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The intensity and duration of host responses are determined by protective mechanisms that control tissue injury by dampening
down inflammation. Adenosine generation and consequent effects, mediated via A2A adenosine receptors (A2AR) on effector
cells, play a critical role in the pathophysiological modulation of these responses in vivo. Adenosine is both released by hypoxic
cells/tissues and is also generated from extracellular nucleotides by ecto-enzymes e.g. CD39 (ENTPD1) and CD73 that are
expressed by the vasculature and immune cells, in particular by T regulatory cell. In general, these adenosinergic mechanisms
minimize the extent of collateral damage to host tissues during the course of inflammatory reactions. However, induction of
suppressive pathways might also cause escape of pathogens and permit dissemination. In addition, adenosinergic responses
may inhibit immune responses while enhancing vascular angiogenic responses to malignant cells that promote tumor growth.
Novel drugs that block A2AR-adenosinergic effects and/or adenosine generation have the potential to boost pathogen
destruction and to selectively destroy malignant tissues. In the latter instance, future treatment modalities might include novel
‘anti-adenosinergic’ approaches that augment immune clearance of malignant cells and block permissive angiogenesis. This
review addresses several possible pharmacological modalities to block adenosinergic pathways and speculates on their future
application together with impacts on human disease.
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Introduction

Studies of the role of adenosine receptors in inflammation

have a long history with important recent advances made in

evaluation of the pharmacological anti-inflammatory effects

of A2 adenosine receptor agonists and drugs that increase

levels of intracellular adenosine (Cronstein and Weissmann,

1995; Sullivan and Linden, 1998; Cronstein et al., 1999;

Fredholm et al., 2001; Linden, 2001; Jacobson and Gao,

2006). Among the unexpected was the realization that

methotrexate, the gold standard for treatment for rheuma-

toid arthritis, may exert therapeutic effects in vivo by

impacting upon anti-inflammatory A2A adenosine receptors

(A2AR) (Cronstein, 2005). The development of selective

A2AR agonists and their creative use not only allowed to

extend their potential applications with many more diseases

(Cassada et al., 2001; Hogan et al., 2001; Okusa et al., 2001;

Feoktistov et al., 2002; Montesinos et al., 2002; Dhalla et al.,

2003; Awad et al., 2006; Nemeth et al., 2007; Rivo et al.,

2007), but also served as an elegant tool to identify specific

cell population that might be responsible for ischemia

reperfusion injury (Lappas et al., 2006).

It is crucial to point out that extracellular adenosine not

only is released from hypoxic, injured tissues but is also

generated from extracellular nucleotides by ectonucleoti-

dases. CD39 (ENTPD1 (ectonucleoside triphosphate diphos-

phohydrolase-1), EC 3.6.1.5) is an ectonucleotidase that

hydrolyses ATP/UTP and ADP/UDP to the respective nucleo-

sides (Robson et al., 2005). AMP is then rapidly degraded to

adenosine by soluble or membrane-bound 50-nucleotidase,

for example, CD73 (EC 3.1.3.5)-expressed lymphocytes

(Resta et al., 1998).

Here, we review our long-term studies that led to the

identification of the A2 adenosine receptor-mediated

‘adenosinergic’ pathway as critical in physiological regulation

of immune response in vivo (Sitkovsky, 2004; Sitkovsky and

Lukashev, 2005a). We will also discuss how A2AR agonists
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function to inhibit overactive immune cells in vivo. These

advances have enabled a reciprocal approach to enhance the

immune response through elimination of the immuno-

suppressive adenosinergic pathway (Ohta and Sitkovsky,

2001; Lukashev et al., 2004; Thiel et al., 2005; Ohta et al.,

2006; See Figure 1).

The novel opportunities for the therapeutic use of A2

adenosine receptor antagonists in cancer immunotherapy

and vaccines (Ohta et al., 2006) can be further put into

context by recent important demonstrations. T regulatory

cells (Treg) express CD39 and CD73 ectonucleotidases,

involving the immunosuppressive adenosinergic pathway

in their mode of action (Kobie et al., 2006; Deaglio et al.,

2007). CD39 ectoenzymatic function is also expressed by

dendritic cells and is involved in the recruitment, activation

and polarization of naı̈ve T cells, as shown in Cd39-null mice

(Mizumoto et al., 2002). These studies suggest that drugs

such as A2AR antagonists might also prevent immuno-

suppression mediated through the generation of adenosine

by Tregs and further strengthen the rationale of anti-

adenosinergic strategies with A2AR antagonists (Ohta et al.,

2006) to enhance immune responses.

Extracellular adenosine and genetic evidence for
the critical role of A2A adenosine receptor in
control of inflammation in vivo

The investigations reviewed here have been motivated by

the need to address unresolved issues in cancer immuno-

therapy (Hellstrom et al., 1968). It would be very attractive if

one could facilitate the destruction of cancerous tissues by

the patient’s own antitumour T cells. However, it is well

established that T cells recognize and destroy tumour cells in

vitro, but fail to do so in vivo. The long sought-after

explanation of the coexistence of tumours and antitumour

immune cells in a cancer patient or in a mouse (‘Hellstrom

Paradox’) (Hellstrom et al., 1968; Hanson et al., 2000;

Marincola et al., 2000; Rosenberg, 2001; Frumento et al.,

2006; Leen et al., 2007; Rabinovich et al., 2007) has been a

challenging problem to solve. Why do antitumour T cells fail

to completely and reliably destroy tumours in vivo even

when the ability to recognize tumours is not the limiting

factor and there are large numbers of antitumour T cells

present (Harlin et al., 2006) or when very high numbers of

highly lytic antitumour T cells are injected in a cancer

patient (Marincola et al., 2000; Rosenberg, 2001; Harlin et al.,

2006) or tumour-bearing mice (Hanson et al., 2000)? What is

present in the tumour microenvironment in vivo that

prevents tumour destruction by the tumour-specific and

highly lytic antitumour CD8þT cells?

The starting answer appears to be that it is the accumula-

tion of the intracellular immunosuppressor molecule, cyclic

AMP, which inhibits the antitumour T cells (Takayama et al.,

1987, 1988b; Takayama and Sitkovsky, 1988a; Sugiyama

et al., 1992). This mechanism of tumour protection was

thought to be an unintended application of the otherwise

life-saving anti-inflammatory mechanism that functions to

protect normal tissues from overactive immune cells during

antipathogenic immune response. The studies of immuno-

suppressive effects of intracellular cAMP were followed by

focusing on the extracellular adenosine and A2AR, as the

most likely candidates that trigger the accumulation of

intracellular cAMP and thereby function in physiological

immunosuppressive mechanisms (reviewed by Sitkovsky,

2003, 2004; Sitkovsky and Lukashev, 2005a; Sitkovsky and

Ohta, 2005b).

As the naturally occurring Tregs also have high levels of

intracellular cAMP and Treg-mediated suppressive activity

can be abolished by either cAMP antagonists and/or by gap

Figure 1 A2A adenosine receptor antagonist is expected to prevent inhibition of T cells by extracellular adenosine in inflamed or cancerous
tissues. (a) The tumour tissue-produced extracellular adenosine inhibits incoming and TCR-activated antitumour T cells through activation of
the cAMP-elevating A2A subtype of A2 adenosine receptors in the inflammatory or tumour microenvironment. The production of extracellular
AMP adenosine is mediated by CD39 ectoenzyme, while the extracellular adenosine generation from extracellular AMP is mediated by CD73
ectoenzyme. (b) The T cells can be also inhibited by extracellular adenosine catalysed by CD39 and CD73 ectoenzymes expressed on the Treg.
Treatment with A2A receptor antagonist may release antitumour T cells from inhibition in TME and facilitate the antitumour T-cell response.
TCR, T-cell receptor.
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junction inhibitors, it was recently proposed that Tregs may

inhibit T cells by the intercellular transport of cAMP (Bopp

et al., 2007).

cAMP-elevating Gs-protein-coupled A2A and A2B
adenosine receptors and ‘adenosinergic’ ligands

Extracellular adenosine has been found to be the important

and dominant inflammation-inhibiting molecule Sitkovsky

(2003). The immediacy and ubiquity argument in the choice

of potential inflammation-terminating signals is important,

as this may ensure that the termination of excessive

collateral inflammatory damage will be fast enough to

protect still healthy tissues from the ongoing immune

response. Our testing of adenosine was in agreement with

earlier theoretical consideration of extracellular adenosine as

a ‘retaliatory’ molecule (Newby, 1984). However, extracel-

lular adenosine and cAMP-elevating A2AR have not been the

only candidates. Other Gs-protein-coupled cAMP-elevating

receptors including histamine, prostaglandins, b-adrenocep-

tors and their ligands also have been shown to be capable of

immunosuppression, albeit if pharmacologically activated.

Therefore, without the genetic in vivo evidence, we have

already demonstrated that A2AR would have equivalent

claims to efficacy as compared to other G-protein-coupled

receptors shown to be as important physiological immuno-

suppressors (reviewed by Sitkovsky, 2003).

Intracellular sources and extracellular derivation of
adenosine

Extracellular adenosine is shown to be produced in tumour

microenvironment in vivo (Ohta et al., 2006) either due to

adenosine kinase inhibition in hypoxia (Decking et al., 1997)

and/or due to activities of ectonucleotidases ((Synnestvedt

et al., 2002)) and/or due to overexpression of selective

ATPase/ADPase on differentiated human melanoma cells

(Dzhandzhugazyan et al., 1998) and other cells inclusive of

the vasculature (Jackson, 2007).

The inhibition of intracellular adenosine kinase by

hypoxia could also contribute in the extracellular adenosine

accumulation. It has been shown that adenosine formation

is proportional to the AMP substrate concentration and that

hypoxia decreases adenosine kinase activity. The inhibition

of adenosine kinase results in shunting intracellular adeno-

sine from the salvage pathway to extracellular release. The

normal high turnover of the AMP-adenosine metabolic

cycle, the hypoxia-induced inhibition of adenosine kinase

causes the amplification of small changes in free AMP into a

major rise in adenosine (Decking et al., 1997). Although not

yet directly tested in hypoxic tumours and other tissues, this

mechanism was suggested to be important in the high

sensitivity of the cardiac adenosine system to impaired

oxygenation.

In addition to intracellular sources of adenosine, the

adenosine production through adenine nucleotide metabo-

lism at the vascular and other cells surface may also trigger

an endogenous anti-inflammatory response during hypoxia

(Eltzschig et al., 2004). This is secondary to heightened

activities of hypoxia-induced CD39, which converts ATP/

ADP (converting ATP/ADP to AMP) and also of CD73 ecto-

50-nucleotidase (converts AMP to adenosine). This was

supported in studies of CD39- and CD73-deficient animals

with the CD39/ENTPD1 (Enjyoji et al., 1999) being recognized

as the key cell-surface ectonucleotidase (Robson et al., 2005).

T regulatory cell generated immunosuppressive
extracellular adenosine

FoxP3þCD25þCD4þ regulatory Treg ensure immunologi-

cal self-tolerance by actively suppressing pathological and

physiological immune responses (Sakaguchi, 2000; Shevach,

2006; Rudensky and Campbell, 2006). There are many

clinical situations such as cancer immunotherapy or auto-

immune diseases where it is important to manipulate

(inhibit vs activate or adoptively transfer) Tregs to accom-

plish the desirable clinical outcome. It was previously shown

in animal studies that the transfer of Tregs can be used to

treat autoimmune diseases or to prevent transplant rejection

(reviewed by Bluestone et al., 2007) by a cell-based tolero-

genic therapy. Inhibition of the deleterious tumour infiltrat-

ing Tregs is considered highly desirable to improve the

immunotherapy of cancer (reviewed by Shevach, 2004;

Frumento et al., 2006; Quezada et al., 2006; Danese and

Rutella, 2007; Wang and Wang, 2007).

The understanding of the mechanisms of immunosup-

pressive effects of Tregs is important not only to plan correct

drug interventions in treatment of many diseases but also to

develop better methods of cell culture to generate sufficient

numbers of Tregs in vitro to be used later in immunotherapy

in vivo (Fantini et al., 2007).

Tregs contribute to the production of immunosuppressive

extracellular adenosine thereby recruiting the adenosinergic

pathway to downregulate immune responses (Kobie et al.,

2006; Deaglio et al., 2007) by inhibiting T cells and myeloid

cells through A2AR. Kobie et al. (2006) have shown that CD73

(50-ectonucleotidase) is expressed by CD25þ (FoxP3þ ) Tregs

that suppress T-cell proliferation but do not secrete inter-

leukin-2 in standard Treg assays. They suggested that CD73 on

Tregs converts extracellular 50-AMP to adenosine, which then

suppresses proliferation of activated T effector cells, as was

shown to be the property of A2AR in earlier studies on A2AR-

expressing murine and human T cells (Huang et al., 1997;

Koshiba et al., 1997, 1999). A more complete picture have

emerged when Deaglio et al. (2007) demonstrated that the

coordinated coexpression of CD39 ecto-ATPase/ADPase and

CD73 ecto-50-nucleotidase provides specific surface markers of

Tregs. Tregs thus have a unique biochemical signature

amongst T cells in that they generate adenosine pericellularly.

Treg function required the coordinated expression of the

A2AR on activated T effector cells to enable the specifically

mediated immunosuppression (Figure 1).

Extracellular A2A and A2B adenosine receptors on
immune cells

There are four different and widely distributed adenosine

receptors: A1, A2A, A2B and A3 (Fredholm et al., 1999, 2001;
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Linden, 2001). The high-affinity A1 receptor and low-affinity

A3 receptor are Gi-protein-coupled. The cAMP-elevating

Gs-protein-coupled A2 receptors are subdivided into high-

affinity A2AR and low-affinity A2BR. Adenosine receptors are

known to be immunosuppressive (reviewed by Linden, 2001;

Thiel et al., 2003; Sitkovsky, 2003, 2004).

Recent important reports indicate that the immuno-

suppressive A2AR-mediated ‘adenosinergic’ mechanism that

was shown to be critically important in the regulation of

immune response in vivo due to A2AR-triggered and

intracellular cAMP-mediated inhibition of T-cell receptor-

activated T cells and of Toll-like-receptor-activated myeloid

cells (Ohta and Sitkovsky, 2001; Lukashev et al., 2004; Thiel

et al., 2005; Ohta et al., 2006) may also be employed by Tregs

(Kobie et al., 2006; Deaglio et al., 2007) and the adenosiner-

gic immunosuppression may account for the large part of

effects of FoxP3þTregs (Deaglio et al., 2007). Therefore,

Tregs should be now added to the short list of sources of

extracellular adenosine in inflamed and cancerous tissues.

The CD8þ T cells, including antitumour CD8þ T cells

and human T cells, predominantly express A2AR and A2BR

and not the A3 receptor (Huang et al., 1997; Koshiba et al.,

1997, 1999; Chambers et al., 2001; Fredholm et al., 2001;

Sitkovsky, 2003, 2004). The cAMP-elevating signalling

through A2AR or A2BR in T cells results in inhibition of

T-cell receptor-triggered activation of T cells (Takayama and

Sitkovsky, 1988a; Sugiyama et al., 1992; Koshiba et al., 1999;

Torgersen et al., 2002) and of many effector functions,

including proliferation, expansion and secretion by T cells of

such important antitumour cytokines as interferon g (Koshi-

ba et al., 1997; Sun et al., 2000; Torgersen et al., 2002) and

tumour-necrosis factor a (Poehlein et al., 2003).

Delayed negative feedback inhibition of immune
cells by extracellular adenosine

In the course of studies that eventually led to the

demonstration of the critical physiological role of extra-

cellular adenosine in the regulation of immune cells in vivo

(Ohta and Sitkovsky, 2001), we have provided both pharma-

cological and genetic in vivo evidence that:

(1) Intracellular cAMP is indeed the high-fidelity immuno-

suppressor that inhibits T-cell receptor signalling at early

and late stages of T-cell receptor-triggered T-cell-

activating pathway (Trenn et al., 1987; Sitkovsky et al.,

1988; Takayama et al., 1988b; Takayama and Sitkovsky,

1989; Sugiyama et al., 1992). This mechanism ensures

powerful inhibition of virtually all effector functions of T

lymphocytes and makes intracellular cAMP a plausible

candidate for being responsible for inhibition of T cells

near or within tumours. These studies of cAMP justified

subsequent considerations of cAMP-elevating G-protein-

coupled receptors and search for a physiological ligand

and specific G-protein-coupled receptor that downregu-

lates inflammation in vivo; Activated T cells do express

cAMP-elevating A2A and A2B, but not the A1 or A3

receptors (Huang et al., 1997; Ohta and Sitkovsky, 2001).

However, it remains to be tested in careful studies of

human T cells from normal volunteers and patients

whether there are normal or pathological situations

when human T cells may express A1 or A3 receptors;-

Studies of A2AR expression in wild-type vs heterozygous

vs A2AR gene-deficient mice established that there is

gene-dose effect and no A2AR reserve—no spare recep-

tors—on T cells (Armstrong et al., 2001). This lack of

A2AR reserve has important consequences, indicating

that it is the number of A2AR per T cell that is the

limiting factor in determining the susceptibility to

inhibition by adenosine in tissue microenvironments

(Sitkovsky, 2004); this, in turn, suggests that individuals

with excessive number of A2AR per T cell may have

weaker immune response to pathogens, but they also

may be less likely to have autoimmunity.

(2) Finally, it was demonstrated that the genetic removal of

A2AR resulted in dramatic enhancement of inflamma-

tion in in vivo models of T-cell-mediated autoimmune

and viral hepatitis and myeloid cell-mediated tissue

damage in models of sepsis, liver and lung injury (Ohta

and Sitkovsky, 2001; Lukashev et al., 2004; Thiel et al.,

2005; Ohta et al., 2006).

Our data are in further agreement with the view that

healthy normal tissues in acutely inflamed and hypoxic

areas that remain under immune attack are protected from

the continuing collateral immune damage by immunosup-

pressive signalling through extracellular A2 receptor on the

surface of immune cells. This mechanism of normal tissue

protection from overactive immune cells in inflamed areas

may be triggered by excessive collateral immune damage to

endothelial cells and microcirculation with ensuing inter-

ruption of normal blood and oxygen supply (Sitkovsky,

2004). In turn, it results in local tissue hypoxia (Sitkovsky,

2003, 2004).

The decrease in local tissue oxygen tension, hypoxia, is

associated with accumulation of intracellular and extracel-

lular adenosine and sufficiently high levels of extracellular

adenosine trigger signalling by A2AR and/or A2BR on the

surface of surrounding cells, including activated T and

myeloid cells. This chain of events culminates in the

inhibition of overactive immune cells in a delayed, nega-

tive-feedback manner due to the well-established immuno-

suppression by A2 adenosine receptor (Ohta and Sitkovsky,

2001; Thiel et al., 2003; Sitkovsky, 2003, 2004).

Taken together, our in vitro and in vivo observations

indicate that A2AR and A2BR are powerful negative regula-

tors of pro-inflammatory and antitumour activities of

activated T cells. Although A2BR have been earlier impli-

cated in the regulation of inflammation in vivo using A2AR

and A2BR antagonist (Ohta and Sitkovsky, 2001; Thiel et al.,

2005), the specific anti-inflammatory role has been subse-

quently confirmed using A2BR-deficient mice (Yang et al.,

2006).

Novel pharmacological use of A2AR antagonists:
cancer immunotherapy

The advance in understanding tumour biology and effec-

tiveness of cancer immunotherapy may come from the
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demonstration that the elimination of A2AR genetically or

the inhibition of A2AR signalling using A2AR antagonists

prevents inhibition of antitumour T cells and improves

tumour rejection (Ohta et al., 2006).

A2AR functions as a nonredundant negative regulator of

activated T cells to protect normal tissues from excessive

collateral inflammatory damage. It has been proposed that

A2AR may also ‘misguidedly’ protect cancerous tissues (Ohta

et al., 2006). It was reasoned that if this were indeed the case,

then the genetic inactivation or pharmacological antagon-

ism of A2AR would prevent the inhibition of antitumour

T cells and thereby improve tumour rejection by these

‘de-inhibited’ T cells.

Drugs that inhibit A2AR-mediated adenosinergic pathway

may enhance antitumour immunity by preventing effects of

extracellular adenosine produced from both tissue and Tregs.

These important findings of increased activities of CD39 and

CD73 ectoenzymes on Tregs that produce extracellular

adenosine have important pharmacological implications, as

the large part of immunosuppressive activities of Tregs may

be prevented by the same extracellular adenosine-degrading,

-metabolizing or -antagonizing drugs that have been pro-

posed to prevent the adenosinergic immunosuppression

(Ohta et al., 2006).

Many solid tumours are characterized by an insufficient

oxygen supply and transient or chronic hypoxia in some

microenvironments (Vaupel et al., 2001; Harris, 2002).

Tumour hypoxia may contribute to the propagation of

oncogenic signals in the tumour microenvironment

(Laderoute et al., 2000) and tumour hypoxia is associated with

poor prognosis (Evans and Koch, 2003; Giatromanolaki

et al., 2003). The progress has been made in measuring and

discriminating effects of moderate vs deep tumour hypoxia

(Evans and Koch, 2003; Giatromanolaki et al., 2003), and

new conceptual and methodological approaches in this area

of cancer research offer novel opportunities for other studies,

far beyond cancer research.

Indeed, an interrupted blood supply and transient or

chronic hypoxia in some microenvironments are observed

not only in cancerous tissues (Vaupel et al., 2001; Harris,

2002; Evans and Koch, 2003; Giatromanolaki et al., 2003;

Giatromanolaki et al., 2003), but also in inflamed normal

tissues (reviewed by Ohta and Sitkovsky, 2001; Lahat et al.,

2003; Sitkovsky, 2003, 2004).

The hypoxia-associated accumulation of intracellular

adenosine in tumours and subsequent transport or diffusion

of adenosine from the cell into extracellular space may

contribute to extracellular adenosine accumulation in

tumour microenvironment (Wang et al., 1994; Bodin and

Burnstock, 1995; Decking et al., 1997; Kobayashi et al., 2000;

Eltzschig et al., 2004; Ohta et al., 2006).

Careful estimation of levels of extracellular adenosine near

and within studied tumours using the equilibrium micro-

dialysis probe and HPLC has provided evidence for extra-

cellular adenosine accumulation in hypoxic tumour tissue

microenvironments. However, no definitive measurements

of extracellular adenosine concentration in tissues in vivo can

be obtained with existing analytic technologies (Ohta et al.,

2006). Other authors, however, did provide their estimation

as about 0.5mM (Blay et al., 1997).

The prediction that there will be less inhibition of

antitumour T cells in tumour microenvironment and there-

fore better rejection of tumours was tested using mice with

genetic deletion of A2AR or using wild-type mice treated

with A2AR antagonist. Experiments with different transplan-

table tumours demonstrated that genetic deletion of A2AR

resulted in rejection of established immunogenic tumours

by endogenously developed antitumour CD8þ T cells in

approximately 60% of A2AR-deficient mice. No rejection was

observed in control wild-type mice using the same number

of inoculated tumour cells.

Of pharmacological interest is that the tumour growth

retardation was also observed when mice with established

tumours were given A2 adenosine receptor antagonists

or when antitumour CD8þTcells have been pretreated

with short interfering RNA to lower the expression of

A2AR and A2BR. Pharmacological treatment of mice with

A2AR antagonists improved the antitumour T-cell-mediated

inhibition of tumour growth, destruction of metastases

and inhibited the neovascularization of cancerous

tissues.

The improved tumour rejection after adoptive transfer of

short interfering RNA-pretreated antitumour T cells suggests

that effects of A2AR are T-cell autonomous. The inhibition of

antitumour T cells through their A2AR in the adenosine-rich

tumour microenvironment may at least partially explain the

paradoxical coexistence of tumours and antitumour immune

cells in some cancer patients (the ‘Hellstrom paradox’ as

discussed above). It is appealing to propose to target the

extracellular adenosine A2AR pathway as a cancer immuno-

therapy strategy to prevent the inhibition of antitumour T

cells in the tumour microenvironment. The same strategy

may prevent the premature termination of immune response

and improve the vaccine-induced development of anti-

tumour and antiviral T cells.

As melanoma tumour-rejecting A2AR-deficient mice had

also developed autoimmunity (Ohta et al., 2006), it suggests

that A2AR in T cells are also important in preventing

autoimmune damage and that although using A2AR path-

way inhibitors may improve antitumour immunity, the

recruitment of this pathway by selective drugs is expected

to attenuate the autoimmune tissue damage. Therefore,

the design of A2AR antagonist-combined cancer immuno-

therapy should take into consideration the benefits of more

effective tumour elimination vs need to monitor patient for

signs of autoimmunity.

In addition, the vascular expression of CD39 and coordi-

nated generation of adenosine also impact tumour growth in

mutant mice. Deletion of Cd39/Entpd1 inhibits angiogenesis

in Matrigel (Goepfert et al. Circulation 2001) and also causes

decreased growth of implanted melanoma tumours. Experi-

mental data indicate clear links within CD39/ENTPD1, extra-

cellular nucleotide/adenosine-mediated signalling and vascular

endothelial cell integrin function that, at least in part, impact

upon angiogenesis and tumour growth (Jackson, 2007).

Preliminary studies also suggest that CD39 expression on

mutant adoptively transferred tumour infiltrating T cells in

turn markedly inhibits and hence impacts tumour growth

despite adequate angiogeneic responses from wild-type

vasculature.
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Conclusions and future directions

Taken together, our in vitro and in vivo observations show

A2AR and A2BR to be powerful negative regulators of pro-

inflammatory and antitumour activities of activated T cells.

Although A2BR have been earlier implicated in the regula-

tion of inflammation in vivo using A2AR and A2BR

antagonist (Ohta and Sitkovsky, 2001; Thiel et al., 2005),

their anti-inflammatory role was subsequently confirmed

using A2BR-deficient mice (Yang et al., 2006). Ectonucleo-

tidases upon Tregs and dendritic cells appear to metabolize

extracellular nucleotides to generate adenosine to specifi-

cally modulate T effector and other immune cells in this

manner. Hence, Cd39/Entpd1-null mice exhibit major

immunological phenotypes in keeping with the loss of

adenosinergic mechanisms (Deaglio et al., 2007).

Our studies also point to promising novel indications of

A2AR antagonists or inhibition of CD39 in cancer immuno-

therapy and in blocking angiogenesis (Figure 1). Comparable

effects are expected with infectious disease vaccines. Ob-

servations of autoimmunity during melanoma rejection in

A2AR-deficient mice suggest that A2AR in T cells is also

important in preventing autoimmunity. Hence, this ap-

proach using A2AR antagonists requires caution in patients

with ongoing acute inflammation. It is also appealing to

extend insights gained in studies of negative regulators of

immune response in models of autoimmune and viral

hepatitis, acute inflammation, and antitumour CD8þ and

CD4þ T-cell-mediated cancer immunotherapy (Ohta and

Sitkovsky, 2001; Thiel et al., 2005; Ohta et al., 2006) to novel

strategies to improve treatment of infectious diseases.

Similarly, the emerging threats of drug-resistant bacteria

require the development of novel therapeutic strategies to

sufficiently enhance the immune response of the host and

destroy bacteria even in the absence of effective antibiotics.

Future development of anti-adenosinergic drugs or reg-

ulators of ectonucleotidases with rational management of

diseases requires better understanding of mechanisms of

tissue damage and organ failure. The drug development

should be based on extensive basic and applied research to

understand mechanisms that trigger or downregulate the

immune response and thereby ensure the fine balance

between desirable destruction of the pathogen and undesir-

able collateral damage to ‘innocent’ bystanders in normal

tissues of vital organs (Sitkovsky, 2004; Ohta et al., 2006).

Acknowledgements

Financial support was received from National Institutes of

Health CA112561, AT002788, CA111985, NIH HL63972 and

HL076540 (SCR). Protocols for animal care were approved by

the Northeastern University Institutional Animal Care and

Use Committee (IACUC) or by Beth Israel Deaconess Medical

Center IACUC.

Conflict of interest

The authors state no conflict of interest.

References

Armstrong JM, Chen JF, Schwarzschild MA, Apasov S, Smith PT,
Caldwell C et al. (2001). Gene dose effect reveals no Gs-coupled
A2A adenosine receptor reserve in murine T-lymphocytes: studies
of cells from A2A-receptor-gene- deficient mice. Biochem J 354:
123–130.

Awad AS, Huang L, Ye H, Duong ET, Bolton WK, Linden J et al.
(2006). Adenosine A2A receptor activation attenuates inflamma-
tion and injury in diabetic nephropathy. Am J Physiol Renal Physiol
290: F828–F837.

Blay J, White TD, Hoskin DW (1997). The extracellular fluid of solid
carcinomas contains immunosuppressive concentrations of ade-
nosine. Cancer Res 57: 2602–2605.

Bluestone JA, Thomson AW, Shevach EM, Weiner HL (2007). What
does the future hold for cell-based tolerogenic therapy? Nat Rev
Immunol 7: 650–654.

Bodin P, Burnstock G (1995). Synergistic effect of acute hypoxia on
flow-induced release of ATP from cultured endothelial cells.
Experientia 51: 256–259.

Bopp T, Becker C, Klein M, Klein-Hessling S, Palmetshofer A, Serfling
E et al. (2007). Cyclic adenosine monophosphate is a key
component of regulatory T cell-mediated suppression. J Exp Med
204: 1303–1310.

Cassada DC, Tribble CG, Kaza AK, Fiser SM, Long SM, Linden J et al.
(2001). Adenosine analogue reduces spinal cord reperfusion injury
in a time-dependent fashion. Surgery 130: 230–235.

Chambers CA, Kuhns MS, Egen JG, Allison JP (2001). CTLA-4-
mediated inhibition in regulation of T cell responses: mechanisms
and manipulation in tumor immunotherapy. Annu Rev Immunol
19: 565–594.

Cronstein BN, Weissmann G (1995). Targets for antiinflammatory
drugs. Annu Rev Pharmacol Toxicol 35: 449–462.

Cronstein BN, Montesinos MC, Weissmann G (1999). Salicylates and
sulfasalazine, but not glucocorticoids, inhibit leukocyte accumu-
lation by an adenosine-dependent mechanism that is indepen-
dent of inhibition of prostaglandin synthesis and p105 of
NFkappaB. Proc Natl Acad Sci USA 96: 6377–6381.

Cronstein BN (2005). Low-dose methotrexate: a mainstay in the
treatment of rheumatoid arthritis. Pharmacol Rev 57: 163–172.

Danese S, Rutella S (2007). The Janus face of CD4þCD25þ
regulatory T cells in cancer and autoimmunity. Curr Med Chem
14: 649–666.

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A et al.
(2007). Adenosine generation catalyzed by CD39 and CD73
expressed on regulatory T cells mediates immune suppression.
J Exp Med 204: 1257–1265.

Decking UK, Schlieper G, Kroll K, Schrader J (1997). Hypoxia-
induced inhibition of adenosine kinase potentiates cardiac
adenosine release. Circ Res 81: 154–164.

Dhalla AK, Shryock JC, Shreeniwas R, Belardinelli L (2003).
Pharmacology and therapeutic applications of A1 adenosine
receptor ligands. Curr Top Med Chem 3: 369–385.

Dzhandzhugazyan KN, Kirkin AF, Thor Straten P, Zeuthen J (1998).
Ecto-ATP diphosphohydrolase/CD39 is overexpressed in differen-
tiated human melanomas. FEBS Lett 430: 227–230.

Eltzschig HK, Thompson LF, Karhausen J, Cotta RJ, Ibla JC,
Robson SC et al. (2004). Endogenous adenosine produced during
hypoxia attenuates neutrophil accumulation: coordination by
extracellular nucleotide metabolism. Blood 104: 3986–3992.

Enjyoji K, Sevigny J, Lin Y, Frenette PS, Christie PD, Esch II JS et al.
(1999). Targeted disruption of cd39/ATP diphosphohydrolase
results in disordered hemostasis and thromboregulation. Nat
Med 5: 1010–1017.

Evans SM, Koch CJ (2003). Prognostic significance of tumor
oxygenation in humans. Cancer Lett 195: 1–16.

Fantini MC, Dominitzki S, Rizzo A, Neurath MF, Becker C (2007). In
vitro generation of CD4þCD25þ regulatory cells from murine
naive T cells. Nat Protoc 2: 1789–1794.

Feoktistov I, Goldstein AE, Ryzhov S, Zeng D, Belardinelli L,
Voyno-Yasenetskaya T et al. (2002). Differential expression
of adenosine receptors in human endothelial cells: role of
A2B receptors in angiogenic factor regulation. Circ Res 90:
531–538.

Adenosine A2A receptor antagonists
M Sitkovsky et alS462

British Journal of Pharmacology (2008) 153 S457–S464



Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE (1999).
Actions of caffeine in the brain with special reference to factors
that contribute to its widespread use. Pharmacol Rev 51: 83–133.

Fredholm BB, Ijzerman AP, Jacobson KA, Klotz K-N, Linden J (2001).
International Union of Pharmacology. XXV. Nomenclature
and Classification of Adenosine Receptors. Pharmacol Rev 53:
527–5522.

Frumento G, Piazza T, Di Carlo E, Ferrini S (2006). Targeting tumor-
related immunosuppression for cancer immunotherapy. Endocr
Metab Immune Disord Drug Targets 6: 233–237.

Giatromanolaki A, Sivridis E, Kouskoukis C, Gatter KC, Harris AL,
Koukourakis MI (2003). Hypoxia-inducible factors 1alpha and
2alpha are related to vascular endothelial growth factor expression
and a poorer prognosis in nodular malignant melanomas of the
skin. Melanoma Res 13: 493–501.

Goepfert C, Sundberg C, Sevigny J, Enjyoji K, Hoshi T, Csizmadia E
et al. (2001). Disordered cellular migration and angiogenesis in
cd39-null mice. Circulation 104: 3109–3115.

Hanson HL, Donermeyer DL, Ikeda H, White JM, Shankaran V, Old LJ
et al. (2000). Eradication of established tumors by CD8þ T cell
adoptive immunotherapy. Immunity 13: 265–276.

Harlin H, Kuna TV, Peterson AC, Meng Y, Gajewski TF (2006). Tumor
progression despite massive influx of activated CD8(þ ) T cells in a
patient with malignant melanoma ascites. Cancer Immunol
Immunother 55: 1185–1197.

Harris AL (2002). Hypoxia—a key regulatory factor in tumour
growth. Nat Rev Cancer 2: 38–47.

Hellstrom I, Hellstrom KE, Pierce GE, Yang JP (1968). Cellular and
humoral immunity to different types of human neoplasms. Nature
220: 1352–1354.

Hogan CJ, Fang GD, Scheld WM, Linden J, Diduch DR (2001).
Inhibiting the inflammatory response in joint sepsis. Arthroscopy
17: 311–315.

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

Jacobson KA, Gao ZG (2006). Adenosine receptors as therapeutic
targets. Nat Rev Drug Discov 5: 247–264.

Kobayashi S, Zimmermann H, Millhorn DE (2000). Chronic hypoxia
enhances adenosine release in rat PC12 cells by altering adenosine
metabolism and membrane transport. J Neurochem 74: 621–632.

Kobie JJ, Shah PR, Yang L, Rebhahn JA, Fowell DJ, Mosmann TR
(2006). T regulatory and primed uncommitted CD4 T cells express
CD73, which suppresses effector CD4 T cells by converting 50-
adenosine monophosphate to adenosine. J Immunol 177: 6780–6786.

Koshiba M, Kojima H, Huang S, Apasov S, Sitkovsky MV (1997).
Memory of extracellular adenosine/A2a purinergic receptor-
mediated signalling in murine T cells. J Biol Chem 272:
25881–25889.

Koshiba M, Rosin DL, Hayashi N, Linden J, Sitkovsky MV (1999).
Patterns of A2A extracellular adenosine receptor expression in
different functional subsets of human peripheral T cells. Flow
cytometry studies with anti-A2A receptor monoclonal antibodies.
Mol Pharmacol 55: 614–624.

Laderoute KR, Alarcon RM, Brody MD, Calaoagan JM, Chen EY,
Knapp AM et al. (2000). Opposing effects of hypoxia on expression
of the angiogenic inhibitor thrombospondin 1 and the angiogenic
inducer vascular endothelial growth factor. Clin Cancer Res 6:
2941–2950.

Lahat N, Rahat MA, Ballan M, Weiss-Cerem L, Engelmayer M,
Bitterman H (2003). Hypoxia reduces CD80 expression on
monocytes but enhances their LPS-stimulated TNF-alpha secre-
tion. J Leukoc Biol 74: 197–205.

Lappas CM, Day YJ, Marshall MA, Engelhard VH, 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.

Leen AM, Rooney CM, Foster AE (2007). Improving T cell therapy for
cancer. Annu Rev Immunol 25: 243–265.

Linden J (2001). Molecular approach to adenosine receptors:
receptor-mediated mechanisms of tissue protection. Annu Rev
Pharmacol Toxicol 41: 775–787.

Lukashev D, Ohta A, Apasov S, Chen JF, 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.

Marincola FM, Jaffee EM, Hicklin DJ, Ferrone S (2000). Escape of
human solid tumors from T-cell recognition: molecular mechan-
isms and functional significance. Adv Immunol 74: 181–273.

Mizumoto N, Kumamoto T, Robson SC, Sevigny J, Matsue H, Enjyoji
K et al. (2002). CD39 is the dominant Langerhans cell-associated
ecto-NTPDase: modulatory roles in inflammation and immune
responsiveness. Nat Med 8: 358–365.

Montesinos MC, Desai A, Chen JF, Yee H, Schwarzschild MA, Fink JS
et al. (2002). Adenosine promotes wound healing and mediates
angiogenesis in response to tissue injury via occupancy of A(2A)
receptors. Am J Pathol 160: 2009–2018.

Nemeth ZH, Bleich D, Csoka B, Pacher P, Mabley JG, Himer L et al.
(2007). Adenosine receptor activation ameliorates type 1 diabetes.
Faseb J 21: 2379–2388.

Newby AC (1984). Adenosine and the concept of retaliatory
metabolites. Trends Biochem Sci 2: 42–44.

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

Ohta A, Gorelik E, Prasad SJ, Ronchese F, Lukashev D, Wong MK et al.
(2006). A2A adenosine receptor protects tumors from antitumor T
cells. Proc Natl Acad Sci USA 103: 13132–13137.

Okusa MD, Linden J, Huang L, Rosin DL, Smith DF, Sullivan G
(2001). Enhanced protection from renal ischemia-reperfusion
[correction of ischemia:reperfusion] injury with A(2A)-adenosine
receptor activation and PDE 4 inhibition. Kidney Int 59:
2114–2125.

Poehlein CH, Hu HM, Yamada J, Assmann I, Alvord WG, Urba WJ
et al. (2003). TNF plays an essential role in tumor regression after
adoptive transfer of perforin/IFN-gamma double knockout effector
T cells. J Immunol 170: 2004–2013.

Quezada SA, Peggs KS, Curran MA, Allison JP (2006). CTLA4 blockade
and GM-CSF combination immunotherapy alters the intra-
tumor balance of effector and regulatory T cells. J Clin Invest
116: 1935–1945.

Rabinovich GA, Gabrilovich D, Sotomayor EM (2007). Immunosup-
pressive strategies that are mediated by tumor cells. Annu Rev
Immunol 25: 267–296.

Resta R, Yamashita Y, Thompson LF (1998). Ecto-enzyme and
signaling functions of lymphocyte CD73. Immunol Rev 161:
95–109.

Rivo J, Zeira E, Galun E, Einav S, Linden J, Matot I (2007).
Attenuation of reperfusion lung injury and apoptosis by A2A
adenosine receptor activation is associated with modulation of
Bcl-2 and Bax expression and activation of extracellular signal-
regulated kinases. Shock 27: 266–273.

Robson SC, Wu Y, Sun X, Knosalla C, Dwyer K, Enjyoji K (2005).
Ectonucleotidases of CD39 family modulate vascular inflamma-
tion and thrombosis in transplantation. Semin Thromb Hemost 31:
217–233.

Rosenberg SA (2001). Progress in the development of immunother-
apy for the treatment of patients with cancer. J Intern Med 250:
462–475.

Rudensky AY, Campbell DJ (2006). In vivo sites and cellular
mechanisms of T reg cell-mediated suppression. J Exp Med 203:
489–492.

Sakaguchi S (2000). Regulatory T cells: key controllers of immuno-
logic self-tolerance. Cell 101: 455–458.

Shevach EM (2004). Fatal attraction: tumors beckon regulatory T
cells. Nat Med 10: 900–901.

Shevach EM (2006). From vanilla to 28 flavors: multiple varieties of T
regulatory cells. Immunity 25: 195–201.

Sitkovsky M, Lukashev D (2005a). Regulation of immune cells by
local-tissue oxygen tension: HIF1alpha and adenosine receptors.
Nat Rev Immunol 5: 712–721.

Sitkovsky MV (2004). Physiological control of immune response and
inflammatory tissue damage by hypoxia inducible factors and
adenosine A2A receptors. Annu Rev Immunol 22: 2101–2126.

Sitkovsky MV, Ohta A (2005b). The ‘danger’ sensors that STOP the
immune response: the A2 adenosine receptors? Trends Immunol 26:
299–304.

Adenosine A2A receptor antagonists
M Sitkovsky et al S463

British Journal of Pharmacology (2008) 153 S457–S464



Sitkovsky MV, Trenn G, Takayama H (1988). Cyclic AMP-dependent
protein kinase as a part of the possible down-regulating pathway
in the antigen receptor-regulated cytotoxic T lymphocyte con-
jugate formation and granule exocytosis. Ann NY Acad Sci 532:
350–358.

Sitkovsky MV (2003). Use of the A(2A) adenosine receptor as a
physiological immunosuppressor and to engineer inflammation in
vivo. Biochem Pharmacol 65: 493–501.

Sugiyama H, Chen P, Hunter M, Taffs R, Sitkovsky M (1992). The dual
role of the cAMP-dependent protein kinase C alpha subunit in
T-cell receptor-triggered T-lymphocytes effector functions. J Biol
Chem 267: 25256–25263.

Sullivan GW, Linden J (1998). Role of A2a adenosine receptors in
inflammation. Drug Dev Res 45: 103–112.

Sun H, Gutierrez P, Jackson MJ, Kundu N, Fulton AM (2000).
Essential role of nitric oxide and interferon-gamma for tumor
immunotherapy with interleukin-10. J Immunother 23: 208–214.

Synnestvedt K, Furuta GT, Comerford KM, Louis N, Karhausen J,
Eltzschig HK et al. (2002). Ecto-50-nucleotidase (CD73) regulation
by hypoxia-inducible factor-1 mediates permeability changes in
intestinal epithelia. J Clin Invest 110: 993–1002.

Takayama H, Sitkovsky MV (1988a). Potential use of antagonists of
cAMP-dependent protein kinase to block inhibition and modulate
T-cell receptor-triggered activation of cytotoxic T-lymphocytes.
J Pharm Sci 78: 8–10.

Takayama H, Sitkovsky MV (1989). Potential use of an antagonist of
cAMP-dependent protein kinase to block inhibition and modulate
T-cell receptor-triggered activation of cytotoxic T-lymphocytes.
J Pharm Sci 78: 8–10.

Takayama H, Trenn G, Sitkovsky MV (1988b). Locus of inhibitory
action of cAMP-dependent protein kinase in the antigen-receptor

triggered cytotoxic T-lymphocyte activation pathway. J Biol Chem
263: 2330–2336.

Takayama H, Trenn G, Kruisbeek A, Kanagawa O, Sitkovsky MV
(1987). T cell antigen receptor triggered exocytosis in cytotoxic T
lymphocytes is inhibited by soluble, but not immobilized mono-
clonal antibodies to Lyt-2 antigen. J Immunol 139: 1014–1021.

Thiel M, Caldwell CC, Sitkovsky MV (2003). The critical role of
adenosine A(2A) receptors in downregulation of inflammation
and immunity in the pathogenesis of infectious diseases. Microbes
Infect 5: 515–526.

Thiel M, Chouker A, Ohta A, Jackson E, Caldwell C, Smith P et al.
(2005). Oxygenation inhibits the physiological tissue-protecting
mechanism and thereby exacerbates acute inflammatory lung
injury. PLoS Biol 3: e174.

Torgersen KM, Vang T, Abrahamsen H, Yaqub S, Tasken K (2002).
Molecular mechanisms for protein kinase A-mediated modulation
of immune function. Cell Signal 14: 1–9.

Trenn G, Takayama H, Sitkovsky MV (1987). Exocytosis of cytolytic
granules may not be required for target cell lysis by cytotoxic
T-lymphocytes. Nature 330: 72–74.

Vaupel P, Thews O, Hoeckel M (2001). Treatment resistance of solid
tumors: role of hypoxia and anemia. Med Oncol 18: 243–259.

Wang HY, Wang RF (2007). Regulatory T cells and cancer. Curr Opin
Immunol 19: 217–223.

Wang T, Sodhi J, Mentzer RMJ, Van Wylen DG (1994). Changes in
interstitial adenosine during hypoxia: relationship to oxygen
supply:demand imbalance, and effects of adenosine deaminase.
Cardiovasc Res 28: 1320–1325.

Yang D, Zhang Y, Nguyen HG, Koupenova M, Chauhan AK, Makitalo
M et al. (2006). The A2B adenosine receptor protects against
inflammation and excessive vascular adhesion. J Clin Invest 116:
1913–1923.

Adenosine A2A receptor antagonists
M Sitkovsky et alS464

British Journal of Pharmacology (2008) 153 S457–S464


	Adenosine A2A receptor antagonists: blockade of adenosinergic effects and T regulatory cells
	Introduction
	Extracellular adenosine and genetic evidence for the critical role of A2A adenosine receptor in control of inflammation in vivo
	cAMP-elevating Gs-protein-coupled A2A and A2B adenosine receptors and ’adenosinergic’ ligands
	Intracellular sources and extracellular derivation of adenosine
	T regulatory cell generated immunosuppressive extracellular adenosine
	Extracellular A2A and A2B adenosine receptors on immune cells
	Delayed negative feedback inhibition of immune cells by extracellular adenosine
	Novel pharmacological use of A2AR antagonists: cancer immunotherapy
	Conclusions and future directions
	Figure 1 A2A adenosine receptor antagonist is expected to prevent inhibition of T cells by extracellular adenosine in inflamed or cancerous tissues.
	Acknowledgements
	Conflict of interest
	References


