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Abstract

History suggests B agonists, the cognate ligand of the Boadrenoceptor, have been used as
bronchodilators for around 5000 years, and B agonists remain today the frontline treatment for
asthma and Chronic Obstructive Pulmonary Disease (COPD). The  agonists used clinically today
are the products of significant expenditure and over a hundred year's intensive research aimed at
minimising side effects and enhancing therapeutic usefulness. The respiratory physician now has a
therapeutic toolbox of long acting B agonists to prophylactically manage bronchoconstriction, and
short acting B agonists to relieve acute exacerbations. Despite constituting the cornerstone of
asthma and COPD therapy, these drugs are not perfect; significant safety issues have led to a black
box warning advising that long acting p agonists should not be used alone in patients with asthma.
In addition there are a significant proportion of patients whose asthma remains uncontrolled. In
this chapter we discuss the evolution of B agonist use and how the understanding of p agonist
actions on their principal target tissue, airway smooth muscle, has led to greater understanding of
how these drugs can be further modified and improved in the future. Research into the genetics of
the Boadrenoceptor will also be discussed, as will the implications of individual DNA profiles on
the clinical outcomes of B agonist use (pharmacogenetics). Finally we comment on what the future
may hold for the use of B agonists in respiratory disease.

Introduction

[ agonists constitute the frontline treatment for both asthma and COPD. They exert their
bronchodilatory effects via B, adrenoceptors (BoARs) located on airway smooth muscle
(ASM) cells. Activation of these receptors results in ASM and thus airway relaxation viathe
molecular processes outlined later in the “Mechanisms of Action” section of this chapter and
also shown in figure 1. In addition to the receptors expressed on ASM cells, B,ARs are also
found on a number of other cell types within the lungs including epithelial cells, submucosal
glands, vascular endothelium, vascular smooth muscle and inflammatory cells including
mast cells, macrophages and eosinophils (Barnes, 2004).

The B,AR is a member of the G-protein coupled receptor (GPCR) family and was in fact the
first GPCR to be cloned (Dixon et al., 1986). In common with all GPCRs, it is composed of
seven transmembrane spanning domains and has an intracellular C-terminus and an
extracellular N-terminus. GPCRs have long been overrepresented as targets for drug therapy
with an estimated 30-50% of medicines acting via GPCRs either directly or indirectly
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(Garland, 2013). Both a historical and ongoing challenge in all drug development is of
course ensuring selectivity of beneficial over unwanted effects. The B-agonist story is no
different and many of the major side effects related to these drugs are due to cross-activation
of B1ARS, with activation of these leading to anxiety, tachycardia, tremor and sweating. As
we will describe later, there is increasing awareness of not only the selectivity for the B,AR
but within BoAR-mediated signalling pathways the need to select for “good” vs “bad”
effects. There is a third BAR subtype, the B3AR, however these are located predominantly in
adipose tissue and do not contribute to the adverse effects profile.

The history of B agonist use in respiratory disease is a fascinating one and the reader is
directed to a number of excellent reviews and books for further reading (Barnes, 2006, Chu
and Drazen, 2005, Jackson, 2009). It is thought that § agonist-mediated airway relaxation
was first used around 5000 years ago in Chinese medicine when the ephedrine-containing
plant ma huang was used to alleviate respiratory conditions. Ephedrine activates the 2AR
pathway indirectly via heightening activity of noradrenaline at BARs. However, in western
medicine it was not until the early twentieth century that ephedrine-mediated
bronchodilatory effects were described (Melland 1910 and as reviewed by Chu and
Drazen(Chu and Drazen, 2005)). Throughout the twentieth century further research and
enlightenment led to increased use of B agonists in respiratory disease particularly following
the introduction of the first pure (but nonselective between B1AR and B,ARs) B agonist,
isoprenaline (isoproterenol in the US), in the 1940s. Isoprenaline became the most
commonly used inhaled treatment for asthma in the next twenty years. Indeed, in just the ten
years following its availability as a metered dose inhaler in 1956, usage increased fourfold
(Jackson, 2009). However in the 1960s an epidemic of deaths across six countries, likely due
to usage of a higher dose form of isoprenaline led to the realisation that more refined
therapies were required. The first BoAR-selective agonist, salbutamol, was synthesised in
1968 by a team at Glaxo and, in addition to reduction of the side effects associated with non-
selective B agonist, isoprenaline, it was also superior in terms of duration of effect (Brittain
et al., 1968, Cullum et al., 1969). However, it still remains relatively short acting, and hence
is considered a short acting beta agonist or SABA. The same team at Glaxo proceeded to
further modify salbutamol producing salmeterol, capable of exerting its bronchodilatory
effect for up to 12 hours: this class of drugs was called long acting beta agonists, or LABAS
for short. The subsequently developed LABA formoterol was also shown to produce effects
for 12h and more recently the discovery of even longer acting f2AR agonists such as
indacaterol, has allowed for once daily dosing: these agents have therefore been called ultra
LABAs. Other drugs in these classes are discussed further below.

Whilst these longer acting B agonists constitute the cornerstone of treatment for people
with asthma and COPD, the manner in which their use is recommended differs dramatically.
In 2011 the US Food and Drug Administration (FDA) published a warning that, when
treating asthma, long acting B, agonists (LABAS) must only be used in combination with an
Inhaled Cortico Steroid (ICS). However for COPD, in at least some countries, LABA
monotherapy remains an option for frontline treatment. In addition the ultra-long-acting
agonist indacaterol is only indicated for COPD and not asthma at present. In the next section
we will explore the different classes of B agonists available and consider their current
clinical use.
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Clinical classification of p agonists

SABAs

LABAs

As discussed above, B agonists are grouped into three classes namely Short-Acting
Agonists (SABAS), Long-Acting B Agonists (LABAs) and Ultra-Long Acting B Agonists
(ultra-LABAS). Table 1 lists the B agonists used clinically. As suggested by the names
SABAs have short half-lives and are used as rapid relievers whereas LABAs and ultra-
LABAs provide sustained symptomatic relief due to their longer duration of action. As noted
above, LABA monotherapy for asthma is contraindicated due to safety concerns. The
prolonged duration of action of the LABAS currently used in clinical practice is not thought
to be due to a difference in receptor kinetics but rather retention within the cell membrane
and hence a continued presence of the drug near to the receptor.

SABA:s (e.g. salbutamol) delivered via metered dose or dry powder inhalers provide almost
instant symptomatic relief and are the frontline therapy in asthma to combat
bronchoconstriction and acute exacerbations. Their bronchoprotective effect is evident in
minutes and remains for 4-6 hours. These drugs are also available for oral administration in
some countries however this method is of less therapeutic value with the patient being more
prone to systemic side effects and it is thus rarely employed. SABASs are recommended to be
used only on an ‘as required’ basis rather than a regular basis in asthma and an escalation of
use should prompt clinicians to review patient management. British Thoracic Society (BTS)
guidelines currently recommend the use of inhaled SABAs “asrequired’ for mild intermittent
asthma in adults.

Similar to asthma, for COPD SABAs are recommended as the initial treatment for the relief
of breathlessness and exercise limitation (NICE clinical guidelines). As would be predicted
in a disease where reversibility is by definition limited, the efficacy in COPD of these agents
is less than in asthma.

BTS guidelines for adults with asthma recommend an inhaled LABA as the initial add-on
therapy in patients already taking a regular inhaled steroid but with inadequate control of
disease. Monotherapy with a LABA in asthma is contraindicated. This is due both to LABA
monotherapy proving less clinically effective than treatment with ICS but mainly due to the
safety issues highlighted in the “Adverse Effects” section of this chapter. If asthma is still
persistently poorly controlled even following increased dose of steroids, further add on drugs
are advised to be trialled including leukotriene receptor antagonists, slow release
theophylline or antimuscarinic agents including the new long acting muscarinic antagonists
(LAMAS) such as tiotropium.

LABAs are a frontline treatment for COPD. They are recommended to be offered as
maintenance therapy either alone (if FEV1=50% predicted) or certainly in the UK, more
commonly in combination with an ICS (if FEV1<50% predicted) (NICE guidelines). In
people with stable COPD and an FEV1=50% who remain breathless or have exacerbations
despite maintenance therapy with a LABA a combination inhaler comprising a LABA and
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ICS is also recommended. Long acting muscarinic antagonists (LAMAS) can be used
interchangeably with LABASs depending on the patients' symptomatic response and
preference in addition to the drug's potential to reduce exacerbations, its side effects and cost
(NICE guidelines).

Ultra-LABAS

The ultra-LABAindacaterol was given approval by the European Medicines Agency (EMA)
in 2009 and by the FDA in 2011 for the maintenance treatment of patients with COPD.
Indacaterol is delivered by inhalation as a dry powder and has a fast onset of action due to its
rapid absorption. In December 2014 a combination ultra-LABA/LAMA (indacaterol/
glycopyrronium bromide) was launched in the UK, also indicated for maintenance
bronchodilator treatments for patients with COPD. Also available in other European
countries, authorisation of this product in the US is ongoing. No specific NICE guidance
currently exists surrounding use of indacaterol as mono- or combination therapy in COPD.
Indacaterol has not yet been approved for use in the treatment of asthma however clinical
trials to ascertain its suitability for asthma therapy are ongoing.

Mechanisms of Action

The B2AR is the most exhaustively studied GPCR, with respect to both its signalling and its
regulation, and is therefore frequently referred to as the “prototypical GPCR.” Although for
a time there appeared to be a consensus as to what constituted “canonical” B,AR signalling,
recent studies identify a complexity of 2AR signalling that portends a new era of research
in B2AR biology and pharmacology.

Results from studies involving numerous cell and cell-free systems have contributed to the
description of canonical B2AR (Fig. 1), which also serves as an example of prototypical
heterotrimeric G protein signalling. Early studies by Gilman, Lefkowitz, Birnbaum, Bourne,
Perkins, and others (reviewed in (Penn and Benovic, 1998)) characterize transmembrane
signalling involving GPCR (B,AR), heterotrimeric G protein (Gs for the p,AR) and an
effector (adenylyl cyclase downstream of B,AR-Gs). Adenylyl cyclase mediates the
hydrolysis of ATP into cAMP, which in turn activates the cAMP-dependent protein kinase
(aka PKA (Protein kinase A)). PKA is the first discovered cAMP effector, and has been
shown to phosphorylate numerous intracellular substrates to effect various functions in a cell
type-dependent manner. This classical signalling paradigm resulting in PKA activation was
presumed to be the predominant pathway stimulated by p-agonists in all cell types; the
functional consequences of activation of this pathway depended on the specific PKA
substrates expressed in a cell and whatever downstream signalling/targets these substrates
regulate. Thus, functional diversity of B-agonist signalling was thought to be determined by
the stoichiometry of signalling elements, and signalling targets, in a given cell. For example,
in airway smooth muscle (ASM) important PKA substrates include various Gg-coupled
receptors, Gq, phospholipase C, myosin light chain kinase (MLCK), IP3 receptors, K Ca
channels, heat shock protein 20, and phosphorylation of each is believed to antagonize pro-
contractile Gg-coupled receptor signalling or directly inhibit mechanisms important to ASM
contraction. In addition, phosphorylation of the MAP kinase kinase kinase Raf-1 as well as
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the transcription factor CREB inhibits mitogenic signalling and pro-mitogenic gene
induction in many mesenchymal cell types to regulate cell growth (for an extensive
discussion of BoAR signalling and regulation in ASM cells, the reader is referred to
(Billington and Penn, 2003, Penn, 2008, Walker et al., 2011a)).

Although some instances of cAMP-independent B,AR signalling had been identified (Kume
et al., 1994), cAMP-dependent PKA actions were for years presumed to mediate most of the
functional consequences of BoAR activation. However, in 1998 the Bos laboratory
discovered the cCAMP effector Epac, which was able to activate the small GTPase Rapl in
the presence of PKA inhibition (Kawasaki et al., 1998). Epacl and Epac2 were determined
to be GTPase-activating proteins of Rapl, and subsequent studies identified various CAMP-
dependent/PKA-independent functions, attributable to Epac, in various cells (reviewed in
(Roscioni et al., 2008)).

The discovery of Epac has led to questioning of the widely held assumption that f,AR
actions in a given cell type are entirely PKA-dependent. In many instances, the functional
consequences of B-agonists or other agonists of Gs-coupled receptors in a given cell have
been dogmatically ascribed to PKA signalling, despite the lack of any direct evidence in
such cells. This lack of direct evidence stems from difficulties in selectively inhibiting PKA
in intact cells or tissue; all existing small molecular inhibitors lack specificity, and genetic
ablation of catalytic PKA is lethal (reviewed in (Morgan et al., 2014, Penn et al., 1999)).
Consequently, a role for PKA was often asserted when agents classically known to induce
intracellular cAMP (e.g., Gs-coupled receptor agonists, or forskolin (which activates
adenylyl cyclase downstream of GPCRs)) to activate PKA could generate a similar
functional effect to the agent/receptor in question.

This logic, and not direct evidence, was for years employed to assert a role for PKA in
mediating bronchorelaxation and growth inhibition of ASM. In 2011 Zieba et al. (Zieba et
al., 2011) demonstrated that Epac-selective cAMP analogues could relax contracted smooth
muscle, including ASM, presumably via inhibition of RhoA activity. Moreover, in rat aortic
smooth cells, B-agonist induced Rap1 activity that could be inhibited by Epacl knockdown.
This study raised the intriguing possibly that Epac is a novel therapeutic target for
obstructive lung diseases, and questioned long held beliefs regarding the mechanisms of
bronchodilatory actions of p-agonists. However, a recent study by Morgan et al. (Morgan et
al., 2014), employing molecular means of selective PKA inhibition demonstrated a clear,
dominant role of PKA in mediating the relaxant effect of p-agonists in both cell- and tissue-
based models of ASM contraction. This study, in addition to a prior study ascribing the anti-
mitogenic effect of Gs-coupled receptors in ASM to PKA(Yan et al., 2011), suggests that
indeed PKA is the main effector through which p-agonist promotes its therapeutic actions on
ASM, yet leaves open the possibility that Epac targeting has therapeutic utility.

To further complicate the story of B,AR signalling, an increasing body of evidence
accumulated over the last 15+ years demonstrates the ability of the AR to signal
independent of G protein activation. Most of these studies (recently reviewed in (Kenakin,
2011, Reiter et al., 2012, Walker et al., 2011a)) have focused on the ability of arrestin
proteins to function as a scaffold capable of coordinating signalling complexes and to initiate
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signaling events often distinct, and sometimes antithetical, to those mediated by G proteins
(see Figure 2). Arrestins were originally discovered as GPCR-interacting proteins that
function to both uncouple GPCRs from G proteins and to mediate GPCR internalization (for
recycling or lysosomal degradation)(Kang et al., 2014, Shenoy and Lefkowitz, 2011).
Prompted by the discovery of arrestin-dependent signalling, investigation into gualitative
signaling or biased agonism has exploded based on the underlying assumption that G
protein-dependent and —independent signalling events can be linked with distinct functional
outcomes, thus allowing a great range of function diversity (and possibly greater therapeutic
utility) among GPCR ligands.

Although the relevance of qualitative BoAR signalling in airway biology and disease is
unknown, studies of arrestin and PKA function in the airway have led to speculation that G
protein/PKA-dependent signalling is therapeutic to inflammatory lung disease such as
asthma, whereas arrestin-dependent signalling may be pathological (Penn et al., 2014,
Walker et al., 2011a). As noted above, B-agonist-stimulated Gs/PKA signalling in ASM
mediates bronchorelaxation through actions on ASM. Early studies by Walker et al
demonstrated that B-arrestin2 gene ablation inhibited the development of allergic
inflammation in a mouse model (Walker et al., 2003). More recent studies by Bond and
colleagues note that “antagonism ” of the B,AR, in the form of either certain B-blockers
(Callaerts-Vegh et al., 2004), BoAR gene ablation (Nguyen et al., 2009), or depletion of
systemic epinephrine (Thanawala et al., 2013), also thwarted the development of the asthma
phenotype (airway inflammation, mucous production, and airway hyperresponsiveness) in
mice sensitized and challenged with allergen. Interestingly, the unbiased p-blocker nadolol
(which functions as an inverse agonist for both G protein- and arrestin-dependent signaling
(Stallaert et al., 2012, Wisler et al., 2007)) was more effective than either (arrestin-activating
but G protein-inhibiting) carvedilol or alprenonol, suggesting that all “B-blockers” are not
equal, and that their functional effects may be linked to their signalling bias. Interestingly,
restoration of systemic B-agonist in (epinephrine-depleted mice) by infusion of formoterol
(capable of both G protein and arrestin signalling) fully restored the asthma phenotype in
allergen challenged mice (Thanawala et al., 2013). Finally, it is interesting to note that in a
pilot study, human asthmatics treated with nadolol exhibited a decrease in airway
hyperreactivity in the medium term (Hanania et al., 2007), although in a separate study
asthmatics treated with propranol (a p-blocker capable of promoting arrestin signalling)
showed no clinical improvement (Short et al., 2013).

Adverse Effects

Despite being used extensively for the treatment of asthma for over half a century, B-
agonists have an almost equally long history of adverse effects. Although the reasons for
such adverse effects are multiple, with some still unknown, the majority of adverse effects
can be attributed to either: 1) a lack of selectivity for the B,AR, resulting in “off-target”
effects mediated by either alpha or B1 adrenoceptors; or 2) ill-defined B,AR-mediated
effects that appear to involve either B,AR desensitization or exacerbation of airway
inflammation and its consequences. Although a thorough discussion of adverse effects
associated with B-agonist use is beyond the scope of this review, we will summarize below
the current consensus beliefs.
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a1AR agonism promotes several adverse effects of therapeutic relevance

Whereas numerous side effects including tachychardia, arrhythmia, tremor, and headache,
occurred with the early therapeutic use of nonselective B-agonists such as adrenaline
(activating both a and p adrenoceptors) and isoprenaline (activating both B, and BoARS),
receptor subtype discrimination enabled by the landmark studies of Ahlquist (1948) and
Lands et al. (1967) (Ahlquist, 1948, Lands et al., 1967) ultimately resulted in the
development of the B,AR -selective salbutamol and terbutaline. Waldeck (Waldeck, 2002)
provides an elegant history of the discovery and clinical application of bronchodilatoryp-
agonists and the work that facilitated increasing poAR subtype selectivity. And although it
should be recognized that essentially all currently used SABAs and LABAs used to treat
asthma are at least to some extent selective for the B,ARs, there is considerable variability in
the degree of selectivity (see Table 1). In addition the sensitivity of patients to experience
cardiovascular side effects with drug usage will also depend on individual characteristics
including the presence of absence of significant co-morbities such as ischaemic heart
disease.

Safety concerns over B agonist use in asthma prompted by mortality and morbidity data
are controversial, and the mechanistic basis for increased mortality/morbidity is poorly

understood

Mortality and morbidity are the adverse effects that have dominated the discussion of -
agonist safety for the last several decades. A recent review by Ortega and Peters (Ortega and
Peters, 2010) provides an excellent history and analysis of the various “epidemics”
associated with use of SABAs and LABASs as asthma drugs. As mentioned above, use of the
SABA isoprenaline in several countries was associated with increased adverse events and
mortality. Asthma-related mortality increased after the release of the SABA fenoterol in
New Zealand in 1976, yet subsequently waned after the drug was removed from the market
in 1989. In 1990, one of the first prospective trials of B agonist safety reported that regularly
scheduled fenoterol therapy resulted in worse asthma control than did as-needed (rescue)
fenoterol (Sears et al., 1990).

The safety of LABAs was also questioned shortly after their introduction, first in the
Nationwide Surveillance (SNS) Study, a prospective study which suggested a trend towards
asthma-related deaths associated with the use of salmeterol (Castle et al., 1993). These
results of the SNS Study appeared to be of sufficient concern to prompt numerous
retrospective and prospective studies. The critical study that heightened the debate of LABA
safety was SMART (Salmeterol Multicentre Asthma Research Trial), a prospective study of
salmeterol initiated by Glaxo Smith Kline in 1996. In 2002 an interim analysis of the data
demonstrated a 4.4-fold increase in death in those asthmatics receiving salmeterol compared
to those receiving placebo (Nelson et al., 2006). A subsequent meta-analysis by Salpeter et
al. analyzing results from 19 randomized placebo-control trials (including SMART) reported
significantly increased odds ratios for both in life-threatening exacerbations and asthma-
related deaths associated with LABA use (Salpeter et al., 2006).

Hotly debated since the SMART study and the Salpeter meta-analysis has been the
interpretation of the statistics, and the relevance of the study design, of SMART in
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addressing the question of LABA safety in people with asthma. Additional prospective
clinical studies of LABA safety (reviewed in Ortega and Peters (Ortega and Peters, 2010))
have resulted in conclusions asserting LABA safety in asthmatics. Regardless of the merits
of each side of the debate, the major consequence of the SMART study was to cause the US
FDA to question the safety the LABAS and issue a black box warning issued for the then
available LABAs (salmeterol and formoterol) in the United States. The FDA recommends
that labels incorporate the following:

. Use of a LABA alone without use of a long-term asthma control medication,
such as an inhaled corticosteroid, is contraindicated (absolutely advised against)
in the treatment of asthma.

. LABAs should not be used in patients whose asthma is adequately controlled on
low or medium dose inhaled corticosteroids.

. LABAs should only be used as additional therapy for patients with asthma who
are currently taking but are not adequately controlled on a long-term asthma
control medication, such as an inhaled corticosteroid.

. Once asthma control is achieved and maintained, patients should be assessed at
regular intervals and step down therapy should begin (e.g., discontinue LABA),
if possible without loss of asthma control, and the patient should continue to be
treated with a long-term asthma control medication, such as an inhaled
corticosteroid.

. Pediatric and adolescent patients who require the addition of a LABA to an
inhaled corticosteroid should use a combination product containing both an
inhaled corticosteroid and a LABA, to ensure adherence with both medications

Partly as a consequence of these concerns, in most European countries guidelines only
recommend use of LABAS in conjunction with co-administration of ICS in patients with
asthma.

What is the mechanistic basis for increased mortality and morbidity with B, agonist use in
asthmatics? Several possible explanations have been offered but empirical evidence
supporting them is largely lacking. The loss of drug effectiveness due to desensitization of
B2AR on ASM has been proposed often (reviewed in (Walker et al., 2011b). Indeed, B,AR
desensitization as evidenced by diminished beta-agonist stimulated intracellular signalling
and function (relaxation, inhibition of ASM proliferation and pro-inflammatory “synthetic”
functions) has been seen to occur with chronic B, agonist treatment in ASM cell, tissue, and
in vivo (mouse) models. Moreover, experimental strategies that inhibit mechanisms of B,AR
desensitization (involved GRK(Kong et al., 2008, Deshpande et al., 2014) and arrestin
molecules (Penn et al., 2001, Deshpande et al., 2008)) can mitigate B,AR desensitization
(signalling and function) in these models. These findings are consistent with a loss of
bronchoprotective effect (functional desensitization) with chronic p, agonist use in humans
(Bhagat et al., 1995, Cheung et al., 1992, Grove and Lipworth, 1995, Lipworth et al., 1998).
Thus the loss of asthma control associated with chronic B, agonist use causing B2AR
desensitization represents one attractive explanation for poorer control of disease in
asthmatics taking B, agonists.

Handb Exp Pharmacol. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Billington et al.

Page 9

A more recent explanation has emerged that relates to the qualitative signalling properties of
B2ARs mentioned above. BoAR signalling can occur via both G protein-dependent and
arrestin (G protein-independent) pathways. Murine studies of allergic lung inflammation
implicate a pathologic role for arrestins, and p,AR ligands capable of stimulating arrestin
signalling, but not those incapable of stimulating arrestin signalling. Those ligands capable
of stimulating arrestin signalling thus appear potentially important in promoting allergen-
induced inflammation (including mucous production) and AHR. Circulating epinephrine
appears to serve this critical permissive function, and specific AR ligands (e.g., nadodol)
capable of blocking epinephrine activation of the f,AR while themselves not activating
arrestin signalling are effective in blocking the development of the allergen-induced asthma
phenotype. Which cell types mediate p,AR- and arrestin- dependent inflammation are
unclear, although mucin-producing airway epithelia appear to have an important role
(Thanawala et al., 2013, Penn et al., 2014). Whether or not exogenous (B, agonists (e.g.
SABAs or LABASs when used therapeutically) exacerbate the facilitary pro-inflammatory
effects of endogenous epinephrine is unclear, but based on accumulating evidence (reviewed
in (Walker et al., 2011b) it does not appear that current therapeutic p, agonists have anti-
inflammatory effects (despite early assertions to the contrary).

Interestingly, these pathogenic effects of p,AR-mediated arrest insignalling are consistent
with an early hypothesis attempting to explain the loss of asthma control and safety concerns
associated with LABA use (Nelson, 2006): i.e. that beta-agonist fails to address underlying
inflammation but effectively bronchodilates via its direct actions on ASM. Ultimately, the
failure to reduce (and indeed perhaps exacerbate) inflammation creates the conditions for
life-threatening exacerbations.

Thus, as monotherapy B, agonists may fall short (and lack safety) for effective asthma
control in all but patients with very mild disease when as required SABA usage is
acceptable. Whether concomitant treatment with ICS addresses the possible neutral or pro-
inflammatory effects of B, agonists is not clear. Of note, the black box warnings exist for
combined (LABA+ICS) therapy as well, suggesting that sufficient evidence of ICS
addressing the LABA safety concern does not yet exist.

Pharmacogenetics and the B,AR

Pharmacogenetics is a term referring to the study of genetic factors on efficacy and side
effect profiles of drugs. The most common type of genetic variation in the human genome is
single nucleotide polymorphisms (SNPs) whereby one nucleotide is different at a given
position. The prevalence and functional and clinical significance of SNPs in the B2AR have
received exhaustive scrutiny over the last few decades. Nine SNPs have been found within
the B>AR gene, although only four result in amino acid substitutions because of redundancy
in coding for amino acids. The most studied SNP results in a change at the 16! amino acid
after the start codon of the BoAR, Gly16Arg. This was first identified in 1993 by Liggett and
colleagues (Reihsaus et al., 1993). Since 1993 there have been extensive efforts to identify
all the genetic variation present at the locus of the BoAR gene (ADRB2), resulting in the
identification of >50 variants within close proximity to the coding region for the gene. The
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possible functional effects of most of these variants are unknown, although many are likely
to have no functional consequences.

Of the four SNPs within the coding region of the gene which alter the amino acid sequence,
one, thevaline to methionine 34 substitution (Val34Met) is very rare and does not appear to
alter receptor function. Another rare polymorphism is the threonine to isoleucine 164
mutation (Thr164lle; allelic frequency around 2%). Very few individuals homozygous for
this polymorphism have been identified. However, when recombinant approaches in cell
based systems are studied, the Thr164lle variant produces marked alterations in the in vitro
behaviour of the receptor. Cells transfected with this form of the receptor display reduced
agonist binding to catechol ligands and also show altered receptor trafficking (Green et al.,
1993).

In contrast, the Arg16Gly and another nearby variant, glutamine to glutamate 27 (Glu27GlIn)
substitutions are common in the Caucasian population; allele frequencies at each locus are
between 0.3 and 0.7 (Litonjua et al., 2004). In /in vitro studies, Gly 16 homozygosity results
in increased receptor downregulation and homozygosity of Glu 27 in reduced receptor
downregulation following agonist stimulation compared with the control ‘wildtype’ receptor.
Because of linkage disequilibrium between the two SNPs, chromosomes carrying the Gly16
variant are more likely to also have Glu 27 (Dewar et al., 1998, Ramsay et al., 1999).

There have been multiple clinical studies addressing the potential contribution of ADRB2
polymorphism to both disease risk and clinical response to treatment. In general, although
some small studies have found associations between SNPs at ADRB2 (most frequently the
Argl16Gly and/or the GIn27Glu variants) and disease subphenotypes such as bronchial
responsiveness, large studies have generally failed to confirm associations (Hall et al., 2006).
In keeping with the probable lack of a causal role for ADRBZ polymorphism in asthma itself
was the failure to identify a signal at this locus in the large asthma genome wide association
studies which have been performed (Moffatt et al., 2010, Wan et al., 2012).

However, there is more debate about the potential contribution of either individual SNPs at
this locus, or combination of SNPs (haplotypes) to treatment response. Early studies
suggested an association between Arg16Gly and treatment response to regular SABA
administration. Although not consistent across all studies, several studies have found that
frequent or regular administering of SABAs impairs asthma control in patients with the
Argl6Arg genotype (Israel et al., 2004, Israel et al., 2000, Taylor et al., 2000, Basu et al.,
2009). Two small retrospective cohort studies also suggested that patients with the Arg16Arg
genotype had a worse response to salmeterol than patients with the Gly16Gly genotype
(Wechsler et al., 2006, Palmer et al., 2006); however, most larger retrospective and
prospective studies have not confirmed these results (Bleecker et al., 2006, Bleecker et al.,
2007, Bleecker et al., 2010, Wechsler et al., 2009).

Future Perspectives and summary

[ agonists continue to have a major role in the treatment of airflow obstruction, and despite
the concerns over their safety when administered in patients with asthma as monotherapy,
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when used in combination with inhaled corticosteroids they have proven effective and have a
good overall safety record. Improvements in the way these agents are used clinically, and the
development of novel agents with altered profiles offers potential to further refine the use of
this class of drugs. Whereas at present the widespread use of genetic profiles to dictate
treatment strategies for this class of drugs does not seem warranted, it is conceivable that a
better understanding of the pharmacogenetics of this drug class may result in stratified
approaches to treatment in the future in at least some conditions. The development of more
selective agents with longer durations of action will likely continue, although safety
concerns will still need to be assessed with each new drug profile, especially given the
signals seen in early clinical studies involving full agonists used at relatively high dosage.
Finally, opportunities exist to further modify the profile of B, agonists to select for biased
signalling; whether or not agents with relative selectivity for a given signalling pathway will
show clinical benefit over the agents in existing use remains to be explored.
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Figure 1. The classic B2AR signalling pathway
Binding of Bo-agonist to B2AR induces a conformational change allowing the a.-subunit of

the G-protein to dissociate and bind to adenylyl cyclase. Adenylyl cyclase is thus activated
and catalyses the formation of cyclic AMP (CAMP) from ATP. cAMP molecules bind to
PKA which induces the dissociation of the catalytic and regulatory subunitsfrom each other.
Once released, the PKA catalytic subunits phosphorylate and hence activate myriad cellular
targets which results in airway smooth muscle relaxation and hence bronchodilation.
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Figure 2. The pros and cons of poAR activation
As shown in Figure 1, activation of the ,AR induces bronchorelaxation (i.e. a beneficial

effect) via its activation of the adenylyl cyclase-cAMP-PKA pathway. In this Figure, parallel
deleterious effects are highlighted whereby the activation of p,ARs are controlled by
Barrestins. As shown in the left hand side pathway in this figure, following exposure to B,
agonists, BoARs are phosphorylated by G Protein Coupled Receptor Kinases (GRKs) and
rapidly desensitized meaning that regardless of continued B, agonist presence, CAMP
production is diminished. GRK regulates AR activity in part by uncoupling the p,AR
from the Ga subunit of the G protein but also by promoting the binding of Barrestin
molecules to the B,AR. Barrestin physically blocks further f,AR and Ga subunit interaction
and hence further prevents the beneficial, pro-relaxant signalling pathway shown in figure 1
and also, in shortened form, on the right hand side of this diagram. However, the GRK- and
Barrestin-mediated effects on cAMP signalling are not the only deleterious effects. parrestin
acts as a scaffold protein bringing together other molecules and initiating signalling via
pathways not involving G-proteins for example the MAPK pathway.
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Clinically used B, agonists with their respective times of onset of action, duration of effects, dosing regimen
and specificity at the 2 AR (Bo/p1). Doses given are for inhalation. Adapted from (Tamm et al., 2012, Baker,

2010, BNF)

| Onset of action

Duration of Effect |

Therapeutic Use

Specificity at B, AR (B,/f1)

SABAs

Salbutamol | <5min 3-6h 100-200pgAs required (up to 4 times per day) | 27
Terbutaline | <5min 4-6h 500ug As required (up to 4 times per day) 63
LABAs

Salmeterol | ~15min 12h 50-100ug Twice daily 3000
Formoterol | ~7min 12h 12-24ug Twice daily 150
Olodaterol | ~5min 12h 5ug Once daily 65
Vilanterol ~5min 12h 55pg Once daily 2400
Ultra-LABA

Indacaterol | ~5min 24h 150-300pg Once daily 16
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