissue remodeling is an early and
consistent component of childhood asthma with several studies
describing increased collagen deposition and thickening of the
lamina reticularis, increased smooth muscle, and angiogenesis
(2–4). Although no reticular basement membrane thickening
can be found in wheezing infants (5, 6), the airway wall has been
reported to be abnormal in infants who subsequently develop
asthma (7).

THE EPITHELIAL MESENCHYMAL TROPHIC UNIT

The concept of the epithelial mesenchymal trophic unit (EMTU)
was introduced by Plopper and Evans (8) and referred to the
involvement of the airways structural cells in controlling the
airway microenvironment during key processes, such as lung
development, repair of damaged tissue, and regulation of the
inflammatory response. They highlighted the role of the atten-
uated fibroblast sheath, a layer of large, flat stellate cells in close
proximity to the epithelial/environmental interface that could
respond in a local manner to various stimuli. These fibroblastic
cells have the ability to differentiate into myofibroblasts that
secrete extracellular matrix (ECM) proteins as well as proin-
flammatory mediators. The ECM influences cell behavior and
contributes to structure and compartmentalization in the air-
ways, and its composition determines the mechanical properties
and elasticity of the tissue. Because the ECM compartment is
dynamic, reflecting the net balance of synthesis and degrada-
tion, a shift in this balance toward increased matrix deposition
can result in fibrosis leading to altered structure and abnormal
mechanical properties. In asthma, we have postulated that
susceptibility to injury and aberrant repair responses result in
persistent activation of the EMTU leading to tissue remodeling
and altered airway function (9, 10).

EPITHELIAL REPAIR

The bronchial epithelium is pivotally involved in provision of
chemical, physical, and immunological barriers to the inhaled
environment (11). These barriers serve to maintain tissue
homeostasis, but when compromised the immunological barrier
becomes activated to protect the internal milieu of the lung.
This leads to an acute inflammatory response that can become
pathological in the face of chronic activation. Thus, a rapid
repair response is essential for restoration of tissue homeostasis.

After epithelial injury, the process of epithelial repair can be
considered to occur in a series of stages (Figure 1). The im-
mediate response involves induction of cell migration leading
to formation of a temporary barrier. Epithelial cells become
migratory in response to growth factors, such as transforming
growth factor (TGF)-b or epidermal growth factor (EGF), by
undergoing an epithelial-to-mesenchymal transition (EMT)
characterized by down-regulation of tight junctions and increased
expression of matrix metalloproteases and ECM components. In
other lung diseases, EMT has been attributed to pathological
changes associated with tissue fibrosis (12); however, markers
such as a-smooth muscle actin or vimentin are not expressed in
asthmatic airway epithelium (13) and there is currently no
evidence that epithelial cells invade the basement membrane
and contribute to the mesenchymal compartment in asthma.

In parallel with epithelial activation, the underlying attenu-
ated fibroblast sheath responds to epithelial injury by synthesis
and deposition of a provisional matrix that helps seal the tem-
porary barrier while the epithelium is compromised. This involves
increased proliferation of fibroblasts and their differentiation into
myofibroblasts. Both of these processes have been observed in
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asthma (14). As soon as the barrier has been reformed, the
epithelial cells divide to replace cells that have been lost and these
must undergo differentiation. This initially involves goblet cell
differentiation allowing restoration of secretory function, as the
secretions provide additional protection to the airways, and is
followed by ciliogenesis to restore mucociliary clearance. As the
epithelium recovers normal function, the provisional matrix that
was laid down in the early stages of repair must be remodeled and
degraded to restore normal tissue architecture. During this pro-
cess, the myofibroblasts should undergo apoptosis to return the

submucosal fibroblast number to normal. These processes even-
tually progress toward resolution and return of the tissue to its
normal structure.

PRODUCTION OF MEDIATORS BY REPAIRING
EPITHELIAL CELLS AND ACTIVATION OF THE EMTU

In asthma there is evidence that epithelial injury and repair are
abnormal. Several studies have reported increased susceptibility
to injury (15–17) and abnormal repair responses, including

Figure 1. Schematic

representation of the
stages of epithelial re-

pair in asthma. EGF 5

epidermal growth fac-

tor; HGF 5 hepatocyte
growth factor; MMP 5

matrix metalloprotease;

TGF 5 transforming

growth factor.

Figure 2. Model for the im-

pact of the epithelial mesen-

chymal trophic unit on the

production and function of
the soluble form of a disinte-

grin and metalloprotease

(sADAM)33 in asthma.
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increased expression of the EGF receptor (EGFR) in bronchial
biopsies from adults (18) and children (4) with asthma, as well
as expression of the cyclin-dependent kinase inhibitor, p21waf1

(4, 19). Furthermore, in cultures of epithelial cells from
children, the asthmatic airway epithelium displays a dysregu-
lated repair response taking longer to repair mechanically
induced wounds (20) and undergoing a more extensive EMT
in response to TGF-b than cultures from donors without asthma
(13).

To investigate the functional consequences of abnormal
epithelial repair responses, early work by our group using
bronchial epithelial cells damaged by scrape wounding showed
that TGF-b2 was released as an early response to injury and that
inhibition of repair using an EGFR tyrosine kinase inhibitor–
augmented TGF-b2 release (18). More recent studies using
differentiated epithelial cultures have confirmed that damage
causes release of TGF-b and have shown that coculture of
epithelial cells and fibroblasts results in sustained TGF-b re-
lease (21). In this coculture model, there was also marked
synthesis of interstitial collagen, which was deposited in close
proximity in basal surface of the epithelium, closely mirroring
the thickening of the lamina reticularis seen in asthmatic
bronchial biopsies. Other studies have used different forms of
epithelial damage, including pneumatic compression (22, 23) or
dynamic lateral compression (24), to induce epithelial damage
and fibroblast activation, measured as increased proliferation,
myofibroblast differentiation, or synthesis of extracellular ma-
trix components.

The in vitro studies of the EMTU appear to model some of
the changes seen in vivo after allergen challenge. In these
studies, bronchial biopsies taken 7 days after allergen exposure
showed significant increases in collagen deposition in the lamina
reticularis, whereas the inflammatory response, which had
increased 1 day after allergen exposure, had subsided (25).
The collagen deposition might be explained by epithelial stress
or injury caused by bronchoconstriction, as epithelial expression
of TGF-b2 has been shown to increase after allergen challenge
(26). However, it cannot be excluded that the allergen-induced
remodeling changes are, in part, a consequence of mediators
produced by inflammatory cells such as eosinophils. The
persistence of remodeling changes after resolution of the in-
flammatory response might reflect different time courses for
these processes. However, the marked increase in collagen
deposition suggests that active remodeling and degradation of
the surplus ECM is a relatively slow process and may be impaired
in asthma. This aspect of the tissue repair and remodeling re-
sponse merits further investigation.

A DISINTEGRIN AND METALLOPROTEASE 33 AND
ACTIVATION OF THE EMTU

In addition to stimulation of ECM synthesis, TGF-b can elicit
other responses in bronchial fibroblasts, including stimulating
their proliferation and synthesis of a range of growth factors
(27). It also has effects on the asthma susceptibility gene, a
disintegrin and metalloprotease (ADAM)33, which has been
implicated as an asthma remodeling gene.

ADAM33 was the first asthma susceptibility gene to be
identified by positional cloning, showing associations with asthma
and bronchial hyperresponsiveness (BHR) but not atopy (28).
Replication of this association has been demonstrated in ethni-
cally diverse populations (29–32) and a metaanalysis (33).
ADAM33 polymorphisms have also been associated with more
rapid decline in lung function in the general population (34), in
asthma (35), and in COPD (34, 36). Furthermore, asthma-related
single nucleotide polymorphisms in ADAM33 predict reduced

lung function in young children (37), suggesting that the in-
fluences of ADAM33 commence early in life.

ADAM33 comprises 22 exons that encode a full-length mole-
cule of 813 amino acids comprising several functional domains,
including the pro-, metalloprotease (MP), disintegrin, cysteine-
rich, EGF, transmembrane, and cytoplasmic domains (28).
ADAM33 belongs to the ADAM family of multifunctional
membrane-anchored glycoproteins whose unique structural
organization enables their involvement in cell surface remodel-
ing and ectodomain shedding and in mediating cell–cell and
cell–matrix interactions (38, 39). ADAM33 protein is present
in mesenchymal progenitor cells in developing lungs, whereas
in adults its expression localizes predominantly to smooth
muscle bundles in the conducting airways (40). This cellular
provenance is consistent with the genetic association of
ADAM33 with BHR. Although some studies have reported
that ADAM33 is also expressed in airway epithelial cells (41,
42), these findings are controversial. We have found that the
gene is silenced in epithelial cells because of DNA methylation
of the ADAM33 promoter and we have failed to find evidence
of ADAM33 mRNA expression in epithelial cells (43).

Although ADAM33 has been characterized at molecular
and structural levels (44–46) and knockout mice generated
(47), none of these studies has led to identification of a function
for ADAM33 or elucidation of its contribution to asthma
pathogenesis. However, discovery of a 55-kD soluble form of
ADAM33 (sADAM33) containing the MP domain in bron-
choalveolar lavage fluid (BALF) of subjects with asthma, but
not healthy subjects, and demonstration that levels of sADAM33
were inversely correlated with lung function provided the first
clue of a disease-related effect (48). As there was no evidence
that it arose by alternative splicing (40, 45), we investigated
whether sADAM33 could arise by ectodomain shedding as
observed with other ADAMs (49). This led to the discovery that
shedding of sADAM33 could be time- and dose-dependently
enhanced by TGF-b50. Because release of sADAM33 might
allow the MP enzyme access to substrates that would not nor-
mally be available to it when membrane-anchored, ectodomain
shedding might give rise to a gain of function that contributes to
structural remodeling in asthma.

Using highly purified recombinant proteins, we have demon-
strated that the purified MP domain or sADAM33 are proan-
giogenic using either in vitro, ex vivo, or in vivo assays (50),
providing for the first time a biological function for ADAM33.
This observation, together with the fact that TGF-b2 promotes
ectodomain shedding, supports our concept of the importance
of cell–cell communication and activation of the EMTU (Figure
2). Because in both children and adults angiogenesis is in-
creased in asthma and correlates with reduced lung function
(3, 51), the ability of sADAM33 to promote vessel formation
may not only contribute to eventual inflammation in the lung
but may also provide a source of nutrients for the developing
smooth muscle.

ADAM33 IN THE EARLY LIFE ORIGINS OF ASTHMA

Because most asthma has its origins early in life, we have also
investigated the expression and function of ADAM33 in de-
veloping lungs and the impact of environmental factors linked
to maternal allergy. We have found that Adam33/ADAM33
expression increases during early branching morphogenesis and
again after birth when air breathing starts (52). To model
potential interactions between the Adam33 locus and maternal
allergy in vivo, we have used ova-sensitized allergic A/J mice
(bhr1 locus-positive, which is syntenic to ADAM33). This
revealed that maternal allergy significantly suppressed Adam33
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mRNA in lungs of newborn pups, although processed Adam33
protein increased and several smaller isoforms, similar to
sADAM33, were detected (52). If these effects of maternal
allergy on Adam33 translate into human asthma, the presence
of sADAM33 in amniotic fluid or BALF of genetically suscep-
tible young children might reflect the early life influences of the
maternal allergic environment on ADAM33 and may be a pre-
dictor for persistent wheezing in young children.

In summary, the cross talk between the epithelium and the
underlying mesenchyme appears to be central in driving remod-
eling responses in asthma. The expression of the asthma
susceptibility gene ADAM33 in the EMTU and its involvement
with airway remodeling helps place these processes at the center
of asthma pathogenesis. Further understanding of the function
of this and other asthma genes and their interaction with
environmental factors within the EMTU may help to identify
novel therapies close to the origin of the disease.
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