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Abstract
Sickle cell disease (SCD) is a debilitating hemolytic genetic disorder with high morbidity and
mortality affecting millions of individuals worldwide. Although SCD was discovered more than a
century ago, no effective mechanism-based prevention and treatment are available due to poorly
understood molecular basis of sickling, the fundamental pathogenic process of the disease. SCD
patients constantly face hypoxia. One of the best-known signaling molecules to be induced under
hypoxic conditions is adenosine. Recent studies demonstrate that hypoxia-mediated elevated
adenosine signaling plays an important role in normal erythrocyte physiology. In contrast,
elevated adenosine signaling contributes to sickling and multiple life threatening complications
including tissue damage, pulmonary dysfunction and priapism. Here, we summarize recent
research on the role of adenosine signaling in normal and sickle erythrocytes, progression of the
disease and therapeutic implications.

In normal erythrocytes, both genetic and pharmacological studies demonstrate that adenosine can
enhance 2,3-bisphosphoglycerate (2,3-BPG) production via A2B receptor (ADORA2B) activation,
suggesting that elevated adenosine has an unrecognized role in normal erythrocytes to promote O2
release and prevent acute ischemic tissue injury. However, in sickle erythrocytes, the beneficial
role of excessive adenosine-mediated 2,3-BPG induction becomes detrimental by promoting
deoxygenation, polymerization of sickle hemoglobin and subsequent sickling. Additionally,
adenosine signaling via the A2A receptor (ADORA2A) on invariant natural killer T (iNKT) cells
inhibits iNKT cell activation and attenuates pulmonary dysfunction in SCD mice. Finally, elevated
adenosine coupled with ADORA2BR activation is responsible for priapism, a dangerous
complication seen in SCD.

Overall, the research reviewed here reveals a differential role of elevated adenosine in normal
erythrocytes, sickle erythrocytes, iNK cells and progression of disease. Thus, adenosine signaling
represents a potentially important therapeutic target for the treatment and prevention of disease.
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I. Introduction
1. Definition of SCD

SCD is a devastating genetic hemolytic disorder associated with a high morbidity and
mortality. It is the most prevalent autosomal recessive disorder affecting millions worldwide
with approximately 300,000 infants born each year with SCD [1, 2]. In 2004, there were
about 113,000 hospitalizations for SCD in the United States and the total hospital costs were
approximately $488 million [3]. Therefore, SCD accounts for considerable human suffering
and medical costs. The pathophysiology of SCD has long been speculated to be due to
microvascular occlusion in the setting of erythrocyte sickling and adhesion due to constant
hypoxia [4–6]. However, the specific factors and signaling pathways involved in the
initiation of sickling and its progression remain unidentified. As a result we lack effective
preventative approaches, or mechanism-specific treatment options for the disease.

2. Multiple Milestones Established by the Discoveries of SCD in Modern Medicine
More than a century ago Dr. James B. Herrick, an attending physician at Chicago
Presbyterian Hospital and professor of medicine at Rush Medical College in Chicago, noted
peculiar elongated and sickle shaped RBCs of a patient who was admitted to Chicago
Presbyterian Hospital with anemia. The patient, Walter Noel, was a dental student from
Grenada. These observations disclosed the cellular abnormality responsible for the anemia
and provided the condition its name and a convenient diagnostic criterion [7].
Approximately 40 years later the noted chemist, Dr. Linus Pauling of Caltech, reported
experiments showing that β-globin from patients with SCD had an altered electrophoretic
mobility in comparison with normal β-globin[8]. Pauling concluding that SCD resulted from
a molecular abnormality in β-globin and coined the term “molecular disease”. A few years
later Vernon Ingram of Cambridge University identified the specific amino acid substitution
that accounted for the altered electrophoretic mobility originally observed by Pauling [9].
Many years later Yuet W. Khan of the University of California San Francisco discovered a
restriction fragment length polymorphism that resulted from the single nucleotide change in
the genome of individuals harboring the gene encoding the mutant β-globin [10]. The
findings of Khan provided a convenient genetic test for carrier detection and disease
prevention through genetic counseling. Taken together, using electrophoresis, sequencing
and enzyme digestion, SCD is the first disease identified at molecular level and the specific
mutation has been identified.

3. HbS polymerization-mediated erythrocyte sickling is the primary central cause for the
pathophysiology SCD

The substitution of valine for glutamic acid at position six in β-globin creats a hydrophobic
patch in the HbS tetramer that results in a propensity to polymerize and form long polymers
that distort the shape of the RBC [1, 11]. The tendency to polymerize is more pronounced
for the deoxygenated form of HbS. HbS polymerization results in the distortion of the red
blood cells (RBCs) into a sickle shape [1, 11]. Sickle cells are abnormally rigid, have
reduced deformability and are easily destroyed. Due to membrane damage the life span of
the RBCs of SCD patients is shortened and this leads to chronic intravascular and
extravascular hemolysis and chronic hemolytic anemia [12]. In addition, damaged RBCs
have abnormal surfaces that result in increased adherence to and damage of vascular
endothelium, a process that enhances acute vaso-occlusion. The persistent and recurring
ischemic-hypoxic mediated sickling and increased erythrocyte damage result in chronic
injury to multiple organs and leads to multiple key pathophysiological features in SCD
patients [1, 5, 13–16]. These include intermittent painful vaso-occlusive crises, painful
episodes of priapism (an erectile disorder discussed below), life-threatening splenic
autoinfarction, acute chest syndrome, stroke, pulmonary hypertension, and accumulative
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multi-organ damage and dysfunction and ultimately, shortened lifespan. Thus, patients with
SCD suffer from tissue damage and life-threatening complications primarily caused by the
polymerization of HbS and the resulting erythrocyte sickling. Despite significant advances
in our knowledge of the molecular defect associated with HbS there are still no preventative
approaches or mechanism-specific treatment options for the erythrocyte sickling and other
key complications seen in the disease [17]. Thus, new approaches to the prevention and
treatment of SCD are desperately needed.

II. Adenosine metabolism and signaling
1. Adenosine production and degradation

Adenosine is generated intracellularly and extracellularly by degradation of adenine
nucleotides. Under normal physiological conditions, intracellular and extracellular levels of
adenosine are in the nanomolar range, but they rise into millimolar concentrations under
stressful conditions like hypoxia, ischemia and cellular damage. Intracellularly, adenosine is
formed predominantly by dephosphorylation of adenosine monophosphate (AMP), catalyzed
by intracellular 5'-nucleotidase [18, 19]. Hydrolysis of s-adenosyl-homocysteine also
contributes to intracellular adenosine formation [20]. Inside the cell, adenosine is
metabolized by two enzymes, adenosine kinase (ADK) and adenosine deaminase (ADA).
ADK phosphorylates adenosine to AMP, and is critical for regulating intracellular levels of
adenosine and maintaining intracellular levels of adenine nucleotides. ADA catalyses the
irreversible conversion of adenosine to inosine. Intracellular adenosine homeostasis is also
maintained by bi-directional equilibrative nucleoside transporters (ENTs) in the plasma
membrane, through facilitated diffusion of adenosine in the direction of the concentration
gradient [20].

Adenosine is also generated extracellularly by degradation of adenine nucleotides. ATP is
released from neurons as neurotransmitters, and also released from cells through connexin
hemichannels, and when the cell membrane is subjected to mechanical stress [21]. ATP is
also released from cells in response to hypoxia [18, 19]. Of relevance to this review, ATP
release from erythrocytes is increased in response to malarial infection and contributes to
parasite invasiveness [22–24]. Intracellular ATP levels are in millimolar range, hence when
the cell membrane is damaged or lysed, extracellular ATP levels increase substantially.
Extracellular adenine nucleotides are dephosphorylated by ectonucleotidases.
Ectonucleotidases such as CD39, hydrolyse ATP and ADP to AMP. Ecto-5’-nucleotidase
(CD73) catalyses dephosphorylation of AMP to adenosine [25]. Extracellular adenosine is
transported into the cells through ENTs, depending upon concentration gradient, and is also
degraded to inosine by intracellular ADA [20]. Adenosine metabolism is depicted in Figure
1.

2. Adenosine signaling via four adenosine receptors
Extracellular adenosine affects physiological and pathological processes on target cells by
signaling through four different receptors including ADORA1, ADORA2A, ADORA2B and
ADORA3. All four receptors are G-protein coupled and each has a distinct affinity for
adenosine and a distinct cellular and tissue distribution. ADORA1 and ADORA3 couple to
inhibitory G-protein, Gi, to inhibit adenylyl cyclase that results in decreased cyclic AMP
[26] levels. A2A and A2B couple to stimulatory G-protein, Gs, to activate adenylyl cyclase
that results in increased cAMP levels [20]. Thus, adenosine is a signaling nucleoside that
elicits many physiological and pathological effects by engaging membrane receptors on
multiple cell types [18].
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III. Novel role of adenosine signaling in normal and sickle erythrocytes
Recent studies have revealed a previously unrecognized role of adenosine signaling in
normal and sickle erythrocytes. The expression of adenosine receptors on erythrocytes and
the role of adenosine signaling via its receptor in normal erythrocyte physiology and sickle
pathology will be thoroughly reviewed in this section.

1. Role of adenosine signaling normal erythrocyte physiology
1a) Role of adenosine in 2,3-BPG induction in normal mouse erythrocytes via
ADORA2B Activation—Adenosine is a signaling nucleoside that elicits many
physiological effects by engaging membrane receptors [18]. However, nothing is known
about the functions of adenosine signaling on normal erythrocyte physiology until recent
studies revealing functional role of adenosine signaling in regulation of production of 2,3-
BPG, an erythroid specific metabolite that induces O2 release from Hb. Zhang et al. [27]
demonstrated that treatment of normal mature primary mouse erythrocytes with 5′-N-
ethylcarboxamidoadenosine (NECA), a potent, nonmetabolizable adenosine analog,
stimulated an increase in 2,3-BPG concentrations, indicating that adenosine can directly
induce 2,3-BPG levels in mature mouse RBCs. NECA-mediated induction of 2,3-BPG in
normal mouse RBCs was prevented by theophylline, a broad-spectrum adenosine receptor
antagonist, indicating that induction of 2,3-BPG in erythrocytes by adenosine is mediated
through adenosine receptors. Additional experiments were conducted using RBCs from mice
deficient in each of the four different adenosine receptors. RBCs isolated from mice
genetically deficient in Adora1, Adora2a and Adora3, or from wild type (WT) mice showed
similar increases in 2,3-BPG concentration after treatment with NECA. By contrast, NECA
did not induce 2,3-DPG in RBCs from mice genetically deficient in Adora2b. Finally,
hypoxia-mediated induction of 2,3-BPG was significantly decreased in RBCs from
ADORA2B-deficient mice. These results provide strong genetic evidence that ADORA2B
signaling is required for hypoxia-mediated induction of 2,3-BPG in normal mouse RBCs.
Overall, functional studies using both pharmacologic and genetic approaches revealed an
unrecognized role of adenosine signaling via ADORA2B activation in induction of 2,3-DPG
production.

Ib) ADORA2B is expressed in normal mouse erythrocytes—There are limited
studies available to directly characterize adenosine receptor expression profiles in red blood
cells. Extending functional studies, immunostaining with A2BR-specific antibodies
confirmed that A2BR was expressed on isolated wild type (WT) mouse erythrocytes but not
in those from A2BR-deficient mice [27]. This is the only attempt to characterize the
adenosine receptors in RBCs using this method.

Ic) Protein kinase A functions downstream of ADORA2B responsible for 2,3-
DPG induction in normal mouse erythrocytes—ADORA2B is commonly coupled to
adenylyl cyclase by the stimulatory G-protein subunit (Gαs) and increases intracellular
cAMP, which activates PKA. Zhang et al. [27] demonstrated that NECA induced cAMP
production in RBCs from WT mice, but not in those from ADORA2B-deficient mice.
Moreover, treatment of normal mouse RBCs with H-89, a specific, potent PKA inhibitor,
significantly inhibited NECA-mediated induction of 2,3-BPG. These findings suggest that
ADORA2B-mediated cAMP-dependent activation of PKA is responsible for adenosine-
mediated induction of 2,3-BPG in mouse RBCs.

1d) ADORA2B signaling-mediated PKA activation underlies 2,3-BPG induction
in human RBCs—Similar to mouse studies, a role for adenosine signaling in elevated 2,3-
BPG was supported by experiments showing that NECA stimulates an increase in 2,3-BPG
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levels in a dose- and time-dependent manner in primary cultured human RBCs from healthy
individuals. NECA-stimulated induction of 2,3-BPG was inhibited by theophylline and by
an ADORA2B antagonist (MRS1754), but not by other adenosine receptor antagonists
tested (PSB36, SCH442416 and MRS3777, antagonists of ADORA1, ADORA2A,
ADORA3 respectively). The ADORA2B agonist BAY 60-6583, but not the ADORA2A
agonist CGS21680, induced 2,3-DPG levels in a dose-dependent manner in RBCs [27].
Finally, H-89, PKA specific inhibitor, significantly reduced NECA-induced 2,3-DPG
induction in normal human erythrocytes [27]. As in mice, ADORA2B is specifically
expressed on normal human erythrocytes and the ADORA2B-mediated PKA activation is
required for adenosine-mediated induction of 2,3-DPG in normal human RBCs [27].

2. Detrimental role of excessive adenosine signaling in erythrocyte sickling
Recent studies demonstrate the adenosine levels are elevated in the circulation of SCD
Berkley mice and humans with SCD and increased adenosine plays an important role in the
sickling process. We will review these findings in this section.

2a) Metabolomic profiling revealed that both adenosine and 2,3-BPG levels
are elevated in the circulation of SCD Berkeley mice—It is well-know that hypoxic
conditions promote deoxygenation and subsequent polymerization of HbS resulting in RBC
sickling, hemolysis, vasocclusion and eventual end organ damage [11, 28]. Multiple factors
and metabolites are altered in response to hypoxia and may contribute to the pathogenesis of
SCD. Using high throughput metabolomic profiling, recent studies identified several
metabolites, including adenosine and 2,3-BPG, that are highly elevated in the blood of SCD
Berkley mice. These mice are a well-accepted animal model of SCD in which the
endogenous mouse globin genes have been replaced with human α and βS globin genes [29,
30]. These mice have a relatively severe form of SCD resembling that seen in humans.

2b) Elevated adenosine contributes to sickling in SCD Berkley mice—
Metabolomic profiling revealed that adenosine was among the metabolites most highly
elevated in the whole blood of SCD transgenic mice compared to controls [27]. Subsequent
HPLC measurement confirmed the finding of metabolomic profiling and further showed that
the adenosine concentration was also significantly elevated in the plasma of SCD Berkley
mice. To determine whether increased adenosine levels contribute to sickling in vivo, SCD
Berkley mice were treated with polyethylene glycol–modified adenosine deaminase (PEG-
ADA), a well tolerated drug that has been successfully used to lower adenosine levels in
ADA-deficient humans and mice. Following 8 weeks of PEG-ADA treatment, blood smear
analysis and flow cytometry showed that the percentages of sickled RBCs and the relative
abundance of reticulocytes were significantly reduced. Intravascular hemolysis was also
signficantly reduced by PEG-ADA treatment as demonstrated by decreased plasma
hemoglobin, increased plasma haptoglobin and decreased total billirubin concentrations.
Consistent with improved RBC survival, the half-life of RBCs in SCD transgenic mice was
increased from 2 d to 4 d following chronic PEG-ADA treatment. Complete blood count
analysis showed that chronic PEG-ADA treatment significantly increased the total number
of RBCs, hemoglobin concentration and hematocrit and lowered the total number of white
blood cells. The increase in hematocrit presumably reflects the corresponding increase in
RBC numbers. Red cell distribution width (RDW) was also significantly reduced by PEG-
ADA treatment, suggesting that the sizes of RBCs were more uniform and regular in treated
than untreated mice. These results show that decreased sickling, reduced hemolysis and
prolonged lifespan of RBCs in SCD transgenic mice treated with PEG-ADA resulted in
significantly increased erythrocyte number and total hemoglobin content and decreased
inflammatory response.
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2c) The role of elevated adenosine in the acute sickle crisis—Hypoxia followed
by reoxygenation triggers an acute sickle crisis in the Berkeley mouse model of SCD.
Because hypoxia is characterized by elevated adenosine, we were not surprised to find that
plasma adenosine concentrations in SCD transgenic mice increased significantly following 2
h hypoxia and 4 h reoxygenation. Treatment with PEG-ADA before hypoxia-reoxygenation
prevented the increase in adenosine concentrations, reduced sickling, and attenuated
hemolysis, as evidenced by decreased plasma hemoglobin and billirubin concentrations [27].
Pretreatment with PEG-ADA also significantly prevented the hypoxia-reoxygenation–
induced decrease in RBC numbers, and hematocrit and also attenuated the hypoxia-
reoxygenation–induced increase in RDW and in WBC numbers. These findings provide
strong evidence that elevated adenosine levels contribute to increased erythrocyte sickling
and hemolysis during an acute sickle crisis event triggered by hypoxia-reoxygenation.

In addition to sickling and hemolysis, vaso-occlusion is a key endpoint of an acute crisis
event [28]. For this purpose we assessed the effect of PEG-ADA therapy on hypoxia-
reoxygenation-induced lung inflammation, a well-accepted measure of vaso-occlusion.
Immunostaining with neutrophil-specific antibodies showed that hypoxia-reoxygenation
increased neutrophil infiltration in the lungs of SCD mice compared to normoxic conditions
[27]. PEG-ADA treatment reduced neutrophil infiltration in the lungs after hypoxia-
reoxygenation. PEG-ADA treatment also significantly decreased the abundance of
proinflammatory cytokines in the lungs of SCD transgenic mice, including interferon (IFN)-
γ, interleukin (IL)-6, IL-1β and granulocyte-macrophage colony-stimulating factor (GM-
CSF) [27]. These findings indicate that elevated adenosine levels not only underlie sickling
induced by hypoxia-reoxygenation but also contribute to hypoxia-reoxygenation-induced
lung inflammation, a major outcome of vaso-occlusion in acute sickle crisis.

2d) ADORA2B mediated 2,3-BPG induction underlies adenosine-mediated
sickling in SCD Berkley mice—2,3-BPG is an erythrocyte-specific metabolite that
binds to hemoglobin and decreases its oxygen-binding affinity. Previous studies have shown
that 2,3-BPG concentrations are increased in the RBCs of individuals with SCD and
contribute to erythrocyte sickling [31–33]. Thus, it is possible that elevated erythrocyte 2,3-
BPG in SCD mice contributes to adenosine-induced sickling. In support of this hypothesis,
Zhang et al. [27] demonstrated that lowering adenosine concentrations in SCD transgenic
mice by chronic PEG-ADA treatment resulted in a decrease in 2,3-BPG concentrations in
RBCs, increased hemoglobin oxygen-binding affinity measured by an increased percentage
of saturated hemoglobin and attenuated chronic sickling. We also found that 2,3-BPG levels
increased in response to hypoxia-reoxygenation and that pretreatment with PEG-ADA
inhibited this elevation. These results indicate that adenosine is responsible for increased
2,3-BPG concentrations in erythrocytes from SCD transgenic mice and suggest that elevated
2,3-DPG concentrations contribute to both chronic sickling and acute sickle crisis in these
mice.

2e) In vivo effects of ADORA2B antagonism in SCD Berkley mice—To determine
the in vivo effect of ADORA2B-mediated induction of 2,3-BPG on sickling in SCD Berkley
mice, we treated these mice for 8 weeks with the A2BR-specific antagonist PSB1115. Like
PEG-ADA treatment, PSB1115 treatment reduced both 2,3-BPG concentrations in RBCs
and the percentage of cells that were sickled. Moreover, chronic treatment with PSB1115
increased the half-life of RBCs in SCD transgenic mice from 2 d to 5.5 d, a slightly greater
improvement than that seen in mice treated with PEG-ADA [27]. In addition, complete
blood count analysis showed significant improvement with PSB1115 treatment, including
increased total RBC numbers and hemoglobin concentration as well as decreased total WBC
numbers, percentage of reticulocytes and RDW. Overall, these studies provide in vivo
evidence that A2BR-mediated induction of 2,3-BPG contributes to erythrocyte sickling.
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2f) Adenosine is elevated in the circulation of SCD patients and contributes to
sickling by induction of 2,3-BPG in human sickle erythrocytes via ADORA2B
—Similar to the mouse in vivo findings, both adenosine and 2,3-BPG levels are elevated in
patients with SCD. Functional studies demonstrated that hypoxic conditions resulted in an
induction of 2,3-BPG, which was attenuated by PEG-ADA, MRS1754 (an ADORA2B
inhibitor), H-89 or glycolate (an inhibitor of 2,3-BPG production) treatment to a similar
degree, indicating that adenosine induces 2,3-BPG through ADORA2B signaling. By
contrast, NECA stimulated a further increase in 2,3-BPG under hypoxic conditions. Finally,
treatment with PEG-ADA, MRS1754, H-89 or glycolate significantly reduced the
percentage of sickled cells, whereas NECA treatment significantly enhanced the percentage
of sickled cells under hypoxic conditions [27]. Overall, these findings show that the
induction of 2,3-BPG by adenosine-mediated ADORA2B activation followed by
downstream signaling through PKA is a major underlying mechanism in hypoxia-mediated
erythrocyte sickling in RBCs from individuals with SCD.

2g) Elevated adenosine-mediated ADORA2B activation contributes to multi-
tissue damage in SCD Berkley mice—The elongated and abnormally shaped RBCs
associated with SCD result in obstruction of blood flow in capillary beds of many tissues,
resulting in end organ damage [11]. Histological analysis showed that vascular congestion,
vascular damage and necrosis in lung, liver and spleen of SCD transgenic mice were
significantly improved following chronic treatment with PEG-ADA. Consistent with these
histological improvements, PEG-ADA treatment of SCD Berkley mice significantly
decreased the elevated heme content in all tissues examined including lung, liver and spleen.
The ratio of spleen weight to body weight was significantly reduced after chronic PEG-ADA
treatment. Because SCD transgenic mice show marked pathological changes in their kidneys
[30] and because approximately 25% of people with SCD develop renal dysfunction with
proteinuria [34], chronic PEG-ADA treatment reduced kidney injury and decreased
proteinuria and increased urine osmolality of SCD Berkley mice. Much like chronic PEG-
ADA enzyme therapy, chronic treatment with PSB1115 reduced vascular congestion,
vascular damage and necrosis in multiple tissues [27]. These studies provide in vivo
evidence for the detrimental role of excess adenosine coupled with ADORA2B signaling in
the pathophysiology of SCD and for the beneficial effects of chronic PEG-ADA enzyme
therapy and ADORA2B antagonism.

3. Working model of adenosine signaling in normal and sickle erythrocytes
Numerous studies indicate that elevated adenosine signaling via ADORA2B protects against
tissue injury in multiple well-accepted models of tissue hypoxia [18, 35, 36]. Thus, our
studies raised a novel, but compelling working model that for normal healthy individuals
increased adenosine is physiologically a beneficial process that promotes O2 release from
Hb to hypoxic tissues to maintain normal tissue function. From this perspective, adenosine
stimulated oxygen release from RBCs represents a previously unrecognized beneficial
consequence of the hypoxic adenosine response. However, for the individual with SCD this
process is detrimental because the increased adenosine promotes O2 release, increased
formation of deoxyHbS and its subsequent polymerization leading to sickled RBCs,
hemolysis and multiple tissue injury (Figure 2).

IV. Excessive adenosine signaling via ADORA2B contributes to priapism
and penile fibrosis-a serious complication of SCD
1. Definition of priapism

Priapism is defined as abnormal prolonged and painful penile erection occurring
unassociated with sexual interest [37]. About 40% of men with SCD experience priapism
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[15, 38, 39]. The disorder is dangerous and urgent given its association with erectile tissue
damage and erectile dysfunction. Current strategies to manage the disorder are poor due to
lack of fundamental understanding of the etiology and pathophysiology of priapism.

2. An unexpected priapic phenotype in adenosine deaminase deficient mice leads to a
novel discovery of novel role of excessive adenosine in priapism in SCD Berkley mice

A potential role for adenosine in priapism was revealed by an unexpected priapism
phenotype in adenosine deaminase (ADA)-deficient mice. ADA is a purine metabolic
enzyme that catalyzes the conversion of adenosine to inosine. As a result of ADA deficiency
these mice exhibit a marked increase in adenosine concentrations, particularly in the penis,
which has the highest level of adenosine among all the tissues examined. These mice display
features of priapism seen in humans, including spontaneous prolonged penile erection,
increased vascular relaxation in response to neurostimulation and penile fibrosis. The
spontaneously occurring priapism observed with ADA-deficient mice is quickly relieved by
intraperitoneal injection of PEG-ADA. This observation provided the initial clue that
elevated adenosine in the penes of Ada−/− mice was responsible for the priapism phenotype
presented by these mice. ADA-deficient mice represent a novel and important animal model
to study the role of adenosine signaling in priapism. These findings are strongly supported
by earlier studies in multiple animal models, including humans, showing that intracavernous
injection of adenosine resulted in tumescence and penile erection. Adenosine was shown to
increase intracavernous pressure by local injection in multiple animal models [40–45],
including humans [46]. Finally, to determine the general pathological significance of excess
adenosine in priapism, SCD Tg mice, a well-accepted animal model of SCD displaying
priapism [29, 47], were used. These studies further demonstrated that increased adenosine
also contributes to priapism in SCD Berkley mice [48–50].

3. ADORA2B on penile vascular smooth muscle cells is responsible for adenosine-induced
relaxation of corpus cavernosum in both ADA-deficient mice and SCD Berkley mice

Using 4 adenosine receptor-deficient mice, the studies revealed that the ADORA2B is
essential for adenosine-dependent cavernosal smooth muscle relaxation and penile erection.
Supporting this finding, RT-PCR studies confirmed that ADORA2B is the major receptor
expressed in cavernosal smooth muscle cells. More importantly, genetic and
pharmacological studies demonstrated that ADORA2B-mediated cAMP and cGMP
induction is required for excess adenosine induced priapism seen in both ADA-deficient
mice and SCD Berkley mice. Thus, these studies reveal a general contributory role of
adenosine and ADORA2B signaling in priapism.

4. The role of adenosine signaling in penile fibrosis associated with priapism
Penile fibrosis is dangerous and urgent complication of priapism that leads to erectile
dysfunction [51]. Recent studies demonstrated that elevated adenosine levels in penile tissue
contribute to vascular damage and penile fibrosis associated with priapism and further
studies have shown that chronic reduction of adenosine by PEG-ADA enzyme therapy
prevented and attenuated the progression of vascular damage [52] and the increased
profibrotic gene expression associated with penile fibrosis in both ADA-deficient mice and
SCD Tg mice [53]. Mechanistically, using both pharmacologic and genetic tools, the studies
revealed that TGF-beta functions downstream of the ADORA2BR and is responsible for
excess adenosine-mediated penile fibrosis seen in both lines of mice [53]. Overall, these
studies have identified a previously unrecognized novel application of PEG-ADA as a safe,
effective and mechanism-based drug to treat and prevent priapism and penile fibrosis in
animals and provide a strong justification for clinical trials in men suffering from priapism
(Figure 3).
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IV. Adenosien signaling via ADORA2A inhibits invariant natural killer T cell
activation and prevents lung dysfunction in IN NY1DD SCD mice
1. Protective role of ADORA2A in NY1DD mouse model of SCD by inhibition of natural
killer cell activation

In contrast to the detrimental effects of adenosine signaling via ADORA2B in sickling,
multiple tissue damage and priapism, recent studies from Dr. Joel Linden’s group have
demonstrated the beneficial effects of activation of ADORA2A is to inhibit invariant natural
killer T (iNKT) cell activation and subsequent decreases pulmonary dysfunction in the
NY1DD mouse model of SCD [54]. Briefly, these studies have shown that iNKT cells are
activated in transgenic mice expressing human Hb S (NY1DD), a mild mouse model of SCD
compared to SCD Berkley mice. Similarly, iNKT cells were also activated in the patients
with SCD. Functional studies show that activated iNKT cells contributes to lung injury in
NU1DD mice during acute sickle crisis induced by experimental hypoxia and
reoxygenation. Pharmacological studies demonstrated that activation of the ADORA2A in
iNKT cells with a specific receptor agonist inhibits iNKT cell function and reduces lung
injury in these mice.

2. Novel adenosine-based therapies in SCD
Adenosine functions as a signaling molecule responsible for multiple pathophysiological
roles in SCD by activating various receptors on different cell types. For example, on
erythrocytes, activation of ADORA2B contributes to sickling by induction of 2,3-BPG; on
penile vascular smooth muscle cells, activation of ADORA2B contributes to priapism by
induction of cAMP and cGMP and subsequent relaxation of corpus cavernosum; on iNKT
cells, activation of ADORA2A inhibits their activation and prevents pulmonary
inflammation and dysfunction. These findings have shown that adenosine has differential
roles in the pathogenesis of SCD and indicate that targeting on adenosine signaling in the
treatment of SCD is complicated. PEG-ADA is a safe drug and has been used effectively for
more than two decades to treat ADA-deficient individuals and mice to lower elevated
adenosine levels [55, 56]. PEG-ADA is well-tolerated by ADA-deficient humans and mice
and has resulted in no obvious side effects in SCD Berkeley mice. In view of the potentially
beneficial effects of adenosine-mediated ADORA2A activation on iNKT cells, an
ADORA2B antagonist may be a better choice than PEG-ADA, because it will specifically
block only one of the four adenosine receptors without the loss of potentially beneficial
effects resulting from the activation of other adenosine receptors on different cell types
(Figure. 3). Because differential role of adenosine signaling in SCD, it will be interesting to
conduct preclinical studies to assess the efficacy and safety of ADORA2A agonists and
ADORA2B antagonists in combined treatment in these mouse models of SCD.

1. Sickle cell trait, purinergial signaling and malaria Individuals with sickle cell trait are
resistant to malaria infection

The HbS mutation is not uniformly distributed among the world population. Instead the
mutation is concentrated among inhabitants of regions where malaria infection is or was
rampant [57]. For example the frequency of sickle cell trait (SCT) among members of
African tribes in malarious regions can be as high as 40%. A high frequency of carriers is
also present in portions of Italy, Greece and India where malaria was prevalent in the past.
The genetic puzzle was originally stated by Allison in his seminal paper [57] “how can the
sickle-cell gene be maintained at such a high frequency among so many people in spite of
the constant elimination of these genes through deaths from the anemia?”
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Data originally provided by Allison, confirmed and extended by many others, shows that
retention of the HbS allele in the human gene pool can be explained by the survival benefit
afforded to heterozygous individuals living in malarious regions [58–61]. A particularly
vivid example comes from a detailed study of a cohort of 1022 Kenyon children living near
Lake Victoria in a region where malaria is prevalent [62]. Childhood mortality between the
ages of 2–16 months was determined for individuals homozygous for the HbS allele (SS),
heterozygous for the HbS allele (AS, carriers) or wild type individuals (AA). As expected
the highest mortality was observed among those with SCD. However, individuals with SCT
(AS, carriers) had a significantly greater survival rate than wild type individuals (AA). If
carrier status confers protection against malaria it would be predicted that the HbS allele
would be present at increased frequency in regions where malaria transmission is, or has
been, intense. This prediction is born out across much of central Africa where malaria
transmission is rampant. Sickle cell heterozygote frequencies as high as 20% are also seen in
regions of India and Greece that were formerly heavily malarious [63]. Results from genetic
linkage studies indicate that the HbS mutation has occurred independently at least five times
[64]. Thus, the high levels of HbS alleles occurring in Africa and India appear to represent
independently occurring HbS mutations. Tens of thousands of individuals have been studied
from around the world and high frequencies of the HbS allele have not been observed in any
population that lacks a history of malaria infection. Although the relationship between HbS
carrier status and resistance to malaria is now well established and well accepted, the
biochemical basis for this relationship is unclear. In view of early studies of purinergic
signaling in malaria invasiveness in normal RBCs [22–24] and our recent findings
concerning the role of adenosine signaling in erythrocyte physiology [27] we were intrigued
by the possibility that this new understanding of RBC regulation may provide clues to
understanding the basis of malarial resistance provided by the presence of the βS allele[65].
This possibility will now be discussed below.

2. Purinergic remodeling may reduce efficiency of parasite invasion of RBC by reducing
extracellular ATP

Recent evidence indicates that purinerigic signaling is involved in the malaria parasite P.
falciparum invasion to normal RBCs. Erythrocytes infected by P. falciparum release large
amounts of ATP that apparently binds to ATP receptors present on either schizont or
trophozoite stage parasites and promote invasion of uninfected RBCs [24]. Activation of
these receptors is important for RBC invasion because drugs that block these receptors
impair invasion [22, 23]. Furthermore, the addition of apyrase, an enzyme that hydrolyzes
ATP, to the medium during infection significantly reduces parasite invasion into RBCs. The
purinergic receptors activated by ATP are of the P2Y category and activate intracellular
Ca2+ signaling pathways required for efficient parasite invasion of the RBC. Independent
lines of investigation suggest that the protection against P. falciparum infection accorded by
pyruvate kinase deficiency also is due to a depletion of ATP resulting from the enzyme
deficiency [66]. The pyruvate kinase reaction is critical for erythrocyte ATP production that
is derived from phosphoenolpyruvate, a product of glycolysis. Thus, efficient parasite
invasion and propagation in RBCs depends on the parasite-induced release of ATP from the
infected host cell and the activation of P2Y purinergic receptors on the parasites prior to
RBC invasion. Activation of P2Y receptors on cell free parasites is accompanied with
activation of calcium signaling pathways within the plasmodium that promote RBC
invasion.

3. The hypoxic adenosine response in SCT likely reduces parasite invasiveness to RBCs-
possible explanation for resistance of SCT to malaria infection

The presence of the βS allele in those with sickle cell trait (SCT) is generally considered
benign. However, numerous reports in recent years have presented convincing evidence that
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carrier status confers significantly increased risk for a number of mild to serious clinical
conditions, including exercise related sudden death [58, 59]. It has long been known that
SCT is associated with increased concentrations of free heme in the plasma, possibly due to
accelerated autooxidation and heme loss due to instability of βS [67, 68]. This feature may
contribute to a mild hemolysis and hypoxia that activates the “hypoxic adenosine response”
that promotes changes in gene regulation that favor the breakdown of ATP and the
accumulation of adenosine.

In response to hypoxic conditions cells release ATP and other adenine nucleotides that are
then converted to extracellular adenosine by the ecto-nucleotidases, CD39 and CD73
(Figure 4). The genes encoding these ecto-enzymes of adenine nucleotide degradation are
regulated by transcriptional mechanisms involving the hypoxia-dependent transcription
factor, hypoxia inducible factor-1α (HIF-1α) [18, 69] (Figure 4). A critical pathway for
terminating extracellular adenosine elevations is the cellular uptake of adenosine through
facilitated equilibrative nucleoside transporters (ENTs). ENTs carry out the bidirectional
facilitated transport of adenine nucleosides. ENTs are repressed under hypoxic conditions,
and may thereby critically contribute to hypoxia-elicited elevations of extracellular
adenosine [18]. Thus, inhibition or down regulation of ENTs promote extracellular
adenosine elevations and enhance adenosine signaling. Thus, hypoxic conditions promote
changes in gene regulation that favor the breakdown of ATP, and the accumulation of
extracellular adenosine.

In view of the study showing that extracellular ATP can increase invasiveness of P.
falciparum to RBCs [66] and SCT individuals may face chronic hypoxic conditions [68, 70],
we propose the following model. It is possible that mild chronic hypoxic conditions
associated with SCT promote activation of Hif-1α and the hypoxic adenosine response.
According to this scenario the ecto-enzymes, CD39 and CD73, will be up regulated.
Increased CD39 and CD73 will result in the breakdown of extracellular ATP to adenosine.
The outcome of these conditions will be a reduction of ATP available to activate P2Y
receptors on the parasite that contributes to successful RBC invasion. Thus, one possible
mechanism by which SCT confers resistance to P. falciparum is by leading to the reduction
of extracellular ATP that is needed to promote parasite invasion of the RBC.

Concluding Remarks
Adenosine is a metabolic signaling molecule induced under energy depletion and ischemic/
hypoxic conditions [20, 21]. Although adenosine signaling is involved in numerous cellular
functions by engaging its membrane receptors, nothing was known about its role in RBCs
until recent studies revealed a previously unrecognized beneficial role for adenosine
stimulated-2,3-BPG induction in normal erythrocytes [27]. This study immediately suggests
the beneficial effects of enhanced adenosine signaling in acute ischemic injury by
stimulating O2 release to hypoxic tissue in normal individuals by induction of 2,3-BPG. In
contrast to the beneficial role of adenosine signaling in normal RBCs, these studies have
revealed that increased adenosine contributes to sickling by ADORA2B-mediated elevation
of 2,3-BPG. Moreover, activation of ADORA2A on iNKT cells is capable of inhibiting their
activation and prevents pulmonary inflammation and dysfunction seen in a mouse model of
SCD [54]. Thus, the differential role of adenosine on different cells seen in SCD could have
profound medical relevance and significant impact in the management of disease. Finally,
our findings raised an intriguing hypothesis that hypoxic adenosine response in SCT
individual may favor to increase circulating adenosine, decrease ATP and in turn provide
resistance to malaria infection by reduction of invasiveness of malaria to RBCs. Taken
together, recent new insight of adenosine signaling in erythrocyte physiology provide us
better understanding of molecular basis of sickling, novel therapeutics and possible
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explanation for the survival benefit of SCT for those living in regions where malaria
infection is common.
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Figure 1. Adenosine metabolism and signaling
Cells release ATP in response to hypoxia and cell damage. The extracellular ATP is
converted to adenosine (A) by the consecutive action of the ecto-nucleotidases, CD39 and
CD73. The resulting adenosine can activate adenosine receptors (AR), be a substrate for
extracellular adenosine deaminase (ADA), or reenter cells via equilibrative nucleoside
transporters (ENTs). Within cells adenosine has multiple fates: 1) conversion to inosine via
deamination, 2) conversion to adenosylhomocysteine (AdoHcy) via S-
adenosylhomocytesine hydrolase (SAHH), or conversion to AMP by adenosine kinase
(ADK). Adenosine can also be derived from AMP by the action of cytosolic 5’-nucleotidase
(Cyto 5’NT).
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Figure 2. Novel role of adenosine signaling in normal and sickle erythrocytes
Extracellular levels of adenosine increase in response to hypoxia (see Figure 1). Elevated
adenosine activates ADORA2B adenosine receptors on erythrocytes, thereby activating
downstream signaling pathways resulting in increased intracellular 2,3-bisphosphoglycerate
(2,3-BPG), an allosteric regulator of hemoglobin (Hb) that reduces oxygen-binding affinity.
This signaling pathway is beneficial to for normal individuals leading to increased oxygen
release to hypoxic tissues. However, this process is detrimental for individuals with sickle
cell disease by promoting the release of oxygen from sickle hemoglobin (HbS), resulting in
increased concentrations of deoxy-HbS, increased deoxy-HbS polymerization and sickling.
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Figure 3. Beneficial and detrimental effects of adenosine signaling in sickle cell disease
Elevated adenosine associated with SCD has beneficial effects by activating ADORA2A
receptors on invariant natural killer T (iNKT) cells, a process that prevents iNKT cells
activation and pulmonary inflammation. However, elevated adenosine activates ADORA2B
receptors on erythrocytes thereby activating a signaling pathway leading to deoxy-HbS
polymerization and erythrocyte sickling (see Fig. 2). The activation of ADORA2B receptors
on penile endothelial cells and cavernosal smooth muscle cells results in priapism, a serious
complication of SCD, leading to penile fibrosis and erectile dysfunction.
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Figure 4. Sickle cell trait (SCT), purinergic signaling and malaria
SCT is associated with increased concentrations of free heme in the plasma, possibly due to
accelerated autooxidation and heme loss due to instability of βS. This feature may contribute
to a mild hemolysis and hypoxia that activates purinergic remodeling in nucleated cells, a
transcriptional process that promotes changes in gene expression that favor the breakdown
of ATP and the accumulation of adenosine. The breakdown of extracellular ATP may result
in reduced parasite P2Y signaling on and impaired parasitic invasion of the RBCs.
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