Airway Smooth Muscle Growth in Asthma
Proliferation, Hypertrophy, and Migration
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Increased airway smooth muscle mass is present in fatal and non-
fatal asthma. However, little information is available regarding the
cellular mechanism (i.e., hyperplasia vs. hypertrophy). Even less
information exists regarding the functional consequences of airway
smooth muscle remodeling. It would appear that increased airway
smooth muscle mass would tend to increase airway narrowing and
airflow obstruction. However, the precise effects of increased airway
smooth muscle mass on airway narrowing are not known. This review
will consider the evidence for airway smooth muscle cell prolifera-
tion and hypertrophy in asthma, potential functional effects, and
biochemical mechanisms.
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The first detailed report of airway structural change in asthma
was published over 80 years ago by Huber and Koessler (1),
who demonstrated that patients with fatal asthma have sub-
stantial thickening of both the airway subepithelial and smooth
muscle layers. Since that time, much attention has been focused
on the airway structural changes accompanying asthma, and the
potential ramifications of these changes for airway function and
medical management. Nevertheless, the precise role of these
structural changes (“airway remodeling”) in the pathogenesis of
airflow obstruction remains unclear. In this review, we will ex-
amine the changes in smooth muscle structure that are observed
in the airways of patients with asthma, and the potential func-
tional effects of these changes. Finally, avenues for future study
will be suggested.

INCREASED AIRWAY SMOOTH MUSCLE MASS
IN ASTHMA

Numerous studies have noted increased airway smooth muscle
mass in fatal asthma (1-9). Because of the obstacle of obtaining
bronchial biopsies that include the full thickness of airway smooth
muscle, fewer studies on airway smooth muscle mass in patients
with nonfatal asthma exist. However, three reports show increased
airway smooth muscle mass in these patients (10-12).

There are several potential pitfalls of this work. First, muscle
contraction can exaggerate thickness of the smooth muscle layer.
Second, as emphasized by Thomson and colleagues (13), the air-
way smooth muscle layer may contain varying amounts of con-
nective tissue. Finally, to obtain unbiased estimates, objects must
be counted directly in three-dimensional space. Only the most
recent studies have used state-of-the-art stereologic techniques.
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Ebina and colleagues (9) examined airways of patients with
fatal asthma using a dissector probe and serial sections. Two asth-
matic subtypes were found: one in which smooth muscle mass
was increased only in the central bronchi (type I) and another in
which muscle thickness was increased throughout the airway
tree (type II). In type I patients, the number of smooth muscle
nuclei in the central airways was increased, indicating the pres-
ence of airway smooth muscle hyperplasia. In patients with type
IT asthma, airway smooth muscle cell volume was increased, sig-
nifying airway smooth muscle hypertrophy. This report is consis-
tent with other clinical studies suggesting the existence of different
asthma phenotypes (14).

Woodruff and colleagues (12) examined biopsies from pa-
tients with mild asthma using quantitative morphometry, laser
capture microdissection, and real-time polymerase chain reac-
tion. They found that airway smooth muscle cell number was
nearly twofold higher in subjects with mild to moderate asthma,
whereas there was no increase in cell size between groups. Thus,
the cellular mechanism of increased airway smooth muscle mass
(i.e., proliferation or hypertrophy) may vary with disease severity.

Benayoun and colleagues (11) also addressed the cellular
mechanism of increased airway smooth muscle mass in asthma.
They found that the airways of patients with severe asthma had
larger smooth muscle cell diameter than control subjects, patients
with mild asthma, or patients with chronic obstructive pulmonary
disease. Furthermore, there was no evidence of airway smooth
muscle cell proliferation, as evidenced by the lack of staining for
Ki67, a nuclear marker of cell cycle traversal. Together, these
data provide further evidence that smooth muscle hypertrophy
contributes to airway remodeling in asthma. However, this study
failed to use modern techniques to calculate airway smooth mus-
cle cell size.

Because so few studies have addressed the cellular mechanism
of increased airway smooth muscle mass in asthma, it is therefore
appropriate to look to animal studies for additional mechanistic
information. Ovalbumin sensitization followed by repeated chal-
lenge induces features of airway remodeling, including thickening
of the peribronchial smooth muscle layer. In guinea pigs, oval-
bumin challenge increased the uptake of bromodeoxyuridine, a
thymidine analog, in the airway smooth muscle layer (15). Airway
smooth muscle proliferation, as evidenced by proliferating cell
nuclear antigen staining, has also been found in rats and mice
after repeated allergen challenge (16, 17). These data are consis-
tent with the notion that abnormal airway smooth muscle pro-
liferation is present in allergic asthma. On the other hand, Moir
and coworkers (18) measured bronchiolar smooth mass content,
cell number, and tension development in Brown Norway rats
after repeated ovalbumin exposures. Although, as expected, air-
way smooth muscle mass and maximal tension increased, the au-
thors did not detect increases in the total number of elongated cell
nuclei in the muscle bundles, suggesting hypertrophic growth.

Unfortunately, none of the animal studies performed thus far
have used advanced stereologic techniques to measure airway
smooth muscle volume or cell size, and therefore they add little
to the limited human data available. Together with the clinical
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studies, we can probably conclude that airway smooth muscle
mass is increased in asthma, that hyperplasia and hypertrophy
may both play a role, and that the balance between cell prolif-
eration and hypertrophy may vary with asthma phenotype, dura-
tion, and severity.

AIRWAY SMOOTH MUSCLE CONTRACTILE PROTEIN
EXPRESSION IN ASTHMA

Although airway smooth muscle mass appears to be increased in
asthma, few studies have assessed the expression of specific con-
tractile proteins. Most reports examining airway smooth muscle
mass identified muscle using hematoxylin and eosin or other
histologic stains. However, recent studies have used immunos-
tains to detect a-smooth muscle actin and myosin light chain
kinase (MLCK) in asthmatic airways. Benayoun and coworkers
(11) found that the airways of patients with severe asthma have
greater a-smooth muscle actin and MLCK immunoreactivity
than control subjects or patients with chronic obstructive pulmo-
nary disease. Woodruff and colleagues (12) found a 50 to 83%
increase in a-smooth muscle actin immunoreactivity in patients
with mild to moderate asthma. Interestingly, the mRNA expres-
sion of contractile protein genes was not increased, consistent
with the notion that contractile protein expression may be
regulated in a post-transcriptional manner (see below). Finally,
bronchial smooth muscle cells from subjects with asthma show
higher levels of smooth muscle MLCK mRNA (19).

Moir and colleagues (18) also measured contractile protein
expression in their study of ovalbumin-sensitized and -challenged
Brown Norway rats. Immunoblots of dissected small bronchioles
demonstrated a paradoxical reduction in the expression of
contractile proteins, including smooth muscle myosin heavy chain
isoform 1, calponin, smoothelin-A, and MLCK, consistent with
a switch to a less differentiated growth phenotype. Although these
data would appear to contradict findings of increased a-smooth
muscle actin and MLCK expression in human asthma, they dem-
onstrate that increased airway smooth muscle mass may not cor-
relate with the expression of contractile proteins, or even contractile
function (see below).

FUNCTIONAL EFFECTS OF AIRWAY SMOOTH MUSCLE
PROLIFERATION AND HYPERTROPHY

Increased airway smooth muscle mass could generate more
shortening, leading to increased airway narrowing and airflow
obstruction. Using a mathematical model and actual measurements
of airway wall thickness from subjects with asthma, Lambert
and colleagues (20) found that increased smooth muscle mass,
rather than submucosal or adventitial thickening, was the only
structural change likely to substantially increase maximal air-
ways resistance, as is observed in response to bronchoconstric-
tors in patients with asthma. However, this model assumed no
change in the contractile characteristics of the muscle, or of the
load on the smooth muscle.

Because airway smooth muscle mass cannot easily be manip-
ulated in humans with asthma, studies examining the issue of
functional effects rely on correlations between smooth muscle
mass and asthma severity. Numerous studies have examined the
relationship between airway subepithelial thickening, another
feature of airway remodeling in asthma, and disease severity or
duration. However, few studies have correlated airway smooth
muscle thickness with function. High-resolution computed tomog-
raphy scans of patients with stable asthma showed that wall thick-
ness of the right upper lobe apical bronchus, normalized to body
surface area, was inversely correlated with airway reactivity to
methacholine, suggesting that airway remodeling actually limits
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airway narrowing (21). However, the airway wall is composed of
epithelial, submucosal, smooth muscle, and adventitial layers,
and therefore a specific role for airway smooth muscle cannot
be determined from this report. In Benayoun and colleagues’
report (11), airway smooth muscle mass correlated with asthma
severity, suggesting that airway smooth muscle hypertrophy in-
creases airways responsiveness. These data are particularly com-
pelling in light of the fact that subepithelial thickening was
inversely correlated with disease severity.

There are few studies comparing the force-generating capacity
of asthmatic airway smooth muscle with normal muscle (22-27).
At least one (25) showed increased constrictor sensitivity, but
others showed normal or reduced contractile function. However,
these early studies focused on isometric rather than isotonic
contractile function, and did not normalize force for muscle cross-
sectional area.

Mitchell and colleagues showed that passive sensitization of
human bronchi augments smooth muscle shortening velocity and
capacity (28). These data are consistent with the notion that air-
way smooth muscle shortening velocity is increased in patients
with asthma. However, this study did not specifically address the
function of hyperplastic or hypertrophic muscle.

Again, because of the paucity of human data, it is appropriate
to look to animal studies for additional mechanistic information.
Many animal models of asthma also show a correlation between
airway smooth muscle thickness and responsiveness, for example
in a study by Henderson and colleagues (29). In this study, airway
smooth muscle thickness and methacholine responsiveness in-
creased with ovalbumin sensitization and challenge and decreased
with montelukast treatment. However, other studies have shown
an uncoupling of airway smooth muscle proliferation and re-
sponsiveness. After repeated allergen exposures of rats and mice,
airway hyperresponsiveness and allergic inflammation resolved
but airway smooth muscle proliferation persisted (16, 17). Fur-
thermore, treatment of allergen-exposed rats with an endothelin
receptor antagonist attenuated airway smooth muscle bromo-
deoxyuridine incorporation but had no effect on cholinergic
bronchial reactivity (30). Consistent with human airways, canine
and murine airways show increased smooth muscle shortening
velocity and capacity after passive sensitization (31, 32). How-
ever, only one animal study has directly examined the effects of
smooth muscle hypertrophy or hyperplasia on ex vivo airway
function. Zheng and colleagues (33) measured the mechanical
properties of guinea pig airway explants treated with cardiotro-
phin, a member of the IL-6 family. Cardiotrophin increases the
size and protein synthesis of cultured human bronchial smooth
muscle cells (34). Cardiotrophin also increased the airway smooth
muscle content of guinea pig airway explants (33). However,
maximal isometric stress and perhaps shortening were decreased,
suggesting that the contractile apparatus of hypertrophic airway
smooth muscle cells may not be completely functional. On the
other hand, as reflected in Moir and coworkers’ study (18), cell
hypertrophy is a complicated phenotype consisting not only of
changes in protein synthesis or cell size but also expression of
contractile proteins and incorporation of these proteins into
filaments. Thus, other conditions or stimuli leading to airway
smooth muscle hyperplasia or hypertrophy may yield different
results.

The paucity of information examining the contractile function
of airways with increased smooth muscle mass led us to consider
models of vascular smooth muscle hyperplasia/hypertrophy. In
hypoxia-induced pulmonary hypertension, smooth muscle and
connective tissue content are both increased (35). Hypoxia in-
creased passive tissue stiffness and reduced active stress, again
suggesting that the contractile apparatus of hypertrophic airway
smooth muscle may not be completely functional. These data are
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also consistent with a reduction in contractile force due to a change
in load. On the other hand, active shortening was increased and
velocity of shortening was unchanged. Similar results were found
in hyperoxia and monocrotaline-induced hypertension.

With regard to studies in cells, stimulation of postconfluent
cultures with either serum or growth factors has been shown to
markedly repress the expression of contractile proteins such as
a-smooth muscle actin and MLCK (36-39). Conversely, serum-
deprived cells demonstrate increased contractile protein expres-
sion. These data are consistent with the notion that proliferating
airway smooth muscle cells may express lesser amounts of con-
tractile proteins (“proliferative phenotype”), and generate less
contractile force than nonproliferating cells.

On the other hand, bronchial smooth muscle cells from sub-
jects with asthma show increased MLCK expression as well as
maximum shortening capacity and velocity compared with nor-
mal cells (19). Furthermore, treatment of human airway smooth
muscle cells with transforming growth factor (TGF)-B induced
cellular hypertrophy (as evidenced by changes in protein synthe-
sis, cell size, contractile protein expression, and incorporation of
contractile proteins into filaments), while increasing cell short-
ening in response to contractile agonists (40). Interestingly, our
preliminary studies have shown that, whereas both cardiotrophin-1
and TGF-B increase cell size, protein synthesis, and a-smooth
muscle actin expression, TGF-B induces greater changes in cell
size and incorporation of a-actin into contractile filaments
(Figure 1). Recently, it has been shown that endothelin increases
human bronchial smooth muscle cell size to a significantly greater
extent than cardiotrophin-1 (41). These data are consistent with
the notion that the contractile function of hypertrophic muscle
may vary with the treatment or stimulus inducing the hypertrophy.

BIOCHEMICAL MECHANISMS OF AIRWAY SMOOTH
MUSCLE PROLIFERATION

Cultured airway smooth muscle cells proliferate in response to
a considerable number of stimuli, including peptide growth fac-
tors ligating receptor tyrosine or serine/threonine kinases and
bronchoconstrictor substances associated with G protein—coupled
seven-transmembrane receptors. The former include platelet-
derived growth factor (PDGF), epidermal growth factor (EGF),
and TGF-B (42-45), whereas the latter include histamine, throm-
bin, endothelin, and tryptase (46-56). EGF and TGF-B are syn-
thesized by airway epithelial cells (57, 58), consistent with the
notion that epithelial damage induces production of paracrine
growth factors, which stimulate airway smooth muscle growth
(Figure 2).

TGF-B may play a unique role in the airway remodeling pro-
cess. TGF-B stimulates fibroblasts to synthesize and secrete pro-
teins of the extracellular matrix; thus, in subjects with asthma,
the degree of subepithelial fibrosis correlates with the amount
of eosinophil-associated TGF- mRNA (59). TGF- is increased
in the airways of patients with severe asthma compared with pa-
tients with less severe disease (59-62). As noted above, TGF-
induces human airway smooth muscle hypertrophy (40, 56), and
has been noted to either enhance (55, 56) or inhibit airway
smooth muscle proliferation in vitro (63, 64). Although it may
be difficult to reconcile these disparate effects, increased cell
growth (i.e., size) and contractile protein expression occur in
both hyperplasia and hypertrophy (see below). Differential ef-
fects may also be explained by the presence or absence of other
factors (serum, EGF).

The signaling pathways regulating airway smooth muscle pro-
liferation have been reviewed elsewhere (65). Briefly, airway
smooth muscle mitogenesis depends chiefly on stimulation of the
extracellular signal regulated kinase (ERK) and phosphatidyli-
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nositol (PI) 3-kinase pathways. Activation of ERK is required for
DNA synthesis in bovine, rat, and human airway smooth muscle
(51, 66-68). ERK is an upstream activator of cyclin D1 promoter
activity (69). Bronchoalveolar lavage fluid from asthmatic air-
ways increases ERK activation, cyclin D1 protein abundance,
DNA synthesis, and cell number of cultured human airway
smooth muscle cells (70), consistent with the notion that ERK
signaling constitutes an important regulator of cell cycle entry and
progression in airway smooth muscle.

Chemical inhibitors of PI 3-kinase inhibit airway smooth
muscle cyclin D1 protein expression (71) and DNA synthesis
(68, 71, 72). Constitutive activation of PI 3-kinase in bovine tra-
cheal myocytes is sufficient for transcription from the cyclin D1
promoter but does not induce ERK activation (71), implying that
PI 3-kinase signaling occurs independently of ERK. Likewise,
inhibitors of PI 3-kinase had no effect on ERK activation (68).

An important downstream target of PI 3-kinase appears to be
the GTPase Racl. Racl is required for cyclin D1 expression in
bovine tracheal myocytes (73). Overexpression of active Racl
does not activate ERK in bovine tracheal myocytes, and Racl-
induced transcription from the cyclin D1 promoter is insensitive
to a chemical mitogen-activated protein kinase/ERK (MEK) in-
hibitor (73), suggesting that Racl-mediated cell cycle progres-
sion, like that induced by PI 3-kinase, is independent of ERK
activity. Finally, active PI 3-kinase and Racl each activate the
cyclin D1 promoter via the cAMP response element binding
protein (CREB)/activating transcription factor (ATF)-2 binding
site, suggesting that, in the context of cyclin D1 expression, PI 3-
kinase and Racl lie on the same signaling pathway. Racl con-
stitutes part of the NADPH oxidase complex that generates
superoxide and H,O, (74, 75). Intracellular H,O, is increased
after mitogen treatment of rat tracheal myocytes (76), bovine
tracheal myocytes (73), and human bronchial smooth muscle cells
(77). Accordingly, treatment with antioxidants attenuates both
mitogen-activated cyclin D1 expression and DNA synthesis in
these cells (73, 76, 77). Finally, in bovine cells, Racl induces
transactivation of the cyclin D1 promoter CREB/ATF2 binding
site, which is attenuated by antioxidants (71). Taken together,
these data suggest that growth factor-induced airway smooth
muscle proliferation is regulated by a PI 3-kinase/Racl/NADPH
oxidase pathway.

It has been reported that cultured airway myocytes from
subjects with asthma proliferate faster than do those from non-
asthmatic individuals (78). Although corticosteroids inhibit pro-
liferation of normal airway myocytes by reducing cyclin D1
expression and retinoblastoma protein phosphorylation (79),
they apparently fail to inhibit proliferation of airway myocytes
from subjects with asthma, an effect attributed to dysfunctional
interaction between C/EBPa and the glucocorticoid receptor (80).
However, these results have not been verified by others, and
whether this mechanism contributes importantly to smooth mus-
cle accumulation in the asthmatic airway wall remains unknown.

BIOCHEMICAL MECHANISMS REGULATING AIRWAY
SMOOTH MUSCLE HYPERTROPHY

The study of biochemical pathways regulating airway smooth
muscle hypertrophy has been limited due to the difficulty of es-
tablishing cell models. Two models using cell cycle arrest suggest
that cell size and contractile protein expression are regulated in
a post-transcriptional manner. In the first model, canine tracheal
myocytes demonstrated high levels of SM22 and smooth muscle
myosin heavy chain (smMHC) mRNA expression during rapid
cell proliferation but only accumulated contractile protein
during long-term serum deprivation (81). In the second model,
airway smooth muscle cells conditionally immortalized with
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a thermolabile simian virus 40 (SV40) large tumor (T) antigen
demonstrated increased a-smooth muscle actin and MLCK pro-
tein abundance but not mRNA expression upon shift to the
nonpermissive temperature, which inactivates large T antigen
and induces expression of p57 and p21Wafl/Cirl (82), More re-
cent studies have used physiologic stimuli, such as cardiotrophin
(34) and TGF-B (40). In the case of TGF-B, a-smooth muscle
actin protein expression is regulated at both the transcriptional
and translational levels.

Regulation of protein synthesis is achieved primarily by the
phosphorylation of various eukaryotic translation initiation fac-
tors (eIFs) (Figure 3). There are two highly regulated steps in the
translation initiation pathway (Figure 4). First, the mRNA is
prepared for ribosome binding by the elF4 group of initiation
factors. Translation of the majority of eukaryotic mRNAs is
initiated through a 7-methylguanosine cap structure at the 5’ end
of mRNA. The cap is recognized and “clamped” by the 24-kD
elF4E. Recognition of the cap structure allows unwinding of
secondary mRNA structure by another initiation factor, the RNA
helicase eIF4A. However, eiF4E is normally bound to inhibitory
proteins termed “4E-binding proteins” (4E-BPs). Release of
elF4E typically requires 4E-BP1 phosphorylation by mammalian
target of rapamycin (mTOR) (83, 84), although other 4E-BP
kinases exist. mMTOR phosphorylation, in turn, is regulated by
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Figure 2. Schematic demonstrating the close proximity of airway epi-
thelium and airway smooth muscle (ASM). Paracrine growth factors
produced by the airway epithelium, such as epidermal growth factor
(EGF) and transforming growth factor (TGF)-B, may induce ASM prolif-
eration, hypertrophy or migration. EP = epithelium; MYO = myofibro-
blasts; ASM = airway smooth muscle bundles in cross-section.
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Figure 1.  Confocal micro-
graphs showing primary hu-
man bronchial smooth muscle
cells stained for a-smooth mus-
cle actin (red) and phalloidin
(green). Left panel: Control cells
are thin and express minimal
a-actin. Middle panel: Transform-
ing growth factor-B increases
cell size, a-actin expression, and
incorporation into filaments
(colocalization appears yellow-
orange). Right panel: cardiotro-
phin (CT)-1 increases cell size
and a-actin but there is less
incorporation into filaments.

a complex signaling pathway, including PI 3-kinase, the serine/
threonine kinase Akt, the GTPase activating protein tuberous
sclerosis complex (TSC)-2, and the GTPase Rheb (85-87). More
recently, it has been discovered that mTOR exists in two distinct
multiprotein complexes, one rapamycin-sensitive (mMTORCI)
and one rapamycin-insensitive (nTORC2) (88).

Second, concurrent with the preparation of mRNA, the 43S
preinitiation complex, composed of initiator methionyl-tRNA
and the 40S ribosomal subunit, must be formed. eIF2, a multimer
consisting of a, 3, and vy subunits, functions to recruit methionyl
tRNA and conduct it as a tRNA-eIF2-GTP ternary complex to
the 40S ribosomal subunit. eIF2 GTP loading is determined by the
activity of eIF2B, a guanine nucleotide exchange factor. e[F2Be
phosphorylation by glycogen synthase kinase (GSK)-38 inhibits
its GDP/GTP exchange activity, thereby limiting binding of
methionyl tRNA to the 40S ribosomal subunit. However, phos-
phorylation of GSK3pB by the serine threonine kinase Akt in-
activates it, leading to eIF2B dephosphorylation and activation,

PI 3-kinase
¥
Akt
1
TSC-2
1
Rheb GSK3-B
v L
v elF2B
/ mTOR l
S6 kinase L
| 4E-BP elF2
s6 1
l elF4E
translation of preparation of tRNA binding
5TOP mRNAs capped mRNAs to ribosome

V v v

ribosome cap-dependent global increase in
synthesis mRNA translation mRNA translation
\

hypertrophy (cell size and contractile protein expression)

Figure 3. Signaling intermediates and eukaryotic translation initiation
factors regulating cell size and contractile protein expression. The elF4E
and elF2 pathways regulate the efficiency of translation, whereas the
p70 ribosomal S6 kinase pathway regulates translational capacity by
increasing the synthesis of ribosomes.
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Figure 4. Translation initiation. elF2 recruits the initiator tRNA to the
40 S ribosomal subunit to form the 43S preinitiation complex. elF4E
binds to the 7-methylguanosine cap structure at the 5’ end of mRNA.
Binding of the scaffold protein eiF4G to the convex dorsal surface of
elF4E allows recruitment of several other factors to the mRNA, in-
cluding elF4A and polyA binding protein (PABP). The helicase activity
of elF4A, which is enhanced by elF4B, is believed to be required for
unwinding of secondary structures in the 5’ untranslated region, al-
lowing subsequent movement of the whole complex until the initiation
codon (AUG) is recognized by the anticodon of the Met-tRNA.

and a general enhancement of translation initiation, which is in-
dependent of the 7-methylguanosine mRNA cap (89).

Finally, the translation of mRNAs with 5" terminal oligopyr-
imidine (TOP) tracts, many of which encode elongation factors
and ribosomal proteins involved in mRNA translation, is up-
regulated by phosphorylation of the S6 ribosomal protein. S6
ribosomal protein is in turn phosphorylated by p70 S6 kinase. In
contrast to the above pathways that regulate the efficiency of
translation, this pathway regulates the translational capacity by
increasing the synthesis of ribosomes.

Despite human studies indicating the presence of airway
smooth muscle hypertrophy and increased contractile protein
expression in asthma, little information is available concerning
the signaling intermediates and translation initiation factors in-
volved. In confluent serum-deprived canine tracheal myocyte
cultures, PI 3-kinase and mTOR are required for smooth muscle
elongation and smMHC protein accumulation (81). In condition-
ally immortalized human bronchial smooth muscle cell lines,
inhibition of PI 3-kinase and mTOR each attenuated temperature
shift-induced cell enlargement (90). Chemical inhibitors of PI 3-
kinase and mTOR also decreased 4E-BP phosphorylation and
increased the binding of 4E-BP to elF4E. Furthermore, cells
transduced with a 4E-BP-1 double phosphorylation mutant failed
to undergo a change in cell size after temperature shift. Together,
these data show that PI 3-kinase and mTOR promote cap-
dependent protein synthesis and cell size change via phosphor-
ylation of 4E-BP, and that eIF4E is required for airway smooth
muscle hypertrophy. However, in TGF-B-stimulated primary bron-
chial smooth muscle cells, rapamycin, which effectively blocked
p70 ribosomal S6 kinase phosphorylation, had no effect on cell
size and a-smooth muscle actin expression (40), suggesting that
4E-BP phosphorylation may occur independently of mTORCI.
Furthermore, because TGF-B-induced hypertrophy occurred in
the presence of p70 S6 kinase dephosphorylation, these data sug-
gest that the up-regulation of 5" TOP mRNAs was not required
for the observed hypertrophic response.

THE CELLULAR OUTCOME OF PROTEIN SYNTHESIS,
PROLIFERATION, OR HYPERTROPHY MAY BE
REGULATED BY CELL CYCLE EVENTS

Although the cellular mechanism of airway smooth muscle ac-
cumulation, hypertrophy, or hyperplasia may vary in individual
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patients, increased cell growth (i.e., size) and contractile protein
expression occur in both cases. (Mammalian cells must undergo
cell enlargement before mitosis.) In the case of hypertrophy, cells
do not traverse the cell cycle, whereas in proliferation, mitosis
occurs. Thus, the biochemical mechanisms underlying hyper-
trophy and hyperplasia may overlap. Furthermore, in the con-
text of increasing protein synthesis, the cellular outcome (i.e.,
hyperplasia or hypertrophy) is likely to be highly influenced by
cell cycle regulation. For example, in cardiomyocytes, which can-
not reenter the cell cycle, activation of mitogenic signaling path-
ways leads to cell hypertrophy. Similarly, expression of p57 and
p21Watl/Cipl induces cell cycle arrest and hypertrophy of cul-
tured human airway smooth muscle cells (34). Nevertheless, the
contribution of cell cycle arrest to airway smooth muscle hyper-
trophy has not been well studied.

AIRWAY SMOOTH MUSCLE MIGRATION

Cell migration could be in part responsible for the pathogenesis
of airway smooth muscle hyperplasia and remodeling in asthma.
It is also possible that migration of smooth muscle cells toward
the lumen of the airway underlies the appearance of myofibro-
blasts in the subepithelium of the asthmatic airway (91). In sup-
port of this hypothesis, segmental challenge of asthmatic airways
increases the number of myofibroblasts in the airway subepithe-
lium (92). Because myofibroblasts are a rich source of extracel-
lular matrix proteins, such as collagen, fibronectin, and tenascin,
each of which have been found in the subepithelium of patients
with asthma (91), myofibroblast migration to the subepithelium
may be a key factor in the development of subepithelial fibrosis.

Airway smooth muscle cells migrate in response to a number
of physiologic stimuli in vitro, including PDGF, basic fibroblast
growth factor, TGF-B, and IL-1B (93, 94). Recent studies suggest
that chemokines, small (8-12 kD) proteins involved in the regu-
lation of leukocyte trafficking, may also regulate airway smooth
muscle migration. For example, the CCR3 ligand eotaxin induces
migration of airway smooth muscle cells in vitro, and airway smooth
muscle CCR3 expression is increased in asthma (95). Airway
smooth muscle cells also express CXCR1, CXCR2, and CCR7,
and migrate in response to the CXCR1/2 ligand IL-8 and the
CCR?7 ligand CCL19 (96, 97). Moreover, B-agonists and cortico-
steroids inhibit migration (94).

The signaling pathways regulating airway smooth muscle
migration have been well studied. Activation of a p21-activating
kinase/p38 mitogen—activated protein kinase heat shock protein
27 signaling pathway is required for the migration of canine
tracheal smooth muscle cells (93, 98). Activation of the tyrosine
kinase Src is necessary and sufficient for the migration of cul-
tured human airway smooth muscle cells (99). In contrast, acti-
vation of protein kinase A inhibits migration (94).

The source of the migrating airway smooth muscle cells in vivo
(i.e., the original airway smooth muscle layer, circulating fibro-
cytes, or bone marrow— or lung-derived mesenchymal stem cells)
remains unknown. Recent studies have demonstrated the pres-
ence of circulating fibrocytes and mesenchymal stem cells in
the airways, suggesting that airway myofibroblasts may originate
from distant sites. Allergen exposure induces the accumulation of
CD34-, collagen I-, and a-smooth muscle actin—positive cells to
areas of collagen deposition below the epithelium in patients with
allergic asthma (100). (CD34, like CD45, is an antigen found on
hematopoietic progenitor cells.) PKH-26-labeled mouse fibro-
cytes purified from peripheral blood and injected into the tail vein
of BALB/c mice home to the airway subepithelium of animals
sensitized and challenged with ovalbumin but not those exposed
to phosphate-buffered saline. Furthermore, human adult bron-
chial fibroblast-like cells isolated from the lung tissue of patients
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undergoing lobectomy show a pattern of surface markers char-
acteristic of bone marrow—derived mesenchymal stem cells (101).
In contrast to fibrocytes, these cells are negative for CD34 and
CD45 and positive for CD73 (SH3/SH4), CD105 (SH2/endoglin),
and CD166 (SB10 or leukocyte cell adhesion molecule). STRO-1
antigen, another human mesenchymal stem cell marker, was only
weakly expressed in these cells. Similar to marrow fibroblasts, the
bronchial fibroblast-like cells underwent adipogenic, osteogenic,
and chondrogenic differentiation when cultured under appropriate
inducible conditions. Finally, we have found that tracheal aspi-
rates from premature infants undergoing mechanical ventilation
for respiratory distress express the mesenchymal stem cell markers
STRO-1, CD73, CD90, CD105, and CD166, but not hematopoi-
etic and endothelial cell markers. These cells are capable of adi-
pocytic and osteogenic differentiation, and express high levels of
a-smooth muscle actin upon TGF-B stimulation (102). Taken to-
gether, these results indicate that circulating fibrocytes or mes-
enchymal stem cells may function as myofibroblast precursors
and contribute to the genesis of subepithelial fibrosis in asthma.
On the other hand, pilot studies in dogs showing an absence of
airway smooth muscle cells 6 months after thermoplasty are in-
consistent with the notion that mesenchymal cells repopulate the
airway smooth muscle layer with disease, injury, or aging.

CONCLUSIONS

The airways of patients with asthma demonstrate both airway
smooth muscle hyperplasia and hypertrophy, the balance of which
may vary with asthma phenotype, duration, severity, and airway
generation. Data examining the effects of smooth muscle remod-
eling on airway function are extremely limited. Although asthma
severity may correlate with smooth muscle hypertrophy, other
studies suggest that the contractile apparatus of hyperplastic or
hypertrophic airway smooth muscle cells may be dysfunctional.
The effect of increased smooth muscle mass on airway function
may vary with cellular mechanism, airway stiffness, or the stimu-
lus involved. Although the signaling pathways regulating airway
smooth muscle proliferation have been well studied, the bio-
chemical mechanisms regulating hypertrophy and contractile
apparatus mRNA translation are less well known. On the basis
of the above, important areas of future research include the fol-
lowing: (1) additional analyses of airway smooth muscle stereol-
ogy and contractile apparatus mRNA expression in severe asthma
and animal models of asthma; (2) studies examining the contrac-
tile function of hyperplastic/hypertrophic airway smooth muscle,
using either airways from humans with asthma, animals exposed
to chronic allergen challenge, airway explants treated with rele-
vant stimuli (e.g., TGF-B), or airway smooth muscle cells in three-
dimensional culture; (3) further studies examining the phenotype
of asthmatic airway smooth muscle; and (4) studies examining the
translational control pathways regulating airway smooth muscle
hypertrophy.
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