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Airway inflammation, airflow obstruction, and bronchial
hyperresponsiveness are characteristic phenotypic features of
asthma. Clinically, airflow obstruction in asthma often is not
fully reversible, and many asthmatic subjects experience an
accelerated and progressive loss of lung function over time.
Histopathologic studies of the asthmatic airway have
demonstrated stereotypic changes that might explain the loss
of lung function that many patients with asthma experience.
The notion of airway remodeling in asthma postulates that the
alteration of the structure and function of key airway
constituents, including airway smooth muscle, epithelium,
blood vessels, and mucus glands, might explain, at least in part,
the progressive loss of lung function that is observed clinically.
Inflammation driven by CD4" lymphocytes and mediated by
effector cells, particularly the eosinophil, appears to modulate
the function of mesenchymal cells, including fibroblasts and
myofibroblasts, changing the composition of the airway wall
matrix. Changes in the airway epithelium might alter the
function of the underlying smooth muscle and the composition
of the matrix and could drive inflammation. Alterations in
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the structure and function of airway smooth muscle change
the mechanical properties of the airway wall and might also
affect the function of other airway constituents. A variety of
experimental models have identified candidate mechanisms and
mediators for these observed changes, which are thus potential
therapeutic targets. However, clinical studies to date have been
disappointing, and it remains to be seen whether targeted
therapies will prevent the progressive loss of lung function seen
in asthma. (J Allergy Clin Immunol 2005;116:477-86.)
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Asthma is a disease characterized by episodic airflow
obstruction that is at least partially reversible; lung
inflammation, particularly in the airways; and bronchial
(airways) hyperresponsiveness (AHR). Detailed histolo-
gic and physiologic analyses of asthmatic subjects have
demonstrated that both the structure and function of the
airways are altered in asthma. Conceptually, airway re-
modeling in asthma includes not only structural changes
but also fundamental changes in the relationships between
and among various airway constituents. Cell-cell interac-
tions, the regulation of cells by extracellular matrix, and
the modulation of the composition of matrix by cells have
all been demonstrated to be altered.

The presence of AHR implies a fundamental change
in the function of airway smooth muscle (ASM) that is
partially due to changes in ASM structure and its rela-
tionships with the surrounding airway wall structures. In
addition, longitudinal studies have shown that asthmatic
subjects demonstrate greater losses of lung function over
time than nonasthmatic subjects,l'3 and a consensus of
expert opinion now agrees that irreversible airflow ob-
struction (in some ways similar to chronic obstructive
pulmonary disease) might occur in asthma, a concept
proposed many years ago as part of the so-called Dutch
hypothesis.* Therefore the concept of airway remodeling
in asthma can entail the histologic and structural changes
associated with asthma, their physiologic consequences,
and the progressive loss of lung function and permanent,
irreversible airway obstruction that is observed in
some patients with asthma. In this review we will focus
on changes observed in ASM, inflammatory cellular
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Abbreviations used

AHR: Airways hyperresponsiveness

ASM: Airway smooth muscle
B>-AR: [3,-Adrenergic receptor

MUC: Mucin glycoprotein

RBM: Reticular basement membrane

STAT: Signal transducer and activator of transcription
VEGF: Vascular endothelial growth factor

elements, bronchial epithelium, and subepithelium and
describe their importance for the physiologic changes
observed in asthmatic subjects.

MODELS OF AIRWAY REMODELING

A number of models have been used to characterize
airway remodeling in asthma. Examination of lung tissues
available at autopsy have shown that profound changes in
airway morphology and structure have occurred in those
that have died from asthma when compared with dece-
dents with asthma dying from other causes and those
without asthma.' In vivo, characterization of airway
biopsy specimens from living subjects with asthma have
been compared with those from control subjects. Many
studies demonstrate stereotypical histopathologic changes
associated with asthma, reversibility of some changes with
corticosteroids,’ changes in noninflammatory airway wall
structures, and alterations in inflammatory cell distribu-
tion.®” These studies are limited by the fact that broncho-
scopic biopsy specimens are small and mostly limited
to more proximal airway wall. The use of bronchoscopy
and lung challenge models in human subjects has shown
persistent changes in bronchoalveolar lavage compo-
nents,8 whereas in animals it has been shown that persis-
tent changes in airway histopathology might occur after
chronic airway challenge.’

Transgenic and knockout mouse models have revolu-
tionized our understanding of airway remodeling by
demonstrating that loss or gain in function of a gene
product can correlate with airway structural and inflam-
matory changes that closely resemble those seen in asthma.
Experimental systems involving cultured airway cells,
including primary smooth muscle cells, fibroblasts, and
epithelial cells, have been developed, and various end
points have been examined that are related to airway
remodeling. Among the functions examined are the reg-
ulation of cellular proliferation and cytokine and matrix
component release and some of the relevant signaling
pathways regulating those events.

ASM REMODELING

Airflow obstruction and AHR are a result of the
contraction of ASM and hence indicate alterations in
smooth muscle function. Several studies of patients dying
from severe asthma have reported an increase in the
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apparent muscle mass within the airway wall in subjects
with severe asthma when compared with control sub-
jects."'®!" In histologic studies an increase in mass is
assumed when there is an increase in the cross-sectional
area occupied by ASM. Subjects with fatal asthma have
been reported to exhibit greater degrees of luminal nar-
rowing and ASM mass when compared with patients
with asthma experiencing nonasthma-related death. A
reduction in the lumen area could be due to differences in
lung inflation at the time of death, a concern voiced by
critics of these studies. However, typically there is also an
increase in the percentage of the airway wall area occu-
pied by ASM in subjects with severe asthma, which also
suggests an increase in muscle mass in these subjects.
A direct relationship between duration of asthma or sever-
ity of asthma and the amount of ASM mass also appears
to be present. For example, Bai et al' reported that older
patients with fatal asthma had more muscle in the airway
wall than younger patients with fatal asthma. Assuming
that ASM mass is increased in asthma, several possible
mechanisms could explain this finding: an increase in cell
number (hyperplasia) resulting from increased cell prolif-
eration or a reduction in apoptosis, cellular hypertrophy,
and/or differentiation of other cell types into ASM cells,
with subsequent migration into the muscle bundle.

Most of the available evidence supports ASM hyper-
plasia as an important mechanism leading to increased
ASM mass in the asthmatic airway. A partial list of
potential airway mitogens and factors that can affect
ASM mass is presented in Table 1.'*'* Growth factors
that engage receptor tyrosine kinases, a variety of agents
that engage heterotrimeric G protein—coupled receptors,
and other agents have been shown to be capable of induc-
ing ASM hyperplasia. The majority of such studies that
have identified these agents have been performed with cell
culture models, and such models have allowed for the
characterization of the signaling pathways mediating mi-
togen-induced ASM proliferation. These substances might
be produced by resident airway cells, secreted by infiltrat-
ing inflammatory cells, or secreted by ASM, which could
then act in an autocrine manner.'* Most of these substances
have been identified in bronchoalveolar lavage fluid and
airway biopsy specimens or have been produced by airway
cells collected from subjects with asthma. Cell culture
models have allowed for the in vitro analysis of signaling
pathways that regulate ASM proliferation.13 Mitogenesis
mediated by cytokines, receptor tyrosine kinase ligands,
and G protein—coupled receptor ligands occurs through the
phosphoinositide 3’ kinase'” or the extracellular signal—
regulated kinase'® pathways. Accumulating evidence sug-
gests that combinations of ligands can induce ASM
proliferation in vitro in a synergistic manner.'”

B>-Adrenergic receptor (3,-AR) agonists appear to
attenuate ASM proliferation elicited by a variety of mito-
genic stimuli. Additionally, ligands activating other G
protein—coupled receptors coupled to Gs/adenylyl cyclase
and hence promoting cyclic AMP generation appear to
also attenuate mitogen-stimulated ASM proliferation. 18.19
Glucocorticoids have broad activity against a variety of
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Type Examples

Mechanisms

Peptide growth factors

factor, TGF-B
Inflammatory cell
mediators

Extracellular matrix
components
Pharmacologic agents

Epidermal growth factor, insulin-like growth factors,
platelet-derived growth factors, fibroblast growth

a-Thrombin, tryptase, sphingosine 1-phosphate,

endothelin 1, substance P, thromboxane A,
serotonin, LTD,, LTE,, PGE,, IL-13, TNF-a

Collagens I, IV, and V; fibronectin; laminin

B>-Adrenergic receptor agonists (short-long acting),
glucocorticoids,phosphodiesterase inhibitors

Act through receptor tyrosine kinases and signal
through mitogen-activated protein kinase cascades.

Many engage G protein—oupled receptors and can act
synergistically with growth factors. Cytokines act
through mitogen-activated protein kinases,
nonreceptor tyrosine kinases, nuclear factor kB, and
Janus kinase—signal transducer and activator of
transcription.

Might be antiapoptotic and appear to signal through
integrins.'*

Agents promoting cyclic AMP inhibit mitogenesis.
Steroids antagonize both mitogenic and antimito-
genic pathways.

LT, Leukotriene; PG, prostaglandin.

mitogenic stimuli; however, they also can inhibit mitogen-
induced cyclooxygenase 2/prostaglandin E, induction, a
potentially important endogenous anti-proliferative path-
way. The inhibition of endogenous antiproliferative path-
ways by both steroids and (,-AR agonists could
potentially limit the usefulness of such agents as modu-
lators of airway remodeling. Moreover, a recent study
demonstrated that chronic 3,-AR overexpression resulted
in increased AHR in mice and appeared to modulate
procontractile signaling pathways.20

Whether ASM cells are larger in asthma (cellular
hypertrophy) is not clear, and it has been surprisingly
difficult to address this issue. In one report, in which a
stereology technique was applied to bronchial biopsy
specimens obtained from living subjects, the number of
cells in subjects with mild-to-moderate asthma was
increased compared with that seen in control subjects,
but the cell size was similar.*!

The regulation of vascular smooth muscle cell migra-
tion is better understood than the regulation of ASM cell
migration, but the literature regarding ASM migration is
growing. Many of the same substances that are mitogens
in ASM have been shown to promote ASM migration in
model systems; examples include platelet-derived growth
factor, TGF-(3, IL-1B, and vascular endothelial growth
factor (VEGF). Moreover, agents used to treat asthma
(including corticosteroids), cyclic AMP-mobilizing
agents (including the B,-adrenergic agonist salmeterol),
and phosphodiesterase 4 inhibitors have been shown to
inhibit mitogen-stimulated ASM migration in vitro.”* In
addition to the extracellular signal-regulated kinase and
phosphoinositide 3'—kinase pathways, the p38 mitogen-
activated protein kinase pathway and Rho-kinase path-
ways also appear to play a role in ASM migration."?

Interestingly, airway biopsy studies have failed to
demonstrate alterations in markers of apoptosis (activated
caspase expression or through terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling assay) in
ASM.? Such studies have also failed to demonstrate
changes in proliferative markers. This is not surprising for

several reasons: such methods lack sensitivity, it is likely
that ASM cells divide infrequently, and programmed cell
death is a rare event. Consistent with the last possible
mechanism, ASM cells in culture appear to be resistant to
apoptosis and are capable of undergoing numerous cell
passages. Additionally, extracellular matrix components
produced by ASM and present in ASM bundles in vivo
might have antiapoptotic effects.'* Although there is little
direct evidence addressing this issue, resistance of ASM to
apoptosis is plausible and could partially explain the
increased ASM mass in the airways of asthmatic subjects.

Total airways resistance and nonspecific AHR are
increased in asthma. How changes in ASM mass translate
into increases in airways resistance remains under inves-
tigation. Potential mechanisms for the presumed ASM
hypercontractility could include changes in the balance
of contractile-relaxant receptors, changes in signaling, or
changes in the actin-myosin force transduction apparatus.
Histopathologic studies demonstrate that the entirety of
the airway wall (mucosa, submucosa [including ASM],
and adventitia) is thickened,” and therefore intuitively
one would expect that a greater force would need to be
generated by the ASM contractile apparatus in an asth-
matic airway.

However, in vitro studies have not consistently shown
that asthmatic ASM generates more force than normal
ASM.**2> ASM force generation has usually been studied
by treating ASM tissue strips or bronchial rings ex vivo
with a variety of agents while measuring isometric ten-
sion. There are obvious limitations to this approach be-
cause it is known that smooth muscle bundles are not
oriented in a perfect circumferential manner about the
airway lumen, but rather ASM bundles spiral around the
longitudinal axis, thus making it quite difficult to measure
tension in a way that reflects force vectors generated
in vivo. Perhaps the load imposed on ASM is reduced by
changes in airway elastance or altered interactions with the
lung parenchyma.?%® It is also possible that the increased
total mass results in more total force generation that is not
reflected by studying airway segments.
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Another interesting hypothesis is that airway wall
thickening in asthmatic subjects results in a greater
reduction in luminal cross-section when normal force is
applied.?® This hypothesis has been modeled mathemat-
ically by James et al.>° Using an in vivo mouse model,
Wagers et al*' examined various parameters of respiratory
impedance in allergen-challenged animals and concluded
that increased AHR could be explained by increased
airway closure and increased mucosal thickening without
any change in smooth muscle shortening. Much attention
has recently been focused on the dynamic aspects of
airway narrowing and AHR. Indeed, early studies sug-
gested that dynamic events like deep inspiration
profoundly affect airways resistance. One might surmise
that deep inspiration, by stretching ASM, breaks the actin-
myosin cross-bridges that are responsible for force gen-
eration. Fish et al*? observed that bronchomotor tone
appeared to be regulated by changes in lung volume. A
deep inspiration abolished AHR in healthy subjects, but
this effect was attenuated in subjects with asthma. The
authors suggested that perhaps a major problem in asthma
was an inability to stretch the ASM. In a follow-up study
Skloot et al*® demonstrated that healthy subjects have
asthmatic responses and nonspecific AHR when they are
prohibited from taking a deep inspiration. Since then it has
been shown that the velocity of shortening of asthmatic
ASM is greater,34 and this and other studies led to the
postulate that actin filaments are longer in asthmatic
ASM?®; that factor, in part, prevents muscle lengthening
during stretching (ie, during deep inspiration).

In another interesting study, Irvin et al*® showed that
during sleep, thoracic gas volume decreases and pulmo-
nary resistance increases. They also observed that despite
the restoration of thoracic gas volume, pulmonary resis-
tance remained high, an effect that would be consistent
with what is observed clinically, namely that asthma
exacerbations often occur at night. These observations
are also consistent with an exaggerated loss of airway-
parenchymal interdependence (the ability of the lung
parenchyma to “‘splint open’ airways) in asthmatic sub-
jects at night, which could also contribute to nocturnal
worsening of asthma.

Stimulated ASM cells in culture have been shown to
be capable of producing a wide array of inflammatory
mediators that might contribute to remodeling'*>®; how-
ever, a detailed discussion of ASM synthetic functions is
beyond the scope of this review.

CHANGES IN INFLAMMATORY CELLS IN
AIRWAY REMODELING

Despite the fact that airway inflammation has been
known to be a prominent feature of asthma for decades,
it still is not known whether inflammation drives the
remodeling response in the airway wall or whether an
intrinsic abnormality of airway structure or function drives
inflammation. It has been widely assumed that allergic
inflammation is the initiating event. A partial list of

J ALLERGY CLIN IMMUNOL
SEPTEMBER 2005

various asthma inflammatory mediators is presented in
Table IL.'82%37-** There is no doubt, on the basis of in vivo
studies, including airway challenge models, that airway
inflammation is strongly associated with symptoms. More-
over, treatment that reduces inflammation effectively
reduces morbidity and can reverse some aspects of remod-
eling.” More recently, transgenic technology has identi-
fied inflammatory mediators and signaling pathways that
directly regulate airway remodeling.

It has been well established that CD4" /T2 lympho-
cytes (ie, those that produce IL-13, IL-4, and IL-5) play a
central role in allergic diseases. These cells are increased
in the airways of asthmatic subjects, as are their repertoire
of cytokines. The requirement of Ty2 cytokines in the
development of the asthma phenotype has been most
convincingly demonstrated in mouse models. Transgenic
mice overexpressing IL-13 or IL-5 in the lungs have
airway fibrosis and AHR, both phenotypic features of
asthma in human subjects.37’45 Grunig et al** demon-
strated the central role of IL-13 using a mouse model of
asthma, showing that IL-13 mediated AHR, goblet cell
hyperplasia, and airway eosinophilia and that those effects
occurred irrespective of whether T and B lymphocytes
were present. Conversely, it is believed that CD4*/Ty1
cells (ie, those that produce IFN-vy) are generally antag-
onistic toward Ty2 cell function and proliferation. Mice
lacking in T-bet, a transcription factor critical to Ty1 cell
development, have AHR, eosinophilia, mucus overpro-
duction, and other features consistent with an asthma
phenotype.*” Importantly, mice that lack signaling com-
ponents (signal transducer and activator of transcription
[STAT] 67) required for a response to antigenic stimula-
tion are resistant to the development of allergic inflam-
mation.*®

The key role of antigen-presenting cells in Ty2-
mediated inflammation (also reviewed by Kuipers and
Lambrecht*’) was recently demonstrated in a study using
ovalbumin-challenged mice, showing that depletion of
CD117 cells abolishes AHR and eosinophilic inflamma-
tion.>® Taken together, these and a wealth of other data
show that Ty2-derived inflammatory mediators drive
changes in airway structure, the functions of resident and
infiltrating cells, and hence remodeling.

Eosinophils are prominent in the airways of patients
with asthma.>' Airway and lung eosinophilia is highly
regulated by the T2 cytokines IL-4, IL-5, and IL-13. As
effector cells, eosinophils are capable of producing Ty2
and other cytokines, chemokines, lipid mediators, and
growth factors and are also capable of causing an increase
in mucus production, causing subepithelial fibrosis, and
altering ASM contractility (AHR). Whether eosinophils
are required to mediate Ty?2 effects on airway remodeling
has been an area of intense debate. Corry et al>* demon-
strated in mice that treatment with anti-IL-4 antibodies
abrogated ovalbumin-mediated AHR without affecting
airway eosinophilia, whereas treatment with anti-IL-5
antibodies did not affect ovalbumin-mediated AHR,
although it effectively inhibited airway eosinophilia. In
contrast, Foster et al>> found that IL-5—deficient mice were
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TABLE II. Inflammatory factors in asthma?°-38
Class Examples Functions in remodeling
Cytokines IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-10, IL-13 is a major product of Ty2 lymphocytes.”’”
IL-11, IL-13, IL-16; GM-CSF, TNF-a IL-5 drives eosinophilia and causes subepithelial
fibrosis.*
Chemokines Eotaxin, eosinophilic cationic protein, macrophage Monocyte chemotactic protein 1 mediates TGF-3
inflammatory protein 1o, monocyte chemotactic release.

protein 1, 3, and 5
Growth factors

TGF-B, connective tissue growth factor, basic fibro-
blast growth factor, platelet-derived growth factor,

TGF-B mediates T-cell activation by dendritic cells
and stimulates fibroblasts to produce matrix.*'

neurotransmitters (NK-A, NK-B, substance P),
platelet activating factor, insulin-like growth factor,

vascular endothelial growth factor
LTD,, LTC,4, LTB,; PGE,, PGF,,, PGD,;
thromboxane A,

Lipid mediators

G protein—coupled
receptor ligands
Metalloproteinases

adenosine, thrombin

activator inhibitor 1

Prostanoids, leukotrienes, endothelin, histamine,

A disintigrin and metalloproteinase 33, MMP-9,
MMP-3, MMP-12, MMP-2, TIMP-1, plasminogen

PGE, inhibits ASM proliferation," (leukotrienes
reviewed by Holgate et al*?).
Adenosine mediates IL-13 activity.*?

MMP-9/TIMP-1 ratio increased in asthma,** MMPs
modulate extracellular matrix.

LT, Leukotriene; PG, prostaglandin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinases.

resistant to ovalbumin-mediated AHR. However, recent
evidence from studies in which targeted deletion of eo-
sinophils was carried out suggests that eosinophils are
required for ovalbumin-induced AHR in mice.’*> Thus it
appears that eosinophils are key effector cells contributing
to both airway inflammation and remodeling in asthma.
However, the lack of clinical efficacy for antibodies that
inhibit IL-5 and reduce circulating and sputum eosinophil
numbers in human asthmatic subjects continues to fuel
this debate.’®>® Because current therapeutic strategies
have only been shown to partially deplete eosinophils in
the lungs of asthmatic subjects, the lack of efficacy for
anti-IL-5 treatment of asthmatic subjects cannot be taken
as definitive evidence for a lack of an important role for
IL-5 in human asthma.

Neutrophils have been demonstrated in the airways of
asthmatic subjects, especially in the presence of severe
disease with severe airflow obstruction.’® Although pa-
tients with severe airflow obstruction often have impres-
sive bronchodilator reversibility, their airflow obstruction
is often not fully reversible, implying that fixed structural
changes in the airways have occurred. However, the role
of the neutrophil in this form of asthma is not clear.

Mast cell degranulation and activation by allergen-
mediated cross-linking of IgE results in the release of a
variety of mediators capable of remodeling ASM, in-
cluding prostaglandin D,,%° cysteinyl leukotrienes,®' and
tryptase.’? A recent in vivo study of bronchial biopsy
specimens demonstrated mast cells infiltrating ASM bun-
dles. Evidence for an effect of mast cells on remodeling
was suggested by the fact that mast cell infiltration of ASM
correlated with AHR.®* Other examples of the potential
role of mast cells in remodeling are studies demonstrat-
ing that mast cells are a source of plasminogen activator
inhibitor 1 in the asthmatic airway, whereas plasminogen
activator inhibitor 1-deficient mice demonstrate reduced

matrix production, probably through modulation of matrix
metalloproteinase 96465

The importance of the distal airway and airspace
inflammation has been suggested by the fact that distal
airway inflammation appears to be more common in those
with nocturnal asthma.®® Nocturnal symptoms are an im-
portant contributor to morbidity and are a marker of poorly
controlled disease. In addition, distal airway inflammation
seems to be prominent in more severe disease that is often
steroid resistant.”’

One potential consequence of distal airway and airspace
inflammation is surfactant dysfunction. Surfactant assists
in maintaining airflow in the smaller airways, and several
studies have shown that the components of surfactant
might be altered in asthma. In one such study, antigen
challenge resulted in a change in surfactant surface tension
in several subjects, with evidence that the lipid compo-
nents of surfactant were altered.®’ Further evidence of
the role of surfactant was suggested by a small, clinical
crossover trial in which pretreatment with a synthetic
surfactant abolished the early asthmatic response to
inhaled antigen in atopic asthmatic subjects.®®

EPITHELIAL CELL REMODELING

Asthmatic airway biopsies, autopsy studies, and animal
models all show that the epithelium is remodeled in
asthma. Epithelial cells are found in increased amounts
in asthmatic sputum, and epithelial detachment from the
basement membrane is frequently observed in the various
models of asthma. Moreover, there are a higher proportion
of goblet cells in the asthmatic epithelium in vivo, and
subepithelial mucus glands are enlarged.®

The epithelium forms the outer cellular barrier and
serves important regulatory functions in immunity and
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airway clearance. A body of literature indicates that the
epithelial barrier immune function is abnormal in asthma
(reviewed by Holtzman et al’®). It has been demonstrated
that the transcription factor STAT1 is constitutively
activated in epithelial cells from asthmatic subjects
but not in those from healthy subjects or those with
chronic bronchitis. STAT] is a key transcription factor in
IFN-mediated signaling, which is an important mecha-
nism in viral airway infection, a known cause of asthma
exacerbation. Notably, [FN-v levels were not found to be
increased in tissue from asthmatic subjects. Further anal-
ysis showed that other transcription factors, including
nuclear factor kB, STAT3, and activator protein-1, were
also not activated. Epithelial STATT levels correlated with
intercellular adhesion molecule 1 expression, which in
turn correlated with T-lymphocyte accumulation in tis-
sue.”! Taken together, these data suggest that the asth-
matic epithelial functions that might regulate subsequent
immune events are abnormal, implicating the epithelium
as potentially driving asthmatic inflammation.

Mucus production is an important feature of asthma
and contributes substantially to morbidity and mortality,
especially in more severe disease. Many case reports
and autopsy series demonstrate that in most cases of fatal
asthma, many of the small airways are completely ob-
structed with mucus. Goblet cell hyperplasia has been
consistently demonstrated in asthma, irrespective of
whether the disease is mild or severe. Similarly, enlarge-
ment and hyperplasia of mucus glands found in the
subepithelium is also a frequent finding. Goblet cells
and mucus glands are the sources of mucin glycoproteins
(MUCsS) in the airways.

The predominant constituent of mucus is mucin, and
it is responsible for most of the viscoelastic properties of
mucus. Other substances that contribute to sputum elas-
ticity and viscosity include albumin and other plasma-
derived proteins and DNA and actin, both of which are
byproducts of cellular death. The regulation of mucin
production has been reviewed® and will be discussed
briefly here. Twelve MUC genes have been described.
Whereas the expression of several MUC genes in the
airway can be detected, MUCS5AC gene expression ap-
pears to predominate in both asthmatic and nonasthmatic
airways but is probably greater in the asthmatic airway.
Goblet cell hyperplasia was also confirmed in subjects
with mild-to-moderate asthma in this study by using
stereology techniques on airway biopsy specimens.’”
Mouse models have also consistently shown goblet cell
hyperplasia when Ty2 cytokines (IL-4, IL-5, IL-9, and
IL-13) are overexpressed.® Similarly, adoptive transfer of
Ty2 cells induces goblet cell hyperplasia in ovalbumin-
challenged mice.”?

In addition to mucus-producing cells, the epithelium
also consists of basal cells and pseudostratified cells that
are equipped with cilia. Basal cells are important for
epithelial regeneration and hence its integrity. Ciliated
cells move mucus in a general cephalad direction, pro-
viding an important mechanism for clearing secreted
mucus, particulate matter, allergen particles, and infec-
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tious agents. The central role of IL-13 in asthma discussed
above also extends to the regulation of the airway epithe-
lium. IL-13 increased the proportion of secretory cells, an
effect mediated by MUCSAC, and altered epithelial cell
morphology, reducing the number of ciliated epithelial
cells in a culture model of primary epithelial cells.”*

ASTHMATIC SUBEPITHELIUM AND
EPITHELIAL DAMAGE AND REPAIR

Underlying the bronchial epithelial cell layer is the
lamina reticularis, also known as the reticular basement
membrane (RBM; reviewed by Jeffery7). Several studies
have reported that this layer is thickened, and this is a
characteristic feature of airway remodeling in asthma.
For example, Payne et al” compared the thickness of the
RBM in children with asthma who required moderately
high doses of inhaled steroids with that in healthy children
and adults with asthma. Interestingly, the thickness of the
RBM in children was similar to that in adults with asthma
and nearly twice as thick as that in control subjects,
indicating that this feature of airway remodeling occurs
early in the course of asthma. However, because an
increase in the RBM has recently been described in at
least some patients with allergic rhinitis without asthma,
the specificity of this finding as a marker for asthma has
been questioned.”®

The interaction among components of the subepithe-
lium and the epithelial cells has been a recent area of
intensive study. It is widely held that the epithelium is
denuded in the asthmatic airway, meaning that the
epithelial cells lose their attachment to the inner airway
wall. Increased numbers of airway epithelial cells are
found in the sputum of asthmatic subjects, especially when
asthma is exacerbated. Moreover, numerous histopatho-
logic studies show clusters of sloughed epithelial cells
known as creola bodies in the lumen, whereas other biopsy
studies have shown a loss of surface epithelium. However,
there has been a great deal of variability within these
studies because intact epithelium is frequently observed,
and many studies have been done postmortem. Whether
the epithelium is denuded in asthma remains controversial
because one recent biopsy study done in living subjects
demonstrated no difference in epithelial integrity when
comparing subjects with milder asthma with control
subjects.”’

Characteristic of an epithelial surface is the fact that
epithelial injury results in a repair response in which the
epithelium proliferates from the outside of the wound
inward, and cells and mediators facilitate repair and
cellular attachment. If the airway epithelium is injured as
an integral part of asthma, an injury-repair cycle would be
expected in the bronchial wall. An interaction between the
airway epithelium and mesenchymal elements in the air-
way is essential for normal airway repair, and an abnormal
functioning of this epithelial-mesenchymal trophic unit
has been proposed to be central to the airway pathology
and physiology characteristic of asthma.”® The currently
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Ciliary Dysfunction

Abnormal Signaling-Stat1 expression
Abnormal injury-repair response

Goblet cell hyperplasia
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Mast cell infiltration
ASM-Parenchymal Uncoupling
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FIG 1. Airway remodeling in long-standing asthma. An airway from a 70-year-old patient with asthma is
shown. Examples of the structural and functional changes of chronic asthma are highlighted and are
discussed throughout the text. MMP, Matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinases;

bFGF, basic fibroblast growth factor.

favored model describes a defective repair response or
recurrent injury that leads to a self-perpetuating cycle of
chronic inflammation modulated by various cytokine and
growth factors, including TGF-3 and epidermal growth
factor.”® Additionally, it has been shown that such growth
factors can modulate epithelial proliferation in vitro.*
Some investigators have speculated that an abnormality of
repair could drive inflammation. This represents a novel
concept because the prevailing wisdom has been that
inflammation causes injury and remodeling.

In addition to the changes observed in the RBM, there
is evidence of remodeling of the matrix components in

deeper layers of the airway, including those that surround
the smooth muscle bundles. Bramley et al*® have specu-
lated that modification of the matrix surrounding ASM
could have the effect of reducing airway elastance and
hence the imposed load. If this were the case, the asthmatic
airway would contract to a greater extent than the normal
airway, even if the force generated by ASM was similar.

Fibroblasts and myofibroblasts appear to be key effec-
tor cells in both normal repair responses and in diseases
in which fibrosis occurs, including asthma. Myofibro-
blasts behave like inflammatory cells in that they produce
cytokines and growth factors and might be distinguished
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from other fibroblasts by the expression of a-smooth
muscle actin. Batra et al®! have shown that the Ty2
cytokine IL-4, as well as TGF-$, induced fibroblasts to
express a-smooth muscle actin, hence adopting a myofi-
broblast phenotype. In addition, IL-4 was also shown to
stimulate collagen type III production by these human
lung myofibroblasts.

Matrix metalloproteinases are key regulators of the
components of matrix and regulate the deposition of col-
lagen and cytokine release (listed in Table II and reviewed
by Kelly and Jarjour®). Tissue inhibitor of metallo-
proteinases are endogenously expressed inhibitors of
metalloproteinases and exist in equilibrium with the me-
talloproteinases in the airway wall. An imbalance between
these factors could favor matrix deposition and hence
affect remodeling. For example, Vignola et al®® demon-
strated increased tissue inhibitor of metalloproteinases 1
levels in the sputum of subjects with severe asthma in vivo
when compared with those in subjects with milder asthma,
and this finding was associated with airway remodeling
assessed by means of computed tomography. As men-
tioned above, IL-13 appears to be a major factor driving
airway inflammation that leads to airway remodeling.
Many of the effects of IL-13 appear to be mediated by the
metalloproteinases. In one study the effects of IL-13
overexpression were found to be mediated by TGF-j3,
and TGF-$ activation was matrix metalloproteinase 9
dependent.84

On the basis of observations from histopathologic
studies, it has been hypothesized that the vascular bed is
enlarged in asthma and thus also contributes to airway
remodeling. The vascular bed might contribute to airflow
obstruction by increasing wall thickness caused by more
vessels or distended vessels or through edema formation.
Salvato™ studied proximal airway biopsy specimens and
found that biopsy specimens from subjects with asthma
had more vessels located in the lamina propria that
occupied a greater cross-sectional area than biopsy spec-
imens obtained from control subjects. Several comple-
mentary studies have demonstrated potential mechanisms
for this finding. VEGF levels are increased in tissues
obtained in asthmatic subjects. VEGF overexpression led
to endothelial sprouts (angiogenesis) in the airway in
transgenic animals.*® Hoshino et al®’ found more vessels
in bronchial biopsy specimens from atopic asthmatic
subjects when compared with those found in control
subjects and furthermore found that asthmatic bronchial
walls contained more cells with immunoreactivity to the
angiogenesis factors VEGF, basic fibroblast growth fac-
tor, and angiogenin. A photomicrograph of an asthmatic
airway with a comprehensive list of alterations in the
airway epithelium, mucus, ASM with increased inflam-
mation, and angiogenesis is presented in Fig 1.

CONCLUSIONS

The clinical findings of asthma were initially identified
many years ago and include reversible airflow obstruction,

J ALLERGY CLIN IMMUNOL
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AHR, and mucus hypersecretion. Subsequently, histo-
pathologic studies of airways from both animals and
human subjects provided a structural basis for these
clinical observations and led to the development of the
concept of airways remodeling. Longitudinal studies of
patients with asthma suggest that a progressive loss of
lung function occurs in at least some asthmatic subjects.
Changes in the structure and function of the airway
associated with remodeling can explain the time-depen-
dent changes in airway physiology that have been ob-
served. More recently, molecular biology approaches,
including the application of transgene technology, have
identified mechanisms that might explain the structural
changes seen in the asthmatic airway. To date, the
accumulated evidence strongly suggests that airway re-
modeling results in the progressive loss of lung function;
however, this remains a hypothesis. Proof of this concept
would require that a therapy that modifies one or more
of the structural changes observed, such as mucus hy-
persecretion, smooth muscle hypertrophy, or airways
inflammation, would also prevent loss of lung function
or prevent irreversible airway obstruction.
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