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Preface

The discovery of adrenergic agonists and corticosteroids at the start of the 20th century has
provided the basis for much of the treatment of asthma. The last 50 years has witnessed
major advances in our understanding of asthma and significant improvement in these ther-
apeutic agents with respect to safety, efficacy and duration of action. Inhaled corticosteroids
(ICS), short and long acting �2-agonists (SABAs and LABAs) are now the mainstay of
asthma treatment as advocated by disease management guidelines. When used regularly,
ICS reduce both morbidity and  the addition of LABAs to the management plan appears to
improve control of moderate-to-severe asthma. Yet, despite the undoubted efficacy of this
combination for most patients, there remains �10% of the asthmatic population in whom
symptoms persist with considerable impact on quality of life and disproportionate use of
health care resources.

While ICS are highly effective in suppressing airway inflammation in asthma, they do
not influence the natural history of the disease even when started in early childhood and are
largely ineffective in virus-induced exacerbations and in those asthmatics who smoke. There
is also heterogeneous group of asthma patients who are genuinely refractory to corticos-
teroids. A few additional therapies are available and include methlyxanthines, anticholiner-
gics, cromones and leukotriene modifiers, but these are of variable efficacy. The introduction
of a monoclonal antibody that is able to block IgE effects in severe allergic asthma is a break-
through in asthma management but only for a limited number of patients.It should also be
remembered that ‘reagin’, the biological activity of IgE was first discovered in 1922 by
Prausnitz and Kustner and the biological activity of the leukotrienes, slow reacting sub-
stance (SRS), was recognised by Trethewie and Kellaway in 1938 and yet for both of these
“activities” a further 40–45 years elapsed before their molecular basis was discovered and a
another 15–40 years before the development of therapies that target these. One could legit-
imately ask why progress has been so slow in the development of new therapeutic agents in
this field. Part of the difficulty may be in the high dependency that the pharmaceutical and
biotechnology industries have placed on antigen challenge models both in animals and
humans to screen for anti-asthma activity whereas allergen/antigen driven responses rep-
resent only part of the asthmatic paradigm: diet, air pollutants, tobacco smoke, drugs and
viruses are all known to impact on the origins and progression of asthma. Much of the test-
ing of novel chemical activities has also been undertaken on “acute” models, whereas
asthma is often a chronic, albeit relapsing disease that often spreads across a lifetime. Some
of the therapeutic targets identified in these models such as neuropeptide antagonists, PAF
antagonists, bradykinin inhibitors, adhesion molecule antagonists, mast cell “stabilising”
agents and some cytokine blockers (e.g. anti-IL5) have all shown great promise in animal
models but have failed when tested in humans with asthma. The time has therefore arrived
to take a fresh look at asthma and at the novel therapeutic agents that are appearing on the
horizon, including biologicals that have proven so successful in other chronic inflammatory
diseases such as rheumatoid arthritis, inflammatory bowel diseases and psoriasis. 

Looking into the future, Asthma – Modern Therapeutic Targets provides readers with an
overview of possible new therapeutics in a field in need of innovation. The book is divided
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into four sections, each covering a particular theme. The first section provides a series of
contributions on a number of approaches targeted towards specific autocoid mediators
(including newly identified mediators such as adenosine), and transcription factors.
Increasingly, tissue injury and disordered repair is being recognised as important in asthma,
with the airways behaving like a ‘chronic wound’. Thus, the second section of the book
focuses on proteases and their inhibitors as novel therapeutic targets. Although simple neu-
ropeptide receptor antagonists have been proven to lack efficacy, the next section under-
scores the fact that there is a resurgence of interest in modulating neural pathways. Given
that asthma is an inflammatory disorder with a strong immunological basis, the book ends
with a section focusing on some exciting new immunological molecular targets, including
cytokines (with a particular focus on a newly identified target in corticosteroid refractory
asthma – TNF�), chemokines, and IgE.

The range of subjects covered and the level of imagination required to make each section
a stimulating and educational read has called for remarkable commitment from a large
number of leading experts from the pharmaceutical industry and academic world. We
would like to acknowledge their considerable contributions to this book without whose
help, this collection of informative and up-to-date reviews would not have been possible.

We hope that you will find this book interesting and helpful, and that it will give as much
enjoyment to you, the reader, as we have had in its design and editing. Finally, and most
importantly of all, our hope is that this new publication shows that the field of novel asthma
therapies has a most promising future and that it may be of assistance in the process of find-
ing better therapies for our patients with asthma both now and in the future.

Riccardo Polosa
Stephen T. Holgate

x Preface
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Section I
Autocoids and their receptors in airway diseases
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1
Adenosine receptors: novel molecular 
targets in asthma
D. Zeng, R. Polosa, I. Biaggioni, L. Belardinelli

INTRODUCTION

Adenosine is proposed to play a pro-inflammatory and immunomodulatory role in the
pathogenic mechanisms of chronic inflammatory disorders of the airways such as asthma
and chronic obstructive pulmonary disease (COPD) [1, 2]. Elevated levels of adenosine are
present in chronically inflamed airways [3, 4]. Inhaled adenosine causes dose-dependent
bronchoconstriction in subjects with asthma [5] and COPD [6]. Mice with genetic deletion of
the adenosine deaminase (ADA) gene [7] or over-expression of interleukin (IL)-13 cytokine
[8] in the lung develop features of pulmonary inflammation and airway remodelling with
concurrent increases in tissue levels of adenosine in the lung. This and other evidence sum-
marized in this article suggest that adenosine plays an important role in the initiation and
progression of inflammatory disorders of the airways. Because adenosine exerts its multiple
biological activities by activating four adenosine receptor subtypes, selective activation or
blockade of these receptors may lead to therapeutic benefit in the management of pul-
monary diseases. Several agonists and antagonists to the adenosine receptors are currently
in pre-clinical and clinical development for the treatment of asthma and COPD. In this
chapter, we review the rationale of targeting adenosine receptors and the current status of
adenosine ligands in development.

ROLE OF ADENOSINE IN PULMONARY DISEASES

Adenosine modulates numerous cardiovascular functions [9] and is currently used clin-
ically as a rapid intravenous bolus for the acute termination of re-entrant supraventricular
tachyarrhythmias (Adenocard) and used with radionuclide imaging of the heart to detect
under-perfused areas of myocardium as a diagnostic test to detect coronary artery disease
in patients unable to exercise (Adenoscan). In the last two decades, it has been recognized
that adenosine may also play a critical role in the pathogenesis of chronic inflammatory
disorders of the airways such as asthma and COPD. Elevated levels of adenosine are pres-
ent in chronically inflamed airways; they have been observed both in the bronchoalveolar

Dewan Zeng, PhD, Director, Translational Biomedical Research, CV Therapeutics, Inc., Palo Alto, California, USA

Riccardo Polosa, MD, PhD, Professor of Internal and Respiratory Medicine, Department of Internal Medicine,
University of Catania, Catania, Italy

Italo Biaggioni, MD, Professor, Medicine and Pharmacology, Vanderbilt University, Nashville, Tennessee, USA

Luiz Belardinelli, MD, Senior Vice President, Pharmacology and Translational Biomedical Research, Department of
Pharmacology, CV Therapeutics, Inc., Palo Alto, California, USA
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lavage fluid (BALF) [3] and the exhaled breath condensate [4] of patients with asthma.
Adenosine levels are also increased after allergen exposure [10] and during exercise in
atopic individuals [11]. The observed increases in adenosine concentrations suggest that
adenosine signalling may regulate aspects of acute and chronic airway disease.

The acute effect of adenosine on bronchoconstriction is well-established by now.
Adenosine administration by inhalation was shown to elicit concentration-dependent bron-
choconstriction in subjects with asthma whereas the nucleoside had no discernible effect on
airway calibre of normal individuals [5]. Since this initial observation, a considerable effort
has been directed at revealing the cellular and molecular mechanisms of adenosine-induced
bronchoconstriction [1, 2]. One of the proposed mechanisms involves an interaction
between adenosine and activated airway mast cells with subsequent release of preformed
and newly formed mediators [12] (Figure 1.1). In addition to mast cells, other cells may also
play a role in adenosine-mediated bronchial hyperresponsiveness (BHR). The observation
that adenosine-mediated BHR is reduced but persistent in mast cell-deficient mice supports
the existence of a mast cell independent mechanism [13].

Consistent with the hypothesis of adenosine playing a critical role in the pathogenesis of
chronic inflammatory disorders, mice deficient in ADA develop features of severe pul-
monary inflammation and airway remodelling in association with increases in adenosine
concentrations in the lung [7]. Features of the pulmonary phenotype noted include the
following: (1) the accumulation of eosinophils and activated macrophages in the airways,
(2) mast cell degranulation, (3) mucus metaplasia in the bronchial airways, and (4)
emphysema-like injury of the lung parenchyma. Although the histological observation in
ADA-deficient mice does not completely resemble that of human asthma due to the lack of
epithelial shedding, subepithelial fibrosis, or muscle/submucosal gland hypertrophy, the
ADA-deficient mouse model is a useful tool to study the pathogenic role of adenosine in
chronic airway inflammation. The central role of adenosine in chronic lung inflammation is
also supported by studies carried out in mice that have increased levels of IL-13 in the lung.
These mice develop inflammation, fibrosis, and alveolar destruction concurrently with
increases in adenosine concentrations in the lung [8]. Treatment with polyethylene glycol

2 Asthma: Modern Therapeutic Targets

Nerve endings
SP/NK
release

Axon
reflex

Cholinergic
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Acetylcholine Histamine
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leukotriene C4
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Figure 1.1 Proposed mechanisms for adenosine-induced bronchoconstriction. Stimulation of specific adenosine
A2B receptors by adenosine activates airway mast cells to release pro-inflammatory mediators some of which (e.g.
histamine, prostaglandins and leukotrienes) act as potent bronchoconstrictors in vivo (modified from reference
[79]). Note that mast-cell derived mediators are largely implicated in the airway response to adenosine (largest
arrow), whereas the role of neural pathways is negligible (smallest arrow). NK � neurokinins; SP � substance P.
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adenosine deaminase (PEG-ADA) to prevent the increases in adenosine concentrations
result in a marked decrease in the pulmonary phenotypes suggesting that adenosine medi-
ates IL-13-induced inflammation and tissue remodelling in this experimental model.

An important clinical development in this research area is the use of an adenosine (or
AMP) inhalation challenge as a diagnostic test for asthma and COPD [14, 15]. Unlike BHR
to methacholine, which is related to the changes in airway calibre, BHR to inhaled AMP
seems to be more sensitive to treatment with inhaled corticosteroids (ICS) [16]. In addition,
AMP provocation also increases the release of serum neutrophil chemotactic factor [17] and
induces sputum eosinophilia [18]. Moreover, inhalation challenge with AMP appears to be
useful at establishing the appropriate dose of ICS needed to control airway inflammation, or
at predicting safe dose reductions of ICS in patients with mild-to-moderate asthma [19]. The
growing body of evidence supports the hypothesis that BHR to inhaled AMP may reflect
the inflammatory status of allergic patients and could be useful in evaluating the effective-
ness of different treatment regimens with ICS and monitoring corticosteroid requirements
and dose selection in asthma treatment [20].

ADENOSINE RECEPTOR SUBTYPES

Extracellular adenosine elicits its biological effects by interacting with four cell surface 
G protein-coupled receptors designated as A1, A2A, A2B, and A3 adenosine receptors [21]. The
genes for these receptors have been cloned from human and several animal species. Tissue
distributions of these receptors have been determined at the mRNA level using Northern
blot or in situ hybridization techniques, or at the protein level using subtype-selective
radioligands or antibodies. In general, these receptors are widely expressed. For example,
high levels of A1 receptors are found in brain, adipose tissue and atria, whereas high levels
of A2A receptors are found in spleen, thymus, striatum, and blood vessels [22, 23]. In addition,
these receptor subtypes are often found to co-express in the same tissues or even on the
same cell types. The relative expression levels of these receptors have been found to be
modulated by physiological and/or pathological tissue environments [24–29]. It remains
challenging to attribute the actions of adenosine to specific receptor subtypes based on the
distribution of these receptors.

The four adenosine receptors also differ in their coupling to G proteins and the intracel-
lular signalling pathways they activate [21]. In most cells, A1 and A3 receptors couple to Gi/o
and inhibit the adenylate cyclase (AC), whereas A2A and A2B receptors couple to Gs pro-
teins and increase AC activity and intracellular cyclic AMP (cAMP) levels (Figure 1.2). While
the AC–cAMP-protein kinase A axis is the most well-studied second messenger system
involved in adenosine receptor function, it is clear that adenosine receptors utilize other
signalling pathways as well. These include members of the mitogen-activated protein kinase
(MAPk) family, such as p38, p42/p44 (ERK 1/2), and c-Jun terminal kinase, as well as vari-
ous phospholipases, protein phosphatases, and ion channels.

Although adenosine is the natural agonist for these four receptor subtypes, its ability to
activate these receptor subtypes varies. In many tissues, A1 and A2A receptors have rela-
tively higher receptor reserves for adenosine, and can be activated by the physiological lev-
els of adenosine, and thus mediate the tonic actions of adenosine [27–29]. On the other
hand, A2B and A3 receptors appear to have relatively lower affinities and/or receptor
reserves for adenosine and require higher concentrations of adenosine for their activation.
However, it is hypothesized that the tissue adenosine levels in many pathological condi-
tions are increased to sufficiently high levels to activate the A2B and A3 receptors.

Numerous subtype-selective agonists and antagonists of adenosine receptors have been
synthesized and are used as pharmacological tools [21]. Although these ligands were classi-
fied as selective ligands based on their differential binding affinities for the four adenosine
receptors, these compounds are often not well characterized functionally in biological sys-

Adenosine receptors 3
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tems and many have been found not to be as selective as originally suggested. There are
pharmacological reasons for the lack of functional selectivity. For example, potencies of an
agonist for a given receptor subtype could vary from one tissue (or cell) to another depend-
ing on receptor reserve, receptor expression levels and coupling efficiencies. As mentioned
above, adenosine receptors are widely distributed and their expression levels are often
modified during disease processes. This certainly adds complexity in predicting functional
selectivity of agonists. In the case of antagonists, the functional blocking effects of competi-
tive antagonists are related to the tissue adenosine levels. If the adenosine levels are too low
to activate a given receptor, antagonists for this receptor would not have any functional
effects, regardless of their binding affinities. In addition to these pharmacological issues, the
pharmacokinetic properties of these compounds need to be considered when using them as
‘selective’ ligands in vivo. In many cases, the half-life and tissue distributions of these
compounds are poorly understood, making it difficult to draw conclusions on the role of
receptor subtypes based on the absence of effects of ‘selective ligands’ in animal models
(Table 1.1). In spite of these limitations, selective agonists and antagonists are commonly
utilized to establish the functions mediated by adenosine receptor subtypes.

RATIONALES OF TARGETING ADENOSINE RECEPTOR SUBTYPES

Asthma and COPD are complex diseases sharing clinical heterogeneity and a number of
pathogenic traits, which include variable degree of airflow obstruction, BHR, and chronic
airway inflammation [30–32]. Many cell types that play important roles in the pathogenesis
of chronic inflammatory airway diseases are known to express adenosine receptors. These
cell types include various inflammatory cells, such as mast cells, eosinophils, lymphocytes,
neutrophils, and macrophages, and the structural cells in the lung, such as bronchial epithe-
lial cells, smooth muscle cells, lung fibroblasts, and endothelial cells. In addition, numerous
animal models have been used to assess the contribution of adenosine and its receptor sub-
types in the pathology of pulmonary diseases. The most commonly used models are aller-
gic animal models and genetically modified models including receptor knockout mouse
models and the ADA-deficient mouse model.

4 Asthma: Modern Therapeutic Targets
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Figure 1.2 Adenosine signalling pathways. In most cell systems, adenosine binding to A1 and A3 receptors
results in the inhibition of AC with overall reduction of cAMP levels. On the other hand, the canonical
signalling mechanism of adenosine A2A and A2B receptors is the stimulation of AC with increase in cAMP levels
via coupling to stimulatory G proteins (Gs). However, adenosine A2B and A3 receptors can, in addition, elevate
inositol (1,4,5)-trisphosphate (IP3) levels via Gq activation.
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A1 ADENOSINE RECEPTOR

The early evidence suggesting a role of the A1 receptor in asthma came from experimen-
tal work using an allergic rabbit model [33]. In this model, aerosolized adenosine caused
dose-dependent bronchoconstriction in rabbits sensitized with allergens but not in non-
immunized animals. In addition, adenosine produced contractions of tracheal and bronchial
smooth muscles isolated from the sensitized animals [34]. Pharmacological studies using
selective agonists and antagonists revealed that this effect of adenosine was mediated by the
A1 subtype [33]. Furthermore, the expression of the A1 receptor was increased in smooth
muscles of the allergic rabbits suggesting that the acute bronchoconstriction effect of adeno-
sine in this model was mediated by the A1 receptors on bronchial smooth muscles. Two
potential therapeutic agents were tested in this allergic rabbit model; EPI-2010, which is a
21-mer antisense oligodeoxynucleotide targeting the adenosine A1 receptor [35], and 
L-97-1, which is a small molecule A1 receptor antagonist [36]. As expected, both agents
blocked the BHR to allergen or adenosine. The relevance of these observations to human
asthma has been questioned due to the fundamental mechanistic difference between adeno-
sine-induced bronchoconstriction in allergic rabbits, which appears to be due to activation
of A1 receptor on the bronchial smooth muscle, and that in man, which appears to be depen-
dent on activation of mast cells [37].

The A1 receptor has also been implicated in both pro- and anti-inflammatory aspects of
disease processes. For example, it has been shown that activation of A1 receptor promotes
activation of human neutrophils and enhances neutrophil adhesion to the endothelium
suggesting a pro-inflammatory role of the A1 receptor [38, 39]. In contrast, in ADA/A1

Adenosine receptors 5

Class of Compounds (route Animal model Biological effects Reference
compounds of administration)

A1 antagonist L-97-1 Allergic rabbit Blocked BHR to [36]
(intragastric) model allergen or adenosine

A2A agonist CGS21680 Ovalbumin- Reduced eosinophils and [48]
(intratracheal) sensitized Brown neutrophils and

Norway rat inflammatory
markers in BALF

A2B antagonist CVT-6883 (i.p.) Allergic mouse Inhibited adenosine- [75]
model induced BHR

ADA KO Inhibited [76]
pulmonary 
inflammation, 
fibrosis, airway 
enlargement

A3 antagonist MRS 1523 ADA KO Reduced [66]
(osmotic pump) eosinophils and 

mucus production
A1, A2B, A3 CGH2466 Allergic mouse Reduced eosinophils [78]
antagonist and (intranasal or oral) challenged by in BALF 
p38 �, � and ovalbumin
PDE4D inhibitor LPS-induced Reduced 

neutrophilic lung neutrophils in BALF
inflammation

BALF � bronchoalveolar lavage fluid; KO � Knockout; LPS � lipopolysaccharide

Table 1.1 Effect of adenosine ligands in animal models
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double knockout mice, the lack of A1 receptors results in enhanced pulmonary inflamma-
tion, mucus metaplasia, alveolar destruction and earlier death possibly due to the respiratory
distress [40]. These later findings suggest that A1 receptors may play an anti-inflammatory
and/or tissue-protective role in the regulation of pulmonary disorders triggered by
adenosine.

A2A ADENOSINE RECEPTOR

It is now well known that activation of A2A receptors on lymphoid cells by adenosine causes
inhibition of an inflammatory response and this response is largely due to its effect of induc-
ing accumulation of intracellular cAMP in activated immune cells [41, 42]. The actions of
A2A receptors on these inflammatory cells are numerous. For example, in human neu-
trophils, stimulation of A2A receptors reduces neutrophil adherence to the endothelium [39],
inhibits formyl-Met-Leu-Phe (fMLP)-induced oxidative burst and inhibits superoxide anion
generation [38]. In monocytes and macrophages, activation of A2A receptors inhibits
lipopolysaccharide (LPS)-induced tumour necrosis factor � (TNF�) expression [43, 44].
Therefore, A2A agonist may have an anti-inflammatory effect in diseases such as COPD
where neutrophil/monocyte-mediated tissue injury is implicated [32]. Activation of lym-
phocytes, which plays a key role in the recruitment of leukocytes to the lung in clinical
asthma, is also suppressed by activation of A2A receptors [45]. Thus, there are a multitude of
mechanisms by which activation at A2A receptors could suppress inflammation.

Results from studies in animal models have confirmed the anti-inflammatory effects of
A2A receptors. Perhaps the strongest evidence for the critical role of A2A receptors in the regu-
lation of inflammation in vivo comes from studies using mice deficient in A2A receptors. In
this model, the absence of the A2A receptors resulted in enhanced tissue inflammation and
damage [46] and increased levels of pro-inflammatory cytokines associated with enhanced
activity of nuclear factor-�B (NF-�B) transcription factor [47] confirming an anti-inflamma-
tory role of A2A receptor. As for airway inflammation, the effect of a selective A2A agonist,
CGS 21680, on allergen-induced airway inflammation was tested in the ovalbumin-sensi-
tized Brown Norway rat model [48]. CGS 21680 (administered intratracheally) significantly
reduced the numbers of eosinophils and neutrophils, it also reduced the activities of
myeloperoxidase and eosinophil peroxidase, and protein concentrations in BALF. These
anti-inflammatory effects of CGS 21680 were comparable to the effect of budesonide in the
same model. However, similar doses of CGS 21680 also caused marked decreases in blood
pressure. Thus, it is difficult to separate the anti-inflammatory effect of CGS 21680 from its
cardiovascular effects.

A2B ADENOSINE RECEPTOR

The initial evidence for the role of A2B receptors in asthma and COPD came from pharma-
cological studies of enprofylline, a methylxanthine structurally closely related to theo-
phylline [49]. It was shown that enprofylline is a selective antagonist for the A2B receptors
whereas theophylline has similar binding affinities for A1, A2A and A2B receptors.
Importantly, the therapeutic concentrations of theophylline and enprofylline are in the
range of their affinities for A2B receptors. Thus, it was proposed that A2B receptor might be
the therapeutic target for the long-term clinical benefit achieved with relatively low doses of
theophylline and enprofylline [50].

Recently, A2B receptors have been shown to mediate several pro-inflammatory effects of
adenosine in mast cells and lung structural cells. For example, functional human adenosine
A2B receptors have been identified in mast cells [49, 51–53], endothelial cells [24, 54, 55],
bronchial smooth muscle cells [56, 57], lung fibroblasts [58], and bronchial epithelium.
In these cells, adenosine, via activation of A2B receptors, increases the release of various
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inflammatory cytokines, which induce IgE synthesis from human B lymphocytes [53],
and promote differentiation of lung fibroblasts into myofibroblasts [58]. Such findings pro-
vide support for the hypothesis that adenosine, via activation of A2B receptors, could
enhance the inflammatory responses associated with asthma. Thus, an A2B antagonist could
potentially be beneficial in the treatment of asthma and other pulmonary inflammatory
diseases.

A3 ADENOSINE RECEPTOR

The functional significance of the A3 receptor in the pathogenesis of chronic inflammatory
airway diseases remains controversial largely due to major species differences in the expres-
sion and function of A3 receptor subtype [59]. Studies performed in rodents have revealed
that the effects of adenosine on mast cell degranulation and/or enhancement of mast
degranulation in response to allergen are dependent on the activation of A3 receptor [60–62].
Perhaps the strongest evidence came from studies using genetic knockout mice. While the
A3 receptor knockout mouse appears to reproduce and develop well and has normal car-
diovascular functions, it does exhibit altered mast cell functions [63, 64]. Unlike mast cells
from wild type mice, adenosine could no longer potentiate antigen-induced release of hex-
osaminidase from bone marrow-derived mast cells [63] nor could adenosine induce
histamine release from lung mast cells of A3 knockout mice [65]. Interestingly, adenosine-
induced airway hyperresponsiveness was markedly reduced but not completely blunted in
the A3 knockout mice (C57BL/6), suggesting the existence of both A3-dependent and 
-independent mechanisms in mice [13].

Besides the effects on mast cells, A3 receptors have been shown to play an important
role in eosinophilia and mucus production in animal models [66]. The effects of a selective
A3 antagonist, MRS 1523, on pulmonary inflammation and remodelling were tested in
ADA- deficient mice. While MRS 1523 had no significant effects in wild type mice, treat-
ment with MRS 1523 reduced the numbers of eosinophils in BALF and mucus production
by airway epithelium in the ADA-deficient mice. Consistent with this finding, in ADA/A3
double knockout, lack of A3 receptors resulted in marked reduction in eosinophils and
mucus production suggesting an important role of A3 receptors mediating the lung
eosinophilia and mucus hyperplasia in the pulmonary disorders triggered by elevated
adenosine levels.

In man, there is not yet convincing evidence to support the role of A3 receptor in promot-
ing degranulation of lung mast cells [67]. On the other hand, A3 receptors are found in human
eosinophils [67, 68] and transcript levels for the A3 receptor are elevated in lung biopsies of
patients with asthma or COPD [67]. Activation of A3 receptors inhibited eosinophil chemo-
taxis and migration [67, 69], eosinophil degranulation, and superoxide anion (O2�) release
[70]. Because inflammation in asthmatic patients is characterized by extensive infiltration of
the airways by activated eosinophils, it is possible that the elevated adenosine concentrations
associated with asthma contribute to the inhibition of eosinophil activation via activation of
A3 receptors in human. If this is the case, A3 agonists would potentially be useful in the man-
agement of asthma. Hence, there is conflicting evidence between animal and human data on
the possible role(s) of A3 receptors in the pathophysiology of asthma. Therefore, the role of A3
receptor in the lung of asthmatics remains to be established.

ADENOSINE LIGANDS IN CLINICAL DEVELOPMENT FOR ASTHMA AND COPD

All four adenosine receptor subtypes are expressed in the lung and in inflammatory cells
involved in asthma. It is not surprising, therefore, that selective agonists or antagonists to
these receptor subtypes are being exploited by the pharmaceutical industry in an attempt to
generate novel therapies for asthma and COPD (Table 1.2).
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EPI-2010

EPI-2010 is a 21-mer antisense oligodeoxynucleotide of the A1 receptor [35]. In an allergic
rabbit model, it was shown that intratracheal administration of aerosolized EPI-2010 (twice
daily for 2 days) inhibited the BHR triggered by either adenosine or allergen [35]. In the
same model, EPI-2010 also caused approximately 75% reduction in the numbers of A1 recep-
tor in airway smooth muscle. In a placebo-controlled phase 2 trial in asthmatics with mod-
erate-to-severe persistent disease who were already on ICS, inhaled EPI-2010 (once or twice
weekly for 4 weeks) did not cause any significant improvement in indices of bronchocon-
striction, such as baseline forced expiratory volume at one second (FEV1), peak expiratory
flow rate (PEFR), forced expiratory flow (FEF)25–75, symptoms of nocturnal wakening, or res-
cue �-agonist use [71]. Based on this disappointing clinical result, the development of EPI-
2010 has been reported to have been discontinued.

GW328267

GW328267 is an agonist to the A2A receptor. In a randomized, double-blind, placebo-
controlled three-way crossover study, the effects of inhaled GW328267 (25 �g, twice daily
for 6 days and once on the seventh day), inhaled fluticasone propionate (FP, 250 �g, twice
daily), or placebo on allergen-induced early and late asthmatic responses, sputum cell dif-
ferential counts, inflammatory markers in sputum and blood, and exhaled nitrc oxide (NO)
were compared in 14 asthmatics without concurrent steroid treatment. Inhaled fluticasone
significantly inhibited both early and late asthmatic responses accompanied by inhibitory
effects on sputum eosinophils, eosinophil cationic protein and exhaled NO. In contrast, no
protective effect of GW328267 was found [72]. In addition, GW328267 did not cause signifi-
cant changes in baseline FEV1. This dose of GW328267 was chosen based on the findings in
previous studies in healthy non-asthmatic subjects that higher doses of GW328267 may
cause decreases in blood pressure and increases in heart rate.

UK-432,097

UK-432,097 is a potent and selective agonist to the A2A receptor. The selectivity of UK-
432,097 for the recombinant adenosine receptors was determined using cAMP assays, and
the potencies (EC50 values) for stimulation of cAMP mediated by A2A and A2B receptors
were 0.46 and 67.5 nM, respectively, whereas the potencies (IC50 values) for the inhibition of
cAMP mediated by A1 and A3 receptors were �300 and 66.5 nM, respectively [73]. UK-
432,097 inhibited the fMLP-induced release of elastase, superoxide and LTB4 in human neu-
trophil and also inhibited the LPS-induced release of MIP1� and TNF� in human peripheral
blood mononuclear cell (PBMC) with IC50 values of approximately 2–3 nM [74]. In a ran-
domized, double-blind, placebo-controlled two-way crossover study, the effect of inhaled
UK-432,097 or placebo on lung functions were compared in 16 non-smoking, mild asthmatic
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Drug name Molecular targets Proposed mechanisms Status
of action

EPI-2010 Antisense oligonucleotide Inhibition of BHR Discontinued
of A1 receptor

UK-432097 A2A agonist Anti-inflammation Phase 2
GW328267 A2A agonist Anti-inflammation Phase 2
CVT-6883 A2B antagonist Inhibition of BHR Phase 1

and anti-inflammation

Table 1.2 Adenosine ligands in clinical development for asthma and/or COPD
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subjects [73]. Inhaled UK-432,097 had no effect on baseline FEV1/FVC and PC20-AMP, sug-
gesting that adenosine-induced bronchoconstriction in humans is unlikely to be mediated
by the A2A receptor. It would need to be determined whether chronic use of this A2A agonist
would provide a beneficial anti-inflammatory effect in the lung without eliciting cardiovas-
cular side-effects.

CVT-6883

CVT-6883 is an antagonist to the A2B receptors. In an allergic mouse model, CVT-6883
(1 mg/kg, i.p.) inhibited AMP-induced airway hyperreactivity [75]. In the ADA-deficient
mouse model, CVT-6883 attenuated pulmonary inflammation, fibrosis, airway enlargement,
production of cytokines and chemokines in the lung tissues [76]. CVT-6883 is currently
being developed as an oral treatment for asthma.

OTHER APPROACHES AND CHALLENGES

NON-SELECTIVE ADENOSINE LIGANDS

Several compounds that have multiple mechanisms of action have been described in the lit-
erature [77, 78]. Among these, CGH2466 has combined activities for multiple targets of
asthma. CGH2466 is not only an antagonist for A1, A2B and A3 adenosine receptors but also
an inhibitor of the p38 mitogen-activated protein (MAP) kinase � and � and PDE4D isoen-
zyme [78]. In human neutrophils and monocytes, CGH2466 is a more potent anti-inflammatory
compound than selective inhibitors of MAP kinase or PDE4, or non-selective adenosine
antagonist alone. In two mouse models of lung inflammation, CGH2466 (administered
intranasally or orally) inhibited the allergen-induced increase in eosinophils and LPS-
induced increases in neutrophils. Thus, CGH2466 is a powerful anti-inflammatory agent
due to the multiple mechanisms of action. However, it is possible that CGH2466 would be
more likely to have side-effects due to its effects on multiple targets.

CURRENT CHALLENGES IN THE DEVELOPMENT OF THERAPEUTIC 
AGENTS TARGETING ADENOSINE RECEPTORS

One of the most formidable challenges is the lack of animal models that mimic the clinical
features of asthma and predict the therapeutic efficacy in human. The endpoints measured
in animal models are often different from those in the clinical studies. While monitoring the
changes in lung physiology in humans is a routine test in clinics, measuring bronchocon-
striction in animal models is neither easy nor routinely done. On the other hand, while inva-
sive procedures such as BAL collection and histological examination of the lung to monitor
pulmonary inflammation and remodelling are routinely performed in animal models, these
procedures could not easily be carried out in large-scale clinical studies. Thus, it remains
challenging to translate pre-clinical results into the clinical setting.

Given that adenosine receptors are widely distributed in different organs, another critical
challenge is to develop agonists or antagonists to adenosine receptors that are devoid of
side-effects due to the possible actions of adenosine receptors in other organ systems.
Disturbances in cardiac and renal functions, in metabolic homeostasis and in activities of
the central nervous system may be potential problems especially for systemically-delivered
agents targeting A1 and A2A receptors.

SUMMARY

It has been 20 years since the first demonstration that adenosine is a bronchoconstrictor in
asthmatics [5]. Since then, a large body of literature supports the hypothesis that adenosine

Adenosine receptors 9

TSA (MTT)-CH01.qxd  11/30/06  7:55 PM  Page 9



plays an important role in airway hyperresponsiveness. In addition, BHR to adenosine has
been shown to correlate well with the inflammatory status of the lungs of asthmatic patients.
While adenosine has been convincingly shown to be implicated in the inflammatory and
remodelling processes of the lungs in numerous animal models, the exact role of adenosine
in the inflammatory processes of asthmatic patients is yet to be clearly defined. Due to the
multiple and sometimes opposing functions of adenosine receptor subtypes, selective antag-
onists for the A1, A2B, A3 receptors as well as A2A agonist have been proposed to inhibit
bronchial hyperresponsiveness and/or airway inflammation. A number of compounds tar-
geting adenosine receptors have been in pre-clinical and clinical development in recent
years. We eagerly await proof of the efficacy of these compounds in clinical asthma and
other pulmonary diseases.

REFERENCES

1. Spicuzza L, Bonfiglio C, Polosa R. Research applications and implications of adenosine in diseased
airways. Trends Pharmacol Sci 2003; 24:409–413.

2. Rorke S, Holgate ST. Targeting adenosine receptors: novel therapeutic targets in asthma and chronic
obstructive pulmonary disease. Am J Respir Med 2002; 1:99–105.

3. Driver AG, Kukoly CA, Ali S, Mustafa SJ. Adenosine in bronchoalveolar lavage fluid in asthma. Am
Rev Respir Dis 1993; 148:91–97.

4. Huszar E, Vass G, Vizi E et al. Adenosine in exhaled breath condensate in healthy volunteers and in
patients with asthma. Eur Respir J 2002; 20:1393–1398.

5. Cushley MJ, Tattersfield AE, Holgate ST. Inhaled adenosine and guanosine on airway resistance in
normal and asthmatic subjects. Br J Clin Pharmacol 1983; 15:161–165.

6. Rutgers SR, Kerstjens HA, Timens W, Tzanakis N, Kauffman HF, Postma DS. Airway inflammation
and hyperresponsiveness to adenosine 5	-monophosphate in COPD. Chest 2000; 117:285S.

7. Blackburn MR, Volmer JB, Thrasher JL et al. Metabolic consequences of adenosine deaminase
deficiency in mice are associated with defects in alveogenesis, pulmonary inflammation, and airway
obstruction. J Exp Med 2000; 192:159–170.

8. Blackburn MR, Lee CG, Young HW et al. Adenosine mediates IL-13-induced inflammation and remodeling
in the lung and interacts in an IL-13-adenosine amplification pathway. J Clin Invest 2003; 112:332–344.

9. Shryock JC, Belardinelli L. Adenosine and adenosine receptors in the cardiovascular system:
biochemistry, physiology, and pharmacology. Am J Cardiol 1997; 79:2–10.

10. Mann JS, Holgate ST, Renwick AG, Cushley MJ. Airway effects of purine nucleosides and nucleotides
and release with bronchial provocation in asthma. J Appl Physiol 1986; 61:1667–1676.

11. Csoma Z, Huszar E, Vizi E et al. Adenosine level in exhaled breath increases during exercise-induced
bronchoconstriction. Eur Respir J 2005; 25:873–878.

12. Polosa R, Ng WH, Crimi N et al. Release of mast-cell-derived mediators after endobronchial adenosine
challenge in asthma. Am J Respir Crit Care Med 1995; 151:624–629.

13. Tilley SL, Tsai M, Williams CM et al. Identification of A3 receptor- and mast cell-dependent 
and -independent components of adenosine-mediated airway responsiveness in mice. J Immunol 2003;
171:331–337.

14. Spicuzza L, Polosa R. The role of adenosine as a novel bronchoprovocant in asthma. Curr Opin Allergy
Clin Immunol 2003; 3:65–69.

15. van den Berge M, Kerstjens HA, Postma DS. Provocation with adenosine 5	-monophosphate as a
marker of inflammation in asthma, allergic rhinitis and chronic obstructive pulmonary disease. Clin
Exp Allergy 2002; 32:824–830.

16. van den Berge M, Kerstjens HA, Meijer RJ et al. Corticosteroid-induced improvement in the PC20 of
adenosine monophosphate is more closely associated with reduction in airway inflammation than
improvement in the PC20 of methacholine. Am J Respir Crit Care Med 2001; 164:1127–1132.

17. Driver AG, Kukoly CA, Metzger WJ, Mustafa SJ. Bronchial challenge with adenosine causes the
release of serum neutrophil chemotactic factor in asthma. Am Rev Respir Dis 1991; 143:1002–1007.

18. van den Berge M, Kerstjens HA, de Reus DM, Koeter GH, Kauffman HF, Postma DS. Provocation with
adenosine 5	-monophosphate, but not methacholine, induces sputum eosinophilia. Clin Exp Allergy
2004; 34:71–76.

10 Asthma: Modern Therapeutic Targets

TSA (MTT)-CH01.qxd  11/30/06  7:55 PM  Page 10



19. Prieto L, Bruno L, Gutierrez V et al. Airway responsiveness to adenosine 5	-monophosphate and
exhaled nitric oxide measurements: predictive value as markers for reducing the dose of inhaled
corticosteroids in asthmatic subjects. Chest 2003; 124:1325–1333.

20. Proietti L, Di Maria A, Polosa R. Monitoring the adjustment of antiasthma medications with adenosine
monophosphate bronchoprovocation. Chest 2004; 126:1384–1385; author reply 1385.

21. Fredholm BB, Ijzerman AP, Jacobson KA, Klotz KN, Linden J. International Union of Pharmacology.
XXV. Nomenclature and classification of adenosine receptors. Pharmacol Rev 2001; 53:527–552.

22. Dixon AK, Gubitz AK, Sirinathsinghji DJ, Richardson PJ, Freeman TC. Tissue distribution of adenosine
receptor mRNAs in the rat. Br J Pharmacol 1996; 118:1461–1468.

23. Fozard JR, McCarthy C. Adenosine receptor ligands as potential therapeutics in asthma. Curr Opin
Investig Drugs 2002; 3:69–77.

24. Feoktistov I, Ryzhov S, Zhong H et al. Hypoxia modulates adenosine receptors in human endothelial
and smooth muscle cells toward an A2B angiogenic phenotype. Hypertension 2004; 44:649–654.

25. Khoa ND, Montesinos MC, Reiss AB, Delano D, Awadallah N, Cronstein BN. Inflammatory cytokines
regulate function and expression of adenosine A(2A) receptors in human monocytic THP-1 cells.
J Immunol 2001; 167:4026–4032.

26. Nguyen DK, Montesinos MC, Williams AJ, Kelly M, Cronstein BN. Th1 cytokines regulate adenosine
receptors and their downstream signaling elements in human microvascular endothelial cells. 
J Immunol 2003; 171:3991–3998.

27. Srinivas M, Shryock JC, Dennis DM, Baker SP, Belardinelli L. Differential A1 adenosine receptor
reserve for two actions of adenosine on guinea pig atrial myocytes. Mol Pharmacol 1997; 52:683–691.

28. Shryock JC, Snowdy S, Baraldi PG et al. A2A-adenosine receptor reserve for coronary vasodilation.
Circulation 1998; 98:711–718.

29. Liang HX, Belardinelli L, Ozeck MJ, Shryock JC. Tonic activity of the rat adipocyte A1-adenosine
receptor. Br J Pharmacol 2002; 135:1457–1466.

30. Busse WW, Lemanske RF Jr. Asthma. N Engl J Med 2001; 344:350–362.
31. Barnes PJ. Chronic obstructive pulmonary disease. N Engl J Med 2000; 343:269–280.
32. Barnes PJ. Mechanisms in COPD: differences from asthma. Chest 2000; 117:10S–14S.
33. Ali S, Mustafa SJ, Metzger WJ. Adenosine receptor-mediated bronchoconstriction and bronchial

hyperresponsiveness in allergic rabbit model. Am J Physiol 1994; 266:L271–L277.
34. Ali S, Mustafa SJ, Metzger WJ. Adenosine-induced bronchoconstriction and contraction of airway

smooth muscle from allergic rabbits with late-phase airway obstruction: evidence for an inducible
adenosine A1 receptor. J Pharmacol Exp Ther 1994; 268:1328–1334.

35. Nyce JW, Metzger WJ. DNA antisense therapy for asthma in an animal model. Nature 1997;
385:721–725.

36. Obiefuna PC, Batra VK, Nadeem A, Borron P, Wilson CN, Mustafa SJ. A novel A1 adenosine receptor
antagonist, L-97-1 [3-[2-(4-aminophenyl)-ethyl]-8-benzyl-7-{2-ethyl-(2-hydroxy-ethyl)-amino]-ethyl}-1-
propyl-3,7-dihydro-purine-2,6-dione], reduces allergic responses to house dust mite in an allergic
rabbit model of asthma. J Pharmacol Exp Ther 2005; 315:329–336.

37. Fozard JR, Hannon JP. Species differences in adenosine receptor-mediated bronchoconstrictor
responses. Clin Exp Allergy 2000; 30:1213–1220.

38. Cronstein BN, Daguma L, Nichols D, Hutchison AJ, Williams M. The adenosine/neutrophil paradox
resolved: human neutrophils possess both A1 and A2 receptors that promote chemotaxis and inhibit
O2 generation, respectively. J Clin Invest 1990; 85:1150–1157.

39. Cronstein BN, Levin RI, Philips M, Hirschhorn R, Abramson SB, Weissmann G. Neutrophil adherence
to endothelium is enhanced via adenosine A1 receptors and inhibited via adenosine A2 receptors. 
J Immunol 1992; 148:2201–2206.

40. Sun CX, Young HW, Molina JG, Volmer JB, Schnermann J, Blackburn MR. A protective role for the A1
adenosine receptor in adenosine-dependent pulmonary injury. J Clin Invest 2005; 115:35–43.

41. Sullivan GW. Adenosine A2A receptor agonists as anti-inflammatory agents. Curr Opin Investig Drugs
2003; 4:1313–1319.

42. Sitkovsky MV, Lukashev D, Apasov S et al. Physiological control of immune response and
inflammatory tissue damage by hypoxia-inducible factors and adenosine A2A receptors. Annu Rev
Immunol 2004; 22:657–682.

43. Pinhal-Enfield G, Ramanathan M, Hasko G et al. An angiogenic switch in macrophages involving synergy
between Toll-like receptors 2, 4, 7, and 9 and adenosine A(2A) receptors. Am J Pathol 2003; 163:711–721.

Adenosine receptors 11

TSA (MTT)-CH01.qxd  11/30/06  7:55 PM  Page 11



44. Zhang JG, Hepburn L, Cruz G, Borman RA, Clark KL. The role of adenosine A2A and A2B receptors in
the regulation of TNF-alpha production by human monocytes. Biochem Pharmacol 2005; 69:883–889.

45. Huang S, Apasov S, Koshiba M, Sitkovsky M. Role of A2a extracellular adenosine receptor-mediated
signaling in adenosine-mediated inhibition of T-cell activation and expansion. Blood 1997; 90:1600–1610.

46. Ohta A, Sitkovsky M. Role of G-protein-coupled adenosine receptors in downregulation of
inflammation and protection from tissue damage. Nature 2001; 414:916–920.

47. Lukashev D, Ohta A, Apasov S, Chen JF, Sitkovsky M. Cutting edge: physiologic attenuation of
proinflammatory transcription by the Gs protein-coupled A2A adenosine receptor in vivo. J Immunol
2004; 173:21–24.

48. Fozard JR, Ellis KM, Villela Dantas MF, Tigani B, Mazzoni L. Effects of CGS 21680, a selective
adenosine A2A receptor agonist, on allergic airways inflammation in the rat. Eur J Pharmacol 2002;
438:183–188.

49. Feoktistov I, Biaggioni I. Adenosine A2b receptors evoke interleukin-8 secretion in human mast cells.
An enprofylline-sensitive mechanism with implications for asthma. J Clin Invest 1995; 96:1979–1986.

50. Feoktistov I, Polosa R, Holgate ST, Biaggioni I. Adenosine A2B receptors: a novel therapeutic target in
asthma? Trends Pharmacol Sci 1998; 19:148–153.

51. Feoktistov I, Biaggioni I. Pharmacological characterization of adenosine A2B receptors: studies in
human mast cells co-expressing A2A and A2B adenosine receptor subtypes. Biochem Pharmacol 1998;
55:627–633.

52. Feoktistov I, Ryzhov S, Goldstein AE, Biaggioni I. Mast cell-mediated stimulation of angiogenesis:
cooperative interaction between A2B and A3 adenosine receptors. Circ Res 2003; 92:485–492.

53. Ryzhov S, Goldstein AE, Matafonov A, Zeng D, Biaggioni I, Feoktistov I. Adenosine-activated mast
cells induce IgE synthesis by B lymphocytes: an A2B-mediated process involving Th2 cytokines IL-4
and IL-13 with implications for asthma. J Immunol 2004; 172:7726–7733.

54. Grant MB, Tarnuzzer RW, Caballero S et al. Adenosine receptor activation induces vascular endothelial
growth factor in human retinal endothelial cells. Circ Res 1999; 85:699–706.

55. Grant MB, Davis MI, Caballero S, Feoktistov I, Biaggioni I, Belardinelli L. Proliferation, migration, and
ERK activation in human retinal endothelial cells through A(2B) adenosine receptor stimulation. Invest
Ophthalmol Vis Sci 2001; 42:2068–2073.

56. Zhong H, Belardinelli L, Maa T, Feoktistov I, Biaggioni I, Zeng D. A(2B) adenosine receptors increase
cytokine release by bronchial smooth muscle cells. Am J Respir Cell Mol Biol 2004; 30:118–125.

57. Mundell SJ, Olah ME, Panettieri RA, Benovic JL, Penn RB. Regulation of G protein-coupled receptor-
adenylyl cyclase responsiveness in human airway smooth muscle by exogenous and autocrine
adenosine. Am J Respir Cell Mol Biol 2001; 24:155–163.

58. Zhong H, Belardinelli L, Maa T, Zeng D. Synergy between A2B adenosine receptors and hypoxia in
activating human lung fibroblasts. Am J Respir Cell Mol Biol 2005; 32:2–8.

59. Linden J. Cloned adenosine A3 receptors: pharmacological properties, species differences and receptor
functions. Trends Pharmacol Sci 1994; 15:298–306.

60. Ramkumar V, Stiles GL, Beaven MA, Ali H. The A3 adenosine receptor is the unique adenosine
receptor which facilitates release of allergic mediators in mast cells. J Biol Chem 1993; 268:16887–16890.

61. Thorne JR, Danahay H, Broadley KJ. Analysis of the bronchoconstrictor responses to adenosine
receptor agonists in sensitized guinea-pig lungs and trachea. Eur J Pharmacol 1996; 316:263–271.

62. Fozard JR, Pfannkuche HJ, Schuurman HJ. Mast cell degranulation following adenosine A3 receptor
activation in rats. Eur J Pharmacol 1996; 298:293–297.

63. Salvatore CA, Tilley SL, Latour AM, Fletcher DS, Koller BH, Jacobson MA. Disruption of the A(3)
adenosine receptor gene in mice and its effect on stimulated inflammatory cells. J Biol Chem 2000;
275:4429–4434.

64. Tilley SL, Wagoner VA, Salvatore CA, Jacobson MA, Koller BH. Adenosine and inosine increase
cutaneous vasopermeability by activating A(3) receptors on mast cells. J Clin Invest 2000; 105:361–367.

65. Zhong H, Shlykov SG, Molina JG et al. Activation of murine lung mast cells by the adenosine A3
receptor. J Immunol 2003; 171:338–345.

66. Young HW, Molina JG, Dimina D et al. A3 adenosine receptor signaling contributes to airway
inflammation and mucus production in adenosine deaminase-deficient mice. J Immunol 2004;
173:1380–1389.

67. Walker BA, Jacobson MA, Knight DA et al. Adenosine A3 receptor expression and function in
eosinophils. Am J Respir Cell Mol Biol 1997; 16:531–537.

12 Asthma: Modern Therapeutic Targets

TSA (MTT)-CH01.qxd  11/30/06  7:55 PM  Page 12



68. Kohno Y, Ji X, Mawhorter SD, Koshiba M, Jacobson KA. Activation of A3 adenosine receptors on
human eosinophils elevates intracellular calcium. Blood 1996; 88:3569–3574.

69. Knight D, Zheng X, Rocchini C, Jacobson M, Bai T, Walker B. Adenosine A3 receptor stimulation
inhibits migration of human eosinophils. J Leukoc Biol 1997; 62:465–468.

70. Ezeamuzie CI, Philips E. Adenosine A3 receptors on human eosinophils mediate inhibition of
degranulation and superoxide anion release. Br J Pharmacol 1999; 127:188–194.

71. Langley SJ, Allen DJ, Houghton C, Woodcock A. Efficacy of EPI-2010 (an inhaled respirable anti-sense
oligonucleotide: RASON) in moderate/severe persistent asthma. Proc Am Thorac Soc 2005.

72. Luijk B, Cass L, Lammers J-W. The adenosine A2A-Receptor is not involved in adenosine induced
bronchoconstriction in asthmatics. Eur Respir J 2003; 22(suppl 45):P718.

73. Luijk B, Bruijnzeel P, Tan EF, Ward JK, Lammers J-WJ. The effects of the adenosine A2a agonist 
UK-432,097 on lung function and AMP airway hyperresponsiveness in mild asthmatic patients. 
Proc Am Thorac Soc 2005; 2(suppl):A512.

74. Trevethick MA, Salmon G, Banner K et al. UK-432,097 a novel adenosine A2a receptor agonist:
comparison of in vitro anti-inflammatory properties with the phosphodiesterase 4 (PDE4) inhibitor,
Ariflo. Proc Am Thorac Soc 2005; 2(suppl):A73.

75. Fan M, Zeng D, Belardinelli L, Mustafa SJ. A2B adenosine receptor antagonist and montelukast
prevent AMP-induced bronchoconstriction in an allergic mouse model. Proc Am Thorac Soc 2005;
2(suppl):A784.

76. Sun C, Zhong H, Molina JG, Belardinelli L, Zeng D, Blackburn MR. A2B adenosine receptor antagonist
attenuates pulmonary inflammation and injury in adenosine deaminase deficient mice. Proc Am Thorac
Soc 2005; 2(suppl):A96.

77. Press NJ, Taylor RJ, Fullerton JD et al. A new orally bioavailable dual adenosine A2B/A3 receptor
antagonist with therapeutic potential. Bioorg Med Chem Lett 2005; 15:3081–3085.

78. Trifilieff A, Keller TH, Press NJ et al. CGH2466, a combined adenosine receptor antagonist, p38
mitogen-activated protein kinase and phosphodiesterase type 4 inhibitor with potent in vitro and in
vivo anti-inflammatory activities. Br J Pharmacol 2005; 144:1002–1010.

Adenosine receptors 13

TSA (MTT)-CH01.qxd  11/30/06  7:55 PM  Page 13


	Contents
	Editors and Contributors

	Preface
	Section I: Autocoids and their receptors in airway diseases
	1. Adenosine receptors: novel molecular targets in asthma




