Synthetic responses in airway smooth muscle
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Human airway smooth muscle (ASM) has several properties
and functions that contribute to asthma pathogenesis, and
increasing attention is being paid to its synthetic capabilities.
ASM can promote the formation of the interstitial extracellular
matrix, and in this respect, ASM from asthmatic subjects
compared with normal subjects responds differently, both
qualitatively and quantitatively. Thus, ASM cells are important
regulating cells that potentially contribute to the known
alterations within the extracellular matrix in asthma. In
addition, through integrin-directed signaling, extracellular
matrix components can alter the proliferative, survival, and
cytoskeletal synthetic function of ASM cells. ASM also
functions as a rich source of biologically active chemokines and
cytokines that are capable of perpetuating airway inflammation
in asthma and chronic obstructive pulmonary disease by
promoting recruitment, activation, and trafficking of
inflammatory cells in the airway milieu. Emerging evidence
shows that airway remodeling may also be a result of the
autocrine action of secreted inflammatory mediators, including
TH2 cytokines, growth factors, and COX-2—dependent
prostanoids. Finally, ASM cells contain both 3,-adrenergic
receptors and glucocorticoid receptors and may represent a key
target for (3,-adrenergic receptor agonist/corticosteroid
interactions. Combinations of long-acting 3,-agonists and
corticosteroids appear to have additive and/or synergistic
effects in inhibiting inflammatory mediator release and the

From “Respiratory Cell and Molecular Biology, Southampton General Hos-
pital; “the Division of Respiratory Medicine, City Hospital, Nottingham;
‘the Pulmonary, Allergy and Critical Care Division, University of
Pennsylvania Medical Center; and 9GlaxoSmithKline Research and
Development, Greenford, Middlesex.

Disclosure of potential conflict of interest: A. J. Knox has consultant arrange-
ments with GlaxoSmithKline and Astra Zeneca; he receives grants/research
support from GlaxoSmithKline. Y. Amrani receives grants/research support
from NIH and Centocor; he is employed by the University of Pennsylvania.
R. A. Panettieri has consultant arrangements with Merck, GlaxoSmithKline,
Schering, and Epigenesis; he receives grants/research support from
Merck, GlaxoSmithKline, and Centocor; is employed by the University of
Pennsylvania; and is on the Speakers’ Bureau of Merck, GlaxoSmithKline,
Schering, and Epigenesis. M. Johnson is employed by GlaxoSmithKline
Research and Development. P. H. Howarth and O. Tliba have no conflict of
interest to disclose.

Supported by the Medical Research Council, the Wellcome Trust, the National
Asthma Campaign, and Glaxo Smith Kline (Dr Knox); National Institutes of
Health grants 2R01-HL55301 and 1P50-HL67663 (Dr Panettieri); and
American Lung Association grant RG-062-N (Dr Amrani). Dr Amrani is
a Parker B. Francis Fellow in Pulmonary Research.

Received for publication April 16, 2004; revised April 20, 2004; accepted for
publication April 20, 2004.

Reprint requests: Peter H. Howarth, DM, Respiratory Cell and Molecular
Biology, Mailpoint 810, Level D, Centre Block, Southampton General
Hospital, Tremona Road, Southampton, Hampshire, SO16 6YD, United
Kingdom. E-mail: phh1@soton.ac.uk.

0091-6749/$30.00

© 2004 American Academy of Allergy, Asthma and Immunology

doi:10.1016/j.jaci.2004.04.041

S§32

migration and proliferation of ASM cells. (J Allergy Clin
Immunol 2004;114:S32-50.)
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The traditional view of human airway smooth muscle
(ASM) in asthma is that it is a passive partner in airway
inflammation, contracting in response to proinflammatory
mediators and neurotransmitters and relaxing in response
to endogenous and exogenous bronchodilators.' There-
fore, early studies of ASM function in asthma tended
to concentrate on the contractile aspects to explain
airway hyperresponsiveness, the characteristic of asthma
in which the airways show an exaggerated response to
a large number of different stimuli acting through
disparate pathways.'”> It has become apparent that this
paradigm was a rather simplistic view and that ASM has
several other important properties of relevance to
obstructive lung diseases.

As techniques for reliable culture of ASM have been
developed, studies have shown that ASM can express
a synthetic function. This article presents evidence that
ASM contributes to the formation of the interstitial
extracellular matrix and that, in turn, components of the
extracellular matrix influence ASM function and pharma-
cologic responsiveness. Also discussed is the role of ASM
as a biological factory, serving as a rich source of many
cytokines, chemokines, bronchoprotective factors, adhe-
sion molecules, and growth factors that may modulate
chronic airway inflammation and remodeling in asthma®
(Fig 1). The cytokines, often produced in large quantities,
are capable of recruiting several inflammatory cells into
the airway milieu. This article shows that, in addition,
cytokines may exert direct paracrine or autocrine effects
by inducing expression of inflammatory genes in airway
cells, including ASM cells.

Airway smooth muscle cells contain both B,-adrenergic
receptors (B,ARs) and glucocorticoid receptors (GRs) and
are a potential target for interactions between (,AR
agonists and corticosteroids. Individually, each of these 2
classes of drugs inhibits inflammatory mediator release
from ASM cells, suppressing expression of cytokines, chemo-
kines, growth factors, and adhesion molecules. Recent
findings reviewed here suggest that combinations of
long-acting [,-agonists (LABAs) and corticosteroids have
additive and/or synergistic effects in inhibiting inflammatory
mediator release as well as in inhibiting the migration
and proliferation of ASM cells.
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Abbreviations used
AP-1: Activator protein 1
ASM: Airway smooth muscle
B>AR: B,-Adrenergic receptor
cAMP: Cyclic adenosine monophosphate
C/EBP: CCAAT/enhancer-binding protein
COPD: Chronic obstructive pulmonary disease
CRE: Cyclic adenosine monophosphate—responsive
element
CTGEF: Connective tissue growth factor
ECM: Interstitial extracellular matrix
EGF: Epidermal growth factor
ERK: Extracellular signal-regulated kinase
FP: Fluticasone propionate
GPCR: G protein—coupled receptor
GR: Glucocorticoid receptor
GRE: Glucocorticoid response element
ICs0: Median inhibitory concentration
ICAM-1: Intercellular adhesion molecule 1
ICS: Inhaled corticosteroid
JAK: Janus-activated kinase
JNK: c-Jun NH,-terminal kinase
LABA: Long-acting B,-adrenergic receptor agonist
LTD,: Leukotriene D,
MAPK: Mitogen-activated protein kinase
MCP: Monocyte chemoattractant protein
MMP: Matrix metalloproteinase
NF-«B: Nuclear factor kB
PDGEF: Platelet-derived growth factor
PGE;: Prostaglandin E,
PKA: Protein kinase A
STAT: Signal transducer and activator of transcription
TARC: Thymus- and activation-regulated chemokine
TIMP: Tissue inhibitor of metalloproteinases
TNFR: TNF receptor homologue
VEGEF: Vascular endothelial growth factor

EXTRACELLULAR MATRIX AND ASM
IN ASTHVIA

The term extracellular matrix encompasses all that is
not cellular within tissue and includes both basement
membrane connective tissue and interstitial connective
tissue (Fig 2). The interstitial extracellular matrix (ECM)
surrounds ASM, and there are bidirectional interactions:
human ASM has synthetic capabilities of modulating
ECM, and the composition of the ECM can influence
ASM responses to stimulation, affecting its proliferative,
migratory, and synthetic capabilities (Fig 3). Exposure of
human ASM in culture to 10% serum from an asthmatic
individual has been found to lead to greater generation of
fibronectin, laminin vy, and the proteoglycans perlecan and
chondroitin sulfate by these cells compared with exposure
to 10% serum from a healthy individual.* This synthetic
response is not inhibited by corticosteroids. ASM was also
found with serum stimulation to generate elastin, laminin
B1, laminin B,, laminin vy;, thrombospondin, collagen I,
collagen III, collagen IV, collagen V, and decorin.* The
factors in the serum responsible for this stimulation are
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undefined, but because airway inflammation is associated
with enhanced vascular permeability, it is probable that
the plasma exudation delivers such stimuli to the tissue
under these circumstances. The demonstration that human
ASM is able to generate such a wide range of ECM
proteins helps explain the observation that the interstitial
deposition of collagens, elastin, laminin, hyaluron,
versican, tenascin, and fibronectin is prominent around
ASM cells.

TGF- is a growth factor of relevance to these
changes in that its known biological activities include
stimulation of the synthesis of collagens I, collagen III,
collagen V, fibronectin, tenascin, vitronectin, and several
proteoglycans while downregulating synthesis of matrix
metalloproteinase (MMP) and upregulating synthesis of
tissue inhibitors of metalloproteinases (TIMP). Bovine ASM
cells have been shown to release TGF-B; and TGF-f, in
association with the generation of plasmin by these cells.” At
least in part, in this study, the release of TGF-3 was a result
of cleavage of TGF-f from its latency binding protein
tethered to the ASM cell surface.” This release was shown to
be linked to synthesis of collagen 1. Thus, the presence of
plasmin within the serum may be one of the explanations for
the stimulatory effect of serum on ECM synthesis by human
ASM. In vitro studies with human ASM have shown that
TGF-f (10 ng/mL) is able to upregulate gene expression for
collagen I, collagen IV, fibronectin, elastin, and biglycan,
while downregulating gene expression for decorin, a pro-
teoglycan that regulates TGF-B activity.® More recently, it
has been shown that TGF-§ regulates the expression of
connective tissue growth factor (CTGF) gene and protein
expression by human ASM” and that this response is greater
in ASM cells cultured from samples of the airways of
asthmatic subjects than from those cultured from non-
asthmatic airways. This difference amounted to approxi-
mately a 3-fold increased response at the mRNA level and
an 18-fold increase in protein production for the same level
of stimulation (TGF-B 1 ng/mL). No effect on CTGF was
seen with stimulation of human ASM by platelet-derived
growth factor (PDGF). CTGF has been shown in fibroblast
culture to stimulate not only collagen synthesis but also other
ECM proteins, such as fibronectin, and the induction of
CTGF by TGF- may be one of the mechanisms for ECM
synthesis by human ASM.

Conflicting data exist on the ability of leukotriene D,
(LTD,) to stimulate ECM secretion by human ASM. One
study reported that LTD, administered alone or in combi-
nation with TGF-B had no effect in either stimulating
or augmenting gene expression for collagen I, collagen
1V, fibronectin, elastin, or big]ycan.6 LTD, did, however,
augment the proliferative response to epidermal growth
factor (EGF) and was able to induce a contractile response
in these human cultured ASM cells. No gene expression
for the proteoglycan versican was evident in ASM in this
study, either at rest or after TGF-f stimulation. A more
recent study investigated the effect of EGF in conjunction
with LTD4 on ECM synthesis, evaluating gene expression
in human ASM for the proteoglycans versican, biglycan,
decorin, and perlecan as well as gene expression for
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FIG 1. Human ASM produces cytokines, chemokines, inflammatory mediators, matrix-modifying enzymes,
growth factors, and angiogenic factors. VCAM, Vascular cell adhesion molecule. Reprinted from Trends in
Pharmacological Sciences, Vol 18, Johnson SR, Knox AJ, Synthetic Functions of Airway Smooth Muscle in
Asthma, Pages 288-92, Copyright 1997, with permission from Elsevier.
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FIG 2. Extracellular matrix of the airways. HS, Heparan sulphate.

collagen I and fibronectin.® In ASM cells, decorin and
collagen I transcripts accounted for the largest portion of
the mRNA, with little or no versican mRNA evident in
growth-associated ASM. Three days after EGF and LTD,
stimulation, gene expression for versican V; increased
1.9-fold and for fibronectin increased 1.3-fold. No change
was identified in versican V; splice variant, perlecan, or
biglycan, and gene expression for decorin and collagen I
decreased.® Analysis of protein synthesis showed that
EGF and LTD, preferentially increased production of V,
relative to V; and that this alteration in ratio was partially
prevented by montelukast pretreatment. This effect of
montelukast is not dissimilar to the finding that the
augmentation of EGF-induced ASM proliferation by
LTD, is only partially inhibited by a cysteinyl leukotriene
1 receptor antagonist, suggestive of the additional in-
volvement of a leukotriene receptor distinct from that
associated with LTD,-induced bronchoconstriction.® No
experiments with EGF alone or LTD,4 alone were reported,
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FIG 3. Synthetic capabilities of human ASM of relevance to the
ECM.

so the relative importance of the LTD, stimulus to these
responses is difficult to evaluate fully.

In addition to promoting ECM deposition, ASM may be
capable of affecting its degradation. Human ASM cells
have been shown to release progelatinase A (precursor for
MMP-2) and, in association with TNF-o stimulation, to
generate gelatinase B (MMP-9).” Human umbilical vein
endothelial cells can convert progelatinase A into its active
form, a process that involves the precursor complexing
with TIMP-2 and membrane-type MMP. The free
membrane-type MMP that is available after TIMP-2
neutralization is free to effect this activation. However,
this conversion does not seem to occur in cultured human
ASM.’ The difference from that identified in human
umbilical vein endothelial cell culture is considered to
be caused by an excess of TIMP-2 on the ASM cell
membrane, precluding any free membrane-type MMP
activity. The autocrine production of MMP-2 by human
ASM has also been identified as a regulatory step in the
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ASM proliferative response.'® The local generation of
TNF-o. during airway inflammation in asthma, in
particular from mast cells within human ASM,!"!" would
thus lead to an increase in MMP-9 from ASM. This may
have differential effects in that although MMP-9 can
degrade collagens IV, V, and X as well as laminin,
MMP-9 has also been linked to the release of growth fac-
tors bound to proteoglycans within the ECM, such as fibro-
blast growth factor 2 and TGF-f, thereby allowing them to
exert their bioactivity. In addition to its other activities,
TGF- is recognized to support attachment of ASM cells
to the ECM, including fibronectin,'* glycosaminog-
1y<:ans,12’13 microfibrillar proteins,14 and collagens.ls’”’
This binding is integrin-dependent, involving o;B;."* The
close association of ASM with these ECM components
allows integrin-directed signaling from the ECM to ASM.

Influence of ECM on ASM function

The ECM surrounds cells within the airway wall, and
integrin-directed signaling from the ECM components
influences the responsiveness of the cells to differing
stimuli.'”'® The influence of ECM components on human
ASM proliferative and phenotypic status has been
evaluated. On the basis that changes in the ECM com-
position in asthma favor increased deposition of collagen
I and fibronectin, in contrast with a more prominent pre-
sence of laminin within the normal airway, Hirst et al'®
evaluated the influence of these ECM components on the
proliferative and phenotypic status of mitogen-stimulated
cultured human ASM cells. They studied the ASM
response to PDGF-BB and o-thrombin when the cells
were cultured on plates precoated with 1 to 100 pg/mg
fibronectin, collagen I, or laminin and compared the
findings with those from cells cultured either on undiluted
matrigel (50 pg/cmz) or directly onto plastic. These studies
identified important differences relating to the differing
culture environments. Both fibronectin and collagen I
increased the mitogen-induced proliferative response in
comparison with ASM grown on plastic, whereas both
laminin and matrigel reduced the proliferative response.
Immunohistochemical staining of these cells showed that
the differing matrix components also influenced the
organization of cytoskeletal contractile proteins. ASM
grown for 5 days on plastic and unstimulated expressed
smooth muscle myosin heavy chain, calponin, and smooth
muscle o-actin myofilament immunoreactivity. Positive
nuclear staining for Ki67, a proliferation index marker,
was present in <5% of cells. After stimulation with
PDGF-BB 5 pg/mL, Ki67 was expressed by >60% of
cells, whereas the extent of immunoreactivity for the
contractile proteins was significantly reduced. This re-
duction in contractile protein expression after stimulation
was not evident in cells grown on either laminin or
matrigel, and, consistent with the effects of these plate
coatings on proliferation, there was significantly less Ki67
expression. By contrast, cells grown on either fibronectin
or collagen I remained in the proliferative phenotype,
with significantly greater Ki67 expression, but failed to
demonstrate coordinated expression of contractile marker
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proteins. The phenotype of ASM was thus critically
influenced by signaling from the ECM matrix.

In an extension of this work, Freyer et al*’ investigated
the influence of ECM proteins on human ASM survival
and explored the relevance of integrin-directed signaling
to this cell survival. The extracellular domains recognize
short peptide sequences, termed RGD sequences because
they have the composition Arg-Gly-Asp, that are present
on some ECM proteins, such as fibronectin, vitronectin,
nidogen, tenascin, and laminin. The interaction between
the extracellular domain of the integrin receptor and
the ECM RGD sequence leads to alterations in the in-
tracellular domains that influence cell events such as
differentiation, survival, migration, and cell adhesion.
Freyer et al*” identified a low level of apoptosis in cultured
airway myofibroblasts, except when cells were grown on
elastin, which does not bind cells via integrins. No
difference in apoptotic rate was evident among cells
cultured on plastic, collagen I, collagen IV, collagen V,
fibronectin, vitronectin, or laminin, suggesting that they
all provided antiapoptotic signaling. This hypothesis was
confirmed by coincubation with cycloheximide, which
inhibited cell protein synthesis but had no effect on ASM
apoptosis. To identify the integrins involved in the signal
survival transduction, blocking studies with anti-integrin
antibodies were undertaken. These studies revealed that
os was an integral subunit in all responses, and B; was
involved in survival signaling from collagen IV, collagen
V, laminin, and fibronectin. The o5 and f; integrin sub-
units were found to be universally expressed on cultured
airway myofibroblasts, as was dy, although blocking o,
had no effect on cell apoptosis.”’’ Consistent with the
findings of Hirst et al,'” the myofibroblast morphology
was influenced by the differing ECM components. Cells
cultured on either collagen IV or fibronectin appeared to
exhibit a normal growth pattern, cytoskeletal formation,
and spreading, whereas cells grown on collagen I, collagen
V, or laminin had defective spreading, and cells cultured
on collagen V also had defective cell-cell contact forma-
tion and impaired cytoskeletal formation. Those cultured
on collagen I exhibited a dense cytoskeletal network.
These studies reveal the influence of the ECM on ASM
function and highlight the importance of ECM-integrin
signaling in these regulatory actions. It is also apparent
that changes in the ECM in asthma are likely to influence
ASM behavior.

CHEMOKINE AND CYTOKINE PRODUCTION
BY ASM

When an inflammatory process is initiated in an
organ such as the lung, low-molecular-weight cyto-
kines (chemokines) are produced that are responsible for
recruiting inflammatory cells along diffusion gradients
(Fig 4). Chemokines, which can be divided into several
categories on the basis of their molecular structure,?’
exhibit a degree of selectivity for distinct inflammatory
cell populations. For example, eotaxin, RANTES, and



S§36 Howarth et al

Structural cells

/++
-+

~_ —®

Inflammatory
cell

J ALLERGY CLIN IMMUNOL
AUGUST 2004

+

Inflammatory
cell recruitment

'l-

Chemokines g

Enhanced inflammatory
response

FIG 4. Chemokines produced by human ASM cells can attract several inflammatory cells into the airway milieu
and amplify the signals generated by the inflammatory cells themselves.

IL-5 have been primarily considered to recruit eosinophils,
although both eotaxin and RANTES have actions on other
cell types; IL-8 potently recruits neutrophils; monocyte
chemoattractant proteins (MCPs) recruit monocytes;
thymus- and activation-regulated chemokine (TARC)
recruits lymphocytes; and stem cell factor recruits mast
cells. ASM has been shown to produce several
chemokines, often in large quantities, that are capable of
recruiting several inflammatory cells into the airway
milieu. Chemokines produced by ASM cells and indeed
by other structural cells, such as epithelium, fibroblasts,
and myofibroblasts, amplify the signals generated by
inflammatory cells themselves to produce a powerful
chemokine stimulus that drives the inflammatory re-
sponse. Chemokines can be generated by Ty2 cytokines
such as IL-4 and IL-13, proinflammatory cytokines such
as IL-1B or TNF-a, or mediators that act on 7-trans-
membrane G protein—coupled receptors (GPCR) such as
bradykinin,zz’24 thrombin, > platelet activating factor,?®
and adenosine.”’ These agents appear to generate pro-
duction of distinct profiles of chemokines through several
common and disparate pathways.

Eotaxin

Eotaxin was first identified from bronchoalveolar
lavage fluid of guinea pigs and was subsequently char-
acterized as an important eosinophil chemoattractant in
human asthma. ASM appears to be a particularly rich
source of eotaxin, production of which is increased
by proinflammatory cytokines, such as TNF-o and
IL-1[3,28’31 and Ty2 cytokines, such as IL-4 and
IL-13.322% A marked increase in eotaxin immunoreactiv-
ity in ASM was seen in an immunohistochemical study of
the airways from patients with asthma,”" which clearly
shows that the synthetic functions of ASM cells are not
just an artefact of cell culture but are characteristic of
human asthma in vivo. GPCR ligands such as bradykinin
do not increase eotaxin production by ASM cells (Knox
et al, unpublished data).

RANTES

RANTES is a CC chemokine and potent chemo-
attractant for monocytes, memory T cells, and eosinophils.
RANTES is released by proinflammatory cytokine
(TNF-o and IL-1) stimulation of ASM cells.>**7 Platelet
activating factor can also increase RANTES release by
ASM cells.*®

MCPs

Monocyte chemoattractant proteins are a family of
chemokines that show structural similarities to eotaxin and
are selective in the main for monocytes and lymphocytes.
Increased levels are found in the airways in asthma. MCPs
exist in 3 forms, designated MCP-1 to MCP-3. TNF-a and
IL-1p release all 3 isoforms when given in combination,
but IE;ISE 3geems to be the more potent when given
alone.” ™™

IL-8

IL-8, first isolated from monocytes as a neutrophil
chemoattractant, is an 8.5-kd CXC chemokine that plays
a major role in the initiation and maintenance of inflam-
matory responses. IL-8 also functions as an angiogenic
factor and may contribute to angiogenesis, a prominent
feature of the histopathology of several inflammatory
diseases such as asthma, rheumatoid disease, and inflam-
matory bowel disease. IL-8 is an important neutrophil
chemoattractant in chronic obstructive pulmonary disease
(COPD) and may also have arole in neutrophil recruitment
during exacerbations of asthma.

Proinflammatory cytokines such as TNF-o and IL-1
are potent at releasing IL-8 from ASM cells,””™*' whereas
unlike with the eosinophil chemoattractant eotaxin, Ty2
cytokines such as IL-4 and IL-13 are ineffective. Studies
from Pang and Knox** have shown that bradykinin can
also increase IL-8 release. Bradykinin, an important
proinflammatory mediator in several inflammatory dis-
eases, including asthma, acts on GPCRs. Interestingly,
although some of the biological effects of bradykinin
occur directly, many of its effects are mediated by
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complex autocrine or paracrine loops involving interme-
diate factors such as prostaglandins.

TARC

Thymus- and activation-regulated chemokine is
a highly specific ligand for the CCR4 receptor that
is expressed on Ty2 but not Tyl lymphocytes. TARC is
upregulated in murine models of asthma, and anti-
bodies against TARC attenuate airway eosinophilia and
hyperresponsiveness in these models. TARC is also in-
creased in bronchoalveolar lavage fluid and sputum after
allergen challenge in asthmatic patients. It has recently
been shown that TARC is produced by ASM cells, but
only when IL-4 and IL-13 are given in combination with
TNE-o,* suggesting synergistic interactions in their
signaling pathways.

Stem cell factor

Interest has begun to focus on the interactions between
mast cells and ASM cells with the finding in a recent
immunohistochemical study that the presence of mast
cells in the ASM layer differentiated between patients with
eosinophilic bronchitis—a condition in which cough is the
prominent clinical manifestation—and asthma, which is
characterized by wheezing.'' Furthermore, studies from
sensitized ASM in vitro show that localization of mast
cells in the ASM layer is an important determinant of
the resulting contractile response.** Although several
chemokines are chemoattractant, for mast cells, including
eotaxin and IFN-y inducible protein of 10 KDa (IP-10),
perhaps the most important is stem cell factor. Ongoing
studies by Hamad et al* have shown that TGF- can
induce release of stem cell factor from ASM cells, but that
other agents, such as IL-4, IL-13, IL-1P, TNF-o, and
bradykinin, are largely ineffective.

GM-CSF

GM-CSF stimulates the maturation, activation, and
survival of several inflammatory cells, particularly
eosinophils, and is an important cytokine in asthma
and other allergic diseases. GM-CSF is produced by
ASM cells when stimulated by a combination of IL-1f
and TNEF-o, 74647 suggesting that these agents not only
stimulate ASM cells to produce chemokines such as
eotaxin and RANTES, which attract eosinophils into the
airways in asthma, but also produce factors that activate
them and prolong their effective life in the airways.
Thrombin also increases GM-CSF release.”

IL-6
IL-6 is a pleiotropic cytokine that has both pro-
inflammatory and anti-inflammatory properties in asthma.

It is released by ASM cells in response to TNF-o and
bradykinin.?*3¢-48-3!

Signaling pathways

Several complex signaling cascades are involved in
regulating the various chemokines and cytokines pro-
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duced by ASM cells. Regulation can occur at both
transcriptional and posttranscriptional levels, although the
former has been studied more in these cells.

Transcription factors. Various motifs within the 5'-
flanking regions of the various chemokine gene promoters
have the potential to bind several important transcription
factors in a cell-dependent and stimulus-dependent
manner. These have been studied extensively in other
cell systems, but fewer data are available from studies
in ASM cells. Several techniques can be used to study
the transcriptional regulation of these genes, including
transient transfection strategies with wild-type and
mutated promoter constructs, transcription factor trans-
location studies, electrophoretic mobility shift assays, and
chromatin immunoprecipitation assays.

Tu2 cytokines such as IL-4 and IL-13 act mainly
through signal transducer and activator of transcription
(STAT) pathways.”> Activation of STAT6 seems to be
responsible for eotaxin release by these agents. In contrast,
TNF-a activates eotaxin via nuclear factor kB (NF-kB;
Knox, Unpublished data). NF-xB is responsible for IL-6
expression in response to TNF-o, whereas nuclear factor
for activated T cells and activator protein 1 (AP-1) mediate
TNF-o—induced RANTES expression.*’

IL-1B uses NF-kB, CCAAT/enhancer-binding pro-
tein (C/EBP), and cyclic adenosine monophosphate
(cAMP)—responsive element (CRE) to transduce its
signals.zé"53 The GPCR ligand bradykinin can activate
several transcription factors in ASM cells.”>** Transient
transfection strategies with mutated promoter constructs
and electrophoretic mobility shift assays have shown that
NF-xB, AP-1, and nuclear factor for IL-6 are all involved
in IL-8 induction by bradykinin.* In contrast, bradykinin
induced COX-2 via the CRE with no involvement of NF-
B or nuclear factor for IL-6.>* Complex autocrine loops
involving endogenous prostaglandin E, (PGE,) are re-
sponsible for some of these effects but not others. For
example, bradykinin-induced activation of AP-1 and NF-
kB is prostanoid-dependent, because it is mimicked by
exogenous PGE, and inhibited by indomethacin. In con-
trast, activation of NF-xB occurs mainly via prostanoid-
independent pathways.>® Similarly, endogenous pro-
stanoids partly mediate COX-2 induction in response to
bradykinin in both ASM?* and pulmonary artery smooth
muscle cells via the CRE, suggesting that cAMP-linked
prostaglandin EP, or EP, receptors are involved.”*
Activation of IL-6 by bradykinin appears to involve
prostanoid-dependent activation of AP-1.%

Kinase cascades. Mitogen-activated protein kinases
(MAPKSs) are a family of serine/threonine kinases that
transduce extracellular signals to the nucleus.’® Three
groups of MAPKSs that differ in their substrate specificity
are recognized in mammalian cells: the extracellular
signal-related kinases (ERKs), c-Jun NH,-terminal ki-
nases (JNKs), and p38 MAPKs. Once activated, MAPKs
phosphorylate several intracellular substrates including
transcription factors to switch on inflammatory genes such
as chemokine and cytokine genes. Eotaxin, RANTES, and
GM-CSF production in response to IL-1 is inhibited by
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FIG 5. Autocrine and paracrine effects of ASM-derived mediators in
asthma.

ERK inhibition.”® Eotaxin production in response to IL-4
and IL-13 is also inhibited by ERK inhibitors.”® In con-
trast, p38 MAPK inhibition hinders eotaxin but enhances
GM-CSF production in response to IL-18.°° RANTES
production in response to platelet activating factor is
inhibited by both p38 MAPKSs and ERKs.?® A recent study
with the JNK inhibitor SP600125 has implicated JNKs in
the production of RANTES, GM-CSF, and IL-8 in
response to IL-1B and TNF-o in ASM cells.”’

Inhibitory pathways. Transcription factors and the
signaling kinases that activate them represent major intra-
cellular targets for inhibition of inflammatory responses in
asthma and COPD. Several agents have been shown to
downregulate components of these pathways, particularly
the corticosteroids and P,-agonists. Several other agents
and pathways are worthy of mention. Carbon monoxide,
which is produced endogenously in the airways via heme
oxygenase, acts via cyclic guanosine monophosphate,
which may be another important signaling pathway to
target, because ASM cells contain abundant soluble and
particulate guanylyl cyclases.”” Carbon monoxide has
been shown to inhibit IL-1B—induced GM-CSF pro-
duction.*’ The antioxidant N-acetyl cysteine has been
shown to reduce MCP-1 and eotaxin production by
inhibiting p38 MAPKs.>® Phosphodiesterase inhibitors,
particularly those selective for types IIl and IV, the cAMP-
selective isoforms, also inhibit production of several
chemokines. For example, TNF-a—induced production of
eotaxin is inhibited by rolipram.?®

AUTOCRINE REGULATION OF
ASM FUNCTION

As described, various T-cell—derived and mast
cell—derived cytokines present in high levels in asthmatic
airways, such as IL-4, IL-5, IL-13, and TNF-a, are
believed to orchestrate both acute and chronic inflamma-
tory responses by altering myocyte function.>*%° Although
airway remodeling may be influenced by cytokines acting
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indirectly by promoting the recruitment, activation, and
trafficking of leukocytes, evidence now suggests that
cytokines may also exert paracrine or autocrine effects by
inducing expression of inflammatory genes in resident
airway cells such as epithelium, fibroblasts, and ASM. 5102
Still, few reports have defined the precise signaling path-
ways by which cytokines, alone or in combination,
regulate synthetic responses in ASM cells. Further,
whether ASM-derived cytokines are physiologically
active remains unknown. One previous report showed
that conditioned media from IL-1B—treated ASM cells
increase eosinophil survival, an effect that was completely
abrogated by blocking antibodies against GM-CSFE.%}
Thus, ASM-derived GM-CSF mediates survival-enhanc-
ing effects on eosinophils induced by IL-1B. New
evidence shows that ASM-derived inflammatory media-
tors are biologically active in an autocrine manner (Fig 5).

Cytokine receptors are expressed
on ASM cells

A variety of Tyl-type and Ty2-type cytokines, in-
cluding TNF-a, IL-1, IL-4, IL-5, IL-6, IL-10, IL-13, and
IFN-v, induce several cellular responses in ASM cells,64
presumably by activating cognate receptors. Some studies
have attempted to characterize the cytokine receptor types
expressed in cultured ASM cells, as well as their precise
role in regulating cellular responses, by using various
experimental approaches. Levels of mRNA expression for
IL-2, IL-12, and IFN-y receptors were detected in rabbit
ASM cells and were increased on exposure to asthmatic
serum.®’ Others used flow-cytometric analysis to show
the expression of a-chain of IL-4 receptor, but not y-chain
of IL-2 receptor, and functionally the activation of these
receptors was characterized by using neutralizing anti-
bodies to block IL-4—induced and IL-13—induced STAT6
phosphorylation and secretion of eotaxin in bronchial
smooth muscle cells.®® Laporte et al,%’ by using reverse
transcriptase polymerase chain reaction techniques, con-
firmed the expression of o-chain on ASM cells and
showed that IL-13, but not IL-4, decreased ASM
responsiveness to J-agonists, suggesting a role of o-chain
of IL-4 receptor in cytokine-induced modulation of ASM
contractile function. Consistent with this observation are
findings by Grunstein et al,®® who showed the involve-
ment of o-chain of IL-4 receptor in the impairment of
rabbit ASM responsiveness to both contractile and
relaxant agonists after IgE sensitization. Immunostaining
and Western blot analysis revealed a differential expres-
sion of TNF-a receptors on cultured ASM cells, with TNF
receptor homologue (TNFR)—1 expressed evenly over
the cell surface, whereas TNFR2 was located more on
the edge of the cells.®*”’! More importantly, although
TNFR2 was found to be functionally active in in-
ducing gene expression, the use of agonistic antibodies
showed that TNFR1 was the predominant receptor
regulating TNF-o—induced expression of proinflamma-
tory mediators such as intercellular adhesion molecule 1
(ICAM-1), IL-6, and RAN TES.”®2 The in vivo relevance
of TNF-a effects on cultured ASM cells is supported by
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the fact that both receptors are also expressed in native
tracheal tissues, as demonstrated by using immunochem-
istry.72 The immunocytochemical and flow cytometry
techniques also revealed that all 3 isoforms of TGF-f3
receptors are expressed on bovine ASM cells.”>"*

Autocrine effect of ASM-derived prostanoids

As mentioned, ASM-derived prostanoids regulate ASM
synthetic function in an autocrine fashion.**”>"® Autocrine
prostanoid products may also be involved in bradykinin-
induced IL-6 expression.”” These findings suggest that
ASM-derived prostanoids regulate a variety of inflamma-
tory genes in ASM cells in an autocrine manner. Additional
studies have shown that both TNF-o and IL-1f, a cytokine
mixture that maximally increases COX-2 expression and
prostanoid production, impaired ASM responsiveness to
B,AR stimulation® or suppressed ASM cell proliferation’”
via PGE,-dependent pathways. Secreted PGE, also seems
to modulate the transcriptional regulation of the COX-2
gene, because flurbiprofen, a COX inhibitor, significantly
reduced IL-1P—induced COX-2 expression in human
bronchial ASM cells.*® Interestingly, TGF-B1, which also
stimulates COX-2 expression and PGE, production in
ASM cells, regulates IL-8 expression via prostanoid-
independent mechanisms,?! demonstrating that the role of
endogenous prostanoids in the regulation of gene expres-
sion is stimulus-specific.

Autocrine effect of ASM-derived Ty2-type
cytokines

Evidence suggests that Ty2 cells and their derived
cytokines play a central role in chronic airway in-
flammation in asthma.®? Interesting studies using rabbit
tracheal preparations show that under certain experimental
conditions, including asthmatic serum sensitization or
rhinovirus exposure, the ASM-derived Ty2 cytokines IL-
13, IL-4, and IL-5 enhance ASM contractile responses to
acetylcholine in a coordinate and autocrine fashion but
also decrease the relaxant responses to isoproterenol.83'87
These findings support the current notion that inflamma-
tory cytokines may promote the development of bronchial
hyperresponsiveness by directly altering ASM respon-
siveness to agonists that activate GPCRs.”®®**°! The
molecular mechanisms by which cytokines induce ab-
normal ASM contractile and relaxant responsiveness
remain unknown. By using cultured ASM cells, in-
vestigators showed that cytokines such as TNF-o, IL-1J,
and IL-13 modulate GPCR-associated signaling pathways
by increasing calcium responses and/or altering cAMP
production.gx’()2 Together, these data suggest that GPCR
signaling pathways may be a potential target for the
autocrine action of ASM-derived cytokines.

Autocrine effect of ASM-derived TGF-31

Another candidate gene associated with asthma severity
is TGF-B, which is involved in airway remodeling. TGF-f
promotes the production of ECM proteins, such as
collagens and fibronectin.”® Levels of TGF-B, a cytokine
that is constitutively expressed in healthy airways, are
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significantly increased in eosinophils in patients with severe
asthma compared with patients with mild asthma.”**
TGF-B is also produced by other inflammatory cells,
including macrophages and activated T lymphocytes, as
well as airway resident cells, such as epithelial cells and
ASM cells.”®”” Further investigation by using neutralizing
antibodies demonstrated that, as mentioned, the synthesis of
procollagen I by ASM cells is regulated by TGF-B in an
autocrine fashion.’ In addition, secretion of TGF-B1 has
been shown to correlate with ASM hyper[rophy.g6 The
autocrine activity of TGF-B1 is an important observation,
because others demonstrated that TGF-B1 regulates several
cellular responses in ASM cells. Exogenous TGF-f1
inhibits both EGF-induced and thrombin-induced ASM
cell proliferation in human ASM cells”® and increases cell
size and cell number in bovine and human ASM cells.””
TGF-B1 also impairs B,AR function in tracheal tissues'*
and augments LTD,-induced cell proliferation in bronchial
ASM cells via increased expression of cysteinyl leukotriene
1 receptor.101 All 3 TGF-p isoforms also stimulate the
secretion of vascular endothelial growth factor (VEGF) in
human ASM cells.'? Itis critical, therefore, to characterize
better the signaling pathways associated with TGF-B1
receptor in ASM cells.

Autocrine effect of ASM-derived IFN-

Janus-activated kinases (JAKs) and STATSs serve as the
primary components of the IFN signaling cascade,
although the JAK/STAT pathway is also activated by
other cytokines such as IL-4, IL-5, IL-6, and IL-13.'9
JAK1 and Tyk?2 are activated by IFN-a/p (type 1); JAK1
and JAK2 are activated by IFN-y (type 2).'%* JAKs
phosphorylate STAT proteins that then assemble in
dimeric or oligomeric forms and translocate to the nucleus.
STATs regulate gene expression by binding to DNA
motifs called IFN-v activation sites, recognized by STAT1
homodimers (also known as IFN-y activation factor).
These sites overlap with interferon-stimulated response
elements, activated by STAT1-STAT2 heterodimers, also
termed interferon-stimulated gene factor-3 when com-
plexed to p48 or IFN regulatory factor 9. 105,106

Notably, STAT1 and STAT1-dependent genes such as
ICAM-1 and IFN regulatory factor 1 are also activated in
the epithelium of asthmatic patients,'”’ illustrating the
potential role of JAK/STATI in the pathogenesis in al-
lergic asthma. In ASM, the relevance of such JAK/STAT
pathways is supported by indirect evidence showing
that PDGF-induced ASM cell proliferation requires
induction of cyclin D; expression via a mechanism
that involves JAK2/STAT3-dependent pathways.'®
In addition, activation of STAT6-dependent signaling
pathways is associated with gene expression by IL-13 and
IL-4 in human ASM cells.®®%” More importantly, IFN-y,
alone or in a synergistic manner with other cytokines such
as TNF-a and/or IL-1p, also stimulates the expression of
various proinflammatory genes, such as COX-2,'%!10
IL-8,''' RANTES,''? GM-CSF,'"* and ICAM-1.""* IEN-y
has also been shown to modulate ASM responsiveness
to both contractile and relaxant GPCR agonists. IFN-y
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enhances LTDj,-induced contraction in human ASM
cells''® and ASM sensitivity to isoproterenol in guinea
pig ASM."'® In contrast, Hakonarson et al®® showed that
IFN-y prevents asthmatic serum—induced alterations
in ASM responsiveness to either acetylcholine or iso-
proterenol. Although the JAK/STAT1 pathway is usually
the primary component of the IFN-y signaling cascade,
Tliba et al''” recently showed for the first time that TNF-a,
via the autocrine activation of IFN-B receptor—asso-
ciated JAK1 and Tyk2, stimulates STAT1-dependent and
STAT?2-dependent gene expression in human ASM cells.
The group also showed that autocrine IFN-f differentially
regulates TNF-o—induced inflammatory gene expression,
suppressing IL-6 expression and promoting RANTES
secretion, whereas ICAM-1 expression was not affected
(Fig 6). Although functional crosstalk between TNF-o
and IFN signaling molecules has been reported in other
cell types (mostly hemapoietic cells), these findings were
unique. In 3T3-L1 adipocytes, TNF-a induces the phos-
phorylation of STAT1 by directly interacting with both
JAK1 and JAK2,''"® whereas in Hela cells, STAT1
physically interacts with TNFR1 and the TNF receptor—
associated death domain protein, but not TNF receptor—
associated factor 2.''" TNF-u also induces STATI
phosphorylation at serine 727 in macrophages.120 These
data clearly show that autocrine IFN-f is a novel signaling
component by which TNF-o regulates ASM function in
human ASM cells (Fig 7).

Autocrine regulation of chemokine secretion

Complex autocrine loops can regulate the secretion of
several chemokines and cytokines, particularly the
generation of lipid mediators such as prostanoids.
Prostanoids are produced from membrane phospholipids
in a multistep process. COX, the main rate-limiting
enzyme, converts arachidonic acid into prostaglandin H,
which is subsequently converted into prostanoids by
specific synthases. Three isoforms of COX have been
identified. COX-1 is a housekeeping gene producing
physiological levels of prostanoids, whereas COX-2 is
induced in inflammatory conditions. A further isoform,
COX-3, is asplice variant of COX-1 whose function is less
clear. PGE, is the main COX product produced by ASM
cells. COX-2 can be induced in ASM cells, mainly by IL-
1B and bradykinin.”®'%"'% The effect of IL-1p is more
sustained, and bradykinin also induces an early prostanoid
release by mobilizing arachidonic acid via phospholipase
A,. There are several functional effects of COX-2
induction. COX products regulate the synthetic functions
of ASM cells, and they potentiate VEGF production.”® Of
relevance to this article, however, are studies showing
that production of prostanoids may act as a negative
feedback mechanism, inhibiting the production of some
chemokines and cytokines while conversely augmenting
the production of others. Studies with broad-spectrum
and COX-2—selective COX inhibitors have shown that
these agents potentiate the production of GM-CSF in re-
sponse to IL-1p and TNF-a, suggesting that endogenous
prostanoids exert a brake on GM-CSF production.*
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Consistent with this, exogenously applied PGE, inhibited
GM-CSF production. PGE, also reduced the release of
RANTES in response to IL-1f and TNF-a, but only when
endogenous PGE, was inhibited with indomethacin.®
Endogenous prostanoids are partly responsible for IL-8
generation in response to bradykinin, because COX
inhibitors inhibit bradykinin-induced IL-8 release,
whereas PGE, stimulates release.”>**> This effect seems
to be specific to bradykinin, however, and it is not
observed when IL-1f or TGF-a is used to stimulate IL-8
release. The differences may be a result of differences in
additional signaling pathways that these agents use, or
perhaps the timing of PGE, generation, which is earlier
with bradykinin.

ASM: A TARGET FOR
B2-AGONIST/CORTICOSTEROID
INTERACTIONS

B>-Agonists and corticosteroids are widely used in the
treatment of bronchial asthma and COPD. The combina-
tion of LABASs and inhaled corticosteroids (ICSs) results
in improved lung function, better symptom control, and
reduced exacerbations compared with LABAs or higher
doses of ICSs alone.'?""'** Several studies have shown
that LABAs potentiate the anti-inflammatory actions of
corticosteroids in either an additive or a synergistic
manner.'>*'?* Recent evidence suggests that ASM cells
may have both a contractile and a synthetic function in the
pathophysiology of respiratory disease, and, given the fact
that ASM cells contain both 3,ARs and GRs, it is possible
that they represent a key target for interactions between
[B,-agonists and corticosteroids.

Mechanism of action of B,-agonists

All B,-agonists exert their biological and therapeutic
effects through cell surface B,ARs, which are members of
the 7-transmembrane GPCR family. After ligand binding
to the active site of the receptor, the o-component of the
associated Gs-protein dissociates and activates adenylate
cyclase,'” leading to the production of intracellular
cAMP and subsequent activation of protein kinase A
(PKA), which then phosphorylates several intracellular
regulatory proteins.

B,-Agonists may also influence gene transcription
through a cAMP mechanism whereby there is increased
translocation of the catalytic subunit of PKA to the
nucleus and phosphorylation of CRE binding protein,
enhancing its DNA-binding and transactivation effects.'?’
More recently, it has been reported that activation of the
B>AR can also lead to coupling to G, resulting in
stimulation of the ERK and p38 MAPK pathways.'*®

The mechanisms of action of the LABAs, salmeterol
and formoterol, have been reported previously.l29’13o
Briefly, salmeterol partitions into the cell membrane and
diffuses laterally to the B,AR. The side chain of the
molecule then binds to a discrete, hydrophobic region of
the fourth transmembrane domain, the exo-site. Binding to
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FIG 6. TNF-o, via the autocrine action of IFN-B, differentially
regulates ICAM-1, IL-6, and RANTES expression. Cells were
stimulated for 24 hours with TNF-a (10 ng/mL) in the presence or
absence of neutralizing anti—IFN-B (5 mg/mL; 15 minutes).
Secretion of IL-6 (A) and RANTES (B) or expression of ICAM-1
(C) levels was assessed as described in the report by Tliba et al.’"’
Values shown are means + SEMs and are significantly different
from those of controls. *P < .05 compared with basal levels. TP <
.05 compared with cells treated with TNF-o alone. Adapted with
permission from Tliba et al.”"”

the exo-site prevents salmeterol from dissociating from
the receptor, and the saligenin head of the molecule is free
to engage and disengage the active site by a Charniére
(hinge) principle, leading to a long, concentration-in-
dependent duration of action.'* Formoterol, which is
moderately lipophilic, is taken up into the cell membrane
as a depot. The drug then progressively leaches out to
activate the $,AR, imparting a prolonged, concentration-
dependent action.

Mechanisms of corticosteroid action

The target receptor for corticosteroids is the intracellu-
lar GR. Under resting conditions, the inactive GR is
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FIG 7. Proposed mechanisms for the regulation of ASM synthetic
and proliferative responses by TNF-o in human ASM cells. TNF-o
via TNFR1 induces both expression and secretion of IFN-f, which
then acts in an autocrine manner on IFN type | receptors (IFNARs)
to activate JAK1/Tyk2. Activation of IFN-B—associated signaling
pathways (STAT1/STAT2) can cooperate with other signaling
pathways (MAPK, NF-xB, AP-1) to modulate differentially expres-
sion of proinflammatory genes and cell proliferation induced by
TNF-o. TRADD, TNF receptor-associated death domain protein;
TRAF, TNF receptor-associated factor.

largely located in the cytosol of the cell, associated with
multichaperone proteins. The corticosteroid molecule first
penetrates the cell membrane, then binds to the GR
through the corticosteroid-binding domain.'*' This in-
duces a conformational change in the receptor protein,
dissociation of the chaperone proteins, and the formation
of an active corticosteroid-GR complex. The complex
may then form a dimer and translocate from the cytosol to
the nucleus of the cell, where it binds to specific DNA
sequences (glucocorticoid response elements [GRE]) in
the promoter region of target genes, leading to cofactor
activation and either an increase or a decrease in gene
transcription. This process is termed transactivation.''
Alternatively, the active corticosteroid-GR complex, as
a monomer, can interact directly with intracellular
transcription factors such as AP-1 or NF-kB through
a protein-protein interaction to attenuate transcription
factor—mediated proinflammatory processes. This trans-
repression process involves recruitment of histone de-
acetylates and modulation of chromatin structure.'**

Interactions between corticosteroids
and B,-agonists

Effect of corticosteroids on B,ARs. Corticosteroids
can modulate B,ARs and their function by several
mechanisms: protection against desensitization and the
development of tolerance, increased efficiency of receptor
coupling, and protection against inflammation-induced
receptor downregulation and uncoupling.

Corticosteroids stimulate the transcription of ,ARs via
binding to GREs in the 5'-noncoding promoter region of
the B>AR gene. Dexamethasone was shown to increase
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FIG 8. Effect of cortiosteroidsand LABAs on 3,ARs and GRs in vivo. (A)
Intranasal beclomethasone dipropionate (BDP; 100 ug/d for 3 days)
significantly (¥*P < .04) increased B,AR density (expressed as
B2AR:actin ratio) on the nasal mucosa of mild asthmatic patients.
Reprinted with permission from Baraniuk et al."®* (B) The combina-
tion of salmeterol (SALM) and FP (50 ug/100ug) significantly (*P <
.05) increased GR nuclear translocation compared with FP (100 ng)
alone in sputum macrophages from patients with mild asthma 60
minutes after inhalation. Reprinted with permission from Usmani O,
Maneechotesuwan K, Adcock |, Barnes PJ / 2002 / Glucocorticoid
receptor activation following inhaled fluticasone and salmeterol /
American Journal of Respiratory and Critical Care Medicine /V ol 165/
Page A616. Official Journal of the American Thoracic Society.
©American Thoracic Society.

B,AR mRNA (at 2 hours) and protein (at 24 hours) in
human lung tissue in vitro."** This increase in transcrip-
tion, which has also been shown in neutrophils and T cells,
is both time-dependent and dose-dependent, consistent
with the later induction of receptor binding activity.
However, dexamethasone has not been found to alter the
half-life of p,AR mRNA."*?

Baraniuk et al'** reported that intranasal administration
of beclomethasone dipropionate (100 pg/d X 3 days)
significantly increased the density of B,ARs on the nasal
mucosa (Fig 8, A). Both systemic corticosteroids and ICSs
reversed P,AR downregulation after exposure to high
doses of short-acting B,-agonists.'*’

The efficiency of coupling between the P,AR and
G; has also been reported to be modulated by cor-
ticosteroids.'*® As a result, B>AR-stimulated adenylate
cyclase activity and cAMP accumulation increase after
corticosteroid treatment. Animals that have been depleted
of corticosteroids by adrenalectomy, in contrast, lose the
ability to maintain the sensitivity of the B,AR-coupled
adenylate cyclase system.

Other studies'”” have shown that by reducing the
concentrations of proinflammatory cytokines such as IL-
1B and TGF-,, corticosteroids regulate B, AR sensitivity
and the coupling of B,ARs to adenylate cyclase. Such

J ALLERGY CLIN IMMUNOL
AUGUST 2004

effects may have clinical relevance in preventing the
development of tolerance to [,-agonists in asthmatic
patients and patients with COPD on chronic therapy.

Effect of LABAs on GRs. LABAs exert an effect on the
GR by priming the GR for subsequent corticosteroid
binding and by increasing the translocation of the GR from
the cell cytosol to the nucleus. Modulation of the GR has
been shown to be achieved by phosphorylation (activa-
tion) and dephosphorylation (inactivation). Priming of
the GR by LABAs is achieved by MAPK-dependent
phosphorylation.'*® After stimulation of the P,AR by
salmeterol and dissociation of G, the residual By-subunit
of the G protein initiates an intracellular signaling cascade
involving the nonreceptor tyrosine kinase C-Src and the G
protein Ras, culminating in the stimulation of MAPK."*’
This has been demonstrated in human embryonic kidney
cells transfected with a MAPK-luciferin/luciferase re-
porter construct and directly by isolation of phospho-
MAPK.'*

Activation of this pathway by the LABA requires that
the B,AR is phosphorylated, probably by PKA."** MAPK
then phosphorylates the GR at several proline-directed
serine residues in the N-terminal region of the receptor.
Indeed, phospho-GR has been detected in cells containing
both B>,ARs and GR, when stimulated with salmeterol.'*!
It is possible that an increase in negative charge at the N-
terminal domain of the receptor leads to a conformational
change in the GR protein, leading to the priming event and
rendering the receptor more sensitive to steroid-dependent
activation.

Other studies have shown that translocation of the GR
from the cell cytosol to the nucleus, a fundamental step in
the anti-inflammatory activity of corticosteroids, is in-
creased by the addition of a LABA. Eickelberg et al'*?
showed that treatment of human lung fibroblasts and
smooth muscle cells with fluticasone propionate (FP)
and salmeterol resulted in increased translocation of
GR compared with FP alone. These effects have been
confirmed with formoterol and budesonide.'*’ Electro-
phonetic mobility shift assays confirmed that the LABA-
activated nuclear GR actively bound to the GRE
consensus sequence. The effects were B,AR-mediated
and PKA-mediated, because receptor blockade with
propranolol or the use of a PKA-inhibitor peptide abro-
gated GR activation.'*>'*

These in vitro findings have now been confirmed in vivo
in asthmatic patients treated with LABAs and cor-
ticosteroids. Usmani et al'** showed that inhalation of
salmeterol (50 pg) and FP (100 pg) increased the nuclear
translocation of GR in sputum macrophages at 60 and 120
minutes significantly more than the same dose of FP alone
and to the same extent as a 5-fold higher dose of the steroid
(Fig 8, B). Whether these effects of salmeterol can be
shown in the patient with COPD remains to be de-
termined. In contrast, whereas budesonide (800 pg) also
significantly increased the translocation of the GR from
the cytosol into the nuclei of peripheral blood leukocytes,
budesonide in combination with formoterol (24 pg) did
not enhance this effect versus budesonide alone.'*
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The interactions between corticosteroids and LABAs
may be summarized as follows: corticosteroids increase
B,AR synthesis, and LABAs prime GR for steroid-
dependent activation and nuclear translocation. These
mechanisms form a possible molecular and receptor basis
for additive and synergistic interactions between the 2
classes of drugs in the treatment of asthma and COPD.

Effects of B,-agonists and corticosteroids
in ASM

IL-8 release. P,-Agonists such as albuterol (sal-
butamol) and salmeterol (0.1-1 pmol/L) caused a time-
dependent increase in basal IL-8 accumulation that was
significant after 4 and 8 hours, respectively.40 The
magnitude of IL-8 release by [,-agonists was smaller,
however, than that after stimulation with TNF-a, sug-
gesting that an increase in cAMP is a weak inducer of IL-8
generation by human ASM cells. Indeed, albuterol or
salmeterol did not further increase the TNF-a response. In
contrast, corticosteroids such as dexamethasone (1 pmol/
L) and FP (0.1 pumol/L) resulted in a concentration-
dependent inhibition (Fig 9), but did not abolish TNF-a—
induced IL-8 release.*’ However, when dexamethasone
or FP was used in combination with salmeterol, a further
inhibition was observed that was significantly greater than
with the corticosteroids alone (Fig 9). This represents
a synergistic interaction between LABA and corti-
costeroids in ASM, which may have implications in
asthma and COPD, in which the combined use of LABAs
and ICSs significantly reduces exacerbations, conditions
associated with IL-8—driven neutrophilia. The synergistic
inhibition of IL-8 release was reversed by the ,-selective
antagonist ICI 118551, confirming that the effect of
salmeterol was mediated through the BzAR.40 KT 5720,
a potent and selective inhibitor of cAMP-dependent PKA,
also significantly reduced the inhibitory effects of
salmeterol and FP in combination, whereas the phospho-
diesterase IV inhibitor rolipram further increased the level
of IL-8 inhibition.*” These observations indicate an
involvement of the cAMP pathway in the synergy between
salmeterol and corticosteroids in ASM cells.

The precise mechanism of the effects of cAMP on
steroid-induced inhibition of IL-8 release is unknown.
However, because there is no CRE on the IL-8 gene
promoter, the effect is likely to be a secondary one on other
transcriptional elements. In many cells, TNF-oa—induced
IL-8 release is mediated by NF-xkB and AP-1. Further
studies are required to examine interactions between
corticosteroids and [,-agonists on the transcriptional
regulation of the IL-8 promoter to determine the
mechanism of the synergistic effect in human ASM cells.

Eotaxin release. P,-Agonists had no effect on basal
eotaxin but significantly inhibited TNF-o—induced re-
lease, with salmeterol 10-fold more potent than al-
buterol.”® Pretreatment of cells with dexamethasone
(0.1-10 pmol/L) or FP (0.01-1 pmol/L) inhibited
responses to TNF-a in a concentration-dependent manner
but did not abolish eotaxin release. When salmeterol was
used in combination with dexamethasone or FP, TNF-
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FIG 9. Combination of salmeterol (SALM) and FP (1 pmol/L/0.1
umol/L) synergistically (¥*P < .01) inhibited TNF-a—induced IL-8
release from human ASM cells compared with SALM (1 pmol/L) or
FP (0.1 umol/L) alone. Reprinted with permission from Pang L,
Knox AJ / 2000 / Synergistic inhibition by beta(2)-agonists and
corticosteroids on tumor necrosis factor-alpha-induced interleu-
kin-8 release from cultured human airway smooth-muscle cells /
American Journal of Respiratory Cell and Molecular Biology /Vol
23/ Pages 79-85. Official Journal of the American Thoracic Society.
©American Thoracic Society.

o—induced eotaxin release was inhibited significantly
more than with salmeterol alone.”® These effects were
reversed by ICI 118551 and were further increased by
rolipram, implicating both the B,AR and the cAMP
pathways.”® However, studies using inhibitors of
cAMP-dependent PKA and cyclic guanosine mono-
phosphate—dependent protein kinase G suggested that
neither PKA nor protein kinase G was involved in the
enhanced inhibition of TNF-a—induced eotaxin release by
the combination of LABAs and corticosteroids.?®

IL-6 and RANTES release. Recent studies have
demonstrated that TNF-a 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 appears to be mediated by
a NF-kB—dependent pathway, whereas RANTES release
is mediated by activation of AP-1."*® The LABA for-
moterol increased TNF-a—induced IL-6 generation by
approximately 6-fold, with a median effective concentra-
tion of 0.01 pmol/L.146 This was associated with binding
to CRE and activation of the IL-6 promoter but did not
involve AP-1 or NF-xB.'*® The lower-efficacy LABA,
salmeterol, at higher concentrations, induced only a 2-fold
increase in IL-6 (Fig 10). In contrast, ,-agonists inhibited
TNF-o—induced RANTES secretion in a concentration-
dependent manner.'*® Formoterol was the most effective
inhibitor, with a median inhibitory concentration (ICsg)
of 1 pmol/L. TNF-a—induced RANTES secretion was
inhibited by approximately 70% at 10 pmol/L. Iso-
proterenol was 10-fold less potent than formoterol, but at
100 pmol/L abrogated TNF-a—induced RANTES by
approximately 80%. At a concentration of 10 umol/L,
salmeterol and albuterol also inhibited RANTES secretion
after TNF-a stimulation, by 46.2% and 31.0%, respec-
tively.146 B,>-Agonists alone had no effect on RANTES
secretion.'*® The rank order of effectiveness of B,-agonists
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FIG 10. Salmeterol (SALM, 1 pmol/L) significantly (*P < .05)
inhibited TNF-a—induced RANTES release (A) and significantly
(*P < .05) increased IL-6 generation (B) by human ASM cells.
Dexamethasone (0.1 nmol/L) also inhibited RANTES but had little
effect on TNF-o—induced IL-6 release. The combination of SALM
and dexamethasone (DEX) further enhanced RANTES inhibition
over SALM or DEX alone, but it increased IL-6 release compared
with DEX alone. Reprinted with permission from Ammit AJ, Lazaar
AL, Irani C, O’'Neill GM, Gordon ND, Amrani Y, et al / 2002 / Tumor
necrosis factor-alpha-induced secretion of RANTES and interleukin-
6 from human airway smooth muscle cells: modulation by
glucocorticoids and beta-agonists / American Journal of Respiratory
Cell and Molecular Biology /Vol 26 | Pages 465-74. Official Journal of
the American Thoracic Society. ©American Thoracic Society.

DEX + SALM

in their ability to inhibit TNF-o—induced RANTES
secretion is similar to their ability to induce secretion of
IL-6 and increase cytosolic levels of cAMP in ASM.
However, RANTES seems to be more sensitive than IL-6
to small changes in cAMP concentration, and it did not
appear to be mediated via AP-1.

Corticosteroids have differential effects on the release
of IL-6 and RANTES from ASM cells (Fig 10).
Dexamethasone (0.001-1 pmol/L) completely abrogated
TNF-o—induced RANTES secretion, with an ICsy of
1 nmol/L, but even at the highest concentration only
partially inhibited IL-6.'*® The effect of corticosteroids on
RANTES gene expression appears to be mediated via an
AP-1—dependent pathway. In combination with salme-
terol, the same degree of inhibition of TNF-o—induced
RANTES release could be achieved with a 100-fold lower
concentration of dexamethasone.'*® However, TNF-
o—induced IL-6 secretion from ASM cells was signifi-
cantly augmented by the combination of salmeterol and
dexamethasone (Fig 10).

MCP release. As mentioned, stimulation of human
ASM cells with a cytokine mixture (IL-1B, TNF-o, IFN-y)
resulted in an increase in MCP release.*® Dexamethasone
(1 pmol/L) inhibited MCP-1 and MCP-2 release by
approximately 50%. This may be one of the mechanisms
whereby corticosteroids inhibit the influx of leukocytes
into the airway and suppress inflammation in asthma.
There are no reports of the effects of 3,-agonists alone or
in combination with corticosteroids on MCP release from
ASM cells.
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GM-CSF release. Albuterol (0.1-1 pmol/L) did not
significantly alter the basal release of GM-CSF, but it
attenuated cytokine-induced secretion with an ICsy of
16 nmol/L."*” Pretreatment with ICI 118551 prevented
the albuterol inhibition of IL-1B—stimulated GM-CSF
release, confirming an effect mediated by membrane
B>ARs. The effects of albuterol were associated with a
15-fold increase in intracellular cAMP formation and were
inhibited by H-89, an inhibitor of the PKA-dependent
pathway.147

IL-1B—induced and TNF-o—induced GM-CSF release
from human ASM cells was inhibited by approximately
85% with dexamethasone, although the corticosteroids did
not affect basal secretion.*® Combinations of LABAs and
corticosteroids have been shown to have an additive
inhibitory effect on GM-CSF release.'*®

VEGF release. An interaction between [3,-agonists
and corticosteroids in ASM is also observed with other
proinflammatory mediators, such as VEGF. Either
salmeterol (0.1-0.5 pmol/L) or FP (0.01-0.1 nmol/L)
alone inhibited TGF-fB;—stimulated VEGF release from
human ASM cells.'*’ The corticosteroid was more potent,
almost completely inhibiting VEGF secretion at 0.1 nmol/
L. In addition, whereas FP was still effective in reducing
VEGF release from IL-1p—stimulated cells, the LABA
was inactive. However, the combination of salmeterol and
FP further inhibited IL-1B—induced VEGF compared
with the corticosteroids alone, suggesting a synergistic
interaction.'*

ASM: Cell-cell interactions. Isoproterenol, at a con-
centration (100 pumol/L) previously shown to increase
cAMP in human ASM cells, inhibited TNF-a.—induced
expression of ICAM-1 and vascular cell adhesion
molecule 1 by approximately 60%.">° This was associated
with decreased adhesion of activated T cells to the ASM
cells.”™ In contrast, dexamethasone only partially in-
hibited early (1-hour) ICAM-1 expression induced by
either TNF-o or IL-1, but it had no effect on late (24-hour)
expression. In cells transfected with a luciferase reporter,
dexamethasone did not affect TNF-o—induced NF-
kB—dependent transcription of [CAM-1."%

Migration of smooth muscle cells induced by in-
flammatory mediators may contribute to airway re-
modeling and also involves cell-cell interactions. Basal
levels of human ASM cell migration were decreased by
salmeterol (1 pmol/L) by approximately 40%, whereas the
LABA had little effect on PDGF-induced migration of
the cells.'”' 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
(Fig 11, A), indicating a synergistic interaction between
the LABA and corticosteroids."”"

ASM cell proliferation. Inhibition of mitogen-induced
proliferation of ASM cells by corticosteroids or [3,-
agonists has been previously reported.'>*'>* B,-Agonists
and other cAMP-elevating agents are thought to arrest the
G1 phase of the cell cycle by posttranscriptionally
inhibiting cyclin D; protein levels through an action
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on a proteosome-dependent degradation pathway.'>
Alternatively, suppressed cyclin D; gene expression
may occur through phosphorylation and transactivation
of CRE binding protein, suggesting that the effect of
cAMP is exerted by way of cis-repression of cyclin D
promoter.'® Salmeterol (30 to 100 nmol/L) has been
shown to inhibit thrombin-induced proliferation of human
ASM cells, and this was associated with a reduction in c-
myc RNA expression.15 4 There was no effect, however,
on other mitogens, such as EGF.

In human ASM, dexamethasone and FP have also
been shown to arrest ASM cells in the GI phase.'>
Corticosteroids reduced thrombin-stimulated increases in
cyclin D protein and messenger RNA levels, and they
attenuated retinoblastoma protein  phosphorylation
through a pathway either downstream of or parallel to
the ERK cascade. Dexamethasone, however, has different
inhibitory effects on ASM cell growth mediated by
receptor tyrosine kinase and ASM cell growth mediated
by GPCR.'**

More recent studies have shown that corticosteroids
inhibit proliferation via activation of C/EBP-o, which has
a pivotal role in cell proliferation.'>>'>® In particular, after
interaction with the corticosteroid-GR complex, C/EBP-a
activates pZIWAF” Cipl - a cyclin-dependent kinase in-
hibitor that exerts a brake on cell cycling.'® Through this
mechanism, dexamethasone strongly inhibited cell pro-
liferation to 48% of control at 10~ mol/L. This effect was
abolished if C/EBP-a was depleted by cDNA antisense
pretreatment. Similarly, salmeterol reduced cell prolifer-
ation in a dose-dependent manner, with a maximum of
74% of control at 10 mol/L, and it was also associated
with increased expression of p21VAFY/CP1  Incubation
with antisense against C/EBP-o mRNA reduced the
LABA-induced p21 WAFI/Cipl expression. When the 2 drugs
were applied in combination, effects on pZIWAF”C"pl
expression and on cell proliferation were synergistic.

Budesonide (1078 to 107" mol/L) induced activation
of p21WAF1/ CiP! in human ASM cells stimulated with fetal
bovine serum.'’ By contrast, formoterol ( 1070w 1078
mol/L) had no significant effect. However, the combina-
tion of formoterol and budesonide was shown to inhibit
serum-induced proliferation in a concentration-dependent
(107'% to 10~® mol/L) manner. A synergistic inhibitory
effect was observed when both drugs were used at <10 ¢
mol/L compared with each drug alone. The effect of the
combination of formoterol (10~° mol/L) and budesonide
(1071 mol/L) was associated with enhanced nuclear
translocation of GR, which was apparent within 30
minutes and persisted for 6 hours. The combination also
resulted in stronger GR-GRE binding and greater DNA
binding of C/EBP-a than with either drug alone, and in
enhanced activation of p21WAFVCIP! The activation of
p21WAF]/Cip] by the combination of formoterol and
budesonide was reversed by the GR antagonist RU486
and by the B-blocker propanolol, confirming an effect
mediated by receptor-driven pathways (Fig 11, B).
Similarly, antisense oligonucleotides against either C/
EBP-o or p21VAFVCPY abrogated the enhanced anti-
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FIG 11. Effects of LABA/corticosteroid combinations on human
ASM cell migration and proliferation. (A) The combination of
salmeterol (SALM) and dexamethasone (DEX; 1 umol/L/10 umol/L)
synergistically (¥*P < .05) inhibited PDGF-induced migration of
human ASM cells compared with SALM (1 umol/L) or DEX (10
umol/L) alone. Data from Krymskaya et al.’®' (B) The combination
of formoterol (FORM) and budesonide (BUD; 0.1 nmol/L/0.1 nmol/
L) significantly (*P < .01) increased p21WVAFVEP! activation (ex-
pressed as luciferase activity in arbitrary light units) in human ASM
cells compared with FORM (0.1 nmol/L) alone. This effect was
inhibited by the GR antagonist RU486 and by the B,AR antagonist
propanolol (PROP). Adapted from Roth et al.’®”

proliferative effects of the LABA/corticosteroid combi-
nation. These findings show that corticosteroids and
LABAs both activate the GR and C/EBP-a and inhibit the
proliferation of ASM via the action of pZIWAFl/ Cipl,

SUMMARY AND IMPLICATIONS FOR
FUTURE RESEARCH

Airway smooth muscle clearly can contribute to the
formation of the ECM, and in this respect, ASM from
asthmatic patients has both qualitative and quantitative
differences in its response to stimuli. Thus, the ASM cells
are important regulating cells potentially contributing to
the known alterations within the ECM in asthma. In
addition, through integrin-directed signaling, ECM com-
ponents can change human ASM function, altering the
proliferative, survival, and cytoskeletal synthetic function.
The changes in the ECM in asthma, with enhanced
collagen I and V deposition along with increased airway
fibronectin, alter the behavior of human ASM, forming
a proliferative phenotype with defective cytoskeletal
organization. How this influences the contractile potential
of the muscle remains unknown. Also incompletely
defined is the influence of the change in the ECM
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matrix—in particular, the changes related to ASM
activation in asthma—on the contractile responsiveness
of the ASM. It might be anticipated that enhanced
deposition of collagen adjacent to the muscle increases
the resistive load on the muscle and opposes the effects of
ASM shortening. However, mechanical strain on bovine
ASM has been shown to decrease the proliferative
response,’”® and in view of the reciprocal findings
identified, it may thus increase the synthesis of contractile
proteins, enabling the ASM to overcome the effects of this
resistive strain. Such changes would increase the contrac-
tile force of the ASM. In addition, human ASM-related
changes in the ECM external to the ASM may uncouple
ASM from the parenchyma and allow exaggerated airway
narrowing.'> Although endobronchial biopsies of large
airways in asthma provide information relative to the
airway wall from the epithelium to the ASM, they do not
provide information relevant to the ASM-parenchyma/
cartilage interface. Such information is obtainable only
from analysis of postmortem or resected lung tissue.

The finding that ECM components influence not only
human ASM function but also pharmacologic responsive-
ness raises different questions, particularly regarding
mechanisms of resistance to steroid therapy and the nature
of more severe asthma. Further exploration is required in
these areas, and it will also be necessary to understand
better the integrin-related signaling relevant to these and
other facets of ECM-ASM signaling. The synthetic
capabilities of ASM and its interaction with ECM suggest
that these components of the airways cannot be considered
in isolation when investigating the pathophysiology of
asthma.

The production of chemokines by structural cells such
as ASM cells may provide a mechanism whereby signals
generated by inflammatory cells are amplified to produce
an exaggerated inflammatory response. Agents capable of
secreting chemokines activate distinct sets of kinases and
transcription factors to mediate their effects. Inhibition of
the pathways used by these cells in chemokine and
cytokine production may provide novel therapeutic targets
for the treatment of asthma and COPD.

It is clear that smooth muscle cells in other sites in the
body exhibit functional heterogeneity, and it has been
suggested that the same may be true in the airway. Studies
from animal ASM cells that have been serum-deprived for
prolonged periods show differentiation of these cells into 2
distinct populations: an elongated hypercontractile cell
that stains more strongly for smooth muscle contractile
proteins and a shorter, less contractile phenotype (re-
viewed in Hirst et al'®®). It is unknown whether ASM cells
in normal and asthmatic airways in vivo exhibit similar
heterogeneity and whether the phenotype differs between
normal and asthmatic airways, and these questions
deserve further study. Interesting in this respect is a recent
study comparing asthmatic with normal ASM cells that
suggests that proliferation of asthmatic cells may be
enhanced.'®!

Emerging evidence, mostly from reports using cultured
ASM cells or isolated tracheal or bronchial preparations,
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shows that a variety of stimuli indirectly modulate ASM
synthetic and contractile functions via the autocrine action
of secreted inflammatory mediators, including Ty2
cytokines, growth factors, and COX-2—dependent pro-
stanoids. It is likely that a better understanding of the
autocrine mechanisms regulating ASM cell function will
have an effect on the development of new therapeutic
drugs for the treatment of inflammatory airway diseases
such as asthma. Additional studies are needed to de-
termine the importance of the signaling crosstalk that may
exist between stimuli and autocrine mediators.

Airway smooth muscle cells contain both B,ARs and
GR and are a potential target for 3,-agonist/corticosteroid
interactions. With LABA/corticosteroid combinations,
there is evidence of additive and/or synergistic inhibition
of inflammatory mediator release and the migration and
proliferation of ASM cells. These effects may have
relevance to the clinical efficacy of LABA/ICS combina-
tion therapy in asthma and COPD.

Dr Knox thanks Dan Duthie for help with graphics.
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