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Abstract The A1, A2A, A2B and A3 G-protein-coupled cell surface adenosine re-
ceptors (ARs) are found to be upregulated in various tumor cells. Activation of the
receptors by specific ligands, agonists or antagonists, modulates tumor growth via
a range of signaling pathways. The A1AR was found to play a role in preventing
the development of glioblastomas. This antitumor effect of the A1AR is mediated
via tumor-associated microglial cells. Activation of the A2AAR results in inhibition
of the immune response to tumors via suppression of T regulatory cell function and
inhibition of natural killer cell cytotoxicity and tumor-specific CD4+/CD8+ activ-
ity. Therefore, it is suggested that pharmacological inhibition of A2AAR activation
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by specific antagonists may enhance immunotherapeutics in cancer therapy. Acti-
vation of the A2BAR plays a role in the development of tumors via upregulation
of the expression levels of angiogenic factors in microvascular endothelial cells. In
contrast, it was evident that activation of A2BAR results in inhibition of ERK1/2
phosphorylation and MAP kinase activity, which are involved in tumor cell growth
signals. Finally, A3AR was found to be highly expressed in tumor cells and tissues
while low expression levels were noted in normal cells or adjacent tissue. Receptor
expression in the tumor tissues was directly correlated to disease severity. The high
receptor expression in the tumors was attributed to overexpression of NF-κB, known
to act as an A3AR transcription factor. Interestingly, high A3AR expression levels
were found in peripheral blood mononuclear cells (PBMCs) derived from tumor-
bearing animals and cancer patients, reflecting receptor status in the tumors. A3AR
agonists were found to induce tumor growth inhibition, both in vitro and in vivo, via
modulation of the Wnt and the NF-κB signaling pathways. Taken together, A3ARs
that are abundantly expressed in tumor cells may be targeted by specific A3AR ago-
nists, leading to tumor growth inhibition. The unique characteristics of these A3AR
agonists make them attractive as drug candidates.

Keywords A1 adenosine receptor · A2A adenosine receptor · A2B adenosine recep-
tor · A3 adenosine receptor · Expression · Tumor growth · Agonists · Antagonists

Abbreviations

A1AR A1 adenosine receptor
A2AAR A2A adenosine receptor
A2BAR A2B adenosine receptor
A3AR A3 adenosine receptor
APCs Antigen-presenting cells
AR Adenosine receptor
bFGF Basic fibroblast growth factor
CCPA 2-Chloro-N6-cyclopentyladenosine
CD39 Cluster of differentiation 39
CD73 Cluster of differentiation 73
GGAP Cancer Genome Anatomy Project
CGS21680 2-p-(2-Carboxyethyl)phenethylamino-5′-N-ethylcarbox

amidoadenosine 1680
CHO Chinese hamster ovary cells
Cl−IB−MECA 2-Chloro-N6-3-iodobenzyladenosine-5′-N

-methyluronamide
CNS Central nervous system
CPA N6-Cyclopentyladenosine
CTLA-4 Cytotoxic T lymphocyte-associated antigen 4
CTLs Cytotoxic T lymphocytes
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DPCPX 8-Cyclopentyl-1,3-dipropylxanthine
EGF Epidermal growth factor
Epac Exchange protein activated by cAMP
ER Estrogen receptor
ERK Extracellular signal-regulated kinase
G-CSF Granulocyte colony stimulating factor
GPCR G-protein-coupled receptor
GSK-3β Glycogen synthase kinase 3β
HA Hyaluronan
HCC Hepatocellular carcinoma
HIF-1 Hypoxia-inducible factor 1
HMG1b High mobility group 1b
HUGO Human Genome Organization
IB–MECA Methyl 1-[N6-(3-iodobenzyl)-adenin-9-yl]-β-D-

ribofuronamid
IKK IκB kinase
IL Interleukin
Lef/Tcf Lymphoid enhancer factor/T-cell factor
MAP Mitogen-activated protein
MMP Metalloproteinase
MRS1191 3-Ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-

1,4-(±)-dihydropyridine-3,5-dicarboxylate
MTT 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan thia-

zolyl
NECA Adenosine-5′-N-ethyluronamide
NF-κB Nuclear factor kappa B
NK Natural killers
PAMPs Pathogen-associated molecular patterns
PARP Poly(ADP-ribose) polymerase
PBMCs Peripheral blood mononuclear cells
PDTC Pyrrolidine dithiocarbamate
PI3K Phosphoinositide 3-kinase
PKA Protein kinase A
PKB Protein kinase B
PKB/Akt Protein kinase B/Akt
PLC Phospholipase C
PLD Phospholipase D
TCR T-cell receptor
TGF-β Transforming growth factor β
thio-Cl–IB–MECA 2-Chloro-N6-(3-iodobenzyl)-4′-thioadenosine-5′-N-

methyluronamide
TNF-α Tumor necrosis factor
VEGF Vascular endothelial growth factor
Wt Wild type
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1 Introduction

During the last decade different approaches to treating cancer have been developed
based mainly on specific targets that are mostly expressed in tumor but not in nor-
mal cells. Furthermore, it is now recognized that individualizing therapy for patients
being treated with anticancer agents is an important goal, leading to the prediction
of agents that will be efficacious. Adenosine is a purine nucleoside found within the
interstitial fluid of tumors at concentrations that are able to modulate tumor growth
by interacting with four G-protein-coupled adenosine receptor (AR) subtypes, des-
ignated A1, A2A, A2B and A3. Selective agonists and antagonists are now available
for all four AR subtypes, enabling the examination of these ligands as immunomod-
ulators and anticancer agents. Interestingly, AR levels in various tumor cells are
upregulated, a finding which may suggest that the specific AR may serve as a bio-
logical marker and as a target for specific ligands leading to cell growth inhibition.

In this chapter, we will present the role played by each of the ARs in mediating
tumor growth. Since immune cells such as lymphocytes, macrophages and natural
killer (NK) cells were also found to express ARs, their ability to act as cytotoxic
cells against tumor cells or to be involved in the antitumor process will be discussed
as well. Based on these studies, possible drug candidates (anticancer agents that
target ARs) will be presented.

2 A1 Adenosine Receptor

The A1AR is a G-protein-coupled receptor that mediates many of the physiological
effects of adenosine in the brain. The binding of agonists to A1AR induces inhi-
bition of adenylate cyclase, leading to a decrease in intracellular cAMP levels or
stimulation of phospholipase C (PLC). The A1AR has a high affinity for adeno-
sine and has been implicated in both pro- and anti-inflammatory aspects of disease
processes. On the one hand, A1AR signaling can promote neutrophil (Salmon and
Cronstein 1990) and monocyte activation (Merrill et al. 1997; Salmon et al. 1993);
on the other hand, A1AR signaling is involved in anti-inflammatory and protec-
tive pathways in neuroinflammation and injury (Tsutsui et al. 2004), and in cardiac
and renal injury (Liao et al. 2003; Lee et al. 2004a, b). Adenosine-mediated anti-
inflammatory effects have been studied extensively in macrophages and macrophage
cell lines. Adenosine inhibits the production of several proinflammatory cytokines
(TNF-α, IL-6, and IL-8) by LPS-stimulated macrophages and enhances the release
of the anti-inflammatory cytokine IL-10 (Hasko et al. 1996; Le Moine et al. 1996;
Sajjadi et al. 1996). Recent studies suggest an anti-inflammatory role for chronic
A1AR activation by high levels of adenosine in the lung, a surprising and impor-
tant finding in light of the fact that A1AR antagonists are being investigated as a
potential treatment for asthma (Sun et al. 2005). In the CNS, the A1AR is highly
expressed on microglia/macrophages and neurons (Johnston et al. 2001). In the lat-
ter, A1AR is coupled to activation of K+ channels (Trussell and Jackson 1985) and
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inhibition of Ca2+ channels (MacDonald et al. 1986), both of which are mechanisms
that attenuate neuronal excitability, thereby reducing excitotoxicity, and so adeno-
sine can act as a neuroprotective factor. Since A1ARs are expressed throughout the
brain (Dunwiddie 1985), adenosine has the potential to be involved in different brain
pathologies. Although A1ARs may play an important role in some physiological
functions in the brain (e.g., sleep), A1AR-deficient mice show no obvious abnor-
mal behavior, levels of alertness, or appearance of focal neurological deficits, such
as seizures (Synowitz et al. 2006). However, upon exposure to pathophysiologi-
cal conditions like hypoxia, A1AR-deficient mice show more neuronal damage and
have a lower survival rate (Johansson et al. 2001). It was therefore concluded that, in
the brain, A1ARs are primarily important in mediating effects of adenosine during
pathophysiological conditions (Gimenez-Llort et al. 2002; Johansson et al. 2001).

It has recently been reported that the deletion of functional ARs, specifically
A1AR, results in an increase in brain tumor growth, specifically glioblastoma tumor
growth (Synowitz et al. 2006). This implies that adenosine acting via A1AR im-
pairs glioblastoma growth. In the context of glioblastoma, A1ARs are prominently
expressed by the tumor cells and those microglial cells associated with the glioblas-
toma tumor cells. In an experimental approach using an A1AR-deficient mouse as
a tumor host, the importance of the microglial cells for mediating the A1AR anti-
cancer effect is highlighted (Synowitz et al. 2006). In these studies, A1AR-deficient
mice and their wild-type littermate controls are inoculated with Gl261 tumor cells;
thus, with this approach, the A1AR is deleted in host cells but not tumor cells. In the
control wild-type littermates the microglial cells accumulated at the tumor site, and
this accumulation was even more pronounced in the A1AR-deficient mice. How-
ever, tumor volume was significantly greater in A1AR-deficient mice, suggesting
that the microglial cells are the cellular candidates for inhibiting tumor growth.
The importance of microglial A1AR is further supported by a brain slice model
where inhibition of tumor growth is only observed in the presence of microglial
cells. To test the functional effect of A1AR activity on glioblastoma growth, an
organotypical brain slice model was employed where glioblastoma cells could be
injected and ARs could be stimulated or inhibited (Synowitz et al. 2006). Brain
slices (250 μm thick) were cultured for four days and 104 GFP-labeled Gl261 tumor
cells were injected (suspended in 0.1 μL) into the tissue. The tumor size was eval-
uated by measuring the area occupied by the fluorescently labeled Gl261 cells. In
these studies, adenosine and an A1AR agonist, N6-cyclopentyladenosine (CPA) sig-
nificantly decreased tumor size. To determine if this effect of adenosine or activation
of A1ARs depends on the presence of microglia, endogenous microglia were selec-
tively depleted from cultured organotypical brain slices by a 24 h treatment with
clodronate-filled liposomes without affecting other cell types (e.g., neurons, oligo-
dendrocytes, and astrocytes). As reported previously, activated microglia supported
glioblastoma tumor growth, resulting in significantly smaller tumors in microglia-
depleted slices compared with control slices. This serves as an internal control and
thus confirms the observation that the presence of microglial cells per se is tumor
promoting (Markovic et al. 2005). There was no significant change in the popu-
lation of astrocytes or neural progenitor cells. The latter is of particular interest,
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since it was recently reported that neural progenitor cells are attracted to tumors or
to gliomas and attenuate tumor growth (Glass et al. 2005). In these organotypical
brain slice studies, tumor cells were injected three days after liposome treatment,
and the size of the tumor bulk was evaluated with and without microglia. In the-
ses studies, activation of A1ARs with adenosine or CPA resulted in a larger tumor
size in brain slices devoid of microglia. Moreover, as expected, the tumor size was
greater in brain slices from A1AR-deficient mice versus their littermate wild-type
controls. Furthermore, in these studies, adenosine or CPA had no effect on tumor
growth in brain slices from A1AR-deficient mice. Taken together, the in vivo stud-
ies in A1AR-deficient mice and in vitro studies in organotypical brain slices suggest
that CPA and adenosine specifically act on A1ARs on microglial cells to reduce
tumor size.

The presence of ARs has been previously reported on astrocytoma cells (Prinz
and Hanisch 1999) using an A1AR-specific ligand. The presence of ARs on mi-
croglia is well established, and some functional implications of their activation
have become apparent (Burnstock 2006; Farber and Kettenmann 2006). Cultured
rat microglial cells express A2AARs, since the specific A2AAR agonist CGS21680
triggers the expression of K+ channels that are linked to microglial activation (Kust
et al. 1999). In contrast, A2AAR stimulation in rat microglia triggers the expres-
sion of nerve growth factor and its release, thereby exerting a neuroprotective effect
(Heese et al. 1997). Moreover, cyclooxygenase-2 expression in rat microglia is in-
duced by A2AARs, resulting in the release of prostaglandin (Fiebich et al. 1996).
Hammarberg et al. provided evidence for functional A3ARs in mouse microglial
cells while A1ARs were not detected in this study (Hammarberg et al. 2003). How-
ever, other studies, based on immunocytochemical data, indicate that microglial
cells express A1ARs and that the presence of tumor cells upregulates the expres-
sion of A1ARs in microglia (Synowitz et al. 2006). Moreover, the results of these
studies indicate that loss of A1AR leads to an increase of tumor size associated with
microglia, which may be due to infiltration and/or proliferation.

The potential source of extracellular adenosine in the brain is most likely ATP,
which is released from presynaptic and postsynaptic terminals of neurons and also
from glial cells (Fields and Burnstock 2006). In the extracellular space, adenosine is
generated from ATP after dephosphorylation by specific ectoenzymes (e.g., cluster
of differentiation 39 (CD39) and cluster of differentiation 73 (CD73)). These ec-
toenzymes represent a highly organized enzymatic cascade for the regulation of
nucleotide-mediated signaling. They control the rate of nucleotide (ATP) degra-
dation and nucleoside (adenosine) formation (Farber et al. 2008; Plesner 1995).
Microglial cells express specific ectonucleotidase isoforms, CD39 and CD73, which
are not expressed by any other cell type in the brain. Due to this specific expression,
both molecules served as microglia-specific markers long before their functional
importance was recognized (Braun et al. 2000; Schnitzer 1989; Schoen et al. 1992).

The role of adenosine in microglial proliferation remains controversial. One
study reports that adenosine stimulates the proliferation of microglial cells through a
mechanism that involves the simultaneous stimulation of A1 and A2 ARs (Gebicke-
Haerter et al. 1996). By contrast, adenosine has been reported to inhibit the
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proliferation of microglial cells; i.e., phorbol 12-myristate 13-acetate-stimulated
microglial proliferation is reduced following treatment with an A1AR agonist (Si
et al. 1996). Moreover, stimulation of the A1AR can also cause microglial apoptosis
(Ogata and Schubert 1996). Adenosine levels in the extracellular fluid are lower in
human glioblastoma tissue than in control tissue, namely 1.5 and 3 μM, respectively.
These values were obtained from human glioblastomas of high-grade malignancy
and measured by brain microdialysis coupled to high-performance liquid chro-
matography (Bianchi et al. 2004). Whether this rather small difference causes the
accumulation of microglia close to tumors is speculative.

Recent studies support the idea that ARs and specifically the A1AR are good
targets for drug development in several diseases that affect the CNS (Fredholm
et al. 2005). A1AR deficiency aggravates experimental allergic encephalomyelitis
(Tsutsui et al. 2004), and it has been repeatedly shown that adenosine can pro-
tect tissues against the negative consequences of hypoxia or ischemia (Fredholm
1997), mainly by acting on the A1AR. Hence, survival after a hypoxic challenge
may be reduced if A1ARs are absent or blocked (Johansson et al. 2001). The tissue-
protective effect of A1AR has been implicated in experimental paradigms using
A1AR-deficient mice. In a model of renal ischemia and reperfusion injury, A1AR-
deficient mice exhibited an increase in production of proinflammatory mediators
and showed an increase in renal injury (Lee et al. 2004a, b). Similarly, in a model
of experimental allergic encephalomyelitis, A1AR deficiency led to increased neu-
roinflammation and demyelination and also augmented axonal injury. Both studies
concluded that A1AR serves anti-inflammatory functions that regulate subsequent
tissue damage. Furthermore, metalloproteinase (MMP) 9 and MMP-12 are signifi-
cantly elevated in A1AR-deficient mice (Tsutsui et al. 2004). Indeed, MMPs play an
important role in glioblastoma progression and, as was recently demonstrated, the
expression of MMPs by microglia has an impact on tumor growth (Markovic et al.
2005). Matrix degradation by MMPs is an important prerequisite for glioblastoma
invasion (Rao 2003). A1AR activation on microglia/macrophages inhibits not only
the production of cytokines like interleukin-1β but also matrix MMPs like MMP-12
(Tsutsui et al. 2004). MMP-12, also known as macrophage elastase, is an MMP that
is produced by activated macrophages and preferentially degrades elastin (Werb and
Gordon 1975). Hence, inhibition of microglial MMP-12 secretion via activation of
A1AR could explain the glioblastoma growth inhibition observed in the studies de-
scribed above. Moreover, the lack of inhibition of MMP-12 by A1ARs on microglia
may explain why there is enhanced accumulation of microglia at the tumor sites
in A1AR-deficient mice along with their tumor-promoting effects (i.e., associated
increased tumor size). Adenosine does not appear to directly regulate MMP-12 ex-
pression in microglia/macrophages since direct stimulation of cultured macrophages
with AR agonists did not induce expression of MMP-12 (Sun et al. 2005). It is there-
fore likely that the removal of A1AR signaling leads to enhanced production of
mediators in the CNS, which then leads to enhanced MMP-12 production. A likely
candidate for this is interleukin (IL)-13, since IL-13 has been shown to be involved
in the production of MMP-12 in other model systems (Lanone et al. 2002).
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The results from the studies described above suggest that the A1AR plays an
antitumorigenic role mediated by microglial cells in the development of glioblas-
tomas. Further research into the mechanisms of how the pathways of A1AR signal-
ing modulate glioblastoma development may ultimately lead to treatments to reduce
the progression of this disease.

3 A2A Adenosine Receptor

3.1 The A2AAR: Protector of Host Tissue, Protector of Tumors

The seminal observations of Ohta and Sitkovsky (2001) clearly established a role
for the A2AAR in protecting host tissue from destruction by overexuberant immune
responses. Considering that the tumor microenvironment contains relatively high
levels of extracellular adenosine, data is emerging to support the hypothesis that
tumor-derived adenosine is one mechanism by which tumors evade immune destruc-
tion (Blay et al. 1997; Ohta et al. 2006). In this section, we will discuss the role of
adenosine in thwarting antitumor immunity and the potential pharmacologic inter-
ventions on the horizon that may serve to overcome this hurdle to immunotherapy.

3.2 Tumors Evade the Immune System by Inhibiting Immune
Cell Function

The ability of the immune system to specifically recognize antigen makes it a po-
tentially powerful tool in terms of developing modalities to treat cancer. However,
in spite of many recent advances in understanding of and ability to identify tumor
antigens, immunotherapy is clearly yet to live up to its full potential. In part, this
is because tumors evade immune destruction by inhibiting tumor-specific immune
cells (Pardoll 2002). For example, while a particular tumor may express a very
unique and readily recognized tumor antigen, if this antigen is presented by resting
or nonprofessional antigen-presenting cells (APCs), T-cell receptor (TCR) recogni-
tion will not lead to the destruction of the tumor but rather the inactivation of the
tumor-specific T cell.

In this context, it is not the inability of T cells to recognize the tumor that is
hampering cancer immunotherapy, but rather a lack of antigen-induced immune ac-
tivation. That is, tumors readily express and T cells readily recognize tumor antigens
(Overwijk and Restifo 2001). The problem is that T-cell recognition of the tumor
does not lead to tumor destruction but rather to T-cell tolerance. In this regard, the
tumor microenvironment is fraught with humors and cells that facilitate the ability of
tumors to evade immune destruction (Drake et al. 2006). For example, the cytokines
IL-10 and transforming growth factor β (TGF-β) in the tumor microenvironment
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can both directly inhibit T-cell function as well as promote the induction of reg-
ulatory T cells and tolerogenic APCs. Likewise, tumors can express coinhibitory
ligands such as B7–H1 and B7–H4. These in turn engage molecules on the sur-
faces of T cells such as PD-1 that serve to inhibit T-cell function. In this context,
it is becoming clear why tumor vaccines have failed to live up to their potential
so far (Pardoll 2002). Vaccine regimens which have focused on trying to enhance
tumor-specific T cells by utilizing viral vectors, DNA vaccines, cytokine-secreting
cells and antigen-pulsed dendritic cells have all shown promise in animal models
and even some clinical trials. Put simply, in spite of the ability of such approaches
to generate activated tumor antigen-specific T cells, the efficacy of such cells is
thwarted by the multiple immunologic checkpoints exploited by the tumor. With
this in mind, current immunotherapeutic strategies are focused on blocking these
checkpoints. In this regard, blocking antibodies against cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4 (a negative regulator of T-cell activation) has shown
great promise in a number of animal models (Egen et al. 2002). Likewise, block-
ing anti-PD-1 antibodies are also currently being tested in order to enhance tumor
immunotherapy (Blank and Mackensen 2007).

3.3 The A2AAR Negatively Regulates Immune Responses

The ability of adenosine to inhibit immune function has been known for some time
(Linden 2001). However, in light of the fact that there are four known AR sub-
types, the critical, nonredundant role of the A2AAR in mediating adenosine-induced
anti-inflammatory responses was somewhat surprising. In a series of experiments,
Sitkovsky’s group demonstrated that normally nonlethal, self-limiting inflammation
in wild-type (Wt) mice led to excessive inflammation and death in A2AAR-null
mice (Ohta and Sitkovsky 2001). These observations and additional studies led to
a model whereby tissue damage resulting from inflammation leads to the release of
extracellular adenosine, which then acts to quell the inflammatory response by act-
ing on bone marrow-derived immune cells. Indeed, A2AAR signaling on immune
cells such as macrophages, T cells and dendritic cells has been shown to limit effec-
tor cell function (Erdmann et al. 2005; Huang et al. 1997; Khoa et al. 2001; Lappas
et al. 2005; Naganuma et al. 2006; Panther et al. 2001; Schnurr et al. 2004). The
existence of this negative feedback loop has led Sitkovsky to propose that, from an
immunologic prospective, adenosine should be viewed as a metabokine that acts as
an inhibitory second signal (Sitkovsky and Ohta 2005). For example, during an in-
fection, pathogen-associated molecular patterns (PAMPs) along with host-derived
uric acid, high mobility group (HMG1b) and hyaluronan (HA) would promote acti-
vating “danger signals” (Scheibner et al. 2006; Shi et al. 2003; Williams and Ireland
2008). As the inflammation progresses, the pathogen will be eliminated and the con-
centration of the potent immune-activating PAMPS will markedly decrease. In this
setting, the inhibitory affects of adenosine released by damaged tissue will dominate
to protect the tissue from further destruction by overacting immune responses.
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Adenosine acting via the A2AAR has the ability to influence inflammation by in-
hibiting proinflammatory cytokine secretion, C2 activation, macrophage-mediated
phagocytosis and superoxide production (Sullivan 2003). Likewise, A2AAR acti-
vation has profound effects on the adaptive immune response. A2AAR activation
inhibits both CD4+ and CD8+ T-cell function (Erdmann et al. 2005; Lappas et al.
2005; Naganuma et al. 2006; Sevigny et al. 2007; Zarek et al. 2008). Interestingly,
A2AAR activation on T cells seems to selectively inhibit proinflammatory cytokine
expression while sparing anti-inflammatory cytokine expression (Naganuma et al.
2006). In addition, antigen activation in the presence of A2AAR agonists can pro-
mote T-cell tolerance in the form of anergy (Zarek et al. 2008). Likewise, A2AAR
engagement can prevent the development of IL-17 producing cells and promote the
development of Foxp3+ and LAG-3+ regulatory T-cells. Along these lines, it has
been shown that adenosine acting via the A2AAR might partially mediate the sup-
pressive function of regulatory T cells by engaging the A2AARs on the suppressed
cells (Deaglio et al. 2007). It was found that the ectoenzymes CD39 and CD73 ap-
pear to be more specific markers for Foxp3+ regulatory cells than CD25 (Deaglio
et al. 2007). Further data supporting the role of adenosine acting via the A2AAR
in facilitating regulatory T-cell function has also been demonstrated in a colitis
model of autoimmunity. In these studies, CD45RBlow or CD25 + T cells derived
from A2AAR-null mice were unable to regulate CD45RBhigh cells and prevent dis-
ease (Naganuma et al. 2006). Furthermore, the CD45RBhigh cells from A2AAR-null
mice were not inhibited by regulatory T cells, even when they were derived from
wild-type mice (Naganuma et al. 2006). Thus, with regard to the adaptive immune
response, the A2AAR protects the host from excessive tissue destruction by not only
acutely inhibiting T-cell function but also promoting the development of regulatory
T cells.

3.4 Adenosine Protects Tumors from Immune Destruction

Tumors are very adept at usurping negative regulatory mechanisms of the immune
system in order to evade antitumor responses. As mentioned above, the tumor
microenvironment is replete with inhibitory cytokines, inhibitory ligands and regu-
latory T cells (Drake et al. 2006). Considering that A2AAR activation is a potent
inhibitor of adaptive immune responses, it is not surprising that tumor-derived
adenosine has been implicated in blocking antitumor immunity. Indeed, the tu-
mor microenvironment has been shown to contain relatively high concentrations of
adenosine (Blay et al. 1997). In part, this is due to the hypoxic nature of the tumor
microenvironment (Lukashev et al. 2007). Hypoxia regulates the levels of adenosine
by inhibiting enzymes involved in the destruction of adenosine and simultaneously
increasing the activity of enzymes charged with the generation of adenosine.

Hoskin and colleagues were one of the first groups to propose that adenosine
within the microenvironment of solid tumors might inhibit T-cell function (Hoskin
et al. 1994). Their initial studies demonstrated that adenosine could inhibit natural
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killer (NK) cell function as well as the ability of cytotoxic T cells to adhere to tumor
cell targets (MacKenzie et al. 1994; Williams et al. 1997). Subsequently, this group
went on to formally demonstrate that the extracellular fluid of tumors contains con-
centrations of adenosine that are sufficient to inhibit lymphocyte activation (Blay
et al. 1997). This observation has since been confirmed by others (Ohta et al. 2006).
Note that the initial studies by the Hoskin’s group did not implicate the A2AAR
as playing a critical role in the inhibition of antitumor immune function. However,
more recently it has been shown that adenosine can inhibit NK cell and IL-2/NKp46-
activated NK cells specifically via the A2AAR (Raskovalova et al. 2006). These
studies showed that A2AAR-specific agonists inhibit the cytotoxicity of NK cells
as well as their ability to elaborate cytokines. Interestingly, by employing various
protein kinase A (PKA) inhibitors it was suggested that the ability of A2AAR acti-
vation to inhibit these functions is mediated downstream via PKA-I but not PKA-II.
It has subsequently been shown that A2AAR-specific agonists could also inhibit
both tumor-specific CD4+ and CD8+ T cells (Raskovalova et al. 2007). In these
studies, similar to the NK cell studies, A2AAR-specific agonists inhibited the abil-
ity of human antimelanoma-specific cytotoxic T lymphocytes (CTLs) and human
anti-melanoma-specific CD4+ T cells with regard to their ability to kill tumor cells
and elaborate cytokines and chemokines in response to tumor cells. Biochemically,
it was found that molecules that activated PKA-I but not PKA-II mimicked the af-
fects of A2AAR activation on T-cell function. The A2AAR-mediated inhibition, in
turn, was blocked by Rp-8-Br-cAMPS, which antagonizes the binding of cAMP
to the regulatory subunit of PKA-I. Alternatively, inhibitors of the PKA catalytic
subunit did not mitigate the inhibitory affects of A2AAR activation.

As discussed, tumors evade host responses by acutely inhibiting immune func-
tion and promoting tolerance. Considering that A2AAR activation inhibits immune
responses by suppressing immune activation and promoting tolerance, the follow-
ing question arises: does tumor-derived adenosine play this role in vivo? Initial
studies addressing this question suggest that the answer is yes (Ohta et al. 2006).
A2AAR-null mice have been shown to more readily reject melanoma and lymphoma
tumor challenge. In addition, treating mice with A2AAR antagonists (including caf-
feine) led to increased tumor rejection by CD8+ T cells. These findings have been
confirmed by another group that has also been able to demonstrate the ability of
A2AAR-null mice to more readily reject tumors and respond more robustly to tumor
vaccines (Powell et al., unpublished data). In particular, the data from these studies
suggest that genetic deletion of the A2AAR leads to more robust initial responses
to vaccines. There are a number of important implications of these in vivo findings.
First, the fact that genetic deletion of the A2AAR markedly enhances antitumor re-
sponses suggests that adenosine plays an important role in mediating tumor evasion
of the immune system. Second, adenosine appears to block both the generation and
effector phases of antitumor responses. Third, and perhaps most importantly, these
findings support a role for pharmacologic inhibition of A2AAR activation as a means
of enhancing immunotherapy.
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3.5 A2AAR Antagonism as a Means of Enhancing
Immunotherapy

Adenosine acting via the A2AAR has been shown to inhibit dendritic cell func-
tion, T-cell activation and differentiation, and T-cell effector function (Sitkovsky
et al. 2004). Additionally, the A2AAR has been implicated in selectively enhancing
anti-inflammatory cytokines, promoting the upregulation of PD-1 and CTLA-4, pro-
moting the generation of LAG-3 and Foxp3+ regulatory T cells, and mediating the
inhibition of regulatory T cells (Naganuma et al. 2006; Sevigny et al. 2007; Zarek
et al. 2008). All of these immunosuppressive properties have also been identified as
mechanisms by which tumors evade host responses. Initial in vivo studies demon-
strating that genetically and pharmacologically inhibiting the A2AAR leads to robust
antitumor responses suggest that adenosine is at least partially responsible for pro-
moting these tumor defense mechanisms (Ohta et al. 2006). As such, the addition
of A2AAR antagonists to cancer immunotherapeutic protocols represents an excit-
ing approach to enhancing tumor immunotherapy. Interestingly, the safety of such
compounds has already been shown in trials employing A2AAR antagonists for the
treatment of Parkinson’s disease (Jenner 2005).

Chemotherapy and radiation therapy result in the release of copious amounts of
tumor antigen. However, this form of tissue destruction can also result in increases
in extracellular adenosine. Therefore, the concomitant administration of A2AAR
antagonists during chemotherapy or radiation therapy might actually lead to the
expansion of tumor-specific T cells, while at the same time preventing the induc-
tion of tumor-specific regulatory T cells. In terms of combining A2AAR antagonists
with tumor vaccines, we believe that there are two time points that are relevant.
First, administration of antagonists during the perivaccination period might serve
to enhance the generation of tumor-specific effector memory cells. This would be
accomplished by both enhancing the activity of the antigen-presenting cells (e.g.,
dendritic cells), as well as blocking adenosine-mediated negative feedback on the T
cells themselves. Second, the continued administration of A2AAR antagonists will
enhance the effector function of these cells and potentially block the upregulation of
regulatory T cells. Finally, perhaps the most effective use of A2AAR antagonists will
be in combination with not only vaccines but also other checkpoint blockers. For ex-
ample, blocking PD-1 engagement as well as the A2AAR will perhaps mitigate the
ability of tumors to turn off tumor-specific effector T cells.

4 A2B Adenosine Receptors

The A2B adenosine receptor (A2BAR) is found in many different cell types and
requires higher concentrations of adenosine for activation than the A1, A2A, and A3
AR subtypes (Fredholm et al. 2001). Thus, unlike the other AR subtypes, the A2BAR
is not stimulated by physiological levels of adenosine, but may therefore play an
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important role in pathophysiological conditions associated with massive adenosine
release. Such conditions occur in ischemia or in tumors where hypoxia is commonly
observed (Illes et al. 2000; Merighi et al. 2003). Although potent and selective tools
are scarce for the A2BAR subtype, it has become increasingly clear in recent years
that this AR subtype regulates a number of functions (e.g., vascular tone, cytokine
release, and angiogenesis; Volpini et al. 2003). A2BARs may also play a role in
cancer, based on a number of observations. Gaining an understanding of the exact
mechanisms by which adenosine regulates the growth and proliferation of tumor
cells via this AR subtype could potentially lead to a target for novel therapies or
at least for cotherapies for cancer. In the following sections, potential mechanisms
suggesting that A2BAR might be involved in tumor development and progression
are discussed.

One of the pivotal mechanisms for tumor growth is angiogenesis, a process that
is highly regulated by an array of angiogenic factors and is triggered by adeno-
sine under various circumstances that are associated with hypoxia. Although the
A3AR subtype is involved in the release of angiogenic factors, in some cases the
A2BAR also seems to be responsible for the release of a certain subset of cy-
tokines (Feoktistov et al. 2003; Merighi et al. 2007). A2BARs are expressed in
human microvascular endothelial cells, where they play a role in the regulation of
the expression of angiogenic factors like vascular endothelial growth factor (VEGF),
IL-8, and basic fibroblast growth factor (bFGF) (Feoktistov et al. 2002). Moreover,
in HMC-1 cells derived from a highly malignant, undifferentiated human masto-
cytoma cancer, activation of A2BARs induces the release of IL-8 and VEGF, and
the activation of A3ARs induces angiopoietin 2 expression (Feoktistov et al. 2003).
However, capillary formation induced by HMC-1 media was maximal when both
HMC-1 A2BARs and A3ARs were activated. Activation of A2BARs alone was less
effective, suggesting a cooperation between A2BARs and A3ARs on HMC-1 cells
to produce angiogenesis. Furthermore, Merighi et al. demonstrated in HT29 hu-
man colon cancer cells that adenosine increases IL-8 expression via stimulation of
A2BARs, while the stimulation of A3AR caused an increase in VEGF (Merighi et al.
2007). In the glioblastoma cell line U87MG, a similar A2BAR-mediated increase of
IL-8 was observed (Zeng et al. 2003). In addition, it was shown that hypoxia caused
an upregulation of A2BARs in these tumor cells. As these findings point to a crucial
role for A2BARs in mediating the effects of adenosine on angiogenesis, blockade of
A2BARs may limit tumor growth by limiting the oxygen supply.

There are numerous reports of a potential role of adenosine and ARs in breast
cancer (Barry and Lind 2000; Madi et al. 2004; Panjehpour et al. 2005; Spychala
et al. 2004). Although AR agonists acting through A3ARs were shown to possess
antitumor activity in breast cancer, it turned out (at least in some cases) that these
effects were receptor independent (Chung et al. 2006; Lu et al. 2003). The very
high concentrations of IB–MECA required for growth inhibition in some studies
(Panjehpour and Karami-Tehrani 2004) may lend further support to the notion of
A3AR-independent effects.

A most striking observation was that the estrogen receptor-positive MCF-7
cells appeared to be devoid of any detectable amount of ARs, whereas the
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estrogen receptor-negative MDA-MB-231 cells express very high levels of A2BARs
(Panjehpour et al. 2005). Both binding and functional experiments showed that
other AR subtypes were not present in detectable levels in these tumor cells.
Stimulation with the nonselective AR agonist 5′-(N-ethylcarboxamido)adenosine
(NECA) resulted in the activation of adenylate cyclase, whereas 10 μM 2-p-
(2-carboxyethyl)phenethylamino-5′-N-ethylcarboxamidoadenosine (CGS21680;
which, at this concentration, activates all but the A2BAR subtype) had no effect.
Moreover, there was no A1AR or A3AR receptor-mediated inhibition of adenylate
cyclase, confirming the exclusive presence of A2BARs as a functionally relevant
AR subtype in MDA-MB-231 cells (Panjehpour et al. 2005).

In addition to the classical adenylate cyclase activation, A2BARs also mediate a
Ca2+ signal (Feoktistov et al. 1994; Linden et al. 1999; Mirabet et al. 1997). A sim-
ilar Ca2+ signal was detected in MDA-MB-231 cells, most likely as a result of the
activation of Gq (Panjehpour et al. 2005). With the use of selective agonists and an-
tagonists for A1AR, A2AAR, and A3ARs, a pharmacological profile identical to the
one found for the adenylate cyclase response was demonstrated for the Ca2+ signal
in these cells, again suggesting an A2BAR as the sole AR subtype in these cells.

The mitogen-activated protein (MAP) kinase pathways are critically important
in the regulation of cell proliferation and differentiation (Raman et al. 2007). There
are numerous extracellular signals feeding into these cascades, including input via
GPCRs (Goldsmith and Dhanasekaran 2007). All four subtypes of ARs were shown
to mediate extracellular signal-regulated kinase (ERK) 1/2 phosphorylation in trans-
fected CHO cells (Graham et al. 2001; Schulte and Fredholm 2000). MAP kinase
signaling and hence cell proliferation might be amenable to manipulation through
specific ARs in tumor cells. Such a possibility seems to be particularly attractive in
a situation where one AR subtype is highly expressed, as is the case for A2BARs in
MDA-MB-231 cells. As mentioned above, A2BARs are stimulated only by patho-
physiologically high concentrations of adenosine (Fredholm et al. 2001). Thus,
selective blockade or stimulation of this AR subtype may not interfere with the
numerous important physiological functions of adenosine mediated via other AR
subtypes.

MDA-MB-231 cells show a very high basal ERK 1/2 phosphorylation, in-
dicative of constitutively active growth signals (Bieber et al. 2008). This basal
activity seems to be maximal, as stimulation of the MAP kinase pathway (e.g.,
with epidermal growth factor, EGF) does not cause a further increase in ERK
phosphorylation. The nonselective AR agonist NECA, on the other hand, causes a
time-dependent decrease in ERK 1/2 phosphorylation, whereas CGS 21680 shows
no inhibitory effect. As described above, functional and binding studies suggest that
only A2BARs are present in MDA-MB-231 cells. Therefore, it seems that this AR
subtype is responsible for the unusual inhibitory signal on ERK 1/2 phosphorylation.
Moreover, antagonists like 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) block this
response, confirming the identity of the AR subtype as the A2BAR mediating the
inhibition of ERK 1/2 phosphorylation (Bieber et al. 2008).

The exact pathway leading to A2BAR-mediated inhibition is not fully under-
stood at this point. Both the Ca2+ signal detected following A2BAR stimulation in
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Fig. 1 Possible pathways leading to inhibition of extracellular signal regulated kinase (ERK)1/2
phosphorylation by A2B adenosine receptors (A2BARs). Stimulation of adenylate cyclase (AC) via
the Gs pathway results in inhibition of mitogen-activated protein kinase (MAPK) activity. Forskolin
mimics this inhibition, confirming a role of cAMP. Alternatively, Gq/11 may be activated by A2BAR
stimulation, resulting in an increased activity of phospholipase C (PLC) and in intracellular Ca2+
signal. The PLC inhibitor U-73122 and the Ca2+ chelator BAPTA (applied as the cell-penetrating
ester BAPTA-AM) both abolish A2BAR-mediated inhibition of MAPK, providing evidence for a
second pathway leading to the inhibition of ERK 1/2 phosphorylation. Both the Gs- and the Gq/11-
mediated signals are linked to MAPK inhibition via currently unknown pathways

MDA-MB-231 cells (Panjehpour et al. 2005) and PLC activation are sufficient, as
their blockade abolishes the inhibition of ERK 1/2 phosphorylation. On the other
hand, forskolin stimulation mimics the effect of NECA, suggesting that cAMP may
also play a role. Several inhibitors of PKA have no effect on NECA-induced inhi-
bition of ERK 1/2 phosphorylation. Similarly without effect are activators of PKA
and exchange protein activated by cAMP (Epac), making these effectors unlikely to
be targets involved in mediating the inhibitory A2BAR signal on MAP kinase ac-
tivity. Figure 1 summarizes the current knowledge of potential pathways leading to
A2BAR-mediated inhibition of ERK 1/2 phosphorylation in MDA-MB-231 cells.

Although it was shown that A2BARs convey a stimulatory signal into MAP ki-
nase pathways in transfected CHO cells (Schulte and Fredholm 2000), an inhibitory
input was found in MDA-MB-231 cells. A few studies describe such an uncommon
antiproliferative GPCR-mediated signal in glomerular mesangial cells (Haneda et al.
1996) and in vascular smooth muscle cells (Dubey et al. 2000). The high expression
levels of A2BARs in an estrogen-negative breast cancer cell line together with a link
to an antiproliferative signaling pathway make this AR subtype a potentially inter-
esting target for tumor treatment, perhaps in combination with drugs interfering with
downstream effectors in MAP kinase signaling pathways (Dhillon et al. 2007).

There is an increasing amount of data confirming that A2BARs play an impor-
tant role in mediating the effects of adenosine on tumor growth and progression.
The effects which are most interesting for a potential anticancer treatment based
on A2BARs as a target are inhibition of angiogenesis and inhibition of ERK 1/2
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phosphorylation. The dilemma is, however, that inhibition of angiogenesis requires
the use of A2BAR antagonists, whereas inhibition of growth signaling via the MAP
kinase pathway might be achieved through treatment with A2BAR agonists. The
relative importance of these effects needs to be investigated using in vivo models
before therapeutic suggestions can arise. It may eventually turn out that both ago-
nists and antagonists will provide useful options for treatment in combination with
other therapeutic measures if used at different stages of the disease and its treatment.

5 A3 Adenosine Receptor

A3AR belongs to the family of seven-transmembrane-domain GPCRs. The human
A3AR has been cloned and expressed and its adenosine agonist binding specifici-
ties characterized. The A3AR was found to be most abundantly expressed in human
lung and liver, with low amounts observed in the brain (Sajjadi and Firestein 1993).
Low levels of expression were also observed in testes and heart. No expression
was found in spleen or kidney. This expression profile differed from those for the
A1AR, A2AAR and A2BAR, which are expressed in variable levels in brain, heart,
lung and kidney but not in liver tissues (Salvatore et al. 1993). Ligand structure–
activity studies have identified selective agonists, partial agonists and antagonists
for ARs (Cristalli et al. 2003; Muller 2003; Volpini et al. 2003; Zablocki et al.
2004). For the human and rat A3AR, potent and selective agonists as well as se-
lective A3AR antagonists (e.g., PSB-10, PSB-11, MRE-3005F20 and MRS-1334)
have been identified (Muller 2003). Site-directed mutagenesis and molecular mod-
eling studies have also been performed that provide detailed information about the
physical properties of ligand binding sites and the process of receptor activation
(Gao et al. 2002; Muller 2003). Because of their selective tissue distribution and
the development of specific A3AR agonists and antagonists for them, A3ARs have
recently attracted considerable interest as novel drug targets.

Agonists to the A3AR exert a differential effect on normal and tumor cells. In
normal cells, the agonists induce the production of growth factors via induction
of the NF-κB signaling pathway. In contrast, in tumor cells, the agonists induce
apoptosis and tumor growth inhibition via deregulation of the NF-κB and the Wnt
signaling pathways. This will be further detailed in Sect. 5.4.1 of this chapter.

Moreover, A3AR agonists showed efficacy as cardioprotective, cerebroprotec-
tive, anti-inflammatory and immunosuppressive agents (Bar-Yehuda et al. 2007;
Chen et al. 2006; Xu et al. 2006). For additional information on the pharmacol-
ogy of the A3AR and its role in disease, the reader is referred to Chap. 10, “A3
Adenosine Receptor: Pharmacology and Role in Disease” (by Borea et al.), in this
volume.

In this manuscript, the activity of A3AR ligands as anticancer and chemopro-
tective agents will be presented. In addition, various aspects of A3AR-targeted
therapy, mainly in solid tumor malignancies such as melanoma, prostate, colon and
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hepatocellular carcinoma (HCC), will be discussed. Signal transduction pathways
involved with A3AR targeting utilizing highly selective A3AR agonists and antago-
nists will be presented.

A significant part of the review is dedicated to the therapeutic effect of A3AR
agonists based on the concept that these compounds target mainly malignant cells
that highly express A3ARs without damaging normal body cells that barely express
the receptor.

5.1 Overexpression of the A3AR in Tumor Versus Normal
Adjacent Tissues

Earlier studies revealed A3AR expression in tumor cell lines including astrocytoma,
HL-60 leukemia, B16–F10 and A378 melanoma, human Jurkat T-cell lymphoma,
and murine pineal tumor cells, whereas low expression was described in most
normal tissues (Auchampach et al. 1997; Gessi et al. 2002; Madi et al. 2003; Merighi
et al. 2001; Suh et al. 2001; Trincavelli et al. 2002).

In more recent studies, a comparison between A3AR expression in tumor vs.
adjacent and relevant normal tissues supported the assumption that the receptor
is upregulated in different types of malignancies. Recently, A3AR in solid tumors
was analyzed, leading to robust findings showing overexpression of the A3AR in
tumor tissues vs. low expression in the adjacent normal tissues. Furthermore, there
is substantial evidence showing that A3AR expression level is directly correlated to
disease severity (Gessi et al. 2004; Madi et al. 2004).

In a comparative study, Morello et al. showed that primary thyroid cancer tissues
express high levels of A3ARs, as determined by immunohistochemistry analysis,
whereas normal thyroid tissue samples do not express A3ARs (Morello et al. 2007).
Gessi et al. looked at the receptor binding values (Kd and Bmax) of the A3AR ligand
[3H]MRE 3008F20 in colon carcinoma tissue samples from 73 patients, and found
an increased binding value in comparison to adjacent, remote and healthy colon
mucosa (Gessi et al. 2004). Interestingly, they found that large adenomas showed
increased binding versus small adenomas, which had affinity and density values
that were very similar to those of the mucosa of healthy subjects. An additional
important result of this study was that the high receptor binding values (Kd and
Bmax) were reflected in the peripheral blood lymphocytes and neutrophils of the
patients with colon carcinoma. Upon tumor resection, the A3AR binding value (Kd
and Bmax) returned to that of the healthy subjects, suggesting that the receptor may
also serve as a biological marker (Gessi et al. 2004). Similar data were reported by
Madi et al. showing higher A3AR protein and mRNA expression levels in colon
and breast carcinomas vs. adjacent non-neoplastic tissue or normal tissue (Madi
et al. 2004). Further analysis revealed that the lymph node metastasis expressed
even more A3AR mRNA levels than the primary tumors, supporting the notion that
A3AR levels may reflect the status of tumor progression (Madi et al. 2004).
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Madi et al. also reported that in human melanoma, colon, breast, small-cell lung,
and pancreatic carcinoma tissues, A3AR mRNA was upregulated compared to ad-
jacent non-neoplastic tissue and normal tissue derived from healthy subjects (Madi
et al. 2004). Moreover, computational analysis using different database sources sup-
ported the biological analysis that A3AR is overexpressed in tumor tissues (Madi
et al. 2004). A 2.3-fold increase in the expression of A3AR in human colon ade-
noma versus normal colon tissue using microarray analysis (Princeton University
database) was found. A search in the Cancer Genome Anatomy Project (CGAP);
SAGE (website: http://cgap.nci.nih.gov/SAGE; Virtual Northern Legend) based on
serial analysis of gene expression revealed that A3AR was abundant in brain, kid-
ney, lung, germ cells, placenta and retina, but that brain, lung, and pancreatic tumors
expressed more A3AR in the malignant than the normal non-cancerous tissues from
the same organs of the same patients. A search of the Expression Viewer (Human
Genome Organization (HUGO) Gene Nomenclature Committee/CleanEX) based on
expressed sequence tags revealed that the relative expression of A3AR was 1.6-fold
higher in all of the cancer tissues compared with normal tissues (Madi et al. 2004).

In a recent study, Bar-Yehuda et al. showed that A3AR mRNA expression is
upregulated in HCC tissues in comparison to adjacent normal tissues (Bar-Yehuda
et al. 2008). Remarkably, upregulation of A3AR was also noted in peripheral blood
mononuclear cells (PBMCs) derived from the HCC patients compared to healthy
subjects. These results further show that A3AR in PBMCs reflect receptor status in
the remote tumor tissue (Bar-Yehuda et al. 2008). Moreover, the high expression
level of the A3AR was directly correlated to overexpression of NF-κB, a transcrip-
tion factor for the A3AR.

It is well established that Gi-protein-coupled receptors are internalized to
early endosomes upon agonist binding (Bunemann et al. 1999; Claing et al.
2002). Early endosomes serve as the major site of receptor recycling, whereas
the late endosomes are involved with the delivery of the internalized receptor to
the lysosomes (Bunemann et al. 1999; Claing et al. 2002). Former studies have
shown that chronic exposure of the A3AR to the specific agonist methyl-1-[N6-
(3-iodobenzyl)-adenin-9-yl]-β-D-ribofuronamid (IB–MECA) resulted in receptor
internalization/externalization in B16–F10 melanoma cells (Madi et al. 2003). It
was also demonstrated that in experimental animal xenograft models of colon
and prostate carcinoma, chronic treatment with IB–MECA (designated CF101)
induced receptor downregulation shortly after agonist administration. Interestingly,
24 h after treatment there was no tachyphylaxis and the A3AR was fully expressed,
showing that the target is not downregulated upon chronic treatment with the agonist
(Fishman et al. 2003, 2004).

The data showing a direct correlation in A3AR expression between tumor tissue
and PBMCs suggest that receptor expression in the PBMCs mirrors receptor status
in the tumor tissue. It is possible that TNF-α upregulation induces an increase in
the expression level and activity of NF-κB, a transcription factor for A3ARs (Madi
et al. 2004). This assumption is supported by the following finding. Upon treatment
with 2-chloro-N6-3-iodobenzyladenosine-5′-N-methyluronamide (Cl–IB–MECA;
designated CF102), the expression levels of TNF-α and NF-κB were decreased,
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resulting in a downregulation of A3AR expression in both PBMCs and the tumor
tissue (Bar-Yehuda et al. 2008). Similar data were reported by Gessi et al., showing
that A3AR is upregulated in both colon carcinoma tissue and PBMCs of patients
with colon carcinoma. This group further demonstrated that the expression levels of
A3AR were downregulated in the PBMCs upon tumor removal (Gessi et al. 2004).

Taken together, the findings described above that show A3AR overexpression in
different tumor cell types provide the rationale that this receptor may be utilized as
a specific target to treat cancer.

5.2 In Vitro Studies

The A3AR plays an important role in regulating normal and tumor cell growth. Cell
response to a given A3AR agonist is determined by a plethora of factors, including
agonist concentration and affinity, receptor density, interaction between different
ARs expressed on the cell surface, cell type, and the cell microenvironment.

5.2.1 Effect of Low-Concentration A3AR Agonists on Tumor Cell Growth

The effects of A3AR agonists, mainly IB–MECA and Cl–IB–MECA, on the pro-
liferation of various tumor cells have been extensively tested. The rationale for
using low concentrations of these two A3AR agonists was based on their high affin-
ity and selectivity at the A3AR (approximately three orders of magnitude more
than at the other ARs) (Fishman et al. 2007; Jeong et al. 2004; Joshi and Ja-
cobson 2005). Moreover, Phase I clinical studies in healthy subjects, testing of
IB–MECA (designated CF101) showed that the maximal tolerated dose of the drug
was 5 mg kg−1. At this dose, the plasma concentration was 40 ng ml−1, which cor-
relates with a concentration of 20 nM (van Troostenburg et al. 2004). This value
correlates nicely with the affinity of IB–MECA to the mouse/rat/human A3AR, ex-
clusively activating this AR subtype, not any other AR subtype. Based on these data,
IB–MECA and Cl–IB–MECA were tested both in vitro and in vivo at low concentra-
tions and dosages, respectively. Remarkably, at this low concentration range these
agonists induced a differential effect on tumor and normal cell proliferation.

Inhibition of the growth of tumor cells, including rat Nb2–11C and mouse Yac-1
lymphoma, K-562 leukemia, B16–F10 melanoma, MCA sarcoma, human LN-Cap
and PC3 prostate carcinoma, MIA-PaCa pancreatic carcinoma and HCT-116 colon
carcinoma, was found. The agonists induced a cytostatic effect towards the tumor
cells, as manifested by a decrease in 3[H]thymidine incorporation and cell cycle
arrest at the G0/G1 phase (Bar-Yehuda et al. 2001; Fishman et al. 2000a, 2001,
2002a, b, 2003; Merimsky et al. 2003; Ohana et al. 2003). This effect was abolished
by A3AR antagonists (Madi et al. 2003), demonstrating that the response was A3AR
mediated. IB–MECA enhanced the cytotoxic effect of chemotherapy when tested
in 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan thiazolyl (MTT) and colony
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formation assays. A combined treatment of 5-flurouracil plus IB–MECA yielded
higher growth inhibition of HCT-116 human colon carcinoma cells in comparison
to the chemotherapy alone (Bar-Yehuda et al. 2005).

At the same time, Cl–IB–MECA stimulated the proliferation of bone marrow
cells (Fishman et al. 2001). Interestingly, both IB–MECA and Cl–IB–MECA up-
regulated the production of granulocyte colony stimulating factor (G-CSF), known
to act as a differentiation factor of neutrophils (Brandt et al. 1988). This novel ac-
tivity mediated the stimulatory effect on bone marrow cell growth and prompted the
examination of IB–MECA and Cl–IB–MECA as myeloprotective agents that pre-
vent neutropenia upon treatment with chemotherapeutic agents (Bar-Yehuda et al.
2002, Fishman et al. 2000b, 2001, 2002b, 2003).

As opposed to the results of the studies described above, demonstrating an inhi-
bition of tumor cell lines by A3AR agonists, in a set of experiments conducted by
Gessi et al., low-concentration (100 nM) Cl–IB–MECA stimulated the proliferation
of some cancer cell lines such as Caco-2, DLD1, and HT29 human colon carci-
noma cell line (Gessi et al. 2007). In addition, the same group showed that under
hypoxic conditions, Cl–IB–MECA induced upregulation of hypoxia-inducible fac-
tor 1 (HIF-1) alpha and VEGF in HT-29 human colon carcinoma cells, A375 human
melanoma cells, and A172 and U87MG glioblastoma cell lines. This effect could be
blocked with the A3AR antagonist (MRE3008F20) or by siRNA silencing (Merighi
et al. 2005b, 2006, 2007). Moreover, Abbracchio et al. showed that Cl–IB–MECA
modulates cytoskeleton reorganization, increases expression of Rho, and induces
the intracellular distribution of the antiapoptotic protein Bcl–xL in ADF human as-
trocytoma cells (Abbracchio et al. 1997, 2001). Thus, A3AR agonists can on the one
hand induce the inhibition of tumor cell growth via cell cycle arrest, and on the other
hand stimulate the proliferation of tumor cells, depending on cell type and culture
conditions.

5.2.2 Effect of High-Concentration A3AR Agonists on Tumor Cell Growth

The effect of high-concentration A3AR agonists on tumor cell growth was an in-
hibitory one that was either A3AR dependent or independent. Cl–IB–MECA at
a concentration of 10 μM inhibited the growth of A375 human melanoma cells
by inducing cell cycle arrest in the G0/G1 phase. This effect was blocked by
an A3AR antagonist, demonstrating the role of A3AR activation in this response
(Merighi et al. 2005a). Moreover, IB–MECA at high concentration (30–60 μM)

produced cell growth inhibition in both ERα-positive MCF-7 cells and in ERα-
negative MDAMB468 human breast carcinoma cells. In both cell types, the intro-
duction of an A3AR antagonist, MRS1220, blocked the effect of this A3AR agonist
(Panjehpour and Karami-Tehrani 2004, 2007).

The A3AR agonist 2-chloro-N6-(3-iodobenzyl)-4′-thioadenosine-5′-N-methyl-
uronamide (thio-Cl–IB–MECA) has high affinity and specificity for the human
A3AR. The introduction of μM concentrations of this agonist to HL-60 human
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leukemia cell cultures resulted in apoptosis, as manifested by DNA fragmentation
and poly(ADP-ribose) polymerase (PARP) cleavage (Lee et al. 2005).

Interestingly, an additional compound that inhibits the growth of tumor cells via
A3AR is cordycepin (3′-deoxyadenosine), an active ingredient of Cordyceps sinen-
sis, a parasitic fungus used in traditional Chinese medicine (Nakamura et al. 2006).
This molecule, at μM concentrations, induced a remarkable inhibitory effect on the
growth of murine B16–BL6 melanoma and of Lewis lung carcinoma tumor cells.
This inhibitory effect was abolished by the A3AR antagonist 3-ethyl-5-benzyl-
2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-3,5-dicarboxylate
MRS1191 (Nakamura et al. 2006).

In contrast, IB–MECA and Cl–IB–MECA at μM concentrations inhibit the
growth of various tumor cell lines (including NPA papillary thyroid carcinoma, HL-
60 leukemia cells and U-937 lymphoma cells) in an A3AR-independent mechanism
(Kim et al. 2002; Morello et al. 2007). This inhibitory effect was characterized by
apoptosis and was not abolished by antagonism or knockdown of the A3AR. Based
on these results, it was concluded that IB–MECA or Cl–IB–MECA at high con-
centrations can induce tumor cell death through receptor-independent mechanisms,
perhaps via active transport into the cells through the nucleoside transporters (Kim
et al. 2002; Merighi et al. 2002; Morello et al. 2007). Moreover, in MCF-7 human
breast cancer cells, 100 μM of IB–MECA markedly reduced cell number and inhib-
ited colony formation (Lu et al. 2003). These cancer cells do not express A3ARs,
overexpression of A3AR did not lower the concentrations of IB–MECA needed to
induce the inhibition of cell proliferation, and the introduction of MRS1191 (an
A3AR antagonist) did not abolish the IB–MECA inhibitory effect, suggesting that
A3AR was not involved in the cell growth inhibition of these human breast cancer
cells. In these studies, an explanation for this inhibitory effect by IB–MECA may be
related to its ability to reduce the expression level of estrogen receptor (ER) alpha,
which plays a role in different signaling pathways leading to the transcription of
genes responsible for G1–S cell cycle progression (Lu et al. 2003). The effects of
the various A3AR agonists at low and high concentrations on tumor cell growth in
in vitro studies are summarized in Table 1.

5.3 In Vivo Studies

In this part of the review, in vivo studies showing the efficacy of A3AR agonists
in various tumor-bearing animals will be presented, supporting the utilization of
A3AR as a target to treat cancer. In all experimental models, the A3AR agonists
were administered orally due to their stability and bioavailability profile. The dose
used in these studies was calculated based on the affinity data, resulting in exclusive
activation of the A3AR. The studies included syngeneic, xenograft, orthotopic and
metastatic experimental animal models utilizing IB–MECA and Cl–IB–MECA as
the therapeutic agents.
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5.3.1 Melanoma

Oral administration of 10–100 μg kg−1 IB–MECA and Cl–IB–MECA once or
twice daily inhibited the growth of primary B16–F10 murine melanoma tumors in
syngeneic models (Madi et al. 2003). Moreover, in an artificial metastatic model,
IB–MECA inhibited the development of B16–F10 murine melanoma lung metas-
tases (Bar-Yehuda et al. 2001; Fishman et al. 2001, 2002b). The specificity of the
response was demonstrated by the administration of an A3AR antagonist that re-
versed the effect of the agonist (Madi et al. 2003).

Furthermore, IB–MECA or Cl–IB–MECA in combination with the chemothera-
peutic agent cyclophosphamide induced an additive antitumor effect on the devel-
opment of B16–F10 melanoma lung metastatic foci (Fishman et al. 2001, 2002b).

5.3.2 Colon Carcinoma

Oral administration of 10–100 μg kg−1 IB–MECA once or twice daily inhibited
the growth of primary CT-26 colon tumors (Ohana et al. 2003). Furthermore,
in xenograft models, IB–MECA inhibited the development of HCT-116 human
colon carcinoma in nude mice (Ohana et al. 2003). In these studies, the combined
treatment of IB–MECA and 5-fluorouracil resulted in an enhanced antitumor effect.
IB–MECA was also efficacious in inhibiting liver metastases of CT-26 colon carci-
noma cells inoculated in the spleen. (Bar-Yehuda et al. 2005; Fishman et al. 2002b,
2004; Ohana et al. 2003).

5.3.3 Prostate Carcinoma

IB–MECA inhibited the development of PC3 human prostate carcinoma in nude
mice. Additionally, IB–MECA increased the cytotoxic index of Taxol in PC3
prostate carcinoma-bearing mice (Fishman et al. 2002b, 2003).

5.3.4 Hepatocellular Carcinoma

Recent studies showed that A3AR is overexpressed in tumor tissues and in PBMCs
of N1S1 HCC tumor-bearing Sprague–Dawley rats (Bar-Yehuda et al. 2008). For
these studies, an orthotopic rat model was established in which a subxiphoid la-
parotomy was performed and N1S1 cells were injected into the right hepatic lobe.
Treatments with Cl–IB–MECA at doses of 1, 50, 100, 500 and 1, 000 μg kg−1 three
times daily were initiated on day 3 after tumor inoculation and continued until day
15. Cl–IB–MECA treatment exerted a bell-shaped, dose-dependent inhibitory effect
on tumor growth with a maximal effect at a dose of 100 μg kg−1 (Bar-Yehuda et al.
2008).
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5.3.5 Potentiation of Natural Killer Cell Activity

IB–MECA and Cl–IB–MECA also upregulate serum levels of IL-12 and potenti-
ate NK cell activity (Harish et al. 2003). In mice, Cl–IB–MECA increased serum
levels of IL-12 and potentiated the activity of NK cells (Harish et al. 2003). This ef-
fect of Cl–IB–MECA on NK cell activity was seen in adoptive transfer experiments
utilizing melanoma-bearing mice where marked inhibition in the development of
lung metastatic foci was observed in the mice engrafted with splenocytes derived
from Cl–IB–MECA treated mice. Similar results were observed in HCT-116 human
colon carcinoma-bearing nude mice treated with 10 μg kg−1 IB–MECA (Ohana
et al. 2003).

5.3.6 Chemoprotective Effect

IB–MECA and Cl–IB–MECA act also as chemoprotective agents. With cyclophos-
phamide treatment of B16–F10 melanoma-bearing mice or 5-fluorouracil treatment
of HCT-116 human colon carcinoma-bearing nude mice, a marked decline in white
blood cells and neutrophil counts occurs (Bar-Yehuda et al. 2002; Fishman et al.
2000b, 2001, 2002a, b, 2003). Administration of the A3AR agonist restored the
number of white blood cells and the percentage of neutrophils to their normal val-
ues. This was attributed to the ability of IB–MECA to induce the production of
G-CSF (Bar-Yehuda et al. 2002; Fishman et al. 2000b, 2001, 2002a, b, 2003; Hofer
et al. 2006, 2007)

Overall, the unique characteristics of the A3AR agonists—they are orally
bioavailable, exert their effects at low doses, enhance the effects of cytotoxic
agents, and at the same time act as myeloprotective agents—together with their
potential cardio- and neuroprotective activities suggest that this class of compounds
may produce attractive clinical candidates as anticancer drugs.

5.4 Mechanisms of Action for the Anticancer Activity
of the A3AR

Adenosine receptors operate through distinct biochemical signaling mechanisms.
The A1 and A3AR subtypes control most, if not all, of their cellular responses via
pertussis toxin-sensitive G proteins of the Gi and Go family. The A3AR triggers
Gi-protein activation, induces an intracellular signaling cascade that increases in-
tracellular calcium concentrations, activates PLC and phospholipase D (PLD) as
well as the production of intracellular second-messenger systems, which in turn,
leads to related cellular responses such as cell proliferation or tumor cell apoptosis
(Abbracchio et al. 1995; Murthy and Makhlouf 1995; Olah and Stiles 1995; Olah
et al. 1995).
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Activation of the A3AR inhibits adenylate cyclase activity, thereby leading to a
decrease in the level of the second messenger, cAMP. The latter modulates the level
and activity of protein kinase A (PKA) that phosphorylates downstream elements of
the MAPK and protein kinase B (PKB)/Akt (PKB/Akt) signaling pathways (Poulsen
and Quinn 1998; Seino and Shibasaki 2005; Zhao et al. 2000). In addition, it was
reported that PKA phosphorylates PKB/Akt directly, thereby mediating its activity
(Fang et al. 2000). Both PKA and PKB/Akt regulate the NF-κB signaling pathway
by phosphorylating and activating the downstream kinase IκB kinase (IKK), which
phosphorylates IκB, thereby sorting it to degradation via the ubiquitin system. As a
result, NF-κB is released from its complex with IκB and translocates to the nucleus
to induce the transcription of genes such as cyclin D1 and c-Myc that control cell
cycle progression (Karin and Ben-Neriah 2000; Li et al. 1999).

Taken together, since the activation of A3AR induces the inhibition of adenylate
cylase and reduces the level of intracellular cAMP, the downstream elements PKA
and PKB/Akt are not activated and so do not phosphorylate IKK. This leads to the
reduced activity and expression levels of the NF-κB, resulting in tumor cell cycle
arrest and tumor growth inhibition.

5.4.1 Direct Effect of A3AR Agonists on Tumor Cells: Deregulation
of the NF-κB and Wnt Signaling Pathways

In melanoma, colon, prostate and hepatocellular carcinoma cell lines, treatment with
IB–MECA or Cl–IB–MECA produced a decrease in PKA and PKB/Akt expression
(Bar-Yehuda et al. 2008; Fishman et al. 2002a, b, 2003, 2004). As a result, the
phosphorylation of IKK was inhibited, leading to the accumulation of IκB/NF-κB
complex in the cytoplasm. This resulted in the downregulation of c-myc and cyclin
D1 expression levels (Fig. 2) (Bar-Yehuda et al. 2008; Fishman et al. 2003, 2004).

Further studies showed that the Wnt signaling pathway is also involved in the
anticancer activity mediated via the A3AR. The rationale to investigate this path-
way came from data showing that PKA and PKB/Akt phosphorylate and inactivate
glycogen synthase kinase 3β (GSK-3β) (Cross et al. 1995; Fang et al. 2000). GSK-
3β is a serine/threonine kinase that acts as a key element in the Wnt signaling
pathway, which is known to play a pivotal role in dictating cell fate during embryo-
genesis and tumorigenesis (Peifer and Polakis 2000). GSK-3β phosphorylates the
cytoplasmic protein β-catenin, which is sorted for degradation by the ubiquitin sys-
tem. Upon phosphorylation, GSK-3β loses its ability to phosphorylate β-catenin,
resulting in the accumulation of the latter in the cytoplasm and its subsequent
translocation to the nucleus, where it associates with lymphoid enhancer factor/T-
cell factor (Lef/Tcf) to induce the transcription of genes responsible for cell cycle
progression, like c-myc and cyclin D1 (Fig. 2) (Ferkey and Kimelman 2000; Morin
1999; Novak and Dedhar 1999).

An inability of GSK-3β to phosphorylate β-catenin has been demonstrated in var-
ious malignancies, including colon carcinoma, melanoma and HCC (Bonvini et al.
1999; Cui et al. 2003; Robbins et al. 1996)
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Fig. 2 Anticancer effect of A3 adenosine receptor (A3AR) agonists entails deregulation of the
nuclear factor kappa B (NF-κB) and the Wnt signaling pathways. Activation of the A3AR in tumor
cells with specific agonists inhibits the activity of adenylate cyclase, inducing a decline in the level
of cAMP, leading to decreased levels of protein kinase A (PKA) and its substrate protein kinase B
(PKB)/Akt. Consequently, this leads to a downregulation in the expression levels of signal proteins
that play a role in the NF-κB (IκB kinase (IKK) and IκB) and the Wnt (glycogen synthase kinase-
3β (GSK-3β) and β-catenin) signaling pathways. As a result, the levels of c-Myc and cyclin D1,
known to play a crucial role in cell cycle progression, are decreased. This chain of events leads to
tumor growth inhibition

Treatment of B16–F10 melanoma, HCT-116 human colon carcinoma cells and
PC-3 human prostate carcinoma cells in vitro with IB–MECA decreased PKA and
PKB/Akt expression levels, resulting in the upregulation of GSK-3β and the subse-
quent phosphorylation and ubiquitination of β-catenin (Fishman et al. 2002a, 2003;
Madi et al. 2003). In these studies, downregulation of cyclin D1 and c-myc ex-
pression levels, as well as tumor cell growth suppression, were observed (Fishman
et al. 2002a, 2003; Madi et al. 2003). Moreover, the group of Lee et al. further re-
ported that a highly specific A3AR agonist, thio-Cl–IB–MECA, induced apoptosis
of HL-60 promyelocytic leukemia cells and lung cancer cells via deregulation of the
Wnt signaling pathway. The levels of β-catenin, phosphorylated forms of GSK3-β
and Akt were downregulated upon treatment with thio-Cl–IB–MECA (10 nM) in a
time-dependent manner (Kim et al. 2008; Lee et al. 2005).
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Additional evidence to support the in vitro mechanistic pathways presented above
came from the analysis of tumor tissues excised from melanoma, prostate, colon and
HCC tumor-bearing animals treated with IB–MECA or Cl–IB–MECA (Bar-Yehuda
et al. 2008; Fishman et al. 2003, 2004; Madi et al. 2003).

Both the NF-κB and Wnt signal transduction pathways were deregulated upon
treatment with the A3AR agonists, demonstrating a definitive molecular mechanism.
Remarkably, Cl–IB–MECA induced marked apoptosis of tumor cells in the N1S1
HCC-bearing rats (Bar-Yehuda et al. 2008; Fishman et al. 2003, 2004; Madi et al.
2003).

In these studies, apoptosis of tumor cells was seen in the tunnel assay, and in-
creases in the expression levels of the proapoptotic proteins Bad, BAX and capase
3 were observed as well (Bar-Yehuda et al. 2008; Fishman et al. 2003, 2004; Madi
et al. 2003).

5.4.2 A3AR Agonists as Myeloprotective Agents

Some chemotherapeutic agents are known to induce myelosuppression, as mani-
fested by a decline in the number of white blood cells (especially neutrophils),
making patients susceptible to infections and sepsis. G-CSF is a hematopoietic
growth factor produced by endothelium, macrophages, and a number of other im-
mune cells, and its synthesis is induced by activation of the transcription factor
NF-κB. It stimulates the proliferation and differentiation of white blood cells. A
recombinant form of G-CSF has become a standard supportive therapy for cancer
patients to accelerate recovery from neutropenia after chemotherapy (Brandt et al.
1988; Rusthoven et al. 1998). In mice, IB–MECA induces G-CSF production and
increases white blood cell and neutrophil counts in naı̈ve and chemotherapy-treated
animals (Bar-Yehuda et al. 2002). The myelostimulative effect of IB–MECA was
also evidenced by high levels of G-CSF in bone marrow cells, splenocytes, and
serum derived from IB–MECA-treated mice. Moreover, in splenocytes derived from
IB–MECA-treated mice, increased expression levels of phosphoinositide 3-kinase
(PI3K), known to play a role in the regulation of cell survival and proliferation (Gao
et al. 2001), was noted. Consequently, the expression levels of PKB/Akt, IKK and
NF-κB were enhanced, resulting in G-CSF upregulation (Fig. 3).

The role of the A3AR and PI3K-NF-κB pathway in the production of G-CSF
was further confirmed by treating the mice with pertussis toxin, a Gi-protein inacti-
vator that interferes with the coupling of the receptor to the Gi protein. Splenocytes
derived from mice that were treated with IB–MECA and pertussis toxin did not up-
regulate NF-κB levels. Moreover, the NF-κB inhibitor pyrrolidine dithiocarbamate
(PDTC), known to suppress the release of IκB from the latent cytoplasmic form of
NF-κB, counteracted the effect of IB–MECA and prevented the increase in NF-κB
expression levels (Bar-Yehuda et al. 2002).

Taken together with the studies described in Sect. 5.4.1 above, these studies sug-
gest that activation of the A3AR by specific agonists induces differential effects
on normal and tumor cells to produce modulations of definitive signal transduction
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Fig. 3 Agonists for the A3 adenosine receptor (A3AR) induce granulocyte colony stimulating
factor (G-CSF) production via nuclear factor kappa B (NF-κB). Activation of A3AR in spleno-
cytes induces upregulation of phosphoinositide 3-kinases (PI3K) and its downstream target protein
kinase B (PKB)/Akt. The latter activates IκB kinase (IKK), which is responsible for the phospho-
rylation and ubiquitination of IκB. As a result, NF-κB translocates to the nucleus, where it induces
the transcription of G-CSF
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pathways that control cell growth regulatory mechanisms in the case of tumor cells
and growth factor production in the case of normal hematopoietic cells (e.g., bone
marrow cells and splenocytes).

6 Anticancer Activity of A3AR Antagonists

A very interesting area of application of A3AR ligands concerns cancer therapies.
The possibility that the A3AR plays an important role in the development of cancer
has aroused considerable interest in recent years (Fishman et al. 2002b; Gessi et al.
2008; Merighi et al. 2003). The A3AR subtype has been described in the regulation
of the cell cycle, and both pro- and antiapoptotic effects have been reported, depend-
ing on the level of receptor activation (Gao et al. 2001; Gessi et al. 2007; Jacobson
1998; Merighi et al. 2005a; Yao et al. 1997). However, based on the studies pre-
sented above, it is important to note that A3AR receptor activation appears to be
involved in the inhibition of tumor growth both in vitro and in vivo.

Based on the relationships between tumors, hypoxia and adenosine concentra-
tions, there are reports describing the potential utility of A3AR antagonists for
cancer treatment. Growing evidence from experimental and clinical studies points
to the fundamental pathophysiological role of hypoxia in solid tumors. Hypoxia is
the result of an imbalance between oxygen supply and consumption. Clinical inves-
tigations carried out over the last 15 years have clearly shown that the prevalence of
hypoxic tissue areas is a characteristic pathophysiological feature of solid tumors.
As the oxygen concentration decreases with increasing distance from the capillary,
cell proliferation rates and drug concentrations both decrease. These two factors
lead to resistance to anticancer drugs; firstly, because the majority of anticancer
drugs are only effective against rapidly proliferating cells; secondly, because ade-
quate levels of chemotherapy drugs have to reach the tumor cells from the blood
vessels. Hypoxia inhibits enzymes that are involved in the breakdown of adenosine
and increases the activities of those responsible for generating adenosine, thereby
resulting in an increase in extracellular and intracellular adenosine. The elevated
adenosine levels in response to hypoxia are not exclusive to tumor tissues, but, in
this context, the increase in adenosine is localized to the tumor microenvironment,
since the surrounding tissue is normally oxygenated (Blay et al. 1997). To survive
under hypoxic conditions, tumor cells run numerous adaptive mechanisms, such
as glycolysis, glucose uptake, and survival factor upregulation (Hockel and Vaupel
2001). Hypoxia-inducible factor (HIF) 1 is the most important factor involved in the
cellular response to hypoxia (Semenza 2003). It is a heterodimer composed of an
inducibly expressed HIF-1α subunit and a constitutively expressed HIF-1β subunit
(Epstein et al. 2001). HIF-1α and HIF-1β mRNAs are constantly expressed under
normoxic and hypoxic conditions (Wiener et al. 1996). However, during normoxia,
HIF-1α is rapidly degraded by the ubiquitin proteasome system, whereas exposure
to hypoxic conditions prevents its degradation (Minchenko et al. 2002; Semenza
2000). HIF-1α expression and activity are also regulated by the PI3K and MAPK



430 P. Fishman et al.

signal transduction pathways (Semenza 2002; Zhong et al. 2000). A growing body
of evidence indicates that HIF-1α contributes to tumor progression and metastasis
(Hopfl et al. 2004; Welsh and Powis 2003). Immunohistochemical analyses have
shown that HIF-1α is present in higher levels in human tumors than in normal tis-
sues (Zhong et al. 1999), and the levels of HIF-1α activity in cells correlate with
the tumorigenicity and angiogenesis in nude mice (Carmeliet et al. 1998). Tumor
cells lacking HIF-1α expression are markedly impaired in their growth and vas-
cularization (Jiang et al. 1997; Kung et al. 2000; Maxwell et al. 1997). Therefore,
since HIF-1α expression and activity appear central to tumor growth and progres-
sion, HIF-1α inhibition becomes an appropriate approach to treating cancer (Kung
et al. 2000; Ratcliffe et al. 2000; Semenza 2003). Hypoxia creates conditions that,
on the one hand, are conducive to the accumulation of extracellular adenosine, and
on the other hand stabilize hypoxia-inducible factors, such as HIF-1α (Fredholm
2003; Hockel and Vaupel 2001; Linden 2001; Minchenko et al. 2002; Semenza
2000; Sitkovsky et al. 2004). In particular, the correlation between AR stimulation
and HIF-1α expression modulation in hypoxia has recently been investigated. It has
been reported that adenosine increases HIF-1α protein accumulation in response to
hypoxia in a dose- and time-dependent manner in human melanoma, glioblastoma
and colon carcinoma through the involvement of the cell surface A3AR (Merighi
et al. 2005b, 2006, 2007). The signaling pathway involved in A3AR-mediated accu-
mulation of HIF-1α in hypoxia involves MAPKinase activity (Merighi et al. 2005b,
2006, 2007). It is well established that HIF-1α plays a major role in VEGF expres-
sion and angiogenesis. Furthermore, there is strong evidence that adenosine released
from hypoxic tissues is an important player in driving the angiogenesis, by enhanc-
ing vascular growth through various mechanisms including the release of different
factors, with VEGF being one of the most relevant (Adair 2005). A role for A2BARs
in angiogenesis through an HIF-1α -independent intracellular pathway has been ob-
served in human endothelial and smooth muscle cells (Feoktistov et al. 2004), but
involvement of HIF-1α with the A3AR has been demonstrated in different cancer
cell lines (Merighi et al. 2005b, 2006, 2007). In particular, activation of the A3AR
subtype in glioblastoma and colon carcinoma cells stimulates VEGF expression in
an HIF-1α-dependent manner (Merighi et al. 2006, 2007). In addition, A3AR acti-
vation results in increased expression of another angiogenic factor, angiopoietin 2,
in melanoma cells and HMC-1 cells derived from a highly malignant, undifferen-
tiated human mastocytoma cancer (Feoktistov et al. 2003; Merighi et al. 2005b).
This may be relevant because the effect of adenosine on new capillary formation is
potentiated by the concomitant stimulation of A2BARs and A3ARs acting on VEGF
and angiopoietin 2 levels, respectively (Feoktistov et al. 2003). Recent studies in-
dicate that pharmacologic inhibition of HIF-1α and particularly of HIF-regulated
genes, which are important for cancer cell survival, may be more advantageous than
HIF-gene-inactivation therapeutic approaches (Mabjeesh et al. 2003; Merighi et al.
2005b; Sitkovsky et al. 2004). In this regard, by blocking hypoxia-induced increases
in HIF-1α, angiopoietin 2 and VEGF protein expression in the tumor microenviron-
ment, A3AR antagonists may represent a novel approach to the treatment of cancer.
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7 Summary and Conclusions

Adenosine, the natural ligand of the four AR subtypes, affects all of these receptors
under neoplastic conditions due to its mass accumulation in the tumor microenvi-
ronment. Its role in maintaining pro- and anticancer effects via each of its receptor
subtypes was extensively reviewed in this chapter. Based on the studies presented in
this review, it appears that all the AR subtypes are possible targets for the develop-
ment of novel approaches to the treatment of cancer.

The antitumorigenic role of A1AR in cancer was mainly studied in A1AR-
deficient mice, demonstrating that activation of the A1AR on microglia inhibits the
growth of glioblastomas.

Based on a number of reports, it has been suggested that the A2AAR blocks an-
titumor immunity. In the tumor environment of hypoxia and high adenosine levels,
activation of A2AARs leads to T-cell tolerance, inhibition of effector immune cells
(including T cells, CTLs, NK cells, dendritic cells, and macrophages), an increase
in regulatory T cells, and a decrease in proinflammatory cytokines, all of which
thwart antitumor immunity and thus encourage tumor growth. Importantly, A2AAR-
null mice have been shown to more readily reject melanoma and lymphoma tumor
challenge and to also respond to vaccines. Moreover, treating mice with A2AAR an-
tagonists (including caffeine) leads to increased tumor rejection by CD8+ T cells.
For all these reasons, it was suggested that the addition of A2AAR antagonists to
cancer immunotherapeutic protocols may enhance tumor immunotherapy. Interest-
ingly, the safety of such compounds has already been shown in trials employing
A2AAR antagonists for the treatment of Parkinson’s disease.

The role of the A2BAR in cancer is not clear. On the one hand, under conditions
of hypoxia and high adenosine levels in the tumor microenvironment, activation
of A2BARs leads to the release of angiogenic factors that promote tumor growth,
suggesting that the use of A2BAR antagonists may represent a novel approach to
the treatment of cancer. On the other hand, the activation of A2BARs exclusively
expressed on the surface of breast cancer cell line MDA-MB-231 cells exerts an in-
hibitory signal mediated via the inhibition of ERK 1/2 phosphorylation, suggesting
that A2BAR agonists may produce anticancer effects. The resolution of this dilemma
will initially come from testing selective ligands for the A2BAR in in vitro and in
vivo studies in various cancer cell lines and tumor-bearing animals, and then, de-
pending on the results of these studies, perhaps in humans with cancer.

The unique characteristics of the A3ARs that are highly expressed in tumor cells
suggest that this receptor subtype is an attractive target to combat cancer. Targeting
the A3AR with synthetic agonists results in cell cycle arrest and apoptosis towards
different cancer cells both in vitro and in vivo. Preclinical and Phase I studies show
that these agonists are safe and well tolerated in humans and thus may be con-
sidered possible therapeutic agents for certain neoplasmas such as HCC, where
a significant apoptotic effect was demonstrated. However, by blocking hypoxia-
induced increases in HIF-1α, angiopoietin 2 and VEGF protein expression in the
tumor microenvironment, A3AR antagonists may represent a novel approach for
the treatment of cancer.
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