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Introduction

The normal vascular endothelium functions as an integral barrier, separating blood from
highly reactive elements of the subendothelium, such as collagen and tissue factor.
Disruption of the vessel wall by biochemical or physical stimuli to the cerebral, coronary or
peripheral arteries results in rapid activation of the endothelium, platelet aggregation for
primary and secondary hemostasis and leukocyte accumulation. Secondary release of
nucleotides is a potent promoter of thrombosis and inflammation. The endothelium
maintains vascular integrity and blood fluidity by acting as an anticoagulant, suppressing
platelet activation, promoting fibrinolysis and a quiescent state. This occurs by endogenous
thromboregulatory mechanisms including release of eicosanoids, generation of nitric oxide,
heparan sulfate expression and catabolism of the purinergic nucleotides adenosine
triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP)
(Figure 1). Nucleotides are constitutively released from vascular cells at low rates, which
increase when cells are injured or stressed. These nucleotides function as potent, paracrine
signaling molecules to activate pro-thrombotic and pro-inflammatory programs in the
vasculature by exerting purinergic receptor-mediated signaling on platelets, endothelial cells,
smooth muscle cells and leukocytes.

The purinergic system is evolutionarily selected to maintain vascular integrity. Nucleotide
concentrations increase in the extracellular microenvironment following platelet and
endothelial cell activation, leukocyte degranulation or the apoptosis or necrosis of vascular
and inflammatory cells. Nucleotide release occurs by cell lysis and non-lytic mechanisms.
Non-lytic processes include exocytosis of nucleotide-containing vesicles and nucleotide-
permeable channels which can release nucleotides upon cellular perturbation short of cell
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lysis [1]. When released, nucleotides have immediate effects in the local environment and
are rapidly inactivated by degradation. The nucleotides and their metabolites function as
ligands for P2 and adenosine receptors expressed on the surface of vascular cells. Binding of
nucleotides to these purinergic receptors mediates the thrombo- and inflammo-modulatory
effects of purines. P2 receptors have been classified into two subfamilies, the ionotropic P2X
(1-7) and metabotropic P2Y (1,2,4,6,11-14) receptors [2] that effect downstream signaling
pathways involved in cell metabolism, vasodilation, leukocyte activation and migration [3].

Ectonucleotidases in the vasculature moderate extracellular nucleotide levels, thereby
modulating P2 and adenosine receptor function. CD39 (ectonucleoside triphosphate
diphosphohydrolase 1), a transmembrane protein first identified on B lymphoid cells with
potent nucleotidase activity is the dominant ectonucleotidase in the vasculature [4, 5]. This
ectonucleotidase is located on the endothelium, circulating blood cells and smooth muscle
cells [6, 7]. CD39 hydrolyzes phosphate groups on nucleotides, converting ATP and ADP to
AMP. A related ectonucleotidase, CD73 (ecto-5’-nucleotidase), dephosphorylates AMP into
adenosine, a potent anti-inflammatory, anti-thrombotic and vasodilatory molecule.

Vascular inflammation and thrombosis underlie several common clinical diseases including
atherosclerosis, stroke, myocardial infarction, ischemia-reperfusion injury and systemic
inflammatory conditions such as sepsis and auto-immune disease. This review will focus on
the role of CD39 and its ability to regulate purinergic signaling in modulating vascular
inflammation and thrombosis.

CD39 structure and function

CD39 is an evolutionarily conserved, integral membrane protein that hydrolyzes both ATP
and ADP in a cation-dependent manner to generate AMP. Human CD39 is a 510-amino acid
membrane protein with two transmembrane domains, a small cytoplasmic domain that
contains the NH, and COOH-terminal segments and an extracellular hydrophobic domain.
The enzymatically active extracellular hydrophobic domain contains five apyrase-conserved
regions which are responsible for nucleotide catabolism [5]. The protein is 57-100 kD in size
and undergoes significant post-translational modification including glycosylation,
palmitoylation and ubiquitination [8-10]. CD39 is inactive in the cytoplasmic compartment
until localization to the cell surface where it becomes catalytically active. Targeting to the
cell surface occurs by lipid raft-dependent mechanisms, such as caveolae [11]. Interestingly,
CD73 has also been observed in cell surface lipid rafts in different cell types [12],
suggesting the possibility of a colocalization with CD39 for efficient generation of
adenosine from ATP and ADP substrates although this remains to be completely
investigated.

Regulation of CD39 expression

The molecular mechanisms that regulate CD39 are largely unknown and the subject of active
investigation in our lab and others. Work from our group identified cyclic AMP (CAMP), an
intracellular second messenger signaling molecule, as a potent, positive regulator of CD39
expression in macrophages [13]. Mechanistically, we determined that treatment with cAMP
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leads to dimerization of cAMP-response element-binding protein (CREB). CREB dimers
subsequently associate with other cofactors, p300 and CREB-binding protein, to activate a
cAMP-reponse element (CRE) in the CD39 promoter and thereby stimulate transcription. A
similar paradigm of increased CD39 expression was observed in human umbilical vein
endothelial cells (HUVEC) treated with cAMP agonists [10]. Intracellular cCAMP is rapidly
degraded by phosphodiesterases, and several phosphodiesterase inhibitors have been
approved by the U.S. Food and Drug Administration including cilostazol and milrinone.
These two phosphodiesterase type 3 (PDE3) inhibitors are approved for use in the treatment
of peripheral artery disease and decompensated heart failure, respectively. We demonstrated
that higher intracellular cAMP levels from PDE3 inhibition with either cilostazol or
milrinone did not affect CD39 transcript levels, but did increase CD39 protein expression
and ATPase/ADPase activity. We identified a novel mechanism by which CD39 undergoes
post-translational modification, with diminished ubiquitination driven by PDE3 inhibition,
an area of continued investigation in our laboratory. In addition to ubiquitination, CD39 is
also modified by palmitoylation and is heavily glycosylated with six known N-glycosylation
sites, essential for protein folding and membrane targeting [8, 9].

Work by Plow and colleagues suggests that CD39 and CD73 on the cell membrane may be
recycled by endocytosis. In this study, perturbations in the interaction of a cytoskeletal
protein, kindlin-2 with clathrin heavy chain, a central regulator of surface macromolecule
endocytosis increased expression of both CD39 and CD73 at the endothelial cell surface
[14].

A recent study identified Stat3 and Gfi-1 as positive transcriptional regulators of CD39 and
CD73 expression in innate immune cells following exposure to interleukin-6 (IL-6) and
TGF-beta, respectively. Enhanced ectonucleotidase expression led to generation of
adenosine and suppression of activated CD4(+) and CD8(+) T cell effector functions [15].
Indeed, several stress-induced conditions have been shown to decrease CD39 expression
including pro-inflammatory cytokines: interleukin-17 (IL-17) and TNF-alpha [16];
endothelial cell activation and oxidative stress [17] and hypoxia [18]. Each of these
perturbations lead to diminished ability to clear nucleotides and maintain vascular
homeostasis.

Hypoxia is a potent activator of the endothelium, rapidly initiating a cascade of biosynthetic
and stress response processes [19, 20] including expression of cell adhesion molecules,
prothrombotic factors, generation of reactive oxygen species and release of pro-
inflammatory cytokines. An important study by Eltzschig et al. demonstrated that
endothelial CD39 expression could be induced /n vitro by exposure to hypoxia [18]. The
interaction of the hypoxia-inducible factor, Sp1 and a hypoxia-response element on the
CD39 promoter initiated CD39 mRNA transcription [18].

Vascular thrombosis

Platelet aggregation is a primary process in thrombus formation, accompanied by tissue
factor deposition and generation of a fibrin meshwork to stabilize the platelet thrombus.
Initial platelet accumulation is rapid, followed by a decrease in thrombus size, with a degree
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of platelet disaggregation and thrombus stabilization. On activation, platelet granules fuse
with the plasma membrane, releasing their cargo into the extracellular environment,
including VWF and P-selectin from alpha granules, and ADP from dense granules. While
these biochemical signals herald a propagating thrombus, the mechanism underlying the
observed early decrease in platelet mass is unclear [3]. Microparticles, submicron-sized
vesicles released from activated cells, contain tissue factor, P-selectin glycoprotein ligand 1
and other thrombomodulatory elements that mediate interactions between platelets,
leukocytes and the endothelium [21]. CD39 has been identified on human and murine
microparticles and has been proposed as a possible contributor to platelet disaggregation by
dissipating extracellular ADP to regulate thrombus size [3, 21,22]. Indeed, microparticles
from mice lacking CD39 induce a pro-thrombotic and pro-inflammatory response from
endothelial cells /n vitro with enhanced expression of the cell adhesion molecules, ICAM-1
and VCAM-1 and release of tumor necrosis factor-a,, von Willebrand factor accompanied by
diminished anti-inflammatory mediators [21]. A recent study by Visovatti et al in idiopathic
pulmonary arterial hypertension (IPAH), a disease characterized by high vascular resistance,
microvascular thrombosis and perivascular inflammation compared circulating
microparticles from patients with IPAH with healthy controls. This study found elevated,
functional CD39 on microparticles in IPAH when compared with healthy patients. The
authors concluded that additional work was needed to elucidate whether CD39 could be
implicated in the pathogenesis of IPAH or as a compensatory response [22].

Interestingly, mice globally lacking CD39 have paradoxically inhibited platelet function due
to purinergic type P2Y1 receptor desensitization from excess nucleotide stimulation. Platelet
hypofunction was seen with inhibited microthrombi formation in response to free radical
injury, accompanied by prolonged tail bleeding times /n7 vivo. Platelet aggregation with
multiple platelet agonists was also inhibited /n vitro and completely rescued by apyrase pre-
treatment [23, 24], Conversely, mice overexpressing human CD39 are resistant to oxidant
injury-mediated arterial thrombosis, likely due to attenuated activation of the platelet
fibrinogen receptor, glycoprotein a /B3 [25].

Investigations of cerebrovascular thrombosis or stroke elucidated the role of a primary;,
occlusive arterial thrombus followed by progressive, microvascular thrombosis with platelet
and fibrin accumulation, resulting in cerebral hypoperfusion and injury. Mice genetically
deficient for CD39 have a latent, prothrombotic phenotype with enhanced microvascular
platelet and fibrin deposition downstream of cerebrovascular occlusion and larger infarct
areas. Treatment with a soluble, engineered form of CD39, or plant apyrase which
phosphohydrolyzes nucleotides, rescued this phenotype by disaggregating platelets during
thrombus formation without affecting primary hemostasis to maintain vascular integrity as
well as reduced leukocyte recruitment [26, 23]. Mice lacking CD39 have also been shown to
have marked fibrin deposition in pulmonary and cardiac tissues under baseline conditions
[24].
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Atherosclerosis and myocardial ischemia-reperfusion

Inflammation and thrombosis are central processes in the development of atherosclerotic
coronary artery disease and subsequent myocardial infarction. As a critical modulator of
purinergic signaling, CD39 plays a vital role in myocardial infarction. In a mouse model of
myocardial ischemia-reperfusion injury, CD39 deficiency resulted in increased myocardial
ATP accumulation and adenosine deficiency with an increased susceptibility to myocardial
injury [18]. Conversely, overexpression of CD39 induced protection from myocardial
infarction as measured by infarct size in mouse and pig models of ischemia-reperfusion
injury [27, 28] and preserved cardiac allograft function with diminished platelet aggregation
[29]. CD39 overexpression has also been shown to mitigate hypertension in preeclampsia
[30] and reduce renal ischemia-reperfusion injury [31]. Taken together, these studies
elucidated a critical role for CD39 in protection from ischemia-reperfusion injury.

Interestingly, a small cohort of coronary atherectomy samples from patients with stable and
unstable angina showed lower CD39 immuno-positivity in patients with unstable angina or
coronary thrombus formation than in those with stable angina [32]. It remains to be
determined if the increase in CD39 immunoreactivity is related to higher CD39 expression
on resident, vascular cells or an increase in leukocytes bearing CD39. In an arterial wire
injury model, CD39 appeared to contribute to neointimal hyperplasia as mice lacking
functional CD39 had reduced smooth muscle cell migration and were protected from
neointima formation [7]. More research is needed to shed light on the role of CD39 in
regulating atherosclerosis and neointima.

Over the past two decades, HMG-CoA reductase inhibitors (statin) have been extensively
studied for their pleiotropic effects on vascular cells with anti-thrombotic and anti-
inflammatory effects. Interestingly, treatment with statin drugs /7 vitro has been shown to
increase endothelial CD39 expression [16] with a parallel reduction in thrombin-induced
platelet aggregation, reinforcing the need for further investigation into the role of CD39
therapeusis [33].

However, platelet reactivity and aggregation alone are inadequate to account for the
enhanced response to vascular injury seen in mice lacking CD39, as seen in work by our lab
and others in studies of stroke [26, 23], myocardial ischemia-reperfusion [34], pulmonary
hypertension [22], and renal [31] and hepatic ischemia-reperfusion injury [35].

Vascular Inflammation

In addition to their effects on thrombosis, nucleotides are potent inflammatory mediators,
triggering autocrine and paracrine purinergic signaling pathways that regulate cell-cell
interaction and leukocyte migration [36]. Under homeostatic conditions in humans, CD39 is
found on the majority of monocytes, neutrophils, and B-lymphocytes [6]. A minority of T-
lymphocytes and natural killer cells express CD39 in healthy humans [6]. Under
homeostatic conditions, the endothelium is the predominant source of CD39, while amongst
leukocytes, CD39 is most densely expressed on monocytes and B-lymphocytes [6, 4]. Under
conditions of stress, specifically when there is a robust inflammatory response, leukocyte
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CD39 becomes the main source of ectonucleotidase activity [4]. CD39 expression may also
increase on endothelial cells and parenchymal cells in response to an insult such as
ischemia-reperfusion injury, or on vascular smooth muscle cells following arterial balloon
injury [34, 7].

Since CD39 modulates extracellular purine concentrations but is found on the surface of
leukocytes which in turn migrate in response to these gradients, CD39 can be viewed as an
auto-regulator of leukocyte accumulation. In work from our laboratory, neutrophil and
macrophage influx into the brain were significantly enhanced in the absence of CD39
following induction of stroke. We identified a novel mechanism by which leukocyte influx is
self-regulated by CD39-mediated metabolism of local nucleotides, resulting in suppression
of aMp2-integrin (MAC-1) expression driven by the P2X7 receptor [23].

CD39 and neutrophils

CD39 is expressed on neutrophils under resting conditions [6]. After tissue injury,
neutrophils home to damaged tissue, increasing the local concentration of CD39. Through
purinergic signaling, CD39 regulates neutrophil migration via paracrine and autocrine
signaling. CD39 levels increase in response to hypoxia, an inflammatory stimulus, with
CD39 expression tempering the innate immune response via downstream adenosine
production [37]. In this model, endogenous intravascular adenosine production attenuated
neutrophil adhesion after inflammatory stimuli through neutrophil adenosine A, and Aog
receptors [37]. In the absence of CD39, increased trafficking of neutrophils to injured tissue
was observed, due in part to loss of normal endothelial barrier/capillary leakage observed in
mice lacking CD39 [38].

Neutrophils also use ATP and adenosine as autocrine signals for orientation and migration
[36]. Once stimulated, neutrophils mobilize CD39 to the leading edge of the polarized cell
[39]. ATP is also released from the leading edge of the neutrophil cell surface. This ATP is
then catabolized by CD39 present in close proximity to the leading edge. This then results in
local adenosine production and stimulates A3 receptors to promote cellular migration [36].

CD39 plays an important role in modulating neutrophil phenotype. CD39 on the surface of
neutrophils hydrolyzes ATP and prevents it from activating the P2Y2 receptor [40]. In the
absence of CD39, this process goes unchecked and leads to ATP stimulation of P2Y?2
receptors and increased neutrophil interleukin-8 (1L-8) production [40]. Given that IL-8 is an
important chemokine for leukocyte recruitment, this adds to the influence of CD39 in
dampening the normal immune response.

CD39 may also influence the timing of neutrophil accumulation after tissue injury. In a
study of acute lung injury, extracellular ATP was found to modulate the late phase of
neutrophil recruitment, with extracellular ATP peaking 3 days after tissue injury, an effect
which was abrogated by treatment with soluble CD39 [41].
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CD39 and macrophage/monocytes

CD39 and

CD39 is expressed on monocytes and macrophages, classic examples of myeloid
inflammatory cells. Immunosuppressive macrophages in mice have been found to have
higher CD39 expression on their surface [42]. It is unclear whether CD39 expression on
macrophages is a cause or an effect of the cellular phenotype. A study demonstrating that
adenosine promotes the immunosuppressive macrophage phenotype suggests that CD39
could contribute to this phenotype by generation of substrates for extracellular adenosine
production [43]. Activation of Aygand Ao adenosine receptors was found to be important
for expression of an immunosuppressive macrophage phenotype. Observations made in
humans with sepsis showed a switch in macrophage phenotype from inflammatory to
immunosuppressive, suggesting a role for the latter in protection from lethal sepsis, although
the mechanism has not been elucidated [44]. Another recent study by Cohen et al. explored
whether CD39 on macrophages could modulate this shift. This study demonstrated that TLR
stimulation of macrophages using /in vivo model of sterile inflammation with
lipopolysaccharide injection activates auto-regulation of macrophage activation by CD39-
mediated catabolism of ATP and generation of adenosine to limit the inflammatory response
[45]. CD39 plays a critical role in tempering the inflammatory signals released by
macrophages. Activated CD39-null macrophages exposed to ATP are more susceptible to
cell death, and release more interleukin-18 (IL-18) and interleukin-1p (IL-1) than cells
with a normal complement of CD39. The enhanced IL-1p release is facilitated by P2X7
receptor-dependent signaling downstream of pro-IL-1p synthesis rather than CD39-mediated
differences in mMRNA transcription or translation [46].

lymphocytes

CD39 is expressed on T- and B-cell lymphocytes. Of late, much attention has been focused
on the role of CD39 contributing to the anti-inflammatory properties of regulatory (Treg)
CDA4+ T cells. CD39 is expressed on Treg cells, and expression has been found to be driven
by the Treg-specific transcription factor Foxp3 [47]. The immune modulating capabilities of
Tregs have been attributed in part to CD39 expression on Tregs, with resulting dissipation of
ATP to adenosine [48]. This has dual effects as stimulation of the adenosine A, receptor on
activated T effector cells results in immunosuppression [48]. CD39 expression on Tregs also
averts ATP-induced inflammatory cell accumulation and maturation of dendritic cells [47].

A subset of T cells exists that do not express FoxP3, but which do express CD39 [49, 50].
These T cells have a distinct cellular phenotype termed memory effector, and they do not
have an immunosuppressive phenotype. Instead, cell surface CD39 appears to protect these
T cells from ATP-induced apoptosis [50]. These cells express higher levels of T helper cell
specific cytokines as well as inflammatory cytokines, and rapidly release these factors upon
stimulation [50]. Interestingly, T cells of both groups (FoxP3+ CD39+ and FoxP3-CD39+)
have been shown to be co-expressed at the site of inflammatory arthritis, highlighting the
complexity of the T-cell mediated immune response and the role of CD39 in tempering and
possibly propagating the inflammatory response simultaneously [51]. IL-6 may alter the
balance of these competing cell types. Recently it was shown that blocking IL-6 increased
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the frequency of CD39+ Treg cells without changing the frequency of effector T cells,
thereby altering the balance between the two [52].

CD39 and dendritic cells

Dendritic cells play a vital role in the immune system, serving as efficient antigen-presenting
cells and initiating T cell activation. CD39 is present on the surface of dendritic cells, and
extracellular ATP has been shown to affect the activation status of dendritic cells [53-55].
Langerhans cells are epithelial dendritic cells which demonstrated impaired antigen
presenting capacity in the absence of CD39, attributed to elevated ATP concentrations and
P2-receptor desensitization [56].

Conclusion

Extracellular purinergic-mediated cell activation has significant implications in thrombosis,
the inflammatory response, tissue remodeling and repair in vascular injury. CD39 is a
critical mediator in the pathway for extracellular nucleotide catabolism and adenosine
generation to regulate vascular inflammation and thrombosis.

In multiple models of inflammation and thrombosis, CD39-deficient mice have persistent
endothelial, platelet and leukocyte activation, with elevated peri-cellular nucleotide
accumulation and unchecked nucleotide receptor signaling contributing to platelet and
leukocyte accumulation, with detrimental effects on vascular and tissue repair. CD39 on
microparticles may also contribute to IPAH pathogenesis as seen in recent human studies.
CD39 represents a built-in, molecular brake on endothelial and immune cells and exerts tight
regulation of vascular inflammation and thrombosis at sites of injury. Further investigation
and enhanced understanding of the molecular and cellular pathways of purinergic signaling
might result in new therapeutics for vascular thombo-inflammatory disorders.
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Figure 1.
The CD39/CD73 pathway modulates vascular inflammation and thrombosis in response to

injury. Nucleotides released during cell activation/injury bind to P2 receptors to activate
thrombo-inflammatory programs in the vasculature by binding to receptors on the
endothelium, platelets and leukocytes. Endothelial and circulating leukocytes express the
catabolic machinery to convert ATP/ADP into adenosine to quench the pro-inflammatory
and pro-thrombotic signals and exert a potent, protective vascular effect. Adenosine
triphosphate (ATP); adenosine diphosphate (ADP); adenosine monophosphoate (ADP).
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