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The production of adenosine represents a critical endogenous mechanism for regulating 
immune and inflammatory responses during conditions of stress, injury, or infection. 
Adenosine exerts predominantly protective effects through activation of four 7-
transmembrane receptor subtypes termed A1, A2A, A2B, and A3, of which the A2A 
adenosine receptor (A2AAR) is recognised as a major mediator of anti-inflammatory 
responses. The A2AAR is widely expressed on cells of the immune system and numerous 
in vitro studies have identified its role in suppressing key stages of the inflammatory 
process, including leukocyte recruitment, phagocytosis, cytokine production, and 
immune cell proliferation. The majority of actions produced by A2AAR activation appear 
to be mediated by cAMP, but downstream events have not yet been well characterised. In 
this article, we review the current evidence for the anti-inflammatory effects of the A2AAR 
in different cell types and discuss possible molecular mechanisms mediating these 
effects, including the potential for generalised suppression of inflammatory gene 
expression through inhibition of the NF-κB and JAK/STAT proinflammatory signalling 
pathways. We also evaluate findings from in vivo studies investigating the role of the 
A2AAR in different tissues in animal models of inflammatory disease and briefly discuss 
the potential for development of selective A2AAR agonists for use in the clinic to treat 
specific inflammatory conditions. 
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INTRODUCTION 

Adenosine is a ubiquitous purine nucleoside that accumulates extracellularly in response to metabolic 

stresses such as hypoxia and inflammation. It exerts a wide range of physiological effects via ligation of 

four 7-transmembrane receptor subtypes termed A1, A2A, A2B, and A3. A substantial body of evidence has 

demonstrated that important cell types, such as eosinophils and mast cells, express specific combinations 

of these receptors, and several studies have suggested that pharmacological blockade of the A2B and A3 

subtypes may be of particular benefit in attenuating the eosinophil trafficking, lung fibrosis, and chronic 

inflammation responsible for chronic obstructive pulmonary disease (COPD) and asthma[1]. 
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However, most attention has been devoted to the A2A adenosine receptor (A2AAR), which is expressed 

on most lymphoid cells, allowing it to regulate numerous aspects of the immune response, where it fulfils 

a predominantly anti-inflammatory role. This has been demonstrated through numerous in vitro and in 

vivo studies using A2AAR-selective agonists to suppress inflammation and also by observation of 

enhanced inflammatory responses in A2AAR-deficient mice[1,2,3,4]. In this article, we outline the role of 

the A2AAR in a number of different cell types of the immune system and evaluate possible molecular 

mechanisms that may mediate its anti-inflammatory properties. We also review data obtained in studies 

investigating the effect of A2AAR activation or inactivation in different tissues in animal models of 

inflammatory disease. 

HOW IS ADENOSINE PRODUCED IN VIVO? 

Under normal conditions, adenosine is continuously released from cells as a product of ATP degradation. 

However, during conditions of stress, such as hypoxia during inflammation, levels of extracellular 

adenosine rise dramatically (up to 200-fold). This is partly due to increased production of AMP in 

hypoxic conditions, but substantial amounts of adenosine are also produced by the sequential 

dephosphorylation of adenine nucleotides released from platelets and haematopoietic cells, as well as 

damaged cells[5,6,7]. Ecto-apyrases, such as CD39, hydrolyse ATP or ADP to AMP, which is then 

converted to adenosine by the ecto-5’-nucleotidase CD73[8], which appears to be the rate-limiting step 

for adenosine production (Fig. 1). These enzymes are particularly abundant in both lymphocytes and 

endothelial cells, and can be induced in response to chronic hypoxia to enhance adenosine production. In 

addition, CD73 expression on endothelial cells can be up-regulated by IFNα[9] and adenosine itself[10]. 

The protective nature of this pathway has been demonstrated using gene targeting in mice. In these 

studies, lack of either CD39[11] or CD73[12] has been shown to result in loss of adenosine-mediated 

potentiation of endothelial barrier function, predominantly through the A2BAR, leading to excessive 

vascular permeability and leakage following chronic hypoxia. Clearance of adenosine is achieved 

predominantly via its deamination to inosine by adenosine deaminase (ADA). While usually considered a 

cytosolic enzyme, it is now appreciated that lymphoid and dendritic cells can express an ecto-ADA 

population, which can be found in complexes with cell surface A1 and A2BARs. The relatively high levels 

of ADA and low CD39/CD73 expression found in lymphoid cells have led to the suggestion that 

lymphoid cells maintain a high ATP/low adenosine environment to limit adenosine-mediated suppression 

of immune responses. For a comprehensive overview of the various ecto-enzymes involved in the 

metabolism of extracellular adenine nucleotides and adenosine, the reader is referred to an excellent 

recent review on the subject[8]. 

A2AAR SIGNALLING 

Classically, signalling through the A2AAR relies on its coupling to the heterotrimeric G-protein Gs and 

stimulation of adenylyl cyclase (AC)[13]. This results in elevation of intracellular levels of cyclic AMP 

(cAMP), which then activate downstream effectors, including protein kinase A (PKA), cyclic nucleotide-

gated ion channels, and exchange proteins directly activated by cAMP (EPACs)[14]. Opposing the 

actions of AC are a family of cAMP phosphodiesterases (PDEs), which hydrolyse cAMP to 5’AMP, 
leading to signal termination. The localisation of PDEs to specific domains within the cell leads to the 

generation of cAMP gradients. Critically, this allows compartmentalisation of signalling, as PKA and 

EPAC are anchored in specific locations in the cell by scaffold proteins, such as A-kinase anchoring 

proteins (AKAPs). Depending on the availability of cAMP, only a subset of these effector enzymes and 

their downstream substrates will be activated[15,16]. Stimulation of the A2AAR also results in activation 

of the ERK signalling cascade through a number of different mechanisms that vary between cell types. 

For example, in CHO cells heterologously expressing the A2AAR and in PC12 cells, Gs stimulation results  
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FIGURE 1. Interaction of extracellular adenine nucleotide metabolism with adenosine receptor signalling at the 

vascular endothelium. An increase in the release of ATP and ADP from endothelial cells, platelets, and 

haematopoietic cells under conditions of hypoxia, stress, or inflammation leads to its hydrolysis by ecto-apyrase 

CD39 to AMP, which is then converted to adenosine by the ecto-5’-nucleotidase CD73, both of which are 

abundantly expressed on the surface of the vascular endothelium. Adenosine can then bind and activate A2A and 

A2BARs expressed on vascular endothelial cells. While both receptors are typically expressed in endothelial cells, 

the A2AAR displays a higher affinity for the endogenous agonist adenosine and will thus be activated at lower 

agonist concentrations than the A2BAR. Both receptors can couple positively to adenylyl cyclase to elevate 

intracellular levels of cAMP. This triggers a plethora of protective effects via its intracellular sensors PKA and 

EPAC1: these include the inhibition of proinflammatory NFκB and JAK/STAT signalling pathways, and the 

enhancement of endothelial barrier function. These responses are largely transient in nature due at least in part to 

the ability of ecto-ADA to promote the deamination of adenosine to inosine, which is inactive at A2A and A2BARs. 

in PKA-mediated activation of ERK via Src kinases[17]. Conversely, in endothelial cells and HEK293 

cells, ERK can be activated independently of Gs and cAMP elevation, and requires Ras[18,19]. The 

A2AAR can also recruit the Arf6 guanine nucleotide exchange factor (GEF), ARNO, which is required for 

sustained A2AAR-mediated activation of the ERK pathway in HEK293 cells[20]. 

SUPPRESSION OF INFLAMMATORY RESPONSES IN VITRO 

The A2AAR is expressed on many lymphoid cells, including neutrophils, monocytes, macrophages, T 

cells, and natural killer (NK) cells, and its activation by adenosine or adenosine analogues results in a 

wide range of anti-inflammatory and immunosuppressive responses[1,2,4]. 
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Neutrophils 

Neutrophils are one of the first cell types to be recruited to a site of injury or inflammation. They are 

activated by inflammatory stimuli from pathogens or damaged cells via pathogen-associated molecular 

pattern molecule (PAMP) receptors, such as Toll-like receptor (TLR) 4, and damage-associated molecular 

pattern (DAMP) receptors, such as the receptor for advanced glycation end products (RAGE), which are 

expressed on the neutrophil cell surface[21,22]. Activated neutrophils adhere to the endothelium and are 

attracted into tissues where they phagocytose and destroy pathogenic material through the release of 

antimicrobial proteins and proteases, and the production of a respiratory burst[23,24]. Activation of the 

A2AAR on neutrophils has long been known to have a suppressive effect on their cytotoxic functions by 

inhibiting phagocytosis[25], production of reactive oxygen metabolites[26,27], and adherence to the 

endothelium[27,28]. More recent studies have shown that most of these inhibitory effects are dependent 

upon A2AAR-mediated elevation of intracellular cAMP and activation of PKA. For example, the A2AAR-

selective agonist ATL193 inhibits neutrophil oxidative activity via a cAMP- and PKA-dependent 

mechanism[29]. A2AAR activation also inhibits neutrophil recruitment to inflammatory sites in a PKA-

dependent manner by down-regulating expression of the neutrophil adhesion molecule “very late antigen 
4” (VLA-4), which interacts with vascular cell adhesion molecule-1 (VCAM-1) to enable adherence to 

the endothelium[27,30]. 

Macrophages 

Macrophages are present in all tissues and, like neutrophils, express innate immune receptors that mediate 

their activation during the earliest stages of an immune response. In addition, neutrophils and 

macrophages release cytokines and chemokines that activate the endothelium, and enable recruitment of 

circulating monocytes to the site of inflammation where they subsequently differentiate into 

macrophages. Activated macrophages phagocytose cell debris and pathogenic material, and can kill 

engulfed organisms either nonspecifically or through activation of specific lymphocyte responses. They 

also play a central role in shaping the course of an inflammatory response through production of large 

amounts of inflammatory mediators, including the proinflammatory cytokines TNF, IL-6, and IL-12, 

and the anti-inflammatory cytokine IL-10[31]. Activation of the A2AAR on macrophages has been shown 

to suppress inflammatory responses by regulating proinflammatory cytokine production. For example, 

adenosine inhibits release of TNF and IL-12 from macrophages induced by various stimuli, 

predominantly through activation of A2AARs[32,33], although the A2BAR also appears to play a role in 

the absence of functional A2AARs[32]. There is conflicting evidence for the mechanisms behind these 

effects. Elevation of cAMP in RAW264.7 macrophages has been shown to inhibit LPS-induced 

production of TNF and macrophage inflammatory protein (MIP-1) via a PKA-dependent, EPAC-

independent mechanism[34]. However, in primary peritoneal macrophages, A2AAR suppression of TNF 

production induced by extracellular matrix components was EPAC dependent and unaffected by the PKA 

inhibitor H89[35]. Meanwhile, Kreckler et al.[36] found evidence for an alternative mechanism that is 

independent of both PKA and EPAC, but can be reversed by an inhibitor of serine/threonine 

phosphatases. In the studies by Wall et al.[34] and Scheibner et al.[35], the reduction in TNF release 

was associated with reduced activation of the central proinflammatory nuclear factor (NF) B signalling 

pathway, which could explain why the A2AAR can suppress cytokine production induced by multiple 

stimuli. Wall et al.[34] also showed that PKA colocalises with the NFB inhibitory protein (IB) p105 on 

the A-kinase anchoring protein (AKAP) 95. This appears to facilitate PKA-mediated phosphorylation of 

p105 on a site that prevents its phosphorylation by IB kinases (IKKs), which is required for activation of 

NFB. 

In addition to inhibiting proinflammatory cytokine production by macrophages, A2AAR activation 

also promotes release of the anti-inflammatory cytokine IL-10. IL-10 protects against inflammatory tissue 
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damage and autoimmunity by suppressing exaggerated responses in several different cell types. For 

example, in macrophages, it inhibits production of proinflammatory cytokines such as IL-6, IL-12, and 

TNF, and chemokines including monocyte chemotactic protein 1 (MCP1), IL-8, and MIP-2, and also 

inhibits antigen presentation and T-cell stimulatory capacity by suppressing MHCII and costimulatory 

molecule expression. Meanwhile in CD4
+
 T cells, IL-10 inhibits proliferation and production of cytokines 

such as IL-2, IFN, and TNF, and is thought to contribute to the suppressive activity of regulatory T 

cells[37,38]. 

In primary human and murine monocytes and in monocytic cell lines, CGS21680 potentiates LPS-

induced IL-10 production[39,40,41]. Meanwhile, in macrophages from A2AAR-deficient mice, lack of a 

functional A2AAR blocks IL-10 production[41]. Studies in RAW264.7 macrophages have shown that 

C/EBP is the major transcription factor regulating the stimulatory effect of adenosine on E. coli-induced 

IL-10 production[41]. Interestingly, LPS induction of IL-10 production in this cell type has been show to 

be PKA independent[42]. In another study, PKA-independent activation of C/EBP by EPAC1 was found 

to regulate expression of the anti-inflammatory protein SOCS3[43]. It may be that EPAC1 also regulates 

C/EBP-mediated IL-10 production in macrophages. The role of PKA was not addressed in the study by 

Csóka et al.[41]; however, a requirement for p38 MAPK activity was identified. 

T Cells 

Under normal circumstances, the powerful innate mechanisms initiated by neutrophils and macrophages 

result in the effective elimination of pathogenic material and the subsequent resolution of the 

inflammatory response. However, in the case of chronic inflammatory disease, inflammation persists and 

the adaptive arm of the immune system is then engaged. Macrophages and dendritic cells migrate from 

the site of inflammation to the lymph nodes, where they present processed antigens to specific circulating 

naïve T cells. In the presence of the correct costimulatory signals, T cells are activated and differentiate 

into different classes of effector cells guided by the particular cytokine profile present. CD4
+
 T cells are 

activated by antigens derived from phagocytosed material and may differentiate into one of several 

different classes of “helper” T cells, including Th1, Th2, or regulatory T cells (Tregs), which differ in 

their effector functions and the cytokines they produce. Th1 cells are characterised by the production of 

IFN, which potently activates macrophages and generally promotes cell-mediated immunity. This is 

important for pathogen clearance, but also promotes inflammation and associated tissue damage. Th2 

cells make IL-4, IL-5, and IL-13, which are involved in humoral immunity directed against extracellular 

pathogens[44,45]. Cytotoxic CD8
+
 T cells arise when T cells are activated by cells presenting 

intracellularly derived antigens rather than ingested material. 

The A2AAR has a suppressive effect on many aspects of T-cell function, inhibiting proinflammatory 

cytokine production by both CD8
+
 and CD4

+
 cells[46,47], and suppressing CD8

+
 cytolytic activity[46]. 

A2AAR activation also suppresses proliferation of developing and mature Th1 and Th2 CD4
+
 cells by 

reducing expression of IL-2 and CD25, the -subunit of the IL-2 receptor complex[47,48]. A reduction in 

the positive costimulatory molecule CD40L and an increase in expression of negative costimulatory 

molecules PD-1 and CTLA-4 has also been observed[47]. Inhibition of T-cell activation appears to be 

mediated at least in part by PKA as in the study by Sevigny et al.[47], H89 reversed the inhibitory effect 

of ATL313 on phosphorylation of ZAP70, a tyrosine kinase involved in downstream signalling from the 

TCR. Furthermore, suppression of T-cell cytokine production by CGS21680 can be mimicked by 

selective activation of PKA[46]. However, the kinase activity of PKA may not be important, as two 

catalytic site inhibitors (H89 and a PKA inhibitor peptide) could not inhibit the response, while an 

antagonist of the cAMP binding site on the regulatory subunit of PKA was effective[47].  

A2AAR activation also appears to be important in mediating the immunosuppressive effects of Tregs. 

Tregs are identified by their ability to suppress effector T-cell responses and by the expression of a 

defined set of molecular markers, including CD4, CD25, and the X chromosome–encoded forkhead 
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transcription factor Foxp3[49]. However, Tregs can also be specifically differentiated from other T-cell 

subsets by the presence of high levels of CD39[50] and CD73[50,51]. Adenosine generated by these 

enzymes suppresses T-cell function by binding to A2AARs on target cells[50]. In addition, A2AAR 

activation has been shown to promote the generation of Tregs by up-regulating Foxp3 expression[52]. 

Another small subset of T cells regulated by the A2AAR is formed by the invariant natural killer T 

(iNKT) cells, which express an invariant TCR alongside NK cell markers such as NK1.1[4,53]. iNKT 

cells function in innate immunity by recognising glycolipid antigens presented on the MHC1-related 

molecule CD1d and can be rapidly activated early in inflammatory responses to produce copious 

quantities of cytokines[53]. iNKT cells express all four AR subtypes, but the A2AAR is most 

prevalent[54]. Activation of the A2AAR inhibits production of IFN induced by the marine sponge 

glycolipid -galactoceramide[54,55]. In contrast, production of IL-4, IL-10, and TGF are enhanced[54], 

indicating that rather than having a nonbiased effect on cytokine production as is seen in conventional T-

cell subtypes[48], A2AAR activation skews the cytokine profile of activated iNKT cells away from a 

proinflammatory Th1 phenoptype towards a Th2 phenotype[54]. This has potentially important 

implications for the treatment of diseases such as rheumatoid arthritis and Crohn’s disease, where cell-

mediated Th1 responses drive the chronic inflammatory phenotype. 

General Mechanisms 

The ability of A2AAR signalling to suppress inflammatory responses in such a wide range of cell types and 

in response to diverse stimuli has raised the question of whether or not there are common mechanisms by 

which the receptor exerts its effects. One answer to this question is suggested by findings that the A2AAR is 

able to dampen activation of two major proinflammatory signalling pathways: the NFB and the janus 

kinase/signal transducer and activator of transcription (JAK/STAT) pathways. NFB is a transcription factor 

activated by a wide variety of stimuli, including proinflammatory cytokines (such as TNF and IL-1) and 

bacterial products (such as LPS)[56]. NFB plays a pivotal role in the initiation and perpetuation of an 

immune response by triggering expression of major inflammatory mediators such as cytokines, chemokines, 

and adhesion molecules[57,58]. The suppressive effect of adenosine signalling on the NFB pathway has 

been demonstrated in a range of cell types[59]. However, subsequent studies have revealed that the 

mechanisms behind the inhibitory effect differ between cell types. 
In resting conditions, NFB transcription factors, of which the p50/RelA dimeric complex is best 

characterised, reside in the cytoplasm in complex with the inhibitory protein IB. Upon activation of the 

NFB pathway by stimuli such as TNF or LPS, IB is phosphorylated, polyubiquitinated, and 

degraded by the proteasome, thereby freeing NFB to translocate to the nucleus to modulate 

transcription[60]. In a study using a human myeloid cell line, adenosine inhibited TNF-induced NFB 

DNA-binding activity and NFB-dependent gene expression by inhibiting nuclear translocation of active 

NFB without affecting IB phosphorylation or degradation[59]. The role of the A2AAR was confirmed 

in a later study using macrophages from A2AAR-deficient mice that displayed enhanced TLR-induced 

NFB DNA binding compared to wild-type cells[61]. In these cells, this was accompanied by increased 

phosphorylation and accelerated degradation of IB, indicating that the A2AAR was having effect at an 

earlier stage in the NFB pathway. In agreement with these findings, Sands et al.[62] found that 

increasing expression of the A2AAR in rat C6 glioma cells inhibited TNF and LPS-induced NFB DNA 

binding and expression of target genes, and again this was accompanied by a decrease in phosphorylation 

and degradation of IB. However, in the same study, increased A2AAR expression suppressed NFB 

activation in HUVECs without affecting phosphorylation or the degradation pattern of IB. These 

differing results highlight the cell-specific nature of the A2AAR-mediated response. 

One mechanism that may prevent activation of NFB through inhibition of IB phosphorylation 

and degradation is suggested by a recent study in which adenosine was found to increase SUMO-1 
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modification of IB[63]. SUMO-1 is a small ubiquitin-like molecule that acts to restore levels of IB 

at the end of an NFB-mediated response[64]. In a process similar to ubiquitination, SUMO-1 is 

conjugated to newly synthesised IB at the same Lys
21

/Lys
22

 ubiquitination site. This prevents its 

ubiquitination and degradation, thereby switching off the NFB pathway[65]. Interestingly, in HeLa cells 

subjected to hypoxia, prior exposure to cycles of hypoxia/reoxygenation to induce adenosine 

accumulation suppressed NFB activation with a parallel increase in levels of SUMO-1 conjugated to 

IB[63]. Meanwhile, phosphorylation of IB was not observed. Although the precise receptor 

involved in generating the response was not identified, the nonselective A2AR agonist NECA also 

increased SUMO-conjugated IB in a dose-dependent manner and this could only be partially inhibited 

by the A2BAR antagonist PBS 1115, suggesting that this may be a mechanism relevant to A2AAR-

mediated suppression of the NFB pathway. This could explain the findings of Sands et al.[62] in C6 

glioma cells. Overexpression of the A2AAR may lead to increased SUMOylation of IB, which would 

block its polyubiquitination, leading to the observed inhibition of NFB activity. 

An alternative mechanism by which adenosine can inhibit NFB activation is by directly interfering 

with ubiquitination of IB by the IB-specific E3 SCF Ub ligase complex[66]. This complex is 

composed of Skp1, Cul-1, and -TrCP F-box subunits and its activation is dependent upon modification 

of the Cul-1 subunit by the ubiquitin-like molecule Nedd8[67]. Adenosine produced during hypoxic 

preconditioning has been found to promote removal of Nedd8 from the Cul-1 subunit, thereby 

inactivating the complex and preventing IB ubiquitination and degradation[66]. The contribution of 

different adenosine receptors to this response has not been fully investigated, but if the A2AAR is 

involved, then the absence of this mechanism might explain the accelerated degradation of IB observed 

in A2AAR-deficient mice[61]. 

Another generalised mechanism by which the A2AAR may be able to suppress inflammation in a 

number of cell types is through inhibition of the JAK/STAT pathway. This pathway transduces signals from 

receptors for the haemopoietin group of cytokines that includes the IL-6 family. Manipulation of the IL-6 

response may be beneficial in inflammatory disease, as IL-6 is a key regulator of the immune response with 

a wide spectrum of activities including regulation of haematopoeisis, induction of inflammation, and 

generation of the acute phase response[68]. In addition, IL-6 family cytokines are major participants in the 

pathology of diseases such as atherosclerosis[69], rheumatoid arthritis[70], and inflammatory bowel 

disease[71]. The IL-6 receptor is composed of an IL-6–binding subunit and a signal-transducing subunit 

(gp130) that is common to all IL-6–type cytokines. Following activation of the receptor, associated JAKs 

become activated and phosphorylate specific tyrosine residues on the gp130 subunit. STAT proteins are 

recruited to the phosphorylated receptor, where they also become tyrosine phosphorylated and activated, 

allowing them to form dimers that translocate to the nucleus to modulate transcription of IL-6–regulated 

genes such as vascular endothelial growth factor, cyclin D1, and BclXL (Fig. 2)[72,73]. 

Signalling from the A2AAR has been found to inhibit JAK/STAT cytokine signalling through 

receptors of the gp130 family by inducing expression of the anti-inflammatory protein SOCS3[74]. SOCS 

proteins are characterised by a central SH2 domain, an N-terminal kinase inhibitory region (KIR), and a 

C-terminal “SOCS box” domain[75]. They mediate their inhibitory effects in part by binding to 

phosphorylated tyrosine residues on activated receptors and interacting with receptor-associated JAKs via 

the KIR[72]. This inhibits JAK activity and prevents phosphorylation and activation of STAT proteins, 

thereby terminating signalling (Fig. 2)[75]. In endothelial cells, MEFs, and COS-1 cells, cAMP-induced 

SOCS3 expression inhibits IL-6–stimulated STAT3 phosphorylation via a PKA-independent EPAC1-

mediated mechanism[74,76]. This relies upon activation of Rap1 by EPAC1 and involves 

CAAT/enhancer-binding protein (C/EBP) transcription factors, namely C/EBP and C/EBP[43]. The 

steps linking EPAC1/Rap1 activation to SOCS3 expression are not well defined, but there is a 

requirement for ERK-mediated phosphorylation of C/EBP on Thr
235

[76]. This may be a priming step 

and other pathways are likely to be involved, as EPAC1 depletion in HUVECs does not block ERK 

activation[77]. A role for a PKC-mediated pathway has been suggested by studies in COS-1 cells in 

which down-regulation of PLC or PKC activity blocked cAMP-induced SOCS3 expression[76]. 
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FIGURE 2. Activation of the A2AAR suppresses cytokine-mediated JAK/STAT signalling via induction of the 

inhibitory protein SOCS3. Upon binding of adenosine or synthetic agonists to the A2AAR, Gs stimulation of 

adenylyl cyclase results in an elevation of intracellular cAMP levels and activation of cAMP effectors, including 

EPAC1. EPAC1 acts as a guanine nucleotide exchange factor for Rap1, causing Rap1-GTP to accumulate. This 

leads to activation of PLC and hydrolysis of phosphatidylinositol-4,5-bisphosphate to generate inositol-1,4,5-

trisphosphate (IP3) and sn-1,2-diacylglycerol (DAG). IP3 mobilises Ca
2+

 from intracellular stores, which then 

stimulates a further increase in cytosolic Ca
2+

 by activation of store-operated Ca
2+

 channels on the plasma 

membrane. The cytosolic Ca
2+

 and DAG generated from these events bind and activate PKC, which appears to be 

important for SOCS3 expression. Elevation of cAMP also results in activation of the ERK pathway and ERK-

mediated phosphorylation of C/EBP on Thr235, which is required for induction of SOCS3. Newly synthesised 

SOCS3 interacts with Tyr-phosphorylated gp130 subunits of IL-6 family cytokine receptors and inhibits JAK 

activity, thereby preventing STAT phosphorylation on Tyr705 and its subsequent activation. 

Recently, another mechanism by which the A2AAR can negatively regulate the JAK/STAT pathway 

has been identified. In endothelial cells stimulated with IL-6, overexpression of the A2AAR suppressed 

downstream signalling by inducing polyubiquitination and proteasomal degradation of STAT 

proteins[78]. This required prior activation of STAT3 by cytokine-directed JAK-mediated 

phosphorylation on Tyr
705

. This may act as a signal for ubiquitination, or since activation of STATs 

induces their nuclear translocation, it may be required to colocalise STAT3 with a specific, as yet 

unidentified E3 ligase. 
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IN VIVO EVIDENCE FOR THE ANTI-INFLAMMATORY PROPERTIES OF THE A2AAR 

In vitro studies such as those discussed above provide an overwhelming amount of evidence to support 

the ability of A2AAR signalling to inhibit the inflammatory actions of specific cell types. The anti-

inflammatory and tissue-protective effects elicited by the A2AAR have also been demonstrated in vivo in 

numerous studies using animal models of inflammatory disease. These studies have centred on assessing 

the ability of A2AAR agonists to protect against excessive inflammation and tissue injury or, conversely, 

on the effects of either A2AAR antagonism or gene deletion in exacerbating inflammatory damage. 

Liver 

The ability of the A2AAR to offer protection against excessive inflammation and tissue injury in the liver 

has been demonstrated in a number of studies using the hepatotoxic T-lymphocyte activator concanavalin 

A (ConA)[79,80,81]. In mouse models, intravenous administration of ConA induces liver damage, which 

is dependent upon activation of CD4
+
 T cells by macrophages[82] and subsequent release of 

proinflammatory cytokines such as TNF, IL-6, and IFN[80,83,84]. In mice, administration of the 

A2AAR-selective agonists CGS21680[79] or ATL146e[80] reduced ConA-induced liver injury and 

suppressed proinflammatory cytokine production, which is consistent with the ability of A2AAR activation 

to suppress T-cell activation[46,47] and TNF production by macrophages in vitro[32,33]. Conversely, 

treatment with the A2AAR antagonist ZM241385 exacerbated liver injury and promoted cytokine release 

in response to ConA[79]. The protective nature of A2AAR activation was confirmed in A2AAR-deficient 

mice, where treatment with ConA caused drastically enhanced liver damage and cytokine production 

compared to wild-type mice[79]. 

The role of the A2AAR in regulating inflammatory responses in the liver has also been well studied in 

models of ischaemia reperfusion injury (IRI). IRI refers to the damage caused to tissues by the restoration 

of blood flow following a period of restricted blood flow and oxygen deprivation. What follows initially 

is an innate immune system–mediated proinflammatory reaction involving production of reactive oxygen 

species, proinflammatory cytokines, and chemokines, and the up-regulation of adhesion molecules on the 

endothelium. Large numbers of inflammatory cells then infiltrate the damaged organ, followed by T cells 

as the adaptive immune response is activated, leading to irreversible cell damage, vascular occlusion, and 

organ dysfunction[85,86,87]. 

Activation of the A2AAR has been found to protect against inflammatory damage caused by ischaemia 

and reperfusion in a number of tissues including liver[88], kidney[89], lung[90], and heart[91]. For 

example, in mice subjected to hepatic IRI, the A2AAR-selective agonist ATL146e caused a dramatic 

reduction in tissue injury that was associated with reduced neutrophil accumulation and cytokine and 

chemokine expression[88]. Meanwhile, in A2AAR-deficient mice, liver injury was exacerbated compared 

with wild-type mice, indicating that activation of A2AARs by endogenously produced adenosine has a 

similar effect[88]. Through the use of chimaeric mice, it was demonstrated that protection occurred via 

activation of A2AARs on bone marrow–derived cells (BMDCs), as agonists were effective in reducing IRI 

in mice expressing A2AARs specifically on BMDCs, but not in mice selectively lacking A2AARs on 

BMDCs[92]. Subsequently, the beneficial effects of A2AAR agonists in IRI were linked to activation of 

A2AARs on iNKT cells. Lappas et al.[93] found that similarly to mice treated with ATL146e, protection 

against IRI was also observed in RAG-1-deficient mice that lack mature lymphocytes and in mice in 

which iNKT cells had been depleted or inactivated. Meanwhile, liver injury in RAG-1–deficient mice 

could be reconstituted to wild-type levels by adoptive transfer of NK1.1
+
 cells from wild-type mice. 

These findings suggested that iNKT cells play a critical role in mediating IRI. Adoptive transfer of NK 

cells from A2A-deficient mice also reconstituted liver injury in RAG-1–deficient mice, but IRI could not 

be attenuated by ATL146e, indicating that ATL146e exerts its effects by activating receptors on NKT 

cells[93]. 
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Activation of the A2AAR has also proved beneficial in protecting against IRI in rats receiving partial 

liver transplants. Treatment with CGS21680 for 3 h immediately after reperfusion of the transplanted 

liver dramatically increased survival rate and improved liver function. This was associated with decreased 

neutrophil infiltration and inhibition of TNF, IL-1, and IL-6 expression[94]. Further investigation of 

the mechanisms involved revealed that CGS21680 inhibited IKK-mediated phosphorylation and 

subsequent NFB activation in liver, and reduced expression of major B-regulated genes, such as MIP-

1, ICAM-1, and TNF, while the A2AAR-selective antagonist ZM241385 had the opposite effect[95]. 

Kidney 

A2AAR agonists also reduce tissue injury in animal models of renal IRI[89,96,97]. This has been linked to 

inhibition of neutrophil adhesion to the endothelium. Okusa et al.[96] found that when rats were treated 

with ATL146e, reduced IRI could be correlated with an inhibition of endothelial P-selectin and ICAM-1 

expression and decreased neutrophil infiltration. As in the liver, activation of A2AARs on BMDCs appears 

to be responsible for this effect, as ATL146e did not protect against IRI in chimaeric mice lacking 

A2AARs on BMDCs, but was effective in mice expressing the A2AAR only on BMDCs[97]. A role for 

macrophages in mediating renal IRI mice has been demonstrated in experiments where depletion of 

macrophages reduced injury[92]. Injury could be reconstituted by adoptive transfer of RAW264.7 

macrophages, an effect which was inhibited by treatment with ATL146e[92]. However, the protective 

effect was not mediated via direct activation of receptors on macrophages, as ATL146e was equally 

effective in reducing injury in macrophage-depleted mice reconstituted with wild-type or A2AAR-

deficient macrophages, and had no effect in A2AAR-deficient mice even when reconstituted with wild-

type macrophages[92]. Further investigation using RAG-1 knock-out mice has revealed the role of 

A2AARs on CD4
+
 T cells in mediating protection against renal IRI[98]. These mice suffered reduced IRI 

compared to wild-type mice, but injury was restored by adoptive transfer of wild-type or A2AAR knock-

out CD4
+
 T cells. ATL146e reduced injury through activation of receptors on CD4

+ 
T cells, as it was only 

effective in mice reconstituted with wild-type CD4
+
 T cells and not those lacking the A2AAR[98].  

While the protective effects of A2AAR agonists in renal IRI are not mediated by receptors on 

macrophages, these cells do appear to be important in preventing renal injury in experimentally induced 

glomerulonephritis[99]. In one study, treatment of rats with CGS21680 reduced kidney injury in the acute 

inflammatory and chronic stages of disease, and decreased infiltration of CD8
+
 T cells and macrophages. 

This was attributed to effects on macrophages, as A2AAR expression increased in macrophages following 

disease induction, while expression on CD8
+
 T cells remained unchanged. In addition, renal protection 

was associated with reduced expression of macrophage-derived chemokines and increased production of 

the anti-inflammatory cytokines IL-4 and IL-10. Meanwhile, nonmacrophage-derived chemokines were 

not affected[99]. Macrophages are also thought to be important for the protective effect of A2AAR 

activation on kidney function in rats subjected to streptozotocin-induced diabetes. Awad et al.[100] found 

that ATL146e reduced renal injury and inhibited glomerular infiltration by macrophages, which are 

thought to be major contributors to the development of renal failure in diabetes. This was associated with 

decreased expression of proinflammatory cytokines TNF and IFN, which are important predictors of 

diabetic nephropathy[100]. 

Heart 

In the heart, A2AAR agonists have been shown to suppress IRI-associated inflammatory events and reduce 

myocardial infarct size in a number of animal models, including rabbits[101], dogs[91], mice[102], and 

pigs[103]. Several studies have focussed on the effect of A2AAR stimulation on the activity of neutrophils, 

which are thought to be major perpetrators of IRI in the heart[104]. For example, in a canine model of 

reperfused myocardial infarction, ATL146e administered as either a pretreatment, or 30 min before and 
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continuing through reperfusion, caused a reduction in infarct size that was correlated with an inhibition of 

neutrophil accumulation and activity as measured by suppression of P-selectin expression[91]. In a 

similar study, CGS21680 administered 5 min before reperfusion reduced IRI and inhibited neutrophil 

superoxide generation and endothelial adherence[105]. However, more recent studies indicate that 

suppression of neutrophil activity by A2AAR agonists may be secondary to their effects on T cells. In a 

study using A2AAR knock-out mice in combination with bone marrow transplantation, ATL146e reduced 

infarct size and associated neutrophil and T-cell accumulation only when the wild-type receptor was 

expressed in bone marrow[102]. Infarct size and neutrophil infiltration were also reduced in RAG-1 

knock-out mice, but this could not be enhanced by ATL146e, indicating that A2AARs on lymphocytes 

mediate the protective effects of the agonist[102]. In a subsequent study, it was found that injury to RAG-

1 knock-out mice could be restored by adoptive transfer of CD4
+
 T cells from wild-type mice, but not 

CD8
+
 T cells from wild-type mice or CD4

+
 T cells from IFN knock-out mice[106]. Meanwhile, 

ATL146e blocked restoration of injury in mice receiving CD4
+
 T cells from wild-type mice, but not 

A2AAR knock-out mice, indicating that A2AARs on CD4
+
 T cells are responsible for the beneficial effects 

of A2AAR agonists in myocardial IRI[106]. 

Lung 

The ability of A2AAR agonists to reduce lung inflammation has been demonstrated in a number of animal 

models of asthma and other COPDs. For example, intratracheal administration of CGS21680 inhibited 

pulmonary inflammation induced by ovalbumin challenge in sensitised brown Norwegian rats as 

indicated by a decrease in neutrophil and eosinophil numbers in bronchoalveolar lavage fluid 

(BALF)[107]. Similar findings were produced in ovalbumin-sensitised mice, where CGS21680 treatment 

reduced lung infiltration of neutrophils, eosinophils, macrophages, and lymphocytes[108]. In contrast to 

these findings, CGS21680 had no effect on neutrophil influx in LPS or cigarette smoke–induced models 

of COPD, but it did reduce BALF levels of elastase in the LPS model, indicating a reduction in neutrophil 

activation[108]. 

A2AAR-mediated suppression of lung inflammation has been further demonstrated using A2AAR-

deficient mice. Nadeem et al.[109] found that following allergen challenge of ragweed-sensitised mice, 

levels of neutrophils, eosinophils, and lymphocytes were significantly increased in BALF from A2AAR-

deficient mice compared to similarly treated wild-type mice. This study also highlighted a possible 

mechanism behind the protective effects of the A2AAR in the lung. Sensitised mice lacking the A2AAR 

expressed increased levels of the p65 NFB subunit and phospho-IB compared to wild-type sensitised 

mice. This was associated with up-regulation of the NFB-regulated gene inducible nitric oxide synthase 

(iNOS). These results indicate that the A2AAR inhibits lung inflammation at least in part by suppressing 

NFB activation and downstream gene expression[109]. 

A2AAR agonists play a similarly protective role in models of acute respiratory distress syndrome 

(ARDS). In fact, the critical nature of the hypoxia/adenosine/A2AAR axis in the lung has been 

demonstrated in a study investigating the adverse effects of oxygen therapy in ARDS. Thiel et al.[110] 

found that life-saving oxygen therapy exacerbated inflammatory lung damage in mice subjected to 

polymicrobial lung infection. Damage was severely enhanced in A2AAR-deficient mice and in wild-type 

mice treated with the A2AAR antagonist ZM241385. Meanwhile, treatment with CGS21680 reduced lung 

damage and dramatically improved survival rates of oxygenated wild-type mice, confirming the role of 

the A2AAR in hypoxia-induced protection[110]. In another study using LPS treatment to produce ARDS-

like symptoms, the A2AAR-selective agonist ATL202 inhibited neutrophil recruitment and suppressed 

levels of IL-6, TNF, and the chemotactic molecules keratinocyte-derived chemoattractant (KC) and 

MIP-2 in the lung[111]. Again, A2AAR-deficient mice experienced exaggerated responses to LPS, which 

could not be attenuated by ATL202. Inhibition of lung inflammation by ATL202 was attributed to 
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activation of A2AARs expressed on haemopoietic cells, as the agonist was effective in chimaeric mice 

only when the A2AAR was present on BMDCs[111]. 

As in other tissues, A2AAR activation protects against inflammatory tissue damage in the lung caused 

by IRI[90,112,113]. In a rat model of global ischaemia induced by trauma and haemorrhagic shock, 

CGS21680 reduced neutrophil infiltration and activation and attenuated lung injury[112]. Evidence for 

the specific cell types involved in this A2AAR-mediated response has been obtained using a mouse model 

of lung IRI in which ATL313 inhibited lung injury and reduced CD4
+
 T-cell activation and neutrophil 

recruitment[90]. Antibody depletion of neutrophils or CD4
+
 T cells also reduced lung injury, highlighting 

the key role that these cell types play in lung IRI. ATL313 treatment offered no further protection in this 

case, indicating that the anti-inflammatory effects of the agonist are achieved through effects on CD4
+

 T 

cells and neutrophils. Levels of inflammatory cytokines and chemokines (TNF, IL-17, KC, MCP-1, 

MIP-1, and RANTES) in BALF were also lower in the absence of neutrophils or CD4
+
 T cells, but could 

only be further reduced by ATL313 in neutrophil-depleted mice, indicating that suppression of neutrophil 

activity may be secondary to ligation of A2AARs on CD4
+
 T cells[90]. 

In addition to suppressing the activity of proinflammatory cells, in vitro studies have shown that 

activation of the A2AAR can also promote the development of Treg cells[52]. This is supported by in vivo 

data from a study of a murine model of autoimmune pneumonitis induced by adoptive transfer of self-

reactive T cells. CGS21680 reduced lung inflammation and fatalities from autoimmune pneumonitis by 

promoting T-cell anergy and production of Foxp3
+
 and LAG3

+ 
Tregs[52]. 

Vasculature 

A2AAR activation has proven beneficial in the injured vasculature, inhibiting inflammatory events that 

lead to arterial lesion formation and the development of atherosclerosis. For example, in the murine 

carotid artery ligation model of arterial inflammation, lesion formation was markedly reduced in mice 

treated with the A2AAR agonist ATL146e. This was attributed to an inhibition of neutrophil and 

macrophage recruitment via suppression of VCAM-1, ICAM-1, and P-selectin expression[114]. 

The importance of A2AAR activation by endogenously produced adenosine has also been explored 

using mice lacking the ecto-5’-nucleotidase CD73, which catalyses the extracellular conversion of 5’-
AMP to adenosine[115]. Following wire-induced injury of the carotid artery, these mice experienced 

increased neointimal lesion formation compared to wild-type mice, which was associated with elevated 

VCAM-1 expression, monocyte arrest, and NFB activation. This was determined to be due to an absence 

of the adenosine/A2AAR pathway, as VCAM-1 expression and levels of monocyte adhesion in cultured 

CD73
-/-

 endothelial cells were reduced to wild-type levels by ATL146e. These findings were supported by 

in vivo studies in which ATL146e suppressed lesion formation in wild-type mice subjected to wire injury 

and reduced it to wild-type levels in uninjured CD73
-/-

 mice[115]. 

The suppression of adhesion molecule expression reported in these studies is in keeping with in vitro 

data describing effects of the A2AAR on adhesion molecule expression and inflammatory responses in 

neutrophils and endothelial cells[30,62]. However, in another study using mice engineered to be both 

A2AAR deficient and atherosclerosis prone (A2AAR
-/-

/ApoE
-/-

), wire injury to the carotid artery induced 

enhanced lesion formation compared to wild-type/ApoE
-/-

 mice without affecting levels of homing 

molecules on neutrophils or endothelial cells[116]. Indeed, endothelial cells were not deemed to be 

involved, as the level of neointimal injury in chimaeric A2AAR
+/+

/ApoE
-/-

 mice lacking A2AARs on 

BMDCs was similar to that of the whole-animal knock-out, while injury in A2AAR
-/-

/ApoE
-/-

 animals was 

reduced to wild-type levels by bone marrow transplant from A2AAR
+/+

/ApoE
-/-

 mice. Instead, increased 

neutrophil rolling and adhesion observed was attributed to potentiation of PSGL-1 clustering on the 

neutrophil surface and heightened affinity of 2 integrins[116]. 

This story is further complicated by results from an earlier study by the same group in which A2AAR 

deficiency was determined to be protective against development of atherosclerotic lesions in ApoE
-/-

 

mice[117]. Although these mice had much higher IL-1 and IL-6 levels and enhanced NFB activation in 
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lesions compared to A2AAR
+/+

/ApoE
-/-

 mice, the number of macrophages and foam cells present, and 

therefore lesion size, was greatly reduced. However, this effect may be specific to this particular model as 

in other studies, A2AAR activation has been found to inhibit foam cell formation in murine macrophages 

through stimulation of cholesterol efflux[118,119]. 

Brain 

The role of the A2AAR in regulating tissue injury in the brain is complex. In a number of animal models, 

administration of agonists has proven beneficial, reducing neuronal cell damage caused by kainate-

induced excitotoxicity[120], haemorrhagic stroke[121], and forebrain ischemia[122], and improving 

neurological outcome following ischemic or traumatic spinal cord injury[123,124,125]. Paradoxically, in 

many cases, inactivation of the receptor also provides protection against brain injury. For example, 

ZM241385 reduced kainate-induced damage in rats, while the selective A2AAR antagonist SCH 58261 

reduced brain injury in a rat model of focal cerebral ischemia[126,127]. Meanwhile, genetic deficiency of 

the A2AAR reduces brain damage following ischemic[128,129,130] or traumatic brain injury[131,132]. 

As in other tissues, the beneficial effects of A2AAR agonists appear to be associated with a reduction 

in inflammation. For example, in rats subjected to haemorrhagic stroke, administration of CGS21680 to 

the striatum inhibited TNF production and neutrophil infiltration and reduced cell death[121]. 

Meanwhile, the improved neurological outcome observed in rabbits treated with ATL146e following 

spinal cord trauma was associated with reduced infiltration of inflammatory cells[123]. 

The neuroprotective effects of A2AAR antagonism or inactivation have been attributed to inhibition of 

other actions of A2AAR in the brain, in particular A2AAR-mediated promotion of glutamate release from 

neurons and glial cells and the subsequent excitotoxic cascade[129,130,133,134,135]. However, studies 

using mice either expressing or lacking the A2AAR specifically in BMDCs showed that inflammatory 

cells are also involved[129]. In this study, selective inactivation of the A2AAR on BMDCs attenuated 

ischaemic brain injury following middle cerebral artery occlusion. This was associated with reduced 

expression of the proinflammatory cytokines IL-12, IL-6, and IL-1, and an increase in the anti-

inflammatory cytokine IL-10, suggesting that in this context, the presence of the A2AAR is 

proinflammatory. This is in striking contrast to the effects observed in the liver where A2AAR deficiency 

exacerbated ischemic injury, indicating that the nature of A2AAR activity varies significantly between the 

brain and other tissues[129]. 

Further investigation has provided evidence that the inconsistent effects of A2AAR activation or 

inactivation in the brain may occur as a result of fluctuations in the local levels of glutamate. In cultured 

glial cells, treatment with CGS21680 in the presence of low levels of glutamate increased intracellular 

cAMP levels and inhibited LPS-induced NOS activity in a PKA-dependent manner[136]. Meanwhile, at 

higher levels of glutamate, CGS21680 had no effect on cAMP levels, but promoted NOS activity via a 

PKC-dependent mechanism, prompting the authors to suggest that glutamate switches A2AAR signalling 

from a PKA-dependent anti-inflammatory pathway to an alternative proinflammatory pathway. In support 

of these findings, CGS21680 administered to mice at times following traumatic brain injury, when 

glutamate levels were low, reduced brain injury and inhibited TNF and IL-1 production, while treatment 

at times when glutamate levels were raised had the opposite effect[136]. 

CONCLUSION/CLINICAL APPLICATIONS 

The maintenance of normal tissue architecture and biological function requires successful resolution of 

inflammatory and immune responses following the clearance of infectious agents and completion of 

repair. This requires that proinflammatory responses be transient in nature, thus facilitating clearance of 

infection and initiating damage repair processes without proceeding to a chronic inflammatory state that 

ultimately leads to disease. An important determinant of the transience of proinflammatory processes is 
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the existence of multiple endogenous proresolving and anti-inflammatory signalling pathways that 

actively turn off potentially damaging sustained inflammatory responses. These include lipid mediators, 

such as the resolvins and protectins, and annexin A1, amongst others[137,138]. As more details emerge 

on the molecular mechanisms responsible for the generation of such mediators and how they exert their 

protective effects, it is anticipated that their exploitation will be translated into new therapeutics to treat 

chronic inflammatory conditions[138]. 

As detailed above, there is now a vast body of evidence, both at the cellular level and in disease 

models in whole animals, pointing toward the adenosine/A2AAR signalling module functioning similarly 

as an endogenous protective anti-inflammatory and immunosuppressive system. Therefore, as has been 

argued for the annexin A1 system[138], exploiting endogenous protective pathways pharmacologically by 

the development of A2AAR-selective agonists may be useful as treatments for conditions where 

inappropriate proinflammatory responses drive tissue damage and inflammatory disease. Moreover, by 

simply mimicking an endogenous protective pathway, it would be anticipated that side effects arising 

from A2AAR-selective agonist administration would be minimal. 

In support of this argument, several A2AAR agonists have been approved for clinical trials based on 

their anti-inflammatory and wound-healing properties[139]. For example, topical application of the 

A2AAR-selective agonist MRE-0094 to promote healing of diabetic foot ulcers has recently been tested in 

phase II clinical trials[140]. A2AAR agonists have also been tested for their suitability as pharmacological 

stress agents for use in myocardial perfusion imaging because of their vasodilatory properties. ATL146e 

and two other A2AAR-selective agonists (MRE0470 and Reganodenoson) were proven in phase III trials 

to be as effective as adenosine, which is currently used in the clinic, but produced fewer side effects[139]. 

Owing to the wide tissue distribution of A2AARs, side effects of A2AAR agonists themselves also present 

a problem when considering long-term treatment for chronic inflammatory conditions. The A2AAR 

regulates blood pressure and platelet aggregation, and has a variety of effects in the central nervous 

system, including interactions with the D2 dopamine receptor[141,142]. Finally, while hypotension has 

been observed in animals treated with CGS21680[107,112], this may be avoidable through use of more 

selective agonists, such as ATL146e, which has a more favourable therapeutic window, as it induces anti-

inflammatory responses at concentrations much lower than those required to activate haemodynamic 

effects[7]. 

The adenosine/A2AAR axis has evolved as an invaluable endogenous response to protect against 

overzealous actions of the immune system. A large number of studies has demonstrated the ability of 

synthetic A2AAR agonists to inhibit inflammatory responses and tissue damage in animal models. 

Findings from clinical trials currently in process will determine whether any of these agonists can be used 

safely and effectively to treat patients with inflammatory conditions. Meanwhile, further investigation of 

the molecular mechanisms triggered by A2AAR activation will increase understanding of its actions in 

different tissues and may allow development of more targeted drugs to harness specific effects of A2AAR 

signalling on different pathways without activating unwanted side effects. 

ACKNOWLEDGEMENTS 

Work in TMP’s laboratory is supported by the British Heart Foundation, Chest Heart and Stroke 

Scotland, and the U.K. Biotechnology and Biological Sciences Research Council. 

REFERENCES 

1. Blackburn, M.R., Vance, C.O., Morschl, E., and Wilson, C.N. (2009) Adenosine receptors and inflammation. In 

Adenosine Receptors in Health and Disease. Wilson, C.N. and Mustafa, J., Eds. Springer, Berlin Heidelberg. pp. 215–
269. 

2. Hasko, G. and Pacher, P. (2008) A2A receptors in inflammation and injury: lessons learned from transgenic animals. J. 

Leukoc. Biol. 83, 447–455. 



Milne and Palmer: Inflammation and A2A Adenosine Receptor Signalling TheScientificWorldJOURNAL (2011) 11, 320–339 

 

334 

 

3. Klinger, M., Freissmuth, M., and Nanoff, C. (2002) Adenosine receptors: G protein-mediated signalling and the role 

of accessory proteins. Cell. Signal. 14, 99–108. 

4. Hasko, G., Linden, J., Cronstein, B., and Pacher, P. (2008) Adenosine receptors: therapeutic aspects for inflammatory 

and immune diseases. Nat. Rev. Drug Discov. 7, 759–770. 

5. Sitkovsky, M.V., Lukashev, D., Apasov, S., Kojima, H., Koshiba, M., Caldwell, C., Ohta, A., and Thiel, M. (2004) 

Physiological control of immune response and inflammatory tissue damage by hypoxia-inducible factors and 

adenosine A2A receptors. Annu. Rev. Immunol. 22, 657–682. 

6. Ramkumar, V., Hallam, D.M., and Nie, Z. (2001) Adenosine, oxidative stress and cytoprotection. Jpn. J. Pharmacol. 

86, 265–274. 

7. Linden, J. (2001) Molecular approach to adenosine receptors: receptor-mediated mechanisms of tissue protection. 

Annu. Rev. Pharmacol. Toxicol. 41, 775–787. 

8. Yegutkin, G.G. (2008) Nucleotide- and nucleoside-converting ectoenzymes: important modulators of purinergic 

signalling cascade. Biochim. Biophys. Acta 1783, 673–694. 

9. Niemela, J., Henttinen, T., Yegutkin, G.G., Airas, L., Kujari, A.M., Rajala, P., and Jalkanen, S. (2004) IFN- induced 

adenosine production on the endothelium: a mechanism mediated by CD73 (ecto-5'-nucleotidase) up-regulation. J. 

Immunol. 172, 1646–1653. 

10. Narravula, S., Lennon, P.F., Mueller, B.U., and Colgan, S.P. (2000) Regulation of endothelial CD73 by adenosine: 

paracrine pathway for enhanced endothelial barrier function. J. Immunol. 165, 5262–5268. 

11. Eltzschig, H.K., Ibla, J.C., Furuta, G.T., Leonard, M.O., Jacobson, K.A., Enjyoji, K., Robson, S.C., and Colgan, S.P. 

(2003) Coordinated adenine nucleotide phosphohydrolysis and nucleoside signaling in posthypoxic endothelium: role 

of ectonucleotidases and adenosine A2B receptors. J. Exp. Med. 198, 783–796. 

12. Thompson, L.F., Eltzschig, H.K., Ibla, J.C., Van De Wiele, C.J., Resta, R., Morote-Garcia, J.C., and Colgan, S.P. 

(2004) Crucial role for ecto-5'-nucleotidase (CD73) in vascular leakage during hypoxia. J. Exp. Med. 200, 1395–
1405. 

13. Fredholm, B.B., Chern, Y., Franco, R., and Sitkovsky, M. (2007) Aspects of the general biology of adenosine A2A 

signaling. Prog. Neurobiol. 83, 263–276. 

14. Beavo, J.A. and Brunton, L.L. (2002) Cyclic nucleotide research - still expanding after half a century. Nat. Rev. Mol. 

Cell Biol. 3, 710–718. 

15. Baillie, G.S. (2009) Compartmentalized signalling: spatial regulation of cAMP by the action of compartmentalized 

phosphodiesterases. FEBS J. 276, 1790–1799. 

16. McConnachie, G., Langeberg, L.K., and Scott, J.D. (2006) AKAP signaling complexes: getting to the heart of the 

matter. Trends Mol. Med. 12, 317–323. 

17. Klinger, M., Kudlacek, O., Seidel, M.G., Freissmuth, M., and Sexl, V. (2002) MAP kinase stimulation by cAMP does 

not require RAP1 but SRC family kinases. J. Biol. Chem. 277, 32490–32497. 

18. Seidel, M.G., Klinger, M., Freissmuth, M., and Holler, C. (1999) Activation of mitogen-activated protein kinase by 

the A2A-adenosine receptor via a rap1-dependent and via a p21(ras)-dependent pathway. J. Biol. Chem. 274, 25833–
25841. 

19. Sexl, V., Mancusi, G., Holler, C., Gloria-Maercker, E., Schutz, W., and Freissmuth, M. (1997) Stimulation of the 

mitogen-activated protein kinase via the A2A-adenosine receptor in primary human endothelial cells. J. Biol. Chem. 

272, 5792–5799. 

20. Gsandtner, I., Charalambous, C., Stefan, E., Ogris, E., Freissmuth, M., and Zezula, J. (2005) Heterotrimeric G 

protein-independent signaling of a G protein-coupled receptor: direct binding of ARNO/cytohesin-2 to the carboxyl 

terminus of the A2A adenosine receptor is necessary for sustained activation of the ERK/MAP kinase pathway. J. Biol. 

Chem. 280, 31898–31905. 

21. Lotze, M.T., Zeh, H.J., Rubartelli, A., Sparvero, L.J., Amoscato, A.A., Washburn, N.R., Devera, M.E., Liang, X., 

Tor, M., and Billiar, T. (2007) The grateful dead: damage-associated molecular pattern molecules and 

reduction/oxidation regulate immunity. Immunol. Rev. 220, 60–81. 

22. Mogensen, T.H. (2009) Pathogen recognition and inflammatory signaling in innate immune defenses. Clin. 

Microbiol. Rev. 22, 240–273. 

23. Nathan, C. (2006) Neutrophils and immunity: challenges and opportunities. Nat. Rev. Immunol. 6, 173–182. 

24. Cascao, R., Rosario, H.S., and Fonseca, J.E. (2009) Neutrophils: warriors and commanders in immune mediated 

inflammatory diseases. Acta Reumatol. Port. 34, 313–326. 

25. Salmon, J.E. and Cronstein, B.N. (1990) Fc gamma receptor-mediated functions in neutrophils are modulated by 

adenosine receptor occupancy. A1 receptors are stimulatory and A2 receptors are inhibitory. J. Immunol. 145, 2235–
2240. 

26. Cronstein, B.N., Daguma, L., Nichols, D., Hutchison, A.J., and Williams, M. (1990) The adenosine/neutrophil 

paradox resolved: human neutrophils possess both A1 and A2 receptors that promote chemotaxis and inhibit O2 

generation, respectively. J. Clin. Invest. 85, 1150–1157. 

27. Zhao, Z.Q., Sato, H., Williams, M.W., Fernandez, A.Z., and Vinten-Johansen, J. (1996) Adenosine A2-receptor 

activation inhibits neutrophil-mediated injury to coronary endothelium. Am. J. Physiol. 271, H1456–1464. 



Milne and Palmer: Inflammation and A2A Adenosine Receptor Signalling TheScientificWorldJOURNAL (2011) 11, 320–339 

 

335 

 

28. Cronstein, B.N., Levin, R.I., Philips, M., Hirschhorn, R., Abramson, S.B., and Weissmann, G. (1992) Neutrophil 

adherence to endothelium is enhanced via adenosine A1 receptors and inhibited via adenosine A2 receptors. J. 

Immunol. 148, 2201–2206. 

29. Sullivan, G.W., Rieger, J.M., Scheld, W.M., Macdonald, T.L., and Linden, J. (2001) Cyclic AMP-dependent 

inhibition of human neutrophil oxidative activity by substituted 2-propynylcyclohexyl adenosine A2A receptor 

agonists. Br. J. Pharmacol. 132, 1017–1026. 

30. Sullivan, G.W., Lee, D.D., Ross, W.G., DiVietro, J.A., Lappas, C.M., Lawrence, M.B., and Linden, J. (2004) 

Activation of A2A adenosine receptors inhibits expression of 4/1 integrin (very late antigen-4) on stimulated human 

neutrophils. J. Leukoc. Biol. 75, 127–134. 

31. Mosser, D.M. and Edwards, J.P. (2008) Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 8, 

958–969. 

32. Kreckler, L.M., Wan, T.C., Ge, Z.-D., and Auchampach, J.A. (2006) Adenosine inhibits tumor necrosis factor- 

release from mouse peritoneal macrophages via A2A and A2B but not the A3 adenosine receptor. J. Pharmacol. Exp. 

Ther. 317, 172–180. 

33. Hasko, G., Kuhel, D.G., Chen, J.F., Schwarzschild, M.A., Deitch, E.A., Mabley, J.G., Marton, A., and Szabo, C. 

(2000) Adenosine inhibits IL-12 and TNF- production via adenosine A2A receptor-dependent and independent 

mechanisms. FASEB J. 14, 2065–2074. 

34. Wall, E.A., Zavzavadjian, J.R., Chang, M.S., Randhawa, B., Zhu, X., Hsueh, R.C., Liu, J., Driver, A., Bao, X.R., 

Sternweis, P.C., Simon, M.I., and Fraser, I.D. (2009) Suppression of LPS-induced TNF-alpha production in 

macrophages by cAMP is mediated by PKA-AKAP95-p105. Sci. Signal. 2, ra28. 

35. Scheibner, K.A., Boodoo, S., Collins, S., Black, K.E., Chan-Li, Y., Zarek, P., Powell, J.D., and Horton, M.R. (2009) 

The adenosine A2A receptor inhibits matrix-induced inflammation in a novel fashion. Am. J. Respir. Cell Mol. Biol. 

40, 251–259. 

36. Kreckler, L.M., Gizewski, E., Wan, T.C., and Auchampach, J.A. (2009) Adenosine suppresses lipopolysaccharide-

induced tumor necrosis factor- production by murine macrophages through a protein kinase A- and exchange protein 

activated by cAMP-independent signaling pathway. J. Pharmacol. Exp. Ther. 331, 1051–1061. 

37. Couper, K.N., Blount, D.G., and Riley, E.M. (2008) IL-10: the master regulator of immunity to infection. J. Immunol. 

180, 5771–5777. 

38. Fujio, K., Okamura, T., and Yamamoto, K. (2010) The family of IL-10-secreting CD4+ T cells. Adv. Immunol. 105, 

99–130. 

39. Link, A.A., Kino, T., Worth, J.A., McGuire, J.L., Crane, M.L., Chrousos, G.P., Wilder, R.L., and Elenkov, I.J. (2000) 

Ligand-activation of the adenosine A2A receptors inhibits IL-12 production by human monocytes. J. Immunol. 164, 

436–442. 

40. Khoa, N.D., Montesinos, M.C., Reiss, A.B., Delano, D., Awadallah, N., and Cronstein, B.N. (2001) Inflammatory 

cytokines regulate function and expression of adenosine A2A receptors in human monocytic THP-1 cells. J. Immunol. 

167, 4026–4032. 

41. Csóka, B., Németh, Z.H., Virég, L., Gergely, P., Leibovich, S.J., Pacher, P., Sun, C.X., Blackburn, M.R., Vizi, E.S., 

Deitch, E.A., and Haskó, G. (2007) A2A adenosine receptors and C/EBP are crucially required for IL-10 production 

by macrophages exposed to Escherichia coli. Blood 110, 2685–2695. 

42. Avni, D., Ernst, O., Philosoph, A., and Zor, T. (2010) Role of CREB in modulation of TNF and IL-10 expression in 

LPS-stimulated RAW264.7 macrophages. Mol. Immunol. 47, 1396–1403. 

43. Yarwood, S.J., Borland, G., Sands, W.A., and Palmer, T.M. (2008) Identification of CCAAT/enhancer-binding 

proteins as exchange protein activated by cAMP-activated transcription factors that mediate the induction of the 

SOCS-3 gene. J. Biol. Chem. 283, 6843–6853. 

44. Wan, Y.Y. and Flavell, R.A. (2009) How diverse--CD4 effector T cells and their functions. J. Mol. Cell Biol. 1, 20–
36. 

45. Zhu, J., Yamane, H., and Paul, W.E. (2010) Differentiation of effector CD4 T cell populations. Annu. Rev. Immunol. 

28, 445–489. 

46. Raskovalova, T., Lokshin, A., Huang, X., Su, Y., Mandic, M., Zarour, H.M., Jackson, E.K., and Gorelik, E. (2007) 

Inhibition of cytokine production and cytotoxic activity of human antimelanoma specific CD8+ and CD4+ T 

lymphocytes by adenosine-protein kinase A type I signaling. Cancer Res. 67, 5949–5956. 

47. Sevigny, C.P., Li, L., Awad, A.S., Huang, L., McDuffie, M., Linden, J., Lobo, P.I., and Okusa, M.D. (2007) 

Activation of adenosine 2A receptors attenuates allograft rejection and alloantigen recognition. J. Immunol. 178, 

4240–4249. 

48. Csoka, B., Himer, L., Selmeczy, Z., Vizi, E.S., Pacher, P., Ledent, C., Deitch, E.A., Spolarics, Z., Nemeth, Z.H., and 

Hasko, G. (2008) Adenosine A2A receptor activation inhibits T helper 1 and T helper 2 cell development and effector 

function. FASEB J. 22, 3491–3499. 

49. Corthay, A. (2009) How do regulatory T cells work? Scand. J. Immunol. 70, 326–336. 

50. Deaglio, S., Dwyer, K.M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.-F., Enjyoji, K., Linden, J., Oukka, 

M., Kuchroo, V.K., Strom, T.B., and Robson, S.C. (2007) Adenosine generation catalyzed by CD39 and CD73 

expressed on regulatory T cells mediates immune suppression. J. Exp. Med. 204, 1257–1265. 



Milne and Palmer: Inflammation and A2A Adenosine Receptor Signalling TheScientificWorldJOURNAL (2011) 11, 320–339 

 

336 

 

51. Kobie, J.J., Shah, P.R., Yang, L., Rebhahn, J.A., Fowell, D.J., and Mosmann, T.R. (2006) T regulatory and primed 

uncommitted CD4 T cells express CD73, which suppresses effector CD4 T cells by converting 5'-adenosine 

monophosphate to adenosine. J. Immunol. 177, 6780–6786. 

52. Zarek, P.E., Huang, C.T., Lutz, E.R., Kowalski, J., Horton, M.R., Linden, J., Drake, C.G., and Powell, J.D. (2008) 

A2A receptor signaling promotes peripheral tolerance by inducing T-cell anergy and the generation of adaptive 

regulatory T cells. Blood 111, 251–259. 

53. Kronenberg, M. (2005) Toward an understanding of NKT cell biology: progress and paradoxes. Annu. Rev. Immunol. 

23, 877–900. 

54. Nowak, M., Lynch, L., Yue, S., Ohta, A., Sitkovsky, M., Balk, S.P., and Exley, M.A. (2010) The A2AR adenosine 

receptor controls cytokine production in iNKT cells. Eur. J. Immunol. 40, 682–687. 

55. Lappas, C.M., Rieger, J.M., and Linden, J. (2005) A2A adenosine receptor induction inhibits IFN- production in 

murine CD4+ T cells. J. Immunol. 174, 1073–1080. 

56. Karin, M. and Ben-Neriah, Y. (2000) Phosphorylation meets ubiquitination: the control of NFB activity. Annu. Rev. 

Immunol. 18, 621–663. 

57. Bonizzi, G. and Karin, M. (2004) The two NFB activation pathways and their role in innate and adaptive immunity. 

Trends Immunol. 25, 280–288. 

58. Ghosh, S., May, M.J., and Kopp, E.B. (1998) NFB and Rel proteins: evolutionarily conserved mediators of immune 

responses. Annu. Rev. Immunol. 16, 225–260. 

59. Majumdar, S. and Aggarwal, B.B. (2003) Adenosine suppresses activation of nuclear factor-B selectively induced 

by tumor necrosis factor in different cell types. Oncogene 22, 1206–1218. 

60. Hayden, M.S. and Ghosh, S. (2004) Signaling to NFB. Genes Dev. 18, 2195–2224. 

61. Lukashev, D., Ohta, A., Apasov, S., Chen, J.F., and Sitkovsky, M. (2004) Cutting edge: physiologic attenuation of 

proinflammatory transcription by the Gs protein-coupled A2A adenosine receptor in vivo. J. Immunol. 173, 21–24. 

62. Sands, W.A., Martin, A.F., Strong, E.W., and Palmer, T.M. (2004) Specific inhibition of nuclear factor-B-dependent 

inflammatory responses by cell type-specific mechanisms upon A2A adenosine receptor gene transfer. Mol. 

Pharmacol. 66, 1147–1159. 

63. Liu, Q., Li, J., Khoury, J., Colgan, S.P., and Ibla, J.C. (2009) Adenosine signaling mediates SUMO-1 modification of 

IB during hypoxia and reoxygenation. J. Biol. Chem. 284, 13686–13695. 

64. Hay, R.T., Vuillard, L., Desterro, J.M.P., and Rodriguez, M.S. (1999) Control of NF฀ B transcriptional activation by 
signal induced proteolysis of IB. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 354, 1601–1609. 

65. Desterro, J.M.P., Rodriguez, M.S., and Hay, R.T. (1998) SUMO-1 modification of IB inhibits NFB activation. 

Mol. Cell 2, 233–239. 

66. Khoury, J., Ibla, J.C., Neish, A.S., and Colgan, S.P. (2007) Antiinflammatory adaptation to hypoxia through 

adenosine-mediated cullin-1 deneddylation. J. Clin. Invest. 117, 703–711. 

67. Read, M.A., Brownell, J.E., Gladysheva, T.B., Hottelet, M., Parent, L.A., Coggins, M.B., Pierce, J.W., Podust, V.N., 

Luo, R.-S., Chau, V., and Palombella, V.J. (2000) Nedd8 modification of Cul-1 activates SCFbeta TrCP-dependent 

ubiquitination of IB. Mol. Cell. Biol. 20, 2326–2333. 

68. Ding, C., Cicuttini, F., Li, J., and Jones, G. (2009) Targeting IL-6 in the treatment of inflammatory and autoimmune 

diseases. Expert Opin. Investig. Drugs 18, 1457–1466. 

69. Schuett, H., Luchtefeld, M., Grothusen, C., Grote, K., and Schieffer, B. (2009) How much is too much? Interleukin-6 

and its signalling in atherosclerosis. Thromb. Haemost. 102, 215–222. 

70. Jazayeri, J.A., Carroll, G.J., and Vernallis, A.B. (2010) Interleukin-6 subfamily cytokines and rheumatoid arthritis: 

role of antagonists. Int. Immunopharmacol. 10, 1–8. 

71. Atreya, R. and Neurath, M.F. (2005) Involvement of IL-6 in the pathogenesis of inflammatory bowel disease and 

colon cancer. Clin. Rev. Allergy Immunol. 28, 187–196. 

72. Heinrich, P.C., Behrmann, I., Haan, S., Hermanns, H.M., Muller-Newen, G., and Schaper, F. (2003) Principles of 

interleukin (IL)-6-type cytokine signalling and its regulation. Biochem. J. 374, 1–20. 

73. Rawlings, J.S., Rosler, K.M., and Harrison, D.A. (2004) The JAK/STAT signaling pathway. J. Cell Sci. 117, 1281–
1283. 

74. Sands, W.A., Woolson, H.D., Milne, G.R., Rutherford, C., and Palmer, T.M. (2006) Exchange protein activated by 

cyclic AMP (Epac)-mediated induction of suppressor of cytokine signaling 3 (SOCS-3) in vascular endothelial cells. 

Mol. Cell. Biol. 26, 6333–6346. 

75. Yoshimura, A., Naka, T., and Kubo, M. (2007) SOCS proteins, cytokine signalling and immune regulation. Nat. Rev. 

Immunol. 7, 454–465. 

76. Borland, G., Bird, R.J., Palmer, T.M., and Yarwood, S.J. (2009) Activation of protein kinase C by EPAC1 is 

required for the ERK- and CCAAT/enhancer-binding protein -dependent induction of the SOCS-3 gene by cyclic 

AMP in COS1 cells. J. Biol. Chem. 284, 17391–17403. 

77. Woolson, H.D., Thomson, V.S., Rutherford, C., Yarwood, S.J., and Palmer, T.M. (2009) Selective inhibition of 

cytokine-activated extracellular signal-regulated kinase by cyclic AMP via Epac1-dependent induction of suppressor 

of cytokine signalling-3. Cell. Signal. 21, 1706–1715. 



Milne and Palmer: Inflammation and A2A Adenosine Receptor Signalling TheScientificWorldJOURNAL (2011) 11, 320–339 

 

337 

 

78. Safhi, M.M., Rutherford, C., Ledent, C., Sands, W.A., and Palmer, T.M. (2010) Priming of signal transducer and 

activator of transcription proteins for cytokine-triggered polyubiquitylation and degradation by the A2A adenosine 

receptor. Mol. Pharmacol. 77, 968–978. 

79. Ohta, A. and Sitkovsky, M. (2001) Role of G-protein-coupled adenosine receptors in downregulation of inflammation 

and protection from tissue damage. Nature 414, 916–920. 

80. Odashima, M., Otaka, M., Jin, M., Horikawa, Y., Matsuhashi, T., Ohba, R., Linden, J., and Watanabe, S. (2006) A 

selective adenosine A2A receptor agonist, ATL-146e, prevents concanavalin A-induced acute liver injury in mice. 

Biochem. Biophys. Res. Commun. 347, 949–954. 

81. Chouker, A., Thiel, M., Lukashev, D., Ward, J.M., Kaufmann, I., Apasov, S., Sitkovsky, M.V., and Ohta, A. (2008) 

Critical role of hypoxia and A2A adenosine receptors in liver tissue-protecting physiological anti-inflammatory 

pathway. Mol. Med. 14, 116–123. 

82. Tiegs, G., Hentschel, J., and Wendel, A. (1992) A T cell-dependent experimental liver injury in mice inducible by 

concanavalin A. J. Clin. Invest. 90, 196–203. 

83. Mizuhara, H., O'Neill, E., Seki, N., Ogawa, T., Kusunoki, C., Otsuka, K., Satoh, S., Niwa, M., Senoh, H., and 

Fujiwara, H. (1994) T cell activation-associated hepatic injury: mediation by tumor necrosis factors and protection by 

interleukin 6. J. Exp. Med. 179, 1529–1537. 

84. Gantner, F., Leist, M., Lohse, A.W., Germann, P.G., and Tiegs, G. (1995) Concanavalin A-induced T-cell-mediated 

hepatic injury in mice: the role of tumor necrosis factor. Hepatology 21, 190–198. 

85. Vardanian, A.J., Busuttil, R.W., and Kupiec-Weglinski, J.W. (2008) Molecular mediators of liver ischemia and 

reperfusion injury: a brief review. Mol. Med. 14, 337–345. 

86. Walsh, K.B., Toledo, A.H., Rivera-Chavez, F.A., Lopez-Neblina, F., and Toledo-Pereyra, L.H. (2009) Inflammatory 

mediators of liver ischemia-reperfusion injury. Exp. Clin. Transplant. 7, 78–93. 

87. Turer, A.T. and Hill, J.A. (2010) Pathogenesis of myocardial ischemia-reperfusion injury and rationale for therapy. 

Am. J. Cardiol. 106, 360–368. 

88. Day, Y.-J., Marshall, M.A., Huang, L., McDuffie, M.J., Okusa, M.D., and Linden, J. (2004) Protection from ischemic 

liver injury by activation of A2A adenosine receptors during reperfusion: inhibition of chemokine induction. Am. J. 

Physiol. Gastrointest. Liver Physiol. 286, G285–293. 

89. Okusa, M.D., Linden, J., Macdonald, T., and Huang, L. (1999) Selective A2A adenosine receptor activation reduces 

ischemia-reperfusion injury in rat kidney. Am. J. Physiol. 277, F404–412. 

90. Sharma, A.K., Laubach, V.E., Ramos, S.I., Zhao, Y., Stukenborg, G., Linden, J., Kron, I.L., and Yang, Z. (2010) 

Adenosine A2A receptor activation on CD4+ T lymphocytes and neutrophils attenuates lung ischemia-reperfusion 

injury. J. Thorac. Cardiovasc. Surg. 139, 474–482. 

91. Glover, D.K., Riou, L.M., Ruiz, M., Sullivan, G.W., Linden, J., Rieger, J.M., Macdonald, T.L., Watson, D.D., and 

Beller, G.A. (2005) Reduction of infarct size and postischemic inflammation from ATL-146e, a highly selective 

adenosine A2A receptor agonist, in reperfused canine myocardium. Am. J. Physiol. Heart Circ. Physiol. 288, H1851–
1858. 

92. Day, Y.J., Li, Y., Rieger, J.M., Ramos, S.I., Okusa, M.D., and Linden, J. (2005) A2A adenosine receptors on bone 

marrow-derived cells protect liver from ischemia-reperfusion injury. J. Immunol. 174, 5040–5046. 

93. Lappas, C.M., Day, Y.-J., Marshall, M.A., Engelhard, V.H., and Linden, J. (2006) Adenosine A2A receptor activation 

reduces hepatic ischemia reperfusion injury by inhibiting CD1d-dependent NKT cell activation. J. Exp. Med. 203, 

2639–2648. 

94. Tang, L.M., Wang, Y.P., Wang, K., Pu, L.Y., Zhang, F., Li, X.C., Kong, L.B., Sun, B.C., Li, G.Q., and Wang, X.H. 

(2007) Protective effect of adenosine A2A receptor activation in small-for-size liver transplantation. Transpl. Int. 20, 

93–101. 

95. Tang, L.M., Zhu, J.F., Wang, F., Qian, J., Zhu, J., Mo, Q., Lu, H.H., Li, G.Q., and Wang, X.H. (2010) Activation of 

adenosine A2A receptor attenuates inflammatory response in a rat model of small-for-size liver transplantation. 

Transplant. Proc. 42, 1915–1920. 

96. Okusa, M.D., Linden, J., Huang, L., Rieger, J.M., Macdonald, T.L., and Huynh, L.P. (2000) A2A adenosine receptor-

mediated inhibition of renal injury and neutrophil adhesion. Am. J. Physiol. Renal Physiol. 279, F809–818. 

97. Day, Y.J., Huang, L., McDuffie, M.J., Rosin, D.L., Ye, H., Chen, J.F., Schwarzschild, M.A., Fink, J.S., Linden, J., 

and Okusa, M.D. (2003) Renal protection from ischemia mediated by A2A adenosine receptors on bone marrow-

derived cells. J. Clin. Invest. 112, 883–891. 

98. Day, Y.-J., Huang, L., Ye, H., Li, L., Linden, J., and Okusa, M.D. (2006) Renal ischemia-reperfusion injury and 

adenosine 2A receptor-mediated tissue protection: the role of CD4+ T cells and IFN. J. Immunol. 176, 3108–3114. 

99. Garcia, G.E., Truong, L.D., Li, P., Zhang, P., Du, J., Chen, J.F., and Feng, L. (2008) Adenosine A2A receptor 

activation and macrophage-mediated experimental glomerulonephritis. FASEB J. 22, 445–454. 

100. Awad, A.S., Huang, L., Ye, H., Duong, E.T., Bolton, W.K., Linden, J., and Okusa, M.D. (2006) Adenosine A2A 

receptor activation attenuates inflammation and injury in diabetic nephropathy. Am. J. Physiol. Renal Physiol. 290, 

F828–837. 

101. Norton, E.D., Jackson, E.K., Turner, M.B., Virmani, R., and Forman, M.B. (1992) The effects of intravenous 

infusions of selective adenosine A1-receptor and A2-receptor agonists on myocardial reperfusion injury. Am. Heart J. 

123, 332–338. 



Milne and Palmer: Inflammation and A2A Adenosine Receptor Signalling TheScientificWorldJOURNAL (2011) 11, 320–339 

 

338 

 

102. Yang, Z., Day, Y.J., Toufektsian, M.C., Ramos, S.I., Marshall, M., Wang, X.Q., French, B.A., and Linden, J. (2005) 

Infarct-sparing effect of A2A-adenosine receptor activation is due primarily to its action on lymphocytes. Circulation 

111, 2190–2197. 

103. Lasley, R.D., Jahania, M.S., and Mentzer, R.M., Jr. (2001) Beneficial effects of adenosine A2A agonist CGS-21680 in 

infarcted and stunned porcine myocardium. Am. J. Physiol. Heart Circ. Physiol. 280, H1660–1666. 

104. Vinten-Johansen, J. (2004) Involvement of neutrophils in the pathogenesis of lethal myocardial reperfusion injury. 

Cardiovasc. Res. 61, 481–497. 

105. Jordan, J.E., Zhao, Z.Q., Sato, H., Taft, S., and Vinten-Johansen, J. (1997) Adenosine A2 receptor activation 

attenuates reperfusion injury by inhibiting neutrophil accumulation, superoxide generation and coronary endothelial 

adherence. J. Pharmacol. Exp. Ther. 280, 301–309. 

106. Yang, Z., Day, Y.-J., Toufektsian, M.-C., Xu, Y., Ramos, S.I., Marshall, M.A., French, B.A., and Linden, J. (2006) 

Myocardial infarct-sparing effect of adenosine A2A receptor activation is due to its action on CD4+ T lymphocytes. 

Circulation 114, 2056–2064. 

107. Fozard, J.R., Ellis, K.M., Villela Dantas, M.F., Tigani, B., and Mazzoni, L. (2002) Effects of CGS 21680, a selective 

adenosine A2A receptor agonist, on allergic airways inflammation in the rat. Eur. J. Pharmacol. 438, 183–188. 

108. Bonneau, O., Wyss, D., Ferretti, S., Blaydon, C., Stevenson, C.S., and Trifilieff, A. (2006) Effect of adenosine A2A 

receptor activation in murine models of respiratory disorders. Am. J. Physiol. Lung Cell. Mol. Physiol. 290, L1036–
1043. 

109. Nadeem, A., Fan, M., Ansari, H.R., Ledent, C., and Jamal Mustafa, S. (2007) Enhanced airway reactivity and 

inflammation in A2A adenosine receptor-deficient allergic mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 292, L1335–
1344. 

110. Thiel, M., Chouker, A., Ohta, A., Jackson, E., Caldwell, C., Smith, P., Lukashev, D., Bittmann, I., and Sitkovsky, 

M.V. (2005) Oxygenation inhibits the physiological tissue-protecting mechanism and thereby exacerbates acute 

inflammatory lung injury. PLoS Biol. 3, e174. 

111. Reutershan, J., Cagnina, R.E., Chang, D., Linden, J., and Ley, K. (2007) Therapeutic anti-inflammatory effects of 

myeloid cell adenosine receptor A2A stimulation in lipopolysaccharide-induced lung injury. J. Immunol. 179, 1254–
1263. 

112. Hasko, G., Xu, D.Z., Lu, Q., Nemeth, Z.H., Jabush, J., Berezina, T.L., Zaets, S.B., Csoka, B., and Deitch, E.A. (2006) 

Adenosine A2A receptor activation reduces lung injury in trauma/hemorrhagic shock. Crit. Care Med. 34, 1119–1125. 

113. Sharma, A.K., Linden, J., Kron, I.L., and Laubach, V.E. (2009) Protection from pulmonary ischemia-reperfusion 

injury by adenosine A2A receptor activation. Respir. Res. 10, 58. 

114. McPherson, J.A., Barringhaus, K.G., Bishop, G.G., Sanders, J.M., Rieger, J.M., Hesselbacher, S.E., Gimple, L.W., 

Powers, E.R., Macdonald, T., Sullivan, G., Linden, J., and Sarembock, I.J. (2001) Adenosine A2A receptor stimulation 

reduces inflammation and neointimal growth in a murine carotid ligation model. Arterioscler. Thromb. Vasc. Biol. 21, 

791–796. 

115. Zernecke, A., Bidzhekov, K., Ozuyaman, B., Fraemohs, L., Liehn, E.A., Luscher-Firzlaff, J.M., Luscher, B., 

Schrader, J., and Weber, C. (2006) CD73/ecto-5'-nucleotidase protects against vascular inflammation and neointima 

formation. Circulation 113, 2120–2127. 

116. Wang, H., Zhang, W., Tang, R., Zhu, C., Bucher, C., Blazar, B.R., Geng, J.G., Zhang, C., Linden, J., Wu, C., and 

Huo, Y. (2010) Adenosine receptor A2A deficiency in leukocytes increases arterial neointima formation in 

apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. Biol. 30, 915–922. 

117. Wang, H., Zhang, W., Zhu, C., Bucher, C., Blazar, B.R., Zhang, C., Chen, J.-F., Linden, J., Wu, C., and Huo, Y. 

(2009) Inactivation of the adenosine A2A receptor protects apolipoprotein E-deficient mice from atherosclerosis. 

Arterioscler. Thromb. Vasc. Biol. 29, 1046–1052. 

118. Reiss, A.B., Rahman, M.M., Chan, E.S., Montesinos, M.C., Awadallah, N.W., and Cronstein, B.N. (2004) Adenosine 

A2A receptor occupancy stimulates expression of proteins involved in reverse cholesterol transport and inhibits foam 

cell formation in macrophages. J. Leukoc. Biol. 76, 727–734. 

119. Bingham, T.C., Fisher, E.A., Parathath, S., Reiss, A.B., Chan, E.S., and Cronstein, B.N. (2010) A2A adenosine 

receptor stimulation decreases foam cell formation by enhancing ABCA1-dependent cholesterol efflux. J. Leukoc. 

Biol. 87, 683–690. 

120. Jones, P.A., Smith, R.A., and Stone, T.W. (1998) Protection against hippocampal kainate excitotoxicity by 

intracerebral administration of an adenosine A2A receptor antagonist. Brain Res. 800, 328–335. 

121. Mayne, M., Fotheringham, J., Yan, H.J., Power, C., Del Bigio, M.R., Peeling, J., and Geiger, J.D. (2001) Adenosine 

A2A receptor activation reduces proinflammatory events and decreases cell death following intracerebral hemorrhage. 

Ann. Neurol. 49, 727–735. 

122. Sheardown, M.J. and Knutsen, L.J.S. (1996) Unexpected neuroprotection observed with the adenosine A2A receptor 

agonist CGS 21680. Drug Dev. Res. 39, 108–114. 

123. Cassada, D.C., Tribble, C.G., Young, J.S., Gangemi, J.J., Gohari, A.R., Butler, P.D., Rieger, J.M., Kron, I.L., Linden, 

J., and Kern, J.A. (2002) Adenosine A2A analogue improves neurologic outcome after spinal cord trauma in the rabbit. 

J. Trauma 53, 225–229; discussion 229–231. 



Milne and Palmer: Inflammation and A2A Adenosine Receptor Signalling TheScientificWorldJOURNAL (2011) 11, 320–339 

 

339 

 

124. Li, Y., Oskouian, R.J., Day, Y.J., Rieger, J.M., Liu, L., Kern, J.A., and Linden, J. (2006) Mouse spinal cord 

compression injury is reduced by either activation of the adenosine A2A receptor on bone marrow-derived cells or 

deletion of the A2A receptor on non-bone marrow-derived cells. Neuroscience 141, 2029–2039. 

125. Reece, T.B., Davis, J.D., Okonkwo, D.O., Maxey, T.S., Ellman, P.I., Li, X., Linden, J., Tribble, C.G., Kron, I.L., and 

Kern, J.A. (2004) Adenosine A2A analogue reduces long-term neurologic injury after blunt spinal trauma. J. Surg. 

Res. 121, 130–134. 

126. Melani, A., Gianfriddo, M., Vannucchi, M.G., Cipriani, S., Baraldi, P.G., Giovannini, M.G., and Pedata, F. (2006) 

The selective A2A receptor antagonist SCH 58261 protects from neurological deficit, brain damage and activation of 

p38 MAPK in rat focal cerebral ischemia. Brain Res. 1073–1074, 470–480. 

127. Melani, A., Pantoni, L., Bordoni, F., Gianfriddo, M., Bianchi, L., Vannucchi, M.G., Bertorelli, R., Monopoli, A., and 

Pedata, F. (2003) The selective A2A receptor antagonist SCH 58261 reduces striatal transmitter outflow, turning 

behavior and ischemic brain damage induced by permanent focal ischemia in the rat. Brain Res. 959, 243–250. 

128. Chen, J.F., Huang, Z., Ma, J., Zhu, J., Moratalla, R., Standaert, D., Moskowitz, M.A., Fink, J.S., and Schwarzschild, 

M.A. (1999) A2A adenosine receptor deficiency attenuates brain injury induced by transient focal ischemia in mice. J. 

Neurosci. 19, 9192–9200. 

129. Yu, L., Huang, Z., Mariani, J., Wang, Y., Moskowitz, M., and Chen, J.F. (2004) Selective inactivation or 

reconstitution of adenosine A2A receptors in bone marrow cells reveals their significant contribution to the 

development of ischemic brain injury. Nat. Med. 10, 1081–1087. 

130. Gui, L., Duan, W., Tian, H., Li, C., Zhu, J., Chen, J.F., and Zheng, J. (2009) Adenosine A2A receptor deficiency 

reduces striatal glutamate outflow and attenuates brain injury induced by transient focal cerebral ischemia in mice. 

Brain Res. 1297, 185–193. 

131. Li, W., Dai, S., An, J., Xiong, R., Li, P., Chen, X., Zhao, Y., Liu, P., Wang, H., Zhu, P., Chen, J., and Zhou, Y. (2009) 

Genetic inactivation of adenosine A2A receptors attenuates acute traumatic brain injury in the mouse cortical impact 

model. Exp. Neurol. 215, 69–76. 

132. Dai, S.-S., Li, W., An, J.-H., Wang, H., Yang, N., Chen, X.-Y., Zhao, Y., Li, P., Liu, P., Chen, J.-F., and Zhou, Y.-G. 

(2010) Adenosine A2A receptors in both bone marrow cells and non-bone marrow cells contribute to traumatic brain 

injury. J. Neurochem. 113, 1536–1544. 

133. Popoli, P., Betto, P., Reggio, R., and Ricciarello, G. (1995) Adenosine A2A receptor stimulation enhances striatal 

extracellular glutamate levels in rats. Eur. J. Pharmacol. 287, 215–217. 

134. Popoli, P., Frank, C., Tebano, M.T., Potenza, R.L., Pintor, A., Domenici, M.R., Nazzicone, V., Pezzola, A., and 

Reggio, R. (2003) Modulation of glutamate release and excitotoxicity by adenosine A2A receptors. Neurology 61, 

S69–71. 

135. Chen, J.-F., Sonsalla, P.K., Pedata, F., Melani, A., Domenici, M.R., Popoli, P., Geiger, J., Lopes, L.V., and de 

Mendonça, A. (2007) Adenosine A2A receptors and brain injury: broad spectrum of neuroprotection, multifaceted 

actions and "fine tuning" modulation. Prog. Neurobiol. 83, 310–331. 

136. Dai, S.S., Zhou, Y.G., Li, W., An, J.H., Li, P., Yang, N., Chen, X.Y., Xiong, R.P., Liu, P., Zhao, Y., Shen, H.Y., Zhu, 

P.F., and Chen, J.F. (2010) Local glutamate level dictates adenosine A2A receptor regulation of neuroinflammation 

and traumatic brain injury. J. Neurosci. 30, 5802–5810. 

137. Serhan, C.N. and Chiang, N. (2008) Endogenous pro-resolving and anti-inflammatory lipid mediators: a new 

pharamcologic genus. Br. J. Pharmacol. 153, S200–S215. 

138. Perretti, M. and Dalli, J. (2009) Exploiting the annexin A1 pathway for the development of novel anti-inflammatory 

therapeutics. Br. J. Pharmacol. 158, 936–946. 

139. Gao, Z.G. and Jacobson, K.A. (2007) Emerging adenosine receptor agonists. Expert Opin. Emerg. Drugs 12, 479–
492. 

140. http://www.clinicaltrials.gov/ct2/show/NCT00312364?term=MRE0094&rank=2 (accessed Oct 14 2010). 

141. Ledent, C., Vaugeois, J.M., Schiffmann, S.N., Pedrazzini, T., El Yacoubi, M., Vanderhaeghen, J.J., Costentin, J., 

Heath, J.K., Vassart, G., and Parmentier, M. (1997) Aggressiveness, hypoalgesia and high blood pressure in mice 

lacking the adenosine A2A receptor. Nature 388, 674–678. 

142. Morelli, M., Carta, A.R., and Jenner, P. (2009) Adenosine A2A receptors and Parkinson's disease. In Adenosine 

Receptors in Health and Disease. Wilson, C.N. and Mustafa, S.J., Eds. Springer, Berlin Heidelberg. pp. 589–615. 

 

 

This article should be cited as follows: 

Milne, G.R. and Palmer, T.M. (2011) Anti-inflammatory and immunosuppressive effects of the A2A adenosine receptor. 

TheScientificWorldJOURNAL 11, 320–339. DOI 10.1100/tsw.2011.22. 

 

http://www.clinicaltrials.gov/ct2/show/NCT00312364?term=MRE0094&rank=2


Submit your manuscripts at

http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 

Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment

AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 

Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


