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Abstract

Chronic lung diseases such as asthma, chronic obstructive pulmonary disease and interstitial lung
disease are characterized by inflammation and tissue remodeling processes that compromise
pulmonary function. Adenosine is produced in the inflamed and damaged lung where it plays
numerous roles in the regulation of inflammation and tissue remodeling. Extracellular adenosine
serves as an autocrine and paracrine signaling molecule by engaging cell surface adenosine receptors.
Preclinical and cellular studies suggest that adenosine plays an anti-inflammatory role in processes
associated with acute lung disease, where activation of the ApaR and AygR have promising
implications for the treatment of these disorders. In contrast, there is growing evidence that adenosine
signaling through the A;R, ApgR and AzR may serve pro-inflammatory and tissue remodeling
functions in chronic lung diseases. This review discusses the current progress of research efforts and
clinical trials aimed at understanding the complexities of this signaling pathway as they pertain to
the development of treatment strategies for chronic lung diseases.
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1. Introduction

1.1 Chronic lung disease

Chronic lung diseases are characterized by persistent inflammation and tissue remodeling that
contribute to a progressive decline in lung function (Sime & O'Reilly, 2001; Thannickal, et al.,
2004; Vestbo & Prescott, 1997). Examples of chronic lung disease include asthma, chronic
obstructive pulmonary disease (COPD) and interstitial lung diseases exhibiting fibrosis. These
disorders are prominent and deadly. Together, they are the third leading cause of death in the
United States following cancer and cardiovascular disease. Although therapies are available
to treat certain symptomatic features of these disorders, approaches to manage the extensive
remodeling seen in the airways of these patients are not available. The causes of chronic lung
disease are diverse, as are the inflammatory responses seen. However, a common feature of
these disorders is the recruitment and activation of effector cells such as macrophages,
neutrophils, eosinophils, fibroblasts, and epithelial cells, which release mediators that promote
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additional inflammation and/or tissue remodeling (Sime & O'Reilly, 2001; Thannickal et al.,
2004; Tillie-Leblond et al., 1999; Vestbo & Prescott, 1997). Little is known about the
mechanisms that promote the chronic nature of asthma, COPD and interstitial lung disease,
and understanding the regulation of effector cell recruitment and activation will likely provide
novel therapeutic approaches for these disorders.

1.2 Aberrant wound healing in chronic lung disease

Excessive extracellular matrix deposition or breakdown, epithelial cell remodeling, and
angiogenesis are prominent pathological features seen in chronic lung diseases (Elias et al.,
2003; Lynch & Toews, 1998; Thannickal et al., 2004). For example, basement membrane
thickening, excessive collagen deposition and angiogenesis around the bronchial airways are
prominent features of airway remodeling in asthma, whereas, excessive fibroblast proliferation
and extensive extracellular matrix deposition in the alveolar airways are cardinal features of
interstitial lung diseases such as idiopathic pulmonary fibrosis. In addition, the destruction of
the alveolar airways that is often seen in patients with COPD is associated with imbalances in
proteases and anti-proteases that regulate matrix metabolism. The regulation of inflammation,
matrix deposition and angiogenesis are all features of a normal wound healing response
(Thannickal et al., 2004). The presence of these features in the lungs of patients with chronic
lung disease has led to the hypothesis that deregulated or overactive wound healing pathways
contribute to the excessive remodeling responses that are seen in chronic lung diseases. Hence,
understanding how pathways that serve roles in normal wound healing are over activated in
chronic lung disease may provide novel approaches to treat these disorders.

Adenosine is a signaling molecule that is produced following injury and promotes processes
important in wound healing and tissue protection such as angiogenesis, matrix production and
the regulation of inflammation (Valls et al., 2008). Adenosine levels are elevated in the lungs
of animal models (Blackburn et al., 2003; Ma et al., 2006; Volmer et al., 2006) and humans
(Driver et al. 1993; Huszar et al., 2002) with chronic lung disease. Accumulating evidence
suggest that the generation of adenosine in the injured lung plays important anti-inflammatory
roles during acute lung injury, yet promotes tissue remodeling during chronic stages of lung
disease. Understanding the specific mechanisms governing the tissue-protective and tissue-
destructive properties of adenosine signaling will be critical for advancing the use of adenosine-
based therapeutics to treat various pulmonary diseases. The focus of this review will be to
discuss recent advances in the understanding of adenosine generation and signaling in cellular
and animal models of lung disease as well as in patients with chronic lung disease.

2. Adenosine metabolism and signaling

Adenosine is a nucleoside signaling molecule produced as a result of cell stress or damage.
Once present, adenosine signals through one of four G-protein coupled, seven membrane
spanning, cell surface receptors (R) (A1R, A2aR, AgR and A3R) (Fredholm et al., 2001).
Engagement of these receptors largely leads to changes in intracellular cAMP and Ca*™* levels
(Brunsetal., 1986; Gessi et al., 2008; Jin et al., 1997; Ryzhov et al., 2006), though other effects
on intracellular signaling pathways have been described. Under physiologic conditions, the
downstream effects of engagement of these receptors include regulation of a variety of
homeostatic and adaptive functions.

In the absence of pathology, concentrations of adenosine in the extracellular fluid vary from
40-600 nM (Arch & Newsholme, 1978). Under these conditions, adenosine is largely generated
asaresult of increased intracellular production leading to passive transfer through equilibrative
nucleoside transporters (Baldwin et al., 2004). In contrast, in the setting of tissue injury, the
predominant source of extracellular adenosine arises from the breakdown of liberated adenine
nucleotides (Eltzschig et al., 2003; VVolmer et al., 2006). ATP and ADP can be released from
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various channels present within the cell membrane [CFTR (Reisin et al., 1994), multiple drug
resistance (Roman et al., 2001), connexin hemichannels (Cotrina et al., 1998), maxi-ion (Bell
etal., 2003), stretch-activated (Braunstein et al., 2001), voltage-dependent anion (Okada et al.,
2004)], through the process of vesicle fusion, or from infiltrating inflammatory cells [mast cells
(Marquardt et al., 1984), eosinophils (Resnick et al., 1993), neutrophils (Madara et al.,
1993)]. These nucleotides are then dephosphorylated to AMP by the ectonucleoside
triphosphate diphosphohydrolase CD39 (Kaczmarek et al., 1996) and AMP is subsequently
dephosphorylated to adenosine by the ecto-5"-nucleotidase CD73 (Resta et al., 1998). In
addition to the release of adenine nucleotides from cells, there is also evidence that adenosine
itself can be released from inflammatory mast cells during the degranulation process
(Marquardtetal., 1984). This highlights the importance of inflammatory cells as a direct source
of adenosine.

In addition to maintaining homeostasis, adenosine also has diverse effects on regulating the
immune response in the setting of tissue injury. Acute human pathology such as sepsis or
ischemia produces adenosine concentrations as high as 10 uM (Martin et al., 2000).
Concentrations reaching 100 uM have also been described in chronic conditions such as
arthritis (Sottofattori et al., 2001), asthma and COPD (Driver et al., 1993). Elevated adenosine
levels during acute tissue injury generally accesses anti-inflammatory and tissue protective
pathways. Conversely, sustained adenosine elevations in persistent inflammatory conditions,
particularly chronic lung diseases such as asthma and COPD, may mediate tissue destructive
and pro-inflammatory effects (Blackburn, 2003). The effects of adenosine on the processes of
inflammation and wound healing have been well-studied and have important implications with
regard to the pathogenesis of chronic lung diseases.

3. Adenosine and the regulation of inflammation and wound healing

During acute injury, extracellular adenosine is generated and serves to regulate the acute
inflammatory response (Cronstein, 1994; Hasko et al., 2008). In the setting of ischemia
(Sperlagh et al., 2000) and sepsis (Jabs et al., 1998), extracellular concentrations of adenosine
rise and subsequently signal through specific receptors on inflammatory cells, which affords
systemic protection from unnecessary damage to host tissue. Genetic and pharmacologic
antagonism studies in ischemia reperfusion injury models pinpoint specific adenosine receptors
involved in protection. The AogR maintains tissue integrity in the heart (Eckle et al., 2007)
and kidney (Grenz et al., 2008), while A, AR signaling offers widespread organ protection from
ischemia including heart (Yang et al., 2006), lung (Reece et al., 2005), liver (Day et al.,
2004), kidney (Day et al., 2003) and spinal cord (Li et al., 2006). Adenosine signaling also has
anti-inflammatory effects in models of sepsis. Genetic knockout or antagonism of both the
Aj and Ag receptors increase cecal ligation-induced systemic inflammation and mortality
(Gallos et al., 2005; Lee et al., 2006). A mouse model of LPS-induced injury also demonstrates
AsaR-mediated protective mechanisms (Moore et al., 2008). These findings suggest that
adenosine is generated in situations of acute insults to prevent loss of tissue vitality.

Adenosine is also a potent regulator of processes involved in wound healing such as
angiogenesis and matrix production. A,aR and A,gR stimulation yields matrix production
from fibroblasts and differentiation consistent with wound healing (Chan et al., 2006; Chen et
al., 2004; Zhong et al., 2005). Topical application of an A,aR agonist increases the rate of
wound healing through production of matrix and angiogenesis (Montesinos et al., 1997).
AsaR and A,gR stimulation also lead to increased angiogenesis by increasing endothelial cell
proliferation (Feoktistov et al., 2002), production of VEGF (Leibovich et al., 2002), and down-
regulation of thrombospondin-1 (Desai et al., 2005), an inhibitor of angiogenesis. In addition,
adenosine elicits VEGF production from macrophages (Pinhal-Enfield et al., 2003) and the
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formation of granulation tissue, evidence of ongoing wound repair, is lacking in AoaR-
deficient mice (Victor-Vega et al., 2002).

4. Adenosine signaling in humans with chronic lung disease

Several studies demonstrate elevated adenosine levels in patients with chronic lung disease.
Driver and colleagues showed that adenosine levels were elevated in lavage fluid collected
from asthmatics where concentrations were estimated to reach 100 uM (Driver et al., 1993).
More recent studies have shown elevations in adenosine in the exhaled breath condensate of
patients with allergic asthma (Huszar et al., 2002), where levels correlated well with the degree
of inflammation as measured by nitric oxide production. Interestingly, plasma levels of
adenosine increase by two fold in asthmatic subjects following bronchial provocation with
allergen (Mann et al., 1986), and are elevated in the plasma of patients with exercise-induced
asthma (Vizi et al., 2002). In addition to asthma, adenosine levels have been found to be
elevated in sputum samples from cystic fibrosis patients (Li et al., 2006). To date, elevations
in adenosine within the lungs of patients with interstitial lung disease and fibrosis have not
been documented, likely due to difficulties in measuring this highly labile molecule. However,
adenosine levels are elevated in various mouse models exhibiting features of interstitial lung
disease and fibrosis (Blackburn et al., 2003; Ma et al., 2006; VVolmer et al., 2006).

Adenosine elevations in the lungs of patients with chronic lung disease suggest that this
signaling molecule may regulate aspects of lung disease. Indeed, there is substantial clinical
evidence to support the hypothesis that adenosine can directly influence cellular and
physiological processes in the lungs of asthmatics and patients with COPD (Fozard & Hannon,
1999). Prominent among these is the ability of inhaled adenosine to induce bronchoconstriction
in asthmatics (Cushley et al., 1983) and patients with COPD (Oosterhoff et al., 1993), but not
in normal individuals. In asthma, the bronchoconstrictive features of inhaled adenosine are
thought to be mediated by the ability of adenosine to promote mast cell degranulation (Cushley
et al., 1984). Engagement of the ApgR has been suggested to mediated this response (Holgate,
2005); however, in vivo data documenting this is absent from the literature. Both allergic and
non-allergic asthmatics exhibit heightened responses to adenosine, calling into question the
necessity of primed mast cells in this response. More research is needed to dissect the
mechanisms of heightened adenosine sensitivity in asthmatics. However, the sensitivity of
airways to adenosine more closely reflects an inflammatory process and the phenotype for
allergic asthma than does sensitivity to other known bronchoprovocative agents such as
methacholine and histamine (Holgate, 2002; Spicuzza et al., 2003), which suggests important
diagnostic features for adenosine provocation. Although patients with COPD do show some
degree of increase in sensitivity to inhaled adenosine, it is not clear whether this is more closely
associated with the incidence of smoking in these patients as opposed to direct inflammatory
structural changes in the airways of these patients.

The unique bronchial sensitivity of asthmatics and COPD patients to adenosine suggest a
fundamental alteration in adenosine receptor signaling in the lungs of these patients. Studies
examining adenosine receptor expression in the lungs of patients with chronic lung disease
support this hypothesis. A study using tissue obtained at thoracotomy from nonsmoking
subjects and subjects with inflammatory airway disorders associated with tobacco smoke or
asthma, demonstrated increased expression of the AgR in mesenchymal cells and eosinophils
within the lamina propria of the airways and the adventitia of blood vessels (Walker et al.,
1997). A recent study conducting immunohistochemical analysis of A1R expression on biopsy
sections from asthmatics revealed strong expression of the AR in the bronchial epithelium
and bronchial smooth muscle (Brown et al., 2008). In comparison, weak immunostaining was
observed in biopsy specimens obtained from healthy subjects. Analysis of adenosine receptor
expression as measured by receptor binding studies revealed that the affinity of the AR,
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AoaR, and AR was significantly decreased in patients with COPD compared with controls,
whereas their density was increased. The affinity of AogR was not altered, but the density was
decreased in patients with COPD compared with the control group (Varani et al., 2006). Lastly,
a recent study has shown that the A,gR is increased in remodeled airway epithelial cells in
rapidly progressing idiopathic pulmonary fibrosis patients (Selman et al., 2007). Hence,
adenosine receptor levels are altered in the lungs of patients with chronic lung disease.

5. Adenosine receptor activities in cells relevant to chronic lung disease

Perhaps the most compelling evidence that adenosine signaling may be playing important roles
in the regulation of chronic lung disease comes from mechanistic investigations using primary
and established cell lines. Adenosine signaling can influence the activity of many cell types
that play central roles in chronic lung disease, including mast cells, eosinophils, neutrophils,
macrophages, fibroblasts, neurons, lymphocytes, epithelial and smooth muscle cells.

5.1 Mast cells

Mast cells are bone marrow-derived inflammatory cells that can release mediators that have
both immediate and chronic effects on airway constriction and inflammation (Prussin &
Metcalfe, 2003). Upon stimulation, mast cells rapidly release preformed mediators such as
histamine and tryptase, which are stored inside secretory granules. The first correlation between
adenosine and mast cells was observed in 1978 when Marquardt et al. reported that adenosine,
although ineffective alone, potentiated histamine release induced by anti-immunoglobulin E,
concanavalin A, compound 40/80, and by the calcium ionophore A23187 in isolated rat mast
cells (Marquardt et al., 1978). Adenosine was subsequently shown to modulate histamine
release in human lung mast cells (Hughes et al., 1984). The effect of adenosine was also
examined in lavage mast cells challenged with adenosine or adenosine receptor agonists both
of which were shown to induce histamine release (Forsythe et al., 1999), supporting an indirect
mechanism for adenosine-induced bronchoconstriction in asthma. In addition to promoting
degranulation, adenosine can also stimulate the production of mediators that can influence
chronic aspects of disease, including IL-8, IL-4, IL-13 and VEGF (Feoktistov et al., 2001;
Ryzhov et al., 2006; Ryzhov et al., 2004; Ryzhov, et al., 2008a). Hence, adenosine can elicit
responses from mast cells that impact acute and chronic features of lung disease.

Pharmacologic and genetic studies have been utilized to examine the specific adenosine
receptor subtypes involved in adenosine-mediated mast cell degranulation and the expression
of inflammatory mediators. In rodents, several studies have shown that the A3R is responsible
for the adenosine-mediated degranulation of mast cells (Reeves et al., 1997; Salvatore et al.,
2000; Zhong et al., 2003). In contrast, experiments using canine mast cells suggest that the
A,gR mediates mast cell degranulation (Auchampach et al., 1997), and it has been suggested
that the same may be true in human mast cells (Holgate, 2005); however, clear evidence linking
the AygR to the degranulation of human mast cells, particularly in lung mast cells, is absent in
the literature. Recent studies in ApgR knockout mice demonstrate that the AygR is not
responsible for mast cell degranulation; in fact this receptor appears to limit the responsiveness
of mouse mast cells to antigen (Hua et al., 2007). However, studies in mast cells isolated from
AR knockout mice suggest that this receptor is responsible for the adenosine-elicited
production of 1L-13 and VEGF from mouse mast cells (Ryzhov et al., 2008). Thus, in mice, it
appears that the AzR regulates adenosine-mediated mast cell degranulation while the AygR is
responsible for adenosine-mediated expression of factors that can influence features of chronic
lung disease (Figure 1). It remains to be determined whether this holds true in human mast
cells, particularly those found in the lungs of asthmatics and other patients with chronic lung
disease.
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5.2 Eosinophils

Eosinophils are closely associated with many allergic diseases including asthma, where they
infiltrate tissues and release mediators that cause tissue damage and inflammation (Gleich,
1990). Using purified eosinophils, RT-PCR showed that the A3R is abundantly expressed on
both human (Kohno et al., 1996) and mouse eosinophils (Young et al., 2004). This is supported
by findings demonstrating AR expression on eosinophils within the airways of patients with
chronic lung disease (Walker etal., 1997) and the lungs of mice with allergic lung inflammation
(Young et al., 2004). Studies on isolated human (Knight et al., 1997; Walker et al., 1997) and
mouse (Young et al., 2004) eosinophils suggest that AzR activation inhibits chemokine-
induced migration. Furthermore, AzR activation can inhibit eosinophil degranulation and
superoxide anion release (Ezeamuzie & Philips, 1999). These findings suggest the AzR may
serve an anti-inflammatory role; however, genetic removal or pharmacological blockade of the
AsR in the ADA-deficient mouse model of adenosine-mediated lung disease resulted in
decreased airway eosinophilia while not affecting the degree of circulating eosinophilia (Young
et al., 2004), suggesting AR signaling is important in eosinophil trafficking in this model.
Moreover, a recent study demonstrated the absence of eosinophil peroxidase levels in the
airways of AgR-deficient mice exposed to bleomycin (Morschl et al., 2008), suggesting that
this receptor is needed for eosinophil degranulation in vivo. The discrepancies between
findings in human cellular systems and those in animal models might be due to species
differences or the inability to adequately assess the function of the AgR on eosinophils in vivo
in humans.

5.3 Other immune cells

Other key immune cells associated with chronic lung diseases include lymphocytes,
neutrophils, dentritic cells and macrophages. These cells all express adenosine receptors and
have been implicated in regulating various aspects of both innate and adaptive immunity
(Hasko & Cronstein, 2004; Hasko et al., 2008). Direct analysis of adenosine receptor signaling
on these cells in the context of chronic lung disease are few; however, investigations into the
functions of these receptors in the context of other diseases have provided evidence that
adenosine signaling on these cells likely plays an important role in these disorders (reviewed
in (Hasko et al., 2008)). For example, signaling through the A,aR can promote anti-
inflammatory activities on dendritic cells (Panther et al., 2003; Schnurr et al., 2004), various
lymphocyte populations including T regulatory cells (Deaglio et al., 2007; Lappas et al.,
2005; Naganuma et al., 2006), macrophages (Hasko et al., 2000) and neutrophils (Cronstein
etal., 1983). These observations suggest that activation of the A,aR on these cells could serve
anti-inflammatory roles in chronic lung disease. Preclinical studies have validated this notion
(see below) (Fozard et al., 2002). In contrast, there is evidence that signaling through the AzR
(Morschl et al., 2008) and A,gR (Ryzhov et al., 2008b; Sun et al., 2006) can promote the
production of mediators from macrophages that play a role in the progression of chronic lung
disease (Figure 1).

5.4 Pulmonary cells

Bronchial smooth muscle cells contribute to the pathophysiologic changes that occur in asthma
(Hirst, 2000). The AygR is expressed in cultured human airway smooth muscle cells (Mundell
et al., 2001). Adenosine, via engagement of the AygR, increases the release of IL-6 and
monocyte chemotactic protein-1 from bronchial smooth muscle cells (Zhong et al., 2004)
providing a mechanism whereby adenosine acts as a pro-inflammatory mediator in the airway
(Figure 1). More recently, Ethier et al. found that the A;R mediates mobilization of calcium
in human bronchial smooth muscle cells, suggesting that adenosine has direct effects on
contractile signaling pathways (Ethier & Madison, 2006) and suggesting a mechanism for
bronchoconstriction.
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Chronic lung diseases are associated with activation of subepithelial fibroblasts and
differentiation of fibroblasts to myofibroblasts (Roche, 1991). Activated fibroblasts and
myofibroblasts play a key role in airway remodeling by producing extracellular matrix
components and releasing pro-inflammatory cytokines and chemokines. Activation of the
A,gR on human lung fibroblasts increases the release of IL-6 and induces differentiation into
myofibroblasts suggesting that adenosine, via AogR participates in the remodeling process
occurring in chronic lung diseases (Figure 1) (Zhong et al., 2005).

In human airway epithelial cells, adenosine signaling regulates a variety of physiologic
activities including ion channels, mucin secretion, mucociliary mobility and clearance, airway
surface liquid (ASL) height and matrix production. A,gR activation stimulates cystic fibrosis
transmembrane conductance regulator (CFTR) activity and CI- secretion in Calu-3 human
airway epithelial cells (Cohb et al., 2003; Huang et al., 2001). In addition, the ATP-induced
stimulation of Na* absorption in a human bronchiolar epithelial cell line is mediated by
AuaR and A,gR activation (Chambers et al., 2006). AogR is the major adenosine receptor
subtype detected in cultured primary human bronchial epithelial cells, and inhibition of this
receptor with specific A,gR antagonists results in ASL height collapse and a failure to effect
ASL height homeostasis (Rollins et al., 2008). In the alveolar airway epithelium, the A;R plays
an important role in fluid clearance (Factor et al., 2007). Together these findings suggest that
adenosine engagement of various receptors plays important roles in key physiological
processes in the airway epithelium.

Cellular systems have also been used to define potential roles for adenosine receptor activation
in injury repair and pathological processes that involve the airway epithelium. Adenosine
signaling through the A,aR can promote epithelial migration in an in vitro wound healing
assay (Allen-Gipson et al., 2007; Allen-Gipson et al. 2006). By engaging the A;R, adenosine
can activate a Ca2*-activated CI- channel to induce MUC2 mucin gene expression in human
bronchial epithelial cells (McNamara et al., 2004), a process that may have important
implications in asthma. In addition, adenosine can induce the expression of fibronectin in A549
lung epithelial cells through the A,gR (Roman et al., 2006), which has important implications
in lung injury and remodeling situations that involve fibrosis (Figure 1). Finally, Sun et al.
found that in Calu-3 cells, apical adenosine elicited robust release of IL-6 and IL-8, suggesting
a pro-inflammatory role for adenosine (Sun et al., 2008)

6. Adenosine signaling in animal models of chronic lung disease

6.1 Adenosine deaminase deficient mice as a model of adenosine mediated lung disease

The adenosine deaminase deficient (ADA-deficient) mouse is an established model designed
to study the consequences of adenosine elevations in vivo (Blackburn, 2003). ADA is an
enzyme responsible for the degradation of adenosine and deoxyadenosine. Consequently,
genetic removal of this enzyme results in profound elevations in systemic concentrations of
these substrates, which results in multi-organ pathology (Blackburn et al. 1998; Blackburn et
al., 2000a). Accumulations of deoxyadenosine in the thymus and spleen of ADA-deficient mice
result in a severe combined immunodeficiency (Blackburn et al., 2000b; Blackburn et al.
1998), while adenosine accumulations are associated with the development of pulmonary
inflammation and changes in lung architecture that resemble various aspects of human chronic
lung disease (Blackburn et al., 2000a). Findings consistent with asthma include mast cell
degranulation, eosinophilia, mucous cell metaplasia and airway hyperreactivity (Blackburn et
al., 2000a; Chunn, et al., 2001; Zhong et al., 2001). Features consistent with COPD include
the influx and activation of neutrophils and alveolar macrophages, and alveolar airway
enlargement (Blackburn et al., 2000a; Sun et al., 2006). In addition, there is an up-regulation
of cytokines and mediators commonly elevated in association with asthmaand COPD including
serum IgE and TH, cytokines (Blackburn et al., 2000a). Similarly, ADA-deficient mice and
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patients with COPD exhibit increases in cytokines and chemokines that recruit neutrophils and
macrophages to the airways (Banerjee et al., 2002; Blackburn et al., 2000a). Both also show
up-regulations in mediators of airway enlargement such as matrix metalloproteases and
cathepsins (Banerjee et al., 2002; Blackburn et al., 2000a). The observation that adenosine
levels outside the normal physiologic range accompany pathologic changes suggests that
adenosine is a driving force of these disease processes.

Studies utilizing ADA enzyme replacement therapy to lower systemic adenosine levels support
the claim that features of the pulmonary phenotype are directly mediated by adenosine.
Administration of ADA covalently linked to polyethylene glycol (PEG-ADA) to ADA-
deficient mice will prevent and reverse many aspects of the pulmonary phenotype and
indefinitely maintain the life of the animal (Blackburn et al., 2000a; Blackburn et al., 2000b).
These findings display a clear correlation between adenosine levels, the presence of lung
pathology, and its contribution to the overall morbidity in this model.

The use of PEG-ADA also enables the study of pulmonary fibrosis in the ADA-deficient model
(Chunnetal., 2006; Chunn et al., 2005). ADA-deficient mice without PEG-ADA will die from
presumed respiratory complications at three weeks of age before fibrosis develops. By utilizing
a tapered regimen of PEG-ADA, adenosine levels gradually increase and the lifespan of the
mouse is prolonged allowing for the development of pulmonary fibrosis. Features include
increased alveolar and peribronchial myofibroblasts accumulation and collagen deposition
(Chunn et al., 2005). Concurrently, measurable increases in soluble collagen are also present
in the airways. Finally, lungs of these mice exhibit increases in known pro-fibrotic mediators
including TGF-B1, IL-1B, MMP-2, IL-13, Pai-1, and osteopontin (OPN). Along with
histological findings, these results show that adenosine signaling can access pro-fibrotic
pathways contributing to the overall chronic pulmonary disease phenotype these mice display.

As with the asthma and COPD-like features, characteristics of pulmonary fibrosis can be
prevented and reversed by maintaining low adenosine levels with PEG-ADA (Chunn et al.,
2005). Overall, adenosine levels clearly correlate with many chronic lung disease features in
ADA-deficient mice and these studies highlight the importance of understanding the role of
adenosine in driving the chronic nature of these disease processes.

Genetic and pharmacologic studies in the ADA-deficient model suggest that adenosine
signaling through specific receptors may directly influence features of chronic lung disease.
AsR levels are elevated in the lungs of ADA-deficient mice where expression is localized to
mast cells (Zhong et al., 2003), eosinophils and mucin producing bronchial airway epithelial
cells (Young et al., 2004). Genetic removal or pharmacological blockade of the AgR results in
the attenuation of mast cell degranulation (Zhong et al., 2003), lavage eosinophilia and mucous
cell metaplasia (Young et al., 2004), suggesting A3R signaling plays an important role in the
ability of adenosine elevations to influence these important features of chronic lung disease.

The A,gR is also elevated in the lungs of ADA-deficient mice (Chunn et al. 2001; Sun et al.,
2005) and treatment of these mice with a selective antagonist of the AygR, CVT-6883, during
active stages of disease resulted in the attenuation of key features of chronic lung disease (Sun
et al., 2006). CVT-6883 treatment resulted in reduced neutrophil and macrophage influx into
the lungs of ADA-deficient mice in association with diminished cytokine and chemokine
levels. AogR antagonism also prevented alveolar airway destruction in conjunction with the
regulation of matrix metalloprotease levels. In addition, CVT-6883 treatment resulted in an
attenuation of pulmonary fibrosis in ADA-deficient mice, which was associated with
diminished production of fibrotic mediators such as IL-6, TGF-B1 and osteopontin (Sun et al.,
2006). These findings demonstrate that many of the pathological features seen in the lungs of
ADA-deficient mice are mediated through activation of the A,gR.
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In contrast to the pro-inflammatory and pathological features attributed to the A3R and AgR,
genetic studies revealed a tissue protective role for the A;R and AyaR in the pulmonary disease
seen in ADA-deficient mice. Specifically, genetic knockout of the A;R (Sun et al., 2005) and
AoaR (Mohsenin et al., 2007) in ADA-deficient mice leads to enhanced pulmonary
inflammation, mucous cell metaplasia and airway damage in association with enhanced
production of pro-inflammatory cytokines.

Taken together, these results suggest that the AzR and A,gR are playing a pathologic role,
while the A1R and AoaR play a tissue protective role (Figure 2). It is interesting to note that
the A1R and A,aR have a relatively high affinity for adenosine, while the AogR and AR
require higher levels of adenosine for activation (Fredholm, 2007). This suggests that the
A,gR and AzR may have increased activity under pathological conditions where adenosine
levels are elevated. The findings in the ADA-deficient model contribute to the school of thought
that selective adenosine receptor agonists and antagonists will be beneficial in the treatment
of chronic lung diseases. This underscores the importance of understanding the effects of
individual adenosine receptor signaling pathways in other models of lung disease and in
humans in the context of elevated adenosine levels.

6.2 Models of Th2-driven and allergic lung disease

Elaboration of Th2 cytokines is seen in lung disease where there is excessive tissue remodeling,
particularly asthma and interstitial lung disease where fibrosis is present (Elias et al., 2003;
Vestbo & Prescott, 1997). In particular, IL-13 and IL-4 have been shown to be critical inducers
of pathways that lead to remodeling in the lung (Elias et al., 2003). Studies in transgenic mice
suggest that adenosine signaling may contribute to the Th2-induced remodeling in the lung.
Adenosine levels are substantially elevated in the lungs of mice exhibiting lung inflammation
and damage driven by the over expression of either IL-13 (Blackburn et al., 2003) or IL-4 (Ma
etal., 2006). Interestingly, MRNA and enzymatic activity of ADA was down regulated in the
lungs of these mice, suggesting Th2 cytokines can promote an environment that is conducive
to adenosine elevations. Remarkably, treatment of mice over expressing IL-13 or IL-4 with
PEG-ADA to lower adenosine levels resulted in the attenuation of pulmonary inflammation
and key features of airway remodeling including mucous cell metaplasia and the deposition of
collagen in the airways (Blackburn et al., 2003; Ma et al., 2006). Interestingly, levels of the
A3R and A,gR were elevated in the lungs of these mice similar to what was seen in ADA-
deficient mice; however, the function of these receptors has not been tested in this system.
These findings suggest that adenosine signaling plays a role in mediating aspects of Th2-
induced pulmonary inflammation and damage.

Animal models of allergic lung inflammation that are associated with Th2 inflammation have
been used to assess the role of specific adenosine receptors in processes associated with asthma.
Aerosolized exposure of adenosine in mice sensitized and challenged with ragweed resulted
in increased airway resistance that could be reversed by treatment with theophylline, a broad
spectrum adenosine receptor antagonist (Fan & Mustafa, 2002). Similar findings were found
in Brown Norway rats sensitized and challenged with ovalbumin (Fozard & Hannon, 2000),
and in isolated parenchymal strips from the lungs of sensitized rats (Wolber & Fozard, 2005).
These findings suggest that adenosine-induced bronchoconstriction is mediated by adenosine
receptors. Mast cell degranulation appears to play an important role in adenosine-induced
bronchoconstriction in both models (Hannon et al., 2001; Oldenburg & Mustafa, 2005).

A rabbit model has been utilized to assess the role of the AR in allergic lung disease. Treatment
with A;R antagonists (Ali et al., 1994) and antisense oligodeoxynucleotides (Nyce, et al.,
1997) against the A{R attenuated bronchoconstrictor responses in this model, and a more recent
study demonstrates that treatment with the A;R antagonist L-97-1 can attenuate pulmonary
inflammation as well as bronchoconstriction (Nadeem et al., 2006). The site and mechanism
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of action of A1R blockade has not been identified, but these studies suggest there may be
clinical benefit in the use of A;R antagonists in asthma.

Substantial evidence suggests that the AR mediates anti-inflammatory activities on
numerous cells, implying A,aR agonists may have benefit in attenuating inflammation in many
disorders (for review see reference (Hasko et al., 2008; Hasko & Pacher, 2008)). Given the
central role of inflammation in asthma and COPD, preclinical studies have pursued the use of
AuaR agonists in models of allergic airway inflammation. Fozard and colleagues demonstrated
that treatment with the AoaR agonist CGS21680 inhibits airway inflammation in allergen
sensitized and challenged Brown Norway rats (Fozard et al., 2002). Similar findings were
reported in a mouse model of ovalbumin sensitization and challenge where CGS21680
treatment inhibited inflammatory cell recruitment in bronchoalveolar lavage fluid (Bonneau
etal., 2006). This study also demonstrated mixed benefits of AoAR agonist treatment on airway
inflammation seen following LPS or cigarette smoke exposure. Consistent with these findings,
AuaR knockout mice sensitized and challenged with ragweed exhibit enhanced airway
inflammation and airway hyperresponsiveness (Nadeem et al., 2007). These findings suggest
that treatment with A,aR agonists may have benefit in the treatment of asthma and/or COPD.

As discussed earlier, the activation of the A,gR can promote the production of inflammatory
mediators associated with chronic lung disease suggesting that A,gR antagonists might be
useful in the treatment chronic lung diseases including allergic lung diseases such as asthma.
Recent preclinical data in a mouse model of allergic lung inflammation support this hypothesis.
Treatment with the ApgR antagonist CVT-6883 attenuated airway inflammation and airway
hyperreactivity in a mouse model of ragweed sensitization and challenge (Mustafa et al.,
2007). This supports earlier studies using sensitized Brown Norway rats that implicated the
AugR in adenosine-induced airway hyperreactivity (Fozard & Hannon, 2000; Hannon et al.,
2002). Contrary to these findings, a study using tracheas isolated from guinea pigs suggest that
the A,gR may mediate smooth muscle relaxation (Breschi et al., 2007). The analysis of
AR knockout mice in models of allergic lung disease have not emerged in the literature.
Such studies will provide important preclinical information into the usefulness of AygR as a
target in asthma.

Pharmacological studies also support a role for the AzR in animal models of allergic lung
inflammation. A study in sensitized guinea pigs demonstrated that MRS-1220, an AzR
antagonist could attenuate the influx of eosinophils and macrophages into the lungs following
AMP challenge (Spruntulis & Broadley, 2001). Interestingly, treatment with MRS-1220 did
not attenuate airway hyperreactivity in this model. In mice sensitized and challenged with
ragweed, the A3R agonist, CI-IB-MECA induced airway hyperreactivity that was blocked by
the A3R antagonist MRS-1523 (Fan et al., 2003). In this study, MRS-1523 did not block the
airway hyperreactivity to NECA that was induced by allergen, suggesting the involvement of
additional adenosine receptors. Treatment with the A,gR antagonist enpropfylline together
with MRS-1523 completely blocked hyperreactivity to NECA induced by allergen in this
model suggesting a role for both A3R and AygR (Fan et al., 2003). Similar findings have been
characterized in the Brown Norway rat model (Hannon et al., 2002; Wolber & Fozard, 2005).
Evidence also exists suggesting the AzR mediates mucin secretion in mice with allergic lung
disease. The AR is markedly elevated in mucin producing bronchial airway epithelial cells in
several models of Th2-mediated airway inflammation (Blackburn et al., 2003; Ma et al.,
2006; Young et al., 2004). Ovalbumin sensitized and challenged mice over expressing a
transgene for the A3R in the bronchial epithelium exhibit enhanced mucin secretion following
Ag3R agonist stimulation, whereas AzR-deficient mice fail to demonstrate mucous secretion
follow A3R agonist exposure (Young et al., 2006). These studies suggest that AzR antagonists
can attenuate features of asthma in animal models. Whether this will translate into similar
effects in human disease is questionable given species differences in expression of this receptor.
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Collectively, preclinical assessment of adenosine receptors in models of Th2-driven and
allergen-driven lung disease suggest that adenosine is serving pro-inflammatory roles. There
is evidence to support the use of antagonists to the A1R, A,gR and AzR, while some studies
support the use of ApaR agonists in these models. Though logical and compelling in nature,
continued efforts are needed to understand the mechanisms underlying the effects of specific
adenosine receptor engagement in these models, and more importantly, efforts to examine the
function of these receptors in humans with chronic lung disease.

6.3 Acute lung injury models

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening
disorders that can develop in the course of different clinical conditions such as pneumonia,
acid aspiration, major trauma, or prolonged mechanical ventilation, and contribute significantly
to critical illness (Ware etal., 2001). Despite the large impact of ALI on morbidity and mortality
in critically ill patients, many episodes of ALI are self-limiting, and resolve spontaneously
through unknown mechanisms. Whereas adenosine appears to play a largely detrimental role
in the regulation of chronic lung disease, there is substantial evidence to suggest that
extracellular adenosine signaling trough its receptors plays important anti-inflammatory roles
in ALL.

Experimental and clinical studies have demonstrated that the pathogenesis of Th1 inflammation
and ALLI are characterized by pulmonary trafficking of neutrophils into the lungs (Abraham et
al., 2000). Pulmonary exposure to lipopolysaccharide (LPS) is a useful model for the
assessment of neutrophil trafficking in ALI (Reutershan et al., 2006). The main source of
extracellular adenosine stems from a coordinated two-step enzymatic conversion of precursor
nucleotides via CD39 and CD73. A recent study by Reutershan and colleagues demonstrated
that CD39 and CD73 levels are elevated in the lungs following LPS exposure (Reutershan et
al., 2008). Furthermore, LPS-induced accumulation of neutrophils in the lungs was enhanced
in mice treated with a nonspecific ecto-nucleosidetriphosphate diphosphohydrolases inhibitor
and in CD39 and CD73-deficient mice (Reutershan et al., 2008). These increases in neutrophil
trafficking were accompanied by enhanced alveolar-capillary leakage and lung damage. These
findings demonstrate that extracellular adenosine plays important anti-inflammatory functions
in LPS-induced lung injury. Pharmacologic and genetic studies have identified the A,aR as a
major signaling pathway in mediating the anti-inflammatory properties of adenosine in LPS-
induced lung injury (Reutershan et al., 2007). A recent study demonstrated that inhalation of
the selective A,aR agonist ATL202 reduced LPS-induced neutrophil migration, microvascular
permeability, and chemokine release, suggesting a possible therapeutic approach for the
treatment of ALI (Reutershan et al., 2007).

Activation of the A;aR has also been shown to limit the inflammatory response to ischemia-
reperfusion injury in multiple different organ systems, including spinal cord, renal, and cardiac
models (Cargnoni et al., 1999; Okusa et al., 1999; Reece et al., 2005; Reece et al., 2004).
Consistent with these findings, AR agonists have demonstrated significant attenuation of
ischemia-reperfusion injury in lung transplantation models. In an isolated, whole blood-
perfused, ventilated rabbit lung model, A,aR activation blocked the neutrophil-mediated
inflammatory response and reduced lung reperfusion injury following transplantation (Ross et
al., 1999). Using mature pig lungs, AoaR activation during early reperfusion attenuated lung
inflammation and preserved pulmonary function (Reece et al., 2005). In non-transplantation
lung reperfusion injury models, A,aR agonists attenuated injury (Ellman et al., 2008), and a
similar protective role was observed in a cardiopulmonary bypass-induced lung injury model
(Lisle et al., 2008). These studies demonstrate that engagement of the A,aR can impart potent
anti-inflammatory pathways in ischemia-reperfusion injury in the lung.
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Anti-inflammatory pathways in ischemia-reperfusion injury in the lung have also been
described for the A3R (Rivo et al., 2004), where AR agonist treatment conferred protection
against reperfusion lung injury in association with enhanced ERK activation and decreased
apoptosis (Matot et al., 2006; Rivo et al., 2004). The role of A;R signaling in lung ischemia-
reperfusion injury remains controversial. Inhibition of the A1R has been reported to prevent
ischemia-reperfusion injury of the lung (Neely & Keith, 1995), while activation of A;Rs have
been suggested to mediate the protective properties of ischemic preconditioning and adenosine
preconditioning on ischemia-reperfusion injury in the lung (Yildiz et al., 2007).

Ventilator-induced lung injury is another model of ALI. CD39 and CD73 are induced during
ventilator-induced lung injury and mediate the production of adenosine (Eckle et al., 2007).
Furthermore, pharmacological and genetic approaches demonstrated that the A;gR mediates
protective effects of adenosine in this model. In wild type mice, treatment with an AogR-
selective antagonist resulted in enhanced pulmonary inflammation, edema, and attenuated gas
exchange, while an A,gR agonist attenuated injury. Deletion of the A,gR gene was associated
with reduced survival time and increased pulmonary albumin leakage after injury. Moreover,
measurement of alveolar fluid clearance demonstrated that A,gR signaling enhanced
amiloride-sensitive fluid transport and elevation of pulmonary cAMP levels following injury,
suggesting that AogR agonist treatment protects by promoting fluid regulation in the lung
(Eckle et al., 2008). Similar findings have been demonstrated in mice exposed to hypoxic
conditions (Eckle et al., 2008). Collectively, these studies suggest that adenosine signaling
through the A,gR plays important anti-inflammatory and tissue protective roles in ALI.

7. Differences in chronic and acute lung injuries

Observations in cellular and animal models suggest that adenosine generation and its
subsequent signaling through adenosine receptors serves anti-inflammatory and tissue
protective roles in ALI, whereas adenosine can serve pro-inflammatory and tissue destructive
roles during chronic stages of disease. The specific mechanisms behind these differences are
still not clear, but likely relate to the difference in cytokine and mediator environments inherent
to these different diseases. Acute lung injuries are associated with a largely Th1l dominated
environment, where elevations in IL-12, IFNy and TNFa play prominent roles in the
progression of inflammation and tissue damage. In contrast, chronic lung diseases such as
asthma, certain classifications of COPD, and interstitial lung diseases exhibiting pulmonary
fibrosis are associated with elevations in Th2 cytokines such as IL-4, IL-5 and IL-13 (Elias et
al., 2003). Adenosine signaling serves to down regulate the production of Th1 cytokines (Hasko
et al., 2008). This likely represents a major mechanism whereby adenosine exerts its anti-
inflammatory effects in ALI. On the contrary, adenosine acting largely through the low affinity
A,gR can increase the production of Th2 cytokines (Feoktistov and Biaggioni, 1995; Ryzhov
et al., 2004; Ryzhov et al., 2008a; Ryzhov, et al., 2008b), providing a mechanism whereby
adenosine contributes to the amplification or progression of chronic lung disease. Interestingly,
the ApaR can down regulate the production of I1L-12 (Hasko et al., 2000), which in turn
promotes the development of a Th2 cytokine environment, suggesting a mechanism for
adenosine-mediated transition from an acute to chronic disease phenotype. These studies
suggest that the cytokine environment may play an important role in orchestrating the actions
of adenosine in the lung (Figure 3).

The notion that the local cytokine milieu plays an important role in regulating the anti- or pro-
inflammatory actions of adenosine is supported further by studies demonstrating that cytokines
can regulate the levels of adenosine metabolic enzymes and adenosine receptors in
inflammatory environments. Cytokines such as TNFa (Nguyen et al., 2003) and INFy (Xaus
et al., 1999) can promote the expression of adenosine receptors on cells. Moreover, over
expression of the Th2 cytokines in the lungs is associated with increased levels of the AR,
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AR and the AzR (Blackburn et al., 2003; Ma et al., 2006). These studies also demonstrated
that increases in Th2 cytokines in the lung were associated with a tissue-specific down
regulation of ADA. These findings suggest that Th2 cytokines can promote both an
environment for the accumulation of adenosine and enhance adenosine signaling. This
purinergic remodeling could provide an important avenue for the promotion of chronic lung
diseases (Figure 3).

Disruption of endothelial and epithelial barrier function is a component of ALI (Eckle et al.,
2008). As mentioned above, the generation of extracellular adenosine (Eltzschig et al., 2003)
and subsequent signaling through the A,gR (Eckle et al., 2008; Eckle et al., 2008) plays an
important role in the maintenance of pulmonary barrier function (Figure 1). In this sense, the
AR plays an anti-inflammatory role. Consistent with this, a recent study has demonstrated
that genetic removal of the AogR from ADA-deficient mice leads to enhanced inflammation
and damage in association with enhanced loss of pulmonary barrier function (Zhou et al.,
2009). Thus, although antagonism of the A,gR plays a role in regulating chronic aspects of
pulmonary disease (Sun et al., 2006), it also plays important protective roles in acute stages of
injury. Therefore, it will be important to monitor the specific stage of disease in order to
determine whether to treat with AogR agonist or antagonist. In addition, care should be taken
not to provide exposures to AogR antagonist that will completely block activity. Collectively,
these findings emphasize the important distinction that adenosine signaling has both anti- and
proinflammatory features that are disease and disease stage specific.

8. Adenosine-based therapies for the treatment of chronic lung disease

One hypothesis that can be put forth from the models presented above is that chronic lung
diseases such as asthma, COPD and pulmonary fibrosis may benefit from treatment with
agonist that stimulate the A,aR, or therapeutic approaches to antagonize the AR, A3R or
A,gR. Indeed, there is substantial preclinical data to support this hypothesis. In addition,
pharmaceutical and biotechnology companies are developing compounds with high selectivity
towards the adenosine receptors and clinical trials assessing the safety and efficacy of
adenosine-based therapeutics have begun to emerge. A recent study examined the efficacy of
inhalation of the A,aR agonist, GW328267X, in atopic asthmatics (Luijk et al., 2008). In this
study, the AoaR agonist failed to protect against allergen-induced early or late asthmatic
reactions, or the associated inflammatory response in the induced sputum. In another study,
the dual A,gR/A3R antagonist, QAF 805, failed to attenuate bronchial hyperresponisveness to
inhaled AMP in AMP-sensitive asthmatics (Pascoe et al., 2007). Although neither
GW328267X of QAF 805 showed impressive efficacy, the studies were limited by concerns
over off target hemodynamic affects that limited the use of higher doses that were likely
necessary for optimal effectiveness. The selective AygR antagonist, CVT 6883 has completed
Phase 1 clinical trials with no adverse events reported (Kalla & Zablocki, 2009); however,
efficacy in phase I trials has not yet been shown. In addition, a 21-mer antisense
oligodeoxynucleotide targeting the human AR (Ball et al., 2003), EP1-2020 has shown some
efficacy in a small asthma trial, but failed to show benefit in a phase |1 trial (Langley et al.,
2005). Thus, the current status of the use of adenosine-based therapeutics for the treatment of
at least asthma has not fared well to date. However, many of the trials were focused on a small
number of asthma patients and other chronic lung diseases have not been assessed. Additional
clinical trials using larger asthma patient cohorts and extending trials to other chronic lung
disorders are clearly needed to move the field of adenosine-based therapeutics forward.

9. Conclusion

Lung injury and remodeling is a complex process that is altered in pulmonary diseases.
Adenosine is produced in response to injury to help orchestrate tissue protection and the
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initiation of wound healing. Consistent with this, preclinical and cellular studies suggest that
adenosine plays an anti-inflammatory role in processes associated with ALI, where activation
of the AxaR and AogR have promising implications for the treatment of acute lung injuries.
In contrast, there is growing evidence that adenosine signaling through the A;R, A,gR and
Ag3R serves pro-inflammatory and tissue remodeling functions in chronic lung diseases such
as asthma, COPD and pulmonary fibrosis. Additional studies in models are needed to
understand the specific mechanisms involved in adenosine signaling in various pulmonary
disorders. Moreover, larger and better controlled clinical trials are needed to assess the efficacy
of new generations of adenosine receptor agonists and antagonists in the treatment of acute
and chronic lung diseases.
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COPD
chronic obstructive pulmonary disease
R
adenosine receptor
ADA
adenosine deaminase
LPS
lipopolysaccharide
VEGF
vascular endothelial growth factor
IL
interleukin
ALI
acute lung injury
ARDS
acute respiratory distress syndrome
ASL
airway surface liquid
CFTR

cystic fibrosis transmembrane conductance regulator
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Figure 1.

AR activities in cell types involved in chronic lung disease. Adenosine signaling through
the A,gR can stimulate the production of IL-8, IL-4, IL-13 and VEGF from mast cells. A,gR
signaling is an important factor of aberrant dendritic cell differentiation and generation of
tolerogenic, angiogenic, and pro-inflammatory cells that produce VEGF, IL-8, IL-6, IL-10,
COX-2 and TGF-p. In addition, AygR engagement can promote the production of IL-6 and
osteopontin (OPN) from macrophages; IL-6 and MCP-1 from bronchial smooth muscles;
increases in IL-6 release from fibroblasts; induces myofibroblasts differentiation; and induces
the expression of fibronectin in type Il lung epithelial cells. AogR signaling also contributes
to the maintenance of ASL height in airway epithelial cells and vascular barrier function in
endothelial cells.
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Figure 2.

Adenosine receptor activities in the lungs of ADA-deficient mice. Genetic and pharmacologic
approaches in the ADA-deficient model suggest that adenosine receptor signaling influences
both tissue protective and tissue destructive pathways in the lungs.
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Figure 3.

Relationship between adenosine and cytokines. Pulmonary adenosine levels increase in the
lung following injury where subsequent engagement of adenosine receptors can influence
aspects of inflammation, tissue protection and pathological remodeling. In acute lung injury,
the AyaR and AygR serve important anti-inflammatory and tissues protective roles, central to
which are the inhibition of Th1 cytokine production and the promotion of endothelial barrier
function. In chronic lung disease, the A,gR, A1R and AgR contribute to the progression of
disease by increasing Th2 cytokine production and activating effector cells such as mast cells,
macrophages and fibroblasts that can drive disease progression. Alterations in the expression
levels of enzymes of adenosine metabolism (CD73, ADA), transport proteins (ENT) or
adenosine receptors (ADA), a process known as purinergic remodeling, may influence the
progression of acute and chronic lung diseases.
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