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REVIEW

A Holy Grail of asthma management: toward
understanding how long-acting p>-adrenoceptor
agonists enhance the clinical efficacy of inhaled
corticosteroids
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There is unequivocal evidence that the combination of an inhaled corticosteroid (ICS)—i.e. glucocorticoid—and an inhaled
long-acting B,-adrenoceptor agonist (LABA) is superior to each component administered as a monotherapy alone in the
clinical management of asthma. Moreover, Calverley and colleagues (Lancet 2003, 361: 449-456; N Engl | Med 2007, 356:
775-789) reporting for the ‘TRial of Inhaled STeroids ANd long-acting p,-agonists (TRISTAN)’ and ‘TOwards a Revolution in
COPD Health (TORCH)’ international study groups also demonstrated the superior efficacy of LABA/ICS combination therapies
over ICS alone in the clinical management of chronic obstructive pulmonary disease. This finding has been independently
confirmed indicating that the therapeutic benefit of LABA/ICS combination therapies is not restricted to asthma and may be
extended to other chronic inflammatory diseases of the airways. Despite the unquestionable benefit of LABA/ICS combination
therapies, there is a vast gap in our understanding of how these two drugs given together deliver superior clinical efficacy. In
this article, we review the history of LABA/ICS combination therapies and critically evaluate how these two classes of drugs
might interact at the biochemical level to suppress pro-inflammatory responses. Understanding the molecular basis of this
fundamental clinical observation is a Holy Grail of current respiratory diseases research as it could permit the rational
exploitation of this effect with the development of new ‘optimized’ LABA/ICS combination therapies.
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Asthma and chronic obstructive pulmonary
disease—a brief introduction

Asthma
Asthma is a chronic inflammatory disease characterized by
reversible airways obstruction, airways remodelling and
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nonspecific airways hyperresponsiveness (AHR) (Johnson
et al., 2001; James, 2005). The inflammation in asthma is
multifaceted, often allergic and involves both infiltrating
leucocytes and structural cells. CD4" T lymphocytes are
believed to play a pivotal pathogenic role; they elicit a Th2-
driven inflammatory responses and, through orchestrating
pulmonary eosinophil recruitment, may contribute to air-
ways remodelling, which is a cardinal feature of this disease
(Cho et al., 2004; Humbles et al., 2004; Williams, 2004).
The prevalence of asthma is rising worldwide and this has



become the most common chronic disease in industrialized
nations with 5-10% of the population being affected (Gendo
and Lodewick, 2005). In the United States, asthma attacks
are a primary cause of hospitalization—497 000 discharges
due to asthma were recorded in 2004—and, in the preceding
year, were responsible for 4099 deaths (Krishnan et al., 2006)
(see www.lungusa.org/site/apps/s/content.asp?c = dvLUK900
E&b=34706&ct =3224077).

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a non-
specific term that embraces several debilitating inflamma-
tory pathologies that often coexist, and is characterized by
a slowly progressive and largely irreversible decrement in
lung function (Barnes, 2000; Hogg et al., 2004; Hogg, 2004).
Persistent chronic airflow limitation, usually associated with
airway collapse, oedema, mucus hypersecretion and fibrosis,
is present to a greater or lesser extent and accounts for the
wide spectrum of disease (Barnes, 2000; Hogg et al., 2004;
Hogg, 2004). COPD afflicts middle-aged and elderly people
(Briggs, 2004) and is caused, in approximately 95% of all
cases, by chronic cigarette smoking, although other environ-
mental insults such as the burning of biomass fuels are
also major risk factors (Barnes et al., 2003; Rabe et al., 2007b).
A recent systematic review and meta-analysis of studies
performed in 28 countries between 1994 and 2004 provides
compelling evidence that the prevalence of COPD is
appreciably higher in individuals who smoke or who are
ex-smokers when compared to subjects who have never
smoked (Halbert et al., 2006). Accordingly, COPD is largely
preventable and, in the early stages, its progression can be
arrested by smoking cessation. Unfortunately, the highly
addictive properties of nicotine in tobacco render most
individuals unable to renounce cigarette smoking despite
intensive interventions.

COPD is believed to be a neutrophilic inflammatory
disorder of the small airways and lungs (cf. asthma) that is
perpetuated, in part, by macrophages and possibly CD8" T
lymphocytes, particularly those of the Tc2 subset (Shapiro,
1999; Barnes, 2000; Chung, 2001; Jeffery, 2001a). In addition
to airways inflammation, many individuals with COPD also
demonstrate systemic inflammation that is positively asso-
ciated with disease severity (Sin and Man, 2007). As in
asthma, airways remodelling and AHR are characteristic
features of COPD (Hossain and Heard, 1970; Jeffery, 2001b;
Aoshiba and Nagai, 2004; Hogg et al., 2004; Hogg, 2004).
COPD has a long latency before symptoms become evident,
afflicts 9-10% of the population globally over the age of 40
years (Halbert et al., 2006) and is the only cause of mortality
that is increasing worldwide (Jemal et al., 2005). Indeed, by
2020, the Global Burden of Disease Study predicts that COPD
will be the third leading cause of death driven by the
expanding epidemic of cigarette smoking and changing
demographics, with more of the global population living
longer (Murray and Lopez, 1997; Lopez et al., 2006). Even in
2007, COPD is under-recognized, under-diagnosed and
under-reported (Shahab et al., 2006). Accordingly, COPD is
under-treated (Rabe ef al., 2007a).
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Current treatment options for asthma and COPD

Inhaled corticosteroids (ICSs) or, more correctly, glucocorti-
coids are the most efficacious therapy currently available for
the control of asthma (see www.ginasthma.org; Barnes,
2004). These drugs control symptoms, reduce exacerbations
and improve health status in most patients irrespective of
disease severity (Barnes, 2006a). Accordingly, ICSs are the
first-line therapy for all patients who use a f,-adrenoceptor
agonist inhaler more than once a day, and this is reflected
in all national and international guidelines for asthma
management (see www.ginasthma.org/Guidelineitem.asp??11 =
2&12 = 1&intld = 60; NHLBI, 1997, 2002; BTS/SIGN, 2003;
Lemiere et al., 2004). The efficacy of ICSs is due primarily to
the suppression of airways inflammation and associated
AHR. Acting via the glucocorticoid receptor (GR), ICSs
repress the expression of inflammatory cytokines, their
receptors, adhesion molecules and other disease-inducing
mediators. These effects of ICSs, and their ability to promote
apoptosis of many cell types including the eosinophil, act to
reduce pulmonary leucocyte burden and attenuate inflam-
mation (Barnes, 2001; Belvisi, 2004; Georas, 2004). Of
particular relevance is that ICSs suppress the pro-inflamma-
tory activity of airway epithelial cells and the underlying
smooth muscle, for which profound pro-inflammatory
roles are now recognized (Barnes, 1996; Schwiebert et al.,
1996; Panettieri, 2004). Indeed, the ability of epithelial and
smooth muscle cells to elaborate lipids, chemokines, cyto-
kines and pro-fibrotic mediators makes these tissues primary
and critical targets for the anti-inflammatory actions of ICSs
(Barnes, 1996; Schwiebert et al., 1996).

Unlike in individuals with asthma, ICSs appear to be of
relatively limited benefit in subjects with COPD. Although
there is some evidence that certain indices of pulmonary
inflammation (for example interleukin (IL)-8 levels in
bronchoalveolar lavage fluid, inducible nitric oxide synthase
expression) are suppressed by ICSs (reviewed in Sin and Man,
2007), the effect on mortality is far from clear (see Sin and
Tu, 2001; Soriano et al., 2002; Fan et al., 2003; Sin and Man,
2003; Suissa, 2003; Kiri et al., 2005; Tkacova et al., 2006).
Currently, there is only one published prospective trial of
ICSs in COPD that has been powered on mortality and,
contrary to retrospective analyses (Sin et al., 2005; Macie
et al., 2006), that study demonstrated that the rate of death
in subjects taking the ICS fluticasone propionate alone did
not differ from placebo and, in fact, showed an increased
incidence of pneumonia (Calverley et al., 2007). In contrast,
ICSs have unequivocal and clinically meaningful anti-
inflammatory efficacy in subjects with asthma and also
significantly reduce mortality (Panizza et al., 2006).

Despite the utility of ICSs in the management of asthma,
there is now persuasive clinical evidence, supported by basic
science, that chronic cigarette smoking in someway renders
asthmatic individuals relatively refractory to the anti-
inflammatory actions of ICSs (Chalmers et al., 2001, 2002;
Thomson et al., 2004, 2006; Thomson and Spears, 200S5).
It has been estimated that 28-30% of individuals with
asthma smoke cigarettes on a regular basis and that in these
individuals, the decline in lung function with age is more
rapid than in asthmatic subjects who do not smoke (Lange
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et al., 1998; James et al., 2005). Accordingly, disease control
in smoking asthmatics is more difficult to manage pharma-
cotherapeutically (Gilliland et al., 2006). Glucocorticoid
insensitivity in asthmatic smokers is also displayed systemi-
cally (Livingston et al., 2007). Thus, cutaneous vasoconstric-
tion measured as skin blanching following topical
administration of glucocorticoids is significantly reduced
in asthmatic individuals who smoke when compared to
asthmatic subjects who have never smoked (Livingston et al.,
2007). Significantly, both pulmonary and extra-pulmonary
insensitivity to glucocorticoids is restored in individuals
who stop smoking (Chaudhuri et al., 2006) indicating that
cigarette smoke blocks, at least in part, glucocorticoid action
in a potentially reversible manner. These data from asthmatic
individuals who smoke strongly imply that the relative
resistance of subjects with COPD to the anti-inflammatory
activity of ICSs is due either to constituents of cigarette smoke
per se or, more likely, to the presence of a cigarette smoke-
induced neutrophilic (that is, non-eosinophilic) inflamma-
tion that is relatively resistant to the beneficial effects of ICSs
(Green et al., 2002; Siva et al., 2007). However, it is currently
unclear whether the presence of neutrophilic airways inflam-
mation predicts a relative lack of clinical response to ICS/long-
acting B,-adrenoceptor agonist (LABA) combination therapies
and this requires thorough investigation.

LABA/ICS combination therapies: the seminal
clinical observation

In 1994, Greening et al. conducted a double-blind, parallel
group trial of 6-months duration in 426 asthmatic subjects
who were symptomatic despite maintenance therapy with
the ICS, beclomethasone dipropionate (BDP; 200 ug b.i.d.).
Subjects were randomized to receive salmeterol xinafoate
(50 pg b.i.d.) and BDP (200 pg b.i.d.; n=220) delivered via
separate inhaler devices, or BDP alone at a higher dose of
500pg (b.i.d.; n=206). Both treatment interventions sig-
nificantly improved lung function (that is, mean morning
peak expiratory flow rate (PEFR)), but the LABA/ICS
combination therapy was superior at all time points. Other
end points that favoured salmeterol/BDP over high-dose BDP
alone included diurnal variation in PEFR, daytime and night
time symptoms, and rescue bronchodilator consumption.
Significantly, there was no difference between the two
treatment groups in exacerbation rate indicating that
salmeterol, given chronically with BDP, was not associated
with any risk of asthma deterioration over the duration of
the study. Thus, the addition of salmeterol to a standard dose
of BDP was more effective clinically than increasing, by
2.5-fold, the dose of BDP (Greening et al., 1994).

Confirmation of effect

The superior clinical benefit of salmeterol and BDP given in
combination was confirmed subsequently in subjects with
more severe asthma in whom symptoms were not controlled
on BDP (500 pg b.i.d.) or equivalent (Woolcock et al., 1996).
In this double-blind, parallel group study of 6-months
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duration, 738 subjects at 72 centres were randomized to
receive either salmeterol (50 or 100 pg b.i.d.) in combination
with BDP (500pg b.i.d.), delivered by separate inhaler
devices, or BDP alone at a higher dose (1000nug b.i.d.).
Consistent with the results of Greening et al. (1994), subjects
taking either dose of salmeterol showed mean improvements
of >45 and >301min ! in their morning and evening PEFR,
respectively, which was markedly superior to that achieved
in individuals on the higher dose of BDP only (PEFR
morning: 161min~'; PEFR evening 61min '). Moreover,
rescue bronchodilator use and symptoms in those subjects
taking either dose of salmeterol were significantly lower
when compared with individuals in the BDP (1000 pg b.i.d.)
treatment group. There was no significant difference in the
clinical benefit afforded by the two doses of salmeterol,
suggesting that the higher dose (100pg b.i.d.) is supra-
maximal. Exacerbation rates did not differ among the three
treatment groups confirming, again, that there was no
deterioration in asthma control in those individuals taking
the combination therapy. Thus, the addition of salmeterol to
BDP was more effective clinically than doubling the dose of
BDP.

A possible criticism of these findings is that the design of
many trials that have evaluated the efficacy of ICS/LABA
combination therapies was biased towards finding a clini-
cally significant effect. Thus, one of the inclusion criteria
required for these clinical studies was the presence of
significant  (>12%)  post-bronchodilator  reversibility
(Pauwels et al., 1997; O’Byrne et al., 2001; Bateman et al.,
2004; Rabe et al., 2006). However, many patients with well-
controlled asthma have normal or near-normal spirometry,
and consequently the results from these studies may not
necessarily be applicable to such patients. However, if one
accepts that a fundamental characteristic of asthma is the
presence of variable airflow limitation, then it is reasonable
for investigators to list the presence of post-bronchodilator
reversibility as an inclusion criterion for their clinical
studies. Accordingly, the results of such trials are generally
applicable to the broader population of patients with
asthma. Moreover, studies of pharmacotherapies in asthma
have generally used post-bronchodilator reversibility as an
inclusion criterion, suggesting that any observed benefits,
including those with ICS and LABA combination therapies,
may only be generalized to those patients with suboptimal
asthma control and ongoing evidence of variable airflow
limitation. The reported clinical benefits may not necessarily
hold true for individuals with well-controlled asthma who
have normal or near-normal lung function. Conversely,
asthmatic subjects with chronic airflow limitation who do
not demonstrate significant post-bronchodilator reversibility
will also have been excluded from such studies. Therefore,
further targeted clinical trials with this population of
asthmatic subjects are warranted.

Superiority of LABA/ICS combination therapy is
class specific

Since the seminal report of Greening et al. (1994), many trials
have been conducted comparing the clinical effectiveness in



asthma of LABA/ICS combination therapies with a higher
dose of an ICS alone. What has emerged, unambiguously, is
that the clinical superiority of salmeterol and BDP in
combination over higher dose ICS alone is unequivocal
and class specific (that is, it is not peculiar to salmeterol or
BDP, but a generic effect of LABAs and ICSs when used in
combination). Indeed, meta-analyses of nine parallel group
trials in which the clinical efficacy and safety of salmeterol in
combination with either BDP or fluticasone were assessed
and compared to a higher dose of ICS given as monotherapy
led Shrewsbury et al. (2000) to conclude that ‘....giving
salmeterol to patients who have symptoms on at least 400 pug
BDP per day will result in better lung function, better control
of symptoms, less need for rescue medication, and fewer
exacerbations than increased doses of inhaled steroid’. This
conclusion was confirmed again in a multicentre, double-
blind, parallel group study of 6-months duration involving
496 symptomatic asthmatic patients with a history of
exacerbations on ICS (500-800pg b.i.d.). In that trial, Ind
et al. (2003) demonstrated that adding salmeterol (50pg
b.i.d.) to fluticasone propionate (250 ug b.i.d.) was clinically
superior to doubling the dose of the glucocorticoid. Thus,
the salmeterol/fluticasone combination significantly im-
proved mean morning PEFR by 42.11min~!, which was
more than twice the improvement achieved with fluticasone
given as a monotherapy at either 250 g (b.i.d.) or 500 g
(b.i.d.). Similar data in favour of the combination therapy
were also obtained when symptoms and exacerbation rate
were used as end points (Ind et al., 2003). The results of the
more recent Gaining Optimal Asthma controL (GOAL) study
has also confirmed the superiority of salmeterol/fluticasone
in combination in achieving greater asthma control than the
glucocorticoid alone (Bateman et al., 2004).

The clinical significance of these finding was endorsed
further when the landmark FACET (Formoterol And
Corticosteroids Establishing Therapy) study established that
combination therapy was also clinically superior to gluco-
corticoid alone when exacerbation rate was used as the
primary outcome measure. Indeed, the exacerbation rate in
subjects with moderately severe asthma was lower when the
LABA, formoterol (9pg b.i.d.), was added to low and high
dose of another glucocorticoid, budesonide (that is 100 or
400 pg b.i.d.) when compared to the ICS alone (Pauwels et al.,
1997). The clinical superiority of LABA/ICS combination
therapies also extends to subjects with mild persistent
asthma in whom the optimal treatment regime is uncertain.
Thus, the OPTIMA (Oxis and Pulmicort Turbuhaler In the
Management of Asthma) study convincingly demonstrated
that adding formoterol (4.5 pg b.i.d.) to low-dose budesonide
(100 ug b.i.d.) for 1 year in subjects with mild asthma was
more effective than doubling the dose of ICS in increasing
the time to first severe asthma exacerbation (O’Byrne et al.,
2001).

Delivery of LABA/ICS combination therapies by a
single inhaler device

Following confirmation of the efficacy and safety of LABAs
and ICSs administered in combination by separate inhaler
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devices, a number of studies were performed comparing the
efficacy and safety of salmeterol/fluticasone (Seretide/Advair;
GlaxoSmithKline, Stevenage, UK) and formotetol/budesonide
(Symbicort; AstraZeneca, Lund, Sweden) delivered by single
inhaler devices (reviewed by Miller-Larsson and Selroos,
2006). Although differences in the effectiveness of the
combination therapies between the different methods of
administration were reported in some studies, the balance of
evidence demonstrated similar efficacy and safety profiles
irrespective of whether the components of the combination
were delivered in single or separate inhalers (Zetterstrom
et al., 2001; Nelson et al., 2003). Accordingly, these single
inhaler devices are now increasingly used in asthma manage-
ment (Lyseng-Williamson and Plosker, 2003; Goldsmith and
Keating, 2004).

Formoterol/budesonide as a maintenance and
rescue therapy—a SMART approach to
asthma management

In 2005, O’Byrne et al. reported the results of a double-blind,
randomized, parallel group study of 12-months duration
(the Single Therapy in Adults and Young children (STAY)
study), which evaluated, in subjects with moderate to severe
asthma, whether replacing a short-acting B,-adrenoceptor
agonist rescue medication (terbutaline) with the combina-
tion of budesonide/formoterol as reliever would provide
both rapid symptom relief and reduce asthma exacerbations
(O’Byrne et al.,, 2005). The results of that study, which
involved 2760 subjects, demonstrated that, when formoter-
ol/budesonide was used both as a maintenance therapy and
on an as-needed basis for symptom control, the improve-
ment in lung function, symptoms and time to first exacer-
bation (the primary efficacy outcome measure of the study)
were greater than when formoterol/budesonide or high-dose
budesonide alone were used as a maintenance therapy,
with terbutaline, in both cases, as a rescue medication.
Significantly, the clinical benefit was also seen in children
with asthma (Bisgaard et al., 2006) where the efficacy of
combination therapies is, historically, less convincing
(Zimmerman et al., 2004). Subsequent studies have revealed
that this beneficial effect of budesonide/formoterol as main-
tenance and reliever requires both components of the
combination (Rabe et al., 2006). Collectively, these data
suggest that formoterol/budesonide in a single inhaler can
be used for maintenance and rescue and has been described as
the SMART (Symbicort for Maintenance And Reliever Therapy)
approach to asthma management (Bisgaard et al., 2006).

Towards a revolution in COPD health

In 2000, the first subject was recruited to participate in a
large (n=6112), prospective, randomized trial of 3-years
duration that was powered to compare against placebo
(n=1523) the effect of salmeterol (50pug b.i.d.; n=1521)
and fluticasone (500pug b.i.d.; n=1534) alone as mono-
therapies, and in combination (n=1533), on clinical efficacy
and all-cause mortality in COPD (Vestbo, 2004). The results
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of that study were reported in February 2007 (Calverley
et al., 2007). Compared to placebo, the combination therapy
significantly reduced exacerbation rates and improved
quality of life and spirometry. The combination therapy
also reduced the risk of dying from any cause by 17.5%,
although the pre-determined level of statistical significance
was missed by just 0.2% points (P=0.052). Although it is
possible that the salmeterol/fluticasone combination does
not prolong life and that the beneficial effects on exacerba-
tion rates, lung function and health status are independent
of mortality in COPD, the study may simply have been
underpowered to detect a statistically significant difference
in the primary end point of patient mortality. Indeed, as a
part of the study protocol, interim analyses were performed,
which increased the threshold required for significance
(Calverley et al., 2007). It is noteworthy that the results of
a recent Cochrane review (Nannini et al., 2007) indicating
that ICS and LABA combination therapy significantly
reduces all-cause mortality in COPD certainly supports the
view that the TOwards a revolution in COPD health
(TORCH) study was underpowered to detect a statistically
significant difference in the primary outcome. Thus, on
balance and statistics aside, the results of TORCH should be
considered within these limitations and in context with
several other studies that have demonstrated the superior
clinical efficacy of LABA/ICS combinations relative to either
drug alone on lung function, quality of life, dyspnoea, rescue
medication consumption, symptoms and exacerbations (see
for example, Mahler et al., 2002; Calverley et al., 2003a, b;
Hanania et al., 2003; Szafranski et al., 2003).

Implications for treatment

Based upon the results of a large number of clinical trials, the
recently updated GINA (Global INitiative for Asthma) guide-
lines now recommend combination therapies for asthma
where symptoms are not adequately controlled on low-dose
ICS (see http://www.ginasthma.org/Guidelineitem.asp??11 =
2&12 =1&intld=60). Indeed, a significant proportion of
asthmatic subjects who are treated with a moderate dose of
ICS remain symptomatic (FitzGerald et al., 2006; Peters et al.,
2007). In addition, the SMART approach to the treatment of
moderate to severe asthma is gaining general acceptance and
is already recommended as a treatment option in Canada,
Australia and the European Union (Buhl and Vogelmeier,
2007; O’Byrne, 2007). With regard to COPD, the results of the
TORCH study found that the combination of fluticasone
and salmeterol was clinically superior to the efficacy of either
agent given alone as a monotherapy (Calverley et al., 2007).
Although the reduction in all-cause mortality just missed
statistical significance (see above), it seems likely given the
clear benefit on lung function, quality of life, dyspnoea,
rescue medication consumption, symptoms and exacerba-
tions that current international guidelines will eventually be
amended to endorse the use of LABA/ICS combinations alone
or concurrently with the long-acting muscarinic receptor
antagonist (aka antimuscarinic), tiotropium bromide (Spiriva)
(Aaron et al., 2007) for the treatment of moderate/severe
COPD.
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The interaction of LABAs and ICSs: additive
or synergistic?

Despite the therapeutic advantages of LABA/ICS combina-
tion therapies, the mechanistic basis for their superior
efficacy remains vague. According to traditional dogma,
LABAs bind to cell surface By-adrenoceptors and augment the
activity of one or more isoforms of adenylyl cyclase by a
Gsa-dependent mechanism. This catalysis increases the intra-
cellular concentration of cAMP and activates cAMP-depen-
dent protein kinase (PKA) with ultimate functional con-
sequences that include bronchodilatation (Figure 1)
(Giembycz and Newton, 2006). In the context of this
classical pathway, there is good evidence that ICSs improve
Bz-adrenoceptor-mediated signalling in the lung. Indeed,
glucocorticoids increase B,-adrenoceptor density (Mak et al.,
19954, b), reduce functional desensitization of the receptor
(Chong et al., 1997) and enhance both Gso expression and
coupling to adenylyl cyclase (Kalavantavanich and
Schramm, 2000). Glucocorticoids also prevent the ability of
pro-inflammatory cytokines (for example IL-1) to render
tissues such as human airways smooth muscle (HASM)
hyporesponsive to B,-adrenoceptor agonists. Mechanisti-
cally, this is may relate to their ability to block the induction
of COX-2 and the subsequent synthesis of prostaglandin E,,
which is able to produce heterologous desensitization of
several receptors that couple through Gs, including the
B»-adrenoceptor (Pang et al., 1998; Moore et al., 1999). In
contrast, the mechanism(s) by which LABAs enhance
GR-mediated signalling is largely unexplored.

Data obtained with several different primary cells and cell
lines demonstrate that LABAs and glucocorticoids inhibit a
variety of pro-inflammatory responses and that, in combina-
tion, additivity is usually, but not exclusively, seen. Thus,
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Figure 1 Classical B,-adrenoceptor (B,-AR) signalling in which the
B2-AR couples via Gsa to adenylyl cyclase (AC) increases the
formation of cAMP and activates PKA to elicit responses, such as
the enhancement of GRE-dependent transcription. GRE, glucocorti-
coid response element; PKA, cAMP-dependent protein kinase.




salmeterol and formoterol attenuate IL-1B- and tumour
necrosis factor (TNF)-a-induced intercellular adhesion
molecule-1 and vascular adhesion molecule-1 expression
on human lung fibroblast and this effect is enhanced, in an
additive manner, by fluticasone and budesonide, respec-
tively (Silvestri et al., 2001; Spoelstra et al., 2002). Formoterol
and budesonide also block serum-induced proteoglycan
production from human lung fibroblasts and a seemingly
synergistic effect is seen when both drugs are used in
combination (Todorova et al.,, 2006). In human airway
epithelial cells, budesonide can suppress TNFa-induced
granulocyte/macrophage colony-stimulating factor release
by a mechanism that is enhanced by formoterol (Korn et al.,
2001; Lovén et al., 2007). Similar effects have been reported
with salmeterol on the inhibition, by fluticasone, of both
IL-8 and eotaxin release from HASM cells (Pang and Knox,
2000, 2001). Budesonide and formoterol have also been
shown to inhibit the generation of superoxide anions from
human eosinophils and that a combination of both drugs is
more effective than budesonide alone (Persdotter et al.,
2007). In the cells present in induced sputum, formoterol
and salmeterol may enhance beclomethasone-induced trans-
location of GR to the nucleus and suppress the release of
RANTES (regulated upon activation, normal T cell-expressed
and -secreted) and IL-8 (aka CCLS and CXCLS, respectively)
(Profita et al., 2005).

These general findings have been extended to studies in
which viruses were used as stimuli to assess the potential
efficacy of ICS/LABA combination therapies in exacerbations
of asthma and COPD. Thus, exposure of BEAS-2B cells (a
normal human bronchial epithelial cell line infected with a
hybrid virus composed of adenovirus 12 and simian virus 40)
to rhinovirus resulted in the elaboration of two factors
putatively involved in airway remodelling (vascular
endothelial growth factor, fibroblast growth factor-2) by a
mechanism that was inhibited by both fluticasone and, to a
lesser extent, salmeterol. Significantly, these two drugs acted
synergistically when used in combination (Volonaki et al.,
2006). Fluticasone and salmeterol have also been shown to
inhibit, in an additive or even synergistic manner,
rhinovirus-induced chemokine (RANTES, IL-8, IP-10 (inter-
feron-y-inducible protein of 10kDa; aka CXCL10), ENA-78
(epithelial cell-derived neutrophil-activating peptide of 78
amino acids, aka CXCLS)) release from BEAS-2B cells
(Edwards et al., 2006), and this enhanced efficacy seemingly
can be extrapolated to in vivo systems (Singam et al., 2006).
Indeed, the AHR and inflammation in sensitized mice
exposed to respiratory syncytial virus is more effectively
suppressed by the combination of salmeterol and fluticasone
than either drug alone. Finally, recent in vitro studies have
established that the rate of proliferation of HASM cells is
negatively regulated by glucocorticoids and a transcription
factor, CAATT-enhancer binding protein-a, that is activated
by LABAs (Roth et al., 2002). At low concentrations, the two
drugs in combination interact in an apparently synergistic
manner to suppress proliferation by increasing the expres-
sion of a negative cell cycle regulator, p21™*“/CP1) (Roth
et al., 2002). These are intriguing data as the rate of
proliferation of HASM cells taken from asthmatic subjects
is higher relative to cells retrieved from individuals without
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asthma (Johnson et al., 2001) and is attributable to a
deficiency, in the asthmatic myocyte, of CAATT-enhancer
binding protein-o (Roth et al., 2004). Although, collectively,
these studies demonstrate that a glucocorticoid and a LABA
in combination suppress indices of inflammation in an
additive or, possibly, synergistic manner, little information
has been published on the underlying molecular mechanism(s).
At least two plausible theories that are not, necessarily,
mutually exclusive may account for the clinical superiority
of LABA/ICS combination therapies over ICSs alone:

(i) LABAs and ICSs activate mechanistically-distinct path-
ways that combine to produce an additive response

(i) LABAs augment the activity of ICSs through a common
mechanism(s) to produce a synergistic response

Evidence for which of these premises might be more
important in explaining the enhanced efficacy of LABA/ICS
combination therapies comes from clinical studies. Thus,
despite the ability of LABAs to suppress in vitro several indices
of inflammation (see section above), they do not evoke
significant (clinically-relevant) anti-inflammatory effects
in vivo when given as a monotherapy (Roberts et al., 1999;
Howarth et al., 2000). This fact argues against separate
mechanisms that combine to elicit an additive effect as being
the only and more important mode of action. Conversely,
Pauwels et al. (1997), reporting for the FACET International
Study Group, found that formoterol reduced exacerbation
rate and asthma severity in patients taking inhaled budeso-
nide to a greater degree that those subjects who received the
same dose of budesonide as a single medication. Those data
suggest that, contrary to masking the underlying inflamma-
tion (a concern when B,-adrenoceptor agonists are adminis-
tered chronically as a monotherapy (reviewed by Sears and
Taylor, 1994)), LABAs enhance the clinical efficacy of ICSs to
a level that cannot be achieved by the ICS alone. Although
there are few in vivo studies in human asthmatic subjects
demonstrating that the combination of an ICS and a LABA
delivered by a single inhaler device has additive, or even
synergistic, anti-inflammatory effects compared with either
compound alone, such data are emerging. For example,
Duong et al. (2007) confirmed that the combination of
budesonide and formoterol was significantly better than
either component alone in attenuating the late asthmatic
response and AHR (measured as methacholine provocative
concentration increasing airways resistance by 20%)
following allergen challenge. These data are consistent with
the results of an earlier study conducted by O’Conner et al.
(2006), which found that the combination of budesonide
and formoterol reduced sputum eosinophilia, measured 7 h
post-allergen challenge, by a significantly greater degree
than achieved by budesonide alone. Moreover, in COPD,
persuasive evidence is available that the superiority of the
combination therapy is due to enhanced anti-inflammatory
activity (Barnes et al., 2006; Bourbeau et al., 2007). Thus,
although ICSs given as a monotherapy to subjects with
COPD do not reduce key pro-inflammatory cell numbers
resident within the lung (Keatings et al., 1996; Gizycki et al.,
2002; Hattotuwa et al., 2002), a significant widespread anti-
inflammatory activity has been noted with a LABA/ICS
combination therapy in both airway biopsies and in induced
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sputum (Barnes et al., 2006). Although these results do not
exclude the possibility that a component of the enhanced
clinical efficacy of ICS/LABA combinations is due to direct
bronchodilatation/bronchoprotection, this cannot be the
sole mechanism given the increasing evidence that combi-
nation therapies provide added clinical benefit, in terms
of attenuating both direct and indirect markers of airway
inflammation. Thus, collectively, these data favour an
interpretation in which positive interactions (synergy)
between LABAs and ICSs play a critical role.

Modelling the enhancement of ICS action by LABAs

Repression of inflammatory gene expression by ICSs is
believed to occur by at least two general mechanisms. The
classical repressive mode of glucocorticoid action is termed
transrepression in which the activity of key pro-inflamma-
tory transcription factors, such as nuclear factor-kB and
activator protein (AP)-1, is inhibited via direct interactions
with ligand-bound GR (Barnes, 2001; De Bosscher et al.,
2003). In this paradigm, the GR is thought to recruit histone
deacetylase(s) to the promoter regions of target pro-inflam-
matory genes (Barnes, 2006b). The resulting complex then
acts to ‘dampen down’ inflammatory gene transcription by
deacetylating both the chromatin in the immediate vicinity
of the promoter, and possibly of the GR itself, to facilitate
interaction with nuclear factor-xB for enhanced transrepres-
sion (De Bosscher et al., 2003; Barnes, 2006b; Ito et al., 2006).
In this context, there are data to suggest that glucocorticoids
may also negatively modulate histone acetylation and
that this effect is enhanced by LABAs (Nie et al., 2005).
Thus, although the mechanisms that govern glucocorticoid-
and/or LABA-dependent modulation of histone structure
remain undefined, it is possible that such processes may
represent a level of control that is common to both
glucocorticoids and LABAs and that can lead to effects on
inflammatory gene expression that are greater than that
produced by either drug alone.

In simple model systems, glucocorticoids are often
relatively weak (partial) inhibitors of inflammatory gene
transcription (Chivers et al., 2004), implying that processes
in addition to transrepression, including both post-transcrip-
tional and probably translational mechanisms, must be
operative to account for the anti-inflammatory effects seen
in bona fide models of inflammation (Newton, 2000; Stellato,
2004; Clark, 2007; Newton and Holden, 2007). In this
respect, the induction (transactivation) by glucocorticoids
of anti-inflammatory genes, which then repress pro-inflam-
matory processes, is now believed to be a major mechanism
of glucocorticoid action (Newton et al., 1998; Newton, 2000;
Lasa et al., 2002; Clark, 2003, 2007; Newton and Holden,
2007). Thus, glucocorticoids can rapidly, and very pro-
foundly, induce the expression of genes, such as mitogen-
activated protein (MAP) kinase phosphatase (MKP)-1 (aka
dual-specificity phosphatase 1). This enzyme is able to
dephosphorylate (inactivate) the three core mammalian
MAP kinases (p38 MAP kinase; extracellular signal-regulated
kinase-1 and extracellular signal-regulated kinase-2; and
c-Jun-N-terminal kinase) that are central to the induction
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of many pro-inflammatory genes. Indeed, MKP-1 is involved
in the ability of dexamethasone to repress growth-related
oncogene-a expression in HASM cells via inactivation of the
c-jun-N-terminal kinase signalling cascade (Issa et al., 2007).
Moreover, in vivo, the repression by glucocorticoids of pro-
inflammatory genes is significantly impaired in mkp-1-
deficient mice when compared to the wild-type control
littermates (Abraham et al., 2006). Although such effects
may involve MPK-1 acting to reduce the stability of pro-
inflammatory gene mRNAs (Clark, 2003), it is also likely that
MKP-1 acts at both transcriptional and translational levels
(Newton and Holden, 2007) (Figure 2). Another anti-
inflammatory gene that is markedly induced by gluco-
corticoids is glucocorticoid-inducible leucine zipper (GILZ),
which effectively represses the transcriptional activity of
both nuclear factor-xB and AP-1 (Mittelstadt and Ashwell,
2001; Eddleston et al., 2007). Thus, glucocorticoid-inducible
genes, operating at a variety of regulatory levels, have the
potential to repress the expression of pro-inflammatory
genes and this process of transactivation may operate in
concert with the more traditional mechanisms of glucocor-
ticoid action that involve transrepression.

The ability of LABAs to enhance the transactivation of
anti-inflammatory genes in human airway epithelial cells
was recently investigated in some detail. Kaur et al. (2007)
modelled this response by utilizing a classical glucocorticoid
response element (GRE)-dependent luciferase reporter con-
struct that was stably transfected into BEAS-2B cells (Chivers
et al., 2004). In this simple system, LABAs did not activate
the reporter (not shown), but, as is illustrated in Figure 3,
markedly potentiated glucocorticoid-induced transcription.
Thus, fluticasone activated the GRE-dependent reporter
in a concentration-dependent manner with a mean ECs of
2nM. Salmeterol, at a concentration (100 nM) that maximally
activated cAMP-response element-dependent transcription,
had no effect on the potency of fluticasone (mean
ECso=1.8nM), but augmented (2.1-fold at the En,) the
induction of the luciferase gene at all active concentrations
of fluticasone tested (Figure 3a). Comparable data were
obtained with formoterol and budesonide in combination
(Figure 3b; Kaur et al., 2007), demonstrating that in this
simple system, LABAs and glucocorticoids can interact
synergistically and that this is a class-specific effect. It
is noteworthy that this synergism at the level of
GRE-dependent transcription is not a peculiar property of
LABAs. Indeed, an identical interaction is found between
short-acting f,-adrenoceptor agonists (for example procater-
ol, salbutamol, terbutaline) and dexamethasone (Kaur et al.,
2007), indicating that it is the elevation of cAMP per se
that, in someway, augments glucocorticoid action. There-
fore, in the clinical setting a similar enhancement of
glucocorticoid action could be seen with short-acting B,-
adrenoceptor agonists, provided they are administered on a
regular basis.

In addition to enhancing GRE-dependent transcription,
salmeterol and formoterol were glucocorticoid-sparing in
this model (Kaur et al., 2007). Thus, both glucocorticoids at
their maximally effective concentration produced an 11.9- to
15.2-fold induction of the luciferase gene. However, in the
presence of salmeterol (100 nM) or formoterol (10 nM), which
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Figure 2 Enhanced expression of MKP-1, but not GILZ, may explain additive effects of LABA/corticosteroid combination therapies in the
repression of inflammatory gene expression. A schematic representation of the signalling cascades leading to inflammatory gene expression is
depicted with possible targets and sites of action for putative anti-inflammatory glucocorticoid-inducible genes. Activation of a pro-
inflammatory cascade, following binding of cytokine to its cognate receptor in the plasma membrane (pm), is shown occurring via a number of
kinases (K1-3). The signal crosses the nuclear membrane (nm) and leads to transcription factor (TF) activation and the production of
inflammatory gene mRNAs. Under the influence of further kinase cascades (here K1-3), the mRNA is stabilized and translated into protein.
Finally, many proteins (for example cytokines, chemokines) are exported into the extracellular space for biological function. Sites of action of
the two glucocorticoid-inducible genes, MKP-1 and GILZ, are indicated. MKP-1 is an inhibitor of the MAP kinase family of protein kinases and
may, therefore, impact on numerous cellular mechanisms, including the activation of transcription, mRNA stability and translation. GILZ
inhibits key inflammatory transcription factors (NF-kB and AP-1). AP-1, activator protein-1; GILZ, glucocorticoid-inducible leucine zipper; LABA,
long-acting B,-adrenoceptor agonist; MAP, mitogen-activated protein; MKP, mitogen-activated protein kinase phosphatase; NF-xB, nuclear

factor «xB.

were inactive by themselves, the same degree of gene
induction was achieved at a concentration of glucocorticoid
that was significantly lower (~10-fold if the ECyy of the
glucocorticoid response alone is taken as reference)
(Figure 3). This general effect in BEAS-2B cells is also seen
in primary HASM cells harbouring the same reporter
construct, indicating that the synergistic interaction be-
tween LABAs and ICSs is probably a characteristic of all
glucocorticoid-responsive cells that express p,-adrenoceptors
(Kaur et al., 2007).

Further studies also found that the enhancement by LABAs
of glucocorticoid-induced gene expression was abolished by
ICI 118,551 and was mimicked by forskolin, implicating a
process that requires B,-adrenoceptor-mediated activation
of adenylyl cyclase. Furthermore, the elevation of cAMP is
likely to result in the activation of the classical signalling
pathway (Figure 1) for the synergy between LABAs and
glucocorticoids was abolished in cells infected with an
adenovirus vector encoding a highly selective inhibitor of
PKA (Meja et al., 2004; Kaur et al., 2007).

Do LABAs enhance GRE-dependent transcription of
‘real’ genes?

A crucial detail to establish is whether the synergy between
LABAs and glucocorticoids obtained with the GRE-reporter
construct is representative of the induction, by combination
therapies, of real anti-inflammatory genes. If so, then the
process of enhanced transactivation, modelled using
the GRE-reporter, provides a compelling explanation for
the superior clinical efficacy of low-dose ICS/LABA combina-
tions when compared to high-dose ICS alone. This is
especially true in those clinical situations where the amount
of ICS given therapeutically is close to, or at the top of, the
dose-response curve. In this context, Kaur et al. (2007) have
examined the effect of LABAs on a number of glucocorticoid-
inducible genes expressed by airway epithelial cells to gauge
the credibility of the data obtained on the GRE-reporter
construct. Three of these are discussed here: GILZ, a gene
that when induced produces a protein that suppresses the
elaboration of pro-inflammatory cytokines from human
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further details. GRE, glucocorticoid response element; ICS, inhaled corticosteroid; LABA, long-acting B,-adrenoceptor agonist.

airway epithelial cells in response to a variety of stimuli
(Mittelstadt and Ashwell, 2001; Eddleston et al., 2007);
p57KIP2, which negatively regulates cell proliferation by
generating a potent, tight-binding inhibitor of several
cyclin-dependent kinase complexes involved in the G1 and
S phases of the cell cycle (Lee et al.,, 1995); and a dual
specificity phosphatase, encoded by MKP-1 (see above). As
shown in Figure 4a, exposure of BEAS-2B cells to dexametha-
sone increased p57*?? mRNA in a time-dependent manner
(12.9- and 26.5-fold at 6 and 18h, respectively), whereas
salmeterol had little, if any, effect (1.9- and 1.4-fold
induction at the same time points, respectively). When cells
were exposed to salmeterol and dexamethasone concur-
rently, a marked synergistic induction of p57KIP2 was evoked
at all time points up to 6h. Thereafter, the ability of
salmeterol to synergize with dexamethasone was lost,
which might be related to the relatively transient nature of
the cAMP signal. Thus, the effects of dexamethasone and
salmeterol on the expression of p57KIP2, alone and in
combination, closely resemble the data obtained with the
GRE-reporter construct (Figure 2). In contrast, although
dexamethasone similarly promoted a robust induction of
GILZ and salmeterol was inactive, the combination of both
drugs elicited an effect that was the same as the glucocorti-
coid alone (Figure 4b). In this situation, GILZ does not
behave in a manner predicted by the GRE reporter and,
therefore, may be subject to regulation by a more complex
glucocorticoid-regulatory region in its promoter. The other
gene described here is MKP-1. As shown in Figure 4c, MKP-1
was induced (6.6- to 11-fold) by dexamethasone at all time
points tested. However, in contrast to p57KIP2 and GILZ,
both forskolin and salmeterol induced MKP-1 expression at
1h (9.0- and 7.1-fold, respectively), although this effect had
waned dramatically by 2 h. Dexamethasone in combination
with either forskolin or salmeterol produced a significant
enhancement of MKP-1 expression over any drug alone
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(21.3- and 20.5-fold, respectively, vs 11.0-fold for dexa-
methasone alone), but these interactions were purely
additive and transient (that is the effect was lost 2h post-
treatment). Therefore, although MKP-1 is sensitive to
glucocorticoids and cAMP-elevating agents, these two classes
of drug act independently in the positive regulation of this
gene.

In several non-pulmonary tissues, glucocorticoids suppress
cell proliferation by a mechanism that involves the induc-
tion of p57KIP2 and may influence the expression of vascular
endothelial growth factor (Samuelsson et al., 1999; Matsuura
etal., 2002). It is possible, therefore, that the ability of LABAs
to enhance the induction of this gene by glucocorticoids
could be beneficial in asthma and COPD through its ability
to oppose or limit the process of airways remodelling where
airway epithelial and bronchial smooth muscle cells play
an important role (Hogg et al., 2004; James, 2005). However,
what is probably more important is the principle that other
glucocorticoid-induced genes may be activated in a syner-
gistic manner by LABA/ICS combination therapies. It has
been estimated that from 1 to 20% of genes in the human
genome are regulated by glucocorticoids and, of these,
about half are inducible (Galon et al., 2002; Planey et al.,
2003; Wang et al., 2003; Donn et al., 2007). Although a large
proportion of these genes are not directly induced by
glucocorticoids (that is through the binding of GR to
classical GRE site(s) in a promoter region), we suggest that
a clinically relevant fraction will, nevertheless, be synergis-
tically regulated by glucocorticoid and cAMP. Indeed, Kaur
et al. (2007) found that of nine genes that were dexametha-
sone inducible and were tested for enhancement by
B2-adrenoceptor agonists, two were regulated synergistically
in a manner that was similar to that shown by the classical
GRE reporter construct. Currently, the identity and function
of genes that are regulated in this way are largely unknown.
However, it is highly likely that the currently available LABA/
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ICS combination therapies co-induce many of these genes
and that, collectively, this may account for the superior
clinical activity of this treatment option in asthmatic
subjects in whom ICS alone provide an inadequate therapy.

Additive interactions between LABAs and
glucocorticoids

As described above, many investigations have shown that,
in the context of inhibiting pro-inflammatory responses,
LABAs and glucocorticoids interact in an additive, rather
than, synergistic manner. It is noteworthy, therefore, that
the data described by Kaur et al. (2007) may also provide an
explanation for this discrepancy. The expression of many
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pro-inflammatory genes is frequently controlled, to a
substantial degree, by MAP kinases, in particular p38 MAP
kinase and c-jun-N-terminal kinase (Kyriakis and Avruch,
2001). Conversely, these same genes are negatively regulated
by glucocorticoids by a mechanism that involves the
upregulation of MKP-1. Thus, by dephosphorylating p38
MAP kinase and c-jun-N-terminal kinase, MKP-1 reduces the
transcription, mRNA stability and translation of a plethora
pro-inflammatory genes that are induced by activators of
MAP kinase signalling (Clark, 2007; Newton and Holden,
2007). Thus, the additive interaction between salmeterol and
dexamethasone on the expression of MKP-1 in BEAS-2B cells
(Kaur et al., 2007) together with a report of a similar effect of
a LABA and glucocorticoid on MKP-1 promoter activity
(Usmani et al., 2005) provides an attractive explanation
for the additivity observed with LABA/corticosteroid
combinations in many in vitro studies.

Additivity or synergy?

Collectively, the data presented in this review imply that
LABAs are able to synergistically augment the transcription
of only a subset of glucocorticoid-sensitive genes, whereas
other genes may be unaffected. It is inevitable that the
degree to which LABAs enhance GRE-dependent transcrip-
tion is both time dependent and will vary from gene to gene.
Furthermore, there are genes, represented by MKP-1, that
are induced by both cAMP and glucocorticoid, and, in such
instances, the combination of both stimuli may produce a
purely additive response. In the final analysis, the categor-
ization of any particular glucocorticoid-inducible gene is
likely to be dependent on the nature of the relevant
glucocorticoid-responsive regions in the promoter of that
gene. In this context, only a relatively small fraction of
genuine glucocorticoid-inducible genes feature classical GRE
sites, whereas the remainder is regulated via composite sites
where GR binds DNA, often as a monomer, but also in
partnership with other transcription factors (So et al., 2007).
It is important to state that such interactions may be highly
complex (Newton and Holden, 2007; So et al., 2007) and will
not be adequately modelled by the simple GRE-reporter
construct described by Kaur et al. (2007). Thus, it is highly
likely that LABAs and glucocorticoids may interact in
the regulation of gene expression in ways that remain
unexplored.

How do LABAs enhance the action of ICSs?

Arguably, a major objective of combination therapy research
is to discover the molecular mechanism(s) by which LABAs
augment glucocorticoid action. LABAs have been shown to
enhance the translocation of the GR from the cytosol to the
nucleus, even in the absence of exogenous glucocorticoid
(Eickelberg et al., 1999; Roth et al., 2002; Profita et al., 2005;
Usmani et al.,, 2005) (although this effect is contentious;
see Lovén et al., 2007 and discussion below). This, so-called,
ligand-independent translocation, which is a well-recog-
nized action of cAMP on other steroid hormone receptors
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(Weigel and Zhang, 1998; Cenni and Picard, 1999), has been
reported in a variety of cell types relevant to the treatment of
respiratory diseases, including airways smooth muscle and
epithelial cells (Eickelberg et al., 1999; Roth et al., 2002;
Usmani et al., 2005). It has also been observed in vivo in
human subjects (Usmani et al., 2005). Historically, therefore,
it has been suggested that enhanced translocation of GR to
the nucleus may account for the superior clinical benefit of
LABA/ICS combination therapies (see Miller-Larsson and
Selroos, 2006). Further support for this assertion is that the
combination therapy is associated with increased binding of
the GR to GREs on target genes (Korn et al., 1998; Roth et al.,
2002), which could be consistent with the enhanced
GR/DNA binding seen in cells overexpressing PKA (Rangar-
ajan et al., 1992).

Despite these data, there is evidence from a number of
studies that question the overall importance of this mechanism.
Reference to Figure 3 shows that, although the LABAs
enhanced GRE-dependent transcription, they did not, by
themselves, activate the reporter and had no effect on the
potency of glucocorticoid (that is, the ECso values in the
absence and presence of LABA were not significantly
different). This finding supports the data obtained from
clinical studies where one would predict that the ligand-
independent translocation of GR to the nucleus evoked by
LABAs would be anti-inflammatory. However, this is not the
case (Roberts et al., 1999; Howarth et al., 2000). In addition,
the model depicted in Figure 3 shows that LABAs enhanced
GRE-dependent transcription in the presence of concentra-
tions of glucocorticoids that will promote the translocation
of all GR to the nucleus (Chivers et al., 2004; Lewis-Tuffin
et al., 2007). This finding is clinically relevant as there are
asthmatic subjects who are not well controlled on high
doses of ICSs where all GR is predicted to be in the nuclear
compartment. Indeed, >75% of the GR in airway epithelial
cells is found in the nucleus following the administration
of a moderate dose (800pg) of inhaled BDP to asthmatic
subjects (Usmani et al., 2005). In contrast, asthma control in
many of these same individuals may be achieved following
the administration of a LABA in combination with the same
ICS at a lower dose. Based on these data, it is difficult to
rationalize further GR translocation as the primary mechan-
ism for the improvement in asthma (and COPD) control
produced by the addition of a LABA, especially in those
individuals receiving high-dose ICS. Alternative explana-
tions are required.

One attractive possibility is that LABAs, by virtue of their
ability to elevate cAMP, increase the expression of functional
GRs. Indeed, pretreatment of human skin fibroblasts with
dibutyryl-cAMP increases, 2.6-fold, the number of specific
[*H]dexamethasone binding sites (Oikarinen et al., 1984).
Comparable data have been derived from rat hepatoma cells
treated with 8-Br-cAMP or forskolin in which GR number
was significantly increased by a mechanism attributable, at
least in part, to GR mRNA stabilization (Dong et al., 1989). Of
significance is that an increase in GR density is paralleled by
enhanced GRE-dependent transcription (Hirst et al., 1990;
Szapary et al., 1996; Zhang et al., 2007).

Another highly likely possibility, which is not mutually
exclusive with the mechanisms described in the previous
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sections, is that LABAs enhance GR-mediated transcription
by acting predominantly within the nucleus (that is on the
transcriptional process itself). This will be highly complex
involving numerous transcriptional cofactors and co-activa-
tors, changes in chromatin structure, acetylation, methyla-
tion and/or other modifications that impact on
transcription. More daunting, perhaps from a research
perspective, is that such effects are probably gene specific.
Nevertheless, in hepatoma cells, PKA has been shown to
stabilize the interaction of glucocorticoid-bound GR and
relevant transcription factors with DNA (Espinas et al., 1995).

Concluding remarks

The ability of LABAs to augment the efficacy of ICSs in
asthma to a level that cannot be achieved by a glucocorticoid
alone is a landmark clinical observation that may equally
well apply to other chronic airways inflammatory diseases,
such as COPD. Evidence is now available that LABAs, at least
in part, enhance the anti-inflammatory effect of ICSs
possibly by facilitating the GRE-dependent transcription of
anti-inflammatory genes. It is conceivable that LABAs may
act as powerful positive ‘allosteric’ modulators, which in
some way modify the conformation of glucocorticoid-bound
GR (and/or the binding of necessary cofactors and co-
activators) such that it interacts with DNA in a manner that
is optimized for the transcription of anti-inflammatory
genes. Clearly, an understanding of the molecular basis of
this fundamental clinical observation is a Holy Grail of
current respiratory diseases research, as it could permit the
rational exploitation of this effect with the development of
new ‘optimized’ LABA/ICS and, possibly, other novel
combination therapies.
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