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1

Biophysical basis of airway
smooth muscle contraction
and hyperresponsiveness
in asthma

Steven S. An! and Jeffrey J. Fredberg?

! Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, USA
2Harvard School of Public Health, Boston, MA, USA

1.1 Introduction

It is self-evident that acute narrowing of the asthmatic airways and shortening
of the airway smooth muscle are inextricably linked. Nonetheless, it was many
years ago that research on the asthmatic airways and research on the biophysics
of airway smooth muscle had a parting of the ways (Seow and Fredberg, 2001).
The study of smooth muscle biophysics took on a life of its own and pursued a
deeply reductionist agenda, one that became focused to a large extent on myosin
IT and regulation of the actomyosin cycling rate. The study of airway biology
pursued a reductionist agenda as well, but one that became focused less and less
on contractile functions of muscle and instead emphasized immune responses,
inflammatory cells and mediators, and, to the extent that smooth muscle remained

Airway Smooth Muscle in Asthma and COPD: Biology and Pharmacology  Edited by Kian Fan Chung
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-06066-7



2 CH 1 BIOPHYSICAL BASIS OF AIRWAY SMOOTH MUSCLE CONTRACTION

of interest, that interest centred mainly on its synthetic, proliferative and migra-
tory functions (Amrani and Panettieri, 2003; Black and Johnson, 1996; 2000;
Black et al., 2001; Holgate et al., 2003; Kelleher et al., 1995; Zhu et al., 2001).
Inflammatory remodelling of the airway wall was also recognized as being a key
event in the asthmatic diathesis (Dulin et al., 2003; Homer and Elias, 2000; James
et al., 1989; McParland et al., 2003; Moreno et al., 1986; Paré et al., 1991; Wang
et al., 2003).

To better understand the impact of inflammatory remodelling processes upon
smooth muscle shortening and acute airway narrowing, computational models
of ever increasing sophistication were formulated, but, remarkably, the muscle
compartment of these models remained at a relatively primitive level, being rep-
resented by nothing more than the classical relationship of active isometric force
versus muscle length (Lambert and Paré, 1997; Lambert et al., 1993; Macklem,
1987; 1989; 1990; 1996; Wiggs et al., 1992). As discussed below, this description
is now considered to be problematic because the very existence of a well-defined
static force—length relationship has of late been called into question, as has the
classical notion that the muscle possesses a well-defined optimal length. Rather,
other factors intrinsic to the airway smooth muscle cell, especially muscle dy-
namics and mechanical plasticity, as well as unanticipated interactions between
the muscle and its load, are now understood to be major factors affecting the
ability of smooth muscle to narrow the airways (An et al., 2007; Fredberg, 2000a;
Fredberg et al., 1999; Pratusevich et al., 1995; Seow and Fredberg, 2001; Seow
and Stephens, 1988; Seow et al., 2000).

The topics addressed in this chapter are intended to highlight recent discoveries
that bring airway biology and smooth muscle biophysics into the same arena once
again. Here we do not provide an exhaustive review of the literature, but rather
emphasize key biophysical properties of airway smooth muscle as they relate
to excessive airway narrowing in asthma. This is appropriate because, in the
end, if airway inflammation did not cause airway narrowing, asthma might be a
tolerable disease. But asthma is not a tolerable disease. In order to understand
the multifaceted problem of airway hyperresponsiveness in asthma, therefore,
an integrative understanding that brings together a diversity of factors will be
essential.

1.2 Airway hyperresponsiveness

It was recognized quite early that the lung is an irritable organ and that stimulation
of its contractile machinery in an animal with an open chest can cause an increase
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in lung recoil, an expelling of air, arise in intratracheal pressure, and an increase in
airways resistance (Colebatch et al., 1966; Dixon and Brodie, 1903; Mead, 1973;
Otis, 1983). The fraction of the tissue volume that is attributable to contractile
machinery is comparable for airways, alveolated ducts and blood vessels in the
lung parenchyma (Oldmixon et al., 2001); the lung parenchyma, like the airways,
is a contractile tissue (Colebatch and Mitchell, 1971; Dolhnikoff et al., 1998;
Fredberg et al., 1993; Ludwig et al., 1987; 1988). Although airway smooth muscle
was first described in 1804 by Franz Daniel Reisseisen (as related by Otis (1983))
and its functional properties first considered by Einthoven (1892) and Dixon and
Brodie (1903), until the second half of the last century this muscle embedded
in the airways was not regarded as being a tissue of any particular significance
in respiratory mechanics (Otis, 1983). A notable exception in that regard was
Henry Hyde Salter, who, in 1859, was well aware of the ‘spastic’ nature of
airway smooth muscle and its potential role in asthma (Salter, 1868). The airway
smooth muscle is now recognized as being the major end-effector of acute airway
narrowing in asthma (Lambert and Paré, 1997; Macklem, 1996). There is also
widespread agreement that shortening of the airway smooth muscle cell is the
proximal cause of excessive airway narrowing during an asthmatic attack (Dulin
et al., 2003), and swelling of airway wall compartments and plugging by airway
liquid or mucus are important amplifying factors (Lambert and Paré, 1997; Yager
et al., 1989). It remains unclear, however, why in asthma the muscle can shorten
excessively.

‘Airway hyperresponsiveness’ is the term used to describe airways that narrow
too easily and too much in response to challenge with nonspecific contractile
agonists (Woolcock and Peat, 1989). Typically, a graph of airways resistance
versus dose is sigmoid in shape (Figure 1.1); the response shows a plateau at
high levels of contractile stimulus. The existence of the plateau, in general, is
interpreted to mean that the airway smooth muscle is activated maximally and,
thereby, has shortened as much as it can against a given elastic load. Once on
the plateau, therefore, any further increase in stimulus can produce no additional
active force, muscle shortening, or airway resistance.

To say that airways narrow too easily, on the one hand, means that the graph
of airways resistance versus dose of a nonspecific contractile stimulus is shifted
to the left along the dose axis, and that airways respond appreciably to levels of
stimulus at which the healthy individual would be unresponsive; this phenomenon
is called hypersensitivity. To say that airways narrow too much, on the other hand,
means that the level of the plateau response is elevated, or that the plateau is
abolished altogether, regardless of the position of the curve along the dose axis;
this phenomenon is called hyperreactivity. As distinct from hypersensitivity, it is
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Figure 1.1 Computation of airway hyperresponsiveness in asthma. A computational result
showing airway length (top) and airway resistance (bottom) as a function of agonist con-
centration for a 10th-generation airway (Mijailovich, 2003). The cases shown depict airways
from a normal, an asthmatic and a COPD (Chronic obstructive pulmonary disease) lung. In
this computation, the effects of tidal breathing and deep inspirations (6/min) upon myosin
binding dynamics are taken into account explicitly (Mijailovich, 2003). As explained in the
text, such an airway exhibits both hyperreactivity and hypersensitivity. (Reproduced courtesy
of the American Journal of Respiratory and Critical Care Medicine 167, A183.)

this ability of the airways to narrow excessively, with an elevated or abolished
plateau, that accounts for the morbidity and mortality associated with asthma
(Sterk and Bel, 1989).

It has long been thought that the factors that cause hypersensitivity versus
hyperreactivity are distinct, the former being associated with receptor complement
and downstream signalling events but the latter being associated with purely
mechanical factors, including the contractile apparatus, the cytoskeleton (CSK),
and the mechanical load against which the muscle shortens (Armour et al., 1984;
Lambert and Paré, 1997; Macklem, 1996; Wiggs et al., 1992). Macklem has
pointed out that, once the muscle has become maximally activated, it is the active
force and the load that become all-important, and the plateau response becomes
essentially uncoupled from underlying biochemistry, signalling and cell biology
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(Macklem, 1987; 1990; 1996). However, as described below, there is reason to
think that these distinctions may not be as clear as once believed.

Although asthma is usually defined as an inflammatory disease, the link be-
tween the immunological phenotype and the resulting mechanical phenotype
associated with disease presentation, including airway hyperresponsiveness, re-
mains unclear; indeed, it is now established that airway hyperresponsiveness can
be uncoupled from airway inflammation (Bryan et al., 2000; Crimi et al., 1998;
Holloway et al., 1999; Leckie et al., 2000). It remains equally unclear whether
airway hyperresponsiveness is due to fundamental changes within the smooth
muscle itself, as might be caused by inflammatory mediators, chemokines and
cytokines (Fernandes et al., 2003), or due to changes external to the muscle,
such as a reduced mechanical load against which the smooth muscle contracts.
Still another possibility supported by recent evidence is that there is an inter-
action of the two wherein the contractile machinery within the smooth muscle
cell adapts in response to a change in its mechanical microenvironment (Dulin
et al., 2003; Fredberg et al., 1999; Lakser et al., 2002; Pratusevich et al., 1995;
Seow and Fredberg, 2001; Seow et al., 2000; Wang et al., 2001). Moreover,
Tschumperlin et al. (2002; 2003) have provided evidence that bronchospasm
can lead to mechanically induced pro-inflammatory signalling events in the air-
way epithelium, in which case airway inflammation may cause bronchospasm,
but bronchospasm in turn may amplify or even activate specific inflammatory
pathways.

In the balance of this chapter, we address the classical picture of smooth muscle
behaviour and then go on to describe what we know about nonclassical behaviour
in adynamic setting and, in particular, the ability of the muscle cell to adapt rapidly
to changes in its mechanical microenvironment. We do not address the increasing
evidence that now suggests that cytokines such as interleukin (IL)-13 and tumor
necrosis factor (TNF)-a augment responses to bronchoconstrictor agonists while
attenuating the bronchodilation that can be effected by hormones and paracrine
agents such as epinephrine and PGE; (Shore et al., 1997). Such cytokines, along
with growth factors and other inflammatory mediators, also result in smooth
muscle hyperplasia, at least in culture systems (Kelleher et al., 1995). In culture,
extracellular matrix proteins have been shown not only to regulate synthetic (Chan
et al.,2006; Peng et al., 2005), proliferative (Freyer et al., 2001; Hirst et al., 2000;
Nguyen et al., 2005) and migratory (Parameswaran et al., 2004) functions of the
airway smooth muscle cell, but also to modulate the protein expressions and
biochemical pathways that are implicated in muscle maturation and contraction
(Freyer et al., 2004; Halayko and Solway, 2001; Halayko et al., 1999; Hirst et al.,
2000; Tran et al., 2006). Whether airway inflammation and matrix remodelling
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in the asthmatic airways can result in a hypercontractile phenotype of the airway
smooth muscle cell remains to be established.

1.3 Classical behaviour of airway smooth muscle
and the balance of static forces

The microstructure of striated muscle is highly ordered, whereas there is abundant
evidence in the literature demonstrating that the cytoskeletal microstructure of
smooth muscle is quite disordered (Small, 1995; Small and Gimona, 1998); it is,
after all, its amorphous structure that gives ‘smooth’ muscle its name. Moreover,
the airway smooth muscle CSK is in a continuous state of remodelling, a point to
which we return below. Despite these differences, it has been widely presumed
that to a first approximation Huxley’s sliding-filament model of muscle contrac-
tion (Huxley, 1957) describes the function of both smooth and striated muscle
(Murphy, 1988; 1994; Mijailovich et al., 2000). For many of the biophysical phe-
nomena observed in airway smooth muscle, such as active force generation and
shortening velocity, Huxley’s model represents a useful tool for thought (Huxley,
1957; Mijailovich et al., 2000), while for others, such as mechanical plasticity, it
does not.

As in the case of striated muscle contraction, the principal biophysical param-
eters that characterize smooth muscle contraction include the maximum active
isometric force (or stress, which is simply the force carried per unit area), the
length at which the muscle can attain that maximal force (i.e., the optimum
length (Lo)), and the shortening capacity of the muscle. The sliding-filament
model of Huxley is the starting point for understanding each of these phenomena.
As described by Huxley (1957), isometric force, as well as muscle stiffness, is
proportional to the number of actomyosin cross links per unit volume. This is true
because, assuming rigid filaments, all bridges within a given contractile unit must
act mechanically in parallel, with their displacements being identical and their
forces being additive. The maximum active stress supported by smooth versus
striated muscle is approximately the same and is of the order 10° Pa. In striated
muscle, Lo is attributed to the extent of overlap between the myosin filament
and the actin filament, Lo corresponding to a maximum number of myosin heads
finding themselves within the striking distance of an available binding site on the
actin filament, and the maximum capacity of the muscle to shorten being limited
by the collision of the myosin filament end with the z-disc. Smooth muscle pos-
sesses no structure comparable to the z-disc, however, although actin filaments
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terminate in dense bodies, which might come into play in limiting muscle short-
ening. Whereas unloaded striated muscle can shorten perhaps 20 per cent from
its optimum length, unloaded smooth muscle can shorten as much as 70 per cent
(Stephens, 1987; Stephens and Seow, 1993; Uvelius, 1976). Several physical fac-
tors may come into play to limit the capacity for unloaded shortening of smooth
muscle. Small (1995) has shown that actin filaments of the contractile apparatus
connect to the CSK at cytoplasmic dense bodies and with the longitudinal rib-like
arrays of dense plaques of the membrane skeleton that couple to the extracellular
matrix. Moreover, the side-polar configuration of the myosin filament (Tonino
et al., 2002; Xu et al., 1996) is likely to be involved. Still other factors coming
into play include length-dependent activation (An and Hai, 1999; 2000; Mehta
etal., 1996; Youn et al., 1998), length-dependent rearrangements of the CSK and
contractile machinery (Gunst et al., 1995; Pratusevich et al., 1995), and length-
dependent internal loads (Stephens and Kromer, 1971; Stephens and Seow, 1993;
Warshaw et al., 1988).

What are the extramuscular factors that act to limit airway smooth muscle
shortening? The basic notion, of course, is that muscle shortening stops when
the total force generated by the muscle comes into a static balance with the
load against which the muscle has shortened, both of which vary with muscle
length. The factors setting the load include the elasticity of the airway wall,
elastic tethering forces conferred by the surrounding lung parenchyma, active
tethering forces conferred by contractile cells in the lung parenchyma (Nagase
etal., 1994; Romero and Ludwig, 1991), mechanical coupling of the airway to the
parenchyma by the peribronchial adventitia, and buckling of the airway epithelium
and submucosa (Ding et al., 1987; Robatto et al., 1992; Wiggs et al., 1992). In
addition, the airway smooth muscle itself is a syncytium comprised mostly of
smooth muscle cells, aligned roughly along the axis of muscle shortening, and
held together by an intercellular connective tissue network. In order to conserve
volume, as the muscle shortens, it must also thicken. And as the muscle shortens
and thickens, the intercellular connective tissue network must distort accordingly.
Meiss (1999) has shown that at the extremes of muscle shortening it may be the
loads associated with radial expansion (relative to the axis of muscle shortening)
of the intercellular connective tissue network that limit the ability of the muscle
to shorten further.

In the healthy, intact dog, airway smooth muscle possesses sufficient force-
generating capacity to close all airways (Brown and Mitzner, 1998; Warner and
Gunst, 1992). This fact may at first seem to be unremarkable, but it is not easily
reconciled with the observation that when healthy animals or people are chal-
lenged with inhaled contractile agonists in concentrations thought to be sufficient
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to activate the muscle maximally, the resulting airway narrowing is limited in
extent, and that limit falls far short of airway closure (Moore et al., 1997; 1998).
Breathing remains unaccountably easy. Indeed, it is this lightness of breathing in
the healthy challenged lung, rather than the labored breathing that is characteristic
of the asthmatic lung, that in many ways presents the greater challenge to our un-
derstanding of the determinants of acute airway narrowing (Fredberg and Shore,
1999). Brown and Mitzner (1998) have suggested that the plateau of the dose-
response curve reflects uneven or limited aerosol delivery to the airways. Another
possibility, however, is that some mechanisms act to limit the extent of muscle
shortening in the healthy, breathing lung, whereas these mechanisms become
compromised in the asthmatic lung. It has been suspected that the impairment
of that salutary mechanism, if it could only be understood, might help to unlock
some of the secrets surrounding excessive airway narrowing in asthma, as well as
the morbidity and mortality associated with that disease (Fish ef al., 1981; Lim
et al., 1987; Nadel and Tierney, 1961; Skloot et al., 1995). This brings us to mus-
cle dynamics and the factors that could account for airway hyperresponsiveness
in asthma.

1.4 Shortening velocity and other manifestations
of muscle dynamics

The oldest and certainly the simplest explanation of airway hyperresponsiveness
would be that muscle from the asthmatic airways is stronger than muscle from
the healthy airways, but evidence in support of that hypothesis remains equivocal
(Black and Johnson, 1996; 2000; De Jongste et al., 1987; Solway and Fredberg,
1997). Indeed, a number of earlier studies, in which tissues were obtained post-
mortem or surgically, have reported normal contractility (Bai, 1990; Bjorck et al.,
1992) and even hypocontractility (Goldie et al., 1986; Whicker et al., 1988) of
muscle from the asthmatic airways. Accordingly, studies from the laboratory of
Stephens and colleagues (Antonissen et al., 1979; Fan et al., 1997; Jiang et al.,
1992; Ma et al., 2002; Seow and Stephens, 1988) have emphasized that the force-
generation capacity of allergen-sensitized airway smooth muscle of the dog, or of
human asthmatic muscle, is no different from that of control muscle. As a result,
the search for an explanation turned to other factors, and several alternative hy-
potheses have been advanced. These fall into three broad classes, each of which
is consistent with remodelling events induced by the inflammatory microenvi-
ronment, and they include an increase of muscle mass (Johnson et al., 2001;
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Lambert et al., 1993; Thomson et al., 1996; Wiggs et al., 1992), a decrease of the
static load against which the muscle shortens (Ding et al., 1987; Macklem, 1996;
Wiggs et al., 1992; 1997), and a decrease of the fluctuating load that perturbs
myosin binding during breathing (Fredberg, 1998; 2000a; 2000b; Fredberg et al.,
1999; Mijailovich et al., 2000). Taken together, these hypotheses are attractive
because they suggest a variety of mechanisms by which airway smooth muscle
can shorten excessively even while the isometric force-generating capacity of the
muscle remains essentially unchanged.

Aside from changes in the static load and/or the dynamic load, however, a
consistent association has been noted between airway hyperresponsiveness and
unloaded shortening velocity of the muscle (Antonissen et al., 1979; Duguet et al.,
2000; Fan et al., 1997; Ma et al., 2002; Wang et al., 1997). This association sug-
gests that the problem with airway smooth muscle in asthma may be that it is too
fastrather than too strong. But how shortening velocity —a dynamic property of the
muscle — might cause excessive airway narrowing — a parameter that was thought
to be determined by a balance of static forces — remains unclear. To account for
increased shortening capacity of unloaded cells, Stephens and colleagues have
reasoned that upon activation virtually all muscle shortening is completed within
the first few seconds (Ma et al., 2002). As such, the faster the muscle can shorten
within this limited time window, the more it will shorten. However, in isotonic
loading conditions at physiological levels of load, muscle shortening is indeed
most rapid at the very beginning of the contraction, but appreciable shortening
continues for at least 10 min after the onset of the contractile stimulus (Fredberg
etal., 1999). An alternative hypothesis to explain why intrinsically faster muscle
might shorten more comes from consideration of the temporal fluctuations of the
muscle load that are attributable to the action of spontaneous breathing (Fred-
berg et al., 1997; 1999; Solway and Fredberg, 1997). Load fluctuations that are
attendant on spontaneous breathing are the most potent of all known bronchodi-
lating agencies (Gump et al., 2001; Shen et al., 1997). Among many possible
effects, these load fluctuations perturb the binding of myosin to actin, causing
the myosin head to detach from actin much sooner than it would have during
an isometric contraction. But the faster the myosin cycling (i.e., the faster the
muscle), the more difficult it is for imposed load fluctuations to perturb the acto-
myosin interaction. This is because the faster the intrinsic rate of cycling, the faster
will a bridge, once detached, reattach and contribute once again to active force
and stiffness.

Why is muscle from the allergen-sensitized animal or asthmatic subject faster?
For technical reasons, in their study on the single airway smooth muscle cell
freshly isolated from bronchial biopsies obtained from an asthmatic subject,
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Ma et al. 2002) did not measure protein expression levels of myosin light-chain
kinase (MLCK), but their finding of increased content of message strongly impli-
cates MLCK. Although regulation of myosin phosphorylation is a complex pro-
cess with multiple kinases and phosphatases, this finding substantially narrows
the search for the culprit that may account for the mechanical changes observed
in these cells. Moreover, these studies seem to rule out changes in the distribution
of myosin heavy-chain isoforms; content and isoform distributions of message
from asthmatic cells showed the presence of smooth muscle myosin heavy-chain
A (SM-A), but not SM-B, the latter of which contains a seven-amino-acid insert
that is typical of phasic rather than tonic smooth muscle, and is by far the faster
of the two isoforms (Lauzon et al., 1998; Murphy et al., 1997).

Using laser capture microdissection of airway smooth muscle from bronchial
biopsies obtained from normal versus mild-to-moderate asthmatics, Woodruff
et al., 2004) also found no differences in the expressions profile of a panel of
genes that are often considered markers of hypercontractile phenotype (including
MLCK, however) but did detect a nearly twofold increase in the number of airway
smooth muscle cells in the asthmatics. Although the source of the increased cell
number (increased proliferation, decreased apoptosis, and/or increased migration)
remains unclear (Hirst et al., 2004; Johnson et al., 2001; Lazaar and Panettieri,
2005; Madison, 2003; Woodruff et al., 2004; Zacour and Martin, 1996), increased
muscle mass alone is sufficient to predispose to airway hyperresponsiveness in
asthma (James et al., 1989; Lambert et al., 1993; Moreno et al., 1986). The
question of whether muscle mass (quantity) and muscle contractility (quality)
might covary remains to be elucidated, however. For example, it is likely that the
airway smooth muscle cell in the proliferative/synthetic/maturational state might
be less contractile than similar cells differentiated into a fully contractile state —
an effect that would be compensatory — but no mechanical data are available to
support that possibility.

1.5 Biophysical characterization of airway smooth
muscle: bronchospasm in culture?

With recent technological advances, such as atomic force microscopy (Alcaraz
et al., 2003; Smith et al., 2005), two-point and laser-tracking microrheology
(Van Citters et al., 2006; Yamada et al., 2000), magnetic tweezers (Bausch et al.,
1998; 1999), and traction microscopy (Butler et al., 2002; Tolic-Norrelykke et al.,
2002), a single living cell in culture can now be characterized biophysically.
While the use of cultured cells has certain limitations, they do offer the advantage
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that, when passaged in culture, airway smooth muscle cells retain functional re-
sponses to a wide panel of agonists and signalling pathways that are implicated
in asthma (Halayko et al., 1999; Hubmayr et al., 1996; Panettieri et al., 1989;
Shore et al., 1997; Tao et al., 1999; 2003; Tolloczko et al., 1995). In our lab-
oratories, to probe deeper into the mechanical properties of the airway smooth
muscle cell, we use a technology that has its roots in an early contribution of
Francis H. C. Crick.

Before his well-known work on the double helical structure of deoxyribonu-
cleic acid (DNA) (Watson and Crick, 1953a; 1953b), Crick measured the viscosity
and elasticity of the medium inside cells by observing internalized magnetic par-
ticles and how they rotate in reaction to an applied magnetic field (Crick and
Hughes, 1950). Extending this approach, Valberg and his colleagues studied pop-
ulations of particles internalized into populations of cells, and measured induced
bead rotations by remote sensing, namely, by means of changes in the horizontal
projection of the remanent magnetic field produced by the magnetized particles as
they rotate (Valberg, 1984; Valberg and Feldman, 1987). In a major step forward,
we subsequently adapted this technique still further (Fabry et al., 2001; Wang
et al., 1993) by using ligand-coated, ferrimagnetic microbeads — not internalized
as before — but rather bound to the CSK via membrane-spanning integrin recep-
tors. And more recently still, we showed that changes in cell stiffness measured
in this way correlate well with stiffness changes in the same cells measured by
atomic force microscopy (Alcaraz et al., 2003) and with force changes measured
with traction microscopy (Wang et al., 2002). This method is now known as mag-
netic twisting cytometry (MTC), and it has evolved into a useful tool to probe
the mechanical properties of a variety of cell types, both cultured and freshly
isolated, through different receptor systems, and with a variety of experimen-
tal interventions (Deng et al., 2006; Fabry et al., 2001; Laudadio et al., 2005;
Puig-de-Morales et al., 2004).

The principle of MTC is straightforward (Figure 1.2). A ferrimagnetic mi-
crobead (4.5 pm in diameter) is coated with a synthetic peptide containing the
sequence Arg—Gly—Asp (RGD) and is then allowed to bind to the cell. Such
an RGD-coated bead binds avidly to cell-surface integrin receptors (Wang et al.,
1993), forms focal adhesions (Matthews et al., 2004 ), and becomes well integrated
into the cytoskeletal scaffold (Maksym et al., 2000): it displays tight functional
coupling to stress-bearing cytoskeletal structures and the contractile apparatus
(Anetal., 2002; Hu et al., 2003). By imposition of a uniform magnetic field upon
the magnetized bead, a small torque is applied and resulting bead motions deform
structures deep in the cell interior (Hu et al., 2003). Such forced bead motions are
impeded by mechanical stresses developed within the cell body, and the ratio of
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Figure 1.2 Optical magnetic twisting cytometry (OMTC). (A) An RGD-coated bead (4.5 pm
in diameter) binds to the surface of the adherent cell. (B) Such bead (white arrow) becomes
well-integrated into underlying actin lattice (phalloidin staining). (C) The bead is magnetized
horizontally (parallel to the surface on which cells are plated) and then twisted in a vertically
aligned homogenous magnetic field that is varying sinusoidally in time. (D) This sinusoidal
twisting field causes both a rotation and a pivoting displacement of the bead. As the bead
moves, the cell develops internal stresses which in turn resist bead motions. Here the ratio
of specific torque to lateral bead displacement is computed and is expressed as cell stiffness
in Pa/nm. (Reproduced with permission of J. Appl. Physiol., Vol. 91, p. 988, (© 2001 The
American Physiological Society and with permission of Phys. Rev. Lett., Vol. 87, p. 148102-1,
(© 2001 The American Physical Society.)

specific torque to lateral bead displacements is taken as a measure of cell stiffness
(Fabry et al., 2001).

By this technique, it has been previously demonstrated that airway smooth
muscle cells in culture exhibit pharmacomechanical coupling to a wide panel
of contractile and relaxing agonists (An et al., 2002; Hubmayr et al., 1996).
For example, cell stiffness increases in response to agonists reported to increase
intracellular Ca>* concentration ([Ca®*];) or inositol 1,4,5-trisphosphate (IP3)
formation and decreases in response to agonists that are known to increase in-
tracellular cAMP or cGMP levels (An et al., 2002; Hubmayr et al., 1996; Shore
et al., 1997). Although stiffness is an indirect measure of contractility (Fredberg
et al., 1997), changes in cell stiffness range appreciably from maximally relaxed
to maximally activated states (Fabry et al., 2001), and such stiffening responses
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require, as in intact tissues, actin polymerization as well as myosin activation (An
et al., 2002; Mehta and Gunst, 1999). Indeed, active stresses within individual
airway smooth muscle cells, as measured by traction microscopy, span a similarly
wide range (Figure 1.3) and closely track changes in cell stiffness as measured
by MTC (Wang et al., 2002). Altogether, the mechanical responsiveness of air-
way smooth muscle cells measured in culture is consistent with physiological

Figure 1.3  Airway smooth muscle cell exerts traction upon an elastic substrate. A represen-
tative changes in traction field of a single human airway smooth muscle cell in response to
isoproterenol at (A) 0 wM, (B) 0.1 uM, (C) 1 wM and (D) 10 wM. The traction field was com-
puted from the displacement field using Fourier transform traction cytometry (FTTC) (Butler
et al., 2002; Tolic-Norrelykke et al., 2002; Wang et al., 2002). The cell boundary is shown by
the white line. Colors show the magnitude of the tractions in Pascal (Pa) (see color scale).
Arrows show the direction and relative magnitude of the tractions. In general, the greatest
tractions are at the cell periphery and directed centripetally. Inset. A phase-contrast image
of the respective airway smooth muscle cell. Scale bar: 50 wm. (Reproduced with permission
of Am. J. Respir. Cell Mol. Biol., Vol. 35, p. 59, (©) 2006 The American Thoracic Society.) (For
a colour reproduction of this figure, please see the colour section, located towards the centre
of the book).
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responses measured at tissue and organ levels (Fredberg et al., 1996; Mehta and
Gunst, 1999). As such, these biophysical methods are unparalleled in their ability
to characterize mechanical properties of airway smooth muscle at the level of the
single cell in vitro.

Does mechanical responsiveness of the airway smooth muscle cell predict air-
way hyperresponsiveness? To address this question, we have recently contrasted
the biophysical properties of the airway smooth muscle cell isolated from the rela-
tively hyporesponsive Lewis rat with the relatively hyperresponsive Fisher rat (An
et al., 2006). In agreement with biochemical changes that have been previously
reported in these cells (Tao et al., 1999; 2003; Tolloczko et al., 1995), compared
with cells isolated from Lewis rat, those isolated from the Fisher rat demonstrate
in turn greater extent of the stiffening response to a panel of contractile agonists
that are known to increase [Ca?t]; or IP; formation: Fisher airway smooth mus-
cle cells stiffen fast and also stiffen more (Figure 1.4). Furthermore, consistent
with these changes in cell stiffness, the relatively hyperresponsive Fisher airway
smooth muscle cells also exert bigger contractile forces and exhibit greater scope
of these forces (An et al., 2006). Taken together, these findings firmly establish
that comprehensive biophysical characterization of bronchospasm in culture is a
reality, and these characterizations at the level of the single cell show mechanical
responses that are consistent with phenotypic differences in airway responsiveness
measured at tissue and organ levels (Dandurand et al., 1993a; 1993b; Eidelman
etal., 1991; Jia et al., 1995; Tao et al., 1999).

Like human asthmatics (Johnson et al., 2001; Woodruff et al., 2004), Fisher rats
have abundant smooth muscle cells in their airways (Eidelman et al., 1991), and
these cells show great capacity to proliferate in culture (Zacour and Martin, 1996).
Although these features, together with increased muscle dynamics (shortening
velocity as well as contractile force), may account for the enhanced airway re-
sponsiveness of Fisher rats, the precise role of airway smooth muscle in the patho-
genesis of airway hyperresponsiveness in asthma is ill-defined. It remains equally
unclear, although Fisher rats present an attractive model, to what extent this animal
model recapitulates the pathophysiology associated with human asthma.

1.6 Mechanical plasticity: a nonclassical feature
of airway smooth muscle

When activated muscle in the muscle bath is subjected to progressively in-
creasing load fluctuations approaching the magnitude and frequency expected
during normal breathing, the muscle lengthens appreciably in response (Fredberg
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Figure 1.4 Fisher airway smooth muscle cells stiffen fast and also stiffen more. Airway
smooth muscle cells isolated from the relatively hyporesponsive Lewis rat (blue closed circles)
and the relatively hyperresponsive Fisher rat (red closed squares) were maximally stimulated
with a panel of contractile agonists: (A) 5-HT (1 wM), (B) bradykinin (1 uM), (C) acetyl-
choline (1 wM) and (D) carbachol (100 wM). For each agonist, changes in cell stiffness were
normalized to the baseline stiffness of each individual cell before stimulation. (Reproduced
with permission of Am. J. Respir. Cell Mol. Biol., Vol. 35, p. 57, (©) 2006 The American Thoracic
Society.)

et al., 1999). But when load fluctuations are progressively reduced, the muscle
reshortens somewhat but fails to return to its original length. This incomplete to
reshortening is not accounted for by muscle injury; the original operating length
can be recovered simply by removing the contractile agonist and allowing the
muscle a short interval before contracting again. Nor can incomplete reshort-
ening be accounted for by myosin dynamics; myosin dynamics alone predicts
complete reshortening when the load fluctuations are removed (Fredberg et al.,
1999). Thus, the failure of activated muscle to reshorten completely is evidence
of the plasticity of the contractile response. During a sustained contraction, the
operational length of the muscle for a given loading, or the force at a given length,
can be reset by loading and the history of that loading (Ford et al., 1994; Fredberg
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et al., 1997; 1999; Gunst and Wu, 2001; Gunst ef al., 1993; Pratusevich et al.,
1995; Wang et al.,2001). In healthy individuals, this plasticity seems to work in a
favorable direction, allowing activated muscle to be reset to a longer length. The
asthmatic, it has been argued, never manages to melt the contractile domain in
the airway smooth muscle; therefore, the benefits of this plastic response are not
attained.

It is now firmly established that airway smooth muscle can adapt its contrac-
tile machinery, as well as the cytoskeletal scaffolding on which that machinery
operates, in such a way that the muscle can maintain the same high force over
an extraordinary range of muscle length (An et al., 2007; Ford et al., 1994;
Fredberg, 1998; Gunst and Wu, 2001; Gunst et al., 1993; 1995; Kuo et al., 2001;
2003; Naghshin et al., 2003; Pratusevich et al., 1995; Qi et al., 2002; Seow and
Fredberg, 2001; Seow et al., 2000; Wang et al., 2001); airway smooth muscle
is characterized by its ability to disassemble its contractile apparatus when an
appropriate stimulus is given, and its ability to reassemble that apparatus when
accommodated at a fixed length. When exposed to contractile agonists, airway
smooth muscle cells in culture reorganize cytoskeletal polymers, especially actin
(Hirshman and Emala, 1999), and become stiffer (An et al., 2002). Although
cell stiffening is attributable largely to activation of the contractile machinery, an
intact actin lattice has been shown to be necessary, but not sufficient, to account
for the stiffening response (An et al., 2002).

The malleability of the cell and its mechanical consequences have been called
by various authors mechanical plasticity, remodelling, accommodation or adap-
tation. Even though the force-generating capacity varies little with length in the
fully adapted muscle, the unloaded shortening velocity and the muscle compli-
ance vary with muscle length in such a way as to suggest that the muscle cell
adapts by adding or subtracting contractile units that are mechanically in series
(Figure 1.5). The mechanisms by which these changes come about and the factors
that control the rate of plastic adaptation are unknown, however.

Several hypotheses have been advanced to explain smooth muscle plasticity.
Ford and colleagues have suggested that the architecture of the myosin fibres
themselves may change (Ford et al., 1994; Kuo et al., 2001; 2003; Pratusevich
etal., 1995; Seow et al.,2000), while Gunst and colleagues (Gunst and Wu, 2001;
Gunst et al., 1993; 1995) have argued that it is the connection of the actin filament
to the focal adhesion plaque at the cell boundary that is influenced by loading
history. An alternative notion is that secondary but important molecules stabilize
the CSK, and as the contractile domain melts under the influence of imposed load
fluctuations, those loads must be borne increasingly by the scaffolding itself, thus
reflecting the malleability of the cytoskeletal domain (Fredberg, 2000a; Gunst
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Figure 1.5 Mechanical plasticity of the airway smooth muscle. (A) Isometric force (F),
(B) unloaded shortening velocity (V/), and (C) compliance (C) of canine tracheal smooth
muscle activated over a range of muscle lengths. Filled circles represent data modified from
Pratusevich et al. (1995) and Kuo et al. (2003), as compiled by Lambert et al. (2004);
solid lines are third-order polynominal functions adjusted to the original data (Silveira and
Fredberg, 2005). (Reproduced with permission of Can. J. Physiol. Pharmacol., Vol. 83, p. 924,
(© 2005 NRC Canada.)

et al., 1995; Halayko and Solway, 2001; Wang and Bitar, 1998). In that connec-
tion, arole for the Rho-A pathway has been suggested (Halayko and Solway, 2001;
Mehta et al., 2000), and some evidence now suggests that the p38 MAP kinase
pathway may be involved (Lakser et al., 2002). For example, airway smooth mus-
cle incubated with an inhibitor of the p38 MAP kinase pathway demonstrates a
greater degree of fluctuation-driven muscle lengthening than does control muscle,
and upon removal of the force fluctuations it remains at a greater length. More-
over, force fluctuations themselves activate the p38 MAP kinase pathway. It is
noteworthy in that connection that heat-shock protein 27 (HSP27), a downstream
target of Rho and p38, has been implicated as an essential element in cytoskeletal
remodelling of the airway smooth muscle cell (An et al., 2004; Gerthoffer and
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Pohl, 1994; Hedges et al., 1998; 1999; 2000; Yamboliev et al., 2000). These
findings are consistent with the hypothesis that stress-response pathways may
stabilize the airway smooth muscle CSK and limit the bronchodilating effects of
deep inspirations.

1.7 Recent observations

Recently, we have made a series of observations in a number of different cell
types and reported a functional assay that probes the discrete molecular level
remodelling dynamics of the CSK (An et al., 2004; 2005; Bursac et al., 2005;
2007). This assay is based on spontaneous nano-scale movements of an individual
RGD-coated microbead tightly anchored to the CSK (Figure 1.6): we reasoned
that the bead can move spontaneously only if the microstructure to which it is
attached rearranges (remodels), and we quantified these motions by calculating
its mean square displacement (MSDy,),

MSD, (A1) = ((r(t + At) — r(0))) ey

where r () is the bead position at time ¢, At is the time lag (Az = 1/12s), and the
brackets indicate an average over many starting times (Bursac et al., 2005; 2007).
The limit of resolution in our system is on the order of ~10 nm, but for Ar ~4s
most beads had displaced a much greater distance. Accordingly, we analysed data
for time lags greater than 4 s and up to fyax. As shown below, MSD of most beads
increases with time according to a power-law relationship.

MSD(At) = D*(At/Aty)* 2)

The coefficient D* and the exponent « of an individual bead are estimated from
a least-square fit of a power-law to the MSD data for At between 4 s and t,«/4.
Here we take Af, to be 1 s and express D* in units of nm?. As shown in Figure 1.6,
the ensembled average of all MSD, (MSD) increased faster than linearly with
time (~t"%), exhibiting superdiffusive motions. Such anomalous motions were
also observed on cells seeded on a micropatterned substrate on which a cell
could adhere but not crawl (Bursac et al., 2007; Parker et al., 2002). Taken
together, unlike simple, diffusive, thermal Brownian motion that increases its
MSD linearly with time (Kubo, 1986), spontaneous motions of an individual
RGD-coated bead are nonthermal in nature and, instead, consistent with the notion
that these anomalous motions report molecular-level reorganization (remodelling)
of the underlying CSK (An et al., 2004; 2005; Bursac et al., 2005; 2007).
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Figure 1.6 Cytoskeleton remodeling of the airway smooth muscle cell. (A) Spontaneous
motions of a representative bead show intermittent dynamics, with periods of confinement
alternating with hopping; a bead glued to the coverslip is taken to represent the upper
limit of measurement noise (bottom left). (B) MSD, calculated from Equation 1 is shown for
representative beads. (C) The histograms of diffusion coefficient D* and exponent o estimated
from a least-square fits of a power-law (Equation 2) to the MSD,, data. (D) Ensemble average
of all MSD, (MSD) increased faster than linearly with time (~ t'%); beads attached to a
cell seeded on a micropatterned substrate (50 wm x 50 wm), on which it could adhere but
not crawl, exhibited the same anomalous motions. (Reproduced with permission of Biochem.
Biophys. Res. Comm., Vol. 355, p. 326, (©) 2007 Elsevier Inc., and with permission of Nature
Mater., Vol. 4, p. 559, (© 2005 Nature Publishing Group.)

By this method, we have demonstrated that the rate of cytoskeletal remodelling
is appreciably different between airway smooth muscle cells isolated from the
relatively hyporesponsive Lewis rat and those from the relatively hyperresponsive
Fisher rat: Fisher cells exhibit faster remodelling dynamics (An et al., 2006).
Furthermore, such remodelling is dependent on the levels of intracellular ATP
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content (An et al., 2006; Bursac et al., 2005) and also becomes progressively slow
with phosphorylation of HSP27 (An et al., 2004). Indeed, evidence supporting
the notion of a highly malleable cell is accumulating rapidly, but a molecular
basis to explain this malleability is only beginning to emerge. Most recently, we
observed that, in response to a transient stretch-unstretch maneuver with zero
residual macroscale strain, the airway smooth muscle cell promptly fluidizes
and then slowly re-solidifies (Trepat ef al., 2007). At the same time, the rate
of spontaneous nano-scale structural rearrangements promptly accelerates and
then slowly decays in a scale-free manner (Trepat et al., 2007). Taken together,
these findings suggest that fluidization provides freedom of the cell to reorganize
contractile units, stress fibers and focal adhesions in response to mechanical
stress (Trepat et al., 2007). Regardless of the specific molecules and mechanisms
invoked to explain the plasticity of the contractile responses, therefore, the melting
of the contractile domain would appear to be a necessary (or permissive) event,
but one that by itself is not sufficient to explain the effects of the history of tidal
loading. How these molecular changes and malleability of the airway smooth
muscle cell, in turn, correlate with the progression of asthma pathophysiology
are currently under investigation in our laboratories.

1.8 Future directions

To understand the multifaceted problem of airway hyperresponsiveness in asthma,
an integrative understanding that brings together a diversity of factors is essential.
We have outlined here an emerging picture of smooth muscle biophysics as it
relates to excessive airway narrowing in asthma, but we need to keep in mind that
asthma is a chronic inflammatory disorder; therefore, understanding the impact of
inflammatory remodelling of the airway wall and the airway smooth muscle cell
on disease presentation is vital. Fortunately, with recent technological advances,
we are now equipped with both biochemical and biophysical tools to address
nagging questions that have often separated the fields of airway biology and
smooth muscle biophysics.
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Dynamics of cytoskeletal
and contractile protein
organization: an emerging
paradigm for airway smooth
muscle contraction

Wenwu Zhang and Susan J. Gunst

Department of Cellular and Integrative Physiology, Indiana University School of
Medicine, Indianapolis, IN, USA

2.1 Introduction

The airways undergo large changes in shape and volume during breathing, and
airway smooth muscle must rapidly adapt its compliance and contractility to
accommodate external mechanical forces. The ability of airway smooth muscle
to alter its properties in response to mechanical events has been referred to as
‘mechanical plasticity’ or ‘length adaptation’ (Bai et al., 2004). Oscillations in
the length or load of isolated airway smooth muscle tissues reduces their stiffness
and contractility, and the stretch of airway smooth muscle decreases its subsequent
responsiveness (Fredberg et al., 1997; Gunst, 1983; 1986; Gunst et al., 1990; 1993;
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Gunst and Fredberg, 2003; Gunst and Wu, 2001; Shen et al., 1997b; Wang et al.,
2000). These properties are believed to be particularly important for the normal
physiological regulation of airway smooth muscle tone during breathing. Tidal
breathing reduces airway responsiveness in vivo, and periodic deep inspirations
depress airway responsiveness (Gunst et al., 2001a; King et al., 1999; Salerno
etal., 1999; Shen et al., 1997a; Skloot et al., 1995; Tepper et al., 1995; Warner and
Gunst, 1992). The ability to adapt to mechanical events may enable the airway
muscle to undergo large length changes without losing its contractile function,
and to retain a high level of compliance over large ranges of length and lung
volume (Fredberg et al., 1997; Gunst, 1986; Gunst ef al., 1995; 2003; Gunst
and Tang, 2000; Gunst and Wu, 2001; Pratusevich et al., 1995). The adaptive
property of airway smooth muscle may also be critical for the maintenance of
normal low levels of airway reactivity during breathing (Fish et al., 1981; Gunst
etal.,2001b; Kapsali et al., 2000; Malmberg et al., 1993; Nadel and Tierney, 1961;
Skloot et al., 1995; Tepper et al., 1995; Warner and Gunst, 1992). Aberrations in
the adaptive properties of airway smooth muscle have been proposed as a basis
for the pathophysiology of asthma (Brusasco et al., 1999; Fish et al., 1981; Gunst
and Tang, 2000; Skloot et al., 1995).

The contractile filament system, consisting of the thin filaments (primarily
actin) and the thick filaments (primarily myosin), has long been understood to
be the engine of shortening and tension generation in both smooth and striated
muscles. Decades of research have been directed at characterizing the signalling
pathways and processes by which diverse physiological stimuli regulate the ac-
tivation of actomyosin cross-bridge cycling and the mechanical properties of
smooth muscle (Morgan and Gangopadhyay, 2001; Pfitzer et al., 2001; Somlyo
and Somlyo, 2003). However, investigation of the mechanisms that underlie the
properties of mechanical adaptation and ‘plasticity’ of airway smooth muscle has
led to a significant transformation in our views of the molecular events involved
in airway smooth muscle contraction. It has become increasingly clear in recent
years that contractile activation of the smooth muscle cell comprises processes
far more extensive than thick and thin filament activation and the resulting acto-
myosin interaction (Gerthoffer and Gunst, 2001; Gunst, 1999; Gunst et al., 2003;
Gunst and Fredberg, 2003). Accumulating evidence indicates that smooth muscle
contraction involves a broad process of cytoskeletal reorganization that includes
the polymerization and remodelling of cytoskeletal filament systems as well as
the reorganization and fortification of membrane and cytosolic anchoring struc-
tures for cytoskeletal filaments. These cytoskeletal processes have been shown
to be essential for force development and tension maintenance in response to a
contractile stimulus. They may also enable the muscle cell to adapt its structure
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and organization to accommodate shape changes initiated by activation of the
cross-bridge cycling or by forces imposed on the tissue by external physiolog-
ical events. Some of these cytoskeletal processes also appear to be critical for
activation of the actomyosin system.

This chapter will present an emerging paradigm for the regulation of airway
smooth muscle function in which activation of the actomyosin cross-bridge cy-
cling system is integrated with dynamic cytoskeletal processes that act to adapt
and organize the structure of the smooth muscle cell to accommodate changes in
cell shape imposed by external and internal physiological forces. An overview
of the current state of knowledge regarding the structure and organization of
the airway smooth muscle contractile/cytoskeletal system and the molecular and
cellular transitions that occur within it during the stimulus-induced contractile
activation of an airway smooth muscle cell will be presented.

2.2 Molecular structure and organization of contractile
and cytoskeletal filaments in the airway smooth
muscle cell

Overview of filament organization in the smooth muscle cell

The ‘contractile filaments’ of smooth muscle cells consist of the ‘thick’ filaments,
which are 12—-15 nm in diameter and are composed primarily of myosin, and
the ‘thin filaments’, ~7 nm in diameter, consisting of actin and a number of
proteins that bind to actin filaments. In smooth muscle cells, the thin filaments
surround the thick filaments to form a ‘rosette’ structure, and cross-bridge heads
can be seen extending from the thick filaments to the thin filaments under high-
powered electron microscopy (Craig and Megerman, 1977; Xu et al., 1996). A
substantial molar excess of actin relative to myosin exists in all smooth muscle
tissues, ranging from as low as 8:1 in chicken gizzard (Nonomura, 1976), to
approximately 15:1 in vascular muscle (Somlyo et al., 1973), and to as high as
50:1 in isolated amphibian visceral muscle (Cooke et al., 1987). A subset of
filamentous actin exists that does not associate with myosin filaments (Small,
1995). There is evidence from electron micrographic studies that the activation
of airway smooth muscle may modulate the ratio of thin to thick filaments (Kuo
etal.,2003).

Actin filaments, both within and outside the actomyosin system, anchor at
membrane adhesion sites which contain transmembrane integrin proteins that
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connect them to the extracellular matrix (Bond and Somlyo, 1982; Geiger et al.,
1981; Kuo and Seow, 2004). Force generated by the contractile apparatus can be
transmitted from the cytoskeletal/contractile system to the extracellular matrix
through these junctions, and, conversely, external stresses that are imposed on
smooth muscle cells can be transmitted to the cytoskeleton. The molecular or-
ganization of these adhesion complexes is believed to be structurally analogous
to the focal adhesions of cultured cells, and includes dozens of structural and
signalling proteins (Burridge and Chrzanowska-Wodnicka, 1996). Among the
proteins that anchor actin filaments to integrins at adhesion complexes are talin
and a-actinin, both of which cross-link actin filaments and bind them to integrin
proteins (Draeger et al., 1989; Fay et al., 1983). Proteins within this complex
also mediate signalling pathways that regulate the organization and activation
of cytoskeletal and contractile proteins (Critchley, 2000; DeMali et al., 2003;
Gerthoffer and Gunst, 2001; Gunst et al., 2003; Tang et al., 1999; 2003; Tang and
Gunst, 2001a; Turner, 2000; Zhang et al., 2005; Zhang and Gunst, 2006).

In the cytoplasm, actin filaments are anchored at a-actinin-rich areas that have
been referred to as cytosolic dense bodies (Fay et al., 1983; Fay and Delise, 1973;
Kuo and Seow, 2004). Analysis of the movement of dense bodies in contracting
isolated smooth muscle cells suggests that they provide mechanical coupling
between actin filaments within the cytoplasm (Draeger et al., 1990; Fay et al.,
1983; Kargacin et al., 1989). Calponin and desmin have also been found to be
associated with cytosolic dense bodies (Mabuchi et al., 1997); however, there is
no evidence that these structures provide a locus for signal transduction.

Structure and function of actin

Filamentous actin (F-actin), the backbone of the thin filament, is a polymeric
protein composed of asymmetric, bi-lobed, 42-kDa monomers (Holmes et al.,
1990; Milligan et al., 1990). Tropomyosin, caldesmon, and calponin bind to
filamentous actin with regular repeats, although different subsets of actin filaments
differ in their binding to these proteins (Furst et al., 1986; Lehman et al., 1987,
Makuch et al., 1991; Rosol et al., 2000; Vibert et al., 1993; Winder and Walsh,
1993; Xu et al., 1999). Caldesmon and calponin have been widely studied in
relationship to their possible role in the regulation of actomyosin ATPase activity
(Morgan and Gangopadhyay, 2001; Wang, 2001; Winder and Walsh, 1993). Many
other actin-binding proteins associate with filamentous actin in smooth muscle
and may function to regulate the remodelling or stabilization of actin filaments,
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their compartmentalization within the cell, or the interaction of actin with other
proteins (Carlier and Pantaloni, 1997; Lehman et al., 1996).

Four different isoforms of actin have been identified in smooth muscle tis-
sues: a- and y- ‘contractile’ actin, and [3- and y- ‘cytoskeleton’ actin (Herman,
1993; Kabsch and Vandekerckhove, 1992; Wong et al., 1998). All of these iso-
forms have also been identified in airway smooth muscle cells and tissues (Wong
et al., 1998). The a- and y- ‘contractile’ actin isoforms have been considered
phenotypic of smooth muscle cells, whereas 8- and vy - ‘cytoskeletal’ actin are ex-
pressed ubiquitously among nonmuscle cells; however, subsequent studies have
also found a-actin in many nonmuscle cells (Khaitlina, 2001; Wang ez al., 2006).
It is now recognized that, with the possible exception of smooth muscle myosin
heavy chain, no single muscle protein isoform is uniquely expressed in smooth
muscle (Owens et al., 2004). The idea of functional differentiation among dif-
ferent actin isoforms was strengthened by studies of smooth muscle cytoskeletal
organization by Small and colleagues, who observed distinct subsets of actin
filaments localized to different physical domains within the smooth muscle cell
(Small, 1995). They reported ‘cytoskeletal’ 3-actin to be selectively localized to
the cytoplasmic dense bodies, the membrane adhesion sites, and the longitudinal
channels linking consecutive dense bodies, which are also occupied by filamin
and desmin. ‘Contractile’ (- or 7y -) actin was associated with myosin filaments in
complementary positions to those occupied by ‘cytoskeletal” actin (North et al.,
1994). Furthermore, Small and colleagues showed that the actin-binding pro-
tein caldesmon was preferentially associated with ‘contractile’ actin, whereas the
actin-binding protein calponin preferentially associated with ‘cytoskeletal” actin,
suggesting that different actin-binding proteins may compartmentalize various
subsets of actin filaments to different subdomains or diverse functions within the
cell (North ef al., 1994). This idea has been supported by biochemical evidence
that subsets of actin filaments are selectively enriched with either calponin and fil-
amin or caldesmon (Lehman, 1991). However, this paradigm has been challenged
by studies showing that the distribution of actin isoforms within thin filaments
isolated from stomach smooth muscle tissue is random, and that there is no signif-
icant clustering among actin isoforms within or between filaments (Drew et al.,
1991). The functional distinction between the various isoforms of actin remains
unsettled, and there is still no conclusive evidence as to whether the isoforms of
actin localize to different regions of the cell, or whether they subserve different
cellular functions.

As in most cell types, the polymeric state of actin in smooth muscle is dynamic.
Actin polymerizes at the filament ends and subunit exchange occurs even after a
steady state is achieved in which net polymerization ceases (Pollard et al., 2000).
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Actin filament lengths are precisely determined and maintained by capping pro-
teins such as tropomodulin and CapZ (Pollard and Cooper, 1986; Schafer et al.,
1995). Agonists can regulate the polymer state through the activation and inhibi-
tion of proteins that nucleate, cap, or sever actin filaments (Zigmond, 1996). The
modulation of the actin cytoskeletal network structure has been proposed as a
mechanism for modulating the cytoskeletal structure of airway smooth muscle to
enable it to adapt to changes in its physical environment (Gerthoffer and Gunst,
2001; Gunst et al., 1995; 2003; Gunst and Wu, 2001; Herrera et al., 2004; Mehta
and Gunst, 1999; Tang et al., 1999).

Structure and function of myosin

Smooth muscle myosin, the primary constituent of the thick filaments of the
contractile system, is a large, asymmetric protein (molecular mass of ~520 kDa)
that is made up of six polypeptide chains: two ~205-kDa heavy chains that form
a dimer, and two pairs of light chains, the 20-kDa ‘regulatory’ light chains and
the 17-kDa ‘essential’ light chains (Warrick and Spudich, 1987). The dimeric
myosin heavy chain makes up the main body of the molecule: each heavy chain
contains a slightly elongated globular head at the amino terminus that connects to
along a-helical coiled tail of ~120 kDa. Myosin heavy chains polymerize to form
the rod-like backbone of the thick filament. Each myosin globular head contains
the functional motor domains of the molecule that include the nucleotide- and
actin-binding regions. A single essential and regulatory light chain is associated
with each myosin head. The light chains are localized along an a-helical segment
of the heavy chain at the junction of the globular head and the rod-like backbone
referred to as the ‘neck’ region (Rayment et al., 1993).

Myosin generates force and/or motion by mechanical cycles, during which the
myosin head repetitively attaches to actin, undergoes a conformational change
that results in a power stroke, and then detaches itself (Guilford and Warshaw,
1998; Hartshorne, 1987; Rayment et al., 1993; 1996). The energy required for
mechanical power is generated by the enzymatic hydrolysis of adenosine triphos-
phate (ATP) by the globular myosin head. In smooth muscle, the phosphorylation
of serine-19 and threonine-18 in the N-terminus of the regulatory light chain acts
as a switch for turning on actin-activated myosin ATPase activity and is a prereq-
uisite for the initiation of cross-bridge cycling and force development or active
shortening (Murphy, 1989; 1994; Warshaw et al., 1990). The degree of myosin
light chain phosphorylation correlates with the rate of myosin ATPase activity and
the rate of smooth muscle shortening (Murphy, 1994; Warshaw et al., 1990), and
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thus the stimulus-specific regulation of the degree of myosin light chain phospho-
rylation provides a mechanism for the regulation of force and shortening velocity
in airway smooth muscle.

Phosphorylation of the regulatory light chains of smooth muscle can be reg-
ulated by Ca’*-calmodulin-mediated activation of myosin light chain kinase, as
well as by several Ca’*-independent signalling pathways, many of which act
through the regulation of myosin light chain phosphatase (Somlyo and Somlyo,
2000; 2003). The physiological importance of Ca>*-independent pathways in the
regulation of myosin light chain phosphorylation and cross-bridge cycling has
been established as an important mechanism for the regulation of contraction in
vascular smooth muscle (Somlyo and Somlyo, 2000; 2003). Although there is also
evidence for these pathways in airway smooth muscle; the Ca**-sensitization of
myosin light chain phosphorylation may not be the predominant mechanism for
the Ca*-sensitization of contraction in airway muscle (Sanderson et al., 2008;
McFawn et al., 2003; Yoshimura et al., 2001).

Four smooth muscle myosin heavy chain isoforms are generated by alterna-
tive mRNA splicing of a single gene. These isoforms differ both at the carboxyl
terminus (SM1 and SM2 isoforms) and at the amino terminus (SM-A and SM-B
isoforms) (Babu et al., 2000). Two of these isoforms differ by the presence (4)
or absence (—) of a seven-amino-acid insert in the motor domain (White et al.,
1993). The presence of a seven-amino-acid insert in the motor domain of the
myosin heavy chain molecule is associated with a faster rate of actin propulsion
in the in vitro motility assay (Rovner et al., 1997). There are also two isoforms of
the essential light chain of myosin (LC17), and differences in the expression of
myosin LC17 isoform expression have also been associated with differences in
shortening velocity in some smooth muscle tissues (Malmqvist and Arner, 1991).
The smooth muscle myosin heavy chain isoforms are differentially expressed
during smooth muscle development in different smooth muscle cell types (Babu
et al., 2000; Eddinger and Murphy, 1991; Eddinger and Wolf, 1993). The ex-
pression of the head domain insert and LC17 isoforms has been shown to be
tissue-specific (Babij, 1993).

Pathophysiological changes in contractile proteins associated
with airway hyperresponsiveness

An increase in airway smooth muscle shortening velocity or force generation
would be predicted to lead to greater airway smooth muscle shortening and
increase airway narrowing. Therefore, possible alterations in the function or
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regulation of the actomyosin system, long viewed as the primary regulator of
force generation and shortening velocity in airway smooth muscle, have been the
subject of considerable research as possible contributing causes of the airway hy-
perresponsiveness associated with asthma. There is evidence that alterations both
in myosin isoforms and in the expression and activation of proteins that regulate
the myosin activation pathway can lead to airway hyperresponsiveness. An in-
creased expression of the (+) insert myosin heavy chain isoform in Fisher rats is
associated with increased airway responsiveness relative to Lewis rats (Gil et al.,
2006). Cells taken from asthmatic patients have been shown to exhibit an increase
in the expression of myosin light chain kinase, which catalyses myosin light chain
phosphorylation (Ma et al., 2002). Increased levels of myosin LC20 phosphoryla-
tion and increased expression of myosin light chain kinase have also been shown in
airway smooth muscle tissues from a canine model of allergic asthma (Jiang ez al.,
1995). A sizable body of evidence suggests that alterations in the isoforms and
expression levels of contractile proteins and their activating molecules may con-
tribute to increased airway contractility and airway hyperresponsiveness.

2.3 Cytoskeletal dynamics and airway smooth
muscle contraction

A new paradigm for smooth muscle contraction

The actomyosin cross-bridge interaction and associated regulatory processes pro-
vide a mechanism that can account for tension development and active shortening
of the smooth muscle cell, but cross-bridge interactions cannot account for the
malleability of airway smooth muscle and its ability to adapt to environmental
influences. The ability of airway smooth muscle to alter its stiffness and contrac-
tility in response to mechanical oscillation and stretch have been widely observed
and described, and this ability is considered to be critically important for the
regulation of normal airway responsiveness (Fredberg et al., 1997; Gunst et al.,
2003; Skloot et al., 1995). Such adaptive properties have been proposed to result
from cytoskeletal processes outside the actomyosin interaction (Gerthoffer and
Gunst, 2001; Gunst, 2002; Gunst et al., 2003; Gunst and Fredberg, 2003). Thus,
it is important to consider the actomyosin interaction and cross-bridge cycling as
a component of a complex and integrated series of cytoskeletal events that occur
during the contraction of the airway smooth muscle cell. These concerted events
not only result in tension generation and shortening of the smooth muscle cell
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but also modulate the cell’s shape and stiffness, and can thereby affect airway
compliance and responsiveness.

A current mechanistic paradigm for cytoskeletal processes that transpire during
airway muscle contraction entails a dynamic process in which the response of the
smooth muscle cell to changes in shape imposed by external physiological forces
is mediated by local mechanotransduction events that serve to catalyse actin poly-
merization and cytoskeletal remodelling (Gerthoffer and Gunst, 2001; Gunstet al.,
1995; 2003; Gunst and Fredberg, 2003; Gunst and Wu, 2001) (see Figure 2.1).
Signalling events triggered by the pharmacological activation of smooth muscle
cells elicit coordinated responses throughout the cell that modulate the struc-
ture and conformation of the actin filament lattice, fix its structure, and increase
its rigidity, in addition to activating cross-bridge cycling and the sliding of the
thick and thin filaments. The remodelling of the actin cytoskeleton serves to set
the shape of the airway smooth muscle cell and may occur concurrently with
the remodelling of other cytoskeletal filament systems, including myosin and

Integrin proteins sense mechanical strain
imposed on extracellular matrix proteins

0

Contractile and mechanical stimuli initiate the
recruitment of signaling proteins to membrane
adhesion sites

0

Signaling proteins initiate actin polymerization
and the remodeling and anchoring of actin
filaments near the membrane

0

The formation of a submembranous actin
filament network increases membrane rigidity
to support tension generation

0

a-actinin is recruited to anchor the actin filament
lattice to the membrane and stabilize it.

0

Myosin activation and crossbridge cycling
generate tension and shortening

Figure 2.1 Proposed mechanism for the regulation of airway smooth muscle contraction



40 CH 2 DYNAMICS OF CYTOSKELETAL AND CONTRACTILE PROTEIN ORGANIZATION

intermediate filaments (Seow, 2005; Tang et al., 2004; Xu et al., 1997). Addi-
tional cytoskeletal processes cell fortify the strength of the connections between
membrane adhesion junctions and actin filaments within the contractile appara-
tus and cytoskeletal network, thus providing a strong and rigid framework for the
transmission of force generated by the interaction of myosin and actin filaments
to the outside of the cell (Choquet et al., 1997; Galbraith et al., 2002; Opazo et al.,
2004; Zhang and Gunst, 2006). According to this paradigm, mechanotransduc-
tion events at integrin adhesion sites initiate the cytoskeletal events that enable the
cell to adapt and remodel its cytoskeletal structure and organization to conform
to forces generated by external and internal physiological processes (Gunst et al.,
1995; 2003). Actin polymerization and remodelling may occur preferentially at
points of tension or mechanical strain in the cell membrane, and the strengthening
of points of tension transmission to the exterior of the cell may occur at discrete
points of membrane stress or strain (DeMali et al., 2002; 2003; Galbraith et al.,
2002; Zhang et al., 2005; Zhang and Gunst, 2006).

Evidence for the role of cytoskeletal dynamics in smooth
muscle contraction

Although many aspects of this paradigm remain hypothetical, there is solid exper-
imental evidence to support many of its components. Local mechanotransduction
events that catalyse changes in cell shape and propel the edges of the mem-
brane forward are well described for migrating cells and other cell types that
undergo shape changes in response to physiological stimuli (DesMarais ef al.,
2002; Gerthofter, 2007; Horwitz and Parsons, 1999; Moissoglu and Schwartz,
2006). Many molecular processes analogous to those that have been documented
to occur in migrating cells have also been shown to occur in airway smooth mus-
cle (Gerthoffer and Gunst, 2001; Gunst et al., 2003; Zhang et al., 2005). There is
compelling evidence that the actin cytoskeleton of smooth muscle remains in a
dynamic state and that transitions between monomeric (G-actin) and filamentous
(F) actin are regulated by contractile stimulation and are sensitive to mechanical
forces (An et al., 2002; Cipolla et al., 2002; Flavahan et al., 2005; Herrera et al.,
2004; Hirshman et al., 2001; Jones et al., 1999; Mehta and Gunst, 1999; Tang
and Gunst, 2004c; Zeidan et al., 2003; Zhang et al., 2005). Biochemical assays
performed in differentiated airway smooth muscle tissues indicate that in unstim-
ulated muscle tissues, approximately 20 per cent of actin is in soluble monomeric
form (G actin), and that the activation of the smooth muscle tissues stimulates the
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polymerization of about 30 per cent of the G actin into filamentous form (F actin),
resulting in an increase in F actin of less than 10 per cent (Zhang et al., 2005).
Increases in actin filament number in response to contractile stimulation have also
been detected by quantitative morphometric analysis of electron micrographs of
intact airway smooth muscle tissues, and by fluorescence analysis of primary cul-
tures of airway smooth muscle cells (Herrera et al., 2004; Hirshman and Emala,
1999). There also evidence that actin polymerization is mechanosensitive. The
degree of tension depression caused by the inhibition of actin polymerization de-
pends on the mechanical strain on the muscle, suggesting that actin polymerization
may be important in regulating the length sensitivity of tension development (Hai,
2000; Mehta and Gunst, 1999; Silberstein and Hai, 2002).

Much of the experimental evidence suggests that the newly formed actin fil-
aments perform a function that is distinct from that of the actin filaments that
interact with myosin and participate in cross-bridge cycling. The inhibition of
actin polymerization by latrunculin or cytochalasin inhibits tension development
with little or no effect on intracellular Ca**, on myosin light chain phospho-
rylation, or on signalling processes involved in the activation of the contractile
apparatus (An et al., 2004; Mehta and Gunst, 1999; Zhang et al., 2005). Myosin
ATPase activity can also be activated in stimulated airway tissues in which new
actin polymerization has been inhibited (Tang et al., 2002). Studies of cultured air-
way smooth muscle cells also indicate that signalling pathways that regulate actin
polymerization are distinct from those that regulate myosin light-chain phospho-
rylation and cross-bridge cycling and can be independently activated (An et al.,
2002). These data are consistent with the idea that the small fraction of actin that
undergoes polymerization resides in a cytoskeletal pool that is largely distinct
from the actin that interacts with myosin, and that its polymerization does not
affect myosin activation or cross-bridge cycling.

The contractile stimulation of airway smooth muscle initiates the recruitment
of a number of cytoskeletal regulatory and structural proteins to the peripheral
submembranous area of the cell (Opazo et al.,2004; Zhang et al., 2005; Zhang and
Gunst, 2006). Actin polymerization requires the activation of the actin-nucleating
protein, neuronal Wiskott—Aldrich syndrome protein (N-WASp), and can be com-
pletely inhibited by peptide inhibitors of N-WASp activation (Hufner et al., 2001;
Pollard et al., 2000; Zhang et al., 2005). Proteins that associate with integrin ad-
hesion complexes, including paxillin and vinculin, regulate both actin polymer-
ization and N-WASp activation (DeMali et al., 2002; 2003; Opazo et al., 2004;
Tang et al., 2002; 2003; Tang and Gunst, 2004a; 2004b). The recruitment of the
actin-regulatory proteins N-WASp, vinculin, and paxillin to the submembranous
region of the airway smooth muscle cell is initiated by contractile stimulation of
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the cell (Opazo et al., 2004; Zhang et al., 2005; Zhang and Gunst, 2006). The
inhibition of the recruitment of paxillin or vinculin to the membrane inhibits both
actin polymerization and tension development in airway smooth muscle, but has
no effect on myosin light-chain phosphorylation (Opazo et al., 2004). Contractile
activation also stimulates the recruitment of the actin-cross-linking and integrin-
binding proteins, a-actinin and talin, to the periphery of airway smooth muscle
cells and increases their localization in integrin complexes (Opazo et al., 2004;
Zhang and Gunst, 2006). The fact that proteins that are involved in initiating and
regulating the actin polymerization process and those involved in cross-linking
actin filaments and anchoring them to adhesion complexes all localize to the
membrane during contractile stimulation suggests that the new actin polymeriza-
tion that occurs during contractile stimulation may occur predominantly in the
submembranous area of the cell. The actin polymerization process that occurs in
smooth muscle cells may thus be analogous to the formation of ‘cortical actin’
that has been observed with the stimulation of other contractile cell types, such as
endothelial cells (Flanagan et al., 2001; Garcia et al., 2001; Miki et al., 1996). The
formation of a network of submembranous actin has been proposed to function to
enhance membrane rigidity (Morone et al., 2006). In airway smooth muscle, the
formation of this actin network may function to regulate cell shape and rigidity,
and to connect the contractile and cytoskeletal filament lattice to the membrane
to transmit force generated by cross-bridge cycling. Actin polymerization might
also occur focally at points at which membrane tension is greatest. In airway
smooth muscle, the phosphorylation of paxillin and its kinase, focal adhesion
kinase (FAK), is also mechanosensitive, suggesting a mechanism whereby me-
chanical signals may be sensed by integrin proteins at membrane adhesion sites
and transduced to regulate the local polymerization of actin (Tang and Gunst,
2001b; Tang et al., 1999; 2002; 2003). There is currently very little direct experi-
mental evidence documenting the function or cellular localization of the actin that
is newly polymerized in response to a contractile stimulation. However, it is clear
that the cytoskeletal processes of adhesion junction fortification and filament for-
mation that are initiated in response to a contractile stimulus play critical roles in
the process of tension development, as the disruption of any of these cytoskeletal
events inhibits tension development in response to a contractile stimulus.

Implications for airway disorder

Can this paradigm for the regulation of airway smooth muscle function provide
novel perspectives to explain the normal physiological behaviour of the airways
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and pathophysiological properties of the airways in asthma? The effects of tidal
volume oscillations and periodic stretch of the airways in decreasing airway re-
sponsiveness in experimental animals and human subjects are well documented,
and an absence of stretch or a decrease in tidal volume amplitude can cause air-
way hyperresponsiveness (Gunst et al., 2001b; Shen et al., 1997a; Skloot et al.,
1995). There is unequivocal evidence establishing the importance of mechanical
oscillations of airway smooth muscle and bronchial segments in maintaining a
low level of airway muscle stiffness and contractility (Gunst et al., 1990; Gunst
and Stropp, 1988; Gunst and Wu, 2001; Ramchandani et al., 2002; Shen et al.,
1997a). Clearly, the ability of airway smooth muscle to modulate its stiffness
and compliance to accommodate changes in lung volume during breathing is of
critical importance for normal airway function. In fact, the regulation of airway
compliance during breathing may be the most critical physiological function of
airway smooth muscle. If dynamic cytoskeletal processes form the basis for this
phenomenon, then pathophysiological processes that disturb normal cytoskeletal
dynamics may result in abnormalities in the ability of the airways to regulate their
compliance normally. Airway hyperresponsiveness could be a byproduct of such
disturbances. However, much remains to be determined regarding the mechanistic
basis for the properties of mechanical adaptation of airway smooth muscle, and
the role of dynamic cytoskeletal processes in the regulation of the compliance
and contractility of airway smooth muscle. A better understanding of these pro-
cesses could provide novel insights into the basis for the normal physiological
properties of the airways and in disturbances in their function that occur during
disease.
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Airway smooth muscle:
role in airway constrictor
hyperresponsiveness
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3.1 What is airway constrictor
hyperresponsiveness (AHR)?

Airway constrictor hyperresponsiveness (AHR) is defined as an abnormally large
bronchoconstrictor response to external stimuli; AHR can be reflected in the devel-
opment of significant bronchoconstriction in response to stimuli that usually elicit
little or no airflow obstruction, or in the development of larger bronchoconstrictor
responses than ever develop in normal individuals. AHR is such a stereotypical
feature of asthma that its documentation in the pulmonary function laboratory is
frequently sought as a diagnostic measure in patients in whom the presence of
asthma is otherwise clinically uncertain. To test whether AHR is present, one can
assess the degree of airflow obstruction that occurs in response to increasingly in-
tense bronchoconstrictor stimuli. These stimuli can include natural provocations,
like exercise or breathing of cold air, as well as artificial exposures, such as to
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Figure 3.1 Typical bronchoconstrictor dose-response curves to inhaled constrictor agonists
found in healthy individuals, or in asthmatics with mild or severe airway constrictor hyperre-
sponsiveness (AHR). The severity of airflow obstruction, reflected in fall of FEV, from baseline
(vertical axis), increases with the intensity of bronchoconstrictor stimulation (log agonist
concentration) in each type of individual. However, normal individuals require substantial
bronchoconstrictor stimulation, and have limited maximal constrictor response, whereas indi-
viduals with AHR develop bronchoconstriction of more severe degree than normal individuals
do, and they do so in response to much smaller stimuli than those that elicit any substan-
tial response in normal people. (Reproduced courtesy of The American Review of Respiratory
Disease, 1984 July; 130(1):71-5)

methacholine or histamine aerosols. In the methacholine challenge test, the sub-
ject is exposed to increasing doses of the acetylcholine analogue methacholine,
and the volume of air that can be forcibly exhaled in the first second (FEV)) is
taken as a measure of airway calibre. Excessively large falls in FEV (substan-
tially greater than 20 per cent from the pre-challenge value) that occur after modest
bronchoconstrictor challenges (e.g., inhalation of methacholine at concentrations
lower than 8 mg/ml) demonstrate the presence of AHR (Figure 3.1).

Airflow obstruction is one of the hallmark features of asthma (Hargreave et al.,
1982), but it can be found in other disorders such as cystic fibrosis (CF),
bronchopulmonary dysplasia, chronic obstructive pulmonary disease, and other
obstructive lung diseases. There are generally two components of airflow
obstruction: a fixed component (likely due to chronic structural changes) and
a variable component (due to acute bronchoconstriction or mucus secretion).
Presently, only the variable component can be modified by medical therapies.
Airway remodelling refers to the structural changes that occur in chronic
airway diseases such as asthma or CF. Airway narrowing and bronchial hyper-
responsiveness are seen in CF, and these occur in conjunction with excessive
accumulation of smooth muscle cells (Hays et al., 2005). Smooth muscle also
accumulates to excess in asthma, but whether the excessive smooth muscle
mass causes AHR in these diseases remains unknown (Hargreave et al., 1986;
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King et al., 1999). Besides its excessive accumulation, airway smooth muscle
(ASM) might also contribute to airway inflammation and airway remodelling by
elaborating cytokines, chemokines, and growth factors. Thus, ASM is a likely
contributor to AHR through many mechanisms.

3.2 Is AHR ever good?
Embryology and AHR in the developing lung

The lung begins to form from the primitive human foregut at about 21 days’ gesta-
tion. The airways continue to increase in number until about 16 weeks’ gestation,
by which time the bronchial tree has formed. By post-natal age 2 months, lung
development has occurred, although alveolar growth and differentiation generally
continue until about age 3 years. Unlike the tonic constrictor activity seen when
ASM contracts in adults, fetal ASM contracts in peristaltic waves much like those
that occur in the gastrointestinal tract. These waves travel from proximal airways
to distal airways, and may function to promote lung growth by directing positive
pressure towards the distensible distal lung buds (McCray, 1993). In the devel-
oping lung, smooth muscle contractions can be blocked with calcium channel
antagonists, and such blockade results in lung hypoplasia (Schittny et al., 2000).
Alveolar development is at least partially dependent on the distal distension of
the developing lung (Moessinger et al., 1990). It thus stands to reason that ASM
contraction may play an important role in the growth and development of the lung.
Smooth muscle might also function to clear the airways in both the antenatal and
post-natal periods. Whether ASM or AHR play any useful role in the adult human
is uncertain.

3.3 Potential mechanisms leading to
airflow obstruction

Excessive uniform and non-uniform airway narrowing

The early-phase and late-phase airflow obstruction that results from inhaled al-
lergen exposure is reversed by albuterol and likely is a result of alterations in
smooth muscle tone. Airway inflammation in asthma is associated with non-
uniform airway narrowing (Henderson et al., 2003), which in turn results in
heterogeneous ventilation and so contributes to the inability to maximally dilate
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the airways. Mathematical models have provided insight into the heterogeneous
nature of airflow obstruction in lungs. For example, severe but almost uniform
smooth muscle activation throughout the airway tree results in patchy ventila-
tion. However, patchy constriction of terminal bronchioles alone, even if severe,
would not result in the frequency dependence of impedance found in obstruc-
tive lung diseases; rather, heterogeneous constriction of the rest of the airway
tree is necessary to account for oscillatory mechanic changes (Tgavalekos et al.,
2007). In 2005, Venegas used a computational model to show that even with
uniform activation of ASM in a symmetric bronchial tree, minimal heterogene-
ity can lead to large contiguous areas of poorly ventilated lung. The interactions
of various feedback mechanisms generate these areas of poor ventilation and
can cause shifts of airflow that may be a part of the sudden and severe attacks
that occur in asthma. These changes have been likened to the catastrophic shifts
that are seen as a result of self-organized patchiness in nature (Rietkerk et al.,
2004; Venegas et al., 2005). Interestingly, Venegas’ model also predicts that the
severity of small airway constriction can be reduced by reducing central airway
constriction, because increasing overall flow to the region in that way enhances
distal tidal volume fluctuations that in turn antagonize small airway narrowing.
Venegas’ analysis also suggests that delivering a bronchodilator through the res-
piratory tree by inhalation may serve only to dilate the already dilated areas of
ventilation and thus worsen the heterogeneity and overall bronchoconstriction
(Venegas et al., 2005). Severe narrowing and closure of small airways appear to
be among the causes of heterogeneous ventilation defects in asthmatics, as shown
by a computational modelling approach (Tgavalekos et al., 2005). However, it
is likely that the patchy ventilation defects seen in asthma are a result not of the
independent behaviour of the airways, but of the complex interactions of the en-
tire system (Tgavalekos et al., 2007; Winkler and Venegas, 2007). Differences in
ASM contraction, volume-fluctuation-related antagonism of local airway narrow-
ing, local inflammation, and bronchoconstrictor stimulus deposition/distribution
all likely contribute to initiation of the heterogeneity observed. Such heterogene-
ity may cause increased airway reactivity (Downie et al., 2007) and difference in
response to bronchodilators among asthmatics (Venegas, 2007).

Airway closure
Computational model analysis of the airway structure of mice has been used

to shed light on the factors responsible for bronchoconstriction in experimental
models of AHR. Two mouse models that are commonly used are A/J mice, which
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are a strain known to have innate hyperresponsiveness relative to other strains even
in the absence of experimentally induced lung inflammation, and BALB/c mice
with allergen-induced airway inflammation. The physiology of the hyperrespon-
siveness in these mouse models depends on both the route of bronchoconstrictor
agonist administration and the strain used (Wagers et al., 2007). In BALB/c
mice with allergen-induced airway inflammation, enhanced airway closure of
the peripheral airways is a major factor responsible for bronchial hyperrespon-
siveness (Wagers et al., 2004). In these mice, such airway closure is associated
with atelectasis of the subtended portions of lung; although this phenomenon oc-
curred in response to bronchoconstrictor administration to mice without airway
inflammation, atelectasis was much more severe in mice with allergen-induced
inflammation. Wagers ef al. (2004) suggest that hyperresponsiveness in allergen-
inflamed BALB/c mice can be explained by airway wall/mucosal thickening and
the propensity of the airways in the periphery to close without any change in
degree of muscle shortening. In such studies, it is important to consider the
breathing pattern used, since this can substantially influence bronchoconstric-
tor responsiveness (Chen et al., 2006). Fredberg et al. (1997) suggest that the
tidal stretch decreases the number of actin—-myosin interactions; perhaps the rela-
tive importance of smooth muscle bronchoconstriction versus other mechanisms
of airflow obstruction varies with breathing pattern during bronchoconstriction.
Other factors might also modulate airway closure. For example, non-asthmatic
lungs exhibit more long-lasting diminution of bronchoconstrictor responsiveness
after a deep breath than do asthmatic lungs (Black et al., 2004).

Epithelial barrier disruption

Disruption of the epithelial barrier of the lung with a cationic protein such as poly-
L-lysine, an artificial analogue of eosinophil cationic protein, leads to increased
constrictor response to inhaled, but not IV methacholine, at low doses, but not at
high doses (Bates et al., 2006). This is likely due to a decreased epithelial barrier
function in the treated mice.

Loss of lung recoil
Elastic recoil describes the natural tendency of the lung to collapse inward. De-

terminants of the inward recoil of the lung include the active surface forces of
the alveolus and the lung parenchyma, where the elastic recoil pressure of the
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lungs is the alveolar pressure minus the pleural pressure. ‘Near fatal asthma’ is
an episode of asthma requiring intubation and mechanical ventilation secondary
to deteriorating respiratory status; it has been associated with a worse prognosis.
The loss of lung elastic recoil and hyperinflation at total lung capacity are risk
factors for near fatal asthma (Gelb et al., 2004). In those with severe refractory
and chronic persistent asthma, expiratory flow limitation is caused at least par-
tially by the loss of lung elastic recoil (Gelb and Zamel, 2002). The mechanisms
of this loss of recoil are not known (Gelb ez al., 2002).

Fixed airway obstruction due to airway wall fibrosis

The airway wall comprises many structures, and changes in any of these could
potentially affect AHR. As early as the 1920s, it was reported that patients with
fatal asthma have thickening of the airway subepithelial and basement mem-
branes (Huber and Koessler, 1922). Early investigations focused largely on the
structural changes in asthma, many of which are thought to result from chronic
airway inflammation. Epithelial damage can stimulate myofibroblast differenti-
ation, collagen gene expression and proliferation in co-culture of bronchial ep-
ithelial cells and airway fibroblasts. Not only are basic fibroblast growth factor,
platelet derived growth factor, IGF-1, transforming growth factor (TGF)-32 and
endothelin-1 levels increased in the supernatant from damaged epithelial cells,
but also, when these factors are blocked, myofibroblast proliferation is inhib-
ited (Zhang et al., 1999). Therefore, epithelial injury might lead to subepithelial
thickening due to myofibroblast proliferation. The lamina reticularis is the region
associated with subepithelial fibrosis in asthma. It is made up of collagen types
I, III, V, VI and VII fibrils, and is distinct from the basal lamina (considered the
true basement membrane) (Evans et al., 2000). In 2007, Boulet ef al. (1997)
studied the bronchial biopsies of subjects with varying degrees of asthma along
with those of normal subjects. They found a significant correlation between the
degree of subepithelial fibrosis and airway responsiveness as measured by the
methacholine challenge.

Matrix

TGF-B is a profibrotic cytokine that is over-expressed by eosinophils and other
resident cells in asthmatic airways, and that stimulates myofibroblast transforma-
tion of airway fibroblasts (Minshall et al., 1997; Ohno et al., 1996). Myofibroblast
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activation increases extracellular matrix protein secretion from these cells, in-
cluding collagen and laminin; specific isoforms of the latter are associated with
injury and may promote inflammation (Altraja et al., 1996). Since the degree
of subepithelial fibrosis in asthma correlates with the expression of TGF-3
(Minshall et al., 1997; Ohno et al., 1996), it seems likely that this profibrotic
cytokine plays an important role in regulating extracellular matrix and subsequent
fibrosis.

Surfactant deficiency

Surfactant is largely secreted by type II alveolar cells. In the alveoli, it modulates
surface tension during inspiration and exhalation, helping to prevent alveolar clo-
sure. However, surfactant is also drawn into the peripheral airways by virtue of the
higher surface tension of their surface-lining fluids. Airway surfactant influences
airway function. For example, the deteriorating lung function otherwise seen in
sensitized guinea pigs was ameliorated by intratracheal administration of surfac-
tant, and an increase in airway resistance was alleviated by treating immunized
guinea pigs with aerosolized surfactant (Hohlfeld, 2002). Surfactant dysfunction
after allergen challenge has also been documented in human asthmatics (Hohlfeld
etal., 1999), and surfactant administration can abolish the early allergen-induced
response in asthma (Babu et al., 2003). However, whether exogenous surfac-
tant administration represents a useful tool in the treatment of severe asthma is
unknown.

Mucus

Mucus is part of the first line of defence of the airways, but when excessive in
either amount or tenacity, it can greatly contribute to the pathology of airways
disease. In a post-mortem study of 93 patients with fatal asthma, Kuyper et al.
(2003) found that airway luminal obstruction is a frequent occurrence in fatal
asthma. Some investigators have reported increased epithelial mucin stores and
goblet cell hyperplasia in mild and moderate asthma (Ordonez et al., 2001),
while others have shown no difference in goblet cells in endobronchial biopsies
of mild asthmatics versus normal control subjects (Lozewicz et al., 1990). In
severe asthma, bronchial biopsies reveal larger mucus glands (Benayoun et al.,
2003). Whether these are caused by the disease itself or are an initial inciting
factor is uncertain. Excess mucus in the airway can undoubtedly contribute to the
airway closure that is so important in asthma.



60 CH 3 AIRWAY SMOOTH MUSCLE: ROLE IN AIRWAY CONSTRICTOR HYPERRESPONSIVENESS

Blood flow

Increases in both bronchial and airway blood flow are seen in allergic sheep after
inhaled antigen exposure. This increase is due at least in part to inflammatory
mediators (Csete ef al., 1991). Most airway blood flow is distributed to the subep-
ithelium. In sheep, the subepithelial tissue accommodates over 85 per cent of
airway blood flow in the trachea and bronchi. In humans, stable bronchial asthma
is associated with increased blood flow when compared to normal individuals
(Wanner et al., 1990). It is conceivable, though not proved, that engorgement of
the airway wall contributes to bronchial luminal narrowing in asthma.

Fibrin

Fibrin is known to inhibit surfactant function and is deposited in the airway lumen
during airway inflammation. Tissue plasminogen activator (tPA) is fibrinolytic.
Wagers et al. (2003; 2004) have shown that administration of tPA diminishes
airway closure, as evidenced by the decreased widening of the pressure volume
(PV) curve that is seen in asthma. In addition, fibrin administration augments the
PV curve widening (i.e., increased airway closure). Taken together, these findings
led these authors to conclude that fibrin is a significant contributor to the enhanced
airway closure in inflamed lungs.

3.4 Potential abnormalities of airway smooth
muscle (ASM)

None of the above mechanisms of airflow obstruction and constrictor hyperre-
sponsiveness rely on dysfunction of ASM itself. If ASM were contributory, then
what might be the potential abnormalities of ASM, and what would be their effects
on airway responses?

Too much there: ASM hypertrophy and/or hyperplasia

Smooth muscle wraps in submucosal bands that are essentially circumferentially
oriented around the airways. As mentioned earlier, smooth muscle abnormalities
in general, and increased ASM in particular, have been implicated in a number
of disease states such as CF, sudden infant death syndrome (SIDS), and asthma.
SIDS is an unexpected and unexplained death in a seemingly healthy infant under
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1 year of age. There is increased ASM in SIDS (Elliot et al., 1999), and it has
been suggested that SIDS may be caused by exaggerated ASM closure (Martinez,
1991), though whether the excessive ASM accumulation or airway closure is
causal in SIDS deaths remains unknown. The ASM layer is considerably thicker
in asthmatics than in non-asthmatics (Carroll et al., 1993), and excessive ASM
accumulation is particularly marked in asthmatics who die from asthma. In
culture, bronchial myocytes from asthmatics proliferate at an increased rate
compared to those of non-asthmatics (Johnson et al., 2001), and quantitative
morphological studies have variably revealed ASM cell hypertrophy and/or
hyperplasia in asthmatic airways (Ebina et al., 1993; Woodruff ez al., 2004). For
example, when comparing airway biopsies from mild-to-moderate asthmatics
with those obtained from normal volunteers, Woodruff er al. (2004) found
increased myocyte numbers but no difference in airway myocyte size. However,
Benayoun et al. (2003) found larger smooth muscle cell diameter in the airways
of severe asthmatics than in mild asthmatics or those with COPD. Whether the
increased smooth muscle mass stems from smooth muscle cell hypertrophy,
hyperplasia, or both, the contractile capacity of the ASM in asthma would appear
to be increased in view of its excessive mass. Curiously, no study has yet proved
this. However, mathematical modelling has suggested that amplified maximum
smooth muscle tension, as opposed to thickening of the airway wall, is the single
most important cause of airway hyperreactivity (Affonce and Lutchen, 2006).

Too much force: asthmatic ASM force generation

Given the paucity of available smooth muscle tissue from asthmatic donors, it
is not surprising that the body of literature on human asthmatic muscle strips
is relatively limited. Some investigators report that the asthmatic ASM layer
has a greater isometric force-generating capacity, even after accounting for in-
creased ASM mass (Bai, 1990). However, a greater number have found that,
after controlling for cross-sectional area, muscle strips from both asthmatic and
non-asthmatic human lung show similar force-generation responses to histamine
or methacholine (Black, 1996; Thomson, 1987). IgE sensitization impairs relax-
ation, stimulates cytokine production, and increases the force generation of ASM
(Grunstein et al., 2002).

Accelerated velocity of shortening

The antagonistic activities of myosin light-chain kinase (MLCK) and myosin
phosphatase largely determine the phosphorylation state of the regulatory 20-kDa
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myosin light chain, which affects the rate of actomyosin cross-bridge activity
and, for a given load, the velocity of shortening. Severe persistent asthmatics
have augmented MLCK expression (Benayoun et al., 2003). Furthermore, indi-
vidual bronchial smooth muscle cells from asthmatic subjects have significantly
increased maximum shortening capacity and velocity compared to those of nor-
mal subjects (Ma et al., 2002). It has been proposed that the changes in velocity
and shortening contribute to the constrictor hyperresponsiveness seen in asthmatic
individuals (Solway and Fredberg, 1997).

Forced fluctuation-induced relengthening

During tidal breathing, the inflation and deflation of lung parenchyma super-
imposes load fluctuations on ASM, through parenchymal attachments to the
airway adventitia. Thus, in vivo, ASM stimulated to contract does so against
a fluctuating — not a steady — load. Fredberg’s group demonstrated unequivo-
cally that such load fluctuations promote the relengthening of contracted smooth
muscle that had been allowed to shorten against a steady load (Lakser et al.,
2002; Latourelle et al., 2002), and our laboratory showed that even though ini-
tial shortening is unaffected by such force fluctuations, force fluctuation-induced
relengthening (FFIR) still follows that initial shortening (Dowell et al., 2005). Fur-
thermore, the magnitude of FFIR can be physiologically regulated, as inhibition
of actin polymerization, inhibition of p38 MAKP signalling (Lakser et al., 2002),
or inhibition of ERK1/2 activation (our unpublished results) all increase the extent
of FFIR. If ASM shortening were the principal mechanism of airflow obstruc-
tion, it follows that breathing-induced load fluctuations should relengthen the
shortened ASM and ameliorate that obstruction. In this regard, it is certain that
tidal breathing (especially deeper tidal breathing) mitigates airflow obstruction
in normal individuals. However, while deep breaths also relieve experimentally
induced airflow obstruction in normal people, they are less effective at doing so
in asthmatics. Taken together, these observations suggest that the FFIR of con-
tracting ASM that is normally present is dysfunctional in asthma, though this
hypothesis has yet to be tested directly.

Impaired smooth muscle relaxation

Impaired relaxation has been reported in animal models of AHR (Farmer et al.,
1987; Jiang and Stephens, 1992). In sensitized airways, the time required for
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relaxation is prolonged, and in both in vivo and in vitro studies, asthmatic smooth
muscle has an impaired response to beta-agonists (Bai, 1990; Bai et al., 1992;
Barnes and Pride, 1983). Potential contributory mechanisms include alterations
in bronchodilator delivery, changes in cell-surface receptors or interactions, or
differences in cytokine exposure.

3.5 If ASM is dysfunctional, how did it get that way?
Cytokine effects

Even though the weight of evidence suggests that excised ASM from asthmatics
does not develop increased isometric force, a variety of cytokines that appear in
asthmatic airways or serum potentiate isometric constrictor responses (Grunstein
et al.,2002; Hakonarson et al., 1997; 2001). Calcium is the major second messen-
ger that modulates ASM contraction, the degree of intracellular calcium mobiliza-
tion determines contractility (Tao et al., 1999), and many cytokines appear to exert
their effects by enhancing calcium responses. For example, TNF-a, IL-1f3, and
IL-13 all increase expression of the cell surface protein CD38 (Deshpande et al.,
2003; 2004), an enzyme responsible for the synthesis of cyclic ADP-ribose. The
latter promotes calcium mobilization upon G protein-coupled receptor agonists
in ASM cells. Indeed, CD38-deficient mice were found to have reduced AHR
following IL-13 challenge when compared to wild-type (Guedes et al., 2006).

Autocrine secretion

Although immunocytes and various resident airway wall cells can secrete cy-
tokines that modulate ASM function, airway myocytes themselves can also
express a range of immunomodulatory molecules, some of which can act on ASM
in an autocrine fashion (Panettieri, 2004). Chemokines that can be elaborated
by airway myocytes include eotaxin (Ghaffar et al., 1999), RANTES (Berkman
etal.,1996), TARC, IL-8, monocyte chemoattractant proteins (MCPs), fractalkine
(Sukkar et al., 2004), and stem cell factor (Brightling et al., 2002). Cultured my-
ocytes also synthesize such cytokines as IL-5, IL-1B (Hakonarson et al., 1999),
IL-10 (Grunstein et al., 2001), GM-CSF (Saunders et al., 1997), IL-11, IL-6, and
leukaemia inhibitory factor (Elias et al., 1997). IgE sensitization stimulates ASM
to express IL-13 (Grunstein et al., 2002) and IL-5; the latter in turn acts on the my-
ocytes themselves to induce IL-1(3, which can dysregulate constrictor and relaxant
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responses. However, the degree to which autocrine action of ASM-secreted cy-
tokines alters ASM function or contributes in a quantitatively important fashion
to airway inflammation more generally in authentic asthma remains uncertain.

RhoA

Rho-activated kinase potentiates smooth muscle contraction through its influence
on the phosphorylation of the myosin regulatory light chain, MLC20. MLC20 is a
20-kDa protein that activates contraction when phosphorylated, and which can be
dephosphorylated when the catalytic subunit of myosin phosphatase is directed
to myosin by its myosin binding subunit. Rho kinase phosphorylates the myosin
binding subunit and so inhibits such binding, thereby preventing MLC20 dephos-
phorylation and potentiating contraction. This pathway appears to play a role in
allergen-induced bronchoconstrictor hyperresponsiveness in experimental animal
models (Chiba ef al., 2001; Chiba and Misawa, 2004; Hashimoto et al., 2002).

3.6 Summary

AHR is complex and multifactorial. ASM is certainly a significant contributor,
not only through intrinsic dysfunctions, such as altered relaxation and perhaps
abnormally reduced forced fluctuation induced relengthening, but probably also
by responding normally to abnormal dynamic loads and by altering the airway
itself through autocrine regulation and changes in the matrix and mass.
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4.1 Introduction

Airway smooth muscle has long been known to be a primary determinant of
airway physiology in health and disease by virtue of its ability to contract, and
thereby control the diameter of the bronchi and bronchioles that it encircles.
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Classical physiological and pharmacological investigation has focused on
factors that determine the contractility of airway smooth muscle, including its
mechanical properties, response to biological and chemical spasmogens and
relaxing factors, and structure—function relationships in the airway wall. Many
of these issues are discussed in other chapters in this volume. The scope of
contemporary research involving airway smooth muscle has broadened greatly,
accommodating new understanding from the past decade that, unlike striated
muscle, differentiated airway smooth muscle cells retain a capacity for phenotype
plasticity. This equips myocytes with the functional potential to be engaged in
multiple biological processes associated with contraction, inflammation, and
wound healing. Thus, in obstructive airways disease, myocytes can control
airway diameter acutely via reversible bronchospasm, and chronically as a
central driver of airway wall remodelling, which underpins irreversible reduction
in airway conductance. This chapter provides an overview of existing paradigms
for airway smooth muscle phenotype plasticity, the mechanisms that control
phenotype and functional plasticity, and its contribution to airway pathobiology.

4.2 Historical perspective: smooth muscle
phenotype plasticity

Over 40 years has passed since Robert Wissler asked whether the arterial me-
dial cell is ‘smooth muscle or multifunctional mesenchyme’ (Wissler, 1967).
Indeed, he hypothesized that arterial smooth muscle cells both subserve a con-
tractile function to regulate vessel diameter, and are the primary effectors of
fibroproliferative changes associated with normal vessel growth and the patho-
genesis of atherosclerosis. His model evolved from a ‘unicellular concept’ pro-
posed 10 years earlier by Pease and Paule (1960), who recognized that ‘smooth
muscle is virtually the only cell type in the arterial media’. In the decade after
Wissler’s proposal, major advances in developing primary cultures of myocytes
from the blood vessels of adult animals and man were made, providing an im-
portant experimental system to investigate phenotype diversity, and to identify
ultrastructural and biochemical markers of vascular smooth muscle cell pop-
ulations (Chamley-Campbell et al., 1979). These observations established a
paradigm for the existence of a phenotypic spectrum of differentiated myocytes
in which diversity results from reversible switching of myocytes between con-
tractile and synthetic functional states (Figure 4.1). Moreover, the phenotypic
and functional diversity of arterial smooth muscle cells is now accepted as a
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“Synthetic/Proliferative” “Contractile”

Modulation
<
>
Maturation
e Cell division * Contracts
* Migration e Cell hypertrophy
¢ ECM synthesis ¢ ECM synthesis (?)
* Cytokine synthesis * Abundant contractile apparatus
¢ Abundant synthetic organelles * Many caveolae
* Few caveolae ¢ Abundant contractile proteins
* Few contractile proteins ¢ Intermediate filaments are
* Intermediate filaments are predominantly desmin
predominantly vimentin

Figure 4.1 Reversible phenotypic plasticity of airway smooth muscle. Modulation of my-
ocytes to a functional ‘synthetic/proliferative” state is induced by placing cells in low density
primary culture, exposure to mitogens, and adherence to extracellular matrix (ECM) proteins
such as fibronectin and collagen-1. Maturation to a functional ‘contractile’ state occurs in
cell culture at high cell density, in response to mitogen withdrawal, exposure to insulin, and
adherence to laminin-rich ECM. ‘Synthetic/proliferative’” myocytes predominate in the devel-
oping lung and primary cell culture, and their numbers are thought to be increased in adult
airways in association with fibroproliferative disorders. ‘Contractile’ myocytes predominate
in normal adult tissues, and exhibit variable degrees of maturation based on the level of
molecular and functional markers. Key functional, ultrastructural and biochemical features of
the extreme phenotypic states are shown

central mechanism in atherogenesis and post-angioplasty restenosis (Ilyemere
et al., 2000).

It was not until after 1980 that Avner et al. (1981), and then Brown and col-
leagues (Tom-Moy et al., 1987) described the ultrastructure, filamentous orga-
nization of contractile proteins, and the pharmacological properties of primary
cultured canine tracheal smooth muscle cells. In 1989, independent reports from
Twort and van Breeman (1989) and Panettieri et al. (1989) first characterized
primary cultured human airway smooth muscle cells, and investigated their re-
sponsiveness to physiological agonists. Over the next few years, the number of
studies using cultured airway myocytes increased, and these chiefly aimed to un-
derstand the expression and coupling of physiologically relevant receptors and ion
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channels, and to elucidate factors that regulate cell proliferation (for a review see
Hall and Kotlikoff, 1995). Though investigators using cultured airway myocytes
recognized that these cells, like those from the arterial media, undergo modulation
from a contractile phenotype when placed in serum-containing culture, it was not
until 1996 that the first systematic description of reversible phenotype-switching
for airway smooth muscle cells was reported (Halayko et al., 1996). In the decade
following, there has been considerable research focus on the breadth of airway
smooth muscle function, and the biological and molecular mechanisms regulating
phenotype expression. Moreover, it is now recognized that phenotype plasticity,
originally described as a primary cell culture phenomenon, probably contributes
significantly to the fibroproliferative pathobiology of obstructive airways disease.
These issues and insights are highlighted in the remainder of this chapter.

4.3 Features of phenotype plasticity

Phenotypic plasticity is a feature of differentiated smooth muscle cells and is
manifest as the reversible modulation and maturation of individual myocytes
both in vitro and in vivo (Halayko and Solway, 2001; Owens, 1995). Switching
of smooth muscle phenotype requires the differential expression of repertoires of
phenotype-specific genes and subsequent accumulation of the proteins that they
encode. Primary culture models using smooth muscle cells, including those from
the airways, reveal that contractile smooth muscle cells undergo spontaneous
phenotype modulation when seeded at a subconfluent density in the presence of
mitogens (Chamley-Campbell et al., 1979; Halayko et al., 1996; Owens, 1995).
Phenotype modulation promotes acquisition of a synthetic phenotype, in which
cells are marked by abundant organelles for protein and lipid synthesis, and nu-
merous mitochondria (Figure 4.1). The cells also exhibit a high proliferative index,
but lose responsiveness to physiological contractile agonists and exhibit greatly
reduced contractile apparatus and associated proteins (Chamley-Campbell et al.,
1979; Mitchell et al., 2000). The reversion of differentiated smooth muscle cells
to a contractile phenotype is called maturation, and in cell culture it occurs as
cells grow to confluence and achieve contact inhibition (Figure 4.1). Maturation
is marked by accumulation of contractile apparatus and associated proteins, reac-
quisition of responsiveness to physiological contractile agonists, and decreased
abundance of synthetic organelles (Halayko et al., 1999; Mitchell et al., 2000).
Some of the best-characterized markers for the contractile phenotype include
smooth muscle (sm)-a-actin (Gabbiani ef al., 1981), sm-vy-actin (Sawtell and
Lessard, 1989), sm-myosin heavy chain (smMHC) (Nagai et al., 1989), calponin
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(Gimona et al., 1992), h-caldesmon (Frid et al., 1992), SM22 (Gimona et al.,
1992; Solway et al., 1995), desmin (Tran et al., 2006), caveolin-1 (Gosens et al.,
2006), and smoothelin (van der Loop et al., 1996).

Phenotype maturation of myocytes in confluent cultures is accelerated by the
withdrawal of mitogens, and can be promoted by supplementation with insulin
(Halayko et al., 1999; Schaafsma et al., 2007). A distinct subset of airway smooth
muscle cells mature into a functionally contractile phenotype with elongated mor-
phology, fully reconstituted contractile apparatus, abundant contractile protein
content, and cell-surface recoupling of muscarinic M3 receptors for acetylcholine
(Halaykoetal., 1999; Maet al., 1998; Mitchell et al., 2000). Similar reconstitution
of contractile phenotype arterial myocytes in culture has also been reported (Li
et al., 1999). Maturation appears to require endogenously expressed laminin-2,
and is reliant on individual cells expressing a unique repertoire of laminin-binding
a-integrin subunits (Tran et al., 2007; Tran and Halayko, 2007). Notably, mat-
uration of the large contractile cells appears to parallel the process of cellular
hypertrophy, as it is reliant on signalling pathways that control protein translation
(Goldsmith et al., 2006; Halayko et al., 2004; Zhou et al., 2005). Insofar as in-
creased smooth muscle mass is a feature of airways remodelling in asthma, further
evaluation of myocyte maturation is likely to contribute better understanding of
the remodelling process.

As modulation of contractile smooth muscle cells from adult tissue appears
to involve recapitulation of gene-expression profiles that, in part, resemble those
in the developing lung, reversible phenotype switching has sometimes been
described as ‘differentiation’ and ‘de-differentiation’. It is, however, important
to appreciate that these processes are fundamentally distinct, as phenotype
plasticity occurs in already differentiated smooth muscle cells in mature organs,
a process that is important in disease pathogenesis and physiological modelling
concomitant with organ growth. In contrast, differentiation occurs during lung
development, during which airway smooth muscle cells are derived from the
undifferentiated lung mesenchyme that surrounds growing, fluid-filled epithelial
tubes that derive from the laryngotracheal bud. Commitment and differentiation
of embryonic lung mesenchymal cells to the smooth muscle lineage are subject to
interactions with epithelial cells, which release pro-differentiation factors, such
as Sonic hedgehog and transforming growth factor 3 (TGF-3), and with the lung
mesothelium, which releases differentiation suppressor signals, such as fibroblast
growth factor-9 (Cardoso and Lu, 2006; Weaver et al., 2003). Behind the leading
edge of the growing epithelial tube, committed mesenchymal cells are subse-
quently triggered to differentiate into smooth muscle by two factors: binding to the
newly formed, laminin-rich basement membrane beneath differentiated epithelia,
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and exposure to mechanical signals imposed by intraluminal fluids (Cardoso and
Lu, 2006; Weaver et al., 2003). Thus, factors that affect smooth muscle differen-
tiation are important determinants of lung development and structural modelling,
whereas signals that regulate phenotype plasticity are more relevant to disease
processes and structural changes associated with normal growth of mature organs.

4.4 Mechanisms for phenotypic plasticity

The airway smooth muscle phenotype is regulated by extracellular stimuli, includ-
ing growth factors, contractile agonists acting on G protein-coupled receptors, and
extracellular matrix proteins. Depending on the type of stimulus, smooth muscle
cells can be induced to undergo modulation to a proliferative/synthetic phenotype
or to follow a maturation process leading to the expression of a functionally con-
tractile state. Growth factors such as TGF-f3 and insulin, and extracellular matrix
proteins of the laminin family support the induction of a contractile airway smooth
muscle phenotype, whereas growth factors, such as platelet-derived growth fac-
tor (PDGF) or fetal bovine serum (FBS), and extracellular matrix proteins, such
as fibronectin, support proliferative functions of the smooth muscle cell at the
expense of the capacity to contract (Dekkers et al., 2007; Gosens et al., 2003;
Hirst et al., 2000; Tran et al., 2006). The differential capacity of growth factors
and extracellular matrix proteins to modulate or mature the smooth muscle phe-
notype is probably explained by the induction of unique cassettes of intracellular
signalling pathways.

Maturation of airway smooth muscle cells requires the accumulation of contrac-
tile and regulatory proteins, such as SM22, sm-a-actin, smMHC, calponin, and
desmin. Regulation of the expression of these proteins requires coordinated con-
trol of transcriptional and translational processes (Halayko et al., 2006; Halayko
and Solway, 2001). A number of intracellular signalling cascades, including the
Rho/Rho kinase pathway and Class 1 PI3K (phosphatidyl inositide 3-kinase)-
dependent pathways, have been associated with transcription and translation of
smooth muscle-specific proteins, respectively (Camoretti-Mercado et al., 2000;
2006; Liu et al., 2003; Halayko et al., 2004; Zhou et al., 2005). These pathways
are illustrated in Figure 4.2, and are discussed below.

A common motif shared by 5'-promoter regions of smooth muscle-specific
genes is the presence of CArG box elements [CC(A/T)6GG] that bind dimers
of serum response factor (SRF); these sites are essential for smooth muscle-
specific gene expression, as their mutation renders their promoters inactive (e.g.,
SM22 and smMHC) (Halayko et al., 2006; Solway et al., 1995; 1998). In the
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Translation

Transcription

Figure 4.2 Mechanisms of airway smooth muscle phenotype maturation. Maturation of air-
way smooth muscle cells requires the accumulation of contractile and contraction regulatory
proteins; expression is under coordinated control of transcriptional and translational pro-
cesses. Smooth muscle-specific gene transcription is chiefly requlated by the transcription
factor SRF and its coactivators myocardin (Mcdn) and MAL. Nuclear localization of SRF is
regulated by Rho/Rho kinase-mediated actin polymerization. Protein kinase C activation can
counter effects of Rho/Rho kinase by inducing actin depolymerization. Myocardin binding to
SRF can be prevented competitively by phosphorylated Elk-1, which is targeted by p42/p44
MAP kinase (not shown). Smad signalling, activated by TGF-B receptors, can enhance smooth
muscle-specific gene transcription by the interaction of SRF with regulatory Smad-2, -3, and
-4; inhibitory Smad, Smad-7, suppresses the effects of regulatory Smads on SRF. Transla-
tion of smooth muscle-specific gene transcripts into proteins requires intracellular signalling
by PI3K-dependent pathways. PI3K signalling also disrupts the interaction of the inhibitory
transcription factor, Fox04, with nuclear SRF (not shown). The pathways involved with gene
transcription and protein translation are regulated by extracellular stimuli such as acetyl-
choline, TGF-B, insulin, and growth factors (e.g., PDGF). See text for further details. InsR:
insulin receptor; M3R: muscarinic M; receptor; mTOR: mammalian target of rapamycin; PI3K:
phosphatidyl inositide 3-kinase; SRF: serum response factor; Mcdn: myocardin; PKC: protein
kinase C



78 CH 4 AIRWAY SMOOTH MUSCLE PHENOTYPIC AND FUNCTIONAL PLASTICITY

nucleus, SRF associates with transcriptional coactivators, such as myocardin and
MAL/MKLI1 (megakaryocytic acute leukaemia/megakaryoblastic leukaemia),
which direct SRF to smooth muscle-specific promoters (Miralles et al., 2003;
Wang et al., 2004; Wang and Olson, 2004). Activation of smooth muscle gene
transcription by SRF is further regulated by the Rho/Rho kinase pathway, which
promotes SRF nuclear localization in association with increasing filamentous
actin in the cytoplasm (Liu et al., 2003; Mack et al., 2001; Wang and Olson,
2004) (Figure 4.2). The ability of the Rho/Rho kinase pathway to promote actin
polymerization leads to a loss of globular actin (g-actin), which results in the
release of the SRF coactivator MAL, a g-actin-binding protein (Miralles et al.,
2003). Thus, SREF, a central regulator of smooth muscle-specific gene transcrip-
tion, is under tight control by the Rho/Rho kinase pathway (Gosens et al., 2006;
Halayko et al., 20006).

Rho/Rho kinase activation is regulated by receptor tyrosine kinases and G
protein-coupled receptors through the action of Rho-specific guanine exchange
factors (RhoGEFs). Activation of muscarinic M3 receptors that are coupled to
Gaq also induces RhoA, probably via p63RhoGEF, and promotes Rho kinase-
dependent actin polymerization, leading to SRF translocation and the induction of
smooth muscle-specific gene expression (Gosens et al., 2006). Interestingly, the
concomitant induction of conventional protein kinase C isoforms by Gag-coupled
receptors appears to balance the actin-dependent, pro-transcriptional effects of
RhoA, indicating the existence of complex feedback mechanisms (Wang et al.,
2004) (Figure 4.2). Insulin-induced expression of contractile phenotype markers
and the induction of a functionally hypercontractile phenotype also requires the
Rho/Rho kinase pathway, though the GEFs involved have not yet been identified
(Gosens et al., 2003; Schaafsma et al., 2007). Collectively, this indicates that
stimuli that induce Rho/Rho kinase signalling have the capacity to induce smooth
muscle phenotype maturation, probably through action on SRF-mediated gene
transcription (Figure 4.2).

TGF-f3, a potent inducer of a hypertrophic and hypercontractile airway smooth
muscle phenotype, promotes SRF-dependent gene transcription through activa-
tion of Smad signalling (Camoretti-Mercado et al., 2006; Goldsmith et al., 2006).
TGF- acts on TGFf receptor-1, which then dimerizes with the constitutively
active TGF3 receptor-2 and induces phosphorylation and nuclear translocation of
‘regulatory’ Smad-2, -3, and -4. Regulatory Smads can bind with nuclear SRF to
promote smooth muscle-specific gene transcription, whereas Smad-7 counteracts
this effect (Camoretti-Mercado et al., 2006) (Figure 4.2). TGF-f also regulates
smooth muscle maturation by activating TGF-8 control elements (TCE) located
on the promoters of smooth muscle-specific genes. Collective understanding
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indicates that SRF-dependent gene transcription is controlled by multiple sig-
nalling pathways, which can be selectively activated by extracellular stimuli.

The transcripts from smooth muscle-specific genes must be translated into pro-
teins to affect myocyte phenotype and function. Protein translation is controlled by
several pathways that converge at the level of the ribosome, and a number of these
are required for smooth muscle maturation. Mature smooth muscle cells express
elevated levels of active, phosphorylated kinases with known effects on protein
translation, including PI3K, Aktl, mTOR (mammalian target of rapamycin), and
p70 ribosomal S6 kinase (Halayko et al., 2004). Pharmacological inhibition of
PI3K and mTOR is sufficient to prevent p70 ribosomal S6 kinase activation and
accumulation of smooth muscle-specific proteins (Halayko et al., 2004). Further-
more, active mMTOR can phosphorylate and activate 4E-BP1, a protein that binds to
and activates the eukaryotic initiation factor, e[F4, which initiates protein transla-
tion and contractile protein accumulation (Zhou et al., 2005). Activation of these
PI3K-dependent signalling pathways is required for TGF-f and insulin-induced
airway smooth muscle maturation (Goldsmith et al., 2006; Gosens et al., 2003;
Schaafsma et al., 2007), indicating that in addition to SRF-dependent gene tran-
scription, the translation of smooth muscle-specific proteins is tightly regulated
by specific intracellular signalling pathways (Figure 4.2).

Less is known about the specific mechanisms that trigger modulation of smooth
muscle cells to a more immature phenotype. Highly mitogenic growth factors,
such as PDGF or FBS, induce a proliferative airway smooth muscle phenotype
that is accompanied by a loss in contractile function due to loss of contractile
and contraction regulatory proteins (Gosens et al., 2002; Halayko and Solway,
2001). Paradoxically, activation of the early response gene c-fos, which regulates
cell proliferation, requires SRF to bind to CArG elements embedded in serum
response elements that are present in the c-fos promoter. The apparent duality of
SRF to induce pro-differentiation and pro-proliferative genes can be explained by
the existence of multiple transcriptional coactivators that compete for binding to
SREF, and thereby direct selective induction of gene transcription. When bound to
myocardin, SRF induces smooth muscle-specific genes; in contrast, when bound
to ternary complex factors (TCFs) such as phospho-Elk-1, SRF induces pro-
liferative genes such as c-fos (Wang et al., 2004). As Elk-1 is phosphorylated
by p42/p44 MAP (mitogen-activated protein) kinase, the regulation of p42/p44
MAP kinase is a key determinant of the smooth muscle cell phenotype; for ex-
ample, mitogen-induced phenotype modulation is prevented by inhibitors of the
p42/p44 MAP kinase pathway (Gosens et al., 2002; Roy et al., 2001; Wang et al.,
2004; Wang and Olson, 2004). Thus, there appears to be a crucial role for growth
factor-induced p42/p44 MAP kinase signalling in determining SRF-dependent
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gene transcription targets, and in controlling pro-contractile to pro-mitogenic
functional responses of smooth muscle cells. In contrast to the suppressive effects
of p42/p44 MAP kinase, a recent study revealed that PI3K-Akt1 signalling leads
to phosphorylation of Fox04 forkhead transcription factor, which in its unphos-
phorylated state binds to nuclear myocardin and inhibits its interaction with SRF
(Liu et al., 2005). Thus, targeting of Fox04 by Aktl promotes myocardin-SRF
binding and transcription of smooth muscle-specific genes, whereas suppression
of PI3K-Akt! (and Foxo4 phosphorylation) probably underpins phenotype mod-
ulation. Clearly, transcriptional mechanisms controlling phenotype dynamics of
smooth muscle involve multiple pathways and downstream targets and require
complex spatial and temporal integration in response to external stimuli.

4.5 Functional plasticity of airway smooth muscle:
role in asthma pathogenesis

Mature airway smooth muscle cells retain the ability of phenotype plasticity
that confers multifunctional capacity for a range of cellular responses that in-
clude contraction, proliferation and hypertrophy, migration, and synthesis of pro-
inflammatory and pro-fibrotic cytokines (Figure 4.3). The importance of the broad
functional capacity of these cells in the progression of obstructive airways disease
is emerging (Halayko et al., 2006). By virtue of their plastic nature myocytes can
contribute directly to both reversible, intermittent bronchial spasm and to struc-
tural changes in the airway wall that are associated with irreversible loss of lung
function in patients with long-standing obstructive airways disease (Figure 4.4).
This model is consistent with well-established schema for the role of arterial my-
ocytes in atherogenesis and post-angioplasty restenosis (Campbell et al., 1987,
Halayko and Stephens, 1994; Pease and Paule, 1960).

The capacity of airway smooth muscle cells to synthesize and release pro-
inflammatory biomolecules in response to a plethora of stimuli is well documented
(Howarth et al., 2004). Thus, concomitant with the increased inflammatory mi-
croenvironment that develops in asthmatic airways, airway smooth muscle cells
that undergo phenotype maturation can produce pro-inflammatory cytokines and
support local inflammation. This may also constitute an autocrine mechanism for
maintaining airway smooth muscle cells in a synthetic/proliferative phenotype,
thereby promoting pathogenic aspects of asthma (Chan et al., 2006; Johnson
et al., 2000; 2004; Peng et al., 2005). Details of the repertoire and mechanisms
underlying inflammatory mediator expression and release by airway myocytes are
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Figure 4.3 Phenotypic and functional plasticity of mesenchymal cells in airway remodelling.
ASM cells (dark grey) and myofibroblasts (grey) potentiate inflammation and fibrosis in the
airway wall by releasing pro-inflammatory mediators, and increasing expression of cell adhe-
sion molecules and extracellular matrix (ECM) components. Increased ASM mass results from
myocyte proliferation and cellular hypertrophy induced by growth factors, pro-inflammatory
mediators, and ECM components of the airway wall toward the ASM layer may also contribute
to ASM thickening. In this case, upon reaching the ASM compartment, mesenchymal cells
undergo maturation to a fully contractile state; the entire process is probably modulated by
locally produced cytokines, chemokines, and ECM. Migration of phenotypically modulated ASM
to the submucosal compartment leads to increased numbers of subepithelial myofibroblasts.
ASM: airway smooth muscle; EPI: epithelium; MF: myofibroblasts

presented in Chapter 8 of this volume, and have been described elsewhere
(Halayko and Amrani, 2003).

Cultured airway smooth muscle cells from asthmatics produce increased
amounts and an altered composition of extracellular matrix proteins (Johnson,
2001; Johnson et al., 2000). This contributes to fibrotic changes associated with
asthma that affect airway and lung function due to thickening of the airway wall,
changes in the structural properties of the airway wall, and changes in airway
interdependence with the surrounding parenchyma. Notably, the extracellular ma-
trix appears to affect all aspects of the functional repertoire of smooth muscle cells
(Figure 4.4). Seeding airway smooth muscle onto fibronectin or collagen type-1
promotes a proliferative phenotype, whereas laminin-rich matrices promote
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Figure 4.4 Schematic showing the cascade of biologic responses associated with phenotype
plasticity of airway smooth muscle cells in the pathogenesis of obstructive airways disease
and airways hyperresponsiveness. ASM: airway smooth muscle

retention or maturation of a contractile phenotype (Hirst ef al., 2000; Tran et al.,
2006; 2007). Details of changes in matrix protein composition and its impact
on myocyte function are discussed in Chapter 6; however, it is worth noting
that laminin-2, which is required for myocyte maturation (Tran et al., 20006), is
increased in the asthmatic airway. Thus, it appears that the expression of this
glycoprotein and it receptors may be a central intrinsic mechanism regulating
phenotype maturation and hypertrophy in the adult airway. To date, relatively
little work has focused on the phenotype dependence of extracellular matrix
receptor expression by airway smooth muscle, but this is clearly an area that
warrants considerable attention in the future.

Increased airway smooth muscle mass in asthmatic patients results from cel-
lular hyperplasia and hypertrophy, and is a principal factor underlying the exces-
sive airways narrowing that is characteristic of the disease (Dunnill et al., 1969;
Ebina et al., 1993). There has been considerable investigation of the molecular
signals that regulate airway smooth muscle proliferation in vitro to explain in-
creased airway smooth muscle mass in asthmatics (see Chapter 3). Modulation
of airway smooth muscle cells toward the proliferative phenotype induced by
asthma-associated mitogens promotes an increase in the number of myocytes
in the airway wall. Interestingly, airway smooth muscle cells cultured from
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biopsies taken from asthmatics proliferate at a much faster rate than those cul-
tured from healthy individuals, and this property appears to be directly linked
to changes in the profile of extracellular matrix proteins synthesized by ‘asth-
matic’ myocytes (Johnson, 2001; Johnson et al., 2001; 2004). This suggests the
existence of an intrinsic, stable abnormality in the phenotype of myocytes in asth-
matics that is associated with altered functional responses to asthma-associated
biomolecules. Airway smooth muscle cell hypertrophy appears to contribute to an
increase in airway smooth muscle mass in asthma (Benayoun et al., 2003; Ebina
et al., 1993). Pro-hypertrophic factors identified in cell culture studies include
cardiotrophin, TGF-B1 and endothelin-1 (Goldsmith et al., 2006; McWhinnie
et al., 2006; Zhou et al., 2003). Increased airway smooth muscle mass, even in
mild-to-moderate asthma, is accompanied by increased abundance of proteins
associated with contraction, such as myosin light-chain kinase, which underpins
increased contractility of airway smooth muscle tissue in asthma and in asthma
models (Ammit et al., 2000; Benayoun et al., 2003; Jiang et al., 1992; Woodruff
et al., 2004). This is noteworthy, as airway myocyte maturation appears to be
a parallel process to myocyte hypertrophy (Halayko et al., 2004); this suggests
that increased abundance of contractile phenotype marker proteins may result
from myocyte responses that are consistent with the maturation of contractile
myocytes that occurs during prolonged, serum-free cell culture (Halayko et al.,
1999; 2004).

Additional mechanisms that have been suggested to account for increased in
airway smooth muscle mass in asthma also encompass the multifunctional ca-
pacity of these cells. Migration of fibroblasts from the submucosa to the muscle
layer with concomitant maturation to a contractile myocyte phenotype could un-
derpin accumulation of airway smooth muscle tissue. A similar mechanism, in
which circulating mesenchymal stem cells home and migrate into damaged air-
ways, and then undergo differentiation to smooth muscle phenotypes, has been
postulated (Stewart, 2004). Similar mechanisms have also been suggested to ac-
count for increases in the number of myofibroblasts in the airway submucosa,
whereby airway smooth muscle cells are thought to undergo phenotype modu-
lation, with subsequent migration toward the epithelium. Hard evidence for the
existence of these cellular responses in vivo has not yet been reported; however,
there is evidence from in vitro systems that support their plausibility. For example,
stimuli such as PDGF and leukotrienes, which are upregulated during an acute
asthma attack, can induce airway smooth muscle migration (Goncharova et al.,
2003; Parameswaran et al., 2004); notably, mitogens promote phenotype mod-
ulation, which is consistent with their ability to induce airway smooth muscle
cell migration.
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4.6 Concluding remarks

The dynamic functional behaviour of airway smooth muscle is a unique feature
that may be at the root of biological mechanisms that lead to changes in airway
function and structure in obstructive airways disease. Increased contractile re-
sponses and chronic changes in airway wall structure that manifest as airways
hyperresponsiveness probably results from the plastic and multifunctional be-
haviour of airway smooth muscles cells. For instance, alterations in myocyte
phenotype, in which expression of key regulators of contractility such as myosin
light-chain kinase leads to increased contraction and airway narrowing. Simi-
larly, changes in pharmacological responsiveness of airway myocytes occurs in
response to asthma-associated mediators, and thus underpins increased contractile
sensitivity to inhaled allergic and nonallergic agonists. Notably, airway myocytes
are themselves rich sources of pro-inflammatory mediators, and so they are key
determinants of the local inflammatory environment. Furthermore, fibroprolif-
erative changes of the airway wall, collectively known as airway remodelling,
that are thought to result in the development of irreversible airway dysfunction,
include excessive accumulation of extracellular matrix, airway smooth muscle,
and submucosal myofibroblasts. Each of these pathological features can be linked
to the potential for dynamic changes in airway myocyte phenotype and function.
The role of airway smooth muscle cells in all aspects of the pathogenesis of ob-
structive airways disease is at the forefront of current research in airway biology,
and the advances expected in the next decade will undoubtedly yield significant
insight that may dictate the direction for development of new and more effective
pharmacological interventions.
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5.1 Increases in airway smooth muscle (ASM) mass
and the functional consequences

Increases in airway smooth muscle (ASM) mass were first described in fatal
asthma (Huber and Koessler, 1922); however, new evidence suggests that sub-
jects with mild persistent asthma may also exhibit increased smooth muscle mass
(Woodruff et al., 2004). Although the histological determination of ASM mass
in asthma is well established, the functional consequences of the increased num-
ber and size of myocytes remain unclear. Potentially, alterations in mass could
generate more shortening, leading to increased airway narrowing. Investigators
using mathematical modelling and actual measurements of airway wall thickness
from subjects with asthma showed that increased smooth muscle mass, rather than
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submucosal or adventitial thickening, was the sole structural change likely to in-
crease airways resistance in response to contractile agonists (Lambert ez al., 1993).
Despite these sophisticated modelling systems, ASM mass and the functional con-
sequences are difficult to study in vivo. As a consequence, investigators correlate
ASM mass and asthma severity. High-resolution CT scans of subjects with stable
asthma have shown an increased wall thickness that inversely correlated with air-
way reactivity to methacholine, suggesting that airway remodelling potentially
attenuates airway narrowing (Niimi et al., 2003). Unfortunately, such macroscopic
approaches cannot discriminate epithelial, submucosal, smooth muscle and ad-
ventitial layers, and thus the relative contribution of alterations in ASM mass
remains unclear. Several studies have compared ASM derived from subjects with
asthma to that derived from healthy volunteers (Bai, 1991; Bjorck et al., 1992;
Black, 1991; de Jongste et al., 1987; Goldie et al., 1986; Whicker et al., 1988).
Although some studies have shown enhanced force generation in asthma, oth-
ers have shown normal or reduced stimulated shortening (Bai, 1991). Since data
derived from subjects with asthma are lacking, investigators use animal models
of allergen-induced airway inflammation and hyperresponsiveness to correlate
ASM thickness and function. In some studies, ASM thickness and methacholine
responsiveness increased with ovalbumin sensitization and challenge (Henderson
et al., 2002). Other studies, however, show an uncoupling of ASM proliferation
and responsiveness. After repeated exposures of rats and mice to allergen, airways
hyperresponsiveness and allergic inflammation resolved but ASM proliferation
persisted (Leung et al., 2004; McMillan and Lloyd, 2004). Consistent with human
airways, canine and murine airways showed increased ASM shortening, velocity
and capacity following passive sensitization (Fan et al., 1997; Jiang et al., 1992).
To date, however, only one study has directly examined the effects of smooth
muscle hypertrophy and hyperplasia on ex vivo airway function. These investiga-
tors measured mechanical properties of guinea-pig airway explants treated with
cardiotropin, a member of the interleukin (IL)-6 family (Zheng et al., 2004). Car-
diotropin increased the size and protein synthesis of cultured human bronchial
smooth muscle cells (Zhou et al., 2003) and increased ASM content in guinea-pig
airway explants. Maximum isometric stress, however, was decreased, suggesting
that the contractile apparatus of the enlarged ASM cells may not be completely
functional. Overall, the lack of definitive studies comparing alterations in ASM
mass to functional consequences is a substantial gap in our understanding and
should foster research interest in the future.

Another approach to determining the functional consequences of ASM
mass is to utilize cultured airway myocytes from subjects with asthma in
vitro. Investigators have demonstrated that cultured ASM from subjects with
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asthma proliferates at a faster rate than that from nonasthmatic individuals
(Johnson et al., 2001). While corticosteroids inhibited the proliferation of normal
airway myocytes by reducing cyclin D1 expression and retinoblastoma protein
phosphorylation (Fernandes et al., 1999), steroids apparently failed to modulate
ASM proliferation in cells derived from subjects with asthma. Further, the
investigators suggested that a dysfunctional interaction between C/EBPa and
the glucocorticoid receptor was responsible for the lack of steroid effects (Roth
et al., 2002). Although these results are provocative, further studies are needed
to demonstrate that such processes actually occur in vivo. Despite the limitations
of studying ASM cell proliferation in vitro, substantial progress has been made
in studying the molecular processes that modulate myocyte growth.

5.2 Growth factors, inflammatory mediators and
cytokines modulate ASM proliferation

ASM proliferation

Inflammatory mediators are increased in bronchoalveolar lavage (BAL) from
subjects with asthma, and some induce ASM mitogenesis in vitro. The known
mitogenic stimuli include growth factors, such as epidermal growth factor (EGF),
insulin-like growth factors, platelet-derived growth factor (PDGF) isoforms BB
and AB, and basic fibroblast growth factor; plasma- or inflammatory cell-
derived mediators, such as lysosomal hydrolases ([3-hexosaminidases and 3-
glucuronidase), a-thrombin, tryptase, and sphingosine 1-phosphate (SPP); and
contractile agonists, such as histamine, endothelin-1, substance P, phenylephrine,
serotonin, thromboxane A,, and leukotriene D, (Panettieri et al., 1998) (reviewed
in (Ammit and Panettieri, 2001)).

Although the cytokines IL-1f3, IL-6, and tumor necrosis factor a (TNFa) are
also increased in the BAL of asthmatics (Broide et al., 1992), whether these
cytokines stimulate ASM proliferation in vitro remains controversial. De et al.
(1995) reported that IL-13 and IL-6 cause hyperplasia and hypertrophy of cultured
guinea-pig ASM cells; however, other studies have shown that IL-13 (Belvisi
etal.,1998) and IL-6 (McKay et al.,2000) are not mitogenic for human ASM cells.
McKay et al. (2000) also reported that TNFa (~30 pM) has no immediate mito-
genic effect on human ASM cells. These results are in contrast to those of Stewart
etal. (1995); there the proliferative effect of TNFo on human ASM cells appeared
to be biphasic; low concentrations of TNFa (0.3-30 pM) were promitogenic,
while at higher concentrations (300 pM), the mitogenic effect was abolished. Such
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conflicting reports may be due to cytokine-induced cyclo-oxygenase 2-dependent
prostanoid production (Belvisi et al., 1998). Recent evidence suggests that
TNFa induces interferon 3 secretion, which in turn inhibits ASM mitogenesis.
Thus, autocrine secreton of interferon [3 regulates cytokine effects on ASM cell
growth (Tliba et al., 2003). Cyclo-oxygenase products, such as prostaglandin Ej,
inhibit DNA synthesis (Belvisi et al., 1998). Therefore, cytokine-induced prolif-
erative responses in ASM may be greater under conditions of cyclo-oxygenase
inhibition, in which the expression of growth inhibitory prostanoids, such as
prostaglandin E,, is limited (Belvisi ef al., 1998; De et al., 1995; Stewart et al.,
1995).

Airway remodelling, a key feature of persistent asthma, is also characterized
by the deposition of extracellular matrix (ECM) proteins in the airways (Laiti-
nen and Laitinen, 1995; Roberts, 1995). ECM proteins (collagen I, III, and V;
fibronectin; tenascin; hyaluronan; versican; and laminin o2/32) are increased in
asthmatic airways (Altraja et al., 1996; Bousquet et al., 1995; Laitinen and Laiti-
nen, 1995; Roberts and Burke, 1998). Components of the ECM also modulate
mitogen-induced ASM growth. Fibronectin and collagen I increase human ASM
cell mitogenesis in response to PDGF-BB or a-thrombin, whereas laminin inhibits
proliferation (Hirst et al., 2000a). In this study, the increase in cell proliferation
was accompanied by a decrease in expression of smooth muscle cell contractile
proteins, such as a-actin, calponin and myosin heavy chain, suggesting that the
matrix may also modulate smooth muscle phenotype. Recently, human ASM cells
were shown to secrete ECM proteins in response to asthmatic sera (Johnson et al.,
2000), suggesting a cellular source for ECM deposition in airways, and implicat-
ing a novel mechanism in which ASM cells may modulate autocrine proliferative
responses.

Cell-cycle regulation

Extracellular stimuli transduce proliferative responses that move the cell through
the cell cycle, which comprises distinct phases termed Gy, S (DNA synthesis), G,
and M (mitosis) (Figure 5.1). ASM growth appears to occur by activating cell-
cycle events similar to those described in other cell types. Hence, the following
section provides an overview of the mammalian cell cycle (reviewed in (Sherr,
1994; Sherr and Roberts, 1999)) with particular emphasis on G;-to-S transition,
the most widely studied cell-cycle phase in ASM biology, shown schematically in
Figure 5.1. While many of the studies cited refer to ASM, the general phenomena
are typical of other normal and malignant cell types.
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Figure 5.1 Schematic representation of the G;-to-S transition phase in the cell cycle. In
response to mitogens, cells enter the cell cycle from the Go/G;a phase. D-type cyclins (D1
shown here) are expressed, while the levels of the CKI p27X"*, usually high in quiescent cells,
fall in response to mitogenic stimulation. Progression through the G, phase initially depends
on holoenzymes composed of the D-type cyclins in association with cyclin-dependent kinases,
CDK4 or CDK6. Most p27%P! becomes complexed with cyclin D-CDK, allowing activation of the
cyclin E-CDK2 complex. Together, cyclin E and CDK2 act in a cascade to hyperphosphorylate
pRb, which then releases the elongation factor E2F, which activates DNA polymerase. Cell
commitment to traverse completely through to mitosis is achieved on or near this point,
termed the restriction point (R), in the cell cycle. Subsequently, cells initiate DNA synthesis
(S-phase) (from Ammit, A. J. and Panettieri, Jr., R. P. (2001). J Appl Physiol 91, 1431 (Ammit
and Panettieri, 2001)). (Reproduced with permission from the Journal of Applied Physiology,
Vol. 91, pp. 1431-1437, 2001. (©) 2005 The American Physiological Society)

To date, few studies have examined ASM cell growth in vivo. Proliferative
responses in ASM cells are often studied in cell-culture models. ASM cells are
grown to confluence, and then growth-arrested in low-serum media or serum-free
conditions for 24-48 h (Panettieri et al., 1989; 1990). This experimental design
synchronizes ASM cells in the Gy or early G| phase (G14) of the cell cycle where
ASM minimally incorporates [*S]methionine and [*H]thymidine (Panettieri
et al., 1989; 1990). As cells enter the cycle from Gy/Gja, one or more D-type
cyclins (D1, D2, and D3) are expressed as part of the delayed early response to
mitogen stimulation, as shown in Figure 5.1. Progression through the G, phase
initially depends on holoenzymes composed of one or more of the D type cyclins
(D1, D2, and/or D3) in association with cyclin-dependent kinases, CDK4 or
CDKa6. This is followed by activation of the cyclin E-CDK?2 complex as cells
approach the G1/S transition. Together, cyclin E and CDK2 act to hyperphospho-
rylate retinoblastoma protein (pRb), which then releases the elongation factor
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E2F that activates DNA polymerase. This step, termed the restriction point,
represents the point of no return; cell commitment to undergo DNA synthesis
(S phase) and mitosis is inevitable. In ASM cells, S phase is commonly detected
by using incorporation of radiolabeled thymidine (Panettieri et al., 1989; 1990),
or by immunofluorescent detection of the thymidine analogue 5-bromo-2’-
deoxyuridine (Ammit et al., 1999). At each phase of G;-to-S transition, CDK
activities can also be constrained by CDK inhibitors (CKIs). CKIs are assigned
to two families by their structures and CDK targets: i) the INK4 family (p16™K42,
p15MNK4b 518INKde " and p19™NK4d) gpecifically inhibits the catalytic subunits of
CDK4 and CDKG6; ii) the Cip/Kip family (p21©P!, p27XiP! "and p57XiP?) inhibits
the activities of cyclin D-, E-, and A-dependent kinases (Sherr and Roberts, 1995).

Regulation of cell cycle in ASM cell proliferation

ASM mitogens may act via different receptor-operated mechanisms (reviewed in
(Hirst et al., 2000b)), as shown in Figure 5.2. While growth factors induce ASM
cell mitogenesis by activating receptors with intrinsic protein tyrosine kinase
(RTK) activity, contractile agonists released from inflammatory cells mediate
their effects via activation of seven transmembrane G protein-coupled receptors
(GPCRs). Cytokines signal through cell-surface glycoprotein receptors that func-
tion as oligomeric complexes consisting typically of two to four receptor chains
(Bagley et al., 1997), coupled to Src family non-receptor tyrosine kinases, such
as lyn (Bolen and Brugge, 1997).

Despite disparate receptor-operated mechanisms, recent evidence suggests that
the small guanidine triphosphatase (GTPase), p21ras, acts as a point of con-
vergence for diverse extracellular signal-stimulated pathways in ASM cells, as
shown in Figure 5.2 (Ammit et al., 1999). Interestingly, synergy can occur be-
tween RTK and GPCRs, promoting human ASM mitogenesis and p2lras acti-
vation (Krymskaya et al., 2000). In their GTP-bound active state, p21ras pro-
teins interact with downstream effectors, namely, Raf-1 and phosphatidylinositol
3-kinase (PI3K). By recruiting Raf-1, a 74-kDa cytoplasmic serine/threonine ki-
nase, to the plasma membrane, GTP-bound p2lras activates the extracellular
signal-regulated kinase (ERK) pathway, although Raf-1-independent signalling
to ERK also has been shown (Kartha et al., 1999). P21ras also binds and acti-
vates PI3K by using specific regions termed switch I (Asp**—~Asp?*®) and switch
IT (Gly®*—Glu’®) (Pacold et al., 2000; Rodriguez-Viciana et al., 1994). Although
alternative pathways do exist, such as protein kinase C-dependent pathways (re-
viewed in (Hirst et al., 2000b)) or reactive oxygen-dependent pathways (Brar
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et al., 1999), PI3K and ERK activation appears to be the predominant sig-
nal transduction pathway for RTK-, GPCR-, or cytokine-stimulated growth of
ASM cells.

Extracellular signal-regulated kinase pathway

Raf-1 activation induces phosphorylation and activation of mitogen-activated pro-
tein (MAP) kinase/extracellular signal-regulated kinase (ERK) kinase (MEK1).
Activated MEK1 then directly phosphorylates (on both tyrosine and threonine
residues) and activates the 42-kDa ERK?2 and 44-kDa ERK1, also collectively
referred to as p42/p44 MAP kinases, as shown in Figure 5.2. In bovine ASM,

extracellular

intracellular

Raf-1 \ PI3K

MEK 1 . 1 R
p7086kmase o Cdc42
ERK s Rael ™
~ <
ASM cell proliferatio)

nucleus

Figure 5.2 Schematic representation of signal transduction mechanisms that regulate ASM
cell proliferation. ASM mitogens act via RTKs, cytokine receptors, or GPCRs to activate the
small GTPase p21ras. p21ras proteins then interact with the downstream effectors, Raf-1 and
PI3K. Raf-1 activates MEK1, which then phosphorylates ERK. PI3K activates the downstream
effectors, p70°% or members of the Rho family GTPases, Rac1 and Cdc42 (although whether
Cdc42 acts upstream of Racl, or cross-talk exists is unknown [indicated by the dashed lines]).
ERK, PI3K, and the downstream effectors of PI3K regulate cell-cycle proteins, and thus the
ERK and PI3K pathways are considered to be two major independent signaling pathways
regulating ASM cell growth (from Ammit, A. J. and Panettieri, Jr., R. P. (2001). J App! Physiol
91, 1431 (Ammit and Panettieri, 2001)). (Reproduced with permission from the Journal of
Applied Physiology, Vol. 91, pp. 1431-1437, 2001. (© The American Physiological Society)



96 CH 5 AIRWAY SMOOTH MUSCLE PROLIFERATION

inhibition of MEK1 and ERK activity attenuates PDGF-induced DNA synthe-
sis, suggesting that activation of MEK1 and ERKSs is required for proliferation
(Karpova et al., 1997). In human ASM (Orsini ef al., 1999), mitogens, including
EGF, PDGF-BB, and thrombin, produced a robust and sustained activation of
ERK1 and ERK?2 that was correlated with ASM growth responses and was inhib-
ited by MEK1 inhibition. Studies such as these suggest that the ERK pathway is
a key signalling event mediating mitogen-induced ASM proliferation.

D-type cyclins (cyclins D1, D2, and D3) are key regulators of G; progression
in mammalian cells; consequently, cyclin D1 has been the most widely studied
cyclin in ASM biology. In bovine ASM, mitogenic stimulation with PDGF in-
duced cyclin D1 transcriptional activation and protein synthesis, with consequent
hyperphosphorylation of pRb, while microinjection with a neutralizing antibody
against cyclin D1 inhibited serum-induced S-phase traversal (Xiong et al., 1997).
These studies suggest that cyclin D1 is a key downstream target of ERKs, and
that downstream transcription factor targets of ERKs regulate cyclin D1 pro-
moter transcriptional activity and cell-cycle progression. This is also suggested
in studies where MEK1 inhibitor and a dominant negative mutant of MEK1 or
ERK abolished PDGF-induced cyclin D1 promoter activity or cyclin D1 expres-
sion (Ramakrishnan et al., 1998). Expression of a constitutively active p21ras
induced ERK activation and transcriptional activation of the cyclin D1 promoter,
suggesting a role of p21ras in regulating the ERK pathway (Page et al., 1999a).

Evidence now suggests that ERK activation induces expression of cyclin D1 in
ASM cells. Hence, recent studies have focused on the transcriptional regulation
of ERK-induced cyclin D1 accumulation. The promoter region of cyclin D1
(Herber et al., 1994) contains multiple cis-elements potentially important for
transcriptional activation, including binding sites for simian virus 40 protein 1
(Spl), activator protein-1 (AP-1), signal transducers and activators of transcrip-
tion (STAT), nuclear factor kB (NF-kB), and cAMP response element-binding
protein/activating transcription factor-2 (CREB/ATF-2) (Nagata et al., 2000).
Orsini et al. (1999) showed that mitogen-induced ERK activation, thymidine
incorporation, and Elk-1 and AP-1 reporter activity were similarly abrogated
by MEKI inhibition. Such studies suggest a link between ERK activation,
transcription factor activation, cyclin D1 expression, and ASM proliferation.
Similarly, MEK1 inhibition also attenuated expression of c-Fos (Lee et al.,
2001), suggesting that c-Fos may be one or both of the dimer pairs in the AP-1
transcription factor complex responsible for cyclin D1 expression in ASM
cells. Whether ERK-dependent transcriptional regulation of cyclin D1 gene
expression is via direct cis-activation with AP-1 dimers (composed of c-Fos), or
via Elk-1 mediated frans-activation, requires further investigation. In addition,
cyclin D1 protein, but not mRNA levels, was affected by MEK1 inhibition
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(Ravenhall et al., 2000), suggesting that post-transcriptional control of cyclin
D1 protein levels may also occur independently of the MEK1/ERK signalling
pathways.

Another critical cell-cycle protein is p27XP! (Sherr and Roberts, 1999), as
shown in Figure 5.1. In quiescent cells, the cytosolic protein levels of p27%iP!
remain high. A coordinated increase of cyclin D1 expression promotes complex-
ing of unbound p27X"P! molecules with cyclin D-dependent kinases, relieving
cyclin E-CDK2 from CKI constraint, and thereby facilitating cyclin E-CDK?2
activation later in the G| phase (Sherr and Roberts, 1999). In human ASM cells
(Ammit et al., 2001), SPP, an agonist that activates multiple GPCRs, was shown
to increase cyclin D1 levels and decrease p27XP!, possibly via an ERK-mediated
pathway (Pyne and Pyne, 1996). SPP also appeared to augment EGF- and
thrombin-induced DNA proliferation by increasing G;/S progression (Ammit
et al.,2001). This was due to an enhancement of the stimulatory/inhibitory effect
of EGF and thrombin on cyclin D1/p27%P! expression by SPP (Ammit et al.,
2001). A summary of the signal transduction pathways that modulate cell-cycle
events in ASM is shown in Figure 5.2.

Phosphatidylinositol 3-kinase pathway

PI3K isoforms are divided into three classes by their structure and substrate
specificity (Rameh and Cantley, 1999). Class IA PI3Ks are cytoplasmic het-
erodimers composed of a 110-kDa (p110a, -, or -3) catalytic subunit and an
85-kDa (p85, p55, or p50) adaptor protein. Class IA isoforms can be activated
by RTKs and nonreceptor tyrosine kinases, whereas class IB p110vy is activated
by GB+y subunits of GPCRs. Class II isoforms are mainly associated with the
phospholipid membranes, and are concentrated in the trans-Golgi network and
present in clathrin-coated vesicles (Domin et al., 2000). Class III isoforms are
structurally related to the yeast vesicular sorting protein Vps34p (Volinia et al.,
1995). Recent data (Krymskaya et al., 2001) show that human ASM cells express
class IA, II, and III PI3K, but not the class IB p110y isoform.

PI3K phosphorylates membrane phosphoinositides on the D3 hydroxyl of the
inositol ring to form the phosphoinositides (PI) 3-phosphate, PI 3,4-diphosphate,
and PI 3,4,5-triphosphate. These D3 phosphoinositides function as second mes-
sengers and activate downstream effector molecules, such as the 70-kDa, riboso-
mal S6 kinase (p705%%) (Krymskaya et al., 1999; Scott et al., 1996) or members
of the Rho family GTPases (Racl (Page et al., 1999b) and Cdc42 (Bauerfeld
et al.,2001), but not RhoA (Bauerfeld ez al., 2001)) to regulate cell-cycle protein
expression and thus modulate cell-cycle traversal in ASM cells.
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The use of PI3K inhibitors has shown that activation of PI3K is critical for
ASM cell-cycle progression in human (Krymskaya et al., 1999) and bovine ASM
(Scott et al., 1996; Walker et al., 1998). Transfection or microinjection of cells
with constitutively active class IA PI3K alone markedly increased DNA synthesis
(Krymskaya et al., 2001). This is the first study to show that a constitutively active
signalling molecule can induce DNA synthesis in human ASM cells. The extent of
DNA synthesis stimulated in cells microinjected with constitutively active PI3K,
however, was substantially less than that induced by receptor-mediated pathways.
These data suggest that although active PI3K is sufficient to stimulate ASM DNA
synthesis, other signalling events are also necessary to promote maximal ASM
growth responses. Interestingly, PI3K inhibition does not alter ERK activation
(Krymskaya et al., 1999), confirming that PI3K regulates DNA synthesis in an
ERK-independent or possibly parallel manner.

In bovine (Scott et al., 1996) and human ASM (Krymskaya et al., 1999), ra-
pamycin, an inhibitor of p705%, attenuates growth factor-induced DNA synthesis,
showing that p705® is an essential step in the pathway to ASM cellular prolifera-
tion, as shown in Figure 5.2. Through the phosphorylation of the 40S ribosomal
protein, p705% upregulates the translation of mRNAs that contain an oligopyrim-
idine tract at their transcriptional start site. Such mRNA moieties encode proteins
required for cell-cycle progression in the G; phase, such as the elongation factor
E2F (Brennan et al., 1999).

Studies have also examined the involvement of the Rho GTPases, Racl (Page
et al., 1999b), Cdc42 (Bauerfeld et al., 2001), and RhoA (Bauerfeld ez al., 2001)
in cyclin D1 upregulation and bovine ASM proliferation. Racl overexpression in-
duced transcription of a cyclin D1 promoter construct, while a dominant-negative
allele of Racl inhibited PDGF-induced cyclin D1 transcription (Page et al.,
1999b). Racl-induced cyclin D1 promoter activation was also independent of
ERK, since inhibition of MEK 1 had little effect (Page et al., 1999b). In other stud-
ies, overexpression of the catalytically active subunit of PI3K (p110°"B3XCAAX)
was sufficient to activate the cyclin D1 promoter, and cyclin D1 promoter acti-
vation could be attenuated by inhibitors of Racl signalling (Page et al., 2000).
These results suggest that Racl may be downstream of PI3K; however, further
study is necessary to confirm this observation. Other studies using overexpression
constructs of Cdc42 and RhoA also showed that overexpression of Cdc42, but not
RhoA, induced transcription from the cyclin D1 promoter in an ERK-independent
manner (Bauerfeld et al., 2001). In addition, p110P3XCAAX (Page et al., 2000),
Racl (Page et al.,2000), and Cdc42 (Bauerfeld et al.,2001) were shown to activate
the cyclin D1 promoter via the CREB/ATF-2 binding site. These results led the in-
vestigators to speculate that Cdc42 acts upstream of Racl (Bauerfeld ez al., 2001).
Whether this implicates PI3K in a linked signalling cascade remains unknown.
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Inhibition of ASM cell proliferation by anti-asthma therapies

The most widely used therapies for the control of asthma symptoms are the
corticosteroids and the [3;-agonists. Inhaled corticosteroids inhibit inflammatory
cell activation, while [3;-agonists are effective bronchodilators. In addition, these
anti-asthma therapies are potent inhibitors of ASM cell proliferation.

[3,-agonists activate the (,-adrenergic receptor G,-adenylyl cyclase pathway
to elevate 3',5’-cyclic adenosine monophosphate (cAMP) in ASM cells. Because
of their cAMP-elevating ability (Tomlinson ef al., 1995), albuterol (Tomlinson
et al., 1994) and fenoterol (Stewart et al., 1997) have been shown to inhibit
mitogen-induced proliferation of human ASM cells. 3,-Adrenergic receptor ag-
onists and other cAMP-elevating agents are thought to induce G, arrest by post-
transcriptionally inhibiting cyclin D1 protein levels by action on a proteasome-
dependent degradation pathway (Stewart et al., 1999). Musa et al. (1999)
examined the effects of forskolin, an activator of adenylate cyclase, on DNA syn-
thesis, cyclin D1 expression, cAMP response element-binding protein (CREB)
phosphorylation, and DNA binding in bovine ASM. By increasing cAMP in ASM
cells, Musa et al. (1999) showed that forskolin suppressed cyclin D; gene expres-
sion by phosphorylation and transactivation of CREB, suggesting that the effect
of cAMP on cyclin D1 gene expression is by cis-repression of the cyclin D1
promoter.

In human ASM (Fernandes et al., 1999), the corticosteroids dexamethasone
and fluticasone propionate were shown to arrest ASM cells in the G; phase
of the cell cycle. In this study, corticosteroids reduced thrombin-stimulated in-
creases in cyclin D1 protein and mRNA levels, and attenuated pRb phospho-
rylation, via a pathway either downstream of, or parallel to, the ERK cascade
(Fernandes et al., 1999). The difference between the relative inhibition of RTK-
and GPCR-mediated ASM cell growth by dexamethasone suggests that steroid
effects on ASM mitogenesis are complex. Further elucidation of the signalling
and transcriptional targets to inhibit cell-cycle progression by corticosteroids
and [3,-agonists may indicate how these anti-asthma therapies could be used op-
timally, and possibly in combination, to modulate airway wall remodelling in
asthma.
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6.1 Overview

Inflammation and subepithelial layer fibrosis are characteristic features of asth-
matic airways. The fibrotic response includes an increase in volume occupied by
extracellular matrix (ECM) tissue, as well as changes in its composition favouring
wound type collagens, fibronectin, and several glycoproteins and proteoglycans
normally associated with lung development and injury repair. Airway smooth
muscle (ASM) secretes multiple ECM proteins and ECM-degrading enzymes in
response to pro-fibrogenic stimuli, identifying it as a putative cellular source and
regulator of ECM composition in the airways. ASM cells also express variable
levels of integrins, the major receptors for the ECM, and so have the capacity
to interact with their immediate ECM environment. ASM cells from asthmatic
subjects secrete higher levels of ECM and emerging data strongly implicate the
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ECM as a critical regulator of all the known functions of ASM including contrac-
tion, attachment and migration, apoptosis, proliferation and cytokine production.
Alterations in the ECM composition may also determine responses of ASM to
frontline anti-asthma therapy. Currently available frontline therapies such as glu-
cocorticoids and 3;-adrenoceptor agonists are poorly effective in preventing ECM
protein accumulation, and contact with the ECM appears to regulate the efficacy
of these drugs on ASM function. In the case of glucocorticoids, these drugs may
even contribute to local ECM changes. Further understanding of the role of the
ECM and integrins in modulating ASM function in asthma and other chronic
lung diseases may provide novel therapeutic targets that prevent or reverse the
remodelling process as well as offering improvements in the efficacy of existing
therapies.

6.2 Introduction

Tissue remodelling and persistent inflammation are key features of the airway
wall of various lung disorders, including asthma (Bousquet et al., 1995; Davies
etal.,2003), chronic obstructive pulmonary disease (Jeffery, 2001), cystic fibrosis
(Hays et al., 2005) and chronic lung disease of immaturity (bronchopulmonary
dysplasia). Two prominent components of the remodelling process in patients with
asthma include accumulation of airway smooth muscle (ASM) and alterations
in the amount and composition of extracellular matrix (ECM) proteins (Roberts
etal.,2002; Roche, 1991; Roche et al., 1989). Together, these changes are thought
to underlie the cause of increased airway narrowing and hyperresponsiveness, and
the exaggerated bronchoconstrictor response to various unrelated stimuli, as well
as the progressive loss of reversibility of airflow obstruction seen in patients with
asthma (Jeffery, 2001).

The ECM forms the supporting structure for the airway wall, and ASM cells
are found surrounded by a bed of ECM (Figure 6.1) (James, 2005). The ECM in
the airways and in all tissues of the body is a complex ordered aggregate com-
prising several classes of macromolecules. These are the collagen superfamily,
where approximately 28 different forms of collagen are known, of which half are
found in the lung (Thickett et al., 2001), the structural glycoproteins (including
fibronectin, laminins, tenascins, thrombospondin, osteonectin, fibrillin and vit-
ronectin), the proteogylcans (such as bigylcan, decorin, versican and perlecan),
the glycosaminoglycans (hyaluronan, heparin sulphate and chondroitin sulphate)
and elastin. With the exception of elastin and the glycosaminoglycans, each class
of matrix macromolecule comprises families of structurally related proteins, each
member being a unique gene product (Labat-Robert and Robert, 2005). It is now
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Figure 6.1 Photomicrograph (x200) of airway smooth muscle (ASM) (red) and extracellular
matrix (ECM) (blue) seen in a transverse section of a normal human airway stained with
Masson’s trichrome. ECM is present throughout the airway wall, and ASM bundles are embedded
within and surrounded by the ECM. Also shown is the ciliated epithelium (Epi). (For a colour
reproduction of this figure, please see the colour section, located towards the centre of the
book).

widely acknowledged that the complex matrix resulting from this macromolecu-
lar diversity goes beyond being a structurally stable material that provides support
for cells and tissues. Instead, the ECM also provides direct signals to cells, of-
ten via integrins expressed at the cell surface, to modulate many pivotal cellular
functions, including proliferation, differentiation and migration. The ECM also
acts as a reservoir for stored inflammatory mediators and growth factors, which
can be activated or released via matrix metalloproteinases (MMPs). The physical
properties of the various elements that comprise the ECM can profoundly alter
the fluid balance and elasticity of the airway wall.

The ECM is not a static structure; rather, it is in a state of continuous turnover.
In the lung, total collagen turnover has been estimated to be as high as 10-15%
per day (McAnulty et al., 1988). In the bronchoalveolar lavage (BAL) fluid of
asthmatics, increased levels of fibronectin, hyaluronan and laminin breakdown
products (reflecting increased ECM turnover) are found, correlating with asthma
severity (Bousquet et al., 1991; Meerschaert et al., 1999). Vitronectin, fibronectin
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and collagen type III levels are increased in BAL fluid in other inflammatory lung
diseases such as extrinsic allergic alveolitis (Teschler et al., 1993a; 1993b). The
composition and turnover of the ECM is regulated in at least three ways: firstly, by
the synthesis of new proteins and other ECM components; secondly, by its degra-
dation through the activity of MMPs and A disintegrin and metalloproteinases
(ADAMs); and, thirdly, by the action of endogenous tissue inhibitors of MMPs, the
so-called TIMPs, which act to oppose or inhibit the action of the MMPs. Although
not the only cell in the airway wall involved in the dynamic regulation of the ECM,
ASM contributes to the turnover of ECM by producing ECM proteins (Johnson
et al., 2000), MMPs and TIMPs (Elshaw et al., 2004), ADAMSs (Haitchi et al.,
2005) and other key molecules intimately associated with ECM regulation, such
as the pro-fibrotic growth factors transforming growth factor (TGF)- (Coutts
et al., 2001) and connective tissue growth factor (CTGF) (Burgess et al., 2003).

6.3 Airway extracellular matrix (ECM) in health
and disease

Accumulating evidence strongly supports key changes in the ECM in chronic air-
way diseases following repeated cycles of injury and repair, particularly in asthma,
chronic obstructive pulmonary disease (COPD) and cystic fibrosis. Most is known
of the changes occurring in asthma whereby the ECM contributes to thickening
of the subepithelial basement membrane (Jeffery, 2001), increased ASM accu-
mulation (Thomson et al., 1996) and overall increased adventitial thickness. The
effect of this remodelling of the ECM on airway function in asthma is uncertain
(reviewed in MacParland et al., 2003). It has been proposed that thickening of the
subepithelial basement membrane ECM is a protective response that can limit the
magnitude of airway narrowing. Likewise, increases in ECM within ASM bundles
may protect against excess bronchoconstriction by providing internal resistance
to shortening (Pare et al., 1997; Thomson et al., 1996). However, mathematical
modelling studies predict that airway wall remodelling underlies the develop-
ment of airway hyperresponsiveness in asthma (James et al., 1989). In keeping
with this, ECM remodelling in the airway adventitia may uncouple ASM tissue
from the parenchymal elastic recoil, and thus exaggerate narrowing during ASM
shortening (Macklem, 1996).

As well as changes in the quantity of ECM in chronic lung disease, stud-
ies of airway secretions and airway histology have revealed marked changes in
its composition. A key histopathologic feature of the asthmatic airway is the
thickened subepithelial basement membrane, which has a hyaline appearance
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(Jeffery, 2001). This is associated with increased deposition of collagens I, III
and V; laminin a2 and (32 chains; fibronectin; and tenascin (Altraja et al., 1996;
Flood-Page et al., 2003; Laitinen et al., 1997; Roche et al., 1989), as well as a
potential contribution from oedema (Jeffery, 2001). Some of these changes appear
very early; in particular, tenascin, lumican and procollagen type III levels are in-
creased in asthmatic airways as early as 24 h after allergen challenge (Flood-Page
et al., 2003). In contrast to the thickening of the subepithelial basement mem-
brane in the airways seen in asthma, there is usually no change in this thickness
in smokers with chronic bronchitis or COPD (Jeffery, 2001). A study examining
ECM differences in endobronchial biopsies found more fibroblasts and collagen
IIT staining in biopsies from patients with persistent severe asthma than in normal
subjects. In contrast, there were fewer fibroblasts and no difference in total col-
lagen III staining in COPD patients, indicating a relative lack of fibrotic changes
in the proximal large airways in COPD (Benayoun et al., 2003).

Total proteoglycan levels are increased in asthmatic airways (Huang et al.,
1999; Roberts and Burke, 1998). Versican, a large chondroitin sulphate proteo-
glycan, was expressed in the airways in fatal asthma (Roberts, 1995). Although
decorin was poorly expressed in the airways and ASM bundles of healthy subjects
and those with mild asthma (Huang et al., 1999), levels of two other small pro-
teoglycans, biglycan and lumican, and the glycosaminoglycan, hyaluronan, were
elevated in the airways of asthmatics (Bousquet et al., 1991; Huang et al., 1999).
In arecent report, immunolabelling for biglycan, lumican and versican was promi-
nent in the ASM layer in moderate asthmatics. Staining for these proteoglycans
within the ASM layer was relatively sparse in severe asthmatics, although it was
still greater than that observed in control subjects (Pini et al., 2007). In contrast,
levels of biglycan, decorin and interstitial proteoglycans were reported to be re-
duced in COPD, but only when the condition was severe (van Straaten et al., 1999).
These changes were noted in the peribronchial area of small airways, but without
changes in expression of collagen types I, III and IV; laminin; or fibronectin.

The role of elastic fibre changes in asthmatic airways is unclear. Bousquet
et al. (1996) showed an abnormal distribution of elastic fibres in the submucosa
of asthmatics, but another study suggested no difference in amount of elastic fibres
compared with healthy subjects (Godfrey et al., 1995). Deeper within the mucosa,
increased collagen type I, hyaluronan and versican have been found localized
within and surrounding ASM bundles from individuals with atopic asthma (Huang
etal., 1999; Roberts et al., 2002; Wilson and Li, 1997). In adventitial areas, there
was an increase in ECM deposition in small airways (Cosio et al., 1978; de Boer
et al., 1998), perhaps indicating that the fibrotic process is more important in
the small airways. Moreover, remodelling of the airway wall differed between
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moderate and severe asthmatics in terms of proteoglycan expression (Pini et al.,
2007). Although deposition in the subepithelial layer was similar in the two groups
of asthmatic patients, moderate asthmatics had greater proteoglycan deposition
within the ASM layer than severe asthmatics and healthy controls. Overall, the
pattern of ECM deposition in COPD differs subtly from that found in asthma,
where changes are localized predominantly in the subepithelial layers. In COPD,
this deposition may be more diffuse throughout the airway wall, but the extent of
changes in ECM in COPD has yet to be fully investigated.

6.4 Integrins

Integrins are the principal cell-surface receptors for ECM proteins such as colla-
gen, fibronectin and laminin, and comprise two non-covalently linked transmem-
brane heterodimers, o and 3, the combination of which confers selectivity for the
multitude of ECM protein ligands. Eighteen o and eight 3 subunits form the 24
known af3-heterodimers depending on cell type and cellular function (Staunton
et al., 2006). Their extracellular domains recognize the short tripeptide Arg—
Gly—Asp (RGD) sequence present in many ECM proteins, including collagens
and fibronectin. Integrins mediate signalling from the extracellular space into the
cell through integrin-associated signalling and adaptor molecules such as FAK
(focal adhesion kinase), ILK (integrin-linked kinase), PINCH (a particularly in-
teresting, new, cysteine-histidine-rich protein) and Nck2 (non-catalytic (region
of) tyrosine kinase adaptor protein 2). Via these molecules, integrin signalling
interacts tightly and cooperatively with receptor tyrosine kinase signalling to reg-
ulate survival, proliferation and cell shape as well as polarity, adhesion, migration
and differentiation. Integrins are also known as bidirectional receptors. Thus, in-
tegrin activation can also be utilized to signal from within the cell out to the ECM.
In this way, cells can modulate integrin ligand-binding affinity and control cell
adhesion (reviewed by Hynes, 2002), but this aspect of integrin biology has not
been studied in detail in ASM.

Little is known of the expression of integrins in intact ASM in the airway wall
or in disease. Histologic analysis has demonstrated that healthy human ASM cells
in situ express integrins a1, o3, B1 and B3, but not a2, a6, or 4 (Damjanovich
etal., 1992; Pilewski et al., 1997, Virtanen et al., 1996; Weinacker et al., 1995). In
culture, human ASM cells expressed varying levels of integrins a1-5, av, 31 and
3, with a2, o5 and B1 being universally expressed (Freyer et al., 2001; Nguyen
et al., 2005) (Figure 6.2). Integrin B2, 34 and (35 subunits were not expressed
in cultured cells (Freyer et al., 2001; Nguyen et al., 2005). The reasons for the
discrepancy in integrin o subunit expression between cultured ASM cells and
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Figure 6.2 Fluorescent immunocytochemical localization of major integrins expressed by
cultured human airway smooth muscle cells. Cell nuclei (blue) are labelled with the nucleic
acid stain, Hoechst 33342 (x400). (For a colour reproduction of this figure, please see the
colour section, located towards the centre of the book).

ASM in the intact airway wall are unclear but may relate to removal of these
cells from their native environment or their proliferative status when in culture
(Pickering et al.,2000). The expression pattern in ASM represents less than half of
the known heterodimers. No information exists for other fibronectin, and laminin
receptors belonging to the 31 subfamily (a7—a11) or for 6—B8 integrins, and
there are no data for their expression on ASM from asthmatics or patients with
other lung diseases such as COPD.

6.5 Airway smooth muscle (ASM) as a modulator
of airway ECM

As well as having the capacity to respond to ECM signals via expression of
multiple integrin receptors, ASM cells synthesize a variety of ECM substrates
in vitro, including collagens type I and IV, fibronectin, elastin, laminins, and
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the chrondroitin sulphate proteoglycans, biglycan, decorin and perlecan (Coutts
et al., 2001; Johnson et al., 2000; Panettieri et al., 1998). Many of these ECM
components are upregulated in ASM by stimulation with growth factors such as
TGFp (Coutts et al., 2001; Johnson et al., 2006; Panettieri et al., 1998), vascular
endothelial growth factor (Kazi et al., 2004) and CTGF (Johnson et al., 2006),
although gene expression for decorin is downregulated following TGFf3 stimula-
tion (Burgess et al., 2003), and the cysteinyl leukotrienes appear to have a varying
role (Panettieri et al., 1998).

Exposure of human ASM in culture to serum from an asthmatic individual
is reported to enhance the production of fibronectin, laminin a1, perlecan and
chondroitin sulphate compared with serum from a healthy individual (Johnson
et al.,2000). Interestingly, production of these ECM substrates was not prevented
by glucocorticoids but was enhanced in the case of fibronectin, perlecan and
chrondroitin sulphate. In a subsequent study, Johnson et al. (2004) demonstrated
increased ECM production by asthmatic cells in culture. Collagen type I and
perlecan were found to be elevated in asthmatic ASM cells compared with non-
asthmatic ASM cells. In contrast, production of collagen IV and laminin a1 was
decreased, and chondroitin sulphate was only detectable in non-asthmatic cells
(Johnson et al., 2004). Recently, Chan et al. (2006) reported that ASM cells from
asthmatics also express higher levels of fibronectin compared with ASM cells
cultured from healthy individuals.

Elsewhere, conflicting data exist on the ability of leukotriene Dy (LTD4) to
stimulate ECM secretion by human ASM. One study reported that LTD, alone
or in combination with TGF had no effect on gene expression for collagen I,
collagen IV, fibronectin, elastin, or biglycan (Panettieri et al., 1998). No gene
expression for the proteoglycan, versican, was detected in ASM at baseline or
after TGF[3 stimulation. Another study investigated the effect of epidermal growth
factor (EGF) in combination with LTD4 on ECM synthesis, and examined gene
expression in human ASM for collagen I and fibronectin and for the proteoglycans,
versican, biglycan, decorin, and perlecan (Potter-Perigo et al., 2004). Versican
and fibronectin expression was increased in human ASM cells treated with LTDy,
and EGF, while collagen I and decorin gene expression was reduced. Overall,
total proteoglycan levels were elevated by LTD, and EGF, decorin being the
major proteoglycan expressed in cultured human ASM.

In addition to their role in ECM deposition, ASM cells also have the capacity
to degrade the ECM by secreting multiple MMPs (Elshaw et al., 2004; Foda
et al., 1999; Johnson and Knox 1999) and may have a role in the anchoring
of VEGF to the ECM derived from ASM (Burgess et al., 2006a). The MMPs
secreted by ASM comprise the collagenases, gelatinases, stromelysins, elastases,
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and membrane-bound forms, the most abundant MMPs being pro-MMP-2, pro-
MMP-3, active MMP-3 and MT1-MMP. Human ASM cells also produce MMP-1
(Rajah et al., 1996) and MMP-9, the levels of which are altered when the cells
are exposed to allergic serum (Johnson et al., 1999). The autocrine production of
MMP-2 by human ASM has also been identified as a regulatory event in the ASM
proliferative response (Johnson and Knox, 1999) and more recently in cellular
migration (Henderson et al., 2007).

Little is known of the release and activity of TIMPs in ASM (Black et al., 2003).
TIMPs counteract the proteolytic activity of the MMPs. They are 20-30-kDa
proteins that bind to the catalytic domain of the MMP in a 1:1 stoichiometry,
thereby inhibiting enzymatic activity (Black ez al., 2003). Knowledge of the
specificity of the TIMPs is limited, although TIMP-1 is believed to inhibit MMP-1,
-2, -3 and -9, whereas TIMP-2 has a greater selectivity for MMP-2. Johnson et al.
(1999) reported production of TIMP-1, but not of TIMP-2 or -3, from human
ASM cells in culture. In contrast, Elshaw et al. (2004) demonstrated that ASM-
derived MMP-2 was closely controlled by autocrine TIMP-2, and in a later study
collagen type I was shown to reduce TIMP-2 protein expression by ASM and
potentate MMP-2-dependent cellular migration (Henderson et al., 2007).

6.6 Airway ECM as modulator of ASM function

Emerging data strongly implicate the ECM as a critical regulator of all the known
functions of ASM (reviewed in Fernandes et al., 2006) (Figure 6.3). These include
contraction (Dekkers et al., 2007), attachment (Nguyen et al., 2005), migra-
tion (Parameswaran et al., 2004), apoptosis (Freyer et al., 2001), proliferation
(Bonacci et al., 2003; 2006; Hirst et al., 2000a; Johnson et al., 2004; Nguyen
et al., 2005), cytokine release (Chan et al., 2006; Peng et al., 2005) and the re-
sponse of ASM to anti-asthma therapies such as 3,-adrenoceptor agonists (Freyer
et al., 2005) and glucocorticoids (Bonacci et al., 2003, 2006).

The majority of studies have examined ASM cells on ECM beds in a two-
dimensional culture in which cells are plated onto a single ECM substrate coating
the bottom of a dish. Efforts are being made to improve this model by introducing
three-dimensional cultures (Ward et al., 2006) and by plating cells in two dimen-
sions on ECM substrates derived from asthmatic or non-asthmatic ASM (Chan
et al., 2006; Johnson et al., 2004). In almost all cases, attempts to mimic the
ECM environment in asthma by culture on either collagen type I or fibronectin
and their combination, or on ECM beds derived from asthmatic ASM, have re-
sulted in enhancement of the pro-asthmatic function of ASM (Bonacci et al.,
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Figure 6.3 Putative bidirectional integrin-dependent interactions between the extracellular
matrix and airway smooth muscle as well as other airway mesenchymal cells that result in
altered cellular function or responses to anti-asthma therapy. Modified from Fernandes et al.
(2006) with permission (Adapted from Figure 1 in Curr Drug Targets 7, 567-577 (2006))

2003; Chan et al., 2006; Hirst et al., 2000a; Johnson et al., 2004; Nguyen et al.,
2005; Parameswaran et al., 2004; Peng et al., 2004).

Contraction and phenotype

Hirst et al. (2000a) reported in cultured ASM that the ECM differentially affects
the expression of contractile proteins, including smooth muscle (sm)-a-actin,
calponin, and sm-myosin heavy chain (MHC). Thus, in human ASM cells cul-
tured on fibronectin or collagen type I matrices, there was reduced expression
of these contractile proteins. In contrast, cells cultured on a laminin bed retained
expression of sm-a-actin, calponin, and sm-MHC. Reduced contractile protein
expression in smooth muscle is strongly associated with modulation towards a
less contractile or less differentiated phenotype, often referred to as the synthetic
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phenotype (Hirst et al., 2000b). A recent study examined possible implications of
this phenotype switching by the ECM on ASM contractile responses in isolated
tracheal smooth muscle preparations (Dekkers et al., 2007). Prolonged (4 days)
culture of intact bovine tracheal muscle strips in the presence of fibronectin or
collagen type I induced a decline in maximal contraction in response to both a
receptor-dependent (e.g., methacholine) and a receptor-independent (e.g., KCI)
stimulus. This was associated with a reduction in contractile protein expression.
The observed fibronectin-induced suppression of contractility was blocked by the
integrin RGD-containing antagonist Arg—Gly—Asp—Ser (RGDS), but not by the
non-RGD control peptide, Gly—Arg—Ala—Asp—Ser—Pro (GRADSP). In contrast,
culture with laminin maintained both the levels of sm-a-actin, calponin, and
sm-MHC and contractility to methacholine and KCI, suggesting that laminin
may be involved in maintaining a (normo)contractile phenotype (Dekkers et al.,
2007).

Cell adhesion and migration

Cell attachment to the ECM is an important event in migration of cells between
tissue compartments. Recent endobronchial biopsy studies provide evidence for
hypertrophy (Benayoun et al., 2003; Ebina et al., 1993); however, detailed stereo-
logic studies have also emphasized the importance of hyperplasia (Woodruff et al.,
2004). While the in vitro proliferative capacity of human ASM from asthmatics is
reported to be increased (Johnson et al., 2001), other mechanisms could account
for the accumulation. These could include reduced apoptosis (see next section)
of resident smooth muscle cells, or migration of interstitial mesenchymal cells or
circulating stem cells that then differentiate into fibroblasts or muscle precursor
cells to form the additional muscle bulk (Stewart, 2004).

Nguyen et al. (2005) characterized attachment of human ASM cells in cul-
ture to varying ECM substrates including monomeric or fibrillar type I collagen,
fibronectin, fibrillar type III collagen, vitronectin, and tenascin-C, and found
that integrins o231 (major collagen type I receptor) and av33 (vitronectin re-
ceptor) mediated attachment to collagen type I, while attachment to fibronectin
required integrin o531 (major fibronectin receptor). Parameswaran et al. (2004)
investigated the effect of different ECM proteins on leukotriene E4-primed ASM
migration towards platelet-derived growth (PDGF). Migration was greater across
membranes coated with collagen types III and V and fibronectin, than with colla-
gen type I, laminin or elastin. Blocking antibodies directed against a combination
of integrin a5, av and 1 subunits each attenuated ASM migration and adhesion



116 CH 6 AIRWAY SMOOTH MUSCLE BIDIRECTIONAL INTERACTIONS WITH MATRIX

on a collagen type I ECM bed. More recently, Henderson et al. (2007) examined
the role of MMPs, in particular MMP-2, in relation to the functions of ASM in
airway remodelling and found that both migration and proliferation were MMP
dependent, but adhesion and apoptosis were not.

Apoptosis

The ECM provides a strong survival signal to cultured ASM cells. This was
demonstrated by Freyer ef al. (2001), who found that multiple ECM beds, such
as collagen types I and IV, fibronectin and laminin, each induced the survival of
ASM cells, while collagen type V, vitronectin and elastin provided no survival
signal. Furthermore, collagen types I and IV, fibronectin, laminin, and vitronectin
all produced marked inhibition of apoptosis of ASM seeded in the presence of
cycloheximide, whereas elastin did not have this effect. Intriguingly, the anti-
apoptotic signal for each of the survival-inducing ECM substrates appeared to
require a common integrin heterodimer, the fibronectin receptor, o531 (Freyer
etal.,2001).

Proliferation

Proliferation of human ASM cells in response to diverse stimuli such as
PDGTF, thrombin and fibroblast growth factor (FGF)-2 is markedly enhanced on
monomeric collagen type I or fibronectin relative to cells plated on a laminin ECM
bed or on fibrillar collagen type I, collagen type III or tenascin (Bonacci et al.,
2003; Hirst et al., 2000a; Nguyen et al., 2005). Furthermore, when fibronectin and
monomeric collagen type I were combined to mimic the dominance of these sub-
strates in the asthmatic airway ECM environment, there was a marked synergistic
enhancement in PDGF-induced proliferation (Nguyen et al., 2005). Interrogation
of these responses with integrin function-blocking antibodies implicated o231,
a4B1 (vascular cell adhesion molecule-1 receptor and a secondary fibronectin
receptor), and a5B1 integrins mediating the enhanced proliferative effects of fi-
bronectin and monomeric collagen type I (Bonacci et al., 2006; Nguyen et al.,
2005). In another report, proliferation of non-asthmatic ASM cells was enhanced
by culture on an ECM bed from asthmatic ASM cells compared with similar beds
from non-asthmatic ASM cells (Johnson et al., 2004).

Of note, other components of the ECM that are non-integrin dependent may
also modulate human ASM proliferation. Kanabar et al. (2005) demonstrated



6.6 AIRWAY ECM AS MODULATOR OF ASM FUNCTION 117

the importance of the degree of sulphation, ionic charge and polymer size in
the antiproliferative effects of heparin, and showed that chondroitin sulphates,
heparan sulphate and hyaluron each inhibited serum-stimulated proliferation to
varying degrees.

Cytokine secretion

Peng et al. (2005) examined production of eotaxin, RANTES (regulated on ac-
tivation, normal T-cell expressed and secreted), and granulocyte-macrophage
colony-stimulating factor (GM-CSF) in human ASM cells cultured on vary-
ing ECM substrates. Interleukin (IL)-1pB-stimulated levels of all three media-
tors were increased in cells plated on a collagen type I or fibronectin compared
with cells plated on plastic or collagen types III or V. Enhancement of cytokine
release by type I or fibronectin was blocked by the RGD-sequence-containing
integrin antagonists Gly—Arg—Gly—Asp—Ser (GRGDS) and Gly—Arg—Gly—Asp—
Thr—Pro (GRGDTP), but not by a non-RGD negative control Gly—Arg—Ala—
Asp-Ser-Pro (GRADSP). Targeted integrin-blocking experiments confirmed a
requirement for integrin ligation and demonstrated that the RGD-binding inte-
grins 231, a5B1, avPB1 (fibronectin receptor) and av33 (vitronectin/fibronectin
receptor) were each important for mediating increased cytokine expression in re-
sponse to fibronectin, while integrin a231 was the major transducer for collagen
type L.

A subsequent report showed similar enhancement of IL-13- or IL-4-dependent
eotaxin release from ASM cells by fibronectin or collagen type I (Chan et al.,
2006). In the same study, when they were seeded on ECM beds from asth-
matic ASM, IL-13-dependent eotaxin release from healthy or asthmatic ASM
was enhanced compared with culture on healthy ECM. This was associated with
increased autocrine fibronectin expression by ASM cultured from asthmatics
and was partially prevented by integrin o531 neutralization. Given that asth-
matic airways are characterized by upregulation of collagen I and fibronectin,
it seems likely that these ECM proteins contribute to the increased synthetic
function (Freyer et al., 2001; Nguyen et al., 2005; Peng et al., 2005). Impor-
tantly, asthmatic ASM cells in culture produce collagen type I and fibronectin to
a greater extent than non-asthmatic cells, leading to the possibility that ASM
cells themselves might regulate their synthetic activity in an autocrine man-
ner (Chan et al., 2006; Johnson et al., 2004). Interest is therefore growing in
the potential for synergism/antagonism between ECM exposure and anti-asthma
therapy.



118 CH 6 AIRWAY SMOOTH MUSCLE BIDIRECTIONAL INTERACTIONS WITH MATRIX

6.7 Impact of anti-asthma therapy
on ASM-ECM interactions

The therapeutic actions of the major classes of current anti-asthma agents on
ASM are modified or impaired by contact with an altered ECM environment
(Figure 6.3). Glucocorticoids, which are anti-proliferative in ASM cultured from
non-asthmatic subjects, are poorly effective in asthmatic ASM (Roth et al., 2004).
The antiproliferative actions of glucocorticoids in ASM are also lost when ASM
cells are plated on monomeric collagen type I, but not when seeded on plastic or
a laminin substrate (Bonacci et al., 2003). Given that asthmatic ASM synthesize
more collagen I than non-asthmatic cells (Johnson et al., 2004), it is possible that
the insensitivity to glucocorticoids might be mediated in part by an altered ECM
environment. Consistent with this notion, Johnson et al. (2000) reported that the
glucocorticoid beclomethasone enhanced rather than decreased the synthesis of
several ECM substrates induced by atopic asthmatic serum, including fibronectin,
perlecan and chrondroitin sulphate.

Impaired relaxation of ASM and incomplete bronchodilatation are character-
istic features of asthma. Freyer ef al. (2004) noted that a fibronectin-dominated
environment increased responses to [3;-adrenoceptor activation, while exposure
to collagen type V or laminin reduced [3;-adrenoceptor signalling compared with
collagens types I or IV. This effect was accompanied by a reduction in intracellu-
lar cyclic AMP levels that was associated with modulation of Gia. More recently,
it was reported that neither glucocorticoids nor long-acting [3;-adreonoceptor
agonists reduced TGFf-induced collagen type I or fibronectin in ASM from
individuals with or without asthma (Burgess et al., 2006b). However, the phos-
phodiesterase 4 (PDE4) inhibitor roflumilast prevented upregulation of induced
collagen type I, fibronectin or CTGF by TGFf in intact bronchial rings from
non-asthmatics (Figure 6.4). In contrast, the PDE inhibitor was less effective
against TGFB-induced ECM production from ASM cells cultured from healthy
or asthmatics donors (Burgess et al., 2006b). Recently, treatment of allergen-
exposed atopic asthmatics with a humanized, anti-IL-5 monoclonal antibody
(mepolizumab) was found to suppress both airway eosinophil numbers and the
subepithelial basement membrane expression of tenascin, lumican and procolla-
gen type III (Flood-Page et al., 2003). More studies of this type are needed to
understand the impact of novel anti-asthma therapies on ECM deposition in the
airways, particularly in the tissue compartments surrounding ASM.

Increasing evidence implicates key roles for multiple transcription factors in the
inflammatory and remodelling processes in asthma (reviewed in Roth and Black,
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Figure 6.4 Roflumilast (a phosphodiesterase inhibitor), but not budesonide (a glucocorti-
coid) or formoterol (3,-adreoceptor agonist), attenuates transforming growth factor (TGF)-B-
induced connective tissue growth factor (CTGF), collagen type I and fibronectin upregulation
(brown labelling) in non-asthmatic bronchial rings. Modified from Burgess et al. (2006b) with
permission. (Reprinted from Journal of Allergy & Clinical Immunology, 118(3), with permission
from the American Academy of Allergy, Asthma, and Immunology.) (For a colour reproduction
of this figure, please see the colour section, located towards the centre of the book).

2006), including the glucocorticoid receptor (GR), nuclear factor kB (NF-kB), ac-
tivator protein-1 (AP-1), nuclear factor of activated T-cells (NF-AT), cyclic AMP
response element-binding protein (CREB), CCAAT/enhancer binding protein
(C/EBP), and, more recently, peroxisome proliferator-activated receptor (PPAR).
PPARs are members of the nuclear hormone receptor superfamily that regulate
the expression of genes involved in a variety of biological processes, including
lipid metabolism and insulin sensitivity. PPARY is expressed in both infiltrating
inflammatory and structural resident cells of the lung, and ligand-dependent ac-
tivation of this receptor results in suppression of effector leukocyte responses,
including cytokine production, cellular migration and proliferation (reviewed in
Spears et al., 2006).

In addition to its reported anti-inflammatory effects, PPARy activation sup-
presses proliferation and cytokine secretion from cultured ASM cells (Patel ez al.,
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2003; Ward et al., 2004). Consistent with their proposed anti-remodelling activity,
PPARY agonists such as rosiglitazone have recently been shown to prevent TGF[3-
and CTGF-dependent signalling and to suppress expression of MMPs, collagen
type I and fibronectin in a variety of cell types, including vascular smooth muscle
and parenchymal myofibroblasts (Burgess et al., 2005; Law et al., 2000; Maeda
et al., 2005; Routh et al., 2002), as well as having demonstrable efficacy in tar-
geting the wider remodelling process in asthma, including inhibition of TGFf3
levels and collagen IIT deposition (Benayoun et al., 2001; Honda et al., 2004;
Spears et al., 2006). As a consequence, this class of drugs may prove useful
in situations where glucocorticoids are less effective (Spears et al., 2006; Ward
etal.,2007).

6.8 Conclusions

The mechanisms by which remodelling occurs in chronic lung disease are be-
ing elucidated, although major gaps exist in the understanding of the cellular and
molecular basis of many of the changes. The ECM is a complex structure that sur-
rounds ASM (Figure 6.1). Marked changes occur in the quantity and composition
of the ECM in chronic lung disease, and there is wide speculation as to whether
the changes are ultimately harmful or protective in the remodelled airway. In
addition to providing structural support to cells in the airway wall, the ECM ac-
tively transduces signals, and there are bidirectional interactions, many of which
are mediated by multiple cell-surface integrins expressed on ASM (Figure 6.2).
Emerging evidence suggests that ASM cells have a substantial capacity to synthe-
size, secrete and degrade the array of ECM proteins found in the airway wall, and,
in doing so, they can regulate their immediate ECM environment and the signals
to which they are exposed. New evidence also indicates that many airway wall
ECM components affect ASM function, including its contractile, proliferative,
migratory and secretory properties. Changes in the ECM environment that reflect
the process of chronic airway inflammation generally enhance the pro-asthmatic
function of ASM.

Currently available therapies such as glucocorticoids and 3,-adrenoceptor ag-
onists are ineffective in preventing ECM protein accumulation, and contact with
the ECM appears to regulate the efficacy of these drugs (Figures 6.3 and 6.4). In
the case of glucocorticoids, these drugs may even induce secretion of ECM from
ASM. It is therefore necessary to consider the effects of novel anti-inflammatory
and anti-remodelling therapies that target the ECM and its complex interplay with
airway structural cells such as ASM.
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7.1 Introduction

Mast cells have long been recognized as tissue-resident cells playing an important
role in both allergic and non-allergic asthma (Bradding et al., 2006). Several
studies performed in humans have documented an increase in mast cell numbers
in the bronchial mucosa of asthmatic patients. Mast cells can release preformed,
stored mediators and synthesize other factors de novo upon activation by both IgE-
dependent and non-immunological stimuli. Such activation results in the release
of histamine, and serine proteases such as tryptase and chymase and heparin,
and in the synthesis of lipid mediators, including leukotriene C4 (LTC4) and
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prostaglandin D,, which can all interact with airway smooth muscle cells and
alter airway smooth muscle function.

Mast cell infiltration within the smooth muscle layer, on the other hand, is only
a recent observation that is not fully understood. Ammit and colleagues were the
first to point out, in 1997, that patients sensitized to aeroallergens had a signif-
icant infiltration of the airway smooth muscle by inflammatory cells, including
mast cells (Ammit et al., 1997). Investigating the mechanism involved in the pas-
sively sensitized human airway in vitro model (Black et al., 1989), we also found
that a high proportion of IgE-bearing mast cells were localized to the smooth
muscle layer following passive sensitization (Berger et al., 1998). More recently,
two groups have convincingly reported that mast cells specifically infiltrate the
smooth muscle layer in asthma. Brightling et al. demonstrated a specific smooth
muscle micro-localization of mast cells in asthmatic bronchi when compared with
that of healthy subjects or with bronchi from patients suffering from eosinophilic
bronchitis, that is, a bronchial eosinophilic inflammation that was not associated
with bronchial hyperresponsiveness (Brightling ef al., 2002). Caroll and cowork-
ers reported a significant mast cell infiltration of the airway smooth muscle layer
from both fatal and non-fatal asthma (Carroll et al., 2002). Interestingly, these au-
thors reported a high degree of mast cell degranulation within the airway smooth
muscle of lung specimens obtained from fatal asthma cases. Moreover, mast cells
infiltrating airway smooth muscle in asthma demonstrate ultrastructural feature
of activation (Begueret et al., 2007). Finally, additional potential roles have been
identifiedfor the mast cell mediators, histamine and tryptase, in the regulationof
airway inflammation in the vicinity of the ASM in asthma (Chhabra et al., 2007).

The mechanism of such infiltration remains to be understood. On the one
hand, it has been demonstrated that human airway smooth muscle cells (HASMC)
produce, upon stimulation, a variety of cytokines and chemokines that may attract
mast cell to the smooth muscle layer (Berger et al., 2003, Brightling ez al., 2005a).
On the other hand, it has been recently demonstrated that cell-cell contact between
mast cells and smooth muscle cells enhances mast cell degranulation (Thangam
et al., 2005). Moreover, HASMC and mast cells express a variety of adhesion
molecules and their counter receptors, such as VCAM-1 and ICAM-1 (Amrani
et al., 1999; Lazaar et al., 2001), that may facilitate cell-cell contact, and, as
a consequence, induce in situ liberation of mast cell products. Mast cells also
express transmembrane glycoproteins, such as CD44 (Fukui et al., 2000) and
CD51 (Columbo and Bochner, 2001), that recognize extracellular matrix proteins
and thus may play a role in maintaining mast cell infiltration.

In this chapter, we review data supporting the hypothesis that mast cell-derived
products activate airway smooth muscle cells that, in turn, attract mast cells to
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airway smooth muscle cells, thus generating an auto-activation loop that may
represent a new therapeutic target.

7.2 Mast cell mediators alter smooth muscle function

Mast cells release preformed, stored mediators and synthesize other factors de
novo on activation. This results in release of histamine, and serine proteases such
as tryptase, chymase and heparin, and in the synthesis of lipid mediators, including
LTC,4 and prostaglandin D;, that may interact with airway smooth muscle cells
and alter airway smooth muscle function.

The cysteinyl-leukotrienes are potent bronchoconstrictors: LTC4 and LTD4
are 1000-fold more potent than histamine in contracting human airway smooth
muscle (Barnes et al., 1984). The effects of the cysteinyl-leukotrienes are
mediated by activation of two G-protein-coupled receptor subtypes, CysLT1 and
CysLT2 expressed by airway smooth muscle cells (Gorenne et al., 1996). LTD4
markedly induces shortening of smooth muscle in a variety of tissues, including
human airways. This response results from the activation of a receptor-mediated
pathway that increases phosphoinositide turnover and cytosolic calcium (Hyvelin
et al., 2000). In vitro, LTD4 contracts human bronchial smooth muscle strips to a
level comparable with histamine, but it is far less effective in mobilizing cytosolic
Ca’* (Accomazzo et al., 2001). This discrepancy between force generation by
the muscle and increase in Ca’* suggests that LTD4-induced contraction of
airway smooth muscle is partly calcium-independent (Savineau and Marthan,
1994) and may involve the activation of a protein kinase C isoform, PKC-¢
(Accomazzo et al., 2001).

The major product of the mast cell, the trypsin-like serine proteinase, tryptase,
has been shown to induce airway hyperresponsiveness and to stimulate airway
smooth muscle cell responses in terms of both calcium signalling and cell prolif-
eration (Berger et al., 1999; 2001b; 2001a; Johnson et al., 1997). Exogenously
administered tryptase induces bronchoconstriction and bronchial hyperrespon-
siveness in dogs and sheep (Molinari et al., 1996; Orlowski et al., 1989; Sekizawa
et al., 1989), and, in vitro, tryptase can potentiate the contractile response of
human bronchi to histamine (Berger et al., 1999; Johnson et al., 1997). Most
of these effects are likely mediated by proteinase-activated receptor 2, (PAR-2), a
member of a family of hepta-helical receptors activated upon the proteolytic activ-
ity of enzymes and expressed by airway smooth muscle cells (Figure 7.1). Several
serine proteases cleave the amino acids at a specific site of the extracellular NH;-
terminus of the molecule, leading to the exposure of a new NH,-terminus that acts
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Figure 7.1 Proteinase-activated receptor (PAR)-2 is a member of the hepta-helical receptors
family that is activated upon the proteolytic activity of enzymes. Tryptase cleaves the amino
acids at a specific site of the extra cellular NH,-terminus of the molecule, leading to the
exposure of a new NH,-terminus that acts as a tethered ligand. The peptide agonist SLIGKV
corresponds to the tethered ligand in human PAR-2. Alternative tools to inhibit PAR2 function
include RNAi strategy

as a tethered ligand that binds and activates the cleaved receptor molecule. The
peptide agonist, SLIGKYV, corresponding to the tethered ligand in human PAR-2,
mimics the effects of tryptase on human airway smooth muscle cells, including
a rise in intracellular calcium (Berger et al., 2001b), proliferation (Berger et al.,
2001a), and cytokine synthesis (Berger et al., 2003). Such studies indicate that hu-
man mast cell tryptase has a direct effect on isolated human airway smooth muscle
cells. Tryptase activates a [Ca’>*]; response that appears to be mediated through
PAR-2. In agreement with the above-described mechanism of activation of PAR,
tryptase-induced [Ca’*]; rise is delayed compared with conventional agonists
such as acetylcholine (ACh) or histamine, which also act at G-protein-coupled
receptors. Nevertheless, signal transduction mechanisms activated by tryptase
and acetylcholine (ACh) or histamine, downstream of the receptor, are similar.
PAR-2 activation mobilizes the intracellular Ca’>* store (presumably in the
sarcoplasmic reticulum) via phosphoinositide phospholipase C (PLC) activation
and thus via the inositol triphosphate (IP3) pathway (Berger et al., 2001b).



7.2 MAST CELL MEDIATORS ALTER SMOOTH MUSCLE FUNCTION 131

Since conventional PAR-2 antagonists are not available, alternative techniques,
including RNAI strategy for gene silencing in human airway smooth muscle cells,
have been developed to examine the function of PAR-2 (Trian et al., 2006). As a
consequence of its effect on PAR-2 expression, RNAi impairs PAR-2-mediated
functional effects. Regarding the most selective PAR-2 agonist, the activating
peptide SLIGKYV, RNAi-mediated inhibition of the receptor decreased the mean
[Ca’*]; response by approximately 50 per cent, in agreement with the amplitude
of the decrease in PAR-2 expression (Trian et al., 2000).

In addition to its ability to alter the contractile response of airway smooth mus-
cle, tryptase also acts as a potent mitogen in vitro and probably actively contributes
to airway remodelling in vivo. It has been demonstrated that human tryptase can
provide a potent stimulus for both DNA synthesis and cell proliferation in human
airway smooth muscle cells. Similar responses can be evoked with trypsin and the
peptide agonist of PAR-2, SLIGKY, again supporting the idea that tryptase may
act through this receptor (Berger et al., 2001a). Furthermore, signal transduction
mechanisms involved in tryptase-induced proliferation of smooth muscle cells
have been examined (Berger et al., 2001a). However, the precise mechanism
whereby tryptase may interact with these cells remains unclear (Brown et al.,
2006). Several reports have suggested the need for an intact catalytic site (Berger
etal.,2001a), although other studies indicate that non-proteolytic actions may be
involved in mitogenesis (Brown et al., 2002).

Mast cells also interact with airway smooth muscle cells through the re-
lease of cytokines, such as interleukin (IL)-4, IL.-13 or tumour necrosis factor
(TNF)-a, that may contribute to airway hyperresponsiveness (Holgate et al.,
2003). IL-4 and IL-13 are believed to play a key role in the development of
bronchial hyperresponsiveness. This is supported by in vivo data, obtained in
mice, showing that instillation of T-helper type 2 (TH2) cytokines to the air-
ways of naive mice induces airway hyperresponsiveness within 6 h. This requires
expression of the IL-4 receptor o subunit and signal transducer and activator
of transcription 6 (STAT-6), suggesting a critical role for IL-4 and/or IL-13,
and each of these cytokines produced similar effects; that is, STAT-6 activa-
tion when administered individually. Moreover, IL-4 and IL-13 also enhance the
magnitude of agonist-induced intracellular calcium responses in cultured human
airway smooth muscle cells. TNF-a, a proinflammatory cytokine strongly impli-
cated in the pathogenesis of asthma, induces both airway hyperresponsiveness
and sputum neutrophilia. It also enhances bronchial responsiveness in asthmatic
patients when administered by inhalation to animals and humans, (Thomas and
Heywood, 2002).
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7.3 Smooth muscle cells induce mast cell chemotaxis

It has been demonstrated that the number of mast cells present in the smooth mus-
cle layer of the bronchial wall is significantly higher in asthmatic patients than in
normal subjects and in patients suffering from eosiniphilic bronchitis (Brightling
et al., 2002). This observation agreed with previous results obtained in human
isolated bronchi sensitized to aeroallergens (Ammit et al., 1997) or in patients
who died from an asthma attack (Carroll ez al., 2002). This co-localization of both
cell types prompted the hypothesis that the smooth muscle itself could exert a
chemotactic activity for mast cells through the production of various factors. This
hypothesis has recently been tested, and it has been demonstrated that HASMC
induce mast cell chemotaxis (Berger et al., 2003). In vitro experiments indicated
that the mechanism of the chemotactic activity is related to the synthesis of trans-
forming growth factor (TGF)-1 by smooth muscle cells and, to a lesser extent,
to that of stem cell factor (SCF) (Berger et al., 2003). Furthermore, ex vivo data
collected in bronchial biopsies from asthmatic patients indicated that the number
of mast cells within the smooth muscle layer is related to TGF-3 expression.
These findings thus highlighted a novel role for smooth muscle in recruiting
mast cells in asthma. However, inhibition of both TGF-1 and SCF by blocking
antibodies did not fully block mast cell migration, suggesting the involvement
of additional mechanisms implicating alternative HASMC-derived chemokines.
For instance, CCLS/RANTES accounted for such migration only when HASMC
were stimulated by the proinflammatory cytokine, TNF-« (Berger et al., 2003),
although mast cells express the chemokines receptor CCR1 and CCR3, which
can both bind CCL5/RANTES (Brightling et al., 2005b). However, mast cells
also express the chemokine receptors CXCR1, CXCR3 and CXCR4, which can
bind CXCLS8/IL-8, IP-10 and CXCL12/SDF-1a, respectively (Brightling et al.,
2005b). Among these chemokines, CXCL10/IP-10 seems to play an important
role since, on the one hand, CXCR3 is the most abundantly expressed chemokine
receptor found on human lung mast cells in the airway smooth muscle bundle
in asthma, and, on the other hand, CXCL1/IP-10 is expressed preferentially by
asthmatic airway smooth muscle (Brightling et al., 2005a). Indeed, it is an im-
portant inducer of mast cell migration (Brightling et al., 2005a; El-Shazly et al.,
2006).

Finally, another chemokine, CX3CL1/fractalkine, has also been implicated in
the interaction of mast with smooth muscle cells. This chemokine is produced by
HASMC (Sukkar et al., 2004) including those from asthmatic patients (El-Shazly
et al., 2006). Mast cells also express the fractalkine receptor CX3CR1. However,
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fractalkine attracts mast cells in the presence of the peptide, vasointestinal peptide
(VIP), a neurotransmitter that is upregulated in the asthmatic smooth muscle
(EI-Shazly et al., 2006).

The reverse phenomenon, that is, the attraction of HASMC by mast cells, has
very recently been investigated (Kaur et al., 2006). On the one hand, HASMC,
and also myofibroblasts and fibroblasts, express the chemokine receptor CCR7.
On the other hand, one of the CCR7 ligands, the chemokine CCL19, is highly
expressed in mast cells and blood vessels in bronchial biopsies of patients with
asthma. Indeed, activation of smooth muscle CCR7 by CCL19 derived from mast
cells mediates HASMC migration. It has therefore been suggested that CCL19/
MIP-3f and its receptor CCR7 may contribute to the development of increased
smooth muscle mass in asthma (Kaur et al., 2006).

Collectively, these data provide a mechanistic basis for understanding the mi-
crolocalization of mast cells within the asthmatic bronchial smooth muscle. A
variety of chemokines produced by stimulated HASMC from asthmatic patients
act on their receptors on mast cells to induce chemotaxis, thus generating an
auto-activation loop (Figure 7.2). Identification of all the factors involved in such
a loop is far from complete and requires further studies.

Activated
mast cell

mast cell derived products

Chemotaxis lincluding tryptase

Figure 7.2 Auto-activation loop involving mast cell and smooth muscle cell. Upon activa-
tion, mast cell-derived products, including tryptase acting at PAR-2, trigger cytokine secretion
by airway smooth muscle cells, which in turns induces the attraction of new mast cells
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7.4 Mast cells can adhere to airway smooth muscle

Once they are located at the site of the smooth muscle layer, the question then
arises as to how mast cells adhere to bronchial smooth muscle (Figure 7.3).
Adhesion mechanism between both cell types could explain long-term effects
leading to airway hyperresponsiveness and airway remodelling.

A direct cell—cell contact between mast cells and HASMC has been suggested
as an enhancing factor for mast cell degranulation (Thangam et al., 2005). In this
study, incubation of human mast cells with HASMC, but not its culture super-
natant, caused a significant enhancement of anaphylatoxin C3a-induced mast
cell degranulation, via a SCF-c-kit-independent but dexamethasone-sensitive
mechanism (Thangam et al., 2005). More recently, Yang et al. have shown
that human mast cells could adhere to HASMC through a calcium-dependent
mechanism (Yang et al., 2006). Blocking the adhesion molecule, tumour sup-
pressor in lung cancer-1 (TSLC-1), reduced the mast cell adhesion by less than
40 per cent, suggesting the involvement of additional mechanisms. However, var-
ious antibodies blocking ICAM-1, VCAM-1, or CD18 had no significant effects
(Yang et al., 2006).

ICAM-1  VCAM-1 FK mSCF | Fa’y

Airway smooth muscle

Figure 7.3 Adhesion mechanisms between mast cell and smooth muscle cell. Adhesion
mechanisms may involve cell-cell interactions or interactions with the extracellular matrix.
ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular-cell adhesion molecule-1; FK:
fractalkine or CX3CL1; mSCF membrane stem cell factor; LFA-1: lymphocyte function-associated
antigen-1; VN: vitronectin; Coll: collagen; Fb: fibrinogen; FN: fibronectin; HA: hyaluronic acid
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As suggested by recent ultrastructural analysis of the asthmatic airway smooth
muscle layer, an alternative mechanism of mast cell adhesion to HASMC could
involve the extracellular matrix (Begueret ef al., 2007). In asthmatic subjects,
the extracellular matrix was frequently noted to be increased between HASMC.
Smooth muscle basal lamina was thicker in asthmatic patients (1.4 £ 0.2 pm)
than in controls (0.7 = 0.1 wm). In this study, mast cells infiltrating the smooth
muscle layer were not in direct contact with HASMC but were in a very close
relationship with the extracellular matrix of HASMC (Begueret et al., 2007).
Adhesion molecules involved in such interactions remain to be elucidated.
However, recent findings from animal models using knockout mice suggest that
CD44 may be implicated in mast cell adhesion to the bronchial smooth muscle
(Girodet et al., 20006).

7.5 Conclusion

The localization of mast cells within the airway smooth muscle layer is a recent
finding that is likely to be important in the pathophysiology of asthma. On the
one hand, mast cells release preformed stored mediators and synthesize other
factors de novo upon activation by both IgE-dependent and non-immunological
stimuli. Among these factors, enzymes such as tryptase, via an interaction with
PAR-2 at the site of ASMC, modulate a variety of airway smooth muscle func-
tions. On the other hand, the microlocalization of mast cells within the asthmatic
bronchial smooth muscle results from complex interactions between both cells.
A variety of chemokines produced by stimulated HASMC, including those from
asthmatic patients, act on their respective receptors to induce chemotaxis of mast
cells to the ASM bundle, thus generating an auto-activation loop. In this context,
an amplification process may thus contribute to both bronchial hyperresponsive-
ness and airway remodelling. Moreover, once located at the site of the smooth
muscle layer, mast cells adhere to bronchial smooth muscle, thus reenforcing
long-term effects leading to hyperreactivity and remodelling. The clinical conse-
quences of mast cell/smooth muscle cell interaction require further investigation.
It is noteworthy that a study by Slats et al. has pointed out an association be-
tween the airway response to deep inspiration and mast infiltration in airway
smooth muscle in asthma (Slats et al., 2007). Lack of deep-inspiration-induced
bronchodilation is often considered a critical phenomenon in asthma-induced al-
teration in pulmonary mechanics, although its mechanism remains controversial
(Fairshter, 1985; Marthan and Woolcock, 1989; Skloot et al., 1995). Therefore, the
observation that the reduced bronchodilator effect of a deep inspiration in asthma
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is associated with an increased number of mast cells within the airway smooth
muscle (Slats et al., 2007) further supports the concept that such infiltration is
clinically important.

Finally, mast cell myositis may represent an innovative therapeutic target in
asthma. Although some of the molecular mechanisms underlying both chemo-
taxis and adhesion have already been described, a comprehensive identification
and evaluation of these mechanisms is required for better definition of relevant
therapeutic targets for the treatment of asthma.
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8.1 Introduction

Our understanding of airway smooth muscle (ASM) functions in asthma has ad-
vanced considerably over the last 10—15 years. ASM was originally thought to be
a passive partner in airway inflammation, contracting in response to proinflam-
matory mediators and neurotransmitters, and relaxing in response to endogenous
and exogenous bronchodilators. This paradigm was simplistic and it is clear that
ASM has several other important properties of relevance to obstructive lung dis-
eases. These functions include the ability to proliferate, undergo hypertrophy
and migrate, and thereby contribute to the dysfunctional repair mechanisms that
cause airway remodelling and poorly reversible airflow obstruction. Of partic-
ular note are its synthetic functions whereby ASM cells synthesize and release
a diverse repertoire of biologically active inflammatory mediators. ASM is now
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considered to play a central role in orchestrating the inflammatory response within
the bronchial wall. Here we discuss some of the key molecules these cells produce
and the underlying molecular mechanisms.

8.2 Lipid mediators

For many years, lipids were considered to be solely of dietary or structural impor-
tance. This view changed dramatically in the 1970s and 1980s with the discovery
of the prostaglandins (PGs), the first lipid-derived intercellular mediators. Itis now
known that other important mediators are lipid-derived, including leukotrienes
and lipoxins, formed via the mobilization of arachidonic acid from cellular phos-
pholipids, via phospholipase (PL) A, (Figure 8.1). Arachidonic acid can also
undergo non-enzymatic peroxidation, either in its free form or while esterified to
membrane phospholipids, by free radicals and reactive oxygen species to produce
8-isoprostanes (Figure 8.1).

Prostanoids

Prostanoids exhibit a wide range of biological activities, inhibition of which
underlies the action of one of the world’s all-time favourite medicines, aspirin,
as well as its more modern counterparts. There are three isoforms of cyclo-
oxygenase (COX). COX-1 is constitutively expressed and a ‘housekeeping gene’,
whereas COX-2 is inducible and responsible for prostanoid formation at sites of
inflammation. COX-3 is found predominantly in the brain and is the site of action
of paracetamol. COX-1, but not COX-2, is constitutively expressed in ASM, and
inflammatory stimuli such as IL-1$3 and bradykinin induce COX-2 mRNA and
protein expression (Belvisi et al., 1997; Pang and Knox, 1997; Petkova et al.,
1999).

Prostanoids have varied effects on ASM tone. Prostaglandin (PG)D,, PGF,,
and thromboxane A, contract smooth muscle in vitro via TP receptors(Gardiner
and Collier, 1980), (Armour et al., 1989), and are also potent bronchoconstictors
in vivo (Hardy et al., 1984). In contrast, PGE, relaxes ASM in vitro at low con-
centrations, but contracts at higher concentrations through TP receptors (Armour
et al., 1989). PGE, potently inhibits induced bronchoconstriction (Melillo et al.,
1994; Pavord and Tattersfield, 1995), and is mainly protective in the lung. PGI,
relaxes isolated precontracted human bronchus via IP receptors (Gardiner and
Collier, 1980).
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Figure 8.1 Lipid mediators. Arachidonic acid mobilized from membrane phospholipids is
enzymatically converted to prostanoids via cyclo-oxygenase, or to leukotrienes and lipoxins
via lipoxygenases. Arachidonic acid can undergo non-enzymatic peroxidation, either in its free
form or while it is still esterified to membrane phospholipids, by free radicals and reactive
oxygen species to produce isoprostanes

A number of pharmacological and molecular studies have looked at the regu-
lation and functional consequence of COX-2 induction in HASM cells.

Molecular mechanisms of COX-2 induction

ERK and p38 MAPK have been implicated in IL-1B-induced PGE, synthesis
(Laporte et al., 1999; 2000) and PKCe mediates bradykinin-induced COX-2 in-
duction in HASM (Pang et al., 2003). The COX-2 promoter has binding sites for
several transcription factors including nuclear factor-k B (NF-kB), C/EBP, AP-2,
and cAMP response element (CRE). Our group reported that COX-2 expression is
increased by NSAIDs in a prostanoid-independent manner involving PPAR+y ac-
tivation and activation of the peroxisome proliferator response element (PPRE) on
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the COX-2 promoter (Pang et al., 2003). Furthermore, transfection of the COX-2
promoter into HASM cells has demonstrated the requirement of the cyclic AMP
response element (CRE) in response to bradykinin, whereas nuclear factor IL-6
and CRE, and, to a lesser extent, NF-kB are involved in IL-1(-induced COX-2
induction (Nie et al., 2003).

Functional effects of COX-2 induction

COX-2 induction and production of PGE; is an important autocrine loop in the in-
duction of chemokines and growth factors in HASM in response to some stimuli,
but not others. For example, bradykinin induces IL-8 production transcriptionally,
partly via the induction of COX-2-derived PGE, and the activation of AP-1 and
NF-IL-6 at the IL-8 promoter (Zhu et al., 2003). In addition, IL-1B-induced
PGE, facilitates G-CSF and GM-CSF secretion from HASMC through a PKA-
dependent mechanism via EP, (for GM-CSF) and EP, and EP, (for G-CSF)
prostanoid receptors (Clarke et al., 2004; 2005). PGE, also increases VEGF re-
lease from HASM transcriptionally via a cAMP-dependent mechanism involving
EP, and EP, receptors and SP-1 binding to the VEGF promoter (Bradbury et al.,
2005). Furthermore, autocrine PGE, production mediates the effect of bradykinin
and IL-1, but not TGF3, on VEGF production (Stocks et al., 2005).

Additionally, induction of COX-2 downregulates adenylyl cyclase (Laporte
et al., 1999; Pang and Knox, 1997). This is potentially very important, as it
suggests that upregulation of COX-2 as a result of airway inflammation in asthma
impairs the action of [3;-adrenoceptor agonists, the main class of bronchodilator
drug used to treat asthma. By preventing COX-2 induction, glucocorticoids may
restore [3p-adrenergic responsiveness.

Leukotrienes

Leukotrienes are formed by the enzymatic action of lipoxygenases (LO) on arachi-
donic acid, and are associated with allergic and inflammatory actions. COX and
LO enzymes compete for AA, and inhibition of one of them may shunt the pro-
duction of lipids to the other. This ‘shunting’ may partly explain aspirin-sensitive
asthma (ASA), whereby aspirin induces asthma attacks in a small percentage of
asthmatic patients (Ferreri et al., 1988).

Leukotrienes induce potent, prolonged bronchoconstriction. Leukotriene an-
tagonists, the first new class of anti-asthmatics introduced in over 30 years (Barnes,
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2003), competitively block cysteinyl-leukotriene-1 receptors. In clinical practice,
they have been relatively disappointing and remain as a weak, second-line therapy.

Our unpublished observations suggest that although HASM cells produce
leukotrienes, the levels produced are not as functionally relevant or dynamically
regulated as prostanoids.

Isoprostanes

The effects of isoprostanes generated from lipids has been less characterized.
8-150-PGF,, and 8-is0-PGE, contract smooth muscle via prostanoid TP receptors
(Janssen et al., 2000; Kawikova et al., 1996). In carbachol-precontracted tissues
(pretreated with a TP-receptor antagonist to block any potential contraction),
8-i1s0-PGF3, completely relaxes HASM, although the receptors through which
these actions are mediated were not investigated (Janssen et al., 2000). E-ring
8-isoprostanes regulate the secretion of GM-CSF and G-CSF from HASM cells by
a cAMP- and PKA-dependent mechanism. Moreover, antagonist studies revealed
that 8-iso-PGE; and 8-is0-PGE, act solely via EP,-receptors to inhibit GM-CSF
release, whereas both EP,- and EP4-receptor subtypes positively regulate G-CSF
output (Clarke et al., 2005).

HASM cells release 8-isoprostanes in response to IL-17, and this can be sup-
pressed by macrolides (erythromycin and azithromycin), but not by steroids or

immunosuppressive agents such as cyclosporin and rapamycin (Vanaudenaerde
et al., 2007).

8.3 Chemokines

Chemokines are small chemoattractant cytokines (8—14 kDa) with diverse effects
on cellular recruitment, activation and differentiation via interactions with seven-
transmembrane spanning G-protein-coupled chemokine receptors (Murphy et al.,
2000). Chemokines are classified into four subfamilies, CXC, CC, C and CX3C
on the basis of their sequence homology and the position of conserved cysteine
residues within the protein (Zlotnik and Yoshie, 2000). Chemokines play a critical
role in the pathogenesis of a number of acute and chronic inflammatory lung dis-
eases (Gerard and Rollins, 2001; John and Lukacs, 2003; Smit and Lukacs, 2006).

Chemokines can recruit and activate a range of leukocyte subtypes including
eosinophils, TH, lymphocytes, neutrophils and mast cells to the bronchi
(Lukacs et al., 2005). Chemokines can also activate or modulate the phenotype
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of structural cells within the airways (Oyamada et al, 1999; Stellato
et al.,, 2001). Chemokines found in the airways of patients with inflammatory
lung disease include CCL5/RANTES, CCL1 I/eotaxin, IP-10, and CXCLS8/IL-8
(John and Lukacs, 2003; Pease and Sabroe, 2002; Smit and Lukacs, 2006).

ASM cells release a wide variety of chemokines following stimulation
with inflammatory mediators, including the CC chemokine family members,
CCL11 (Chung et al., 1999; Ghaffar et al., 1999), CCL5 (Ammit et al., 2000;
John et al., 1997; Pype et al., 1999), CCL2, CCL7, CCLS8 (Pype et al., 1999;
Watson et al., 1998), CCL19 (Kaur et al., 2006) and CCL17 (Faffe et al., 2003); the
CXC chemokines CXCLS8 (John et al., 1998; Pang and Knox, 1998; Watson et al.,
1998), CXCL10 (Brightling et al., 2005; Hardaker et al., 2004), CXCL1, CXCL2
and CXCL3 (Jarai et al., 2004); and, finally, CX3CL1 (El-Shazly et al., 2006;
Sukkar et al., 2004).

The ability of ASM to synthesize and release chemokines during an inflamma-
tory response has profound implications for the regulation of airway inflammation,
and these cells can therefore be considered a target for anti-inflammatory therapy
with agents such as glucocorticoids and [3;-agonists. The molecular mechanisms
regulating chemokine expression appear to be chemokine- and stimulus-specific,
and most of the data are available for the CC chemokines CCLS/RANTES and
CCL11/eotaxin and the CXC chemokines CXCL/IL-8 and CXCL10/IP-10, al-
though some data exist for CCL2/MCP-1 and CCL17TARC.

CCL5/RANTES

RANTES mRNA and protein are induced in ASM by TNFa, IL-13 or platelet-
activating factor (PAF), and can be augmented by IFNvy (Ammit et al., 2000;
John et al., 1997; Pype et al., 1999). The RANTES promoter contains several key
response elements, including a CD28-responsive element (CD28RE), two AP-
I-binding sites, binding sites for signal transducer and activator of transcription
(STAT) protein, nuclear factor of activated T cells (NF-AT), and C/EBP, and two
NF-kB -binding elements (Nelson et al., 1993). Using a series of site-directed mu-
tations within the human RANTES promoter, Ammit and colleagues determined
that AP-1 and NF-AT, but not NF-«kB, regulate the RANTES promoter (Ammit
et al., 2002). Furthermore TNFa-induced AP-1 DNA binding was attenuated by
dexamethasone. Elevated cAMP levels also inhibit cytokine-induced RANTES
secretion from ASM cells (Ammit et al., 2000; Hallsworth et al., 2001b), but
not by inhibiting AP-1 DNA binding (Ammit et al., 2002). IL-13-stimulated
RANTES release is dependent on JNK (Oltmanns et al., 2003) and p42/p44 ERK
activation, but not p38 MAPK (Hallsworth et al., 2001a).
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CCL11/eotaxin

Eotaxin is released constitutively and increased by TNFa, IL-13, IL-4 and IL-
13 (Chung et al., 1999; Ghaffar et al., 1999; Pang and Knox, 2001) The hu-
man eotaxin promoter contains C/EBP, AP-1, STAT6, and NF-«B binding sites
(Matsukura et al., 1999; Ponath et al., 1996). IL-13-stimulated eotaxin release
involves p38 MAP kinase, JNK kinase and p42/p44 ERK (Hallsworth et al,
2001b; Wuyts et al., 2003a), and ERK activation is involved in IL-13-, IL-4- or
TNFa-stimulated eotaxin release (Moore et al., 2002). STAT6 is involved in IL-4-
and IL-13-mediated eotaxin production, whereas TNFa-induced transcription is
dependent on NF-kB, but not STAT-6 (Moore et al., 2002; Nie et al., 2005b).

Inflammatory cytokines also regulate chemokine gene expression by chromatin
remodelling. In quiescent cells, basal transcription factors and RNA polymerase
Il are unable to bind to recognition sequences in gene promoters due to the
tight packaging of DNA in chromatin. However, the four core histones, an H3-
H4 tetramer, and two H2A-H2B dimers that form each chromatin subunit are
susceptible to post-transcriptional covalent modifications, including acetylation,
phosphorylation and methylation. These processes are tightly controlled by a se-
ries of enzymes and include the histone acetyltransferases (HATSs) and histone
deacetylases (HDACs) (De Ruijter 2003). Histone modifications regulate the un-
ravelling of DNA; as a result, transcription factor-binding sites are exposed and
gene transcription is initiated (Wolfe and Hayes 1999; Pazin and Kadonaga 1997).
Our recent studies have shown that histone H4 acetylation following TNFa stim-
ulation is a key event in regulating binding of NF-«B p65 to the eotaxin promoter.

B2-Agonists and glucocorticoids partially inhibit TNFa-induced eotaxin
production from HASM, and, as with IL-8, their combined use results in greater
inhibition of chemokine gene transcription (Pang and Knox, 2001). These
compounds inhibit histone H4 acetylation, and the conformational change in
chromatin inhibits NF-kB p65 binding to the eotaxin promoter (Nie et al,
2005b) (Figure 8.2).

CXCL8/IL-8

ASM release IL-8 in large quantities after stimulation by TNFa, IL-13 (Pang and
Knox, 2000; Watson et al., 1998), TGF3 (Fong et al., 2000) or bradykinin (Zhu
et al., 2003). The IL-8 promoter contains several transcription factor-binding
motifs, and in many other cell types NF-kB is the key regulator of IL-8 transcrip-
tion (Kunsch et al., 1994; Mukaida et al.,, 1994). Mutation analysis of the IL-8
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Figure 8.2 The molecular mechanism of action of B,-agonists and steroids on eotaxin gene
transcription. TNFa-induced eotaxin gene transcription is mediated mainly by the transcrip-
tion factor NF-kB (p65/p50), as analysed by luciferase reporter gene assay, Western blotting,
EMSA, and electrophoretic mobility supershift assay. Chromatin immunoprecipitation assays
on these cells have demonstrated that TNFa induces selective histone H4 acetylation on
lysines 5 and 12 at the eotaxin promoter site and p65 binding to the eotaxin promoter,
resulting in eotaxin gene transcription. The inhibition of eotaxin production by B,-agonists
and glucocorticoids is due not to altered NF-kB nuclear translocation or in vifro promoter
binding capability, but to their inhibition of TNFa-induced histone H4 acetylation and p65
by in vivo binding to the promoter, as depicted by the diagram

promoter determined that NF-kB is the major transcription factor in bradykinin-
stimulated IL-8 gene transcription, but that AP-1 and NF-IL-6 also contribute
(Zhu et al., 2003). Glucocorticoids suppress TNFa-stimulated IL-8 production
by HASM, and 3, agonists augment their inhibition (Pang and Knox, 2000).
Dexamethasone inhibits bradykinin-induced IL-8 production via the inhibition
of NF-kB, AP-1, and NF-IL-6 binding.

IFNvy abrogates TNFa-induced NF-kB-dependent gene expression by impair-
ing NF-kB transactivation (Keslacy et al., 2007) via an increase in HDAC activity.
Cytokine-mediated IL-8 release has also been shown to require activation of ERK,
p38 MAPK (Hedges et al., 2000) and JNK (Oltmanns et al., 2003).
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CXCL10/1P-10

Interferon (IFN)-vy-inducible protein-10 (IP-10) is preferentially expressed in
ASM in bronchial biopsies from asthmatic and COPD patients and in ex vivo ASM
cultures from asthmatic patients (Brightling et al., 2005; Hardaker et al., 2004).
TNFa and IFNYy synergistically enhanced IP-10 mRNA and protein accumulation
(Hardaker et al., 2004). Furthermore, the NF-«B inhibitor, salicylanilide, blocked
TNFa-, but not IFNy-, tinduced IP-10 expression.

CCL2/MCP-1

IL-1B and TNFa increase MCP-1mRNA and protein (Nie et al., 2005a; Pype
et al., 1999; Watson et al., 1998). IL-1p-induced MCP-1 involves p38 MAPK,
JNK kinase, ERK and NF-kB (Wuyts et al., 2003a). Increasing cAMP reduced
MCP-1, but not p38 MAPK, ERK or JNK inhibition (Wuyts et al., 2003b).

CCL17/TARC

The TH; cell chemoattractant, TARC, is released by HASM by combined stim-
ulation with either IL-4 or IL-13 and TNF«a (Faffe et al., 2003). IL-4, IL-13,
IL-1B, TNFa and IFNv alone do not cause TARC release. Little is known about
the molecular mechanisms regulating TARC gene expression in ASM, although
in bronchial epithelial cells NF-kB is required for TNFa-induced TARC release
(Sekiya et al., 2000). IL-4- or IL-13- and TNFa-induced TARC release is inhib-
ited by isoproterenol, cCAMP analogues or forskolin (Faffe ef al., 2003), but not
by dexamethasone.

8.4 Growth and remodelling factors

Remodelled airways in asthma show increases in ASM mass, extracellular matrix
deposition and vascularization, and ASM cells themselves can produce several
factors which contribute to these changes.

ASM can synthesize several mitogens. Protein array analysis of ASM super-
natants demonstrated that human ASM can produce EGF, IGF and SCF, but not
PDGEF (Joubert and Hamid, 2005), and although vascular smooth muscle can syn-
thesize PDGEF there is no concomitant evidence in ASM (Ikeda et al., 1991). Both
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bFGF (Rodel et al., 2000) and NGF (Pons et al., 2001) are synthesized by ASM,
the former during Chlamydia pneumoniae infection of cultured human ASM and
the latter in response to IL-1[3.

TGFP

TGFf has multiple roles in the remodelling process. TGF[3;-can act as a mitogen
for mesenchymal cells such as fibroblasts and ASM (Battegay et al., 1990; Okona-
Mensah et al., 1998). Thickening of the airway wall may also be the result of
mesenchymal cell differentiation and migration in response to increased levels of
TGF, in the lung. Genes expressed in differentiated smooth muscle cells, such
as smoothelin, calponin and smooth muscle myosin heavy chain, are upregulated
by TGFp, treatment of human fetal lung fibroblasts (Chambers et al., 2003).
TGFR; is produced by ASM under inflammatory conditions. Neutrophil elastase
(Lee et al., 2006) and mast cell tryptase (Berger et al., 2003) can both induce
the release of TGF,. Neutrophil elastase induces TGF3; mRNA synthesis and
consequent protein production through TLR4, MyD88, IRAK signal transduction,
leading to NF-kB activation, but, although this was inferred from the action
of ‘NF-«B, inhibitors’, the actual mechanism at the TGFf3; promoter was not
investigated.

Extracellular matrix components

ASM expresses fibronectin, laminin, perlecan and chondroitin in response to
serum, and this ECM synthetic potential is greater in response to serum derived
from asthmatic patients than to ‘healthy patient’ serum. Treatment of ASM cells
with TGF; causes synthesis of collagen, fibronectin and elastin.

Connective tissue growth factor (CTGF)

TGFR can release CTGF (Burgess et al., 2006), which then induces fibronectin
and collagen synthesis in lung fibroblasts (Johnson et al., 2006). Asthmatic lung-
derived ASM secretes more CTGF in response to TGF. The MEK inhibitor
PD98059 and the JNK1 inhibitor SP600125 (Xie et al., 2005) reduce TGFf3;-
induced CTGF expression and SMAD2/3 phosphorylation. In contrast, PI3-K
or p38-MAPK inhibitors are without effect. CTGF can induce the synthesis of
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fibronectin and collagen I by ASM itself (Johnson et al., 2006), although there
was no increase in the response in ASM cells derived from asthmatic patients.

Matrix metalloproteinases (MMPs)

ASM cells produce MMP-2 (Elshaw et al., 2004; Johnson and Knox, 1999),
MMP-9 (Liang et al., 2007) and MMP-12 (Chetta et al., 2005). ASM migration
may also be enhanced by the interaction of matrix-metalloproteases with the ECM
in response to growth factors. Collagen I and thrombin synergistically increase
MMP-2 activity in ASM cell culture, and ASM migration towards PDGF is MMP-
dependent (Henderson et al., 2007). MMP-9 and MMP-12 expression are both
induced by IL-1P3..(Liang et al., 2007; Xie et al., 2005). MMP-9 expression is
regulated by ERK1/2, JNK, and p38 MAPK, and the blocking of IL-13-induced
movement of NF-kB to the ASM nucleus prevents MMP-9 promoter-reporter
construct activity (Liang et al., 2007).

Vascular endothelial growth factor (VEGF)
and other angiogenic factors

A growing body of evidence correlates increased vasculature and enhanced an-
giogenic factors with the symptoms of asthma. Asthmatic lung contains increased
vascular branching and elevated VEGEF levels (Abdel-Rahman et al., 2006; Asai
et al., 2003; Chetta et al., 2005; Feltis et al., 2006; Hoshino et al., 2001a; 2001b;
Lee et al., 2006). ASM produces VEGF in addition to several other angiogenic
factors. TH2 cytokines (IL-4, IL-5 and IL-13) induce VEGF expression (Faffe
et al., 2006; Wen et al., 2003); IL-13, bradykinin and TGFf also induce VEGF
expression. In the case of IL1-3, bradykinin involves an autocrine loop with COX-
2 and PGE, (Bradbury et al., 2005; Burgess et al., 2006; Stocks et al., 2005). We
have shown that the SP-1 transcription factor binding site in the VEGF promoter
is essential for PGE;-induced VEGEF release in ASM. Unpublished observations
from our laboratory suggest that angiopoeitin 1 and 2 are expressed constitutively
in ASM but are less dynamically regulated than VEGF.

Several chemokines and cytokines produced by ASM also have angiogenic
properties. For example, ASM produces GM-CSF (Saunders et al., 1997), IL-8
and eotaxin, all of which have angiogenic potential (Bussolino et al., 1989;
Hu et al.,, 1993; Koch et al., 1992; Szekanecz et al., 1994; Vanaudenaerde
et al., 2007). Furthermore matrix metalloproteinases have an essential role in
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remodelling the ECM to allow endothelial cell invasion and association to form
nascent blood vessels (Asai ef al., 2003).

8.5 Conclusions

It is clear that ASM has a myriad of synthetic functions, the spectrum of which
is constantly being updated as new publications emerge. As the bulk of ASM is
markedly increased in chronic asthma, it can contribute large amounts of different
mediators, chemokines and growth factors to the inflammatory mileu and thereby
contribute to the perpetuation of chronic inflammation and remodelling in chronic
asthma. We are starting to understand the molecular mechanisms involved in these
processes, particularly in terms of the key transcription factors that drive these
changes. The mainstay of drug treatment for asthma consists of glucocorticoids
and long- and short-acting 3,-adrenoceptor agonists. These agents can inhibit the
production of a number of molecules produced by ASM cells, but not others. A
greater understanding of these processes should lead to the identification of new
targets for the treatment of chronic asthma.
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9.1 Introduction

Research on airway smooth muscle (ASM) has been greatly motivated by the
possibility that its function is altered in asthma and other obstructive lung dis-
eases. Although definitive evidence of ASM dysfunction in asthma is lacking,
there are many ways by which alterations in ASM might lead to airway hyper-
responsiveness (AHR) (Solway and Fredberg, 1997). The interest in ASM has
broadened since the recognition of properties beyond its role as a contractile tis-
sue. The demonstration of the secretory properties of ASM has raised interesting
questions concerning its place in the inflammation associated with airway disease.
The plasticity of ASM is also reflected in the finding of the increased muscle mass
in airway disease that is a particularly noteworthy feature of airway remodelling
in asthma (Carroll et al., 1993; Dunnill et al., 1969). However, the responsive-
ness of ASM in the absence of obvious airway disorder is also of considerable
interest. It is possible that subjects have innate AHR that may occur as a re-
sult of factors intrinsic to the host without apparent relationship to environmental
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insults, whereas acquired AHR follows more clearly defined triggers. Innate AHR
may, of course, predispose to the development of acquired AHR, although the
experimental data to support this hypothesis are limited and the idea is largely
based on epidemiological data. The isolation, from other factors, of the contri-
bution of ASM to measures of responsiveness has not been easy. A number of
experimental models, ranging from in vivo to in silico, have been used to evaluate
ASM function; contractile, secretory, proliferative and migratory capacities have
all been addressed to a greater or lesser extent. In this chapter, we will review
some of the techniques available to assess, indirectly and directly, the proper-
ties of ASM, and we will review the implications of current findings for airway
disease.

9.2 Methods of assessment of airway smooth
muscle (ASM) function

The study of airway responsiveness in human subjects and in animal and tissue
models has contributed substantially to our understanding of the potential mech-
anisms of excessive ASM contraction. The evaluation of ASM function can be
approached in a variety of ways. Assessment in vivo provides the most relevant
information but is also associated with the greatest uncertainty because of the
complications induced by the multiple modulating influences. Provocation test-
ing with agonists such as methacholine and histamine provides data concerning
the capacity of the airways to respond to the contracting stimulus. An inher-
ent assumption in measuring so-called non-specific responsiveness is that it is
predominantly a reflection of the degree of ASM contraction and is therefore
a measure of the contractile properties of muscle. The effectiveness of contrac-
tion of ASM in causing airway narrowing is affected by the architecture of the
ASM and the constitutive properties of the airway wall itself (Bates and Martin,
1990; Moreno et al., 1986; 1993). There is an additional component of the air-
way response attributable to microvascular leakage from bronchial vessels in
mammals greater in size than the mouse (Yager et al., 1995). In the mouse air-
way, closure from fluid is also an important determinant of the measurement
of responsiveness and in particular AHR induced by certain stimuli (Wagers
et al., 2004). The impedance to airway narrowing provided by the elastic prop-
erties of the lung parenchyma limits the degree of induced bronchoconstriction
(Ding et al., 1987). The cyclical stresses imposed in the contracting muscle by
the act of breathing are potently bronchodilating in action (Fredberg et al., 1997,
Gunst and Stropp, 1995). Modulation of responses by the epithelial barrier and by
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epithelium-derived mediators may also alter the outcome of non-specific chal-
lenge tests.

Classical pharmacological methods of studying tracheal strips or bronchial
rings have provided much of our basic understanding of ASM contractile prop-
erties. However, the disruption of the lung architecture has motivated the devel-
opment of other approaches. Lung slices in culture have been used effectively
in the assessment of ASM and have complemented other techniques (Dandurand
et al., 1993). Lung slices allow preservation of lung elastic recoil forces to some
extent, and when the lungs are prepared by inflation with agarose, there is preload
and after load to the contracting muscle that is not dissimilar to the forces acting
on the airways in vivo (Adler et al., 1998). At the same time the preparation re-
tains the advantages of an in vitro system. Coarse slices have been used to evaluate
the magnitude and velocity of contraction of airways on exposure to contractile
agonists (Tao et al., 1995; Wang et al., 1997). Thin slices allow signalling events
such as calcium transient to be assessed at the same time as contractions (Bergner
and Sanderson, 2002).

The study of cultured ASM cells has also yielded useful information, although
the contractility of these cells is not easily assessed. In addition, it is dependent
on the conservation of contractile function in culture and is also influenced by
the substratum on which the cells are cultured (Hirst et al., 2000; Kelly and
Tao, 1999). The substratum may affect the cell phenotype, but the density of
adhesions between cell and substratum may also be a modulating factor. The
contractions of cultured cells can be measured from changes in length or area of
cells as well as by the assessment of the stiffness of the cells measured by the
technique of magnetic twisting cytometry (Wang et al., 1993a) or atomic force
microscopy (Smith et al., 2005). Magnetic twisting cytometry relies on the use
of ferromagnetic beads attached to the cell via integrins that in turn are linked to
the cytoskeleton. Contraction or relaxation of the cell is associated with changes
in stiffness that can be followed in real-time. Atomic force microscopy can also
be used to probe the viscoelastic properties of the ASM cells and the changes
accompanying contraction of the cells.

9.3 Potential mechanisms by which ASM properties
may contribute to airway responsiveness

Potential smooth muscle-related causes of AHR are illustrated in Figure 9.1.
ASM in vitro is very responsive to contractile agonists and can contract to very
short lengths (Lambert et al., 1993; Stephens et al., 1992). However, there are
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mechanical forces that limit shortening in vivo. Lung elastic recoil and the cycli-
cal movement of the lungs act in concert to prevent significant airway narrowing.
Whereas some forms of AHR may reflect changes in the mechanical load against
ASM shortening, much of the time excessive airway narrowing likely reflects an
increase in the capacity of ASM to overcome the mechanical impedances, since
lung elastic recoil is not usually altered in asthma. An increase in the force of
contraction by ASM is therefore a possible cause of AHR that could result from
differences in the intrinsic contractile processes of the ASM cells or conceivably
from an increase in ASM mass caused by remodelling (Lambert et al., 1993).
However, airway hyperesponsiveness needs to be considered from the standpoint
of the dynamics of airway narrowing, and there is evidence that suggests al-
terations in contractile proteins leading to an altered velocity of contraction in
asthma. Modulation of ASM contraction by neural pathways or by epithelial fac-
tors is also probable (Flavahan et al., 1985). Previous experimentation has shown
minor effects of interrupting neural pathways so it seems unlikely that alterations
in neural control of the airways could act other than as modulators of airway
responses (Shore et al., 1985). Evaluating epithelial contributions to airway re-
sponsiveness is harder to do because there is no specific intervention to eliminate
epithelial effects without significantly altering anything else. Many models have
focused on the role of airway inflammation in AHR. Indeed, there is convinc-
ing evidence that inflammation of various sorts can augment airway responses to
contractile agonists. The fact that bronchoconstriction reaches a plateau in normal

Figure 9.1  Potential mechanisms of smooth muscle-related AHR.Multiple factors are be-
lieved to contribute to AHR. An increase in phospholipase-C (PLC) activity leads to an increase
in inositol triphosphate (IP;), and thus an increase in calcium (Ca®") release from the sar-
coplasmic reticulum. The greater intracellular Ca?* leads to greater Ca®*-calmodulin activation
of myosin light chain kinase (MLCK). The greater MLCK activation increases the number of
phosphorylated (activated) myosin molecules, potentially leading to an increase in smooth
muscle force production and/or increase velocity of shortening (see text for details on how
these mechanisms might lead to AHR). A decrease in inositol 5/-phosphatase or an increase
in inositol 37 kinase also leads to increases in IP; levels. Another mechanism that contributes
to the increase in the number of phosphorylated myosin molecules is an increase in protein
kinase (PKC), which increases the level of CPI-17, which itself inhibits myosin light chain
phosphatase (MLCP). Cyclic guanosine monophosphate (cGMP) is a smooth muscle-relaxing
second messenger, so its decreased production, due to a decrease in guanylyl cyclase activity,
may also lead to AHR. Smooth muscle cell hyperplasia and potentially hypertrophy increase
force production and may potentially participate in AHR. An increase expression of the (+)in-
sert smooth muscle myosin heavy chain (SMMHC) isoform increases the velocity of shortening
(see text for details).
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human and other species at high doses of agonist and that the degree of constric-
tion that can be induced is much less than seen in asthmatic subjects (Woolcock
et al., 1984) leads one to the conclusion that increasing constrictive agents alone
is unlikely to cause AHR. Whereas changes in submaximal constriction as a re-
sult of the concurrent actions of several agonists are easily envisaged, changes
in maximal responses are less easily attributable to such interactions. Inflam-
matory mediators presumably cause AHR by inducing functional changes in
the ASM.

9.4 Experimental models

Innate AHR

Structure function studies relating airway responsiveness in vivo have been per-
formed on human subjects and on a variety of animal species. Early studies
performed on bronchial tissues harvested from subjects undergoing resectional
lung surgery were unable to show clear relationships between responsiveness to
histamine in vivo and responses of isolated tissue strips (Armour et al., 1984;
Taylor et al., 1985). However, these studies preceded the recognition of the in-
fluence of airway epithelial cells on isolated tissue responses and were unable to
take into consideration the orientation of muscle bundles within tissue prepara-
tions. Furthermore, there is always a possible influence of prior lung disorder on
such outcomes. A comparison of airway responsiveness among different animal
species with standardized challenge procedures demonstrated a good correla-
tion with the mass of ASM measured morphometrically (Martin et al., 1992).
In guinea pigs, there was also a relationship between ASM mass and both the
sensitivity of the ASM to the agonist and the maximal response, suggesting a
possible link between factors determining the mass of muscle and the sensitiv-
ity to the agonist (Opazo-Saez et al., 1996). This property will be referred to
again below.

Screens of mice and rats have shown strain-dependent differences in AHR
(Levitt and Mitzner, 1988). The genetic basis for the difference has been explored
in mice (Desanctis et al., 1995; Ewart et al., 1996). There have been no reports of
ASM-specific genes being linked to AHR, and the candidate genes postulated to
account for AHR have in general been related to inflammation. A/J mice appear
to have some similarities to Fisher (F344) rats in showing AHR to methacholine
and serotonin compared to other strains (Martin et al., 1992). These strains have
been frequently contrasted with C57B1/6 mice and Lewis rats, respectively, which
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have lower responses. A genetically determined AHR has also been described in
the Basenji greyhound (Hirshman et al., 1980). Of all the species usually used as
models of asthma, the guinea pig appears to be the one that has the most striking
innate responsiveness to challenge with histamine or methacholine (Martin et al.,
1992). Other species, such as rats and rabbits, that have been directly compared
by similar methods require higher doses of agonists to evoke airway responses,
and their level of airway constriction is limited compared to the responses of the
guinea pig. The links between ASM structure and function are still tenuous in
many of the models, and the muscle is implicated principally by its association
with AHR rather than through experimentation specifically probing its function.

ASM mass and AHR

Of importance to the link between ASM and airway responsiveness is the ability
to show such relationships ex vivo. The trachea and the intrapulmonary airways
of the guinea pig have more muscle than the corresponding structures in the
rat. A comparison of the responses of the tracheal smooth muscle from guinea
pig to that of rat has demonstrated greater responsiveness comparable to that
observed in vivo, and this is potentially caused by the difference in mass of
ASM. However, sensitivity to agonists is also greater in guinea pigs, whereas
differences in maximal contractions only would be expected if differences in
mass of ASM entirely accounted for the greater responsiveness. Comparative
studies of the biochemical characteristics of the ASM among different species are
lacking.

A screen of different strains of rat has shown the F344 strain to be hyperre-
sponsive (‘susceptible’) and the Lewis strain to be normoresponsive (‘resistant’).
The Fisher rat has more ASM than the Lewis strain (Eidelman et al., 1991). There
is growing evidence that the difference in mass between different rat strains is not
the only difference in the ASM properties. Tracheal preparations from these rats
have demonstrated differences consistent with the in vivo findings of hyperre-
sponsiveness (Florio et al., 1996). Explanted lung tissue in culture has been used
to examine the responsiveness of airway tissues ex vivo (Tao et al., 1999; Wang
et al., 1997). Agonists applied to the lung slices caused brisk airway narrowing
that could be quantified by videomicroscopy. F344 rats were also hyperresponsive
compared to the Lewis animals by this technique. Finally, single cells in culture
from the F344 rats have been found to show greater responses to contractile ago-
nists than Lewis rats (An et al., 2006; Tao et al., 1999; 2003). These experimental
findings support the concept of an intrinsic difference in ASM properties.
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Rate of shortening and AHR

A greater rate of ASM shortening has been observed at the muscle strip (Blanc
et al., 2003; Fan et al., 1997) and airway explant (Duguet ef al., 2000; Wang
et al., 1997) levels in many models of AHR, and at the cellular (Ma et al., 2002)
and muscle strip levels in human asthmatics (Mitchell ef al., 1994). Why would
a higher rate of contraction lead to the enhancement of airway responsiveness?
Although this has not been completely elucidated, many theories have been pos-
tulated. Stephens and coworkers have shown in a dog model of AHR that the
development of the maximum velocity of shortening occurs during the first 2 s
of a 10-s contraction (Jiang et al., 1992). The remainder of the contraction was
suggested to be handled by more slowly cycling cross-bridges. They also demon-
strated in human asthmatic bronchial smooth muscle cells that 90 per cent of the
shortening occurs during the first 1.5 s of the contraction (Ma et al., 2002). Thus,
faster smooth muscle myosin isoforms in hyperresponsive airways would lead to
a greater ASM shortening during the initial ~2-s phase of contraction, and thus a
greater airway resistance. Another theory is that a greater rate of shortening keeps
the muscle in a permanent state of contraction because it has time to constrict
between each breath, thereby counteracting the relaxing effect of tidal volume
(Solway and Fredberg, 1997). It is also possible that the combination of multi-
ple mechanisms must be present to lead to AHR. For example, a greater rate of
contraction combined with a decreased parenchymal load would lead to a greater
extent of shortening, and thus a greater airway resistance.

Contractile protein expression and function

The expression and function of contractile proteins in innate AHR have been
addressed in the F344 and Lewis rats. In particular, the expression of the various
smooth muscle myosin heavy chain (SMMHC) isoforms has been investigated.
There are four isoforms of the SMMHC that are generated by alternative splic-
ing of a single gene (Eddinger and Murphy, 1988; White et al., 1993). Two of
these isoforms differ by the presence ([+]insert) or absence ([—]insert) of a seven-
amino-acid insert in the amino terminus region (White ez al., 1993). The [+]insert
isoform propels actin at twice the rate of the [ —]insert isoform in the in vitro motil-
ity assay (Lauzon et al., 1998; Rovner et al., 1997). Two other isoforms differ in
the carboxyl terminus by distinct sequences of 43 (SM1) or nine (SM2) amino
acids (Babij and Periasamy, 1989; Nagai et al. 1989). No mechanical differences
have been reported between these two isoforms. A greater proportion of the faster
(+)insert SMMHC isoform is expressed in the hyperresponsive F344 than in the



9.4 EXPERIMENTAL MODELS 167

normoresponsive Lewis rat tracheae, whereas there is no difference in expres-
sion of other contractile proteins such as /#-caldesmon, a-actin, or myosin light
chain-17 (LC,7) isoforms (Gil et al., 2006). The expression of these contractile
proteins has yet to be addressed at the bronchial level. Bronchial expression would
indeed be more relevant to the study of airway responsiveness, but its assessment
is more difficult due to the contaminating contribution of blood vessel smooth
muscle.

The fast [+]insert SMMHC isoform is an important determinant of the rate
of smooth muscle contraction (Leguillette et al., 2005). Its expression is greater
in rapidly contracting phasic muscle such as the intestine and lower in slowly
contracting tonic muscle such as the aorta (Leguillette et al., 2005). The greater
expression of the [+]insert isoform in the F344 rat trachea is consistent with
the mechanical properties observed at the airway and whole muscle levels. In
explant preparations, a greater rate of shortening in response to methacholine
has also been observed for the F344 rats and this at any lung inflation volumes
studied (Wang et al., 1997). At the muscle strip level, the maximum unloaded
shortening velocity and maximum extent of muscle shortening are higher in F344
than in the Lewis rats, but peak tension is not different (Blanc et al., 2003). This
is in agreement with the fact that the [+] and [—]insert myosin isoforms do not
exhibit any difference in their molecular force production. A knockout mouse
that lacks the [+]insert SMMHC isoform has also been engineered in a C57BL/6
background (Babu et al., 2001). The time to reach maximum airway resistance
after a challenge of methacholine is lengthened in these knockout mice (Tuck
et al., 2004). However, airway responsiveness is not decreased in these animals,
potentially because of their hyporesponsive background (Tuck et al., 2004).

Another factor that deserves attention in terms of muscle contractility is the
level of activation. For an average dose of methacholine, the level of phosphory-
lation of the myosin regulatory light chain (LC,g) is greater in the F344 than in
the Lewis rats (Gil et al., 2006). However, the specific role of the greater phos-
phorylation level with respect to enhanced contractility remains controversial.
It is clear that for an average dose of agonist, a greater level of phosphorylation
leads to greater tension development (Gil et al., 2006), but a link between phos-
phorylation level and rate of shortening remains to be established (Merkel et al.,
1990; Mitchell er al., 2001).

Contractile signalling

Contraction of ASM is a complex process involving many steps. Any one of these
steps is a potential site of difference in response. Several aspects of contractile
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signalling have been examined in the rats differing in responsiveness. Single-cell
calcium imaging has demonstrated differences in responses of the F344 rat to
serotonin and bradykinin compared to the normoresponsive Lewis strain (Tao
et al. (1999; 2003). Both of these agonists cause greater contractile responses
of explanted airways in F344 than in Lewis. The enhanced calcium signals are
attributable to differences in inositol phosphate metabolism (Tao ef al., 2000).
Inositol trisphosphate (IP-3), the intracellular mediator of calcium release from
the sarcoplasmic reticulum, is present in greater concentrations in the cells of
F344 rats after serotonin stimulation than in Lewis rats. The differences appear to
be more a function of reduced degradation by an IP-3-specific phosphatase than
differences in production of IP-3.

Changes in inositol phosphate metabolism are not the sole potential cause of
enhanced airway responses. Part of the difference in responsiveness between F344
and Lewis rats in vivo may be explained by nitric oxide (NO) production in the
airways (Jia et al., 1996). Lewis rats in vivo become more responsive following
the inhibition of nitric oxide synthase, whereas F344 rats are unaffected by the
intervention. F344 airways ex vivo were relatively resistant to the effects of ni-
troprusside, a source of exogenous NO; tracheal tissues produced less 3,5-cyclic
guanosine monophosphate when treated with nitroprusside (Jia et al., 1995). It
seems likely that the epithelium is a major source of NO in the rat and that it is
the major epithelial mediator affecting airway responsiveness. Over-expression
of NOS-2 in the airway epithelium of mice makes them hyporesponsive to metha-
choline (Hjoberg et al., 2004). In conditional transgenic mice, the level of NO was
increased in the airways and was demonstrated to affect airway responsiveness
without any significant pro-inflammatory effects.

Calcium signalling and changes in airway calibre has been investigated in lung
slices of inbred mice (C3H/Hel, Balb/C, and A/J). Although their responsiveness
to acetylcholine differed, their initial calcium transient and frequency of calcium
oscillations were similar (Bergner and Sanderson, 2003). These results suggest
that calcium sensitivity of the contractile apparatus, rather than calcium signalling,
may be altered in AHR (Bergner and Sanderson, 2003).

Proliferative properties of ASM

As mentioned above, F344 rats have more ASM than Lewis rats. The relationship
between the excess of ASM and hyperresponsiveness to contractile agonists is
not clear. However, ASM cultured from these two rat strains also show differ-
ences in responsiveness to mitogenic stimuli (Zacour and Martin, 1996; 2000).
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These differences are associated with protein kinase C isoforms (Zacour and
Martin 2000) but by mechanisms that have not been elucidated. Analogous find-
ings have been reported for spontaneously hypertensive rats that have vascular
smooth muscle that is hyperresponsive not only to contractile agonists but also
to growth-promoting agents (Hadrava et al., 1992). Interestingly, there is also
evidence that ASM from asthmatic subjects has enhanced proliferative responses
to mitogens that may relate to the absence of an inhibitory transcription factor
C/EBP-alpha, the influence of an altered extracellular matrix, and/or reduction
in the synthesis of factors such as prostaglandin (PGE,) (reviewed by Oliver and
Black, 2006).

Animal models of allergic AHR

The interpretation of changes of airway responsiveness following allergen chal-
lenges is even more complex than that of innate hyperresponsiveness. The re-
sponses to allergen-derived mediators reflect cellular responsiveness (mast cells,
T cells, etc.) to the challenge as well as measuring the responsiveness of the
ASM to the mediators released (e.g., cysteinyl-leukotrienes, PGD,, neurokinins).
Innate AHR and increased responsiveness induced by stimuli such as allergen
challenge may have different causes, and the extent to which responses to these
challenges can be interpreted as reflecting smooth muscle function is somewhat
uncertain.

Airway and muscle mechanics have been studied extensively in a canine model
of allergic AHR. Ragweed pollen-sensitized dogs show marked increases in spe-
cific airway resistance when challenged with ragweed extracts or acetylcholine
(Antonissen et al., 1979; Becker et al., 1989). The tracheal and bronchial smooth
muscles of these sensitized dogs exhibit increased maximum shortening velocity
and capacity, and prolonged relaxation time, but no differences in maximum force
(Antonissen et al., 1979; Jiang et al., 1992). These enhanced contractile properties
are associated with greater MLCK content and thus, greater LCy( phosphorylation
levels, but not with greater Ca>-calmodulin activities (Jiang et al., 1995). Sig-
nificantly, Ma et al. (2002) demonstrated that human asthmatic bronchial smooth
muscle cells exhibit similar mechanical properties. A greater velocity and ca-
pacity of shortening were reported as well as a greater MLCK mRNA content.
These latter results attest to the relevance of this allergic model to the study of
asthma.

More recently, a chronic model of allergic asthma has been developed in Balb/C
mice exposed intranasally to house-dust mite. This model shows that the initial
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increase in airway responsiveness is immunologically driven by eosinophils,
whereas sustained AHR post-allergen exposure is associated with airway re-
modelling (Leigh et al., 2002). Furthermore, the changes in airway reactivity and
sensitivity are observed early during the challenge period and are associated with
increased smooth muscle area, whereas increases in maximal airway resistance
are observed later, are sustained in the post-allergen phase, and are associated
with collagen deposition (Leigh et al., 2002). This study of the development and
maintenance of AHR demonstrated the complexity of the interactions between
the multiple factors involved as well as the importance of the timing of the mea-
surements in relation to the allergen exposure.

Allergen-induced AHR: ASM growth

Allergen induced AHR involves a modest change in the dose-response curve to
inhaled methacholine or other agonists. The basis for this form of AHR is still quite
obscure. The links to inflammation have been solidly established, but the precise
cause of the end-organ responsiveness remains unexplained. Although there is
scant information concerning the alterations in ASM phenotype in vivo as a result
of allergen-induced inflammation, there is now evidence of significant changes
in contractile and cytoskeletal proteins (McVicker et al., 2007). Whether there
is any relationship between innate and acquired AHR remains to be determined.
However, there are a number of potential mechanisms that may link the two forms
of AHR.

There is abundant evidence of an increase in ASM mass in asthmatic airways
(Carroll et al., 1993; Dunnill et al., 1969), and it has been postulated to be the
basis for the AHR observed in asthma (Lambert ez al., 1993). Asthma frequently
appears to have a slow onset, and it is an attractive hypothesis that this is at-
tributable to the induction of changes in the airway structure. An increase in
ASM mass has been demonstrated in a variety of allergen-driven animal mod-
els of asthma (Leigh er al., 2002; Padrid et al., 1995; Panettieri et al., 1998;
Sapienza et al., 1991). The increase in mass results from hyperplasia, and sev-
eral mediators have already been identified as causative. Cysteinyl-leukotrienes
have been implicated in the growth of ASM in vivo by several investigators
using different models (Henderson et al., 2002; Salmon et al., 1999; Wang et al.,
1993b). Endothelin antagonists have also been found to prevent ASM hyper-
plasia in a rodent model (Salmon et al., 2000). Recent preliminary evidence
suggests that the epidermal growth factor receptor (EGFR) may be involved in
ASM hyperplasia (Vargaftig and Singer, 2003). Indeed, it is quite possible that
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cysteinyl-leukotrienes may act indirectly by releasing ligands of the EGFR or
potentially by trans-activation of the EGFR (Ravasi er al., 2006). G-protein-
coupled receptors such as cysteinyl-leukotrienes are weaker mitogens than clas-
sical growth factors, so indirect mechanisms of the growth-promoting actions of
the latter need to be considered.

Recently, the mechanical properties of the matrix have been shown to be key
in the development of mesenchymal cell lineages (Engler et al., 2006). Extreme
stiffness favours the expression of osteogenic genes, whereas low stiffness favours
the expression of neurons and intermediate-level muscle cells. Perhaps the alter-
ations in airway wall compliance in asthma may have a place in the alterations in
cell populations in the airway wall in disease.

Allergen-induced AHR: secretory phenotype of ASM

The contribution of an increase in ASM mass to AHR depends upon the new mus-
cle having an appropriate orientation within the airway wall (Bates and Martin,
1990) as well as having normal or potentially enhanced contractile properties.
Whether changes in ASM contractile properties occur in vivo requires further di-
rect confirmation. However, there is evidence of changes in ASM in the allergen-
sensitized canine and in a variety of cell model systems. There is considerable
potential for both negative and positive effects on contractility. Phenotype changes
in ASM have been best studied where muscle tends to manifest its secretory prop-
erties to a substantial extent. There are a few studies concerning alterations in phe-
notype of ASM in vivo (McVicker et al., 2007; Moir et al., 2003a). If ASM were to
revert to a secretory phenotype following hyperplasia, then it would be expected
to have a reduced capacity to generate force. In brown-Norway rats undergoing
repeated allergen exposure, there is reportedly a fall in the content of sm-o in doc-
ument -actin, SM1 sm-MHC, calponin, and smoothelin-A in bronchioles (Moir
et al., 2003b). Changes in airway responsiveness, proportional to the changes in
ASM mass, occur after allergen challenge (Sapienza et al., 1991). An increase in
contractile responses of isolated airway preparations was found at 35 days after
the challenge had ended, but the significance of this finding or its mechanism is un-
certain because no changes in AHR in vivo were registered at that time point (Moir
etal.,2003b). An increase in fibronectin has been described in the airways of sen-
sitized rats repeatedly challenged with ovalbumin (Palmans et al., 2000), and this
and other changes in the matrix following allergen challenge (Pini et al., 2004)
could possibly contribute to changes in the balance of contractile and secretory
phenotypes.
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Allergen-induced AHR: contractile phenotype of ASM

Retaining the contractile phenotype in culture so as to study the effects of vari-
ous pro-inflammatory cytokines on ASM function has been an important issue.
Indeed, total myosin content decreases when standard cell culture conditions are
used (Arafat et al., 2001; Babij et al., 1992; Thyberg, 1996; Wong et al., 1998).
The expression of the [+]insert myosin isoform is also downregulated in stan-
dard cell culture conditions (e.g., the expression of the rabbit bladder [+]insert
SMMHC isoform is down to 45 per cent during the third passage of primary
culture (Arafat et al., 2001)). In addition to laminin, collagen, and fibronectin,
a homologous cell substrate has been reported to produce cells that are more
contractile, although alterations in cell attachment have not been examined as an
alternative explanation for the enhanced responses (Kelly and Tao, 1999). De-
spite the problems of cellular phenotype, investigators have used cultured cells
to study the influence of potentially pertinent cytokines on both the contractile
and secretory properties of ASM cells. In vitro studies have shown that cytokines
modulate the contractility of ASM via both upregulation of CysLT1 receptors
(IL-13) (Babij et al., 1992) and altering calcium signalling in ASM (IL-13 and
tumour necrosis factor-a (TNF-a)) (Amrani et al., 1997; Eum et al., 2005). The
increase in calcium transients to contractile agonists after IL-13 pretreatment ap-
pears to be attributable to an upregulation of CD38, an enzyme responsible for
the synthesis of cyclic-ADP ribose (Deshpande et al., 2004).

Cells in the airways are subjected to periodic mechanical stress in vivo. Incor-
porating variations in mechanical strain into the design of cell-culture conditions
has been attempted. Cultured ASM cells have been stressed via integrin-bound
ferromagnetic beads on their surface by changing magnetic fields (magnetic twist-
ing cytometry) (Fabry et al., 2001; Wang et al., 1993a) or by stretching of flexible
membranes on which the cells are layered (Maksym et al., 2005). Mechanical
stress causes cytoskeletal rearrangement in ASM with increased contractility,
stiffness and proliferation, demonstrating the plasticity of the cytoskeleton in
ASM (Maksym et al., 2005). Cyclical stress has been applied to simulate the ef-
fects of respiration by a commercial device (e.g., Flexcell™). Mechanical strain
increases the contractility of ASM, but it also influences the synthetic functions of
ASM, increasing IL-8 production by human ASM in an AP-1-dependent manner
and also involving the MAPK pathway (Kumar ez al., 2003). Mechanical stress
also interacts with the matrix in influencing ASM phenotype; collagen enhances
growth more than laminin in cells subjected to cyclic mechanical strain, but strain
reduces growth on both substrata (Bonacci et al., 2003).
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9.5 Conclusion

Despite the myriad of studies investigating the function of ASM, its precise role
in health and disease remains obscure. Modest contractions of ASM are evoked
in physiological circumstances, and excessive contractions are associated with
disorder. The decrease in airway luminal area induced by ASM contraction is
well known to be the final step in the cascade of events involved in asthma,
the condition associated with the greatest degrees of airway responsiveness. The
numerous tools available to study bronchoconstriction in animal and in vitro
models have revealed that alterations at multiple sites can participate in inducing
AHR. Other forms of hyperresponsiveness, such as enhanced proliferation in
response to growth-promoting stimuli or enhanced secretion of pro-inflammatory
mediators or matrix proteins may represent susceptibilities relevant to disease.
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10.1 Introduction

Our understanding of the biology and pharmacology of the airway smooth mus-
cle (ASM) cell, in both health and disease, has increased exponentially over the
last two decades. This is due to a number of factors, including the availability of
techniques to culture ASM (Panettieri et al., 1989), as well as access to newer
technologies, such as laser capture microdissection (Burgess et al., 2003a) and
gene microarrays (Woodruff et al., 2004). Coincident with these technological ad-
vances has been the realization that the importance of the ASM is not limited to its
ability to contract and relax in response to provoking stimuli and bronchodilators.
The ASM cell’s properties of proliferation, cytokine and growth factor production,
expression of cell-surface molecules, and communication with the extracellular
matrix (ECM) and inflammatory cells have redefined its role in asthma. Whereas
the contraction of ASM has been regarded as an event secondary to the presence
of inflammatory cells and mediators, it is now accepted that the cell itself can
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produce all these factors (Hirst, 2003), raising the possibility of abnormalities
issuing from the muscle cell itself.

Recently, the ability to culture ASM from biopsies derived from asthmatic
volunteers has become a reality (Chan et al., 2006; Johnson et al., 2001), and
these studies have revealed important differences in the in vitro behaviour of ASM
cells derived from asthmatic and non-asthmatic volunteers. The first of these
was the demonstration that asthmatic cells proliferate more rapidly than their
non-asthmatic counterparts (Johnson et al., 2001). Subsequently, it was found
that, although glucocorticoids can inhibit proliferation of non-asthmatic cells,
they fail to do so in asthmatic cell cultures (Roth ef al., 2004). The mechanism
underlying this finding proved to be an absence of the transcription factor CCAAT
enhancer binding protein alpha (C/EBP-a). This observation was consistent with
the fact that C/EBP-a is an essential component of the complex formed with the
activated glucocorticoid receptor, which subsequently inhibits proliferation via
upregulation of p21%1¢P! (Roth et al., 2002). Several other differences in in vitro
properties of the two cell types have since emerged: release of more connective
tissue growth factor (CTGF) (Burgess et al., 2003a); alterations in the profile
and signalling pathways of ECM proteins (Burgess et al., 2006b); decreased
release of prostaglandin E; (PGE ;) (Chambers et al., 2003); greater release of
CXCL10 (IP10) (Brightling et al., 2005), which then attracts more mast cells to
the muscle (Brightling et al., 2002); and differences in response to rhinovirus
exposure (Oliver and Black, 2006). Details of these differences are expanded
upon below. A unifying explanation for these differences that could relate them
to the deficiency in C/EBP-a is as yet unavailable, but they suggest that asthma is
intrinsically and essentially an abnormality of ASM. What remains to be seen is
whether ablation of the smooth muscle, which is currently under investigation
in trials of bronchial thermoplasty (Cox et al., 2006), will add credence to this
possibility.

10.2 The extracellular matrix (ECM) and the airway
smooth muscle (ASM)

Within the structure of the airway, the ASM is associated with a complex net-
work of interlacing macromolecules — the ECM. The ECM forms a supporting
structure for the airway wall, but also has the potential to influence cellular func-
tions, including proliferation, differentiation and migration. The ECM proteins
are mainly interstitial collagens, glycoproteins such as fibronectin, laminin and
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tenascin, elastin, and proteoglycans. The profile of ECM proteins is altered in the
airways of asthmatic individuals compared to non-asthmatic individuals. Histo-
logical studies have demonstrated increased deposition of collagens I, III, and V;
fibronectin; tenascin; hyaluronan; versican; laminin «2/32; lumican and biglycan
(Laitinen et al., 1996; 1997; Roberts and Burke, 1998; Roche et al., 1989), while
the levels of collagen IV and elastin are decreased (Bousquet et al., 1992) in
asthmatic airways.

A variety of cells, including those from the fibroblast/myofibroblast lineage
and ASM cells, have the capacity to produce ECM proteins in the airways. Only
a small number of histological studies have examined the alterations in ECM pro-
teins specifically in the area of the ASM in asthmatic airways. Bai and colleagues
observed an increase in the amount of total ECM around individual ASM cells in
fatal asthma cases (Bai et al., 2000), while others have reported an increase in col-
lagen (Thompson and Schellenberg, 1998), hyaluronan and versican (Roberts and
Burke, 1998) in asthma. A disintegrin and metalloproteinase 33 (ADAM33) has
also recently been reported to be expressed to a greater extent in the muscle layer
in biopsies from asthmatic individuals than from non-asthmatics (Ito et al., 2007).
The production and release of ECM proteins from ASM cells has been examined
in vitro. We have recently reported that ASM cells from asthmatic individuals
release a profile of ECM proteins different from those of non-asthmatic individu-
als (Johnson et al., 2004). The production of perlecan and collagen I by asthmatic
ASM cells was significantly increased, while laminin a1 and collagen IV were
decreased, and chondroitin sulphate was detected only in cells from non-asthmatic
individuals. Chan and colleagues reported that the production of fibronectin was
also increased in asthmatic ASM cells (Chan et al., 20006).

There is a unique relationship between ASM cells and the ECM, with each able
to influence the characteristics and behaviour of the other. The ECM released from
asthmatic ASM cells has the capacity to alter the behaviour of non-asthmatic ASM
cells. When non-asthmatic ASM cells were grown on ECM isolated from asth-
matic ASM cells, they exhibited a greater rate of proliferation (Figure 10.1).
Asthmatic cells also had a greater rate of proliferation on asthmatic ECM than
non-asthmatic ECM (Burgess et al., 2005). Similarly, when both asthmatic and
non-asthmatic ASM cells were plated on asthmatic ECM, the release of eotaxin in-
duced by interleukin (IL)-13 was enhanced compared to plating on non-asthmatic
ECM (Chan et al., 2006) (Figure 10.2). In all circumstances tested, the release of
eotaxin was greater from the asthmatic ASM cells. These studies provide evidence
that the alteration in the ECM protein profile in asthmatic airways contributes to
the behaviour and characteristics of ASM cells, which in turn contribute to the
altered pathophysiology observed in the asthmatic airway.
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Figure 10.1 Extracellular matrix (ECM) derived from asthmatic ASM cells induces greater
proliferation. Non-asthmatic and asthmatic ASM cells were grown on ECM derived from non-
asthmatic or asthmatic ASM cells in the presence of 5 per cent fetal bovine serum (FBS) for
3 days (n =9 and 9, respectively). Data are expressed as the percentage of proliferation
compared to cells grown in the absence of ECM or FBS + sem. *Significantly greater than
non-asthmatic ECM

Transforming growth factor

The production of ECM proteins from ASM cells is regulated by growth factors
present in the airways. Transforming growth factor (TGF) {3 is increasingly im-
plicated in profibrotic events in the airway, and has been implicated in airway
remodelling in asthma (Coutts ef al., 2001; McKay et al., 1998; Redington et al.,
1997). TGFp is produced by a range of cells, including platelets, macrophages,
epithelial cells and smooth muscle cells. In asthma it has been reported that the
concentration of TGFf is increased in bronchial lavage fluid (Redington et al.,
1997) and that TGF gene expression is increased in bronchial tissue (Minshall
et al., 1997; Ohno et al., 1996; Vignola et al., 1997). TGFB immunoreactivity is
also increased in bronchial biopsies and submucosal eosinophils from asthmatic
subjects (Minshall et al., 1997; Vignola et al., 1997). ASM-derived TGFf3 local-
izes in the vicinity of the ASM cells through an association with the TGF( latency
binding protein, which is also expressed by ASM cells. Plasmin cleaves this com-
plex to release the biologically active TGF[3, which in turn can act in an autocrine
manner to induce ECM protein production by ASM cells (Coutts et al., 2001).
In vitro, TGFR induces the production and release of collagen I, fibronectin and
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Figure 10.2 Native extracellular matrix (ECM) derived from asthmatic ASM cells enhances
IL-13-dependent eotaxin release at 24 h from ASM cells cultured from either healthy control
subjects or subjects with asthma. Data are shown as the fold increase above unstimulated
and are mean =+ sem of duplicate values from independent experiments using cells cultured
from six subjects, which were seeded on ECM substrates from at least three subjects. Baseline
values for eotaxin (ng/ml/million cells) were 16.35 & 12.24 (open squares), 38.07 + 18.22
(closed squares), 20.89 + 14.27 (open circles), and 38.35 & 20.89 (closed circles).*p < 0.05
compared with ECM from healthy subjects. (Reprinted from the American Journal of Respiratory
and Critical Care Medicine, Vol 174. pp. 379-385, (2006). (© American Thoracic Society)

versican from both asthmatic and non-asthmatic ASM cells (Burgess et al., 2006c;
Johnson et al., 2006).

Many of the effects of TGFf in the airways, including induction of cell prolif-
eration, ECM synthesis, and regulation of migration of cells to a wound site are,
at least in part, mediated via connective tissue growth factor (CTGF) (Duncan
et al., 1999; Igarashi et al., 1993; Oemar and Luscher, 1997).

Connective tissue growth factor (CTGF)

CTGeF is thought to have a role in normal wound healing processes (Blom et al.,
2001; Igarashi et al., 1993; Pawar et al., 1995), and its over-expression has been
associated with many fibrotic disease states (Clarkson et al., 1999; Grotendorst,
1997; Igarashi et al., 1996).

We, and others, have recently reported that CTGF is produced by and released
from ASM cells (Burgess et al., 2003b; Xie et al., 2005). The levels of CTGF
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released following stimulation with TGF[ are significantly greater in cells isolated
from asthmatic individuals than in those from non-asthmatic individuals (Burgess
et al., 2003b).

The presence of both CTGF mRNA and protein has been demonstrated in ASM
cells in vitro, and the presence of CTGF mRNA has been confirmed in ASM
cells obtained from tissue sections by laser capture microdissection (Burgess
et al., 2003b). TGFf also induces CTGF expression in bronchial rings from non-
asthmatic individuals, but whether the same effect occurs in asthmatic bronchial
rings, or even whether a larger induction occurs, is not known due to difficulty in
accessing tissue for these types of experiments.

CTGF induces the production and release of the ECM proteins collagen I and
fibronectin from both asthmatic and non-asthmatic ASM cells in culture, and also
in bronchial rings from non-asthmatic individuals (Johnson et al., 2006). This
induction mediates, in part, the TGFB-induced collagen I and fibronectin release
from ASM cells, although other CTGF-independent mechanisms also contribute
to this release. PGE, regulates the TGF-induced expression of CTGF, collagen I
and fibronectin in ASM cells. The presence of PGE, inhibits the induction of the
mRNA for these genes in ASM cells in culture and the deposition of the proteins
in bronchial rings following TGF@ stimulation. (Burgess et al., 2006a). These
studies link the TGF@-mediated upregulation of CTGF with a corresponding
upregulation in fibronectin and collagen I production in both asthmatic and non-
asthmatic ASM cells.

Signalling pathways

The signalling events leading to the induction of CTGF, collagen I and fibronectin
by TGFp are different in ASM cells. The involvement of the phosphoinositol-3
kinase (PI3K), extracellular regulated kinase (ERK) or the p38 MAPK (p38)
pathways differ between the proteins, but there seems to be an increased depen-
dence of the PI3K pathway in asthmatic ASM cells (Table 10.1) (Johnson et al.,
2006). It is possible that the SMAD pathway is also involved in the induction of
these genes, as TGF@ induces SMAD2 phosphorylation in both asthmatic and
the non-asthmatic ASM cells; however, the involvement of this signalling path-
way has not been directly examined. Asthmatic ASM cells may potentially have
a greater reliance on the SMAD signalling pathway, as the phosphorylation of
SMAD?2 following TGFf3 stimulation was significantly increased in these cells
compared to the non-asthmatic ASM cells (Johnson et al., 2006). It is interest-
ing to note the importance of the PI3K pathway in asthmatic ASM cells. In this
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Table 10.1 Signalling events leading to the induction of CTGF, collagen I and
fibronectin in ASM cells

Asthmatic Non-asthmatic
MAPK P38 PI3K MAPK P38 PI3K
CTGF V4 X V4 X N X
Collagen I X X J X J J
Fibronectin X Vv J X X J

x not involved; ,/ involved in induction of mRNA.

study, two inhibitors, .Y294002 and wortmannin, were used to block the PI3K
pathway. Differing results were obtained with the two inhibitors, suggesting that
there may be specific roles for the different subclasses of PI3K in the asthmatic
ASM cells. Further studies are being conducted to elucidate the importance of the
PI3K subclass isoforms in the regulation of events in the asthmatic ASM cells.

Vascular endothelial growth factor

TGFp also induces the release of vascular endothelial growth factor (VEGF)
from ASM cells and a variety of other cells (Burgess et al., 2006a; Kazi et al.,
2004; Knox et al., 2001; Wen et al., 2003). VEGF is an important regulator of
endothelial cell growth and is thought to play arole in controlling the angiogenesis
that is observed in the asthmatic airway. VEGF levels in bronchial lavage fluid and
induced sputum are higher in asthmatics than non-asthmatics (Asai et al., 2003;
Lee and Lee, 2001), and VEGF gene expression is also increased in bronchial
tissue in asthmatics (Hoshino et al., 2001). We have recently reported that CTGF
can also induce VEGF release from asthmatic and non-asthmatic ASM cells,
although the levels do not differ between the cell types (Burgess et al., 2006a).
Recombinant CTGF and VEGF 45 are known to form a complex which alters
the functionality of VEGF (Inoki et al., 2002). CTGF and VEGEF released from
ASM cells also associate and co-localize in the ECM surrounding ASM cells in
culture or in bronchial rings after stimulation with TGFf3 (Burgess et al., 2006a).
The localization of this complex is dependent on the presence of CTGF, as PGE,
increases the release of VEGF into the cell culture medium in which the ASM
cells are grown but inhibits the localization of CTGF and VEGF to the ECM
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Figure 10.3 Reproduced with permission from Am J Physiol Lung Cell Mol Physiol, Jan 2006;
290: L153-L161. (For a colour reproduction of this figure, please see the colour section,
located towards the centre of the book).



10.2 THE EXTRACELLULAR MATRIX (ECM) AND THE AIRWAY SMOOTH MUSCLE (ASM) 189

Ly s, R N

L = S——
Asthmatic airway i(;}% i /—\,._—/—\E@:—/—\__

/_\__
/_\”__\-—,.—\_

collagen I /
fibronectin protein 1

CTGF mRNA
transcription
WAAAAY

collagen I /
fibronectin mRNA 1

transcription

Figure 10.4 Schematic representing the relationship between the ASM cell, the extracellular
matrix (ECM), and growth factors in the asthmatic airway

(Figure 10.3). Asthmatic and non-asthmatic ASM cells release the same amount
of VEGF following TGFf stimulation; however, it is not known whether the
increased release of CTGF and the decreased release of PGE, from asthmatic
ASM results in a greater amount of VEGF localized in the vicinity of ASM.
Figure 10.4 summarizes the relationship of the factors described above in the
asthmatic airway.

Figure 10.3 Colocalization of CTGF and VEGF and modulation by TGF-B and PGE, in ASM
cells and tissue sections. ASM cells (A) were incubated in 0.1 per cent ITS DMEM or 0.1 per
cent ITS DMEM plus TGF-B (1 ng/ml) or human bronchial rings from the same patient, or
were incubated in 0.1 per cent ITS DMEM or 0.1 per cent ITS DMEM plus TGF-B (1 ng/ml)
(B) or 0.1 per cent ITS DMEM, 0.1 per cent ITS DMEM plus TGF-B (1 ng/ml), 0.1 per cent ITS
DMEM plus TGF-B plus PGE, (10 M) or 0.1 per cent ITS DMEM plus PGE, (C) for 24 h. Cells
and tissue sections were simultaneously stained with rabbit anti-CTGF coupled with donkey
antirabbit TRITC (red staining) and mouse antihuman VEGF coupled with goat antimouse FITC
(green staining). The images were merged by imaging software, and regions of colocalization
were identified (yellow staining). Controls are representative of the staining seen with both
isotype control antibodies. The haematoxylin and eosin (H&E)-stained sequential sections
were used to identify airway morphology. The results are representative of tissue from three
non-asthmatic patients.(Reproduced with permission from Am J Physiol Lung Cell Mol Physiol,
Jan 2006; 290: L153-1161)
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10.3 ASM and integrins

Cell-ECM interactions are mediated via a family of cell-surface receptors known
as integrins (Giancotti and Ruoslahti, 1999). Integrins are heterodimeric trans-
membrane glycoproteins consisting of two non-covalently linked subunits, o and
B, which allow bidirectional signalling; that is, they can signal from inside the
cell (e.g., regulation of attachment of the cell to the ECM) or from outside the cell
(e.g., signals are transmitted from the extracellular environment to the cell), and
hence the extracellular environment can modulate cell function (Hynes, 2002).

Human ASM cells in culture express the integrin subunits oc1-a6, &V and 1
(Freyeretal.,2001; Nguyen et al.,2005), and these receptors have been implicated
in the regulation of various cellular processes, including cytokine secretion (Chan
et al., 2006; Peng et al., 2005), cell survival (Freyer et al., 2001), cell adhesion
(Nguyen et al., 2005; Parameswaran et al., 2004), and cell proliferation (Moir
et al., 2005; Nguyen et al., 2005).

Freyer and colleagues reported that o5, f1 and oV are universally expressed
on human ASM cells but that fewer than one-third of cells express a1, a3 and a4
(Freyer et al., 2001), whereas Nguyen et al. (2005) reported universal expression
of a5 and B1, but that a1, a2, a3 and oV are expressed on 50-70 per cent of cells.
Although the reason for the differences in expression levels between these two
studies is not clear, exposure of ASM cells to mediators and ECM proteins known
to be increased in the asthmatic airway can modulate integrin expression; platelet
derived growth factor (PDGF), fibronectin and collagen I increase a3, TNFa
increases B1, and TGFp; increases a5 1 expression (Moir et al., 2006; Nguyen
et al.,2005; Parameswaran et al., 2004), suggesting that differences in expression
may reflect altered environmental factors. Expression of individual subunits may
therefore be modulated by the inflammatory and profibrotic environment within
the airway; hence, transient expression of integrin subunits may allow altered
cellular function.

We have preliminary data suggesting that integrin expression on proliferating
asthmatic ASM cells in culture is different from that of non-asthmatic ASM cells
(unpublished observations) and that different integrins contribute to the prolif-
eration of ASM cells from asthmatic subjects (Moir et al., 2005). Nguyen and
colleagues reported that the 3 1-family integrins o231, 41 and 531 mediate
the ECM-enhanced mitogen-induced proliferation of non-asthmatic ASM cells
(Nguyen et al., 2005). However, we found that blocking antibodies to 31 partially
attenuated serum-induced proliferation of both non-asthmatic and asthmatic ASM
cells, and that blocking antibodies to a4 and 31 in combination further reduced
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proliferation of non-asthmatic ASM cells, but had no additional effect on asth-
matic cells (Moir et al., 2005). Since integrin receptors have been shown to have
a functional role in many different cellular processes, altered expression of these
receptors in the asthmatic airway may have a dramatic effect on cellular function,
and hence perpetuate both the inflammatory and structural remodelling processes
associated with asthma.

Role of integrins in current asthma therapies

Current asthma therapies have been shown to have little or no effect on the
structural changes observed in the asthmatic airway. Glucocorticoids, which are
effective at reducing proliferation of non-asthmatic ASM cells in culture, are in-
effective at reducing the enhanced proliferation of cells from asthmatic subjects
(Roth et al.,2004). A recent study by Bonacci and colleagues reported that the an-
tiproliferative action of glucocorticoids on non-asthmatic ASM cells is lost when
cells are cultured on collagen I, and that blocking cell-collagen I interaction via
the integrin 231 restores this antimitogenic response (Bonacci et al., 2006).
Therefore, the altered matrix expression in asthma may modulate the actions of
asthma medications.

10.4 The ASM cell and inflammation

GM-CSF and RANTES released from human smooth muscle cells in culture
was first documented in 1997 (John et al., 1997; Saunders et al., 1997), and
subsequently these cells have been shown to produce a plethora of cytokines,
chemokines and other inflammatory mediators, such as IL-1@, IL-5, IL-6, IL-8,
IL-11, MCP-1, MCP-2, MCP-3, IFN-B, eotaxin, leukaemia inhibitory factor,
and prostanoids such as PGE, (Pascual et al., 2003). The induction of many
of these factors is the result of stimulation with pro-inflammatory cytokines,
and as such has helped to establish the role of the smooth muscle cell in the
airway inflammatory milieu. The ability to respond to inflammatory mediators
is dependent upon the presence of the cytokine and chemokine receptors on
the surface of these cells, suggesting that both autocrine and paracrine signalling
control ASM function in vivo. Furthermore, it is likely that the smooth muscle cell
functions as a cell of the innate immune system, since the presence of a number
of innate pattern recognition receptors (PRRs) has been demonstrated (Sukkar
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et al., 2006), and synergistic cooperation between ASM cells and monocytes
has been shown to occur following PRRs activation (Morris et al., 2005). ASM
cells from non-asthmatics cannot function as antigen-presenting cells (APC), a
surprising finding given that they can express MHC class II (Lazaar et al., 1997),
and the co-stimulatory molecules CD80 and CD86 (Hakonarson et al., 2001).
However, alveolar macrophages from asthmatic volunteers can function as APC
(Balbo et al., 2001), but it remains to be determined whether the same is true of
asthmatic muscle cells. Smooth muscle cells can bind many immune cells such
as eosinophils (Hughes et al., 2000), T cells (Lazaar et al., 1994) and mast cells
(Liu et al., 2005).

The interaction between the smooth muscle cell and other immune cells is
mediated by constitutively expressed cell-surface receptors, such as intercellular
adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1,
to which the activated T cells bind (Lazaar et al., 1994). It is also possible that
smooth muscle-T cell interactions are mediated via CD44, which is present upon
the surface of both cells. Hyaluronan is thought to act as a cellular bridge binding
to its cell-surface receptor CD44 on both the smooth muscle cell and the T cell
(Lazaar et al., 1994), inducing the proliferation of the smooth muscle cell. Other
potential agents regarding the interaction between T cells and smooth muscle cells
in orchestrating the immune response include CD40 (Lazaar et al., 1998) and
0X40 ligand (Burgess et al., 2004), both of which have been shown to be present
and functional upon the surface of the smooth muscle cell. In the presence of
inflammatory stimuli, the expression of both CD40 and OX40 ligand is increased
on the surface of asthmatic ASM cells compared with non-asthmatic cells in vitro
(Burgess et al., 2005).

Given the recent observation that mast cell localization within smooth muscle
bundles is increased in asthma in vivo (Brightling et al., 2002), considerable ef-
fort has been made to detect the mechanism by which this occurs. Increased mast
cell numbers may be partly due to the elevated chemokine and cytokine produc-
tion observed in asthma, in combination with smooth muscle-derived stem cell
factor (SCF) (Kassel et al., 1999). It is also likely that binding of the chemokine
CXCLI10 (IP-10), which is preferentially expressed in the muscle of asthmatic
patients and ex vivo asthma-derived smooth muscle cells, to its receptor CXCR3,
which has also been shown to be preferentially expressed on mast cells located in
the muscle, contributes to the increased accumulation of the mast cells observed
in the asthmatic ASM (Brightling et al., 2005). The adhesion of the mast cell
to the smooth muscle cells is mediated to some extent by tumour suppressor in
lung cancer-1 (TSLC1), but not by ICAM-1, VCAM-1, CD18, a4 or 31 integrins
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(Yang et al., 2006). p38 MAPK-dependent eotaxin release occurs upon binding
of the mast cell to smooth muscle cells (Liu et al., 2005). Furthermore, mast
cells situated within the ASM bundles of asthmatic subjects produce the TH; cy-
tokines IL.-4 and IL-13 (Brightling et al., 2003). It is thought that IL.-4 and IL.-13
contribute to the pathogenesis of asthma; in addition, they have been shown to
have direct effects upon ASM cells, such as the induction of VEGF (Faffe et al.,
2006) and induction of bronchial hyperreactivity (Kellner et al., 2007). Further-
more, asthma severity correlates with the in vivo degranulation of mast cells,
and the increased degranulation observed in cartilaginous versus membranous
bronchioles suggests that an inhaled stimulus is activating these cells (Carroll
et al.,2002).

10.5 The ASM cell and infection

There is increasing evidence that pathogens can induce asthma exacerbations, of
which at least 70 per cent are associated with viral infection. While viruses are
accepted as pathogens in the lungs, disagreement surrounds the issue of whether
ASM can become infected in vivo with virus. Previous studies have shown that
both submucosal (Papadopoulos et al., 2000) and smooth muscle cells (Morbini
and Arbustini, 2001) can be infected with viruses in vivo. Of the many different
virus types which have been isolated from individuals experiencing exacerbations,
rhinovirus is by far the most common type found; furthermore, infection of ASM
cells has been demonstrated in vitro (Grunstein et al., 2000). We, as well as oth-
ers, have shown that rhinovirus induces the release of pro-inflammatory cytokines
from ASM cells; however, we were the first to demonstrate greater rhinovirus-
induced cytokine release in smooth muscle cells from asthmatics, thereby pro-
viding a potential mechanism by which rhinovirus-induced exacerbations occur
(Hakonarson et al., 1999).

During a virus-induced asthma exacerbation, the clinical utility of beta adreno-
ceptor agonists is reduced (Reddel et al., 1999), leading to the hypothesis that
viral infection induces dysfunctional smooth muscle beta adrenoceptor expres-
sion. Some preliminary evidence exists in support of this, derived from research
with airway tissue segments (Hakonarson et al., 1998), and recently beta adreno-
ceptor downregulation has been shown to occur in ASM (Moore et al., 2006),
while increased expression was shown to occur in epithelial cells (Tsutsumi
etal., 1999).
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The airway smooth muscle
in chronic obstructive
pulmonary disease (COPD)

Maria B. Sukkar and Kian Fan Chung

Section of Airways Disease, National Heart and Lung Institute, Imperial College,
London, UK

11.1 Introduction

Chronic obstructive pulmonary disease (COPD) is an important disease causing
significant morbidity and mortality. The prevalence of COPD varies between 4
and 10 per cent of the adult population and in adults older than 40 years, it is esti-
mated to be 3 million people in the UK and 17.1 million in the USA. COPD was
ranked sixth among causes of death globally in 1990 but is expected to become
the third common cause of death by 2020. In this chapter, the pathophysiological
abnormalities in COPD will be reviewed in relation to the basis for the progres-
sive airflow obstruction and airway hyperresponsiveness in this disease, while
emphasizing the potential contribution of the airway smooth muscle (ASM) to
airflow obstruction, airway inflammation and airway remodelling. Much more
emphasis has been given so far to the role of ASM in the airflow obstruction of
asthma, but increasing attention is now being given to its potential role in COPD.
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11.2 Definition and assessment of COPD

The Global Initiative on Obstructive Lung Disease (GOLD) (http.//www.goldcopd
.com) defines COPD as a preventable and treatable disease with some significant
extrapulmonary effects that may contribute to the severity in individual patients.
Its pulmonary component is characterized by airflow limitation that is not fully
reversible. The airflow limitation is usually progressive and associated with an
abnormal inflammatory response of the lung to noxious particles or gases.

COPD encompasses the disease labels of chronic bronchitis and emphysema.
Chronic bronchitis is a clinical description of the presence of a chronic increase
of bronchial secretions characterized by a productive cough on most days for
a minimum of 3 months per year, for at least 2 successive years. Emphysema
is an anatomical diagnosis defined by permanent destructive enlargement of air
spaces distal to the terminal bronchioles. COPD is caused primarily by cigarette
smoking, but other factors include outdoor and indoor air pollution derived from
combustion of biomass, occupational exposures, perinatal events and childhood
respiratory events. Contributory factors include genetic factors, chronic mucus
hypersecretion, airway hyperresponsiveness and asthma.

In the early stages of the disease, there may be few symptoms. Usually, there is
a cough with sputum production, to which the patient may become accustomed.
In later stages of the disease, symptoms of breathlessness, usually on exertion,
settle in insidiously, and the patient may not be bothered until the disease is
far advanced. An accurate assessment of airflow limitation is obtained by using
forced expiratory tests, in particular the forced expiratory volume in 1 s (FEV),
and its ratio to the forced vital capacity (FVC), that is, FEV,/FVC ratio, which
may lead to earlier diagnosis.

COPD is now largely classified according to the degree of impairment of the
FEV; associated with an FEV/FVC ratio of less than 0.7:

e stage I >80 per cent predicted

e stage I 50-80 per cent predicted
e stage III  30-50 per cent predicted
e stage [V <30 per cent predicted.

In those patients who develop COPD, the FEV, declines more rapidly than in
non-smoking volunteers. However, FEV; only provides one indicator of severity
of COPD, particularly regarding advanced disease. A composite staging system
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that comprises the body mass index, dyspnoea index and exercise capacity index,
in addition to FEV as a measure of airflow limitation (Celli et al., 2004 ), provides
a better predictor of mortality than FEV, alone. This staging system takes into
account the potential systemic contribution of COPD. Arterial blood gases, which
may show hypoxaemia and/or hypercapnia in advanced disease, are another useful
index of the severity of COPD. High-resolution computed tomography of the lungs
will reveal the presence and extent of emphysema.

11.3 Pathological features of COPD

The characteristic pathology of stable COPD includes chronic inflammation of
the small bronchi and bronchioles less than 2 mm in diameter, together with
structural changes to the airways and lung emphysema. Chronic bronchitis, char-
acterized by glandular hypertrophy and hyperplasia with dilated ducts of 2—4 mm
internal diameter, may be present with mucus plugging, goblet cell hyperpla-
sia, cellular inflammation, increased ASM mass, and distortion due to fibro-
sis of bronchioles. The chronic inflammation of COPD is characterized by an
accumulation of neutrophils, macrophages, B cells, lymphoid aggregates and
CD8™ T cells, particularly in the small airways (Hogg, 2004), and the degree
of inflammation increases with the severity of disease as classified by GOLD
(Hogg et al., 2004). Neutrophils are localized particularly to the bronchial ep-
ithelium and the bronchial glands (Saetta et al., 1997), and also in close ap-
position to ASM bundles (Baraldo er al., 2004). CD8* T cells are increased
throughout the airways and in lung parenchyma (O’Shaughnessy et al., 1997)
and have also been localized to the ASM bundles (Baraldo et al., 2004). Be-
cause these cells express IFN-y and CXCR3, they are likely to be type 1 T-helper
cells, which could be a prime driver of the inflammatory response in COPD
(Saetta et al., 2002). The observation of increased numbers of B cells in more
advanced COPD (Gosman et al., 2006; Hogg et al., 2004) and the presence
of lymphoid follicles may represent an adaptive immune response to chronic
infection.

Although inflammatory cells contribute to the volume of the tissue wall in the
small airways in COPD, structural changes such as epithelial metaplasia, increase
in ASM, goblet cell hyperplasia, and submucosal gland hypertrophy are other
constituents of this thickening, which also increase with severity (Hogg et al.,
2004). The degree of airflow limitation as measured by FEV is also correlated
with the degree of airway wall thickness, providing indirect evidence for a role
for airway wall remodelling in airflow obstruction of COPD. Emphysema may
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also contribute to airflow limitation resulting from loss of lung elastic recoil (Kim
etal., 1991).

Epithelial changes

The epithelium can be damaged by cigarette smoke, and its subsequent response
may represent attempts by the airway epithelium to protect itself and repair the
injury caused by cigarette smoke (Puchelle et al., 2006). Significant changes
in oxidant responsive genes have been observed in the epithelium of healthy
smokers as well as COPD patients (Pierrou et al., 2007). A small increase in
the proliferative rate of the epithelium of small airways of COPD patients has
been reported (Pilette er al., 2007), together with the increased expression of
galectin-1 in the epithelium, which could be involved in epithelial proliferation
and apoptosis. Cigarette smoke induces the release of IL-1, IL-8 and G-CSF
from bronchial epithelial cells through oxidative pathways (Mio et al., 1997),
accounting for potential neutrophil and monocytic chemotactic activities released
from the epithelium (Masubuchi et al., 1998). A higher expression of MCP-1,
TGF-B1, IL-8 mRNA and protein has been observed in bronchiolar epithelium
of smokers with COPD compared with those smokers without COPD (de Boer
et al., 2000; Takizawa et al., 2001; Vignola et al., 1997). Cultured epithelial
cells from smokers and COPD release more TGF-3 in vitro than those from
normals (Takizawa et al., 2001). In addition, the expression of FGF-1 and FGF-2
is increased in the bronchial epithelium of COPD patients (Kranenburg et al.,
2005). These growth factors could regulate the proliferation and inflammatory
activity of ASM cells in COPD.

Goblet cells, submucosal glands and mucus production

While an earlier study indicated no predictive value of mucus hypersecretion for
mortality in COPD (Peto et al., 1983), other studies have associated chronic spu-
tum production to the risk of hospitalization, excessive yearly decline in FEV},
and COPD development (de Marco et al., 2007). Post-mortem study of lungs from
patients who died of COPD showed increased amount of intraluminal mucus in
the bronchioles compared to controls without respiratory disease (Aikawa et al.,
1989). In surgically resected lung tissues, increasing accumulation of inflamma-
tory exudates with mucus in the small airways has been noted with increasing
severity of disease (Hogg et al., 2004). Submucosal gland hypertrophy is also
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seen in the large airways (Dunnill et al., 1969; Reid and Melb, 1954). A dis-
proportionate increase in mucous acini and reduction in serous acini have been
reported in chronic bronchitis (Glynn and Michaels, 1960), but there is no cor-
relation between the mucus gland enlargement and sputum production (Mullen
et al., 1985; Nagai et al., 1985).

Goblet cell hyperplasia is a feature of both large and small airways in chronic
bronchitis (Reid and Melb, 1954). Goblet cells are usually sparse in the small air-
ways, but are increased in small airways (diameter < 1 mm) of patients with COPD
(Saetta et al., 2000). This has been associated with a neutrophilic inflammation,
supporting the concept that neutrophils, through the release of neutrophil elastase
and cathepsin G, may directly cause degranulation of goblet cells (Sommerhoff
et al., 1990). The mechanism of goblet cell hyperplasia itself may involve the
activation of the epidermal growth factor receptor (EGFR), which may be upreg-
ulated by oxidants in cigarette smoke and by release of cytokines such as TNFa,
IL-8 or IL-13 (Shim et al., 2001; Takeyama et al., 2000). Increased expression of
the mucin, MUCS5B, in the bronchiolar lumen and of MUCS5AC in the bronchiolar
epithelium has been reported (Caramori et al., 2004; Innes et al., 2006).

Extracellular matrix changes

Subepithelial basement membrane thickness in COPD is not usually increased
(Benayoun et al., 2003; Chanez et al., 1997), except in a subset of patients with
reversible airways obstruction, in whom an increase was observed together with
tissue eosinophilia. An increase in total collagens I and III in the surface epithe-
lial basement membrane, bronchial lamina propria and adventitia (Kranenburg
et al., 2006), together with an increase in laminin-f3; in ASM cells, has been
reported, indicating the presence of fibrotic changes in the airway matrix. Other
studies also support the increase in matrix deposition in the adventitial com-
partments of the small airways (Adesina et al., 1991; Cosio et al., 1978; Hogg
et al., 2004). This raises the possibility that this could contribute to fixed airflow
limitation by preventing the ASM from relaxing completely either during hy-
perinflation or during pharmacologically induced relaxation. On the other hand,
reduced expression of interstitial proteoglycans, such as decorin and biglycan, in
the peribronchial area of small airways without any change in the expression of
types I, I, and IV collagen, laminin or fibronectin (van Straaten et al., 1999) has
also been reported. These conflicting data indicate the need for further studies
on changes of the extracellular matrix in COPD and their relationship to airflow
obstruction.
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ASM changes

ASM changes are more prominent in the small airways than in the large airways.
In the large airways, alterations in smooth muscle mass are not observed, and
the amount of ASM does not correlate with airflow limitation (Tiddens et al.,
1995), although the wall area internal to the muscle is thickened and is associated
with a reduction in FEV/FVC ratio. In biopsies of large airways, ASM area and
size were not increased (Benayoun et al., 2003). Furthermore, the smooth muscle
protein isoforms were not increased, and, although myosin light-chain kinase was
slightly increased, there was no increase in phosphorylated myosin light chain
(Benayoun et al., 2003). In patients with severe persistent asthma, hyperplasia
and hypertrophy of the ASM were observed in large proximal airways (Benayoun
et al., 2003; Ebina et al., 1993). In addition, culture of ASM cells obtained from
patients with emphysema showed a normal proliferation (Roth et al., 2004) while
from asthmatics, there was an increased proliferative response to serum persisting
over several passages (Johnson et al., 2001). Thus, there are important differences
between asthma and COPD in terms of ASM abnormalities.

The ASM cells in the small airways have been less studied, but their properties
may be different from those in the proximal airways. An increase in ASM in
the small airways of COPD patients has been reported in several studies (Bosken
etal., 1990; Cosio et al., 1980; Saetta et al., 1998; 2000). The number of ASM has
been inversely correlated with FEV (per cent predicted) (Saetta et al., 2000). The
number of ASM was also increased by nearly 50 per cent in patients with more
severe COPD at GOLD stages 3 and 4 (Hogg et al., 2004). The ASM mass of the
small airways was the only differentiating feature in comparing non-obstructed
COPD patients with asthmatics (Kuwano et al., 1993). It is not known whether
this process is due to hyperplasia or hypertrophy, or to both.

11.4 COPD mechanisms (Figure 11.1)

The abnormalities found in the airways and lungs in COPD allows one to postu-
late the mechanisms underlying them (Barnes et al., 2003). The basic abnormality
is the response of airway cells, particularly epithelial cells and macrophages, to
toxic gases and particulates in cigarette smoke that generates an inflammatory
and immune response with the release of cytokines, chemokines, growth factors
and proteases. In COPD, as contrasted to healthy smokers, these mechanisms
may be amplified by the effect of oxidative stress, perhaps by viruses and by
genetic factors. The inflammatory response includes an excessive recruitment of
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Figure 11.1 Inflammatory pathways in COPD leading to emphysema and small airway in-
flammation and remodelling. Constituents of cigarette smoke interact with epithelial cells
and macrophages to cause inflammation; this process may be amplified by oxidant stress or
viruses. CD8 T cells and neutrophils may participate in the chronic inflammatory process.
Release of proteases contributes to emphysema. Small airways inflammation and remodelling
are characteristic features of COPD, being the cause of the chronic airflow obstruction. ASM
cells in the small airways contribute to and are also responsive to the chronic inflamma-
tory process. (For a colour reproduction of this figure, please see the colour section, located
towards the centre of the book).

neutrophils and immune cells, including CDS cytotoxic T cells. There is increas-
ing elastolysis, with the involvement of serine proteases, cathepsins and matrix
metalloproteinase leading to alveolar wall destruction (emphysema). The chronic
inflammatory process, together with airway wall remodelling, affects particularly
the small airways. Within these mechanisms, ASM cells are involved and may
contribute particularly to the processes occurring in the small airways.

Bronchial hyperresponsiveness (BHR) in COPD

BHR is present in most patients with mild to moderate COPD (Tashkin et al.,
1992; 1996) and is a risk factor for accelerated decline in lung function, the
presence of BHR preceding the onset of FEV decline. Irrespective of smoking
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status, BHR usually predicts the development of chronic respiratory symptoms
and accelerated decline in FEV; (Brutsche er al., 2006; Xu et al., 1997). It is
therefore likely that the onset of BHR occurs early before the onset of COPD.

What is the mechanism of BHR in COPD? BHR in COPD has been related to
baseline FEV, to the degree of inflammation in peripheral airways (Mullen et al.,
1985), and , to the degree of small airway thickening (Riess et al., 1996), but not to
indices of impairment of the lung parenchymal structure (Verhoeven et al., 2000).
A positive correlation between the degree of inflammation measured by numbers
of CD8* T cells in mucosal biopsies and BHR has been reported (Finkelstein
et al., 1995; Rutgers et al., 2000).

Deep inspiration provides physiological protection against airway narrowing.
In COPD, the bronchodilatory effect of a deep inspiration is reduced (Fairshter,
1985); this abnormality is not associated with inflammation of ASM bundles,
indicating that this could be an intrinsic defect of the ASM in COPD (Slats et al.,
2007).

A relationship between force generation of peripheral airways in vitro and
airway responsiveness measured in vivo has been reported in smoking patients
with chronic bronchitis undergoing lung cancer resection surgery (De Jongste
etal., 1987; Schmidt et al., 2001), but other studies reported no such relationship
(Armour et al., 1984; Cerrina et al., 1986; Vincenc et al., 1983). Small airways
from COPD patients with airflow obstruction generate greater isometric force
and isotonic shortening than those of non-obstructed patients (Opazo Saez et al.,
2000), but maximal isotonic shortening is not significantly different between
obstructed and non-obstructed patients. Force and stress generated correlated
well with lung function measurements. Therefore, the increased ability of ASM
from small airways to generate force may contribute to BHR of COPD, along
with loss of lung recoil and fibrosis of the small airways.

Effects of cytokines on BHR and ASM contractility

The increased contractility of ASM in COPD may be caused by many mech-
anisms. It has become evident that cytokines, which are important in driving
inflammatory and remodelling abnormalities in COPD, may also directly in-
duce changes in the contractile properties of ASM by increasing force gener-
ation, calcium sensitivity and mobilization. TNF-a potentiates contractile re-
sponses of isolated human bronchial tissue in vitro (Anticevich et al., 1995;
Sukkar et al., 2001). Because Ca>*plays a central role in regulating ASM con-
traction, alterations in intracellular Ca>* signalling have been proposed as a key
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mechanism underlying cytokine-induced BHR (Amrani et al., 1997; Deshpande
et al., 2005).

TNF-a, and the Th2-type cytokine IL-13 may induce BHR by modulating
CD38/cyclic ADP ribose (cADPr)-mediated calcium signalling in ASM cells
(Deshpande et al., 2003; 2004). CD38 is a membrane-bound protein that is re-
sponsible for the synthesis and degradation of cADPr, a [3-nicotinamide ade-
nine dinucleotide (NAD) metabolite that mediates agonist-induced elevation of
intracellular calcium concentration in ASM cells (Deshpande et al., 2005). In
CD38-deficient mice, reduced airway responsiveness is associated with reduced
agonist-induced increases in intracellular Ca>*responses of isolated ASM cells,
indicating the importance of CD38/cADPr-mediated calcium signalling in the
regulation of airway responsiveness (Deshpande et al., 2005). In cultured human
ASM cells, TNF-a, IL-13, and, to a lesser extent, IL-13 and IFN-v, increase
CD38 expression, ADP-ribosyl activity, and intracellular calcium responses to
G-protein-coupled receptor (GPCR) agonists, whereas cADPr antagonists atten-
uate cytokine-mediated increases of agonist-induced calcium responses (Desh-
pande et al., 2003; 2004). Interestingly, while TNF-a-induced CD38 expression
and cADPr activity in human ASM cells are attenuated by corticosteroids (Kang
et al.,2006), the synergistic induction of CD38 expression by TNF-a and IFN-vy
is insensitive to corticosteroid inhibition (Tliba et al., 2006), perhaps suggesting
that CD38/cADPr signalling is an important mechanism of BHR in COPD, where
corticosteroids have limited efficacy.

Cytokine-induced changes in intracellular calcium signalling have also been
attributed to specific modulation of the transient receptor potential C3 (TRPC3),
a member of the transient receptor potential channel subfamily which regulates
receptor- and store-operated Ca’>* influx. Among the TRPC proteins (TRPC1,
3,4, 5 and 6), TNF-a specifically induces expression of TRPC3 in ASM cells,
and specific knockdown of TRPC3 by small interfering RNA attenuates TNF-
a-mediated increases in store-operated calcium entry and TNF-a-mediated en-
hancement of GPCR-induced increases in intracellular Ca’*responses (White
et al., 2000).

IL-13 and BHR in COPD

IL-13 has been directly linked to the development of BHR in mouse models of
allergic asthma because IL-13-deficient mice do not develop BHR after chal-
lenge with specific allergen (Taube et al., 2004), and allergen-induced BHR is
significantly attenuated in the presence of blocking anti-IL-13 antibody (Eum
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et al., 2005). The direct administration of IL-13 to naive mice induces BHR
(Wills-Karp et al., 1998), and genetically mutated mice lacking T-bet (T-box ex-
pressed in T cells), a Thl-specific transcription factor, spontaneously develop
BHR alongside airway inflammatory and remodelling changes characteristic of
human asthma (Finotto ef al., 2002; 2005). Neutralization of IL-13, but not of IL-
4 or of TGF-f3, in these mice ameliorates spontaneous induction of BHR (Finotto
et al., 2005). BHR in T-bet-deficient mice is associated with enhanced calcium
responses to acetylcholine in ASM cells (Bergner et al., 2006), consistent with
evidence that IL-13 increases airway responsiveness by inducing alterations in
intracellular calcium signalling (Guedes et al., 2006; Tliba et al., 2003). However,
IL-13-mediated BHR is not only a feature of the allergic/Th2 phenotype, because
over-expression of IL-13 in the lung induces BHR alongside airway and lung
abnormalities consistent with a COPD phenotype (Fulkerson et al., 2006; Zheng
etal.,2000; Zhu et al., 1999), and increased frequency of an IL-13 gene promoter
polymorphism (-1055 C to T) has been demonstrated in COPD patients (van der
Pouw Kraan et al., 2002). Moreover, increased numbers of IL-13-expressing
cells have been detected in the bronchial submucosa of smokers with chronic
bronchitis (Miotto et al., 2003). CD4™ and CD8™ T cells isolated from the bron-
choalveolar lavage fluid of COPD patients also produce significantly more IL-13
than CD4" and CD8* T cells from smokers with normal lung function and non-
smokers, and the level of IL-13 production is related to the degree of airway
obstruction (Barcelo et al., 2006). Thus, the fact that IL-13 is linked to devel-
opment of BHR in animal models and directly modulates ASM contractile and
calcium responses in vitro, together with evidence that IL-13 is over-expressed
in patients with COPD, indicates a likely role for IL-13 in mediating BHR
in COPD.

Arginase I is an enzyme that converts arginine to ornithine, the precursor
of proline and polyamines. Proline is used in collagen and mucus production,
whereas polyamines increase cell proliferation. Increased arginase activity has
been demonstrated in asthmatics (Zimmermann et al., 2003; Zimmermann and
Rothenberg, 2006), and the development, persistence and resolution of IL-13-
induced BHR correlates with the level of arginase I expression. Furthermore,
use of small interfering RNA to inhibit specifically arginase I expression in the
lung abrogates the development of IL-13-induced BHR (Yang et al., 2006). Since
smoking is an important risk factor for the development of COPD, evidence of
increased arginase I expression in the epithelium and smooth muscle bundles of
bronchial biopsies obtained from smoking compared to non-smoking asthmatic
patients (Bergeron et al., 2007) suggests that IL-13—arginase I interactions may
be relevant to the mechanism of BHR in COPD.
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Figure 11.2 Potential role of airway smooth muscle cells in COPD. Pro-inflammatory cy-
tokines and oxidant stress cause cytokine and chemokines, proteases and components of the
extracellular matrix to be released from ASM cells. These in turn interact in an autocrine
fashion with the ASM cell, and that could change its phenotype, contributing to contractile,
proliferative and synthetic processes. In addition, this may attract inflammatory and immune
cells to the smooth muscle cell for direct cell-cell interactions. (For a colour reproduction of
this figure, please see the colour section, located towards the centre of the book).

Synthetic

ASM component of inflammation and remodelling in COPD
(Figure 11.2)

Cytokines/chemokines

There is a potential for the ASM to contribute to the inflammatory and remodelling
processes in the small airways. The ASM cell is not only a cell with contractile
properties but it can also express and release cytokines, chemokines, growth fac-
tors and proteases (Howarth et al., 2004; Jarai et al., 2004), thereby participating
in the inflammatory and remodelling process (Chung, 2000). ASM cells also pro-
duce matrix proteins, and their behaviour may depend on interactions with their
own matrix (Johnson, 2001).

Potential cytokines and chemokines of interest in COPD that may be released
from ASM include GM-CSF (Saunders et al., 1997; Sukkar et al., 2000), IL-6
(McKay et al., 2000), TGF-3 (Berger et al., 2003; Coutts et al., 2001; Lee et al.,
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2006; Xie et al., 2007), CXCL10 (IP-10), CXCLI11 (ITAC), CXCL9 (MIG)
(Brightling et al., 2005; Hardaker et al., 2004), CXCL8 (IL-8) (John et al., 1998;
Watson et al., 1998), CXCL1 (GRO-a) (Issa et al., 2006), CCL-2 (MCP-1)
(Pype et al., 1999), neutrophil-activating protein-2 (NAP-2), CXCLS5 (epithelial
neutrophil-activating peptide 78, ENA-78) (Catley et al., 2006), CX3CLI1
(fractalkine) (Sukkar et al., 2004) and CCL17 (TARC) (Faffe et al., 2003).
Many cytokines and chemokines can be induced in ASM cells upon activation
with IL-1B and/or TNF-a, both of which have been associated with induction
of emphysema in transgenic mouse models (Churg et al., 2004; Fujita et al.,
2001; Lappalainen et al., 2005). Cigarette smoke directly activates ASM cells
to synthesize IL-8 and augments TNF-a-mediated IL-8 release (Oltmanns et al.,
2005), suggesting direct involvement of ASM-derived mediators in response to a
prime causative factor of COPD. Thymic stromal lymphopoietin (TSLP), which
triggers dendritic cell-mediated Th2 inflammatory responses, is expressed in
ASM of COPD patients and is released by ASM cells in vitro exposed to IL-13
and TNF-a (Zhang et al., 2007).

The TH,-type cytokine IFN-vy induces pulmonary emphysema in mice (Wang
et al., 2000) and is also a potent regulator of ASM cell chemokine production.
IFN-vy synergizes with TNF-a in the induction of CXCL10 in ASM cells, a
chemokine detectable in the lung tissue of patients who have died of emphy-
sema, but not in lung tissue of patients who were ‘healthy’ at the time of death.
Moreover, CXCL10 is detectable within the smooth muscle layer in the lung tis-
sues of emphysema patients, suggesting that ASM cells are likely to be a source
of CXCL10 in vivo (Hardaker et al., 2004). IFN-vy also synergizes with TNF-a
to induce CX3CL1 (fractalkine) production in ASM cells (Sukkar et al., 2004).
CX3CL1 may be linked to the pathology of COPD, as there is increased expres-
sion of this chemokine in lung tissue samples from COPD (GOLD-2) patients
compared with healthy smokers (Ning et al., 2004), and it mediates mononuclear
cell adherence to airway epithelial cell cultures in vitro (Fujimoto et al., 2001).

The Th2-type cytokines IL-4 and IL-13 are also important regulators of ASM
chemokine production (Hirst et al., 2002; John et al., 1997; 1998; Jarai et al.,
2004; Moore et al., 2002). Studies in transgenic mice demonstrate a critical role
for IL-13 in the induction of emphysema (Hoshino et al., 2007; Zheng et al.,
2000). Furthermore, IL-4 and IL-13 cooperate with TNF-a to augment CCL17
(TARC) release from ASM cells (Faffe er al., 2003). This is of interest because
TARC and its receptor, CCR4, are upregulated in the bronchoalveolar lavage fluid
after acute and chronic cigarette smoke exposure in animal models (Lee et al.,
2007; Ritter et al., 2005). CCL17 induces selective chemotaxis of Th2 cells, and
its over-expression in asthma is associated with increased expression of CCR4
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and infiltration of Th2 cells. However, in cigarette-induced airway inflammation
in rats, CCL17 over-expression is not associated with increased CCR4 expression
nor infiltration of Th2 cells (Ritter et al., 2005), but, rather, with neutrophils and
macrophages in bronchoalveolar lavage fluid.

IL-17A is a member of the IL-17 family of cytokines, which consists of six
members, IL-17A-F, secreted by a recently identified lineage of TH cells (TH17)
(Weaver et al., 2007). Expression of IL-17 receptors (IL-17R) has been demon-
strated in cultured ASM cells and within ASM bundles in airway sections obtained
from COPD patients (Rahman et al., 2005). Furthermore, IL-17A induces IL-8
secretion in ASM cells (Rahman ez al., 2005; Vanaudenaerde et al., 2003; Wuyts
et al., 2005). Activation of ASM cells by IL-13 or TNF-a does not induce ex-
pression of IL-17A itself (Henness et al., 2004), but IL-17A augments the effects
of these cytokines on IL-6 (Henness et al., 2004) and IL-8 (Dragon et al., 2007;
Henness et al., 2006) release.

Toll-like receptors (TLRs)

ASM cells have been shown to express Toll-like receptors, a family of 10
(TLR 1-10) pattern-recognition receptors that mediate innate and adaptive im-
mune responses to infectious pathogens (Sukkar er al., 2006). TLRs recognize
microorganism-associated molecular patterns (MAMPs), which include a diverse
group of lipid, protein and nucleic acid structures. Expression of TLRs in ASM is
regulated by inflammatory cytokines, including IL-13, TNF-a and IFN-y (Morris
et al., 2005; 2006; Sukkar et al., 2006), and activation of TLRs in ASM cells may
lead to production of pro-inflammatory mediators, facilitate the interaction be-
tween ASM cells and infiltrating inflammatory cells, and alter the contractile
properties of the muscle (Bachar et al., 2004; Morris et al., 2005; 2006; Lee
et al., 2004; Lin et al., 2007; Niimi et al., 2007; Shan et al., 2006; Sukkar et al.,
2006). Since infections of the respiratory tract by various pathogens, including
bacteria, viruses and fungi, are the major cause of disease exacerbation in COPD,
activation of TLRs in ASM by microbial products may be a possible mechanism
of disease exacerbation in COPD.

Exposure of ASM cells to the TLR4 ligand LPS, the major cell-wall component
of Gram-negative bacteria, induces synthesis of IL-6, IL-8 and eotaxin (Morris
et al., 2005; Shan et al., 2006; Sukkar et al., 2006). The viral replicative inter-
mediate dSRNA, which is a ligand for TLR3, however, is a more potent inducer
of ASM mediator release and induces the expression of several cytokines and
chemokines, including IL-6, CXCLS8 (IL-8), CCL11 (eotaxin), CCL5 (RANTES)
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and CXCL10 (IP-10) (Morris et al., 2006; Niimi et al., 2007; Sukkar ez al., 2006).
dsRNA itself is also a potent regulator of TLR expression in ASM cells. It induces
gene expression of its own receptor (TLR3), as well as other TLRs (TLR2 and
TLR4), with most potent effects on TLR2 (Sukkar et al., 2006). Exposure of ASM
cells to the TLR2 ligand, lipoteichoic acid (LTA), induces calcium mobilization
and activates ERK1/2 signalling pathways. Antibodies directed against TLR2
or transfection with the dominant negative mutant TLR2 inhibits LTA-induced
ERK1/2 phosphorylation, providing functional evidence of TLR2 activation in
ASM cells (Lee et al., 2004).

Cellular interactions between infiltrating immune cells and ASM cells may
have a profound impact on airway inflammatory and remodelling processes in
COPD. Stimulation of ASM cell and peripheral blood mononuclear cell (PBMC)
co-cultures with TLR2, TLR4, TLR7, or TLRS ligands has been associated with
enhanced production of IL-6, CXCL-8 and CCL2 compared to TLR stimulation
of either of these cell types alone. Amplification of inflammatory responses by
the TLR4 agonist LPS was mediated by monocytes rather than T cells present in
ASM cell and PBMC co-cultures. In addition, IL-1f3 produced by LPS-activated
monocytes was responsible, to some extent, for amplification of inflammatory
interactions between ASM cells and PBMCs (Morris et al., 2005; 2006). LPS
and dsRNA may also promote interactions between ASM cells and inflammatory
cells via induction of cell adhesion molecules. dSRNA has been shown to induce
expression of ICAM-1 (Morris et al., 2006), while LPS induces expression of
VCAM-1 and mediates VCAM-1-induced neutrophil adhesion in ASM cells (Lin
et al., 2007).

Extracellular matrix components

Airway wall remodelling in COPD patients is associated with increased bronchial
deposition of ECM proteins, such as collagen subtypes I, III and IV; fibronectin;
and laminin. Of these ECM proteins, only laminin was found to be over-expressed
in the ASM compartment; moreover, its expression in ASM was found to be in-
versely correlated with the degree of airway obstruction (Kranenburg et al., 2006).
The extracellular matrix surrounding the ASM can influence ASM cell function,
such as cytokine production, proliferation and apoptosis, and can also determine
phenotypic modulation of ASM cells. Endogenous expression of laminin by ASM
cells was shown to be important for their maturation towards a contractile phe-
notype (Tran et al., 2006). Furthermore, ASM cells grown on laminin express
more contractile proteins and proliferate less in comparison to cells grown on
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collagen I and fibronectin (Hirst et al., 2000). The migration of ASM cells grown
on laminin is also reduced compared with cells grown on collagens Il and IV and
fibronectin (Parameswaran et al., 2004). Over-expression of laminin in the ASM
of COPD patients may represent a protective mechanism to prevent modulation of
ASM cells towards a proliferative/synthetic phenotype that promotes thickening
and remodelling of the airway wall.

Expression of surface integrin-as and integrin-f3; is involved in survival sig-
nalling from collagen 1V, collagen V, laminin and fibronectin which provide
antiapoptotic signals to the ASM (Freyer et al., 2001). Disruption of the inte-
grins leads to apoptosis of the ASM cell, and this may occur when neutrophils
interact with ASM. Release of serine proteases from neutrophils, including neu-
trophil elastase and cathepsin G, induces fibronectin degradation with disrup-
tion of integrin binding, leading to apoptosis by ‘detachment’ of ASM cells
(Oltmanns et al., 2004). Neutrophils are prominent cells within ASM bundles
in COPD (Baraldo et al., 2004), and this may be a mechanism by which the
homeostasis of the ASM mass may be maintained in the presence of proliferative
signals. T cells are also seen in ASM bundles in COPD (Baraldo er al., 2004),
and adhesion of activated T cells can induce ASM proliferation through CD44
and VCAM (Lazaar et al., 1994). Thus, proliferative and apoptotic pathways
are simultaneously present, and the balance of these factors may determine the
ASM mass.

Matrix metalloproteinases

Matrix metalloproteinases (MMP) are zinc-dependent proteolytic enzymes that
play a major role in matrix turnover, remodelling and angiogenesis in COPD
(Shapiro, 2002), and ASM cells may be an important source. Human ASM
cells constitutively express pro-MMP-2, MMP-3, and MT1-MMP (Elshaw et al.,
2004). MMP-3 is usually bound to ASM-derived matrix, consistent with the
staining for MMP-3 in the submucosal matrix of patients with chronic asthma
(Dahlen et al., 1999). Over-expression of IL-13 in mouse lung induces inflam-
matory and morphological changes consistent with a COPD phenotype. Of note,
the inflammatory response is characterized by increased production of MMP-9
and MMP-12 (Lappalainen et al., 2005). This is of interest because IL-1 ac-
tivates human ASM cells to secrete MMP-9 (Liang et al., 2007) and MMP-12
(Xie et al., 2005), possibly indicating a role for ASM-derived MMP-9/-12 in the
development of COPD. The importance of MMP-9 and MMP-12 in the develop-
ment of emphysema has been demonstrated in MMP-12 knockout mice, which are
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completely protected against the development of cigarette smoke-induced emphy-
sema (Hautamaki et al., 1997), and in a more recent study in which a chemical
MMP-9 and MMP-12 inhibitor prevented the development of smoke-induced
emphysema and small airways remodelling in guinea pigs (Churg et al., 2007).
Furthermore, elevated expression of MMP-9, with a concomitant decrease in the
expression of its inhibitor, TIMP-1, is observed during exacerbations of COPD
(Mercer et al., 2005), while active MMP-12 is present in ASM cells of small
airways of smokers and COPD patients (Xie et al., 2005). In addition to acting as
a gelatinase in which the extracellular matrix may be degraded, and contribute to
emphysema (close proximity of ASM bundle in small airways to emphysema),
MMP-12 also releases TNF-a from pro-TNF-a (Chandler ez al., 1996).

ASM cells also produce tissue inhibitor of metalloproteinase (TIMP), par-
ticularly TIMP-1 and TIMP-2, which counteract the proteolytic activity of se-
creted MMPs (Elshaw ef al., 2004). Whether there is a shift in the MMP/TIMP
balance in ASM cells in airway disease remains to be determined. However,
there is evidence that MMPs may contribute to airway wall remodelling by
modulating ASM proliferation and migration. MMPs regulate ASM hyperpla-
sia by causing the release of immobilized growth factors, such as the release
of TGFB when the ECM proteoglycan, decorin, is degraded by MMPs (Imai
et al., 1997). In addition, MMPs may degrade insulin-like growth factor-binding
proteins, causing the release of insulin-growth factor (Fowlkes et al., 1994).
IGF-1II is released from ASM cells and induces ASM proliferation (Noveral
et al., 1994). The cells in the lung are constantly exposed to forces of stretch
and relaxation, and excessive stretch in airway disease due to excessive airway
narrowing may potentially contribute to airway wall remodelling by promot-
ing ASM cell proliferation and migration. Mechanical strain applied to human
ASM cells in culture increases their proliferation and migration by inducing ex-
pression of extracellular MMP inducer (EMMPRIN), leading to the subsequent
release and activation of MMP-1, MMP-2, MMP-3 and MT1-MMP (Hasaneen
et al., 2005).

Growth factors

Abnormalities of several growth factor/receptor pathways have been implicated
in the pathogenesis of COPD. Dysregulated expression and/or function of growth
factor/receptor systems, including TGF-f and TGF- type I and II receptors,
VEGFEF, CTGF, PDGF, FGF/FGFR, EGF/EGFR, has been documented in COPD
patients, and is associated with airway wall remodelling and emphysema.
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Role of TGF-3  Airway wall remodelling in COPD may be due to direct profi-
brotic effects of cigarette smoke on airway structural cells. Thus, exposure of
rat tracheal explants to cigarette smoke was associated with rapid activation of
TGF-B mediated signalling and TGF-3 mediated fibrotic responses, such as in-
duction of CTGF and pro-collagen (Wang et al., 2003; 2005). Furthermore, in
an in vivo mouse model, significant increases in mRNA expression of TGF-f3,
CTGF and PDGF (A and B) and pro-collagen were observed in the small air-
ways after a single cigarette smoke exposure, indicating that pro-fibrotic effects
are a primary response rather than a secondary process due to persistent in-
flammation. Repeated smoke exposure for up to 6 months in these animals was
associated with sustained expression of pro-collagen, CTGF and PDGF (Churg
et al., 2000).

Evidence of neutrophilic infiltration within the ASM in COPD (Baraldo et al.,
2004)3, together with evidence that neutrophil-derived elastase, a serine protease
over-expressed in the airways of patients with COPD (Lapperre et al., 2007),
activates ASM cells to release TGF-3 (Lee et al., 2006), suggests that ASM-cell-
derived TGF- may contribute to inflammatory and remodelling changes in the
airways of COPD patients. Other serine proteases, such as tryptase and plasmin,
also activate ASM cells to synthesize TGF-8 (Berger et al., 2003; Coutts et al.,
2001). Aside from serine proteases, mechanical injury to ASM is the only other
mechanism known to activate TGF-3 release in ASM cells (Chen and Khalil,
2002), although cytokines such as GM-CSF have been shown to upregulate ex-
pression of TGF-3 receptors and initiate TGF-3-mediated signalling in ASM
cells (Chen et al., 2003). TGF-f3 released by ASM cells may act in an autocrine
manner to induce expression of ECM proteins, such as collagen and fibronectin
and growth factors, particularly CTGF and VEGF (Burgess et al., 2003; 2006;
Coutts et al., 2001; Johnson et al., 2006; Xie et al., 2005). Indeed, concomi-
tant upregulation of both TGF-f and CTGF was identified in a comprehensive
gene expression profile study of COPD patients (Ning et al., 2004), and TGF-
B-mediated expression of ECM proteins was shown to be partly mediated by
induction of CTGF (Johnson et al., 2006).

While the predominant effects of TGF-[3 in ASM cells concern the synthesis of
ECM proteins and growth factors (Jarai et al., 2004), TGF-f also regulates inflam-
matory functions of ASM. It has been shown to induce expression of cytokines
and chemokines, such as IL-8 (Fong et al., 2000), IL-6 and the IL-6-type cytokines
IL-11 and leukaemia inhibitory factor (LIF) (Elias et al., 1997). It synergizes with
IFN-vy/TNF-a to augment IL-8 production but inhibits IFN-vy /TNF-a-dependent
CX3CL1 (fractalkine) production (Sukkar et al., 2004). It also differentially reg-
ulates IL-4/IL-13-mediated CCL11 (eotaxin) and CCL26 (eotaxin-3) expression,
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enhancing release of the former and inhibiting release of the latter (Zuyderduyn
et al., 2004).

Several studies have demonstrated hyperplastic effects of TGF-3 in human
ASM cells (Cohen et al., 2004; Sturrock et al., 2007; Xie et al.,2007), but an equal
number of studies have not been able to demonstrate such effects (Bosse et al.,
2006; Cohen et al., 1997; Espinosa et al., 2003). Although different culture and
experimental conditions were used in the different studies, there does not appear
to be a consistent methodological reason for the discrepancy in findings. More
complicating is the fact that TGF-3 appears to have differential effects on growth
responses to other ASM cell mitogens, causing inhibition of thrombin- or EGF-
induced ASM proliferation (Cohen et al., 1997) while interacting in synergy with
FGF-2 to augment ASM proliferation (Bosse et al., 2006). Where demonstrated,
the growth-stimulatory effects of TGF-3 have been shown to occur secondary
to the release and activity of other growth factors, such as insulin-like growth
factor-binding protein-3 (IGFBP-3) (Cohen et al., 2004) and PDGF (Bosse et al.,
2006). In addition, TGF-{ has also been shown to promote ASM proliferation in
response to LTD, via a mechanism involving upregulation of CysLT1 receptors
on ASM cells (Espinosa et al., 2003). While the mitogenic potential of TGF-f3 in
human ASM cells remains a matter of controversy, there is more consistent evi-
dence demonstrating hypertrophic effects of TGF-3 on ASM cells (Black et al.,
1996; Goldsmith et al., 2007; Sturrock et al., 2007). Hypertrophic responses
to TGF-B include increases in cell size, protein synthesis, protein abundance of
a-smooth muscle actin and smooth muscle myosin heavy chain (smMHC), forma-
tion of actomyosin filaments, and shortening to acetylcholine, and they require
phosphorylation of the eukaryotic translation initiation factor-4E-binding pro-
tein, a signalling event specifically involved in translational control (Goldsmith
et al., 2006). In a synergistic manner with IL-4, TGF-$32 induces cardiotrophin-1
expression in ASM cells (Zhou et al., 2003). Cardiotrophin-1 is an IL-6 fam-
ily cytokine that induces hypertrophic responses in ASM cells and may be a
possible mechanism by which growth factors may lead to ASM hypertrophy
in COPD.

Role of vascular endothelial growth factor (VEGF) VEGEF is a prototypic
growth factor for endothelial cells but also regulates many aspects of endothelial
cell function pertinent to lung function (Voelkel et al., 2006). VEGF may be a crit-
ical mediator of a ‘lung structure maintenance programme’ (LSMP) that protects
the integrity of the adult lung; failure of the LSMP, due to aberrant expression
and function of the VEGF/VEGFR system, may lead to development of emphy-
sema (Voelkel et al., 2006). This hypothesis is based on reduced VEGF/VEGFR
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expression in lung tissue of patients with severe emphysema (Kasahara et al.,
2000; 2001; Santos et al., 2003), as well as the evidence that experimental em-
physema may be induced following blockade of VEGF receptors in rats (Kasahara
et al.,2000). However, in patients with mild to moderate COPD, there is increased
expression of VEGF and VEGF receptors in the bronchial and bronchiolar air-
ways and the alveolar parenchyma (Kranenburg et al., 2005; Santos et al., 2003).
It appears, therefore, that over-experession of VEGF in COPD has paradoxical
effects; where it may contribute to airway remodelling protect against the develop-
ment of emphysema. Increased VEGF expression in the bronchial and bronchiolar
airways in COPD patients has, among other cell types (particularly epithelial and
vascular smooth muscle cells), been attributed to increased expression levels in
the ASM layer (Kranenburg et al., 2005), suggesting that ASM cells may con-
tribute to aberrant regulation of VEGF in COPD. Indeed, ASM cells in culture
have been shown to synthesize VEGF following stimulation with a wide range of
cytokines, including pro-inflammatory cytokines (IL-18 and TNF-a), Th2-type
cytokines (IL-4, IL-5 and IL-13), the IL-6 family cytokine oncostatin M, and,
as mentioned above, TGF-B (TGF-1, -2, -B3) (Alagappan et al., 2005; Faffe
et al., 2006; Stocks et al., 2005; Wen et al., 2003). In addition, ASM contractile
agents, including bradykinin, angiotensin II and endothelin-1, also induce ASM
cells to synthesize VEGF (Alagappan et al., 2007; Knox et al., 2001). Stimulation
of VEGF by IL-1f3 and bradykinin involves COX-2-mediated PGE, production,
whereas TGF-3-induced VEGF production occurs independently of endogenous
prostanoids (Bradbury et al., 2005; Knox et al., 2001; Stocks et al., 2005). Syn-
thesis of VEGF by ASM cells may possibly contribute to increased ASM bulk, as
ASM cells proliferate in response to VEGF in vitro (Zou et al., 2005). In contrast
to most inflammatory stimuli, IFN-vy is a negative regulator of VEGF produc-
tion in ASM cells, inhibiting spontaneous VEGF release and Th2 cytokine- or
TGF-B-induced VEGF release (Wen et al., 2003). Interestingly, VEGF polymor-
phisms in ASM cells appear to determine the extent of VEGF release in response
to Th2 cytokines (Faffe et al., 2006). Whether or not genetic factors may be as-
sociated with VEGF production by ASM cells from COPD patients remains to
be determined.

Role of fibroblast growth factors (FGFs) Increased expression of FGF-1
(acidic FGF), FGF-2 (basic FGF) and their receptor FGFR-1 was demonstrated
in COPD patients. Increased expression of FGF-2 and FGFR-1 was demonstrated
in the epithelial, airway and vascular smooth muscle compartments, whereas
increases in FGF-1 expression were restricted to the epithelial compartment of
the airway wall (Kranenburg et al., 2005). In another study where patient selection
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was based on a diagnosis of chronic bronchitis, increased expression of FGF-2, but
not FGFR-1, was demonstrated in the glandular, but not smooth muscle or vessel,
compartments of the airway wall (Guddo et al., 2006). Some studies, however,
have not been able to confirm increased expression of FGF-2 in the small or large
airways of COPD patients (Hashimoto et al., 2005), although the reasons for this
discrepancy are not clear. Expression of FGF-2 and FGFR1 in ASM was shown to
be inversely correlated with FEV;and FEV/FVC in COPD patients (Kranenburg
et al., 2005). FGF-2 is a well documented and potent mitogen of human ASM
cells (Fernandes et al., 2004; Kranenburg ef al., 2005; Ravenhall et al., 2000) and
also augments ASM proliferative responses induced by other ASM mitogens,
such as PDGF (Bonner et al., 1996) and TGF- (Bosse et al., 2006). FGF-2
also induces migration of ASM cells (Goncharova et al., 2003) and activates
ASM cells to synthesize inflammatory mediators such as GM-CSF (Bonacci
et al., 2003).

11.5 Conclusion

Although the ASM has not been thoroughly studied in COPD, it is clear that it
is likely to contribute to the inflammatory and remodelling processes that have
been seen in the small airways. In addition, it is likely that the ASM phenotype
is altered in COPD in a different way from that in asthma. The fixed airflow
obstruction seen in COPD could be the result of excessive extracellular matrix
production by the ASM and by an abnormal interaction between components of
the extracellular matrix and the muscle itself. Not excluded is the possibility of
a pharmacological defect in (-receptor signalling in ASM that could explain
the poor bronchodilator response of [3;-adrenergic agonists (Koto et al., 1996).
Further research may lead to treatments that could reverse this poor response to
[;-agonists.
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Glucocorticoid actions on
airway smooth muscle
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12.1 Introduction

Glucocorticoids are the most effective therapy for the treatment of many chronic
inflammatory diseases such as asthma (Ito et al., 2006). They have marked effects
on airway smooth muscle (ASM) hypertrophy and hyperplasia and can modu-
late the expression of inflammatory mediators released from these cells (Chung
et al., 2004; Hirst et al., 1998). Glucocorticoids act by binding to cytosolic glu-
cocorticoid receptors (GR), which upon binding become activated and rapidly
translocate to the nucleus. Within the nucleus, GR either induce transcription of
genes, such as secretary leukocyte proteinase inhibitor (SLPI) (Abbinante-Nissen
et al., 1995) and mitogen-activated kinase phosphatase-1 (Lasa et al., 2002), by
binding to specific DNA elements (GRE) at the promoter/enhancer of responsive
genes, or reduce inflammatory gene transcription induced by NF-kB or other
pro-inflammatory transcription factors (Adcock et al., 2000b). They also modu-
late the activity of many important signalling pathways to control other aspects
of cell function (Ito et al., 2006).
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12.2 Airway smooth muscle (ASM) in airways disease

Henry Hyde Salter (1823-1871) first recognized the importance of ASM in
asthma, particularly its ability to respond to noxious stimuli such as allergens by
contraction and reducing the airway lumen (Hirst ez al., 2004; Munakata, 2000).
Indeed, isolated ASM cells from asthmatic subjects contract much quicker and
to a greater extent in vitro than cells from control subjects, perhaps as a result
of increased myosin light-chain kinase (MLCK) expression (Ma et al., 2002).
More recently, ASM has been recognized as having a synthetic capacity allow-
ing the expression of many key inflammatory mediators, adhesion molecules and
receptors (Hirst et al., 2004; Munakata, 2006). Whether the phenotypic changes
in ASM cells which occur between contractile and synthetic cells in culture also
occur in asthma in vivo remains to be determined (Munakata, 20006).

Increased ASM in asthma is well recognized as being associated with reduced
airway patency in patients with both fatal and non-fatal asthma (Hirst et al.,
2004; Munakata, 2006). The increased ASM mass may result from a number
of different factors, including hypertrophy, hyperplasia or migration (Johnson
et al., 2001), and the contribution of each process may vary with individual
subjects (Ebina, et al., 1993) and the duration of disease (Bai et al., 2000). The
presence of infiltrating inflammatory cells in close proximity to ASM has also been
implicated in ASM remodelling and enhanced biosynthetic capacity in asthma
(Brightling et al., 2002) due to the ability of mast cell-released factors to induce
ASM proliferation in vitro (Berger et al., 1998). However, other studies have not
confirmed an increase in ASM-associated mast cells in asthma (Niimi ez al., 2005).
In addition, it is possible that the mitogens are derived from ASM cells themselves
in an autocrine feed-forward mechanism (Johnson et al., 2004). More recently, it
has become apparent that changes in ASM remodelling occur in the small airways
of patients with COPD and that this may be important in the obstruction observed
in these patients (Chung, 2005; Ito et al., 2005).

Mechanisms of hyperplasia

Changes in ASM cell number are certainly involved in the mechanisms of ASM
remodelling in asthma (Hirst et al., 2004; Munakata, 2006). This may involve
cell proliferation, reduced apoptosis or potentially even mesenchymal cell migra-
tion (Holgate et al., 2004). In cultured primary ASM cells, it is clear that growth
factors, oxidative stress, muscle stretch, the matrix upon which cells are grown,
and inflammatory stimuli can increase ASM proliferation (Bonacci et al., 2003;
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Hirst et al., 2004; Munakata, 2006). However, it has proved difficult to observe
markers of proliferation in ASM cells obtained from bronchial biopsies of asth-
matic subjects (Hirst ef al., 2004; Munakata, 2006) or even in animal models
of asthma (Hirst et al., 2004; Munakata, 2006) despite clear evidence for ASM
hyperplasia. In some animal models of asthma, increased ASM hyperplasia may
result from reduced apoptosis (Hirst et al., 2004; Munakata, 2006), although this
again has not been reported in human disease (Druilhe et al., 1998), perhaps be-
cause ASM cell apoptosis is inhibited by interaction with matrix proteins acting
through B 1-integrins (Freyer et al., 2001).

This failure to observe an increase in the prevalence of proliferation markers
or a reduction in apoptotic markers has led to the theory that the increase in
cell ASM number is a result of mesenchymal cell migration and differentiation
(Holgate et al.,2000; 2007). The concept that the enhanced expression and release
of growth factors, particularly EGF and TGFf, from the epithelium of asthmatic
subjects can have profound effects on mesenchymal cells, especially ASM cells,
has been called the epithelial-mesenchymal trophic unit (EMTU) by Holgate and
colleagues (Holgate, 2007, Holgate et al., 2000).

Mechanisms of hypertrophy

Various studies have also reported an increase in the size of each ASM cell
(hypertrophy) in the large airways of some, although not all, asthmatic subjects
(Hirst et al., 2004; Munakata, 2006). This may result from the actions of growth
factors and/or inflammatory cytokines (Hirst et al., 2004; Munakata, 2006).

Mediators and signalling pathways driving ASM growth

An important, recent study that looked at the structural alterations of airways in
severe asthma (Benayoun et al., 2003) found increases in ASM size and num-
ber, and the expression of MLCK was associated with reduced lung function
in these patients. The authors were unable to show changes in the proliferation
marker Ki67 in ASM despite this being observed in the epithelium and submu-
cosa (Benayoun et al., 2003). Importantly, allergen challenge causes the release
of mitogen(s) into bronchoalveolar lavage (BAL) fluid from asthmatic patients,
and this, in turn, caused marked increases in DNA synthesis, cell number, and
cyclin D1 expression (Naureckas et al., 1999; Xiong et al., 1997). Numerous mi-
togens can provoke ASM proliferation, including growth factors, inflammatory
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Table 12.1 Factors affecting ASM proliferation

Contractile Extracellular matrix
Growth factors agonists (ECM) proteins Other mediators
epidermal growth factor ~ Endothelin-1 Collagen I, III, V Lysosomal hydrolases
(EGF)
insulin-like growth Substance P Fibronectin A—Thrombin
factors (IGF)
platelet-derived growth Phenylephrine Tenascin Tryptase
factor (PDGF)
isoforms
fibroblast growth factor ~ Serotonin Hyaluronan Sphingosine
2 (FGF-2) 1-phosphate
Basic fibroblast growth Thromboxane A, Verasican Reactive oxygen
factor (bFGF) Leukotriene Dy species (ROS)
Histamine Cytokines e.g. TNFa,

IL-1B, IL-6

mediators, mechanical stress, ROS and contractile agents. These are described
in Table 12.1. The effects of inflammatory cytokines, such as IL-13, TNFa or
IL-6, are variable, possibly due to actions of endogenous COX-2 products or
other cytokines, such as IFN(3, which prevent DNA synthesis (Hirst et al., 2004;
Munakata, 2006).

The major proliferative stimuli for ASM cells (Table 12.1) can activate diver-
gent intracellular signalling pathways, but they all converge on a few key steps
or proteins. Thus, all mitogenic stimuli activate p21Ras, a 21-kDa guanosine
triphosphatase (GTPase), either directly or subsequent to Src activation (Hirst
et al., 2004; Krymskaya et al., 2005; Munakata, 2006) (Figure 12.1). Activa-
tion of p21Ras leads to Rafl and phosphoinositide 3’-kinase (PI3K) stimulation
and induction of the extracellular signal-regulated kinase (ERK) pathway. These
kinases can both phosphorylate cyclin D1, either directly (ERK) or indirectly
through activation of the S6 ribosomal kinase (p705°K), Rac1, and PKC{ (Hirst
et al., 2004; Munakata, 2006). G protein-coupled receptors (GPCRs) stimulate
the production of diacylglycerol (DAG) and inositol triphosphate (IP3), which,
respectively, activate protein kinase C (PKC) and induce the release of stored
Ca™" from the endoplasmic reticulum (ER). The combination of Ca*™ mobi-
lization and PKC activation is required for ASM proliferation (Hirst et al., 2004;
Munakata, 2006), although GPCR activation may also lead to p21Ras directly or
indirectly through Src (Krymskaya et al., 2005). PI3K and ERK appear to be the
major pathways involved in vitro, but this remains to be confirmed in vivo in man.
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Figure 12.1 Schematic diagram of the signal pathways affecting ASM proliferation and
migration in response to growth factors, urokinase (uPAR = urokinase receptor), cytokines
or G-protein-coupled receptor (GPCR) activation. Key pathways involved in ASM proliferation
include extracellular regulated kinase (ERK) and p21Ras. Both ERK and p21Ras affect nuclear
cyclin D1, which is a key regulation of G1 cell-cycle progression. ERK affects cyclin D1 directly,
whereas the effect of p21Ras is mediated through intermediary proteins such as phospho-
inositide 3 kinase/protein kinase B (PI3K/Akt), Racl or PKCE. ERK and the p38 MAPK/PAK
pathway are the major regulators of cytoskeletal changes in ASM in response to chemotactic
factors. This may be direct in the case of ERK or indirect via heat-shock protein (hsp)27 in
the case of p38 MAPK

Mediators and signalling pathways driving ASM migration

The same factors are also involved in cellular migration (Goncharova et al., 2006;
Hirst et al., 2004; Munakata, 2006). Thus, growth factors, including TGF, PDGF,
FGF and EGF, inflammatory mediators such as plasminogen activators, urokinase,
IL-1B and leukotriene E4 drive chemotaxis and chemokinesis and are important
for both migration and growth. However, this is not true in all cases, as thrombin
increases proliferation but does not affect migration (Goncharova et al., 2003).
Vascular smooth muscle cells undergo migration in response to chemotactic sig-
nals by putting out filopodia and lamellipodia, a process regulated by profound
changes in cytoskeletal remodelling (Madison, 2003), and it is hypothesized that
similar mechanisms that drive vascular smooth muscle migration occur with ASM
(Madison, 2003).
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Many studies have examined the effect of urokinase on signalling pathways
and have determined that phosphorylation of the actin-associated regulatory pro-
tein caldesmon by p38 MAPK is important, as is activation of MLCK (Hirst ez al.,
2004; Madison, 2003; Munakata, 2006). It is now clear that p38 MAPK plays a
key role in mediating the migratory response of ASM to many stimuli, perhaps
acting downstream to p21-activated kinase 1 (PAK1) (Dechert et al., 2001; Madi-
son, 2003). The PAK family of molecules interacts with several Rho GTPases
(RhoA, Rac, Cdc42) that regulate the actin polymerization-dependent appear-
ance of filopodia and lamellipodia and membrane ruffles during cell migration
(Dechert et al., 2001; Madison, 2003). In addition to p38 MAPK and MLCK, it
has become evident that pathways involved in ASM growth, such as Rho kinase,
ERK and PI3K, also play a role in ASM migration, perhaps acting upstream to
PAK1 or PAK1-associated factors (Hirst et al., 2004; Munakata, 2006).

12.3 Gene induction by glucocorticoid receptors (GR)

Glucocorticoids have a major effect on ASM function due to their high expression
of GR (Adcock et al., 1996). Glucocorticoids act by freely diffusing across the
cell membrane and binding to the cytoplasmic GR (Ito et al., 2006). Two major
GR isoforms exist (o and [3), with the nuclear localized GR3 having a dominant
negative effect on GRa via the formation of GRa/GRf3 heterodimers. Evidence is
accumulating that this isoform (GR3) may be important in certain disease states
in which GR nuclear translocation is deficient (Ito et al., 2006; Zhou et al., 2005).

Glucocorticoid binding to the cytoplasmic GR enables dissociation of chap-
erone proteins, including heat-shock protein (hsp) 90, and translocation to the
nucleus (Ito et al., 2006). Within the nucleus, GR dimerizes with another GR
and binds to consensus DNA sites, termed glucocorticoid response elements
(GRE?S), in the regulatory regions of glucocorticoid-responsive genes (Figure
12.2). This interaction allows GR to recruit activated transcriptional co-activator
proteins, including steroid receptor coactivator-1 (SRC-1) and cAMP response
element binding protein (CREB)-binding protein (CBP) through LxxLL motifs
(Smith et al., 2004).

GR transactivation and histone acetylation

Expression and repression of genes are associated with alterations in chromatin
structure by enzymatic modification of core histones (Lee et al., 2007; Li et al.,
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Non-genomic effect on kinases

(ERK, JNK, p38 MAPK, PKB, PI3K)

AP-1/ NF-xB
(co-repressor recruitment)

IxBa, GILZ, MKP-1

RNA pol Il phosphorylation

mRNA stability

Figure 12.2 Upon activation by ligand binding, the glucocorticoid receptor (GR) can af-
fect diverse signalling pathways involved in the synthetic and proliferative functions of
ASM. Kinases such as extracellular requlated kinase (ERK), c-Jun N-terminal kinase (INK),
p38 mitogen-activated protein kinase (p38 MAPK), protein kinase B (PKB), and phospho-
inositide-3 kinase (PI3K) are regulated by activated GR. Activation of these kinases can, in
turn, modulate GR function. The regulation of inflammatory genes induced by transcription
factors, such as activated protein (AP)-1 and nuclear factor (NF)-kB, is a major target for
GR actions through effects on co-repressor recruitment. This repression is mutual, in that
over-expression of AP-1 and NF-kB can suppress GR actions. These effects may, in part, be
mediated by GR-mediated transcriptional induction of an NF-kB inhibitor (IxBe), an AP-1
DNA binding and activity inhibitor protein (glucocorticoid inducible leucine zipper (GILZ)),
and a dual p38 MAPK and JNK inhibitor (MAPK phosphatase-1, MPK-1) in some cells. GR may
also act by reducing the phosphorylation status of RNA polymerase II (RNA pol II) at some
NF-kB-activated genes. Finally, GR may increase the levels of cell ribonucleases and mRNA
destabilizing proteins, thereby altering mRNA stability

2007). Specific residues (lysines, arginines, and serines) within the N-terminal
tails of core histones can be post-translationally modified by acetylation, methyla-
tion, ubiquitination, or phosphorylation, all of which have been implicated in the
regulation of gene expression (Lee et al.,2007; Li et al., 2007). The ‘histone code’
refers to these modifications, which are set and maintained by histone-modifying
enzymes and contribute to co-activator recruitment and subsequent increases in
transcription (Jenuwein et al., 2001; Rice et al., 2001).

Transcriptional co-activators, such as CBP, SRC-1, TIF2, GRIP-1 and
p300/CBP associated factor (PCAF), have intrinsic histone acetyltransferase
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(HAT) activity (Lee et al., 2007; Li et al., 2007), and increased GR-mediated
gene transcription is associated with increase in histone acetylation. Changes
in the acetylation status of specific lysine residues forms a molecular tag for
the recruitment of chromatin-remodelling enzymes such as Brgl (Hebbar et al.,
2007), which allows local chromatin unwinding and the recruitment of the basal
transcriptional complex and RNA polymerase II (Nie et al., 2000).

Repression of inflammatory gene expression by GR

GR dimerization-deficient mice (Reichardt et al., 1998; 2001) indicate that
the major anti-inflammatory effects of glucocorticoids are due mainly to an
interaction between GR and transcription factors such as NF-kB, which me-
diate the expression of inflammatory genes (De Bosccher et al., 2006; Karin,
1998) (Figure 12.2). NF-kB is activated by numerous extracellular stimuli, in-
cluding cytokines, such as TNFa and IL-1f3, viruses and immune challenges
(Baldwin, 2001). Activation of NF-kB involves stimulation of a phosphoryla-
tion cascade, resulting in phosphorylation and ubiquitination of a cytoplasmic
inhibitor (IkBa), and release of NF-kB (generally a p65/p50 heterodimer) and its
nuclear translocation (Ghosh et al., 2002). NF-kB, as with GR, can induce histone
acetylation in a temporal manner (Ito ef al., 2000; Lee et al., 2006), leading to
recruitment of distinct co-activator and remodelling complexes and the induction
of inflammatory gene expression.

However, no all-activated NF-k B is the same. Thus, NF-«kB activated by distinct
cellular stimuli can control the expression of different patterns of genes (Covert
et al., 2005; Ogawa et al., 2005; Werner et al., 2005). LPS and TNFa induced
distinct gene profiles as a result of differences in the amplitude and duration of
NF-kB activation, rate of IkBa decay, and association with other factors such
as IRF-3 (Covert et al., 2005; Nelson et al., 2004; Ogawa et al., 2005; Werner
et al., 2005). Other signalling pathways, such as the MAPKSs, may also affect the
pattern and/or duration of NF-kB-mediated gene expression.

GR-NF-kB cross-talk

The precise mechanism for the ability of activated GR to repress NF-kB-induced
gene transcription is still under debate, and it may alter depending upon GR
expression levels (Simons, 2006) but includes binding to, or recruiting, nuclear
receptor co-repressors (Ito et al., 2000; Nie et al., 2005b; Rosenfeld et al., 2001),
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direct repression of co-activator complexes (Ito et al., 2000; Pascual et al., 2005),
actions on histone phosphorylation status (Hasegawa et al., 2005), or effects on
RNA polymerase II phosphorylation (Luecke et al., 2005; Nissen et al., 2000)
(Figure 12.2).

TNFa-stimulated CCL11 release from human ASM cells is partially blocked
by both long-acting and short-acting 3,-agonists in a cAMP-dependent manner,
and by glucocorticoids (Pang et al., 2001). The combined use of 3,-agonists or
rolipram and glucocorticoids completely abrogates TNFa-induced CCL11 re-
lease. The mechanism for this enhanced anti-inflammatory effect of combination
treatment, at least in respect to TNFa-stimulated CCL11 release from human
ASM, has been investigated by Knox and associates (Nie ef al., 2005b). Inhibi-
tion of TNFa-induced CCL11 expression by both salmeterol and fluticasone was
transcriptional, and by using chromatin immunoprecipitation (ChIP) assays, Nie
and colleagues were able to show that both drugs inhibited TNFa-induced his-
tone H4 acetylation and p65 binding to the native CCL11 promoter in an additive
manner (Nie et al., 2005b).

Not surprisingly, these effects are context/gene dependent, and repression of-
ten depends upon factors complexed with NF-kB. Thus, activated GR represses a
large set of functionally related inflammatory genes stimulated by p65/IRF-3
complexes in macrophages (Ogawa et al., 2005). PPARy and LXRs repress
overlapping transcriptional targets in a p65/IRF-3-independent manner and co-
operate with GR to suppress distinct subsets of pattern recognition receptor
(PRR)-responsive genes (Ogawa et al., 2005). Similar results can also be seen
in ASM cells. Activation of PPARY inhibits serum-induced human proliferation
more effectively than dexamethasone and has a similar effect to dexamethasone
in suppressing GM-CSF release (Patel ef al., 2003). However, PPAR+y agonists,
but not dexamethasone, can also inhibit G-CSF release, indicating that PPAR~y
activation has additional anti-inflammatory effects to those of glucocorticoids
(Patel et al., 2003). Combination treatment with salmeterol and/or fluticasone
further enhanced the ability of the PPARy agonists 15d-PGJ2 and troglitazone
to suppress TNFa-induced CCL11 transcription (Nie et al., 2005a). PPARy and
GR can form a complex, which was seen at the native CCL11 promoter and re-
sulted in a reduction in NF-kB p65 DNA binding and a suppression of histone
acetylation as determined by ChIP assays (Nie et al., 2005a). Interestingly, a
different mechanism was proposed for the suppression of TNFa-induced CCL2
expression, which was regulated at the post-transcriptional level under the same
conditions (Nie et al. 2005a).

As described above, glucocorticoids do not completely suppress all NF-
kB-stimulated genes, and targeting NF-«B itself may provide a greater
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anti-inflammatory effect than seen with glucocorticoids alone. Thus, IL-13 and
TNFa both induce a range of pro-inflammatory mediators, including ICAM-1,
COX-2, IL-6, IL-8, GM-CSF, CCLS5, CCL2, CXCL1, CXCL7 and CXCLS5, in
primary ASM cells through an NF-kB-dependent process. Attenuation of NF-kB
activity by biochemical and pharmacological means results in at least a compa-
rable reduction in mediator release compared to that seen with dexamethasone,
and in some cases (ICAM-1, MCP-1, GROa and NAP-2) a greater benefit is seen
(Catley et al., 2006). Furthermore, similar effects have been reported in vivo in
an animal model of asthma (Birrell et al., 2005).

Other mechanisms of GR action

Induction of the NF-kB inhibitor IkBa has been reported to be impor-
tant for glucocorticoid actions in some cell types (Ito et al., 2006). Indeed,
dexamethasone-mediated suppression of TNFa-induced CD38 expression in
ASM cells involves an enhancement of IkBa expression (Kang et al., 2000).
However, in the presence of IFN3 or IFNvy, TNFa-mediated CD38 induction
over prolonged periods becomes insensitive to the repressive actions of glucocor-
ticoids due to the induction of GR[3 (Tliba et al., 2006). In contrast, short term
stimulation of ASM cells with IFNgamma/TNFalpha induces glucocorticoid in-
sensitivity through an effect of IRF-1 independent of GR (Tliba et al. 2007).
In a similar manner to that described for NF-kB, the GR monomer can bind
directly or indirectly with AP-1 (Ito et al., 2006), which is also upregulated dur-
ing inflammation (Demoly et al., 1995). It is clear that the mechanism by which
genes are induced affects how glucocorticoids alone and in combination with
[B2-agonists will affect gene expression. Thus, TNFa-induced IL-6 expression is
predominantly NF-kB dependent, whereas TNFa-induced CCL5 expression is
AP-1- and NF-AT-dependent in human ASM cells (Ammit et al., 2002). Dexam-
ethasone completely attenuates TNFa-induced CCLS expression but only par-
tially inhibits IL-6 expression. In contrast, [3,-agonists enhances IL-6 expression
via a CRE and represses CCLS5 expression via an AP-1-independent mechanism.
In addition, glucocorticoids may play a role in repressing the action of mitogen-
activated protein kinases (MAPKSs), such as the extracellular signal-regulated ki-
nase (ERK) and c-Jun N-terminal kinase (JNK) (Adcock, 2003). This may occur
through induction of the dual specificity MAPK phosphatase-1 (MKP-1), which
thereby attenuates p38 MAPK and JNK activation (Kassel er al., 2001; Lasa
et al., 2001). Rogatsky and colleagues have in turn shown reciprocal inhibition
of rat GR reporter gene activity by JNKs (Rogatsky et al., 1998). Furthermore,
we, and others, have shown that p38 MAPK-mediated GR phosphorylation can
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attenuate GR function (Irusen et al., 2002; Szatmary et al., 2004). In primary
human ASM cells, the ability of dexamethasone to suppress IL-13 and TNFa-
induced GRO« expression is MKP-1 dependent (Issa et al., 2007). In these studies
siRNA directed against MKP-1 partially reversed dexamethasone suppression,
whereas over-expression of MKP-1 resulted in repression of GRO«a release.
In addition, the presence of IL-1[3 enhanced the ability of the activated GR to
bind to the MKP-1 promoter and upregulate MKP-1 mRNA expression (Issa
et al., 2007).

Glucocorticoids also appear to exert anti-inflammatory actions that do not
depend on the receptor’s ability to regulate transcription in the nucleus but on
their ability to destabilize the mRNA of inflammatory genes containing AU rich
regions in their 3'-UTRs (Rhen ef al., 2005). This appears to occur in a p38
MAPK-mediated manner, particularly in cells stimulated by TNFa (Rhen et al.,
2005). Furthermore, dexamethasone and fluticasone, but not salmeterol, reduced
the expression of a-smooth muscle actin and the short isoform of MLCK in
TGF B-treated primary bronchial ASM cells (Goldsmith ez al., 2007). This effect
occurred at the post-transcriptional level, as steady-state mRNA was unaltered.
Fluticasone also significantly increased a-actin protein turnover and the incorpo-
ration of a-actin into filamentous actin, resulting in a loss of contractile function
(Goldsmith et al., 2007).

12.4 Actions of 3,-agonists and glucocorticoids on
growth, proliferation, and migration of ASM

Regulation of cell-cycle progression by 3,-agonists

Both short-acting and long-acting [3;-agonists, acting through the [3,-receptor,
block increases in ASM hyperplasia and hypertrophy and DNA synthesis in vitro
in response to most mitogenic stimuli (Hirst ez al., 2004; Munakata, 2006). This
has been proposed to be due to activation of CCAAT-enhancer-binding protein
(C/EBP)a, which leads to induction of the cdk inhibitor p21€P!/¥af and reduction
in Rb phosphorylation (Roth et al., 2004; 2006).

Antiproliferative activity of glucocorticoids

In a recent study, a 6-week course of flunisolide was able to produce a signifi-
cant decrease in a-smooth muscle actin expression in peripheral, but not central,
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airways of patients with mild/moderate asthma without affecting collagen depo-
sition or TGFf expression (Bergeron et al., 2005).

The additional beneficial effect of combination therapy has been attributed to
the ability of glucocorticoids also to stimulate C/EBPa expression in a distinctly
temporal manner. Thus, the combination of low concentrations of both drugs
results in a ‘synchronized’ activation of C/EBPa and GR, leading to an enhanced
antiproliferative effect (Roth et al., 2002).

Glucocorticoid-induced inhibition of mitogen-induced ASM proliferation can
be studied in vitro (Bonacci et al., 2006b; Vlahos et al., 2003). Glucocorti-
coids decrease the transcription and the translation of cyclin D1 and thereby
also reduce Rb phosphorylation, leading to G1 arrest possibly through actions
on p21¢Pl/vafl (Fernandes et al., 1999). However, this is likely to be stimulus
specific, as p21°P!/%afl jg not a target of glucocorticoids when cells are stimulated
with thrombin or EGF (Vlahos et al., 2003). Whether the addition of formoterol to
budesonide or salmeterol to fluticasone enhances glucocorticoid responsiveness
or the maximal response of ASM cells may depend upon the stimulus and/or the
target gene function under investigation (Hirst ez al., 2004; Munakata, 2006), and
a greater endeavour to examine these effects in vivo should be undertaken.

Influence of glucocorticoids on hypertrophy

Few, if any, studies have examined the effect of glucocorticoids on hypertrophy,
but in vitro it appears that glucocorticoids, surprisingly, may increase ASM size
(Hirst et al., 2004). Extrapolation from these in vitro data to the in vivo situa-
tion may be difficult and may simply reflect differences in the concentrations of
glucocorticoid that are seen in vitro and in vivo (Hirst et al., 2004).

Factors limiting the antiproliferative actions of [3,-agonists and
glucocorticoids

ASM proliferation induced by thrombin and other GPCR stimuli is more sen-
sitive to repression by both (3;-agonists and glucocorticoids compared to ASM
cells stimulated by other mitogens (Bonacci et al., 2006a; 2006b; Tran et al.,
2005). In addition, the concurrent exposure to inflammatory stimuli can reduce
the ability of glucocorticoids to repress ASM proliferation (Vlahos et al., 1999),
perhaps through changes in the transcriptome (Hakonarson et al., 2001). Further-
more, IL-13 can affect [3;-receptor coupling both in vitro and in vivo, and this



12.4 ACTIONS OF 32-AGONISTS AND GLUCOCORTICOIDS 247

would reduce the antiproliferative effects of 3,-agonists (Koto et al., 1996; Mak
et al., 2002; Shore, 2004).

Serum from asthmatics enhances production of the ECM proteins fibronectin,
perlecan, laminin y1 and chondroitin sulfate compared to the effect seen with
control serum (Johnson et al., 2000). This process appears to be insensitive to
beclomethasone in asthmatic subjects, suggesting that the interaction between the
allergic process and ASM remodelling may affect glucocorticoid sensitivity. This
interaction between ASM function and allergy is lent further support by the fact
that TH, cytokines and TGF(, but not IL-10, can stimulate human ASM cells to
transcribe VEGF (Wen et al., 2003). This effect can be inhibited by both IFN~y and
glucocorticoids. In contrast, TH, cytokines can reduce the ability of bradykinin
to stimulate IL-6 transcription in human ASM cells (Huang et al., 2003).

It is also becoming clear that the matrix upon which ASM cells grow affects
not only proliferation to various mitogenic stimuli but also the response to gluco-
corticoids. In a series of important experiments, Stewart and colleagues (Bonacci
et al., 2003; 2006a; Hirst et al., 2004) have shown that cells grown on collagen
I grow more rapidly and are less responsive to the antiproliferative effects of
glucocorticoids despite retaining glucocorticoid sensitivity to the production of
inflammatory mediators (Bonacci et al., 2003; 2006a; Hirst et al., 2004). This
effect is blocked by inhibitors of a231 integrin function, enabling fluticasone to
suppress cyclin D1 levels (Bonacci et al., 2006a), and suggesting that activation
of signalling pathways, such as focal adhesion kinase (FAK) or integrin-linked
kinase, are selectively glucocorticoid non-responsive. Intriguingly, in vitro ASM
cells from asthmatic subjects produce greater levels of collagen I and perlican than
ASM cells from non-asthmatic subjects (Johnson et al., 2004). In other studies,
the same group were able to determine that the resistance of EGF-induced prolif-
eration to inhibition by glucocorticoids is not associated with a failure to regulate
cyclin D1 induction, nor does it appear to be explained by differential regulation
of the levels of the cdk inhibitors p21€P1/¥afl and p27XiP! (Vlahos et al., 2003).

Importantly, the differences in human ASM proliferation and glucocorticoid
sensitivity seen with cells grown on thrombin compared either to other ECMs
or to cells stimulated with cytokines are also seen with respect to the synthetic
capacity of these cells (Tran et al., 2005).

Effects of asthma drugs on ASM migration

Salmeterol and other cAMP elevating agents, such as PGE;, reduce spontaneous
ASM migration (Goncharova et al., 2003). In addition, both glucocorticoids and
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PGE; and cilomilast can suppress PDGF-induced ASM migration, and the pres-
ence of salmeterol, which has no effect alone, enhances the ability of fluticasone
to reduce PDGF-induced ASM migration (Goncharova et al., 2003).

12.5 Summary and conclusions

Factors that promote the proliferation and migration of ASM cells are similar
and activate a number of key intracellular signaling pathways, including PI3K,
ERK and p38 MAPK, which are potential targets for drugs currently used to treat
asthma. In addition, it is clear that ASM cells play a role in the inflammatory
response in asthma by releasing numerous mediators through NF-kB- and p38
MAPK-mediated pathways. Glucocorticoids also have profound effects on the
signalling pathways controlling gene expression in vitro. Whether the effects of
[2-agonists and glucocorticoids seen in vitro also occur in vivo in patients with
asthma needs to be determined.
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B.-Adrenergic receptors:
effects on airway smooth
muscle

Malcolm Johnson
GlaxoSmithKline Research and Development, UXBridge, Middlesex, UK

13.1 The B,-adrenoceptor

The human (-adrenoceptor gene is situated on the long arm of chromosome
5 and codes for an intronless gene product of approximately 1200 base pairs
(Kobilka et al., 1987). The B-adrenoceptor comprises 413 amino-acid residues
of approximately 46,500 Da. 3-Adrenoceptors have been subdivided into at least
three distinct groups — By, B, and Bs — classically identified in cardiac, airway
smooth muscle (ASM) and adipose tissue, respectively. This chapter focuses on
the (3,-adrenergic receptor with regard to its function and response to [3;-agonists
in ASM.

Like all G-protein-coupled receptors (GPCR), the [P,-receptor has seven
transmembrane-spanning «-helices (Liggett, 2002). There are three extracel-
lular loops, one being the amino-terminus, and three intracellular loops, with
a carboxy-terminus (Figure 13.1). The receptor is N-glycosylated at amino
acids 6, 15 and 187; these are important for insertion into the cell membrane
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Figure 13.1 The structure of the human 3,-receptor. The sites of polymorphic mutations of
the receptor are shown in green. The four amino-acid residues involved in 3;-agonist binding
are shown in red. Regions or specific domains involved in Gs-protein coupling (blue), desen-
sitization (pink) and downregulation (orange) are indicated (Johnson, 2006). (Reproduced
from J Allergy Clin Immunol 2006;117: 18-24, courtesy of Elevier.) (For a colour reproduction
of this figure, please see the colour section, located towards the centre of the book).

and for agonist-induced receptor trafficking (Mialet-Perez et al., 2004). At
amino-acid position 341, the cysteine of the human [3;-receptor is palmitoy-
lated, acting to anchor the carboxy-terminus to the membrane (O’Dowd et al.,
1989). The region between the seventh transmembrane-spanning domain and
the palmitoylated cysteine is also an a-helix, sometimes denoted as the fourth
intracellular loop.

Autoradiographic studies have suggested that (3,-adrenoceptors are widely
distributed, occurring in ASM at a density of 30,000-40,000/cell (Johnson,
2000). Radioligand-binding studies on lobectomy specimens have shown [3,-
receptor density to increase through the respiratory tract, with high levels in
the central airways and the alveolar region. Computed tomography (CT) scan-
ning (Hoffman et al., 1997) and positron emission tomography with a C11-
labelled B-receptor ligand (Ueki et al., 1993) have confirmed this [3;-receptor
distribution.



13.3 B,-RECEPTOR SIGNALLING PATHWAYS 257
13.2 B,-Receptor activation

The regions of the [3,-adrenoceptor protein important for [3;-agonist binding and
G-protein coupling in ASM have been identified by site-directed mutagenesis.
The active site of the receptor with which [3;-agonists must interact in order to
exert their biological effects is located approximately one-third of the way (15
angs Froms) into the receptor core (Figure 13.1). It is generally agreed that the
residues of critical importance with respect to agonist binding to the active site are
aspartate (Asp)-residue 113 (counted from the extracellular or N-terminus end)
in the third domain; two serine (Ser) residues, 204 and 207, which are both on
the fifth domain; and asparagine (Asn) 293, in the sixth domain (Liggett, 2002).
Thus, a model has emerged for the agonist binding site of the [3,-adrenoceptor,
in which the ligand is bound within the hydrophobic core of the protein in the
transmembrane helices, and anchored by specific molecular interactions between
amino-acid residues in the receptor and functional groups on the ligand. Asp forms
an ion pair with the amino nitrogen, while the two Ser residues interact with the
hydroxyl groups on the phenyl ring of the [3,-adrenoceptor agonist molecule. The
B-hydroxy group in the (3;-agonist side chain binds to Asn 293 (Liggett, 2002).

There is now good evidence that [3,-adrenoceptors oscillate between two forms,
activated and inactivated, and that under resting conditions these two forms are
in equilibrium, but with the inactivated state predominant (Liggett, 2002). The
[B;-receptor is in the activated form when it is associated with a molecule of guano-
sine triphosphate (GTP). The replacement of the GTP by guanosine diphosphate
causes the receptor to return to its low-energy, inactivated form (Onaran et al.,
1993). B,-Agonists have their effects, not through inducing a conformational
change in the receptor, but rather by binding to and temporarily stabilizing recep-
tors in their activated state, that is, bound to GTP. However, it is now clear that
multiple signals are promoted by [3;-receptors and that the ‘optimal’ conformation
for one effector signal may not be the same as for another.

13.3 32-Receptor signalling pathways

It has been the accepted dogma since the 1960s that [3,-receptor activation is
mediated by increased intracellular cyclic adenosine monophosphate (cAMP)
levels (Robinson et al., 1967). This is the result of stimulation of adenylate cy-
clase, which catalyses the conversion of ATP into cAMP. The coupling of the
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[;-receptor to adenylate cyclase is affected through a trimeric Gs-protein (John-
son and Coleman, 1995), consisting of an a-subunit (which stimulates adenylate
cyclase) and 3y -subunits (which transduce other signals). cAMP levels are then
regulated through the activity of phosphodiesterase isozymes/isoforms, which
degrade it to 5'-AMP.

The mechanism by which cAMP induces ASM cell relaxation is not fully under-
stood, but it is believed that it catalyses the activation of protein kinase A (PKA),
which in turn phosphorylates key regulatory proteins involved in the control of
muscle tone (Johnson and Coleman, 1995). cAMP also results in inhibition of
calcium ion (Ca?") release from intracellular stores, reduction of membrane Ca>*
entry, and sequestration of intracellular Ca’>*, leading to relaxation of the ASM.
However, it has been suggested recently that some of the relaxant response to 3,-
agonists may be mediated through cAMP-independent mechanisms, involving
direct interaction of Gs with potassium channels, which are present in the ASM
cell membrane. [3,-Receptors in ASM can also couple to Gi proteins (Daaka et al.,
1997), resulting in stimulation of the extracellular signal-regulation kinase (SRK)
and p38 mitogen-activated protein kinase (MAPK) pathways. This mechanism
may serve to uncouple the 3,-receptor from Gs and thus represent a means of ter-
minating the [3;-agonist receptor signal and response. Recent evidence suggests
that there may be cross-talk between [3,-receptors and other GPCR systems in
smooth muscle cells. Under experimental conditions, where the [3,-receptor was
either ablated or over-expressed, responses to Gq-coupled contractile agonists
were inhibited and enhanced, respectively (McGraw et al., 2003). Intracellular
inositol-1,4,5-trisphosphate (IP3) production and phospholipase C (PLC) levels
were decreased in the absence of the [3,-receptor, and increased in the presence of
high ,-receptor density. There is, therefore, an interaction between [3,-receptors
and PLC, termed antithetic regulation (McGraw et al., 2003), which may cross-
regulate stimulatory and inhibitory cell responses. This is in addition to the nega-
tive cross-talk between muscarinic M-receptors and [3,-receptors in ASM, where
M, -activation leads to attenuated cAMP accumulation (Sarria et al., 2002).

13.4 Effects in airway smooth muscle (ASM)
Bronchodilation
The molecular structure of a 3,-agonist determines the manner in which it interacts

with the [(3;-adrenoceptor to induce bronchodilation. Short-acting [3;-agonists,
such as salbutamol, which are hydrophilic in nature, access the active site of the
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[;-adrenoceptor directly from the extracellular aqueous compartment (Johnson,
2000). There is, therefore, a rapid onset of action. However, these drugs rapidly
re-equilibrate, their residency time at the receptor active site is limited, and the
resulting duration of action is short. The long-acting [3;-agonists have different
mechanisms of action. Formoterol is moderately lipophilic, and it is taken up into
the cell membrane in the form of a depot, from where it progressively leaches out
to interact with the active site of the [3;-receptor (Anderson, 1993). The size of
the depot is determined by the concentration or dose of formoterol applied. The
onset of action of formoterol in ASM is similar to salbutamol, but the duration
of activity is longer and concentration-dependent (Johnson, 2000). This profile
has been confirmed clinically in asthmatic patients, where bronchodilation was
observed for 8, 10 and 12 h following doses of 6, 12 and 24 g, respectively
(Ringdahl et al., 1995).

Salmeterol, on the other hand, is over 10,000 times more lipophilic than salbuta-
mol (Johnson, 2000). The molecule partitions rapidly (<1 min) into the cell mem-
brane and then diffuses laterally to approach the active site of the (3;-adrenoceptor
through the membrane. Therefore, the onset of action of salmeterol in ASM is
slower than that of other (,-agonists such as salbutamol and formoterol. The
duration of action of salmeterol involves the interaction of the side chain of
the molecule with an auxiliary binding site (exo-site), within the fourth domain
of the B,-adrenoceptor (Green et al., 1996). Salmeterol appears to be inherently
long-acting, in that its effects are independent of dose, as a result of exo-site bind-
ing (Johnson, 2000). This difference between salmeterol and formoterol has been
observed in asthmatic patients. The onset of bronchodilation following salmeterol
is slower than with formoterol. However, since salmeterol is still inducing bron-
chodilation 12 h after the previous dose, the asthmatic patient does not perceive
the slower onset by the second dose of the drug.

The majority of 3;-adrenoceptor agonists used as bronchodilators have inter-
mediate efficacy at the receptor, and if receptor numbers permit (as in ASM),
they will behave as full agonists, but if receptor density is too low, or receptor
coupling is inadequate, the [3,-agonist may behave in a partial manner; that is, it
will be incapable of achieving the same maximum effect as an agonist of higher
efficacy, and it may even behave as an antagonist. Examples of compounds of
high efficacy (full agonists) are isoprenaline, fenoterol and formoterol, whereas
salbutamol and terbutaline are of moderate efficacy (partial agonists). Salmeterol
has an efficacy at [3,-adrenoceptors in ASM lower than that of salbutamol. Low
efficacy in a [3;-adrenoceptor agonist does not, however, compromise clinical
performance as a bronchodilator drug, but it may limit effectiveness in restoring
airway calibre under conditions of acute severe bronchospasm.
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Pharmacologically, a partial agonist must occupy a higher proportion of recep-
tors than a full agonist to exert its maximum effect. Ex vivo studies in asthmatic
patients have shown salmeterol at clinical doses to occupy only 4 per cent of
the available pulmonary [3,-receptors (Johnson, 2006). This represents a recep-
tor ‘reserve’ of 96 per cent and is reflected in a normal bronchodilator response
to salbutamol, when used as rescue therapy, in patients chronically treated with
salmeterol (Nelson et al., 1999).

13.5 B2-Receptor desensitization

Associated with [3;-adrenoceptor activation in ASM is the autoregulatory pro-
cess of receptor desensitization. This process operates as a safety device to pre-
vent over-stimulation of receptors in the face of excessive 3,-agonist exposure.
The principal mechanism of homologous short-term, [3;-agonist-promoted de-
sensitization of the [B,-adrenoceptor is phosphorylation of the receptor by PKA,
B-adrenoceptor kinase (BARK), or other closely related G protein-coupled re-
ceptor kinases (GRKs) (Johnson, 1998). Phosphorylation can occur at multiple
serine and threonine residues in the third intracellular loop and in the proximal cy-
toplasmic tail (Figure 13.1). Such phosphorylation normally results in (3-arrestin
binding and partial uncoupling of the agonist-occupied form of the receptor from
the stimulatory Gg protein, thereby limiting receptor function. A recent study
(Moore et al., 2007), however, has shown that despite phosphorylation of the
[B2-receptor to an extent similar to formoterol, salmeterol did not induce signif-
icant [3;-receptor internalization (<5 per cent) or degradation as a result of lack
of B-arrestin binding. In contrast, formoterol evoked (3-arrestin binding and the
loss of over 55 per cent of B,-receptors from the cell surface (Moore et al., 2007).
Alternatively, the scaffolding action of 3-arrestins may bring other proteins such
as phosphodiesterase IV into the receptor microenvironment. This then acts to
metabolize locally generated cAMP and terminate the effects of receptor acti-
vation. This simple form of desensitization is a transient process, and may be
reversed within minutes of removal of the agonist.

After more prolonged agonist exposure, internalization of receptors occurs,
resulting in some loss from the cell surface. This process, termed ‘sequestra-
tion’, may play a major role in short-term regulation of the receptor, since,
while it is sequestered, dephosphorylation of the receptor occurs (Shenoy et al.,
2001).Internalization takes longer to reverse than uncoupling, but full reversal
normally occurs within hours. After hours of agonist exposure, a net loss of
cellular receptors occurs (denoted downregulation) via several mechanisms that
are independent of receptor phosphorylation. Ubiquitination of the [3;-receptor
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(Figure 13.1), via an E3-ligase, activates the process of receptor degrada-
tion (Shenoy et al, 2001). Transcription at the [,-receptor gene level and
post-translational conversion of mRNA to protein is now required to restore the
membrane complement of [3;-receptors. It is now well appreciated that in ad-
dition to desensitization processes that negatively regulate the function of the
[;-receptor protein itself, B,-receptor agonists, acting through the cAMP path-
way, also modulate (3;-receptor gene expression.

The level of BARK and GRK activity in ASM cells was only 10-20 per
cent of that in mast cells (McGraw and Liggett, 1997). This predicts that ASM
[32-receptors will undergo minimal short-term, agonist-promoted desensitization.
This may explain the clinical observation that repetitive administration of most
[32-agonists to asthmatics appears not to result in tolerance to the bronchodilatory
response of [3,-receptors, expressed on bronchial smooth muscle. Tolerance to
the bronchodilator effects of formoterol, but not salmeterol, has however, been
reported in several studies (Bensch et al., 2001; Lundback et al., 1993; Shapiro
et al., 2000; Yates et al., 1995). In a 12-week study, bronchodilation following
24 g b.d. formoterol was reduced, whereas that to 12 wg b.d. was unchanged
(Bensch et al., 2001). Similarly, in the FACET study (Pauwels et al., 1997), lung
function (PEFR) was higher (30 per cent) during the first few days of formoterol
(12 g b.d.) treatment compared with values measured after week 1 (Figure 13.2).
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Figure 13.2 Bronchodilator tolerance to formoterol administered together with budesonide
in mild-to-moderate asthma
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Corticosteroids have facilitative effects on the [3,-receptor, both increasing gene
transcription and regulating the numbers of the receptor on the cell surface (Mak
et al., 1995). It is of interest, therefore, that formoterol-induced tolerance was
observed in the FACET study (Pauwels et al., 1997) even in the presence of 400
g b.d. budesonide. In contrast, two placebo-controlled studies (Lundback et al.,
1993; Shapiro et al., 2000) found no difference in the FEV; response to salme-
terol (50 pg b.d.) between day 1 and week 12. Following chronic treatment with
salmeterol, baseline lung function (prior to the morning dose) was consistently
increased (Shapiro et al., 2000). This is another indication of the lack of tolerance
at the [3;-receptor.

All Bp-agonists, including salbutamol (O’Connor et al., 1992), salmeterol
(Cheung et al., 1992) and formoterol (Yates et al., 1995), induce apparent tol-
erance to their bronchoprotective effects against provocational stimuli such as
histamine, allergen, exercise and cold-air challenge. For example, the protective
effects of salmeterol and formoterol are reduced by ~50 per cent when the drugs
are taken on a regular basis (Cheung et al., 1992; Yates et al., 1995). However,
there is still a significant degree of bronchoprotection that does not wane on fur-
ther treatment. Most of the studies have assessed the degree of bronchoprotection
1 h after dosing. In a study (Booth ef al., 1993), where the effects of salmeterol
against methacholine challenge were measured at up to 1 h and at 1-12 h, there
was significant loss of activity at the early, but not the later time points, when day
1 of dosing was compared with day 28. The apparent tolerance may be, therefore,
a feature of an early dose effect, whereas the ‘plateau’ effect is clinically relevant
to the patient. In this context, the asthmatic patient undergoes regular challenges
(allergen, cold, etc.) on a daily basis. If the bronchoprotective tolerance were of
clinical importance, exacerbations would be likely to increase on regular use of
long-acting 3;-agonists. In contrast, exacerbation rates do not change or even
show a small decrease (Lazarus et al., 2001). As with bronchodilator tolerance to
formoterol, the loss of bronchoprotection with salmeterol and formoterol is not
affected by the concurrent use of inhaled corticosteroids (Yates et al., 1996).

13.6 Influence of polymorphisms of
the 3,-adrenoceptor in ASM

A number of polymorphisms of the [3,-receptor have recently been described
which alter the behaviour of the receptor following agonist exposure (Hall, 1996).
All of these differ from the accepted wild-type sequence by a single base change
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at different positions in the coding sequence of the gene. There are two genes for
the [3;-adrenoceptor; therefore, an individual can be homozygous or heterozygous
for a given polymorphism. The main clinical interest in these polymorphisms
lies in the possibility that they may determine the extent to which the receptor
downregulates in the airways and as such may modify bronchodilator responses.

The initial studies (Reishaus er al., 1993) focused on amino-acid 16, which
can be either arginine (Arg) or glycine (Gly), and the data suggest that the Gly 16
receptor downregulates following exposure to an agonist to a much greater extent
than the Arg 16 form in primary cultured human ASM cells. Two clinical studies
have supported the possibility that the Gly 16 form of the receptor is associated
with markers of more severe asthma. Preliminary data from Dutch families with
asthma suggest that Gly 16 may be associated with airway hyperresponsiveness
(Holroyd et al., 1995). In addition, patients with significant nocturnal worsen-
ing of their asthma were more likely to have the Gly 16 form of the receptor
than asthmatic patients without nocturnal falls in peak flow rate (Hall, 1996).
The allelic frequencies for Arg 16 and Gly 16 are 35 per cent and 65 per cent,
respectively.

Some, but not all, studies have shown a relationship between Arg-Gly 16 poly-
morphisms and clinical responses to [3;-agonists. When compared with children
homozygous for Gly 16, homozygotes for Arg 16 were 5.3 times, and heterozy-
gotes for Arg/Gly 16 were 2.3 times, more likely to respond to salbutamol respec-
tively (Martinez et al., 1997). Similarly, homozygous Gly 16 was significantly
more prone to bronchodilator tolerance than Arg 16 following administration of
formoterol (24 pg b.d.) for 4 weeks (Tan et al., 1997). However, other studies
have shown the converse, in that patients with the resistant Arg-Arg (16) poly-
morphic form of the receptor exhibited a progressive reduction in bronchodilator
response to regular administration of salbutamol and an improvement in lung
function when the [3,-agonist was withdrawn (Israel er al., 2000). Gly 16 ho-
mozygotes showed no such responses. Similarly, the presence of Arg—Arg, but
not Gly—Gly, was associated with an increased frequency of asthma exacerbations
in patients receiving salbutamol (Taylor et al., 2000). This was not observed with
salmeterol treatment. Of interest is a recent observation of a highly significant
interaction between a coding non-synonymous polymorphism (lle 772 Met) of
adenylate cyclase 9 (AC9) and bronchodilator response to salbutamol in paediatric
asthma patients taking inhaled budesonide (Tantisira et al., 2005). This suggests
that genotype may influence [3;-receptor signalling when 3,-agonists and ICS are
co-administered.

The second polymorphism is at position 27 and exists as either glutamine (Gln)
or glutamate (Glu). The allelic frequency for Gln 27 and Glu 27 is 55 per cent
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and 45 per cent, respectively (Hall, 1996). In contrast to Gly 16, the Glu 27 form
of the receptor appears to protect against downregulation. In primary cultured
human ASM cells, following prolonged exposure to 3,-agonists, the Glu 27form
downregulated to a much lesser extent than the Gln 27 receptor, as assessed by
changes in receptor number (Hall, 1996). The third polymorphismis at amino-acid
164, which can be either threonine (Thr) or isoleucine (Ile). This polymorphism
is much rarer than that at amino-acid 16 or 27, with an allelic frequency of about
1 per cent (Green et al., 1993).

Given that most individuals are heterozygous and that Arg—Gly 16 and Gln-Glu
27 polymorphisms may be in linkage disequilibrium, it is likely that large pop-
ulations will have to be studied to determine the importance of (3,-adrenoceptor
polymorphisms to the asthma phenotype.

13.7 Non-bronchodilator effects of 3,-agonists in ASM

B2-Agonists have a spectrum of non-bronchodilator effects in ASM that may
be relevant to their efficacy in asthma and COPD. These effects are mediated
both directly through the [3;-adrenoceptor (Johnson and Rennard, 2001) and as
a result of an interaction between [3;-adrenoceptors and glucocorticoid receptors
(Johnson, 2004).

Long-acting 3,-agonists (LABA) prime the glucocorticoid receptor (GR) for
subsequent corticosteroid binding by mitogen-activated protein kinase (MAPK)-
dependent phosphorylation (Adcock et al., 2002). Subsequently, the translocation
of the GR from the cytosol of the cell to the nucleus, a fundamental step in the anti-
inflammatory effect of corticosteroids, is increased (Usmani et al., 2002). This
effect is mediated by activation of the binding enhancer protein C/EBPa (Roth
et al., 2002). Salmeterol (Haque ef al., 2006) and formoterol (Jazrauri et al.,
2005) have been shown to enhance the extent and the duration of GR nuclear
translocation. These in vitro findings have now been confirmed in vivo in patients
with asthma and COPD treated with LABA and ICS. Usmani et al. (2005) showed
that inhalation of salmeterol (50 wg) and fluticasone propionate (FP) (100 ng)
increased the nuclear translocation of the GR in sputum macrophages taken from
mild asthmatic patients, significantly more than the same dose of FP. The results
were equivalent to a fivefold higher dose of the steroid alone. Haque et al. (2006)
have confirmed these findings in COPD patients. These synergistic interactions
between LABAs and CS result in enhanced anti-inflammatory effects of ICS in
both asthma and COPD.



13.7 NON-BRONCHODILATOR EFFECTS OF 3,-AGONISTS IN ASM 265

Effects on inflammatory mediator release

Human ASM cells produce high amounts of IL-8, a major neutrophil chemoat-
tractant implicated in COPD and in asthma exacerbation. (3;-Agonists such as
salbutamol and salmeterol caused a time-dependent increase in basal IL-8 accu-
mulation that was significant after 4 and 8 h, respectively (Pang and Knox, 2000).
The magnitude of IL-8 release by [;-agonists was, however, smaller than that
following stimulation with TNFa, suggesting that an increase in cAMP is a weak
inducer of IL-8 generation by human ASM cells.

In contrast, steroids such as dexamethasone and FP resulted in a concentration-
dependent inhibition (Pang and Knox, 2000). However, when dexamethasone or
FP was used in combination with salmeterol, a further inhibition was observed that
was significantly greater than with the steroids alone (Figure 13.3). This represents
a synergistic interaction between LABA and CS in ASM, which may have impli-
cations in asthma and COPD, where the combined use of LABAs and ICS signifi-
cantly reduces exacerbation, a condition associated with IL-8-driven neutrophilia.

The synergistic inhibition of IL-8 release was reversed by the [3,-selective an-
tagonist, ICI 118551, confirming that the effect of salmeterol is mediated through
the (3;-receptor. KT 5720, a potent and selective inhibitor of cAMP-dependent
PKA, also significantly reduced the inhibitory effects of salmeterol and FP in
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Figure 13.3 The salmeterol (SALM)/fluticasone propionate (FP) combination synergistically
(*p < 0.01) inhibited TNFa-induced IL-8 release from human airway smooth muscle cells
compared with SALM or FP alone (Pang and Knox, 2000). (Reproduced from Am J Respir Cell
Mol Biol 2000; 23:79-85, courtesy of the American Thoracic Society)
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combination, whereas the phosphodiesterase IV inhibitor, rolipram, further in-
creased the level of IL-8 inhibition (Pang and Knox, 2000). These observations
indicate an involvement of the cAMP pathway in the synergy between salmeterol
and CS in ASM cells.

Eosinophilia is a prominent feature of asthma and is also observed during
exacerbations of COPD. Human ASM cells synthesize and release eotaxin, a
potent eosinophil chemoattractant. 3,-Agonists had no effect on basal eotaxin,
but significantly inhibited TNFa-induced release, with salmeterol being 10-fold
more potent that salbutamol (Pang and Knox, 2001). Pre-treatment of cells with
dexamethasone or FP inhibited responses to TNFa in a concentration-dependent
manner, but did not abolish eotaxin release. When CS were used in combination
with LABAs, a further additive inhibition of ASM cell eotaxin was observed,
which was significantly greater than that of each agent alone (Pang and Knox,
2001). These effects were again reversed by ICI 118551 and further increased by
rolipram, implicating both the 3,-receptor and the cAMP pathway.

Recent studies have demonstrated that TNFa stimulates the secretion of IL-6
and RANTES from ASM cells. The role of IL-6 may be that of an anti-
inflammatory signal, modulating ASM in an autocrine manner. IL-6 release ap-
pears to be mediated by a NF-kB-dependent pathway, whereas RANTES release
is mediated via activation of AP-1 (Panettieri, 2002). The LABA formoterol in-
creased TNFa-induced IL-6 generation by approximately sixfold, with an ECs
of 0.01 uM (Ammit et al., 2002). This was associated with binding to CRE and
activation of the IL-6 promoter, but did not involve AP-1 or NF-kB. The lower-
efficacy LABA, salmeterol, at higher concentrations, induced only a twofold
increase in IL-6. In contrast, [3;-agonists inhibited TNFa-induced RANTES se-
cretion in a concentration-dependent manner (Figure 13.4). Formoterol was the
most effective inhibitor, with an ICsy of 1 M, inhibiting TNFa-induced RANTES
secretion by approximately 70 per cent at 10 wM. Isoprenaline was 10-fold less
potent than formoterol, but at 100 pM abrogated TNFa-induced RANTES by
approximately 80 per cent. At a concentration of 10 wM, salmeterol and salbu-
tamol also inhibited RANTES secretion following TNFa stimulation (Ammit
et al., 2002). B,-Agonists alone had no effect on basal RANTES secretion. The
rank order of effectiveness of [3;-agonists in their ability to inhibit TNFa-induced
RANTES secretion is similar to their ability to induce secretion of IL-6 and in-
crease cytosolic levels of cAMP in ASM. However, RANTES appears to be more
sensitive than IL-6 to small changes in cAMP concentration, and it did not appear
to be mediated via AP-1.

CS have differential effects from [3;-agonists on the release of IL-6 and
RANTES from ASM cells. Dexamethasone completely abrogated TNFa-induced
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Figure 13.4 Salmeterol (SALM) significantly (*p < 0.05) inhibited TNFa-induced RANTES
release and significantly (*p < 0.05) increased IL-6 generation by human airway smooth
muscle cells. Dexamethasone (DEX) also inhibited RANTES, but had little effect on TNFa-
induced IL-6 release. The SALM/DEX combination further enhanced RANTES inhibition over
SALM or DEX alone, but increased IL-6 release compared with DEX alone (Ammit et al., 2002).
(Reproduced from Am. J. Respir. Cell Mol. Biol. 26, 465-474, (2002) courtesy of the American
Thoracic Society)

RANTES secretion with an ICsy of 1 nM, but, even at the highest concentration,
it only partially inhibited IL-6. In combination with salmeterol, the same de-
gree of inhibition of TNFa-induced RANTES release could be achieved with a
100-fold lower concentration of dexamethasone (Ammit et al., 2002). However,
TNFa-induced IL-6 secretion from ASM cells was significantly augmented by
salmeterol/dexamethasone.

Similarly, studies of human ASM cells stimulated with IL-13 and TNF«
have shown increased expression and release of granulocyte-macrophage colony-
stimulating factor (GM-CSF), which stimulates maturation, surface activation and
proliferation of several pro-inflammatory cells, and is particularly important for
the survival of eosinophils. The [3;-agonist salbutamol did not significantly alter
the basal release of GM-CSF, but attenuated cytokine-induced secretion with an
1Csp of 16 nM (Hallsworth et al., 2001). Pretreatment with ICI 118551 prevented
the inhibition due to salbutamol on IL-1{3-stimulated GM-CSF release, confirm-
ing an effect mediated by membrane 3,-receptors. The effects of salbutamol
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were associated with a 15-fold increase in intracellular cAMP formation, and
were inhibited by H-89, an inhibitor of the PKA-dependent pathway (Hallsworth
etal.,2001). Combination of LABAs and CS has been shown to have an additive
inhibitory effect on GM-CSF release (Korn ez al., 2001).

[3,-Agonists also effect the release of other pro-inflammatory mediators, such as
vascular endothelium growth factor (VEGF), from ASM. Both salmeterol and FP
alone inhibited TGFp;-stimulated VEGF release from human ASM cells (Corbett
et al.,2002). In addition, whereas FP was still effective in reducing VEGF release
from IL-1B3-stimulated cells, the LABA was inactive. However, the combination
of salmeterol and FP further inhibited IL-1B-induced VEGF over that of the CS
alone, suggesting a synergistic interaction (Corbett ef al., 2002).

Effects on ASM cell-cell interactions

Direct cell—cell interactions are important in airway inflammation and remod-
elling and are mediated by adhesion molecules. ASM cells express ICAM-1 and
VCAM-1 in response to inflammatory cytokines, such as TNFa. Isoprenaline, at
a concentration (100 pM) previously shown to increase cAMP in human ASM
cells, inhibited TNFa-induced expression of ICAM-1 and VCAM-1 by approxi-
mately 60 per cent. This was associated with a decreased activated T-cell adhesion
to the ASM cells (Amrani et al., 1999).

Migration of smooth muscle cells induced by inflammatory mediators may con-
tribute to airway remodelling and also involves cell—cell interactions. Basal levels
of human ASM cell migration were decreased by salmeterol by approximately
40 per cent, whereas the LABA had little effect on PDGF-induced migration of
the cells (Krymskaya et al., 2002). Treatment of cells with dexamethasone or FP
also attenuated basal, but not PDGF-stimulated, ASM cell migration. However,
the combination of salmeterol and FP significantly inhibited the PDGF-migratory
response (Figure 13.5a), indicating a synergistic interaction between the LABA
and CS (Krymskaya et al., 2002).

Effect on ASM cell proliferation

Inhibition of mitogen-induced proliferation of ASM cells by 3,-agonists has been
previously reported (Stewart et al., 1999). B,-agonists and other cAMP-elevating
agents are thought to arrest the G1 phase of the cell cycle by post-transcriptionally
inhibiting cyclin D1 protein levels by action on a proteosome-dependent
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Figure 13.5 Effects of LABA/CS combination on human airway smooth muscle cell migration
and proliferation. The salmeterol (SALM)/dexamethasone (DEX) combination synergistically
(*p < 0.05) inhibited PDGF-induced migration of human airways smooth muscle cells com-
pared with SALM or DEX alone (Krymskaya et al., 2002). (Reproduced from Am J Respir Crit
Care Med 2002; 165:A346 courtesy of the American Thoracic Society)

degradation pathway. Alternatively, suppressed cyclin D1 gene expression may
occur through phosphorylation and transactivation of CREB, suggesting that the
effect of cAMP is exerted by way of cis-repression of cyclin D1 promoter (Panet-
tieri, 2002). Salmeterol has been shown to inhibit thrombin-induced proliferation
of human ASM cells. This was associated with a reduction in c-myc RNA ex-
pression (Stewart et al., 1997). There was no effect, however, on other mitogens
such as EGF. More recent studies have shown that (3;-agonists inhibit prolifera-
tion via activation of the CCA AT-enhancer-binding protein (C/EBP), which has
a pivotal role in cell proliferation (Ramji and Foka, 2002) through stimulation
of p21WAFI/Cipl "4 cyclin-dependent kinase inhibitor that exerts a brake on cell
cycling. Salmeterol reduced cell proliferation in a dose-dependent manner with
a maximum of 74 per cent of control at 10~°M, and this was also associated with
increased expression of p21WVAF/CiPl(Rudiger et al., 2000). Incubation with anti-
sense against C/EBPa mRNA reduced LABA-induced p21WAFI/CiPT expression.
When LABA and CS were applied in combination, the effects on p21WAF1/Cipl
expression and on cell proliferation were synergistic, even if the effects of either
drug alone had reached a plateau (Rudiger et al., 2000).

Budesonide also induced activation of p21WAF!/CiPl in human ASM cells stim-
ulated with fetal bovine serum. By contrast, formoterol had no significant effect.
However, the combination of formoterol and budesonide was shown to inhibit
serum-induced proliferation in a concentration-dependent manner (Roth et al.,
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2002). A synergistic inhibitory effect was observed when both drugs were used at
<10719M, compared with each drug alone. The effect of formoterol/budesonide
was associated with enhanced nuclear translocation of GR, and this was apparent
within 30 min and persisted for 6 h. The combination also resulted in stronger
GR-GRE binding and greater DNA binding of C/EBPa than with either alone,
and in enhanced activation of p21WAFI/CiPl (Roth et al., 2002). The activation of
p21WAFI/Cipl 1y the combination of formoterol and budesonide was reversed by
the GR antagonist, RU-486, and by the (3-blocker, propanolol, confirming an effect
mediated by receptor-driven pathways (Figure 13.5b). Antisense oligonucleotides
against either C/EBPa or p21WAFI/CiPl abrogated the enhanced antiproliferative
effects of the LABA/CS combination (Roth et al.,2002). These findings show that
LABAs both activate the GR and C/EBPa and inhibit the proliferation of ASM
via the action of p21WVAFI/CiP1 ‘Whereas formoterol and budesonide alone activate
the two transcription factors with different kinetics, in combination, the drugs
lead to a synchronous activation of the GR and C/EBPa, resulting in a synergistic
stimulatory effect on p21WAFI/CPl promoter activity and an inhibitory effect on
serum-induced cell proliferation (Roth et al., 2002).
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Figure 13.6 The formoterol (FORM)/budesonide (BUD) combination significantly (*p<0.01)
increased p21"AF/CP1 activation (expressed as luciferase activity in arbitary light units) in
human airway smooth muscle cells compared with FORM alone. This effect was inhibited by
the GR antagonist, RU486, and by the B-receptor antagonist, propanolol (PROP) (Roth et al.,
2002)
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13.8 Conclusion

[3;-adrenergic agonists are used widely as bronchodilators and also in combina-
tion therapy with inhaled corticosteroids in the treatment of respiratory diseases,
such as asthma and COPD. Knowledge of the function, response and regulation
of the [3,-receptor is important to the clinician in interpreting patient response to
both short- and long-acting [3,-agonists. Similarly, an understanding of the mech-
anisms of receptor desensitization, which may lead to tolerance to maintenance
and rescue therapy, is useful. The presence of a particular genetic form of the
B2-receptor that may influence the clinical efficacy of regular (3;-agonists is of
increasing interest in predicting good and poor responders. ASM cells contain
both (3;-receptors and GR and are a potential target for (3;-agonist—corticosteroid
interactions. With LABA/CS combinations, there is evidence of additive and/or
synergistic inhibition of inflammatory mediator release, migration and prolif-
eration of ASM cells. These effects may be relevant to the clinical efficacy of
LABA/ICS combination therapy in asthma and COPD.
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Asthma treatments: effects
on the airway smooth muscle
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London, UK

14.1 Introduction

The major role of the airway smooth muscle (ASM) in asthma has long been con-
sidered as contributing to airflow obstruction as a result of its contractile response,
which may be enhanced. Treatment of asthma has mainly aimed to relieve air-
flow obstruction by bronchodilators that cause direct relaxation of ASM. The rapid
beneficial effects of bronchodilators can be readily observed in the treatment of
acute severe asthma, in which a rapid partial resolution of airflow obstruction can
be achieved with nebulized {3,-adrenergic agonists or intravenous theophylline or
magnesium sulphate. Corticosteroids are anti-inflammatory agents and are also
an important component of the treatment of both chronic and acute asthma. In
chronic asthma, corticosteroids, particularly by the inhaled route, lead to bet-
ter control of asthma and improvement in airflow obstruction, with reduced risk
of asthma exacerbation together with improvement in bronchial hyperreactiv-
ity (BHR). When used in the treatment of acute severe asthma, corticosteroids
hasten the recovery from airflow obstruction, while they may also have a direct
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bronchodilator effect. These therapeutic effects of corticosteroids in asthma have
been attributed to their anti-inflammatory effects, particularly in a reduction in
eosinophils, Th2 cell activation and mast cells, which in turn lead to a reduction
in BHR and improved control of asthma.

The link between inflammation and BHR has been questioned by recent studies
of specific anti-inflammatory agents, such as anti-IL-5 and anti-IgE antibodies,
in the treatment of asthma that have not led to improvement in BHR (Djukanovic
et al., 2004; Leckie et al., 2000). Research on the ASM cell in the last decade
has established that it is abnormal in asthma in many aspects such as its pro-
liferative nature and its potential to produce cytokines and chemokines (Chung,
2000). Thus, the ASM cell may contribute to airway pathophysiology, not only
by narrowing the airways but also through its hyperproliferative state, and to
the production of cytokines, chemokines, growth factors and extracellular matrix
(ECM) proteins. Thus, ASM could be a direct target of anti-inflammatory agents,
particularly corticosteroids, just as ASM is the direct target of [3,-adrenergic ago-
nists to cause ASM relaxation. These effects may directly result in the therapeutic
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&80\
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Figure 14.1 Schematic diagram to show site of action of B,-adrenergic agonists on air-
way smooth muscle (ASM) and on mast cells, and of corticosteroids on airway inflammatory
cells and also on ASM cells in inhibiting directly the hypercontractile, hypersecretory and
hyperproliferative state of the ASM in asthma. The direct effect on ASM cells is emphasized
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benefits of anti-asthma treatment (Figure 14.1). This chapter will (i) examine the
role of ASM in the pathogenesis of asthma and the reported abnormalities of ASM
and (ii) discuss the effects of the major drugs used in the treatment of asthma with
particular focus on the ASM cell.

14.2 Role and abnormalities of airway smooth muscle
(ASM) in asthma and COPD

What is the role of ASM? The continuing debate among physiologists shows
that this area remains contentious and unclear (Fredberg, 2007). Proposed func-
tions of the ASM have included matching of ventilation/perfusion relationships,
stabilizing airways, and assisting in mucus propulsion and clearance, but these
propositions are not supported by any experimental evidence. This has led to
the proposition that the ASM in healthy individuals represents the ‘appendix’ of
the lungs, which can be disposed of without any harm (Mitzner, 2004). How-
ever, clearly in asthma, the ASM contributes to causing airflow obstruction and
possibly other features of asthma.

Contractile response

The ASM in asthma may generate more force, given that ASM hyperplasia and
hypertrophy are present (Benayoun et al., 2003; Ebina et al., 1993). An increase
in maximal isometric contractile responses to constrictor agonists of asthmatic
airways has been reported (Bai, 1990; DeJongste et al., 1987), while no changes
have been observed (Cerrina et al., 1986). More recently, ASM cells grown from
asthmatic airway biopsies in collagen gels were found to contract more to con-
strictor agonists than ASM cells from non-asthmatics (Matsumoto et al., 2007).
Increased maximum shortening capacity and velocity of single human bronchial
smooth muscle cells from asthmatics has been reported (Ma et al., 2002); this was
associated with an increase in smooth muscle myosin light-chain kinase activity,
which may lead to enhanced phosphorylation of the myosin light chain, allowing
actinomysin ATP to be activated by actin, and leading to cross-bridge cycling
(Kamm et al., 1985). The contractile response of ASM has to be examined in its
natural environment. For instance, a reduced load on ASM due to uncoupling be-
tween ASM and surrounding parenchymal tissues, as a result of inflammation and
oedema (Brown et al., 1995; James et al., 1989), may lead to greater force genera-
tion and airway luminal narrowing. Paradoxically, deep inspiration in asthmatics
is ineffective in inducing bronchodilation following induced bronchoconstriction
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as occurs in non-asthmatics (Skloot and Togias, 2003). This effect in asthmatics
has been attributed to the loss of interdependence caused by inflammation and
oedema, which could uncouple the airways from the parenchyma such that the ef-
fect of deep inspiration in opening up the airways is no longer effective in asthma.
This concept is supported by the improvement in bronchodilation following deep
inspiration after a course of high-dose prednisone in asthma (Slats et al., 2000).
In summary, the increased contractile response and BHR of asthma are the result
not only of the intrinsic contractile properties of ASM but also of the structural
and mechanical properties of the airway wall (An et al., 2007).

Increased ASM mass

The increase in the amount of ASM in the airways appear to be related to the
degree of severity of asthma (Benayoun et al., 2003; Pepe et al., 2005; Woodruff
etal.,2004). Both hyperplasia and hypertrophy of ASM cells are present in asthma
(Ebina et al., 1993). The size of ASM cells and fibroblast accumulation below the
true basement membrane were higher in severe asthmatics than mild-to-moderate
asthmatics (Benayoun et al., 2003), and the myosin light-chain kinase content of
ASM was raised in severe asthmatics. The increase in proliferative activity of
ASM cells from asthmatic patients observed under culture conditions (Johnson
et al., 2001) suggests that this phenotype is ingrained, since it is present with
repeated passages.

Asthmatic ASM cells in culture lack the antiproliferative isoform of the
CCAAT-enhancer-binding protein-o (cEBPa) (Roth er al., 2004). cEBP-a is
an important regulator of the cell cycle inhibitor p21%¥a/¢iP! and therefore its
deficiency results in increased proliferation. Lack of cEBPa may also lead to en-
hanced expression of myosin light-chain kinase. This may also explain the lack of
effect of corticosteroids in inhibiting proliferation of ASM cells from asthmatics,
as corticosteroids are usually effective in non-asthmatic ASM cells (Roth et al.,
2004). In relation to the increased proliferation, increased expression of trans-
forming growth factor (TGF)B and production of CTGF have been reported, and
they could be responsible for the increased proliferation (Burgess et al., 2003;
Xie et al., 2007).

Secretory ASM

ASM cells in culture have the capacity to release many cytokines and chemokines,
and this response is dependent on the stimulatory signal (Jarai et al., 2004).
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CCL5/RANTES and CCL1 1/eotaxin expression in ASM is increased in asthma
(Berkman et al., 1996; Ghaffar et al., 1999). The laser capture technique
shows that the expression of the TGF@ gene is increased in ASM cells,
as corroborated by the expression measured by immunohistochemistry. ASM
cells can release CCL11/eotaxin (Chung et al., 1999; Ghaffar et al., 1999),
CXCL10/TP-10 (Hardaker et al., 2004), stem cell factor (Kassel ef al., 1999) and
CX3CL1/fractalkine (Sukkar et al., 2004). Increased release of CXCL10/IP-10
has been reported from ASM cells of asthmatics (Hardaker et al., 2004); this may
mediate lung mast cell migration to asthmatic ASM, underlying the increase in
mast cell numbers reported in asthmatic ASM bundles (Brightling ez al., 2005).
One important aspect of the release of chemokines from ASM cells is the potential
autocrine effects (Figure 14.2). This is illustrated by the production of CXCL-
8/IL-8 by ASM cells which can interact with its own receptors on ASM cells to in-
duce ASM contraction and migration (Govindaraju et al., 2006). The chemokines
induced by ASM cells may also lead to their interaction with other inflammatory
cells such as neutrophils, eosinophils, T cells and mast cells (Figure 14.2). An in-
creased release of CCL1 1/eotaxin has been observed from asthmatic ASM cells,
and this has been related to the altered secretion of ECM components from the
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Figure 14.2 Schematic diagram showing the stimulants that activate ASM cells to produce a
range of chemokines that, in turn, may have autocrine effects on the muscle cell or induce the
interaction of inflammatory cells with the ASM cell. These responses may lead to phenotypic
changes in the ASM, as may occur in asthma
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asthmatic ASM cells (Chan et al., 2006). Many growth factors are produced by
ASM cells, including TGFB, CTGF, and VEGF (Alagappan et al., 2005; 2007,
Burgess et al., 2003; Faffe et al., 2006; Jarai et al., 2004; Stocks et al., 2005; Xie
et al., 2005; 2007), and TGFRB may also stimulate the ASM to proliferation and
hypertrophy (Goldsmith et al., 2006; Xie et al., 2007).

An important aspect of ASM cells is their capacity to regulate their production
of ECM proteins and to interact with these (Hirst et al., 2000). ASM cells from
asthmatics produce more perlecan and collagen I and less laminin-[3; and colla-
gen IV (Johnson et al., 2004). Enhanced ECM production may be the result of
increased expression of CTGF (Burgess et al., 2003). ECM proteins may increase
the survival of ASM cells (Freyer et al., 2001). Proteases which are responsible
for degradation of ECM components are also secreted by ASM cells. Thus, ASM
cells express pro-MMP-2, pro- and active MMP-3, MMP-9 and MT1-MMP, and
MMP-12 (Elshaw et al., 2004; Xie et al., 2005). Increased expression of ADAM-
33 in asthmatic ASM has been recently reported (Foley et al., 2007). ADAM-15
is also expressed in ASM cells; the metalloprotease domain of ADAM15 also has
an inhibitory effect on ASM migration induced by PDGF (Lu et al., 2007).

Surface receptors

In addition to their secretory function, ASM cells also express many surface
molecules that allow the cells to interact with immune or inflammatory cells.
Adhesion of T cells to ASM cells may occur through the integrins, ICAM-1,
VCAM-1 and CD44, leading to increased proliferation of ASM cells (Lazaar
et al., 1994). Ligation of OX40L, a member of the tumour necrosis factor (TNF)
superfamily, on ASM cells leads to the release of IL-6 (Burgess et al., 2004).
Activation of the Toll-like receptors TLR2, TLR3 and TLR4 on ASM cells by
their respective ligands leads to CXCL8/IL-8 and CXL11/eotaxin release (Sukkar
et al., 2006), and the TLR3 ligand dsRNA induces the release of CXCL10/IP-10
(Morris et al., 2006).

Phenotypic changes

The major question in relation to the biology of ASM is whether the ASM cell
can switch phenotype between hypercontractile, synthetic or proliferative states.
Synthetic cells with a low density of contractile proteins and high content of
cytoskeletal proteins are in a proliferative state and may lose their contractile
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ability (Hirst et al., 2000). They may produce more inflammatory mediators
and ECM proteins. On the other hand, hypercontractile cells have been obtained
in canine trachealis smooth muscle cells cultured after prolonged withdrawal of
serum (Ma et al., 1998). The content of smooth muscle myosin light-chain kinase
was increased 30-fold, and there was faster and greater shortening in response to
contractile agents. This is reminiscent of the changes these investigators observed
in asthmatic ASM cells (Ma et al., 2002). However, this was not confirmed in a
morphometric study that showed only hyperplasia of ASM, but not hypertrophy,
in patients with mild-to-moderate asthma; in addition, gene analysis showed no
differences in phenotypic markers (Woodruff ez al., 2004). In a chronic allergen-
exposed rat model, an increase in maximal contractile response was observed in
the presence of significant reduction of smooth muscle contractile proteins (Moir
et al., 2003), and alteration in the contractile apparatus is more likely to underlie
this increased contractility (McVicker et al., 2007). Therefore, hypercontractility
may be associated with actin-myosin remodelling rather than with quantity of
ASM contractile proteins.

14.3 Treatment of asthma

Treatment of mild asthma consists of short-acting 3,-adrenergic agonists used
for the relief of symptoms of wheeze, together with the long-term use of inhaled
corticosteroids. Mild asthma may also be treated with a leukotriene receptor
antagonist. Asthma that is not controlled by inhaled corticosteroids requires the
combination of inhaled corticosteroids and a long-acting [3;-agonist, which has
been shown to be superior to high-dose inhaled corticosteroids in the control of
asthma and lung function, and in reducing exacerbation of asthma. With more
severe asthma, other asthma medications, such as leukotriene receptor antagonists
and slow-release theophylline, may be added to combination inhalation therapy.
This category of asthma patients may also need intermittent or chronic dosing
with oral corticosteroids.

B.-Adrenergic agonists

[B,-Adrenergic agonists cause the stimulation of adenylate cyclase, the production
of cyclic adenosine monophosphate (AMP) and, consequently, the activation of
protein kinase A, which in turn cause many changes that counteract the changes
caused by bronchoconstrictor agents, such as reduction of cytosolic calcium levels
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through membrane K+ and Ca™™ channels (Kotlikoff and Kamm, 1996). Other
non-voltage-dependent mechanisms, such as inhibition of Ca™ pumps and of the
Rho A signalling pathway, and stimulation of the myosin light-chain phosphatase,
also exist in the ASM cells of other species, but not in man (Janssen et al.,
2004; Liu et al., 2006). The coupling of the 3,-receptor to adenylate cyclase is
affected through the trimeric Gs-protein, and the cAMP levels are also regulated
by phosphodiesterase enzymes that degrade it to inactive 5'-AMP.

It is quite readily accepted that 3,-adrenergic agonists act on ASM cells, since
their effects in relieving airflow obstruction is rapid, occurring within minutes of
inhalation, and such an effect could occur through relaxation of ASM cells under
increased constrictor tone. The duration of bronchodilator effect distinguishes
the short-acting (usually less than 4 h) from the long-acting (3,-adrenergic ago-
nists (at least 12-h duration). [3,-Adrenergic agonists are the most effective bron-
chodilator available for the relief of airflow obstruction in asthma. The effects of
[2-adrenergic agonists may be reduced in asthmatic airways (Bai et al., 1992).
One underlying mechanism could be through the uncoupling of the 3,-adrenergic
receptor from adenylate cyclase through an increase in Gjq, an effect that can be
reproduced by IL-1f3 or by sensitization and allergen exposure (Koto et al., 1996).

[3,-Adrenergic agonists may also possess a number of anti-inflammatory prop-
erties on the ASM (Table 14.1). Salbutamol can inhibit TNFa-induced eotaxin
and CCL5/RANTES and GM-CSF, while on the other hand, it increases TNFa-
induced IL-6 release. Proliferation of ASM can be inhibited, and to a certain extent
basal migration of ASM cells. The ECM may influence the response of ASM to
[;-adrenergic receptor stimulation. Thus, fibronectin increases the response to
[;-adrenergic stimulation, while collagen V or laminin reduces the accumulation
of cyclic AMP through the modulation of Gy, (Freyer et al., 2004). 3,-Adrenergic
agonists also have a stabilizing effect on mast cells (Peachell, 2006), but whether
they can modulate mast cells in ASM bundles is not known. Whether these prop-
erties are relevant to the therapeutic actions of [3;-adrenergic agonists in asthma
remains unclear, but this may be important in the use of [3;-adrenergic agonists
in combination with corticosteroids.

Corticosteroids

The effect of corticosteroids on the ASM cell is tabulated in Table 14.2, and has
been reviewed previously (Hirst and Lee, 1998). Inhaled corticosteroids ame-
liorate symptoms through better control of asthma, reduce the need for using
the reliever [3;-adrenergic agonist, reverse airflow obstruction, improve BHR and
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Table 14.1 Effect of B,-adrenergic agonists on ASM cells

{3,-adrenergic

agonist Effect Reference
Salbutamol Inhibits TNFa-induced CCL11/eotaxin Nie et al., 2005
Salmeterol release through inhibition of histone
acetylation
Isoproterenol  Increases basal and TNFa-induced IL-6 Ammit et al., 2002
Salbutamol release, but inhibits TNFa-induced
Formoterol CCL5/RANTES
Salmeterol
Fenoterol Inhibits TNFa-induced CCL5/RANTES in Lazzeri et al., 2001a; 2001b
the presence of indomethacin
Isoprenaline Inhibits release of GM-CSF, RANTES and Hallsworth et al., 2001
Salbutamol eotaxin but not CXCLS8/IL-8 induced by
IL-1B or TNFa
Fenoterol Inhibits GM-CSF induced by IL-1{ and Lazzeri et al., 2001b'8
TNFa, in the presence of indomethacin
Salbutamol Inhibits TNFa- induced eotaxin Pang and Knox, 2001
Salmeterol
Salbutamol Increases baseline CXCLS8/IL-8 release, but Pang and Knox, 2000
Salmeterol has no effect on TNFa-induced
CXCLS/IL-8
Proliferation
Salbutamol Inhibits proliferation induced by thrombin Stewart et al., 1997; 1999;
Fenoterol and epidermal growth factor Tomlinson et al., 1995
Salbutamol Inhibits proliferation of ASM on collagen Bonacci and Stewart, 2006
type I due to bFGF; does not inhibit
GM-CSF release
Levalbuterol Inhibits proliferation to 5% fetal bovine Ibe et al., 2006
serum; S-albuterol increases growth
Salmeterol Inhibits basal migration by 30-60%, but not ~ Goncharova et al., 2003

PDGF-stimulated migration

reduce exacerbations of asthma. Corticosteroids do not ameliorate airflow ob-
struction through an effect on ASM tone. They may do so indirectly by inhibiting
airway oedema. However, some in vitro studies report inhibitory effects on the sig-
nalling pathways of constrictor agents such as the inhibition of histamine-induced
inositol phosphate formation (Hardy et al., 1996) or the calcium influx induced
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Table 14.2 Effect of corticosteroids on human airway smooth muscle cells in vitro

Cytokine/chemokine  Effect Reference

CCL5/RANTES Inhibition of CCL5/RANTES induced by  John et al., 1999
TNFa and IFNy by dexamethasone

CCL11/eotaxin Lack of inhibition of CCL11/eotaxin Chung et al., 1999
induced by IL-13 or TNFa by
dexamethasone

CCL11/eotaxin Inhibition of TNFa-induced CCL11/ Pang et al., 2001
eotaxin through histone acetylation Nie et al., 2005

COX-2 Inhibition of IL-13 and TNFa-induced Vlahos et al., 1999
COX-2 expression

COX-2 Inhibition of COX-2 induced by TNFa and ~ Belvisi et al., 1997
IL-1pB, and IFN+vy by dexamethasone

GM-CSF Inhibition of TNFa- and IFN+y-induced Saunders et al., 1997
GMCSF by dexamethasone

GM-CSF Inhibition of IL-1B-induced GM-CSF Tran et al., 2005
through inhibition of p38 MAPK

ICAM-1 Inhibition of IL-13- and TNFa-induced Amrani, 1999

CXCL1/GRO-a

CD38

MCP-1, -2, -3

CXCLS/IL-8

CXCLS/IL-8

IL-6

IL-6

Fractalkine/CX3CL1

ICAM-1 expression at 4 h by
dexamethasone

Inhibition of IL-1B- and TNFa-induced
CXCL1/GRO-« release

Inhibition of TNFa-induced increase in
CD38 and ADP-ribosyl cyclase activity

Inhibition of IL-13, TNFa and IFNvy
induction of MCP-1, -2, -3 and
RANTES mRNA by dexamethasone

Inhibition by dexamethasone of TNFa-
and IFN+y-induced IL-8

Inhibition of cigarette smoke- and
TNFa-induced IL-8 release by
dexamethasone and fluticasone

Inhibition of TNFa-induced IL-6

Inhibition of bradykinin-induced IL-6 by
dexamethasone

Increase of CX3CL1 induced by TNFa
and IFN+y by dexamethasone

Issa et al., 2007

Kang et al., 2006

Pype et al., 1999

John et al., 1998

Oltmanns et al., 2007

Ammit et al., 2002

Huang et al., 2003

Sukkar et al., 2004



CTGF

TLR-2,3.4

Proliferation/
migration

TGFp

TGFB

PDGF

Serum

Thrombin

bFGF

IL-1B

Serum
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No effect of fluticasone or budesonide on
TGFB-induced CTGEF, collagen I or
fibronectin release

Inhibition of cytokine- and
ligand-induced TLR-2, -3 and -4
expression and chemokine release by
dexamethasone

Inhibition of TGFB-induced ASM
proliferation

Inhibition of TGFB-induced
incorporation of a-actin and
hypertrophy

Inhibition of basal or PDGF-stimulated
migration

Inhibition of proliferation induced by
10% serum from asthmatic individual,
but no effect on release of fibronectin
and perlecan

Inhibition of proliferation, cyclin D1
expression, and retinoblastoma protein
phosphorylation

No effect on proliferation of ASM cell
culture on collagen 1 of fluticasone and
dexamethasone

Steroids reversed IL-1B-induced
{3,-adrenergic hyporesponsiveness

Inhibition by corticosteroids of induced
proliferation of ASM from
non-asthmatics, but no effect on
asthmatic ASM cells
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Burgess et al., 2006

Sukkar et al., 2007

Xie et al., 2007

Goldsmith et al., 2007

Goncharova et al.,
2003

Johnson et al., 2000

Fernandes et al., 1999

Bonacci and Stewart,
2006; Bonacci
et al., 2006

Moore et al., 1999

Roth et al., 2002

by bradykinin (Tanaka et al., 1995). Corticosteroids inhibit the induced release
of most cytokines and chemokines apart from CX3CL1 (Table 14.2) (Sukkar
et al., 2004). They also inhibit proliferation induced by TGF( or PDGF, or that
induced by serum through inhibition of cyclin D1 expression and phosphorylation
of the retinoblastoma protein. Corticosteroids were less effective in inhibition of
serum-induced proliferation of ASM cells cultured from asthmatic airways (Roth
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et al., 2002), and when ASM cells were cultured in the presence of collagen 1,
the inhibitory effect of steroids on serum-induced proliferation was abolished
(Bonacci et al., 2006). There have been no studies of the effect of corticosteroid
therapy in vivo on ASM cells in patients with asthma. In a sensitized rat model of
chronic allergen exposure, topical corticosteroids reversed the increased prolif-
eration of ASM cells induced by chronic allergen exposure (Leung et al., 2005),
suggesting that corticosteroids may prevent ASM hyperplasia. TGF induces
ASM hyperplasia in vitro, an effect that can be prevented by corticosteroids (Xie
et al., 2007). In vivo, the ASM hyperplasia observed in the chronic allergen
model in the rat is also TGF3-dependent (Leung et al., 2006), and therefore the
preventive effect of corticosteroids in this model may result from an inhibitory
effect on the proliferative effects of TGF(. TGFf3 also induces hypertrophy of the
ASM together with increase in a-smooth muscle actin and contractile capacity
(Goldsmith et al., 2006), but dexamethasone and fluticasone prevent the syn-
thesis of a-smooth muscle actin, ASM size and increased contractile response
(Goldsmith et al., 2007). However, one must be aware that the presence of in-
creased smooth muscle mass in patients with asthma is often observed despite
constant treatment with corticosteroids. Whether corticosteroids have an influence
on ASM mass in asthma needs to be studied.

Combination of B,-adrenergic agonists and corticosteroids

The combination of inhaled corticosteroids and long-acting [3;-agonist caused
a greater degree of bronchodilation than either pharmacological agent alone
(Djukanovic et al., 2004; Xie et al., 2005), indicating potential interaction of
these agents at the level of the ASM. Corticosteroids may increase the number of
[>-adrenoceptors on ASM cells (Mak et al., 2002) and can reverse the impairment
of B,-adrenoceptor-mediated relaxation induced by IL-1 through upregulation
of G-protein-coupled receptor kinases (Mak et al., 2002). The interaction of cor-
ticosteroids and [3,-agonists may also occur in terms of modulation of cytokine
release from ASM cells, and this could be the basis for the beneficial effects of
combination therapy in COPD. Long-acting [3,-agonists may prime the binding
of corticosteroids to its receptor by mitogen-activated, protein kinase-dependent
phosphorylation, which may result in increasing the extent and duration of the
corticosteroid receptor nuclear translocation (Usmani et al., 2005), but this is
yet to be demonstrated in ASM cells. Corticosteroids usually inhibit the expres-
sion of IL-8 from ASM, while the addition of (3;-adrenergic agonists enhances
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this effect. Salmeterol potentiated the inhibition of TNFa-induced IL-8 by flu-
ticasone, while on its own it had no effect (Pang and Knox, 2000). Salmeterol
also potentiated the inhibition of TNFa-induced CCL5/RANTES, a chemokine
expressed in asthma, by dexamethasone, while on its own it had some marked
inhibitory effect (Ammit et al., 2000). However, this was specific to the expres-
sion of CCL5/RANTES, since for the release of IL-6, there was potentiation of
its release by salmeterol (Ammit et al., 2000), indicating that effects on cytokine
release by combination treatment are cytokine- or stimulus-specific. ASM cells
exposed to cigarette smoke extracts induced CXCLS8/IL-8 release and potenti-
ated TNFa-tinduced CXCLS8/IL-8 release, but inhibited TNFa-induced release
of CCL5/RANTES and eotaxin (Oltmanns et al., 2007). The combination of sal-
meterol and dexamethasone synergistically inhibited PDGF-induced migration of
human ASM cells compared to salmeterol or dexamethasone only (Goncharova
et al., 2003). Similarly, the combination of formoterol and budesonide synergis-
tically inhibited serum-induced proliferation and induced enhanced activation of
p21WAFI/Cipl stimulated with fetal bovine serum (FBS) in ASM cells (Roth ez al.,
2002). Therefore, the evidence of synergy at the level of the ASM indicates that
part of the effectiveness of this combination therapy may result from actions at
the ASM level.

Theophylline and phosphodiesterase inhibitors

Theophylline has long been used as a bronchodilator in the treatment of asthma,
and therefore it has direct effects on ASM cells. The mechanisms of action of these
effects are unclear. It has also anti-inflammatory effects (Barnes, 2005), and may
reverse corticosteroid insensitivity through the recruitment of histone deacetylase
activity. Theophylline’s place in the treatment of asthma is as an additive treatment
to inhaled corticosteroids, and also to the combination of inhaled corticosteroids
and long-acting [3;-agonists in moderate-to-severe asthma (Evans et al., 1997).
Whether these are contributory effects at the level of ASM cells are unclear, since
there are relatively few studies of the effects of theophylline on ASM cells in
vitro.

Phosphodiesterase inhibition has been suggested as a potential mechanism
of theophylline, and more specific inhibitors of PDE, such as those of PDE,,
are being investigated as new treatments for asthma (Chung, 2006). Roflumi-
last inhibits TGFB-induced CTGF and collagen 1 and fibronectin release, an
effect not modulated by corticosteroids or long-acting 3-agonists (Burgess et al.,
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2006). Cilomilast can suppress PDGF-induced ASM migration (Goncharova
et al., 2003).

Leukotriene receptor antagonists

Leukotriene receptor antagonists have an antibronchoconstrictor effect and lead
to bronchodilation (Hui and Barnes, 1991), indicating that asthmatic ASM is
under a cysteinyl leukotriene tone. Apart from being potent ASM constric-
tors, cysteinyl leukotrienes have other effects on ASM cells, such as promoting
ASM proliferation in concert with EGF (Espinosa et al., 2003; Panettieri et al.,
1998) and augmenting ASM migration towards PDGF (Parameswaran et al.,
2002). Montelukast also prevented leukotriene (LT)D4-induced [3,-adrenoceptor
desensitization. In in vivo sensitized rat and murine models, leukotriene receptor
antagonists prevented proliferation and increase in ASM mass following allergen
exposure (Henderson et al., 2006; Salmon et al., 1999; Wang et al., 1993).

Anti-TNFa approaches

An open uncontrolled study using etanercept, a soluble fusion protein made of
two p65 TNF receptors with an Fc fragment of human IgG1, showed an improve-
ment in symptom scores, in FEV of 12 per cent, and in BHR in corticosteroid-
dependent asthma patients (Howarth et al., 2005). These results were confirmed
in a double-blind, controlled study of patients with refractory asthma using etan-
ercept (Berry et al., 2006). The TNFa antibody, infliximab, had no effect on lung
function or symptoms in a group of moderate asthma patients but decreased the
number of patients with exacerbation of asthma (Erin et al., 2006). Thus, TNFa
may be involved in the control of both moderate and severe asthma.

It is worth considering that blocking TNFa may have a direct effect on ASM
cells. TNFa level in bronchoalveolar lavage fluid is increased in patients with se-
vere asthma (Howarth et al., 2005), and such patients also demonstrate increased
expression of membrane-bound TNFa and TNFa receptor 1 in peripheral blood
monocytes (Berry et al., 2006). Sources of TNFa in the inflamed airway in-
clude mast cells, where it is stored in granules (Bradding et al., 1994), epithelial
cells, eosinophils, macrophages and neutrophils. TNFa increases transmembrane
glycoprotein CD38 expression, of which ADP-ribosyl cyclase is an integral part;
ADP-ribosyl cyclase is responsible for intracellular calcium mobilization dur-
ing contractile responses to contractile agonists (Deshpande et al., 2003). TNFa
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increases the maximal isotonic contractile response to methacholine in guinea
pig tracheal preparations (Pennings et al., 1998), while increasing the maximal
isometric contractile response of human airways to acetylcholine (Sukkar et al.,
2001). Inhalation of TNFa by healthy volunteers or asthmatics leads to the devel-
opment of BHR (Thomas and Heywood, 2002; Thomas et al., 1995). In addition
to effects on calcium signalling pathways, TNFa can induce the release of a whole
array of cytokines and chemokines from ASM cells, including CCL11/eotaxin,
CXCL1/GROa and CXCLS/IL-8 (Chung et al., 1999; Issa et al., 2006; John
etal., 1998).

Anti-IgE antibody

Omalizumab is a humanized murine anti-IgE antibody that binds to the FceRI
binding site of human IgE, such that IgE can no longer bind to cells such as
basophils and mast cells. Free serum IgE levels fall to very low levels, and there
is a dramatic reduction in the level of high-affinity IgE receptors on circulating ba-
sophils. Omalizumab may be considered an anti-inflammatory agent for asthma,
since it causes inhibition of sputum eosinophils, submucosal eosinophils and
T cells in patients with mild asthma (Djukanovic et al., 2004). However, it had
no effect on BHR.

Omalizumab reduced the early- and late-phase response to allergen in al-
lergic, mild asthmatics, together with a reduction in allergen-induced sputum
eosinophilia. In studies of patients with moderate-to-severe asthma, omalizumab
reduced the number of exacerbations by half, while the patients were able to re-
duce the amount of inhaled corticosteroids used to control asthma (Busse et al.,
2001; Soler et al., 2001).

Human ASM cells express FceRI (Gounni, 2006) and upon FceRI cross-
linking, ASM cells release eosinophil mobilizing and chemoattractant factors
such as IL-5 and eotaxin (Gounni et al., 2005), as well as IL-4 and IL-13. These
cytokines may therefore contribute to Th2-driven allergic inflammation. There is
also mobilization of intracellular calcium, potentially promoting a hyperrespon-
sive response. In addition, mast cells are present in increased numbers in the ASM
bundle in asthma (Brightling ez al., 2002), and activation of mast cells by IgE
cross-linking may lead to release of mast cell mediators such as histamine and
leukotriene, but also other cytokines such as IL.-4 and TNFq, that could interact
with adjacent ASM cells. The effect of omalizumab treatment on the ASM cell
has not been studied, but it is possible that the antibody may not get access to
ASM cells.
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Anti-IL5 antibody

The humanized anti-human IL-5 monoclonal antibodies, Sch-55700 and
mepolizumab (SB-240563), have been studied in asthma. Mepolizumab inhib-
ited allergen-induced sputum eosinophilia, but had no effect on late-phase re-
sponse and BHR (Leckie et al., 2000). In patients with severe persistent asthma,
Sch-55700 reduced circulating blood eosinophils but had only a very small effect
on FEV; (Kips et al., 2003). Mepolizumab may have beneficial effects on the
airway wall remodelling process, since it significantly reduced the expression of
tenascin, lumican and procollagen III in the bronchial mucosal reticular basement
membrane of mildly asthmatic patients (Flood-Page et al., 2003). This could re-
sult from an inhibition of eosinophils expressing TGF31 mRNA. However, the
effect of anti-IL-5 antibodies on ASM cells is little known.

Bronchial thermoplasty

The most direct proof of the importance of ASM as a target of therapy for asthma
comes from the effects of treatment aimed at ‘removing’ or nullifying the effect of
ASM cells. The technique of bronchial thermoplasty involves the transient transfer
of thermal energy to the airway wall, leading to the loss of ASM at the site of
application (Miller et al., 2005). This technique when applied to intrapulmonary
airways of patients with asthma leads to a sustained improvement in BHR (Cox
et al., 2006), and in an open, controlled study, it led to an improvement in asthma
control and reduction in the number of mild exacerbations (Cox et al., 2007).
The evaluation of airway inflammation as a result of this treatment has not been
undertaken yet. Further double-blind, controlled studies are currently under way,
but the results so far support the idea that ASM must be specifically targeted in
asthma.

Corticosteroid resistance

Corticosteroid resistance can be demonstrated in vitro in ASM cells. In asthma,
the enhanced proliferative phenotype of ASM derived from asthmatic subjects
is not inhibited by corticosteroids in vitro, due to the specific absence of the
transcription factor C/EBPa (Roth ef al., 2004). Interactions between integrins
and ECM may lead to corticosteroid resistance. Fluticasone no longer inhibited
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the proliferation of ASM cells induced by bFGF when cells were cultured on
type 1 collagen, but not when on laminin, an effect that involves «; 3x-integrins
(Bonacci et al., 2006). Upregulation of CD38 expression by TNFa is abrogated
by fluticasone, dexamethasone or budesonide, but neither corticosteroid is active
when CD38 is upregulated by TNFa and IFN+y (Tliba et al., 2006). This response
was shown to occur through the upregulation of the GR3 isoform. Further studies
are needed to explain the phenomenon of relative CS resistance that occurs in
severe asthma; while this has been demonstrated in macrophages/peripheral blood
mononuclear cells by a relative reduction in suppression of cytokine release (Hew
et al.,2000), a similar response has yet to be shown in ASM cells. One possibility
is that corticosteroids may not be effective in controlling the ASM hyperplasia or
hypertrophy seen in asthmatic airways.

14.4 Conclusion

Understanding of the biology of ASM in airways disease such as asthma will con-
tinue, increasingly with study of ASM cells obtained from patients with asthma.
The impact of existing treatments on ASM abnormalities in asthma of all sever-
ities can be studied by existing technologies. It will be particularly important to
examine the abnormalities of ASM in severe asthma, and determine whether there
is corticosteroid insensitivity. New therapies for asthma could be developed by
studying the biology of asthmatic ASM, and the mechanisms by which bronchial
thermoplasty improves asthma control and BHR. To prove that ASM cells are
the most important target cells for therapeutic effects in the treatment of asthma,
methods for delivering therapy to ASM cells specifically are needed, although
this may prove to be difficult.
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