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Asthma persistence versus progression: Does airway smooth
muscle function predict irreversible airflow obstruction?
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ABSTRACT

Asthma, a disease characterized by airway inflammation and reversible bronchoconstriction, manifests a variety of pheno-
types, and in some, but not all, asthma leads to a persistent and/or progressive loss of lung function. Conceptually, asthma
persistence is identified by a stable decrement in lung function over time, and asthma progression can be identified by a gradual
loss in pulmonary function associated with increasing symptoms. Whether these phenotypes are determined by distinct cellular
and molecular mechanisms or whether unique genotypes define asthma persistence versus progression remains unknown.
Recent evidence suggests that airway remodeling in some is associated with asthma persistence and/or progression, although
the direct link of airway remodeling to these phenotypes remains tenuous. The development of in vitro cell models using
nontransformed human airway smooth muscle (ASM) cells has been a useful approach in defining corticosteroid sensitivity and
bronchodilator response. New evidence suggests some, but not all, immunomodulatory function of ASM is modulated by
corticosteroid treatment. Additionally, the combinations of interferon and TNF-� render ASM insensitive to corticosteroids.
The further development of cellular and ex vivo systems that can predict corticosteroid sensitivity and bronchodilator
unresponsiveness may be useful in identifying new biomarkers and therapeutic approaches to address asthma persistence and
progression.

(Allergy Asthma Proc 30:103–108, 2009; doi: 10.2500/aap.2009.30.3202)
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Asthma, a common chronic disease characterized
by airway inflammation and bronchoconstric-

tion, manifests as a variety of phenotypes in which its
progression is difficult to predict. The precise mecha-
nisms that induce variability in the clinical course of
asthma remain unclear. Current guidelines in the man-
agement of asthma suggest that disease severity is
defined by decrements in pulmonary function as mea-
sured by forced expiratory volume in 1 second (FEV1)
and by the use of high-dose corticosteroids in the man-
agement of symptoms. In some patients with asthma,

the disease induces a stable loss in pulmonary function
and an occurrence of symptoms termed persistence,
and in others, over time there is a gradual loss in
pulmonary function with increasing symptoms, viz.,
progression. Whether these phenotypes are deter-
mined by distinct cellular and molecular mechanisms
or whether unique genotypes define asthma persis-
tence versus progression remains unknown. This arti-
cle will address the clinical concepts of asthma persis-
tence and progression. Additionally, the role of airway
smooth muscle (ASM) in contributing to these pheno-
types will be reviewed.

DISEASE PERSISTENCE VERSUS PROGRESSION
Although clinicians recognize the difference between

asthma persistence and progression, there remains no
case definition or uniformity on the parameters that
should be measured or evaluated to define such pro-
cesses. In adults, the rate of decrease in lung function
over time (FEV1) is greater in those with asthma than in
healthy subjects.1–3 Additionally, the rate of decrease
among smokers is more profound in those with asthma
than those without asthma.2 Interestingly, the decline
in FEV1 is heterogeneous; not all patients experience
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disease progression, and asthma progression is diffi-
cult to predict for any given patient. Epidemiologic
studies that tracked asthma severity over time indicate
that asthma symptoms resolve in some pediatric and
adult patients, remain stable in others, and go into
remission and then recur in adulthood for some.4,5

Specific risk factors for the persistence of asthma into
adulthood include house-dust mite allergy, smoking
exposure, airway hyperresponsiveness in childhood,
and female gender, whereas risk factors for asthma
relapse include dust-mite allergy, airway hyperrespon-
siveness, and early age onset of asthma.5 Alternatively,
risk factors for progressive loss of lung function have
been described by Ulrik and colleagues6 and include
severe symptoms and use of anti-inflammatory ther-
apy while atopy and early onset of asthma did not
predict progression.

Mechanisms that may predict progression or persis-
tence of asthma may include airway inflammation,
airway remodeling, or a combination of both pro-
cesses. Airway remodeling manifests as a complex con-
stellation of findings in the airway that include goblet
cell and smooth muscle hypertrophy–hyperplasia,
subepithelial fibrosis, and angiogenesis.7,8 For patients
with irreversible airflow obstruction, inflammation
might be necessary but perhaps not entirely sufficient
to induce an irreversible component, some of which
may be caused by the alterations in the structure of the
bronchial wall.9,10 Conceptually, irreversibility may be
a consequence of structural or myogenic changes
rather than the direct consequence of inflammation.
Factors associated with persistent airflow obstruction
(�50% predicted versus �80% predicted postbron-
chodilator FEV1) in patients with severe asthma in-
clude prolonged disease duration, peripheral blood
eosinophilia, and bronchial wall thickening on high-
resolution computerized tomography scanning.11 De-
spite evidence suggesting these factors are important
in predicting progression, the predictive value of any
one component was not helpful in the early identifica-
tion of irreversible airflow obstruction. Some investi-
gators postulate that airway remodeling that develops
potentially over years could evoke an irreversible air-
way obstruction phenotype.

Although most patients with asthma have some de-
gree of airway remodeling, there has been no direct
association or correlation between the physiologically
relevant changes as defined primarily by objective
measures of airway obstruction and any aspect of re-
modeling other than angiogenesis.12 The number of
bronchial wall blood vessels correlates with the sever-
ity of asthma13; however, neither the degree nor the
thickening of the reticular basement membrane nor the
increase in ASM mass was convincingly associated
with the duration or the severity of asthma.

Given the clinical relevance of asthma persistence
versus progression, a useful working definition for
these phenotypes may include relative corticosteroid
insensitivity and a lack of bronchodilator responsive-
ness. The identification of patients whose postbron-
chodilator response does not normalize pulmonary
function or those who manifest substantial airway hy-
perresponsiveness despite normal baseline pulmonary
function may identify an at-risk cohort for disease pro-
gression or persistence. Additionally, the lack of a com-
plete response to either inhaled or oral corticosteroids
may also have diagnostic and prognostic value in de-
termining the susceptibility of individuals to asthma
persistence versus progression. Current National Insti-
tutes of Health Expert Panel Guidelines define clinical
response to therapy as achieving total control that in-
cludes elimination of symptoms and normalization of
lung function.14 The precise mechanisms that induce
corticosteroid insensitivity and bronchodilator unre-
sponsiveness are likely complex and myriad; however,
recent studies using cultured human ASM provide
insight into new therapeutic targets and/or biomarkers
of disease progression and persistence.15,16

ASM FUNCTION: A MODEL TO SHOW
CORTICOSTEROID INSENSITIVITY AND
BRONCHODILATOR UNRESPONSIVENESS

Although asthma typically induces reversible airway
obstruction, in some patients airflow obstruction can
become fixed. Such obstruction may be a consequence
of persistent structural changes in the airway wall
caused by the frequent stimulation of ASM by contrac-
tile agonists, inflammatory mediators, and growth fac-
tors. Importantly, the bronchoconstriction evoked by
smooth muscle shortening promotes airway obstruc-
tion and constitutes the hallmark of asthma and
chronic obstructive pulmonary disease. ASM functions
as the primary effector cell that regulates bronchomo-
tor tone. Evidence now suggests that ASM may un-
dergo hypertrophy and/or hyperplasia and modulate
inflammatory responses by secreting chemokines and
cytokines, as shown in Fig. 1.

Although asthma typically induces reversible air-
flow obstruction, in some patients, airflow obstruction
becomes irreversible. The airway remodeling that oc-
curs in asthma has been attributed in part to increased
smooth muscle mass. Although increased ASM mass
is, in part, caused by ASM cell proliferation, the mech-
anisms that regulate ASM cell growth remain unclear.
Many studies have characterized the stimulation of
ASM growth in response to mitogenic agents such as
polypeptide growth factors, inflammatory mediators,
and cytokines. The observation that contractile ago-
nists induce ASM cell proliferation may be a critical
link between the chronic stimulation of muscle contrac-
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tion and myocyte proliferation.17 Although the specific
cellular and molecular mechanisms by which agonists
induce cell proliferation remain to be elucidated, sim-
ilarities exist between signal transduction processes
activated by these agents and those of known growth
factors, which can also stimulate smooth muscle con-
traction. The identification of the critical regulatory
sites that mediate ASM cell proliferation may improve
our understanding of the mechanisms that regulate
airway inflammation and possibly provide new thera-
peutic approaches to alter airway remodeling seen in
patients with chronic airflow obstruction.

The most widely used therapeutic agents for the
control of asthma symptoms are the corticosteroids
and the �2-adrenergic agonists. Inhaled corticosteroids
inhibit inflammatory cell activation, whereas �2-ago-
nists are effective bronchodilators. In addition, these
agents are potent inhibitors of ASM cell proliferation.

The �2-agonists activate the �2-adrenergic receptor/
Gs/adenylyl cyclase pathway to elevate cAMP in ASM
cells. Because of their cAMP-elevating ability, albu-
terol, fenoterol, and salmeterol have been shown to
inhibit mitogen-induced proliferation of human ASM
cells.18–20 The �2-agonists and other cAMP-elevating

agents are thought to arrest the G1 phase of the cell
cycle by posttranscriptionally inhibiting cyclin D1 pro-
tein levels by action on a proteosome-dependent deg-
radation pathway.21 Another mechanism was sug-
gested by Musa et al.22 who examined the effects of
forskolin, an activator of adenylate cyclase, on DNA
synthesis, cyclin D1 gene expression, cAMP response
element binding protein phosphorylation, and DNA
binding in bovine ASM. This study showed that by
increasing cAMP in ASM cells, forskolin suppressed
cyclin D1 gene expression through phosphorylation
and transactivation of cAMP response element binding
protein, suggesting that the effect of cAMP on cyclin
D1 gene expression is exerted by way of cis-repression
of cyclin D1 promoter.

In human ASM, the corticosteroids dexamethasone
and fluticasone propionate appear to arrest ASM cells
in the G1 phase.23 In that study, corticosteroids re-
duced thrombin-stimulated increases in cyclin D1 pro-
tein and mRNA levels, and they attenuated retinoblas-
toma protein phosphorylation through a pathway
either downstream of or parallel to the extracellular
signal–regulated kinase cascade.23 Dexamethasone has
different inhibitory effects on receptor tyrosine kinase-

Figure 1. Airway smooth muscle (ASM)–derived factors that promote airway remodeling, including matrix deposition, bronchial neovas-
cularization, and leukocyte recruitment. Alterations in the extracellular matrix also affect ASM cell proliferation and migration. FN,
fibronectin; Coll, collagen; LN, laminin; HA, hyaluronan; CS, chondroitin sulfate; CTGF, connective tissue growth factor; TARC, thymus
and activation-regulated chemokine; CAM, cell adhesion molecule (used with permission from Lazaar AL, and Panettieri RA Jr. Airway
smooth muscle: A modulator of airway remodeling. J Allergy Clin Immunol 116:488–495, 2005).
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mediated ASM cell growth and G protein-coupled recep-
tor–mediated ASM cell growth, suggesting that cortico-
steroid effects on ASM mitogenesis are complex.
Recently, in vitro studies showed that the antiproliferative
effects of the corticosteroids were impaired by contact of
ASM with collagen but not on laminin,24 suggesting that
in the collagen-rich microenvironment of the inflamed
and fibrotic asthmatic airway, ASM may contribute to the
lack of corticosteroid responsiveness in patients with
asthma. In vitro human bronchial epithelial cells stimu-
lated by allergens and matrix that release cytokines that
are near smooth muscle cells are affected more by anti-
IgE compared with corticosteroids after asthma.25

ASM: AN IMMUNOMODULATORY CELL?
The variety of cell types that reside in or infiltrate the

inflamed submucosa present the potential for many
important cell–cell interactions. Eosinophils, macro-
phages, and, particularly, lymphocytes, are postulated
as also being critical in the initiation and perpetuation
of the asthmatic response. One mechanism by which
immunocytes exert their effects is the production of
proinflammatory mediators that may act directly or
indirectly on ASM. The presence of several cytokine
mRNAs has been detected within the airways of asth-
matic subjects.26,27 A study of 18 patients with allergic
asthma was performed to investigate the in vitro effects
of montelukast on cysteinyl leukotrienes and IL-5 pro-
duction and expression by peripheral blood mononu-
clear cells. In seven of nine patients tested, IL-5 mRNA
was induced by both ragweed and dust-mite antigen,
and montelukast at 10 mM completely blocked IL-5
mRNA expression. Therefore, montelukast may be an-
ti-inflammatory by inhibiting IL-5 mRNA expression
and reducing cysteinyl leukotriene secretion by periph-
eral blood mononuclear cells from asthmatic patients.28

A second potential mechanism may involve direct con-
tact of immunocytes with airway myocytes. Although
many cell–cell interactions likely contribute to airway
hyperresponsiveness in asthma, there is evidence to
support that T cells and ASM cells can directly interact
via cell adhesion molecules (CAMs).29 The capacity for
ASM cells to respond to numerous cytokines has re-
vealed the extensive immunoregulatory potential of
these cells. In response to cytokines such as IL-1�,
TNF-�, and interferon (IFN) �, ASM cells can be in-
duced to express a host of CAMs that allow interac-
tions between the ASM and inflammatory cells that
infiltrate the airways. Further advances in understand-
ing the immunoregulatory potential of ASM have
come with the discovery that cytokines also up-regu-
late the expression of multiple toll-like receptors in
ASM cells.30 These latter receptors are pattern-recogni-
tion receptors that mediate innate and adaptive im-
mune and inflammatory responses to microbial infec-
tion, tissue injury, or inflammation.

Effects of Corticosteroids on Cytokine-Induced
Synthetic Responses

One of the most effective medications to date for
controlling airway inflammation in asthma has been
inhaled corticosteroids. Although corticosteroids have
been used for this purpose for �25 years, the precise
mechanisms by which they improve lung function in
asthma remain unclear. Most anti-inflammatory effects
of corticosteroids are mediated via the glucocorticoid
receptor (GR) �-isoform (GR�), which suppresses ex-
pression of inflammatory genes through mechanisms
known as transactivation or transrepression.31 As a
result of alternative splicing mechanisms, another GR
isoform, viz., GR�, has been described.32 Current evi-
dence suggests that chemokine and cytokine secretions
induced by inflammatory mediators are inhibited by
dexamethasone in human ASM cells. Cytokine-in-
duced secretions of RANTES,33–35 monocyte chemoat-
tractant protein,35 eotaxin,36 granulocyte macrophage
colony-stimulating factor,37 and IL-638 are abrogated
by corticosteroids. In most of these studies, corticoste-
roid and [cAMP]i-mobilizing agents were shown to act
additively to inhibit chemokine and cytokine secretion.
Data suggest that the effects of dexamethasone on
RANTES expression are mediated through inhibition
of the transcription factor activator protein 1.39 Nuclear
factor �B (NF-�B) is another transcription factor that
mediates chronic inflammatory responses in asthma, as
well as in rheumatoid arthritis, psoriasis, and inflam-
matory bowel disease.40 Notably, dexamethasone has
been found to have no effect on TNF-�–induced or
IL-1�–induced NF-�B activation in human ASM cells.41

Furthermore, cytokine-induced intracellular adhesion
molecule (ICAM) 1 expression in ASM cells, which is
completely dependent on NF-�B activation, has been
shown to be unaffected by dexamethasone, with IL-6
secretion affected only partially.39 In contrast, IL-1�–
induced cyclooxygenase 2 expression has been found
to be abrogated.41–43 Collectively, these studies sup-
port the notion that anti-inflammatory effects of corti-
costeroids in asthma may not be caused by solely mod-
ulation of cytokine-induced NF-�B activation and are
probably regulated by pathways such as activator pro-
tein 1 or other transcriptional factors.

Multiple Cytokine Stimulation on ASM Modulates
Corticosteroid Responsiveness

We and others recently showed that treatment of
ASM cells with a combination of IFNs with TNF-�
impairs the ability of corticosteroids to inhibit the ex-
pression of various proinflammatory genes such as
CD38, RANTES, and ICAM-1 by a mechanism involv-
ing the up-regulation of GR� isoform.44 Interestingly,
corticosteroids augment IFN-�/TNF-�–induced fracta-
lkine and toll-like receptor 2 expression in ASM45,46;
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whether this involves similar mechanisms involved in
the attenuation of corticosteroid activity by IFN-�/
TNF-� remains to be established. Although the patho-
logical role of the GR� isoform is not well understood,
previous reports indicate a strong correlation between
corticosteroid resistance in individuals with asthma
and the expression levels of GR�.47 More importantly,
increased GR� in the airways has been detected in
patients who died of asthma.48 Indeed, by its ability to
act as a dominant-negative inhibitor of steroid action in
other cell types,49 GR� has been associated with corti-
costeroid resistance in different inflammatory diseas-
es,50 GR� overexpression in ASM cells also prevents
the capacity for corticosteroids to (1) induce transacti-
vation activity and (2) inhibit cytokine-induced proin-
flammatory gene expression.44

Short-term treatment of ASM cells with IFNs and
TNF-� inhibits, in a GR�-independent manner, the
capacity for corticosteroids to induce transactivation
partially through the cellular accumulation of inter-
feron regulatory factor-1 (IRF-1).51 IRF-1 is an early
response gene involved in diverse transcriptional reg-
ulatory processes,52 and a strong association was found
between IRF-1 polymorphism and childhood atopic
asthma.53 Early corticosteroid insensitivity seen after
short incubation with IFNs and TNF-� could be repro-
duced by enhancing IRF-1 cellular levels using consti-
tutively active IRF-1, which dose-dependently inhib-
ited glucocorticoid response element–dependent gene
transcription.51 Consistently, reducing IRF-1 cellular
levels using siRNA approach in TNF/IFN-treated
ASM cells significantly restored corticosteroid transac-
tivation activities. These findings show for the first
time that IRF-1 is a novel alternative GR�-independent
mechanism mediating corticosteroid insensitivity in-
duced by TNF-� and IFN. The fact that different stud-
ies showed that the expression of IRF-1 was increased
after viral infections,54 combined with the suppressive
effect of IRF-1 on corticosteroid signaling in ASM
cells,51 may, in part, explain the corticosteroid insensi-
tivity seen in patients with asthma after viral exacer-
bations.55

CONCLUSION
Asthma, an extraordinarily common lung disease, is

characterized by airway inflammation and reversible
airflow obstruction. In some patients, a loss of lung
function persists for years while in others, there is a
progressive loss of lung function. Despite the clinical
identification of patients who exhibit asthma persis-
tence and progression, the cellular and molecular
mechanisms that induce these phenotypes remain un-
clear. Recent ex vivo and in vitro systems using physi-
ologically relevant structural cells may be important
models for the identification of biomarkers and thera-

peutic approaches to prevent irreversible airflow ob-
struction. Evidence now suggests that combinations of
cytokines with TNF-� and IFN may induce a cortico-
steroid insensitivity in structural cells that may have
important therapeutic consequences for asthma pro-
gression and persistence.

REFERENCES
1. James AL, Palmer LJ, Kicic E, et al. Decline in lung function in

the Busselton Health Study: The effects of asthma and cigarette
smoking. Am J Respir Crit Care Med 171:109–114, 2005.

2. Lange P, Parner J, Vestbo J, et al. A 15-year follow-up study of
ventilatory function in adults with asthma. N Engl J Med 339:
1194–1200, 1998.

3. Peat JK, Woolcock AJ, and Cullen K. Rate of decline of lung
function in subjects with asthma. Eur J Respir Dis 70:171–179,
1987.

4. Phelan PD, Robertson CF, and Olinsky A. The Melbourne
Asthma Study: 1964–1999. J Allergy Clin Immunol 109:189–194,
2002.

5. Sears MR, Greene JM, Willan AR, et al. A longitudinal, popu-
lation-based, cohort study of childhood asthma followed to
adulthood. N Engl J Med 349:1414–1422, 2003.

6. Ulrik CS. Outcome of asthma: Longitudinal changes in lung
function. Eur Respir J 13:904–918, 1999.

7. Frieri M. Asthma concepts in the new millennium: Update in
asthma pathophysiology. Allergy Asthma Proc 26:83–88, 2005.

8. Frieri M. Advances in the understanding of allergic asthma.
Allergy Asthma Proc 28:614–619, 2007.

9. Bergeron C, and Boulet LP. Structural changes in airway dis-
eases: Characteristics, mechanisms, consequences, and pharma-
cologic modulation. Chest 129:1068–1087, 2006.

10. Boulet L, Belanger M, and Carrier G. Airway responsiveness
and bronchial-wall thickness in asthma with or without fixed
airflow obstruction. Am J Respir Crit Care Med 152:865–871,
1995.

11. Bumbacea D, Campbell D, Nguyen L, et al. Parameters associ-
ated with persistent airflow obstruction in chronic severe
asthma. Eur Respir J 24:122–128, 2004.

12. Capetandes A, Zhuang M, Haque FN, et al. Vascular endothe-
lial growth factor is increased by human pulmonary cells stim-
ulated with Dermatophagoides sp. extract. Allergy Asthma Proc
28:324–330, 2007.

13. Lazaar AL, and Panettieri RA Jr. Is airway remodeling clinically
relevant in asthma? Am J Med 115:652–659, 2003.

14. National Institutes of Health (NIH). Expert panel report 3:
Guidelines for the diagnosis and management of asthma. Na-
tional Asthma Education and Prevention Program, National
Heart, Lung, and Blood Institute, NIH U.S. Department of
Health and Human Services, NIH Publication No. 07-4051,
2007.

15. Frieri M, and Capetandes A. The effect of enantiomers of beta-
agonists on myofibroblast-derived vascular endothelial growth
factor and other matrix components in the presence of dust-
mite extract. Allergy Asthma Proc 29:182–188, 2008.

16. Puglisi G, Horne N, Huang YC, and Frieri M. Transforming
growth factor beta 1 (TGF-�1) production and expression from
ragweed stimulated human alveolar epithelial cells (A549):
Modulation by budesonide, formoterol, and levalbuterol. Ann
Allergy Asthma Immunol 94:165, Abstract P148, 2005 (Abs).

17. Panettieri RA Jr, and Kotlikoff MI. Cellular and molecular
mechanisms regulating airway smooth muscle cell physiology
and pharmacology. In Pulmonary Diseases and Disorders, 3rd
ed. Fishman AP, Elias JA, Fishman JA, et al. (Eds). New York:
McGraw-Hill, 107–117, 1998.

Allergy and Asthma Proceedings 107



18. Stewart AG, Tomlinson PR, and Wilson JW. Beta 2-adrenocep-
tor agonist-mediated inhibition of human airway smooth mus-
cle cell proliferation: Importance of the duration of beta 2-ad-
renoceptor stimulation. Br J Pharmacol 121:361–368, 1997.

19. Tomlinson PR, Wilson JW, and Stewart AG. Inhibition by sal-
butamol of the proliferation of human airway smooth muscle
cells grown in culture. Br J Pharmacol 111:641–647, 1994.

20. Tomlinson PR, Wilson JW, and Stewart AG. Salbutamol inhibits
the proliferation of human airway smooth muscle cells grown
in culture: Relationship to elevated cAMP levels. Biochem Phar-
macol 49:1809–1819, 1995.

21. Stewart AG, Harris T, Fernandes DJ, et al. �2-adrenergic recep-
tor agonists and cAMP arrest human cultured airway smooth
muscle cells in the G1 phase of the cell cycle: Role of proteasome
degradation of cyclin D1. Mol Pharmacol 56:1079–1086, 1999.

22. Musa NL, Ramakrishnan M, Li J, et al. Forskolin inhibits cyclin
D1 expression in cultured airway smooth-muscle cells. Am J
Respir Cell Mol Biol 20:352–358, 1999.

23. Fernandes D, Guida E, Koutsoubos V, et al. Glucocorticoids
inhibit proliferation, cyclin D1 expression, and retinoblastoma
protein phosphorylation, but not activity of the extracellular-
regulated kinases in human cultured airway smooth muscle.
Am J Respir Cell Mol Biol 21:77–88, 1999.

24. Bonacci JV, Schuliga M, Harris T, et al. Collagen impairs glu-
cocorticoid actions in airway smooth muscle through integrin
signalling. Br J Pharmacol 149:365–373, 2006.

25. Huang YC, Leyko B, and Frieri M. Effects of omalizumab and
budesonide on markers of inflammation in human bronchial
epithelial cells. Ann Allergy Asthma Immunol 95:443–451, 2005.

26. Hamid Q, Azzawi M, Ying S, et al. Expression of mRNA for
interleukin-5 in mucosal bronchial biopsies from asthma. J Clin
Invest 87:1541–1546, 1991.

27. Robinson DS, Hamid Q, Ying S, et al. Predominant TH2-like
bronchoalveolar T-lymphocyte population in atopic asthma.
N Engl J Med 326:298–304, 1992.

28. Frieri M, Therattil J, Wang SF, et al. Montelukast inhibits inter-
leukin-5 mRNA expression and cysteinyl leukotriene produc-
tion in ragweed and mite-stimulated peripheral blood mono-
nuclear cells from patients with asthma. Allergy Asthma Proc
24:359–366, 2003.

29. Lazaar AL, Albelda SM, Pilewski JM, et al. T lymphocytes
adhere to airway smooth muscle cells via integrins and CD44
and induce smooth muscle cell DNA synthesis. J Exp Med
180:807–816, 1994.

30. Liu AH. Endotoxin exposure in allergy and asthma: Reconciling
a paradox. J Allergy Clin Immunol 109:379–392, 2002.

31. Leung DY, and Bloom JW. Update on glucocorticoid action and
resistance. J Allergy Clin Immunol 111:3–22, 2003.

32. Hollenberg SM, Weinberger C, Ong ES, et al. Primary structure
and expression of a functional human glucocorticoid receptor
cDNA. Nature 318:635–641, 1985.

33. Ammit AJ, Hoffman RK, Amrani Y, et al. TNF�-induced secre-
tion of RANTES and IL-6 from human airway smooth muscle
cells: modulation by cAMP. Am J Respir Cell Mol Biol 23:794–
802, 2000.

34. John M, Hirst SJ, Jose PJ, et al. Human airway smooth muscle
cells express and release RANTES in response to T helper 1
cytokines. Regulation by T helper 2 cytokines and corticoste-
roids. J Immunol 158:1841–1847, 1997.

35. Pype JL, Dupont LJ, Menten P, et al. Expression of monocyte
chemotactic protein (MCP)-1, MCP-2, and MCP-3 by human
airway smooth-muscle cells. Modulation by corticosteroids and
T-helper 2 cytokines. Am J Respir Cell Mol Biol 21:528–536,
1999.

36. Pang L, and Knox AJ. Regulation of TNF-�-induced eotaxin
release from cultured human airway smooth muscle cells by
�2-agonists and corticosteroids. FASEB J 115:261–269, 2001.

37. Saunders MA, Mitchell JA, Seldon PM, et al. Release of granu-
locyte-macrophage colony stimulating factor by human cul-
tured airway smooth muscle cells: Suppression by dexametha-
sone. Br J Pharmacol 120:545–546, 1997.

38. McKay S, Hirst SJ, Bertrand-de Haas M, et al. Tumor necrosis
factor-� enhances mRNA expression and secretion of interleu-
kin-6 in cultured human airway smooth muscle cells. Am J
Respir Cell Mol Biol 23:103–111, 2000.

39. Ammit AJ, Lazaar AL, Irani C, et al. Tumor necrosis factor-�-
induced secretion of RANTES and interleukin-6 from human
airway smooth muscle cells: Modulation by glucocorticoids and
�-agonists. Am J Respir Cell Mol Biol 26:465–474, 2002.

40. Barnes PJ, and Karin M. Nuclear factor-�B—A pivotal transcrip-
tion factor in chronic inflammatory diseases. N Engl J Med
336:1066–1071, 1997.

41. Amrani Y, Lazaar AL, and Panettieri RA Jr. Up-regulation of
ICAM-1 by cytokines in human tracheal smooth muscle cells
involves an NF-�B-dependent signaling pathway that is only
partially sensitive to dexamethasone. J Immunol 163:2128–2134,
1999.

42. Belvisi MG, Saunders MA, Haddad E-B, et al. Induction of
cyclo-oxygenase-2 by cytokines in human cultured airway
smooth muscle cells: Novel inflammatory role of this cell type.
Br J Pharmacol 120:910–916, 1997.

43. Pang L, and Knox AJ. Effect of interleukin-1�, tumour necrosis
factor-� and interferon-� on the induction of cyclo-oxygenase-2
in cultured human airway smooth muscle cells. Br J Pharmacol
121:579–587, 1997.

44. Tliba O, Cidlowski JA, and Amrani Y. CD38 expression is
insensitive to steroid action in cells treated with tumor necrosis
factor-alpha and interferon-gamma by a mechanism involving
the up-regulation of the glucocorticoid receptor beta isoform.
Mol Pharmacol 69:588–596, 2006.

45. Sukkar MB, Issa R, Xie S, et al. Fractalkine/CX3CL1 production
by human airway smooth muscle cells: Induction by IFN-
gamma and TNF-alpha and regulation by TGF-beta and corti-
costeroids. Am J Physiol (Lung Cell Mol Physiol) 287:L1230–
L1240, 2004.

46. Sukkar MB, Xie S, Khorasani NM, et al. Toll-like receptor 2, 3,
and 4 expression and function in human airway smooth muscle.
J Allergy Clin Immunol 118:641–648, 2006.

47. Leung DY, Hamid Q, Vottero A, et al. Association of glucocor-
ticoid insensitivity with increased expression of glucocorticoid
receptor beta. J Exp Med 186:1567–1574, 1997.

48. Christodoulopoulos P, Leung DY, Elliott MW, et al. Increased
number of glucocorticoid receptor-beta-expressing cells in the
airways in fatal asthma. J Allergy Clin Immunol 106:479–484,
2000.

49. Oakley RH, Sar M, and Cidlowski JA. The human glucocorti-
coid receptor beta isoform. Expression, biochemical properties,
and putative function. J Biol Chem 271:9550–9559, 1996.

50. Pujols L, Mullol J, Torrego A, et al. Glucocorticoid receptors in
human airways. Allergy 59:1042–1052, 2004.

51. Tliba O, Damera G, Banerjee A, et al. Cytokines induce an early
steroid resistance in airway smooth muscle cells: Novel role of
interferon regulatory factor-1. Am J Respir Cell Mol Biol 38:463–
472, 2008.

52. Kroger A, Koster M, Schroeder K, et al. Activities of IRF-1.
J Interferon Cytokine Res 22:5–14, 2002.

53. Nakao F, Ihara K, Kusuhara K, et al. Association of IFN-gamma
and IFN regulatory factor 1 polymorphisms with childhood
atopic asthma. J Allergy Clin Immunol 107:499–504, 2001.

54. Mamane Y, Heylbroeck C, Genin P, et al. Interferon regulatory
factors: The next generation. Gene 237:1–14, 1999.

55. Yamada K, Elliott WM, Hayashi S, et al. Latent adenoviral
infection modifies the steroid response in allergic lung inflam-
mation. J Allergy Clin Immunol 106:844–851, 2000. e

108 March–April 2009, Vol. 30, No. 2



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


