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Abstract The current treatments offered to patients with chronic respiratory

diseases are being re-evaluated based on the loss of potency during long-term

treatments or because they only provide significant clinical benefits to a subset of

the patient population. For instance, glucocorticoids are considered the most effec-

tive anti-inflammatory therapies for chronic inflammatory and immune diseases,

such as asthma. But they are relatively ineffective in asthmatic smokers, and

patients with chronic obstructive pulmonary disease (COPD) or cystic fibrosis

(CF). As such, the pharmaceutical industry is exploring new therapeutic approaches

to address all major respiratory diseases. The previous chapters demonstrated the

widespread influence of purinergic signaling on all pulmonary functions and

defense mechanisms. In Chap. 8, we described animal studies which highlighted

the critical role of aberrant purinergic activities in the development and mainte-

nance of chronic airway diseases. This last chapter covers all clinical and pharma-

ceutical applications currently developed based on purinergic receptor agonists and

antagonists. We use the information acquired in the previous chapters on purinergic

signaling and lung functions to scrutinize the preclinical and clinical data, and to

realign the efforts of the pharmaceutical industry.

Keywords Airway obstruction � Bronchoconstriction � Ischemia-reperfusion

� Lung transplant � Pulmonary fibrosis

S. Tilley (*)

Division of Pulmonary and Critical Care Medicine, Department of Medicine,

University of North Carolina, Chapel Hill, NC 29799, USA

e-mail: stephen_tilley@med.unc.edu

J. Volmer and M. Picher

Cystic Fibrosis Pulmonary Research and Treatment Center, University of North

Carolina, 7011 Thurston-Bowles building, Chapel Hill, NC 27599, USA

e-mail: jvolm@email.unc.edu; picherm@gmail.com

M. Picher and R.C. Boucher (eds.), Purinergic Regulation of Respiratory Diseases,
Subcellular Biochemistry 55, DOI 10.1007/978-94-007-1217-1_9,
# Springer Science+Business Media B.V. 2011

235



9.1 Introduction

For nearly 30 years, extracellular purines have been suspected to play important

roles in the pathogenesis of chronic respiratory diseases. In the 1980s, Cushley et al.

reported that inhaled ADO causes bronchoconstriction in asthmatic patients, but not

in healthy subjects [1]. Later, it was discovered that asthmatics maintain high

airway ADO levels, which is further raised following a challenge [2, 3]. In the

past 5 years, the list of respiratory diseases with aberrant airway ADO and/or ATP

regulation was extended to CF, COPD and idiopathic pulmonary fibrosis [4–6]

(see Chap. 4 for details). Also, the recent finding that ADO induces bronchocon-

striction in smokers with COPD supports a role in the “overlapping syndrome”

[7–9]. Such widespread occurrence of excess airway ADO motivated scientists and

clinicians to investigate the implications of this metabolic aberrance in all aspects

of chronic respiratory diseases.

The consequences of excess ADO for lung homeostasis were clearly demon-

strated by mice lacking adenosine deaminase (ADA) (review: [10]). These ADA�/�

mice develop bronchial hyperresponsiveness (BHR), severe lung inflammation,

mucin hypersecretion, sub-epithelial fibrosis, basement membrane thickening,

smooth muscle cell hyperplasia and a disruption of the alveolar network typical

of emphysema (see Chap. 8 for details). This stunning discovery launched a series

of initiatives to identify which ADO and ATP receptors promote, or attenuate, lung

complications. The previous chapters were carefully organized to describe all

purinergic receptors, their properties, distribution and roles on the lung resident,

immune and inflammatory cells. Chapter 8 described the animal studies that were

conducted to compare their impact on lung homeostasis and the potential of

selective ligands for the treatment of chronic respiratory diseases.

This final chapter describes the progress made, over the past 15 years, in this new

field of drug development. First, evidence is provided for the higher diagnostic

stringency of ADO-induced BHR for asthma, with respect to histamine and metha-

choline. Then, we tell the tale of Adagen (Enzon Pharmaceuticals), which was

designed for the treatment of ADA-related severe combined immunodeficiency

(ADA-SCID), but shows considerable potential for the correction of airway ADO

levels in chronic airway diseases. Finally, this chapter covers the ADO and ATP

receptor ligands selected by pharmaceutical companies for the treatment of acute

lung injury and chronic respiratory diseases, and to improve the outcome of lung

transplant. Based on the current understanding of purinergic signaling in the respira-

tory system, this section offers a critical view on the design of the ligands and the

delivery route, whichmay assist the pharmaceutical industry in future drug discovery.

9.2 AMP Challenges: Diagnostic Tool and Signaling Pathways

Airflow obstruction is a characteristic feature of airway diseases, including asthma and

COPD. Adenine nucleotides and nucleosides have been shown to trigger immedi-

ate airflow obstruction in asthmatic patients following aerosolized administration.
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Since the bronchoconstriction does not occur in normal subjects, adenosine

monophosphate (AMP) has been used worldwide to detect and monitor bronchial

hyperresponsiveness (BHR), as a tool to diagnose asthma and guide therapy. In this

section, we review the clinical use of AMP challenges, and the current knowledge

on the mechanism of action.

9.2.1 Using AMP as a Diagnostic Tool

In 1983, Cushley, Tattersfield and Holgate were the first to report that inhalational

exposure to ADO resulted in a concentration-dependent bronchoconstriction in

allergic and non-allergic asthmatic patients [1]. In contrast, ADO concentrations

up to 30-fold higher had no effect on the airway caliber of normal subjects [11].

Adenine nucleotides, ADP and AMP, also elicited airway narrowing in asthmatics,

while the ADO metabolite, inosine, did not induce bronchoconstriction [12]. The

airway epithelial surfaces express ectonucleotidases which rapidly dephosphorylate

adenine nucleotides into ADO (see Chap. 2 for details). While it is well accepted

that the effects of these nucleotides on airway caliber are mediated by ADO, AMP

remains the drug of preference for solubility purposes (review: [13]).

Prior to the observations of Cushley et al. [1], pharmacological tests for BHR relied

on direct airway challengeswithmethacholine or histamine. These substances activate

M3 muscarinic receptors and H1 histamine receptors on airway smooth muscle

(ASM) to elicit bronchoconstriction in asthmatics at concentrations having no effect

in the airways of normal subjects. While the sensitivity and negative predictive values

of methacholine and histamine challenges approach 100%, their specificity and

positive predictive values for asthma are very low [14–17]. In fact, adult COPD

patients and children with bronchiectasis, bronchiolitis obliterans or CF, typically

develop BHR in response to methacholine and histamine [18–22]. In contrast, non-

smoking adults with COPD and children with airway diseases other than asthma are

less responsive to an AMP challenge [7–9, 22, 23]. This higher specificity for asthma

suggests that aerosol AMP may constitute a powerful diagnostic test to differentiate

these airway diseases in children and non-smoking adults. Furthermore, contrary to

methacholine, the magnitude of the BHR response to AMP is highly correlated with

the degree of underlying airway inflammation in asthmatics [24, 25].

For these reasons, measurement of BHR by AMP challenge has been endorsed

by the European Respiratory Society Task Force on indirect airway challenges [26].

It is more specific for asthma than methacholine and histamine challenges [22, 27],

correlates more closely with the degree of inflammation in the lower airways

[24, 25], and may be used to evaluate the efficacy and potency of inhaled steroids

[28–31]. However, the sensitivity of an AMP challenge to detect asthma is limited,

the rate of AMP responsiveness varying from 39% to 95.5% in children [32–35]

and 50% to 89% in adults [24, 36]. The studies reporting a high degree of sensitivity

included large numbers of atopic asthmatics. Accordingly, a study designed to

elucidate the determinants of AMP responsiveness revealed that atopic sensitiza-

tion, assessed by positive skin prick testing, was the major variable affecting AMP
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sensitivity [32]. Compared to non-atopic asthmatics, atopic asthmatics exhibit

exaggerated mast cell activation by antigens and allergens. Consequently, these

cells have been the focus of intense investigation to better understand the mechan-

isms of ADO-induced bronchoconstriction.

9.2.2 Signaling Pathways of Bronchoconstriction

The signaling pathways responsible for AMP-induced BHR have been extensively

investigated using its activemetabolite: ADO. This ubiquitous signalingmolecule has

been shown to regulate the activities of all mammalian cell types through the activa-

tion of cell surface G protein-coupled receptors. Four P1 receptors have been identi-

fied and are widely expressed: A1Rs, A2ARs, A2BRs, andA3Rs. The studies conducted

in humans and animals support three potential mechanisms for ADO-induced bronch-

oconstriction targeting different cell types: mast cells, ASM and neurons (Fig. 9.1).

The first argument supporting a mast cell-dependent mechanism was provided by

a clinical study reporting the accumulation of histamine in the airways of asthmatic

patients in response to endobronchial ADO [37]. Accordingly, ADO-induced

Fig. 9.1 Mechanisms of adenosine-induced bronchoconstriction in human airways. Adenosine

(ADO; red) can induce muscle contraction directly via A1 receptors (A1R) located on airway

smooth muscle (ASM). These receptors are also expressed by the sensory neurons, allowing ADO

to induce the release of acetylcholine (Ach; green). This neurotransmitter can induce muscle

contraction directly via muscarinic receptors on ASM, or indirectly by the stimulation of histamine

release (blue) from mast cells
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BHR was attenuated by mast cell stabilizing agents (i.e. nedocromil) [38–40] and

antagonists of the histamine receptor (i.e. terfenadine) [41–43] or leukotriene recep-

tor (i.e. Montelukast) [44]. These studies led many to believe that ADO-induced

bronchoconstriction results from mast cell activation. In rodents, the P1 receptor

causing mast cell degranulation was identified as the A3R [45–48], whereas this role

was ascribed to the A2BR in human mast cells [49–51]. Nonetheless, aerosolized

treatment with a dual A2BR/A3R antagonist (QAF805) failed to affect PC20 (pro-

vocative concentration required to induce a 20% fall in lung function) in asthmatics

[52], suggesting that ADO induces bronchoconstriction by other mechanisms.

Human and animal studies suggest that A1Rs located on ASMmediate the ADO-

induced bronchoconstriction. On cultures of human ASM, A1R activation stimu-

lated cell contraction by the mobilization of intracellular Ca2+ stores [53]. Their

tissue expression was confirmed by immunolocalization in biopsy sections, which

also showed that A1Rs are overexpressed in the airway epithelium and ASM of

asthmatics [54]. Furthermore, the incubation of normal ASM cultures with serum

from asthmatic patients induced the up-regulation of A1Rs [55]. Incidentally, animal

studies conducted with A1R agonists and antagonists also support a role for A1Rs

located on ASM in ADO-induced BHR [56–58]. The use of knockout mice target-

ing each P1 receptor revealed that only A1R
�/� mice fail to react to an ADO

challenge [59]. On the other hand, ADO-induced bronchoconstriction was abolished

following bilateral vagotomy [59], suggesting a role for sensory neurons.

In asthmatic patients, AMP-mediated BHR was attenuated by the anticholiner-

gic drug ipratropium, and by depletion of contractile neuropeptides with bradykinin

[60, 61]. These studies support a role for cholinergic neural pathways in the

bronchoconstrictor response to ADO. In allergic (not naı̈ve) guinea pigs, the fact

that bilateral vagotomy or capsaicin strongly inhibited airway obstruction to AMP

(75%), or an A1R agonist (N(6)-cyclopentyladenosine; CPA) (50%), suggests that

cholinergic neural input to the ASM is critical for A1R-mediated bronchoconstric-

tion [62]. In human airways, acetylcholine can activate muscarinic receptors on

ASM and mast cells (review: [63]). Whether cholinergic mediators induce ASM

contraction directly, or through mast cell activation, has not been determined.

9.2.3 Summary

Recent studies on the signaling pathways responsible for ADO-induced BHR have

revealed important clues about the airway pathophysiology of asthma, by uncovering

a complex interplay between mast cells, neurons and ASM. The continuous investi-

gation of the mechanisms by which nucleotides and nucleosides influence airway

caliber in the asthmatic lung may lead to the exploitation of these pathways for

therapeutic approaches. For instance, future studies comparing the relative impact of

A1R and A2BR antagonists on AMP-mediated BHR may reveal a more prominent

role for A2BR-mast cell signaling in the atopic asthmatic patients. Meanwhile, AMP

challenges remain an important tool for clinicians and researchers sharing common

interests in the diagnosis and treatment of asthma and other respiratory disease.
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9.3 Adenosine Deaminase Replacement Therapies

9.3.1 Current Clinical Application for ADA-SCID

As part of the purine salvage pathway, intracellular ADA is responsible for the

deamination of ADO and deoxyadenosine into inosine and deoxyinosine, respec-

tively [64]. Over 50 mutations spanning the entire Ada gene have been identified,

29 of them resulting in >85% reduction of ADA activity [65, 66]. These functional

mutations allow toxic levels of substrates to accumulate and interfere with the

development of thymocytes in the thymus and bone marrow, which prevents or

weakens the immune responses to infection [67]. Accordingly, inherited ADA

deficiency is catalogued as an autosomal recessive immunodeficiency disorder

exhibiting a wide range of severity, depending on the level of residual activity:

(1) a neonatal and fatal severe combined immunodeficiency disease (SCID) char-

acterized by the absence of cellular and humoral immunity; (2) a delayed onset

progressive disease retaining some humoral immunity; (3) a late juvenile onset

with progressive attrition of immune defenses; (4) an adult onset disorder [66]. With

respect to lung complications, they exhibit recurrent otitis, sinusitis, chronic bron-

chitis and pneumonia, the severity correlating negatively with ADA activity [68].

Over the years, many therapeutic approaches have been explored for ADA-SCID

patients. The best option remains an allogenic bone marrow transplant, which

generally leads to complete recovery [69]. In the event that a histocompatible

sibling is unavailable, these patients are administered irradiated purified erythro-

cytes as a source of functional ADA [70]. Unfortunately, this approach only

provides a partial and transient recovery of immune functions, and long-term

infusions give rise to various complications [71].

In 1981, Stephen Davis proposed that covalent linking of purified bovine ADA

to polyethylene glycol (PEG) would prolong its half-life and reduce its antigenicity

[71]. This approach proved successful in laboratory animals, extending the half-life

of ADA activity in mouse serum from 30 min for the naked protein to 28 h for

PEG-ADA. The antigenic properties were virtually eliminated as well, as the serum

from mice receiving intravenous PEG-ADA was unable to immunoprecipitate

ADA or PEG-ADA, even after repeated injections over a period of several

weeks. The circulating PEG-ADA was also able to reduce the intracellular levels

of ADO [71] due to the ubiquitous expression of transporters in the plasma

membrane of mammalian cells (see Chap. 2 for details).

In 1985, Michael Herschfield initiated the therapeutic evaluation of PEG-ADA

(Adagen; Enzon Pharmaceuticals) in ADA-SCID patients. The therapy successfully

reduced tissue ADO concentrations and dramatically improved immune functions

[69]. However, the levels of T, B and natural killer lymphocytes rose over the first

few years, but never reached normal values. Also, about 65% of the patients

developed antibodies against PEG-ADA within the first year. Their lymphocyte

levels began to drop, as they faced a steady decline in immune function. Another

major obstacle to this therapy was the cost of biweekly injections of PEG-ADA,
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which rose to $200,000/year [72]. These serious limitations called for alternative

approaches for the restoration of ADA.

Future directions in the treatment of ADA-SCID include the genetic replacement

of ADA function (review: [73]). Over nearly two decades, the gene therapy con-

sisted almost exclusively in the use of retroviral vectors targeting the lymphocytes

and hematopoietic progenitors. Patients were successfully colonized by hemato-

poietic stem cells transfected with the ADA gene, following partial ablation of

the bone marrow [74]. However, this groundbreaking approach came with the

risk of inspectional mutagenesis. Recent studies suggest that this highly invasive

protocol may be replaced by ex vivo lentiviral therapy. In ADA-deficient mice,

the intravenous injection of human immunodeficiency virus 1-based lentiviral

vector at birth induced the long-term expression of enzymatically active ADA at

levels comparable to long-term PEG-ADA treatments [72]. This approach effec-

tively restored immune function and significantly extended survival. As such, this

non-invasive method may provide long-term restoration of ADA activity in

ADA-SCID patients.

9.3.2 Long-Term Treatments for Pulmonary Diseases

Despite the development of successful treatments for ADA-SCID, the underlying

causal link between the metabolic disturbances and associated immunodeficiency

were unknown. An animal model of ADA deficiency was developed to investigate

this link, but the ADA�/� mice suffered from a perinatal lethality due to hepato-

toxicity [75]. This complication was circumvented using an ADA minigene posses-

sing only the promoter elements required for expression in the trophoblast, which

preserved liver function [76]. These partially ADA-deficient mice were born

without ADA activity, as evidenced by a steady accumulation of the ADA sub-

strates: ADO and deoxyadenosine. They displayed typical immunodeficiency in the

lymphoid line for ADA-SCID patients [77]. In addition, these mice developed

severe pulmonary complications, characterized by BHR to inhaled ADO [78],

inflammatory cell infiltration and mucus hypersecretion [77]. The defective alveo-

genesis resulted in an emphysema-like phenotype by postnatal day 10, and the mice

died by postnatal day 21 due to respiratory distress [79] (see Chap. 8 for details).

These studies demonstrate that the high systemic ADO levels of SCID patients

are responsible for the development of severe lung complications. More impor-

tantly, they suggested that the high airway ADO levels of asthmatic [3, 80, 81] and

COPD [82] patients promote the inflammation, remodeling and fibrosis leading to

BHR and the loss of lung function.

The therapeutic potential of PEG-ADA for chronic respiratory diseases was tested

in the ADA�/� mice. The animals treated with intramuscular PEG-ADA from birth

did not develop any lung complication [83]. On the other hand, ADA�/� mice which

develop lung inflammation over 20 days completely recovered after 3 days of PEG-

ADA treatment at a dose that fully restored normal lung ADO levels [79].
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Interestingly, the microarray analysis of lung tissue revealed that PEG-ADA

restored the normal expression of genes critical for inflammatory responses, as

well as factors promoting remodeling and fibrosis. This observation supported the

therapeutic potential of PEG-ADA for patients with well-established chronic respi-

ratory diseases. This hypothesis was tested using ADA�/� mice maintained on a

low-dose PEG-ADA regimen from birth, which prolonged their lifespan to

4–5 months [84]. After 3 months, the resulting intermediate ADO level fostered

the development of severe pulmonary inflammation, collagen deposition and alter-

ation in airway structure. Their BAL fluid accumulated, both, pro-inflammatory and

pro-fibrotic mediators (IL1b, osteopontin, MMP12, TGFb, and PAI-1). All these

complications were fully resolved by shifting these mice to high-dose PEG-ADA

for 5 weeks.

This animal model clearly demonstrated the dramatic consequences of high

ADO levels reported in the airways of asthmatic and COPD patients (see Chap. 4

for details), and the therapeutic potential of PEG-ADA for all lung complications,

including fibrosis.

9.3.3 Suppression of the ADO/IL-13 Amplification Cycle

Clinical studies showed that the airways of asthmatic, CF and COPD patients also

accumulate the cytokine: IL-13 [85–87]. An earlier report of normal IL-13 con-

centration in COPD sputum [88] may have resulted from the use of enzyme-linked

immunoassay, instead of the more sensitive cytometric bead array, as the authors

only detected IL-13 in 6/34 patients. In CF patients, a significant negative relation-

ship was established between airway IL-13 levels and lung functions [86]. The

significance of IL-13 for chronic airway diseases is supported by the plethora of

studies which identified this cytokine as upstream element responsible for the

imbalance in metalloproteinase production promoting airway remodeling (reviews:

[89, 90]). Incidentally, IL-13 transgenic mice develop mucus cell metaplasia,

hypersecretion and sub-epithelial fibrosis [91, 92]. Interestingly, they share many

phenotypic traits with the ADA-deficient mice, including eosinophilia, emphysema

and fibrosis, and they survive less than 4 months [92]. The development of these

lung complications coincides with a steady rise in lung ADO level and reduction

in lung ADA activity. One month of PEG-ADA treatment corrected the ADO levels

and significantly reduced inflammation, mucin secretion, collagen deposition and

emphysema [91].

The existence of an amplification cycle for lung IL-13 and ADO regulation is also

supported by the fact that ADA�/�mice overexpress IL-13, which was corrected by

PEG-ADA treatment [91]. It is proposed that excess ADO, generated in stressed and

damaged tissues, induces an up-regulation of IL-13 and recruits inflammatory cells.

This cytokine initiates airway remodeling and down-regulates ADA, resulting in

further ADO accumulation, which completes the cycle. Consequently, many aspects

of chronic airway diseases could be addressed by ADA replacement therapy, by the

concomitant reduction of ADO- and IL-13-mediated responses.
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9.3.4 Summary

The current literature highlights the tremendous potential of PEG-ADA to identify

the inflammatory, remodeling and fibrotic processes targeted by the excess airway

ADO of asthmatic and COPD patients. This remarkably stable compound also has

the potential of becoming an effective therapy for a variety of lung diseases

dominated by fibrosis and emphysema, that is, if the pharmaceutical industry can

reduce the cost of the treatments. At Enzon Pharmaceuticals, PEG-ADA (pegade-

mase bovine) has been prescribed for over 20 years for the treatment of ADA-SCID

under the name: Adagen. Patents were recently issued for therapeutic applications

in pulmonary diseases, and clinical trials are pending. It is important to note that

ADA offers no therapeutic benefit unless pegylated, which provides the metabolic

stability. Since this discovery, this stabilizing technique has been applied to a

number of bioagents, including interferons (review: [93]).

9.4 Clinical Trials Involving Adenosine Receptors

There are dozens of ADO receptor ligands currently designed by various research

laboratories and pharmaceutical companies. This activity has provided pharmaco-

logical tools to distinguish the roles of each ADO receptor in the regulation of

airway defenses. For details on the strategies behind their structural design, the

readers are redirected to excellent reviews for A1Rs [94], A2ARs [95, 96], A2BRs

[97, 98] and A3Rs [99]. This chapter focuses on the ligands selected for preclinical

and clinical evaluation. In each case, the experimental designs (animal models,

delivery routes) chosen to evaluate their therapeutic potential are weighed against

the knowledge we have acquired in the first eight chapters of this book, regarding

ADO regulation and cell-specific functions.

9.4.1 The A1R Antagonists

The animal models of chronic respiratory diseases predict that A1R antagonists may

attenuate BHR, mucin hypersecretion and lung inflammation (see Chap. 8 for

details). These bioagents would take advantage of the high A1R expression reported

on the airway epithelial and smooth muscle cells of asthmatic patients [54]. On the

other hand, smoking was recently reported to down-regulate A1Rs on inflammatory

cells [100], suggesting that A1R antagonists may be less effective in smoking

asthmatics and most COPD patients. In terms of delivery route, systemic delivery

of A1R antagonists in oral capsules would more efficiently prevent the migration of

dendritic cell to the lymph nodes, as well as leukocyte adhesion to the endothelial

barrier (see Chap. 7 for details). With all this information in mind, we will review

the current preclinical and clinical studies with a critical view of the drug develop-

ment strategies adopted for A1R antagonists.
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9.4.1.1 Mixed Theophylline/Corticosteroid Treatments

Chemical structure: 1,3-dimethylxanthine

The first report of methylxanthines for the treatment of bronchoconstriction was

published in 1859 by an asthmatic, Henry Hyde Salter, who described the effects of

a strong coffee on his airway symptoms (review: [101]). In the 1920s, Theophylline

was demonstrated to relax airway smooth muscle, and was prescribed orally for the

treatment of airway hyperresponsiveness [102]. In the 1970s, Theophylline was a

popular treatment for stable asthmatic patients. Unfortunately, the dose needed

to initiate bronchodilation often induces cardiovascular and gastric side-effects.

This drug became less popular as more effective b2 adrenoceptor agonists became

available.

Over the past decade, Theophylline was revisited using lower doses (0.1–0.5 mg)

avoiding most side-effects caused by phosphodiesterase inhibition. Under these

conditions, Theophylline exerts potent anti-inflammatory effects, predominantly as

an A1R antagonist (review: [103]). In the OVA sensitization/challenge model of

allergic asthma, low dose Aminophylline (Theophylline pro-drug) given intraperito-

neal prevented early and late phase airway hyperresponsiveness to anOVAchallenge,

and reduced the inflammatory markers in BAL fluid (IL-4, IL-5, IL-6, IL-10 and

TNFa) [104].
In 2006, the anti-inflammatory potential of low-dose Theophylline for asthmatic

patients was tested in a clinical study using Aminophylline [105]. A single intra-

venous injection significantly improved the lung functions, measured as peak

expiratory flow (PEF) and peripheral oxygen saturation (SpO2). These clinical

benefits were comparable to those of aerosolized Salbutamol, a b2 adrenoceptor

agonist. Also, Aminophylline (but not Salbutamol) reduced pulmonary inflamma-

tion, measured in BAL fluid as eosinophil cationic protein, histamine, serotonin,

thromboxane B2, leukotriene C4.

Nowadays, clinicians refine the treatment of asthma and COPD by combining

the bronchodilating effect of inhaled corticosteroids with the anti-inflammatory

effect of low dose oral Theophylline [106–108] (Table 9.1). In July 2010, the

Theophylline extended-release tablet was granted marketing approval by the

United States FDA.

Table 9.1 Antagonists of the A1R in the pipeline

Drug Disease

Delivery

route

Proof of

concept

Pre-

clinical

Phase

1

Phase

2a

Phase

2b

Phase

3

Theophylline Asthma and

COPD

Oral

Bamiphylline Asthma and

COPD

Oral

L-97-1 Asthma Oral

EPI-2010 Asthma Nebulizer

Clinical trials terminated
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9.4.1.2 Bamiphylline Approved in Europe

Chemical structure: 8-benzyl-7,[2-[ethyl(2-hydroxyethyl)amino]-ethyl] Theophyl-

line Trentadil; bamifylline; benzetamophylline, Cloperastine

Over the years, more selective A1R antagonists were designed to avoid the side-

effects associated with Theophylline. Several clinical trials, conducted over the past

20 years, reported the potential of Bamiphylline for the treatment of bronchocon-

striction and mucin clearance in asthmatic and COPD patients. In 1991, a placebo-

controlled study was conducted with COPD patients matched for age [109]. The

7-day oral treatment significantly improved lung functions, based on the breathing

pattern, inspiratory muscle strength, neural drive and index of inspiratory neuro-

muscular coupling.

In 1995, a double-blind clinical study assessed the effect of Bamiphylline on

mucus clearance in 20 smokers with chronic bronchitis, compared to healthy

controls [110]. All subjects received oral Bamiphylline (600 mg per day) or placebo

during 15 days. Only the Bamiphylline treated COPD patients exhibited better

mucus clearance, clinical score and pulmonary function, with no reported side-

effects. This study suggests that Bamiphylline could improve mucus clearance in

other chronic obstructive diseases, such as CF.

Oral Bamiphylline has been approved for the treatment of asthma and COPD

in Europe, where it shows low incidence of side-effects, such as headaches or

gastralgia (1/100,000 patients) [111]. This drug is also sold, as a cough suppressant,

by Biocure Pharmaceutical under the name of cloperastine.

9.4.1.3 Is L-97-1 Better than Montelukast?

Chemical structure: [3-[2-(4-aminophenyl)-ethyl]-8-benzyl-7-{2-ethyl-(2-hydroxy-

ethyl)-amino-ethyl}-1-propyl-3,7-dihydro-purine-2,6-dione]

Based on the success story of Bamiphylline, Mustafa et al. developed a selective

antagonist of this receptor: L-97-1 [57]. Radioligand binding analysis showed a

strong affinity for A1Rs (IC50 ¼ 1.42 mM) compared to A2ARs and A2BRs

(IC50 > 100 mM). This is a considerable improvement from Bamiphylline, in

terms of affinity and selectivity.

In the house dust mite sensitization/challenge model of allergic asthma, the oral

gavage of L-97-1 prevented the BHR to the final challenge for at least 6 h [57].

This treatment also inhibited late allergic responses, measured after 24 h, by

histamine-induced bronchoconstriction. Therefore, L-97-1 has the potential to

prevent early and late allergic responses in asthmatic patients.

Mustafa et al. also used this animal model to compare the efficiencies of L-97-1

and Montelukast [112], a cysteinyl leukotriene-1 receptor antagonist regularly

prescribed to asthmatic patients for the treatment of reversible airflow limitation

[113]. First, L-97-1 pretreatment maintained lung dynamic compliance higher than

Montelukast over at least 5 h after a house dust mite challenge. Second, L-97-1
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blocked both early and late allergic responses, whereas Montelukast only blocked

the late response. Finally, both drugs caused comparable anti-inflammatory effects,

in terms of leukocyte accumulation in BAL fluid. In summary, L-97-1 is an anti-

inflammatory drug as potent as Montelukast, with the added benefit of a more

efficient treatment of reversible airflow limitation.

The small water-soluble molecule, L-97-1, is under development as oral treat-

ment for asthmatics by Andacea Inc., a company devoted to purinoceptor-based

technologies.

9.4.1.4 EPI-2010: A Respiratory Antisense Oligodeoxynucleotide

In 2006, Drs Fire and Mello were awarded the Nobel Prize for discovering the

mechanism behind RNA interference in 1998 (review: [114]). The regulation of

gene expression through “silencing” was found essential for many cellular pro-

cesses. The immense impact of this discovery on biomedical research led to the

development of a new generation of aerosolized drugs for chronic respiratory

diseases. In 1999, Metzger and Nyce designed respirable antisense oligonucleotides

(RASONs) as short, single-stranded nucleic acid sequences modified to enhance

their stability [58]. They bind the initiation codon of the messenger RNA (mRNA),

which prevents translation and targets the message for degradation by RNAses.

A clear advantage over traditional drugs is that they are metabolized locally by

endogenous nucleases, confining their reactivity to the airways (review: [115]).

During a joined venture with Chiesi Pharmaceuticals and Taisho Pharmaceuticals,

EpiGenesis Pharmaceutical developed the A1R-specific RASON, named EPI-2010,

for the treatment of asthma [116]. A fortuitous homology between the human and

rabbit mRNA sequences of the A1R allowed EPI-2010 to be tested in the model of

allergic asthma described above for L-97-1. Following house dust mite sensitization,

nebulized EPI-2010 caused a dose-dependent attenuation of airway hyperrespon-

siveness to ADO [58]. The fact that EPI-2010 also reduced airway obstruction

caused by house dust mite and histamine challenges supported the existence of an

anti-inflammatory effect. In these animals, EPI-2010 was deposited throughout the

lung, with no detectable systemic active metabolites, and was excreted primarily

in the urine. This original study demonstrated that RASONs can be efficiently

delivered to the peripheral lung, where they potently and selectively attenuate the

expression of disease-associated genes. In primates, EPI-2010 attenuated the aller-

gen responses to Ascaris lumbricoides for about 7 days, which corresponds to the

kinetics of A1R expression. Hence, EPI-2010 may represent the first once-a-week

treatment for asthma.

In 2003, a Phase 1 clinical trial conducted on asthmatic patients demonstrated

that aerosolized EPI-2010 is well-tolerated and shows indications of efficacy [116].

A single dose reduced the need for bronchodilator drugs and the symptom scores

during about 1 week. However, because of the disappointing results of a Phase

2 clinical trial, EPI-2010 was discontinued from clinical testing [117]. In this

study, 146 patients with persistent airway obstruction (FEV1 ¼ 74.5% predicted;
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�12% reversibility), currently receiving inhaled corticosteroids, were administered

EPI-2010 (1, 3, or 9 mg) through a nebulizer once or twice weekly. In asthmatic

patients under corticosteroid treatment, EPI-2010 caused no significant change in

lung function or inflammatory responses over 29 days.

Some arguments still support the therapeutic potential of inhaled EPI-2010 for

asthmatic patients. In the above clinical trial, the patients had mild-to-moderate

asthma, depending on the frequency of symptoms and the variability in peak

expiratory flow rate. Despite the apparent stable FEV1 of 74.5% predicted, corti-

costeroids will raise the FEV1 values to 90–100% of predicted between exacerba-

tions. Consequently, measurements of FEV1 do not constitute a sensitive assessment

of asthma severity, compared to the acute changes in airway function caused

by bronchoprovocation. This trial should have tested the therapeutic potential of

EPI-2010 in asthmatic patients not receiving corticosteroid treatments, and using

challenged BHR responses as parameter of clinical benefit. Also, because of safety

concerns about the use of antisense oligonucleotides in humans, the doses of

EPI-2010 may have been sub-therapeutic.

For these reasons, the scientific and clinical communities both support further

investigation of aerosolized EPI-2010 for the attenuation of BHR in asthma and

COPD. On the other hand, the current information on A1Rs suggests that oral delivery

would provide a more potent anti-inflammatory treatment of chronic lung diseases.

9.4.2 The A2AR Agonists

The animal studies and known functions of A2ARs predict that agonists would be

prescribed primarily for the treatment of chronic lung inflammation (see Chap. 8 for

details). However, this approach faces a serious challenge, as A2AR expression

and/or surface affinity are reduced in the lungs of asthmatic and COPD patients

[100, 118]. Since these ligands have been shown to cause significant cardiovascular

side-effects, including hypotension, strategies have been designed to confine the

drugs to the airways. On the other hand, this flaw has been exploited for the benefit

of patients undergoing elaborate surgical procedures, such as lung transplant, to

prevent the resulting increase in pulmonary arterial blood pressure. This section

reviews the A2AR agonists which were selected for preclinical and clinical evalua-

tion of these two major applications.

9.4.2.1 CGS21680 More Efficient than Budesonide

Chemical structure: 2-p-(2-carboxyethyl)phenethylamino-5’-N ethylcarboxamido

adenosine hydrochloride

The animal studies described in Chap. 8 clearly support the use of A2AR agonists

for the treatment of lung inflammation in chronic respiratory diseases. However,

the drug should be administered as an aerosol because systemic injection has been
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shown to cause considerable cardiovascular side-effects, including hypotension

in human subjects [119]. Therefore, studies were conducted to test the safety and

efficacy of the aerosolized A2AR agonists in animal models of airway diseases.

The first study evaluated the potential of CGS21680 in an animalmodel of allergic

asthma. In OVA sensitized/challenged Norway rats, intratracheal CGS21680 given

15 min before and after the final challenge reduced eosinophil and neutrophil counts

in the BAL fluid [120]. Similar findings were obtained in OVA sensitized/challenged

mice [121]. In addition, CGS21680 was found ten times more efficient than Bude-

sonide [121], a corticosteroid currently prescribed to asthmatic patients (review:

[122]). On the other hand, CGS21680 did not address OVA-induced bronchocon-

striction or mucin secretion, as expected from the pharmacological properties of the

A2AR (see Chap. 8 for details). And these doses caused significant hypotension in the

anesthetized animals, which may limit the clinical utility (Table 9.2).

Aerosolized CGS21680 did not prevent the development of lung inflammation in

two models of acute lung injury: intranasal LPS and cigarette smoke inhalation

[121]. In Chap. 8, we provided evidence that the microvascular endothelial barrier

constitutes the primary target for the treatment of acute lung injury, as A2AR

activation inhibits vascular leakage and inflammatory cell infiltration. In the LPS-

and smoke-challenged mice, the lack of effect of intranasal CGS21680 may reflect

a poor choice of delivery route.

A study showed that rats subjected to hemorrhagic shock, then given intravenous

CGS21680 during resuscitation, developed significantly less acute lung injury than

the untreated animals, in terms of vascular leakage and BAL myeloperoxidase

activity [123]. This study suggests that the systemic administration of CGS21680

may prevent the acute development of lung injury in situations where blood

pressure is monitored.

Table 9.2 Agonists of the A2AR in the pipeline

Drug Disease

Delivery

route

Proof of

concept

Pre-

clinical

Phase

1

Phase

2a

Phase

2b

Phase

3

CGS21680 Asthma Intratracheal

Trauma Systemic

GW328267X Allergic

rhinitis

Intranasal

Asthma Diskhaler

UK371,104 COPD Intratracheal

UK432,097 COPD Inhaled

Cough Powder

Stedivaze Sepsis

Sickle cell

disease

Intravenous

ATL313 Lung

transplant

Intravenous

Heart/lung

bypass

Intravenous

Clinical trials terminated
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9.4.2.2 GW328267X: Flaw in the Design

Chemical structure: (2R,3R,4S,5R)-2-{6-amino-2-[(1-benzyl-2-hydroxyethyl)amino]-

9H-purin-9-yl}-5-(2-ethyl-2H-tetrazol-5-yl)tetrahydrofuran-3,4- diol

The company GlaxoSmithKline identified a new selective agonist for the A2AR:

GW328267X [124]. Binding studies conducted in Chinese hamster ovary cells

showed that this high-affinity (pKi ¼ 7.8) ligand is a potent agonist (pEC50 ¼ 9.0)

of the A2AR. This compound has a lower affinity for A1Rs and A2BRs (pKi � 6)

and shows relatively weak agonist activity at these receptors. In vitro assays demon-

strated that GW328267X inhibits neutrophil and eosinophil activities (oxidative stress

and degranulation), which are antagonized by an A2AR antagonist, CGS15943.

However, GW328267X also binds A3Rs (pKi ¼ 7.8) as a competitive antagonist.

Hence, GW328267X activates A2ARs and blocks A3R-mediated responses equally

well. Since A3Rs mediate neutrophil elastase secretion [125], this drug would offer

additional protection as a blocker of this receptor.

In 2007, the company published results from two clinical studies conducted to

evaluate the therapeutic potential of GW328267X for allergic rhinitis [126] and

allergic asthma [127]. In a randomized, double-blind, placebo-controlled, three-

way balanced, crossover study, 48 men with allergic rhinitis where challenged with

house dust mite. Then, they received a nasal spray of GW328267X (50 mg) or
Fluticasone (200 mg) twice daily [126]. The corticosteroid is currently prescribed

for the treatment of allergic rhinitis. After 7 days, the patients given GW328267X

had improved nasal blockage, but not peak nasal inspiratory flow, whereas

Fluticasone significantly improved both parameters. Intranasal GW328267X also

produced a small, but significant, reduction of inflammatory marker concentrations

in the BAL fluid (tryptase and eosinophil cationic protein), while Fluticasone

normalized the concentrations of eosinophil cationic protein and neutrophil chemo-

attractant IL-8. It was concluded that this novel A2AR agonists has limited clinical

benefit for the treatment of allergic responses.

In the second double-blind, placebo-controlled, three-way balanced crossover

study, 15 non-smoking atopic asthmatic patients, not under corticosteroid treat-

ments, were challenged with house dust mite, then inhaled GW328267X (25 mg)
or Fluticasone (200 mg) twice daily for 7 days [127]. The A2AR ligand did not protect

against early and late asthmatic reactions, or significantly attenuate the inflammatory

responses. And higher doses caused considerable side-effects, in terms of hypoten-

sion and tachycardia. In contrast, Fluticasone completely inhibited the early and late

asthmatic responses, and significantly suppressed inflammation, including the lung

eosinophilia. Given such low therapeutic index, GlaxoSmithKline discontinued the

evaluation of GW328267X.

The failure of GW328267X to provide therapeutic benefits to allergic patients is

consistent with the properties of this complex ligand. First, chronic airway diseases,

in humans and animal models, are associated with a dramatic down-regulation

of A2ARs (see Chap. 8 for details). Second, the antagonistic effect of GW328267X

on A3Rs is expected to inhibit the degranulation of eosinophils, but to promote their

recruitment to the lungs [128]. As such, this drug could not suppress allergic airway

inflammation.
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9.4.2.3 New UK371,104 Remains in the Lungs

Chemicalstructure: N-(2,2-diphenylethyl)-2-{[(2-piperidin-1-ylethyl)amino]carbonyl}

adenosine

In 2008, Pfizer Inc. presented a new selective A2AR agonist carefully designed

to minimize side-effects by restricting the molecule to the airways (review: [119]).

In rats given an intratracheal dose of 1 mg/kg, the maximum free plasma con-

centration (Cmax) of UK371,104 was 20 nM, compared to 271 nM for CGS21680.

This tenfold difference results from the higher lipophilicity, molecular weight,

in vivo clearance and plasma protein binding capacity of UK371,104.

The safety and potency of UK371,104 were evaluated in anesthetized guinea-

pigs monitored simultaneously for pulmonary and cardiovascular functions [129].

Whereas intratracheal CGS21680 or UK371,104 prevented capsaicin-induced

bronchoconstriction, only CGS21680 provoked hypotension [129]. Furthermore,

the protective effect of the new drug against BHR lasted more than tenfold longer

than with CGS21680. Overall, UK371,104 offers a sevenfold improvement in

potency and 150-fold reduction in side-effect over the lead compound, CGS21680

[119]. These data suggest that aerosolized UK371,104 constitutes the drug of

choice for the treatment of chronic airway diseases.

The company further refined the structure of UK371,104 to generate UK432,097,

[130]. In Phase 1 clinical trial, healthy subjects administered UK432,097 as an

inhaled dry powder presented very little dispersal outside of the airways, and

no effect on heart rate. In a Phase 2, randomized, double-blind, placebo con-

trolled, parallel group clinical trial designed to evaluate the efficacy and safety of

UK432,097 in adults with moderate-to-severe COPD, the patients showed no

improvement in lung function over 6 weeks [131]. At the moment, alternative

applications are considered for UK432,097, including cough suppression and

improving the outcome of mechanically ventilated patients.

9.4.2.4 The ATL Family of A2AR Agonists

Stedivaze was originally developed by Clinical Data Inc. as pharmacological stress

agent for myocardial perfusion imaging, to avoid the bronchoconstrictive effects of

ADO in patients with asthma and COPD. In summer 2010, a Phase 2 clinical trial

showed that a fixed dose, bolus injection, of Stedivaze generates sufficient coronary

artery vasodilation for myocardial perfusion imaging, and without causing bronch-

oconstriction. This study constitutes a milestone toward the goal of developing

a safe and well tolerated coronary vasodilator for these patients. Stedivaze is

currently in Phase 3 trial for this application.

Given the potent anti-inflammatory properties of A2ARs, Stedivaze could repre-

sent an asset for the treatment of chronic respiratory diseases, while avoiding

bronchospasms. Incidentally, the company Adenosine Therapeutics LLC (acquired

by Clinical Data Inc. in 2008) was awarded funding in 2010 by the National

Institute of Allergy and Infectious Diseases to explore applications for the treatment

of asthma, arthritis and sepsis.
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Stedivaze (Apadenoson; BMS 068645 or ATL146e)

Chemical Structure: 4-(3-[6-amino-9-(5-ethylcarbamoyl-3,4-dihydroxy-tetrahydro-

furan-2-yl)-9H-purin-2-yl]-prop-2-ynyl)-cyclohexanecarboxylic acid methyl ester

In 2001, Linden et al. synthesized and characterized Stedivaze as a potent inhibitor

of human neutrophil oxidative activity [132]. This compound was found to have 50

times more affinity for the human neutrophil A2AR than CGS21680. Since LPS

causes a rapid up-regulation of A2ARs on inflammatory cells [133], a bacterial

infection would provide additional binding sites for Stedivaze to suppress inflam-

mation.

In 2004, Linden et al. provided evidence that Stedivaze may constitute a potent

anti-inflammatory agent for the treatment of sepsis [134]. Human neutrophils

primed by LPS responded to the bacterial chemoattractant, formyl-Met-Leu-Phe

(fMLP), by an up-regulation of a4/b1 integrin, as reported for the circulating

neutrophils of sepsis patients [135]. This sepsis-like neutrophil phenotype has

been shown to bind more readily to the vascular cell adhesion molecule-1

(VCAM-1) on endothelial cells, which facilitates their transmigration into the

lung tissue. Stedivaze, added before or after priming, was equally effective in

inhibiting the up-regulation of a4/b1 integrin, which reduced the neutrophil

adhesive properties.

In 2010, Linden et al. presented in vivo evidence for the therapeutic potential of

Stedivaze in pulmonary diseases. In sickle cell disease, misshapen erythrocytes

trigger transient episodes of microvascular ischemia-reperfusion, which reduces the

baseline lung functions and maintains lung inflammation. Therefore, they used the

murine model of sickle cell disease, NY1DD mice, to test Stedivaze. In these mice,

continuous infusion of Stedivaze (10 ng/mg/min) initiated a dose-dependent

improvement of the baseline lung functions, which reached maximal efficacy

within 3 days [136]. In the NY1DD mice subjected to hypoxia-reperfusion, stedi-

vaze added at the onset of reperfusion prevented further lung injury. This study

supports the potential of stedivaze for the treatment of the lung inflammation

caused by recurrent ischemia-reperfusion in sickle cell disease. On the other

hand, this study did not document the impact the circulating A2AR agonist on

blood pressure, which is a major concern for this class of bioagent.

The Next Generation of ATL Derivatives: ATL313

Chemical Structure: 4-(3-(6-amino-9-(5-cyclopropylcarbamoyl-3,4 dihydroxy

tetra hydrofuran-2-yl)-9H-purin-2-yl)prop-2-ynyl) piperidine-1- carboxylic acid

methyl ester

In collaboration with Adenosine Therapeutics Inc., Dr. Linden et al. designed and

characterized a series of derivatives of Stedivaze. In 2007, they conducted radi-

oligand binding experiments which yielded the following ranked order of affinity:

ATL313 (IC50 ¼ 1.9 nM) > ATL309 and ATL310 > ATL202 [137]. This class of

compounds offers an additional improvement from Stedivaze, with 100-fold higher
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affinity for the A2AR than CGS21680. Functional assays conducted with equine

neutrophils showed that all these compounds stimulate cAMP formation, and

inhibit the production of reactive oxygen species induced by LPS, while respecting

this order of potency.

Their therapeutic potential for respiratory diseases was first tested with ATL202

in a model of LPS-induced lung injury [138]. Most animal studies, described in

Chaps. 8 and 9, were conducted by giving the drug before the challenge. In the

present work, the authors compared the efficiency of aerosolized ATL202 given

before or after aerosolized LPS. They showed that both strategies significantly

decreased the number of neutrophils and cytokine concentrations measured in the

BAL fluid. On the other hand, ATL202 only reduced extravasation when adminis-

tered before a challenge. This experimental design is critical to identify the best

delivery route for a specific treatment.

The most promising ATL derivative is ATL313, which exhibits a 100-fold

higher selectivity for A2ARs than for A1Rs and A3Rs. Since 2007, more than 30

studies have been published on this ligand. This section reviews only those addres-

sing the impact of ATL313 on lung injury and inflammation. Linden’s group

conducted a series of ex vivo and in vivo experiments to test whether the vascular

administration of ATL313 protects the lungs against ischemia-reperfusion injury,

which remains a major complication after organ transplant. In the first study, they

used isolated, buffer-perfused murine lungs to determine whether the therapeutic

potential of ATL313 targets the resident cells [139]. Their model of ischemia-

reperfusion significantly impaired pulmonary functions (higher airway resistance

and pulmonary artery pressure, lower compliance), caused extensive tissue injury

(vascular leakage and edema) and lung inflammation (BAL levels of TNFa, KC,
MIP-2 and RANTES). These lung complications were all significantly attenuated

by a bolus dose of ATL313 (30 nM) added to the perfusate at the onset of

reperfusion. This dose had no significant effect on the lung functions or hemody-

namics of control animals. The specificity of the receptor agonist was demonstrated

using lung isolated from A2AR
�/� mice, which showed no reduction in lung

complications in response to ATL313. The fact that vascular ATL313 attenuated

lung inflammation in the absence of circulating blood reiterates the critical role of

the A2AR for the maintenance endothelial barrier integrity (see Chap. 8, Fig. 8.1).

As such, ATL313 administered intravenous before the surgical procedure may

significantly improve the outcome of lung transplant.

In Chap. 8, we provided evidence that all four ADO receptors mediate protection

against vascular leakage, edema and inflammation in models of acute lung injury,

such as ischemia-reperfusion (Table 9.1). Therefore, experiments were conducted

to determine the relative potency of ATL313 using isolated, blood-perfused

lungs infused with a selective agonist/antagonist of the A1R (CCPA/DCPCX),

the A2AR (ATL313/ZM241385) or the A3R (IB-MECA/MRS1191) during

reperfusion [140]. As expected, all receptor agonists significantly improved the

lung functions (increased compliance and oxygenation, and decreased pulmonary

artery pressure), reduced edema and inflammation (BAL levels of neutrophil
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myeloperoxidase and TNFa), compared to the untreated animals. When each

agonist was paired with its antagonist, the protective effects were lost. More

importantly, the ATL313 treatment improved lung functions and reduced neutro-

phil recruitment more efficiently than the A1R and A3R agonists, supporting a

superior protective effect during lung transplant. In another study, these authors

used the same protocol to show that the addition of ATL313 1 h before ischemia

offers the same degree of protection [141]. Together, these studies suggest that

ATL-313 infusion before, or at the time of transplant, may protect the lungs against

the development of injury and rejection. Incidentally, this drug was reported to

improve the outcome of organ islet transplant [142], supporting broad applications

for clinical transplantation.

Another surgical application currently proposed for ATL313 is the protection

of patients against the post-operative trauma caused by cardiopulmonary bypass.

In the rats subjected to this procedure, addition of ATL313 to the blood priming

solution completely prevented the development of lung edema, tissue injury and

inflammation (IL-1b, IL-6, IFNg, and neutrophil myeloperoxidase activity) [143].

This study suggests that ATL313 may prevent acute lung injury caused by

cardiopulmonary bypass.

The protective anti-inflammatory effect of ATL313 during ischemia-reperfusion

extends beyond the lungs’ resident cells [144]. In mice subjected to hilar occlusion,

the intravenous injection of ATL313 before the onset of reperfusion significantly

preserved lung function and prevented vascular leakage, compared to control

animals. Based on BAL neutrophil myeloperoxidase activity and immunohisto-

chemistry, ATL313 was also shown to inhibit the infiltration of neutrophils and

CD4+ T cells during reperfusion. It is common knowledge that the number of

circulating neutrophils is regulated by IL-17A, a cytokine released by the CD4+

T lymphocytes (review: [145]). The mice subjected to ischemia-reperfusion, after

depletion of the CD4+ T cells or neutrophils, had significantly reduced lung injury,

but ATL313 did not provide additional protection. In contrast, the BAL fluid levels

of IL-17, KC, MCP-1, MIP-1 and RANTES were significantly lower in the neutro-

phil- and CD4+ T cell-depleted mice, but only further reduced by ATL313 in the

neutrophil-depleted mice. This study demonstrates that ATL313 attenuates acute

lung injury and inflammation by inhibiting the secretion of IL-17 by CD4+ T cells,

and the subsequent neutrophil recruitment to the lungs.

This A2AR agonist is currently the focus of negotiations between Clinical Data

Inc. and Santen Pharmaceutical Co. regarding ophthalmic diseases, while Clinical

Data Inc. is reserving the rights to explore other applications.

In this section, all A2AR agonists evaluated for the treatment of chronic respira-

tory diseases were intensely scrutinized with respect to cardiovascular side-effects,

especially hypotension. Yet, in the case of acute insults, such as surgical procedures

or trauma, the above studies suggest that short-term vascular administration of an

A2AR agonist would essentially normalize the arterial blood pressure raised by

ischemia-reperfusion. Thus, a detrimental property for chronic lung diseases may

be beneficial for acute lung injury.
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9.4.3 The A2BR Antagonists

The animal models of chronic respiratory diseases revealed that A2BR activation

promotes BHR, inflammation, mucin hypersecretion, airway remodeling, fibrosis

and emphysema (see Chap. 8 for details). This impressive portfolio suggests that

A2BR antagonists may address all major pulmonary complications of patients

diagnosed with asthma, COPD and fibrotic pulmonary diseases. In terms of deliv-

ery, inhalation should be avoided to preserve the A2BR-mediated airway clearance

of mucins and pathogens (see Chap. 5 for details). Pharmaceutical companies have

selected three A2BR antagonists, which are now emerging in the pipeline. The

report that A2BR expression increases with disease severity in COPD and IPF [146]

should be taken into consideration during clinical trials with respect to the targeted

population and expected therapeutic index.

9.4.3.1 Comparing CVT-6883 and Montelukast

Chemical Structure: [3-ethyl-1-propyl-8-[1-(3-trifluoromethylbenzyl)-1H-pyrazol-

4- yl]-3,7-dihydropurine-2,6-dione]

Over the past 5 years, chemists at CV Therapeutics synthesized a large number of

Theophylline derivatives in search of a selective A2BR antagonist for the treatment

of asthma (review: [147]). Based on binding assays, they selected CVT-6883,

which has an affinity for A2BRs (Ki ¼ 8 nM) at least 1,000-fold higher than for

the other ADO receptors [148]. In various human cell lines, CVT-6883 inhibits

cAMP production induced by the stable ADO analog: N-ethyl-carboxamidoadeno-

sine (NECA). The pharmacodynamic and pharmacokinetic properties of CVT-6883

were determined in the rat. An oral dose of 2.0 mg/kg displayed an excellent

systemic exposure, a Cmax of 1,100 ng/ml, a dose adjusted under the curve of

(dAUC) of 6,500 ng.h/ml, and a half-life of 4 h.

The preclinical evaluation of CVT-6883 was conducted in mice using the

ragweed sensitization/challenge model of allergic asthma [149]. The intraperitoneal

injection of CVT-6883 completely prevented airway hyperresponsiveness to aero-

sol AMP, the pro-drug of ADO. Interestingly, CVT-6883 was as potent as an

optimal dose of Montelukast [112], the cysteinyl leukotriene-1 receptor antagonist

currently prescribed to asthmatic patients (review: [113]). The intraperitoneal deliv-

ery of CVT-6883 also inhibited the late allergic responses of these mice to ragweed

for at least 5 h. On the other hand, the authors chose aerosol delivery to compare the

anti-inflammatory properties of CVT-6883 and Theophylline. The drugs were

nebulized prior to the last aerosol ragweed challenge, and the BAL fluid analyzed

after 5 h. The optimal dose of each drug reduced total cell counts by nearly 50%.

While they were similarly efficient in suppressing eosinophil recruitment, only

CVT-6883 significantly reduced the lymphocyte counts. Therefore, aerosol CVT-

6883 shows promises for the treatment of inflammation in allergic asthma.
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The potential of long-term treatment with CVT-6883 to resolve all complica-

tions of chronic respiratory diseases was addressed using an animal model which

develops the airway hyperresponsiveness, inflammation, remodeling, fibrosis and

alveolar destruction: ADA-deficient mice [148]. The 14-day treatment consisted of

intraperitoneal injections, administered twice daily to animals after they developed

significant lung complications. The CVT-6883-treated mice presented significantly

reduced airway inflammation (BAL cytokine levels, lymphocytes, eosinophils,

neutrophils and macrophages), fibrosis (a1-procollagen and collagen deposition)

and alveolar airspace enlargement. These results support substantial benefits for the

long-term treatment of chronic lung diseases.

In 2008, CV Therapeutics had completed two randomized, single-blind,

placebo-controlled, ascending dose clinical trials, in which CVT-6883 was deter-

mined to be safe and well tolerated by healthy volunteers [150]. The pharmacoki-

netic data support the use of one daily oral dose of CVT-6883 for the long-term

treatment of chronic respiratory diseases (Table 9.3). This delivery route would also

minimize the inhibitory effect of A2BR antagonists on the airway clearance of

mucin and pathogens (see Chap. 5 for details).

In 2009, Gilead took over CV Therapeutics, which may cause a reorganization

of their priorities, with respect to the drugs currently in the pipeline.

9.4.3.2 Anti-Inflammatory MRE 2029-F20

Chemical Structure: N-benzo[1,3]dioxol-5-yl-2-[5-(2,6-dioxo-1,3-dipropyl-2,3,6,7-

tetrahydro-1H-purin-8-yl)-1-methyl-1H-pyrazol-3-yloxy] acetamide

In 2004, Baraldi et al. announced that they synthesized a large number of xanthine

derivatives as potential A2BR antagonists [151]. The most selective compound was

named MRE 2029-F20 (KiA2BR ¼ 5.5 nM; KiA1R ¼ 200 nM; KiA2AR,

A3R > 1,000). Using isolated human neutrophils, lymphocytes or mast cells,

MRE 2029-F20 was shown to inhibit the NECA-mediated cAMP production with

IC50 values in the low nanomolar range, which supported a potent anti-inflamma-

tory property. Therefore, MRE 2029-F20 was selected for further evaluation by

King Pharmaceuticals [151].

In 2005, Borea et al. developed a radiolabelled MRE 2029-F20 [152, 153], which

has been instrumental in the discovery that A2BR expression rises with disease

Table 9.3 Antagonists of A2BRs in the pipeline

Drug Disease

Delivery

route

Proof of

concept

Pre-

clinical

Phase

1

Phase

2a

Phase

2b

Phase

3

CVT-6883 Asthma Oral

MRE 2029-

F20

Inflammation

LAS38096 Asthma Oral
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severity in the lungs of COPD patients [118]. In recombinant systems, tritiated

MRE 2029-F20 binds selectively to A2BRs, with KD values around 2 nM [153].

The same year, they tested the selectivity of MRE 2029-F20 in a human

melanoma cell line [154]. The cell proliferation induced by the selective A3R

agonist, Cl-IB-MECA, was not inhibited by this A2BR antagonist.

Preclinical data in animal models have not yet been reported for this bioagent.

9.4.3.3 LAS38096 for the Treatment of Asthma

Chemical Structure: 4’-(2-furyl)-N-pyridin-3-yl-4,5’-bipyrimidin-2’-amine

In 2007, a third compound, LAS38096 was discovered by Almirall Prodesfarma,

which exhibits high affinity and selectivity for the A2BR (KiA2BR ¼ 17 nM; KiA1R
> 1,000 nM; KiA2AR > 2,500 nM; and KiA3R > 1,000 nM) [155]. In heterologous

systems expressing human or murine A2BRs, LAS38096 inhibited NECA-mediated

cAMP production with IC50 values in the 320–350 nM range. The capacity of

LAS38096 to inhibit inflammatory responses was tested using human and mouse

dermal fibroblasts. The bioagent induced a dose-dependent decrease in NECA-

mediated IL-6 secretion, with IC50 values of 340 and 640 nM, respectively [155].

These data demonstrate that LAS38096 is a functional A2BR antagonist with similar

affinity on the human and murine receptor.

The pharmacokinetic parameters of an oral dose of LAS38096 were determined

in the rat, mouse and dog [155]. The drug exhibited excellent bioavailability in all

species. It was absorbed rapidly (tmax < 60 min), with an AUC of 4.0 mM.h and

a moderate-to-high plasma clearance.

The efficacy of LAS38096 was tested in vivo in the OVA sensitization/challenge

model of allergic asthma [156]. Mice treated with the bioagent showed significantly

less airway hyperresponsiveness, mucus production, eosinophil infiltration and

OVA-specific IgE in the BAL fluid than untreated animals.

LAS38096 has been advanced for evaluation of safety and toxicology.

9.4.4 The A3R Agonists

The terms “complex” and “enigmatic” are frequently ascribed to the A3R because

this receptor has been shown to induce inflammatory and anti-inflammatory

responses (review: [157]). For instance, it stimulates neutrophil chemotaxis, but

inhibits eosinophil recruitment to the airways. Nonetheless, A3R-mediated

responses are predominantly anti-inflammatory, as demonstrated by the knockout

mouse (see Chap. 8 for details). Thus, while agonists and antagonists are available

as pharmacological agents, only agonists are currently tested for the treatment of

chronic inflammatory disorders.
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Over the last decade, new approaches have been introduced for the treatment

of autoimmune diseases (review: [158]). Among the most potent drugs, TNFa
antibodies are prescribed for arthritis, psoriasis and Crohn’s diseases. However,

to block all TNFa-mediated inflammatory responses compromises host defenses

and causes severe adverse effects. Recent studies revealed that the secretion of

TNFa from inflammatory cells is inhibited by ADO acting selectively on A3Rs

[159, 160]. Since the A3R is not expressed on airway epithelial cells, this approach

may reduce lung inflammation by focusing on non-resident cells, with minimal

effects on defenses mediated by the epithelial barrier.

Major concerns about the use of aerosolized A3R agonists were fueled by

reports of BHR in murine models [45–48]. However, it is important to mention

that histamine secretion is mediated by A2BRs in canine and human mast cells

[49–51], which motivated the use of canine models for the evaluation of A3R

agonists as anti-inflammatory agents. Furthermore, our current understanding of

ADO-mediated BHR in asthmatics supports an A1R-mediated neural signal

upstream from mast cell activation (see Sect. 9.2). As such, the A3R-mediated

bronchospasms observed in murine models of asthma are not expected in human

subjects. Hopefully, these precisions will stimulate the pharmaceutical industry to

develop selective A3R agonists for chronic inflammatory lung diseases.

9.4.4.1 Rebirth of IB-MECA as CF101

Chemical Structure: 1-deoxy-1-[6-[[(iodophenyl)methyl]amino]9H-purine-9-yl]-N-

methyl-(-D-ribofuranuronamide)

We owe a dept of gratitude to Dr. Kenneth A. Jacobson, who devoted his career to

the development of ADO receptor ligands (review: [99]). In 1993, he designed the

first selective A3R agonist, IB-MECA, which has been used in over 300 in vitro and
in vivo studies. This metabolically stable molecule binds and activates the human

A3R with an affinity (Ki ¼ 0.5 nM) 1,000-fold higher than on the other ADO

receptors (review: [157]). In 2000, Dr. Pnina Fishman obtained an exclusive license

for IB-MECA, which was renamed CF101, and launched the company Can-Fite

Biopharma.

The therapeutic potential of CF101 for lung complications was assessed

mainly in models of acute lung injury. In isolated, blood-perfused rabbit lungs

subjected to 18 h of cold ischemia, the addition of CF101 before reperfusion

improved lung compliance and oxygenation, without affecting arterial pressure

[140]. With respect to the inflammatory mediators measured in the BAL fluid, the

A3R agonist reduced TNFa concentrations by 50% and neutrophil myeloperox-

idase activity by 30%. Acute lung injury, quantified in terms of vascular leakage

and edema, was also significantly lower in the animals treated with CF101. This

study highlights the pleitropic protective effects of intravenous CF101 against

acute lung inflammation and injury initiated by episodes of ischemia-reperfusion.

Interestingly, Methotrexate was recently shown to enhance the anti-inflammatory
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effects of CF101 by causing an up-regulation of the A3R on monocytes and macro-

phages [161], which could offer additional clinical benefits for the treatment of

acute lung injury.

The signaling mechanisms by which CF101 protects the lungs against injury and

apoptosis during ischemia-reperfusion were investigated in spontaneously breath-

ing cats [162, 163]. The presence of systemic CF101 during reperfusion sig-

nificantly reduced the acute lung injury (% injured alveoli, wet/dry weight ratio)

and apoptosis (TdT-mediated dUTP nick-end labeling positive cells and caspase

3 activity). Using selective inhibitors, the protective effects of CF101 were found

to require ATP-sensitive K+ channels, but not nitric oxide production [163].

The signaling pathways activated by CF101 were identified by monitoring the

expression of major protein kinases by SDS-PAGE and Western blot analysis of

lung tissue specimens [162]. The A3R agonist induced a gradual up-regulation of

the extracellular signal-regulated kinases 1 and 2 (ERK1/2), but not the c-Jun

amino-terminal protein kinase (JNK) or p38. Injection of a selective A3R antagonist

(MRS1191), before CF101, abolished the response of ERK1/2 without affecting

p38 and JNK. These data suggest that the CF101-A3R signals are mediated predom-

inantly by the ERK1/2-dependent pathways. However, A3Rs have been reported to

regulate apoptosis via other signaling cascades, such as the phosphoinositide-3

kinase (PI3K)-dependent pathway (review: [157]). Therefore, future studies should

verify the impact of selective ERK1/2 inhibitors on the acute lung injury and

inflammation caused by ischemia-reperfusion.

In two controlled, double-blind, single ascending Phase 1 clinical trials con-

ducted on healthy subjects, oral CF101 was demonstrated to be safe and well

tolerated [164]. In oral solution, CF101 was readily absorbed (Tmax ¼ 1–2 h)

with a half-life of 9 h.

In December 2010, Can-Fite BioPharma announced that CF101 entered Phase

2 or 3 clinical trials for the treatment of cancer, dry eye syndrome, psoriasis and

rheumatoid arthritis (Table 9.4). They retained the services of Plexus Ventures

for the identification of a partner to support the clinical development and commer-

cialization of CF101 in the United States and Europe, while it is already licensed

in Japan and South Korea.

Table 9.4 Agonists of A3Rs in the pipeline

Drug Disease Delivery route

Proof of

concept

Pre-

clinical

Phase

1

Phase

2a

Phase

2b

Phase

3

CF101 (IB-

MECA)

Acute lung

injury

Intravenous

Arthritis

psoriasis

Oral

CF102

(Cl-IB-

MECA)

Sepsis Intraperitoneal

Liver

diseases

Oral

CF502

(MRS3558)

Acute lung

injury

Intraperitoneal
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9.4.4.2 The More Selective Cl-IB-MECA (CF102)

Chemical structure: 2-chloro-N6-(3-lodobenzyl)-adenosine-5’-N-methyluronamide

Can-Fite BioPharma is also evaluating the potential of Cl-IB-MECA (CF102), a

more selective analogue of IB-MECA (CF101) with binding affinities of 1.4 nM for

the A3R, compared to 220 nM for the A1R, and 5,400 nM for the A2AR (review:

[157]). Like his close relative, CF102 has been widely used as a pharmacological

agent to identify the complex pharmacological properties of the A3R in mammalian

tissues.

Wagner et al. tested the impact of CF102 on the lung inflammation induced by

aerosolized LPS in wild-type and A3R
�/� mice [165]. The endotoxin induced a

linear increase in A3R expression over time in whole lung tissue, reaching sixfold

above the baseline after 3 h. In addition, LPS inhalation stimulated leukocyte

recruitment into the pulmonary vasculature, lung tissue and airspace. Pretreatment

by intraperitoneal injection of CF102 significantly reduced the number of leukocytes

in all compartments in the wild-type mice, but not in the A3R
�/� mice. The CF102

treatment significantly reduced the levels of inflammatory cytokines (TNFa and

IL-6) in the BALfluid of LPS-exposedwild-typemice. In accordancewith the barrier

protective role of A3Rs during acute lung injury (see Chap. 8 for details), CF102

suppressed the LPS-induced vascular leakage in wild-type mice. One foreseeable

side-effect of intraperitoneal CF102 is the enhancement of neutrophil migration

speed (review: [166]). Nonetheless, the ligand did not affect the leukocyte counts

in the pulmonary vasculature in the control and LPS-exposed animals.

In November 2010, Can-Fite Biopharma completed a Phase 1 clinical trial to

assess the safety and pharmacokinetic behavior of CF102 in patients with advanced

liver cancer. The patients received oral doses of 1, 5 or 25 mg (twice daily) over

28 days. Overall, the drug is safe and well tolerated at doses up to 25 mg, shows

good oral bioavailability and linear pharmacokinetic behavior. Also, patient

infected with hepatitis virus C experience a significant reduction in virus titer

with CF102, consistent with its preclinical anti-viral activity. This A3R agonist

hold promises as a novel therapeutic strategy in the treatment of cancer and viral

infections.

9.4.4.3 New Generation MRS3558 (CF502)

Chemical Structure: [(10R,20R,30S,40R,50S)-4-{2-chloro-6-[(3-chlorophenylmethyl)

amino] purin-9-yl}-1-(methylaminocarbonyl)bicyclo [3.1.0] hexane-2,3-diol]

A novel A3R agonist, CF502, was recently synthesized at the National Institutes of

Health (review: [157]). This molecule displays enhanced selectivity and specificity

with >1,000-fold more affinity for the A3R than the A1R, A2AR, and A2BR.

Functionally, this molecule represents a significant improvement from the first

generation compounds. In the breathing cat model of ischemia-reperfusion,

CF502 was found more efficient than CF101 against acute lung injury [162].
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Jacobson et al. used the breathing cat model of ischemia-reperfusion to assess

the potential of CF502 for the treatment of acute lung injury [167]. Interestingly, the

sedated animals were monitored over 27 h of reperfusion, instead of the usual<3 h,

to determine the long-term effects of ischemia-reperfusion and CF502. The imme-

diate responses to in vivo ischemia-reperfusion were inflammation, apoptosis and

edema, restricted to the left lobe subjected to ischemia. After 27 h of reperfusion,

this lobe became more edematous, with evidence of hypoxemia, but exhibited less

apoptosis and no change in inflammation. The control perfused right lobe presented

edema after 27 h, suggesting a systemic effect of ischemia-reperfusion. The animals

treated with one bolus dose of CF502, added to the left lobe perfusate during

ischemia, developed milder inflammation and injury during at least 27 h of reper-

fusion. In addition, CF502 further reduced the parameters of apoptosis from the 3 h,

to the 27 h, reperfusion time-point. Finally, this treatment also protected the lungs

against the increase in blood pressure caused by ischemia-reperfusion. This study

supports long-term clinical benefits for a bolus dose of CF502 during surgical

procedures associated with acute lung injury, such as organ transplant.

Can-Fite Biopharma is currently developing CF502 as a second generation anti-

inflammatory drug.

9.4.5 Crossing Swords with Other Therapies

9.4.5.1 Aspirin-Intolerant Asthma and Adenosine

Acetyl salicylic acid (ASA; aspirin) has been used for decades for the treatment

of various inflammatory conditions. However, a subset of asthmatic patients exhibit

violent allergic reactions to this common drug (review: [168]). Aspirin-intolerant

asthma, also known as ASA-exacerbated respiratory disease, is associated with

aspirin-induced BHR and a severe eosinophilic inflammation of the upper and

lower airways, which maintains chronic rhinitis, sinusitis and polyposis. This

disease is caused by an aberrant metabolism of arachidonic acid (review: [169]).

The two products, prostaglandins and leukotrienes, bind to specific cell surface G

protein-coupled receptors to orchestrate airway defenses. Prostaglandins stimulate

mucociliary clearance, inhibit the development of fibrosis and the activities of

inflammatory cells. In contrast, leukotrienes promote the recruitment and activation

of inflammatory cells, mucus secretion, vascular permeability, fibrosis and bronch-

oconstriction. In aspirin-intolerant asthmatic patients, the metabolic balance of

arachidonic acid is tilted toward leukotrienes, which leads to dramatic increases

in the airway concentrations following ASA exposure (review: [170]). A recent

clinical study suggests that ASA-induced leukotriene accumulation in exhaled

breadth condensate may constitute a diagnostic tool to identify the aspirin-intolerant

asthmatic patients [171].

In 2009, Kim et al. compared aspirin-tolerant and -intolerant asthmatics for

the presence of single nucleotide polymorphisms (SNPs) in the sequences of
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ADA and the ADO receptors [172]. Using multivariate logistic regression analysis,

they compared the frequencies of SNP genotypes and haplotypes in 136 aspirin-

intolerant asthmatics, 181 aspirin-tolerant asthmatics and 183 normal individuals.

They identified SNPs specific to the A1R and the A2AR which were significantly

associated with aspirin intolerance. This survey suggests that airway ADO may

contribute to the allergic reactions.

In 2010, Moon et al. provided evidence that ASA exacerbates lung eosino-

philic inflammation by interfering with ADO regulation [173]. In this study, murine

models of asthma were developed by intraperitoneal sensitization with OVA or

OVA/LPS, followed by OVA challenges. Only the OVA/LPS-sensitized mice

responded to intraperitoneal ASA by developing the aspirin-intolerant asthma

phenotype of severe eosinophilia in the upper and lower tissue, and in BAL fluid.

Since eosinophils represent <10% of all cells recruited to the airways, their

response to ASA would be overlooked by total cell counts. Interestingly, ASA

also caused a dramatic increase in lung ADO levels in the OVA/LPS mice.

Expression analysis of the enzymes regulating ADO indicated that LPS selectively

up-regulates ADA. This protective mechanism against excess ADO was obliterated

by ASA. In addition, ASA-treated OVA/LPS mice accumulated lung IL-13, which

has been shown to maintain an ADO/IL-13 amplification cycle by suppressing

ADA expression (see Chap. 8 for details). These data predict that aspirin-intolerant

asthmatic patients maintain higher airway ADO concentrations than the other

asthmatics. This excess lung ADO, exacerbated by ASA, caused a down-regulation

of Th17 responses via A1R and A3R engagement [173], which shifted the lung

inflammation from a neutrophilic to an eosinophilic phenotype.

Collectively, these studies suggest that ASA intolerance results from the com-

bined bronchoconstrictive effects of excess ADO accumulating in the airways of

all asthmatics, and the high leukotriene concentrations reported only in the aspirin-

intolerant subjects. Furthermore, the high ADO levels are expected to contribute

to the severe eosinophilic inflammation through modulation of Th17 cell functions.

As such, treatments reducing airway ADO levels (see Sect. 9.3) would be particu-

larly beneficial for these patients.

9.4.5.2 Hypertonic Saline and the A2AR/A3R Balance

During severe trauma or elaborate surgical operations, like organ transplantation,

the massive release of cytotoxic mediators by activated neutrophils causes major

lung complications, such as acute lung injury and acute respiratory distress syn-

drome (ARDS). Since the early 1980s, resuscitation by small-volume injection of

hypertonic saline (HS; 7.5% NaCl/6% dextran 70) is routinely performed to

attenuate neutrophil-related trauma (reviews: [174, 175]). This procedure stems

from several in vitro studies showing that HS inhibits neutrophil degranulation.

However, some patients respond to HS resuscitation by an exacerbation of the

complications. In a murine model of hemorrhagic shock, an early HS resuscita-

tion prevented lung tissue damage, whereas delayed treatment aggravated the
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complications [176]. Since early treatments rarely occur within clinical settings,

a better understanding of HS-mediated neutrophil activation was required to design

resuscitation regimens that would minimize the risks of side-effects.

Junger et al. demonstrated that the dual regulation of neutrophil degranulation by

HS is caused by a shift in ADO receptor expression during cell activation [125].

Naı̈ve neutrophils express predominantly A2ARs, which inhibit cell degranulation

by cAMP-dependent signaling pathways (review: [166]). Their stimulation by

bacterial products, like formyl methionyl-leucyl-phenylalanine (fMLP), induces

the expression and surface translocation of A3Rs, which stimulate degranulation

by inhibition of cAMP production. Junger et al. showed that HS treatment of human

neutrophils, before fMLP, prevented A3R induction and cell degranulation, whereas

HS treatment after fMLP enhanced the A3R-mediated release of cytotoxic com-

pounds [177]. In a model of sepsis, the addition of an A3R antagonist (MRS1191) to

the HS solution enhanced the beneficial effects of resuscitation by avoiding the

side-effects resulting from delayed administration [125].

This study supports a new therapeutic application for MRS1191 administration

during HS resuscitation procedures, which may be required during lung transplant.

9.4.6 Summary

Finally, we have acquired sufficient maturity in the evaluation of ADO receptor

ligands for the treatment of acute and chronic lung complications to formulate

general principles and guidelines. With respect to A1Rs, the pharmaceutical indus-

try understands the need to administer antagonists to suppress pulmonary inflam-

mation (Table 9.1). The first two compounds developed, Theophylline and

Bamiphylline, are currently available as oral prescriptions for asthmatic and

COPD patients. On the other hand, the nebulized antisense oligodeoxynucleotide,

EPI-2010, designed to remain in the airways to address BHR presented no clinical

benefit in clinical trials. The story of Theophylline discovery tells us that the

bronchodilating properties of the drug were mediated by the non-specific inhibition

of phosphodiesterase. While in vitro and animal studies support a role for A1Rs in

BHR, the importance of this mechanism in human subjects remains to be deter-

mined. With respect to A2ARs, everyone agrees on the benefits of selective agonists,

but dosages which avoid cardiovascular side-effects (i.e. hypotension) were shown

ineffective in the clinical trials, regardless of the selectivity or affinity of the

compound (Table 9.2). On the other hand, these agonists hold promises for the

reduction of lung complications resulting from cardiopulmonary bypass or lung

transplant. The three A2BR antagonists selected for clinical evaluation all remain in

the pipeline and the choice of oral delivery is consistent with the need to preserve

A2BR-mediated airway clearance (Table 9.3). Finally, the highly controversial A3R

is targeted for the development of selective agonists, which appear to provide

effective anti-inflammatory protection for various disorders, including arthritis

and psoriasis. Given the recent success of these drugs in animal models of lung

disorders, clinical testing should be on the horizon.
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9.5 Clinical Trials Involving ATP Receptors

The vast majority of the P2 receptor ligands selected for clinical applications

are P2Y12R antagonists which target cardiovascular disorders and coagulation,

including PLAVIX (clopidogrel; Sanofi Aventis/Bristol-Myers Squibb), Cangrelor

(The Medicines Co.), Ticagrelor (AstraZeneca) and Eelinogrel (Portola/Norvatis).

Among the receptors expressed along the airways, only one P2Y2R ligand is

currently the subject of clinical trials for chronic respiratory diseases: denufosol

(Inspire Pharmaceutical). This section also describes the first application of soluble

apyrases to the treatment of lung injury.

9.5.1 The P2Y2R Agonist Denufosol and Airway Clearance

The most promising therapeutic approaches currently developed for the treatment

of CF are designed to improve mucociliary clearance (MCC), a process which

combines the activities of ion channels and transporters expressed at the surface of

airway epithelia (see Chap. 5 for details). This disease is driven by a severe

dehydration of the airway surfaces due to mutations in the cystic fibrosis transmem-

brane regulator (CFTR). The restoration of airway surface hydration would facili-

tate cilia beating, dislodge adhesive mucus plaques and facilitate MCC (review:

[178]). The current strategy explored by the company Inspire Pharmaceutical

is centered on P2Y2Rs, because their engagement can bypass the defective CFTR

Cl� channel by activating the Ca2+-activated Cl� channel. The resulting osmotic

gradient causes water to leave the cells to hydrate the surface.

A decade of research conducted in collaboration between Inspire Pharmaceutical

and the Cystic Fibrosis Pulmonary Research/Treatment Center (NC, USA) demon-

strated the therapeutic potential of metabolically-stable P2Y2R agonists (review:

[179]). Their original work showed that the endogenous selective agonist, UTP,

is highly unstable on human airway surfaces [180]. Therefore, they turned to

dinucleotides because the tertiary structure offers more stability to the phosphate

chain. From this first round of synthesis, they selected the potent P2Y2R agonist:

Up4U (INS365; diquafosol). This molecule was further stabilized by substituting

one uridine moiety by a deoxycytidine, which generated dCP4U (INS37217; denu-

fosol) [180, 181]. The affinity of denufosol for the P2Y2R (EC50 ¼ 0.3 mM) is over

five times higher than for the other P2 receptors activated by uridine-based agonists

on airway epithelia, namely the P2Y4R (EC50 ¼ 1.2 mM) and the P2Y6R (EC50 ¼
16.0 mM) [181]. Preclinical studies demonstrated that denufosol restores normal

surface hydration on cultures of human airway epithelial cells from CF patients,

and also improves MCC in animals with impaired clearance [180, 181].

Given the severe lung complications experienced by CF patients, the tolerability

of aerosolized denufosol was first tested in healthy subjects and smokers. The

randomized double-blind placebo-controlled study, conducted with a wide con-

centration range (20–200 mg), provided evidence of tolerability and set the stage

for clinical testing in CF.
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In 2005, they conducted a double-blind, placebo-controlled, multicenter clinical

trial to test the safety and tolerability of aerosolized denufosol in adult and pediatric

(5–17 years of age) CF subjects [182]. Ascending single doses (10, 20, 40, and

60 mg) were followed by twice-daily administration of the maximum tolerated dose

for 5 days. In summary, doses up to 60 mg of denufosol were well-tolerated by most

subjects.

In 2007, Inspire Pharmaceutical and the Therapeutics Development Network of

the Cystic Fibrosis Foundation presented results of a multicenter Phase 2 safety and

efficacy clinical trial for denufosol inhalation in CF subjects with mild disease

(FEV1 > 75% of predicted) [183]. The randomized, double-blind, placebo-

controlled study showed that 20–60 mg denufosol significantly improved lung

functions during�28 days. This study provided the first evidence of clinical benefit

for denufosol.

In 2008, a placebo-controlled Phase 3 clinical trial (TIGER-1) tested the impact

of 60 mg denufosol on 350 adolescent CF patients with FEV1 �75% of predicted.

Results showed that TIGER-1 met the primary end-point, with significant improve-

ment of FEV1 from baseline compared to the placebo group, and with limited

systemic exposure. This study supports the therapeutic potential of early interven-

tions with denufosol, in young CF patients, to prevent the accelerated loss of lung

function.

In November 2009, Inspire Pharmaceuticals completed the patient enrollment

for the second Phase 3 clinical trial (TIGER-2). This randomized, double-blind,

placebo-controlled study of 48 days will test the long-term clinical benefits of

60 mg aerosolized denufosol in 450 patients with mild CF lung disease (FEV1

�75% of predicted). Results are expected to become available in the first quarter

of 2011.

9.5.2 APT102: A Soluble Apyrase for Acute Lung Injury

Endothelial cells are well known to express the membrane-bound surface enzyme

named the ecto nucleoside diphosphate triphosphohydrolase1 (NTPDase1; CD39).

This enzyme is responsible for limiting thrombus formation through dephosphory-

lation of the circulating ATP/ADP released by activated platelets and red blood

cells (review: [184]). Numerous in vivo and in vitro studies showed that oxidative

stress caused by ischemia-reperfusion causes a dramatic down-regulation of endo-

thelial CD39 (review: [185]). The potential of enzyme replacement therapy for

cardiovascular and pulmonary diseases was originally tested using a soluble form of

CD39 (apyrase) derived from the potato [186]. Eventually, the growing interest for

therapeutic applications motivated the development of soluble human CD39

(review: [184]).

In 2006, Medina et al. generated a soluble recombinant apyrase named APT102

[187]. They demonstrated that APT102 inhibits tumor cell-induced platelet aggre-

gation in colon cancer, which provided evidence of functional expression.
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In 2008, APT Therapeutics determined the pharmacokinetic properties of

APT102. [188]. Rats received a bolus intravenous injection (0.75 mg/kg), then

serum samples were collected over time to monitor the metabolism of ATP and

ADP using a malachite green assay. After 24 h, the enzyme activity remained

tenfold above baseline, with a half-life of about 20 h. This study demonstrated the

potential of a bolus injection of APT102 for the prevention of acute lung injury

caused by trauma or extensive surgical procedures.

This success prompted APT Therapeutics to test whether APT102 could protect

the lungs during their transport and transplant [189]. They preserved rat lungs

in cold low K+ dextrose solution in the absence or presence of APT102 for 18 h

before transplant. After the procedure, the recipients received a bolus dose of saline

or APT102. Four hours later, the lungs that received APT102 showed significantly

less damage (apoptotic endothelial cells and pulmonary edema) and were better

oxygenated than the untreated transplanted lungs. The apyrase also attenuated lung

inflammation, in terms of neutrophil infiltration and BAL fluid concentrations of

pro-inflammatory mediators and myeloperoxidase. This study supports that

APT102 can limit lung damage during prolonged cold storage and significantly

improve the outcome of lung transplantation.

In 2009, APT Therapeutics received an award to evaluate therapeutic applica-

tions of human apyrase.

9.6 Conclusion

This final chapter is a testimony to the concerted efforts of research laboratories

and pharmaceutical companies to develop therapeutic approaches safe and effective

for the entire asthmatic population, as well as patients with COPD or fibrotic lung

diseases. We have reached a point where we can learn from success stories and

failures to refine our drug development strategies. For instance, we heard about the

potential of the “low-hanging fruits”, like Adagen (PEG-ADA) initially developed

for ADA-SCID. The tale of the A1R antagonist, Theophylline, shows how revisit-

ing the properties of an inefficient bronchodilator lead to the discovery of a well-

tolerated anti-inflammatory drug currently prescribed to asthmatics, in combination

with a b-adrenergic bronchodilator. While A2AR agonists were once perceived as

the most promising anti-inflammatory drugs for chronic respiratory diseases, the

frequent reports of cardiovascular side-effects are redirecting these compounds

toward surgical applications, to prevent the hypertension and acute lung injury

resulting from ischemia-reperfusion. Our gaze is turned toward A2BR antagonists

for the suppression of airway hyperresponsiveness. Furthermore, animal studies

suggest that long-term treatments could reverse airway remodeling and fibrosis in

chronic airway diseases. Finally, clinical trials support the benefits of A3R agonists

for inflammatory disorders and acute lung injury. Therapeutic applications for ATP

receptor ligands are also emerging. For instance, denufosol has entered the final

stage of clinical evaluation for the improvement of P2Y2R-mediated airway
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clearance in CF patients. And animal studies suggest that P2X7R antagonists may

suppress the production of the “first wave” pro-inflammatory mediator, IL-1b,
as well as tissue damage by apoptosis. In conclusion, we are clearly witnessing

the maturation of a young field of clinical research which will, no doubt, continue to

fascinate and surprise us for years to come.
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