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Abstract

Evolving studies in models of transplant rejection, inflammatory bowel disease, and cancer,
among others, have implicated purinergic signaling in clinical manifestations of vascular injury
and thrombophilia, inflammation, and immune disturbance.

Within the vasculature, spatial and temporal expression of CD39 nucleoside triphosphate
diphosphohydrolase (NTPDase) family members together with CD73 ecto-5"-nucleotidase control
platelet activation, thrombus size, and stability. This is achieved by closely regulated
phosphohydrolytic activities to scavenge extracellular nucleotides, maintain P2-receptor integrity,
and coordinate adenosinergic signaling responses. The CD38/CD157 family of extracellular
NADases degrades NAD™ and generates Ca2*-active metabolites, including cyclic ADP ribose and
ADP ribose. These mediators regulate leukocyte adhesion and chemotaxis. These mechanisms are
crucial in vascular homeostasis, hemostasis, thrombogenesis, and during inflammation.

There has been recent interest in ectonucleotidase expression by immune cells. CD39 expression
identifies Langerhans-type dendritic cells and efficiently distinguishes T regulatory cells from
other resting or activated T cells. CD39, together with CD73 in mice, serves as an integral
component of the suppressive machinery of T cells. Purinergic responses also impact generation of
T helper-type 17 cells. Further, CD38 and changes in NAD* availability modulate ADP
ribosylation of the cytolytic P2X7 receptor that deletes T regulatory cells.

Expression of CD39, CD73, and CD38 ectonucleotidases on either endothelial or immune cells
allows for homeostatic integration and control of vascular inflammatory and immune cell reactions
at sites of injury. Ongoing development of therapeutic strategies targeting these and other
ectonucleotidases offers promise for the management of vascular thrombosis, disordered
inflammation, and aberrant immune reactivity.

[. Introduction

This review addresses novel mechanisms concerning the role of purinergic/pyrimidinergic
signaling in hemostasis, vascular thrombosis, and cellular immunity in inflammatory
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disorders such as in transplantation, sepsis, autoimmune diseases, and cancer (Robson et al.,
2005, 2006).

Nucleosides are glycosylamines comprising the nucleobase attached to a pentose sugar ring.
Examples of these include cytidine, uridine, adenosine, guanosine, thymidine, and inosine.
Nucleosides can be phosphorylated by specific kinases (chiefly within the cell but also
feasibly outside). These reactions generate nucleotides, the monomeric structural unit of
nucleotide chains that form nucleic acids (RNA and DNA). Nucleotides also play important
roles in cellular energy transport and transformation (nucleoside triphosphates such as ATP
are the energy-rich end products of the majority of biochemical energy releasing pathways),
in enzyme regulation, and as intracellular second messengers.

Clearly, cellular injury processes are detected by release of intracellular constituents that,
given the parsimony of nature, could also be used as extracellular “danger” or signaling
mediators. Hence, it is possible that specific extracellular messenger systems could have
developed to facilitate recognition of extracellular nucleotides that would have served as
sensors for environmental stresses. One can also propose that such novel modular systems
have been generated and refined with the development of multicellular organisms, different
organ systems, and the requirement for a circulatory system and mobile cells that need to
leave and reenter the blood stream.

The organization of the purinergic/pyrimidinergic system in health and disease might
include requirements for new gene families, with conservation or modification of adaptive
genes to facilitate specificity of nucleotide metabolism and responses that we address in the
context of the critical host defense mechanisms of hemostasis and blood coagulation,
inflammation, and immunity.

Il. Purinergic Signaling: A Paradigm Linking Coagulation, Inflammation, and

Immunity

Extracellular nucleotides are involved in vascular cell and platelet activation that enhance the
generation of fibrin after vascular injury: to cause hemostasis under physiological conditions
and provoke thrombosis in pathological situations. These mediators, in a manner analogous
to coagulation proteases such as thrombin, have cellular activation effects that are fibrin
independent and dictated by the specific purinergic receptors.

Purinergic signaling mechanisms mediated by nucleotides and nucleosides have a complex
influence on inflammatory processes. These are characterized by obligatory blood and vessel
components that cause extravascular responses.

How purinergic responses dictate and/or modulate inflammation is still incompletely
understood. A shared P2-mediated mechanism in several different experimental models
involves the boosting of innate immune “danger” signals that are initially generated by
bacterial infections with endotoxin or, in the context of transplantation, ischemia—
reperfusion, or rejection. The pathways ultimately are switched over to promote
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adenosinergic-type responses, a process that at least in part involves upregulation of
ectonucleotidases and ATP scavenging.

There is increasing evidence that purinergic signaling has dramatic positive and negative
effects on cells involved in adaptive immunity, for example, T lymphocytes, and on
inflammatory cells that drive chronic inflammation and fibrosis, for example, dendritic cells
(DCs), stellate cells, and myofibroblasts. This review will illustrate key paradigms linking
coagulation, inflammation, and immunity as integrated purinergic responses. Several
inflammatory diseases with thrombophilia have been linked genetically and mechanistically
to ectonucleotidases of the CD39 and CD38 families, among others. These
ectonucleotidases, as well as principles of purinergic signaling, will be addressed here. We
will also describe the importance of dysregulated nucleotide-mediated signaling in cancer
and inflammatory bowel disease (IBD) and touch on how pathogens might also subvert these
defenses.

[1l. Extracellular Nucleotides, Nucleosides, and Ectonucleotidases

Extracellular nucleotides (e.g., ATP, UTP, ADP, NAD), and the derivative nucleosides (e.g.,
adenosine from ATP), are released in a regulated manner by most cells to provide the
initiators and primary components for purinergic responses (Luthje, 1989).

These nucleotide/nucleoside mediators bind specific purinergic receptors that after mediator
release comprise the second requirement for such a signaling network. Almost all cells
express multiple type-2 purinergic/pyrimidinergic (P2) receptors for nucleotides and
adenosine or type-1 purinergic (P1) receptors (Burnstock & Knight, 2004). There are seven
ionotropic (P2X1-7), at least eight metabotropic (P2Y1 5 4 6,11-14) and four adenosine
receptor subtypes (A1, Aoa, Asp, A3) that have been identified and characterized to date
(Burnstock, 2002). In short, P2X and P2Y 17 receptors are chiefly activated by extracellular
ATP; P2Y, by ATP and UTP; P2Y1 and P2Y 3 by ADP; P2Y 4 by UTP; P2Y¢ by UDP; and
P2Y 14 by UDP-glucose.

The final regulatory component of purinergic systems comprises ectonucleotidases (Robson
et al., 2001, 2006) that are the focus of this review. Such ectoenzymes hydrolyze
extracellular nucleotides to generate other nucleotides and nucleosides that in turn
differentially activate other P2 and ultimately adenosine receptors with often opposing
effects to those seen with the initial P2-mediated effects (Beldi et al., 2008a). As an
alternative mechanism, these enzymes can also act indirectly by limiting nucleotide (i.e.,
substrate) availability for other cell surface enzymes, which act on purinergic receptors,
thereby indirectly modulating P2 receptor activities (Malavasi et al., 2008).

Within the past decade, ectonucleotidases belonging to several enzyme families have been
discovered, cloned, and functionally characterized. In this review, we provide a brief
overview of the vascular and immune ectonucleotidases and then focus on CD39, CD73, and
CD38 to dissect out their pathophysiological roles (Deaglio & Malavasi, 2006; Di Virgilio et
al., 2009; Dwyer et al., 2007; Malavasi et al., 2008; Sitkovsky et al., 2008).
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CD39 is the prototype of the ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase)
family (EC 3.6.1.5). These proteins comprise a group of ectoenzymes that hydrolyze
extracellular nucleoside tri- and diphosphates. The ecto-nucleotidase chain or cascade, as
initiated by NTPDases, is terminated by ecto-5’-nucleotidase (CD73; EC 3.1.3.5; Resta et
al., 1998; Robson et al., 2006).

Together, ecto-5"-nucleotidase and adenosine deaminase (ADA; EC 3.5.4.4), another
ectoenzyme that is involved in purine salvage pathways by converting adenosine to inosine,
closely regulate local and pericellular extracellular concentrations of adenosine (Robson et
al., 2006).

Most notably, however, in many tissues and cells, there are complex cell surface-located
nucleotide hydrolyzing and interconverting machinery (Fig. 1). These mutiple ensembles
include the ecto-nucleotide pyrophosphatase phosphodiesterases (E-NPPs; EC 3.1.4.1, EC
3.6.1.9), CD38, NAD-glycohydrolases, alkaline and acid phosphatases, diadenosine
polyphosphate hydrolases, adenylate kinases, nucleoside diphosphate kinase, and potentially
ecto-F1-Fo ATP synthases (Robson et al., 2006).

The CD38/CD157 gene family encodes two extracellular enzymes characterized by a
widespread and often complementary cell distribution (Malavasi et al., 2008).
Notwithstanding a high structural homology in the extracellular domain, they differ in
membrane anchorage in that CD38 is a type Il molecule, while CD157 is GPI anchored.
These enzymes account for >95% of all NADase activities in mammals and were originally
defined as cell surface activation molecules of leukocytes; they became classified as
enzymes only later as a consequence of the identification of a sequence similarity between
the human lymphocyte antigen CD38 (and later CD157) and the Aplysia ADP ribosyl
cyclase (States et al., 1992). The catabolism of NAD+ and NAD(P) mediated by CD38 leads
to the generation of potent intracellular Ca2*-mobilizing compounds, including cyclic ADP
ribose (cADPR) and ADP-ribose (ADPR); CD38 activity may be also impacted by
extracellular ATP (Malavasi et al., 2008). As predicted by the structural homology, soluble
CD157 incubated with NAD* produces cADPR and subsequently ADPR, indicating that this
molecule is endowed with both ADPR cyclase and cADPR hydrolase activities. However,
the catalytic efficiency of CD157 is several 100-folds lower than that of CD38 (Malavasi et
al., 2008).

In addition to binding the TRPM2 membrane Ca2* channels, ADPR, the main product of the
reaction, can be covalently attached to proteins by ADP ribosyl transferases (ARTS). This
posttranslational modification of target proteins can have dramatic effects on their functions.
Thus, the CD38/CD157 family can modulate purinergic signaling by limiting NAD*
availability to P2Y receptors, primarily P2Y1 and P2Y ;1 (Malavasi et al., 2008; Moreschi et
al., 2008). Alternatively, it is feasible that the enzymatic activity of CD38 may generate
products that modulate purinergic signaling responses and also directly impacts on the
activity of ARTSs, affecting the amount of ADP ribosylated P2X7 (see Fig. 1).
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To prevent redundancy and repetition in this issue, extracellular elements of nucleotide
interconversion will not be addressed here. The interested reader is referred to Yegutkin et
al. (2001, 2003, 2006) and to Chapter 8.

IV. Purinergic Signaling Responses in the Vasculature and Immune

Systems

In the blood, extracellular nucleotides (e.g., ATP, ADP, UTP, UDP, and NAD") are released
by leukocytes, lymphocytes, endothelium, and platelets by constituent mechanisms and in an
enhanced manner with cell activation inclusive of degranulation and cell death. It is
important to note here that many processes of arterial vascular injury are associated with the
release of adenine nucleotides that exert a variety of inflammatory effects on the
endothelium, platelets, and leukocytes (reviewed in Dubyak & Elmoatassim, 1993; Luthje,
1989). These events result in extracellular signals that are modulated by environmental
factors (Luthje, 1989).

As alluded to above, these mediators bind the multiple P2Y and P2X receptors on platelets,
endothelium, vascular smooth muscle cells, leukocytes, and immunocytes (Abbracchio &
Burnstock, 1994). P2 receptors trigger and mediate short-term (acute) processes affecting
cellular metabolism, nitric oxide (NO) release, adhesion, activation, and migration (Dubyak
& Elmoatassim, 1993; Luthje, 1989). As an example in the vasculature, ATP released from
endothelium during changes in flow (shear stress) or following exposure to hypoxic
conditions activates P2Y receptors expressed by these cells and by vascular smooth muscle
cells in an autocrine and paracrine manner to release NO, resulting in vessel relaxation as a
purinergic event.

The intracellular NAD+ concentration is in the range of 1 mM, whereas the plasma
concentration is in the range of 0.1 M. The latter concentration is below the K, of ARTs
(Krebs et al., 2003). It is, however, feasible that high amounts of ecto-NAD™ can be released
during tissue injury as a consequence of cell lysis. Further, NAD* also seems to be released
by nonlytic processes under various physiological conditions including hypoxia,
inflammation, and mechanical or chemical activation (Bruzzone et al., 2001). Connexin 43
hemichannels, for instance, mediate transmembrane NAD+ fluxes in intact cells (Bruzzone
et al., 2001). Hence, high local NAD™* concentrations may be reached under various
physiological and pathophysiological situations, which would permit ADP ribosylation of
membrane proteins on ART-expressing neighboring cells. The fate of such generated NAD*
is controlled by ecto-NADases, and cellular cross-talk that includes CD38 and select forms
of ART, such as ART2.2 involved in immune regulation, has been demonstrated (Adriouch
et al., 2008; Haag et al., 2007). Later, responses include those more protracted
developmental responses, inclusive of cell proliferation, differentiation, and apoptosis
(Burnstock & Knight, 2004; Harden et al., 1997; Weisman et al., 1998).

The dominant ectoenzymes or ectonucleotidases of the vasculature and lymphatics are now
more fully characterized as E-NTPDases or E-NTPDases of the CD39 family, CD73/
ecto-5’-nucleotidase, and potentially CD157. These important biological properties
expressed by the endothelium, and associated cells, are responsible for the regulation of
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extracellular levels of nucleotides (Kaczmarek et al., 1996; Marcus et al., 1991, 2003;
Robson et al., 1997, 2005).

NTPDases, in particular, might be able to serve as molecular switches at the membrane with
differing functions according to the context of the signal. Colocalization of NTPDases with
P2 and adenosine receptors has been demonstrated by fluorescence resonance energy
transfer (FRET) techniques (Schicker et al., 2009); such structural aspects likely correlate
with functional integration of responses and may confer added specificity. Such complexities
must have been dictated by the ubiquitous nature of the signaling molecules, for example,
ATP as mentioned above. However, extracellular nucleotide signaling should still be
contrasted with the unique specificity of peptide hormones or vasoactive factors for often
single, defined receptors (Goding & Howard, 1998; Sasamura et al., 1994).

Because of its high affinity for NAD* and its efficient hydrolase activity, CD38 represents
the main extracellular NAD*-metabolizing enzyme. When coexpressed with the ARTSs, it
competes for the substrate and limits their functional activities (Malavasi et al., 2008). This
balance directly affects the amount of ADP-ribosylated P2X7 on arginine 125, a process
mediated by ART2.2 (Adriouch et al., 2008), which catalyzes the covalent transfer of the
ADPR group from NAD+ onto arginine residues of membrane target proteins. Consequently,
NAD™ released during inflammation participates in the regulation of T cell homeostasis /7
vivothrough an ART2.2-dependent P2X7-mediated mechanism involving ADP ribosylation
(Adriouch et al., 2008; Haag et al., 2007), a process, which is now referred to as NAD-
induced cell death (NICD; Grahnert et al., 2010; Hubert et al., 2010).

Besides modulating extracellular NAD* levels, CD38/CD157 also catalyze the production of
Ca?*-regulated metabolites, including cCADPR, ADPR, etc. These metabolites bind
intracellular receptors and channels that lead to a transient increase in cytosolic Ca2*
concentrations (Malavasi et al., 2008). This activity is believed to potentiate the functions of
chemokine receptors, as well as of antigen receptors in B and T lymphocytes, as observed by
studying CD38 knockout mice and human disease models (Deaglio & Malavasi, 2006;
Deaglio et al., 2001; Morabito et al., 2006).

Many aspects of these ectonucleotidase families and detailed expositions of structure/
function relationships have been previously reviewed by us (Beldi et al., 2008a; Deaglio et
al., 2006; Di Virgilio et al., 2009; Malavasi et al., 2008; Robson et al., 2006). These topics
are fully addressed elsewhere in this issue and are not discussed further here (see Chapter 9).

V. Hemostasis and Thrombosis

A. Pathophysiology

Hemostasis must remain inactive under basal conditions but ready to immediately close off
defects, shut off blood loss, and thereby minimize tissue injury. The pathophysiology of
coagulation and platelet-activating mechanisms in hemostasis is integral to an understanding
of thrombosis and inflammation in the vasculature.
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The normal vascular endothelium provides a barrier that separates blood cells and plasma
factors from highly reactive elements of the deeper layer of vessel wall and maintains blood
fluidity and flow by inhibiting coagulation, platelet activation, and promoting fibrinolysis
(Ross, 1995). These properties are governed by important thromboregulatory mechanisms
that include the release of prostacyclin (Sinzinger et al., 1991), the generation of NO (Cooke
& Dzau, 1997), and heparan sulfate expression (lhrcke et al., 1993). Other key biological
activities of the vasculature include ecto-nucleotide catalysis that generates nucleosides by
phosphohydrolysis of the respective nucleotides (Robson et al., 1997b, 2001).

The initiating event of plasma coagulation is the exposure of abluminal or circulating tissue
factor (TF) within microparticles to circulating Factor VII. Thus, any disruption in the
endothelial barrier between these TF-expressing cells and circulating blood is an initiating
event in plasma coagulation. The TF-Factor VIla complex initiates a chain reaction by
activating other zymogen coagulation factors in the blood and initiating feedback loops to
enhance clotting activity. TF—Factor Vlla activates two zymogens: Factor 1X and Factor X.
Factor 1X (complexed with Factor VIII which is in turn stabilized by von Willebrand factor
(VWF)) serves to activate more Factor X. Activated Factor X in complex with Factor V
activates thrombin (Factor Il), the major protease responsible for cleavage of fibrinogen to
form fibrin. Finally, thrombin accentuates the clotting process with positive feedback loops
activating more Factor V, Factor V111, and Factor XI (increases activated Factor 1X) and
Factor X111, which covalently links fibrin molecules in a transglutaminase reaction to form
an insoluble mesh. This cascade of activated zymogens and positive feedback loops
propagates fibrin formation to impede local hemorrhage. The interested reader is referred to
an excellent recent review of this topic by Furie and Furie (2008).

The hemostatic process is also initiated by damage to the endothelium with exposure of
circulating platelets to subendothelial surfaces and any associated serine proteases of the
coagulation cascade. There appear to be two separate and independent pathways for platelet
activation: these involve vascular collagen-dependent activation and thrombin-dependent
pathways. Vascular injury exposes circulating platelets to collagen-bound vWF, which binds
via the glycoprotein receptor GP1ba and integrins such as GPlIbllla (which can also
interact with fibrin(ogen)). Thrombin cleaves protease-activated receptors (PAR1 in humans)
to initiate platelet activation. This process, in turn, activates other platelets by release of
serotonin, thromboxane A2, and nucleotides, which operate in auto- and paracrine manners
to amplify platelet activation (Furie & Furie, 2008).

Simultaneous activation of the coagulation cascade and platelets is thought to synergize to
propagate thrombus formation (Furie & Furie, 2005). An alternative mechanism is that a
form of TF that is initially inactive (or “encrypted”) can be derived from cell-derived
circulating microparticles and activated isomerization of a mixed disulfide and a free thiol to
an intramolecular disulfide at sites of thrombus formation (Reinhardt et al., 2008).
Thrombogenesis is blocked when the extracellular protein disulfide isomerase is inhibited
(Reinhardt et al., 2008), perhaps preventing the activation of critical functions in platelet
receptors and TF (Cho et al., 2008; Furie, 2009). The hemostatic process can be therefore
further facilitated by expression of functionally active TF from cells and/or that expressed by
cell-derived microparticles. It is of interest that such thrombus formation promoted by
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circulating microparticles can develop without implicating direct endothelial damage (Furie,
2009; Furie & Furie, 2008)

B. Impact of Extracellular Nucleotides, Nucleosides, and Ectonucleotidases on Hemostasis
and Thrombosis

Over the past decade, extracellular nucleotides have been recognized as important mediators
of a variety of processes including vascular inflammation and thrombosis with varying
impacts in different systems (Robson et al., 2001). These cellular processes and nucleotide-
triggered events are further modulated during angiogenesis and influence the development of
atherosclerosis and restenosis following angioplasty (Burnstock & Knight, 2004; Goepfert et
al., 2000, 2001; Wang et al., 2003; Wihlborg et al., 2004)

Extracellular nucleotides are continuously released from cells associated with the blood, for
example, following the exocytosis of ATP/UTP-containing vesicles, facilitated diffusion by
putative ABC transporters or by poorly understood electrodiffusional movements through
ATP/nucleotide channels. It has been shown that rates of increase are higher in injured or
stressed cells (Abraham et al., 1993; Franceschi et al., 1996; Grierson & Meldolesi, 1995;
Luthje, 1989; Tsujimoto, 1997).

Several mechanisms account for the presence of nucleotides or nucleosides in plasma (Traut,
1994). As alluded to above, these include aggregating platelets, degranulating macrophages,
excitatory neurons, injured cells, and cells undergoing mechanical or oxidative stress
resulting in lysis, selective permeabilization of cellular membranes, and exocytosis of
secretory vesicles, such as from platelet dense bodies (Fijnheer et al., 1992; Luthje, 1989). It
is important to note here that many processes of arterial vascular injury are associated with
the release of adenine nucleotides that exert a variety of inflammatory effects on
endothelium, platelets, and leukocytes (reviewed in Dubyak & Elmoatassim, 1993; Luthje,
1989).

Adenosine is recognized as a bioactive agent in vascular inflammatory states, with effects
mediated on both vascular cells and leukocytes (Ogura et al., 2006). In addition, adenosine
has known antithrombotic effects by blocking induction of TF (Deguchi et al., 1998) via
Ao p and Ag receptors, particularly during ischemic or atherosclerotic processes, modulates
the expression of antiapoptotic genes, and is immunosuppressive (Sitkovsky et al., 2004).
Adenosine is constitutively present in the extracellular space at low concentrations, but
under metabolically stressful and hypoxic conditions, the levels rise dramatically (Sitkovsky
& Lukashev, 2005). Primary release of the mediator could occur ab initio, or this might
follow conversion of released nucleotides to adenosine via ectonucleotidases.

The important function of ectonucleotidases in the vasculature is the modulation of P2-
receptor-mediated signaling by the removal of extracellular ATP and ADP and related
nucleotides. The ultimate generation of extracellular adenosine will abrogate and terminate
nucleotide-mediated effects but will also activate adenosine receptors, with often opposing
pathophysiological effects. Ectonucleotidases also produce the key molecules for purine
salvage and consequent replenishment of ATP stores within multiple cell types. Indeed,
although nucleotides appear not to be taken up by cells, their dephosphorylated nucleoside
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derivatives interact with several specific transporters to enable membrane passage. The
regulated dephosphorylation of extracellular nucleotides by ectonucleotidases may be
critical for appropriate purinergic/pyrimidinergic signaling and metabolic homeostasis
(Enjyoji et al., 1999; Plesner, 1995; Robson et al., 2001, 2005).

The endothelial membrane expressed CD39/NTPDase-1 is the major ecto-nucleotidase in
the vasculature (Enjyoji et al., 1999). Other NTPDases associated with the vasculature are
the cell-associated ecto-ATPases (CD39L1 or NTPDase-2) and a soluble ecto-ADPases
(CD39L2 or NTPDase-6; akin to the monocyte expressed CD39L4 or NTPDase-5;
Chadwick & Frischauf, 1998; Mulero et al., 1999; Zimmermann, 1999).

The ectoenzyme CD39/NTPDasel can be shown to efficiently bind and hydrolyze
extracellular ADP (and ATP) to AMP. This phosphohydrolytic reaction limits the platelet
activation response that is dependent upon the paracrine release of ADP and activation of
specific purinergic receptors (Marcus et al., 1991; Robson et al., 1997b, 2000). CD39L1/
NTPDase2, a preferential nucleoside triphosphatase, activates platelets by converting the
competitive antagonist (ATP) of platelet ADP receptors to the specific agonist of the P2Y
and P2Y 1, receptors.

In keeping with these biochemical properties, endothelial cells and vascular smooth muscle
chiefly express CD39, where it serves as a thromboregulatory factor. In contrast, CD39L1 is
associated with the adventitial surfaces of the muscularized vessels, microvascular pericytes,
and the stromal cells and would potentially serve as a hemostatic factor (Sevigny et al.,
2002).

The ectonucleotidase chain initiated by NTPDases is terminated by ecto-5’-nucleotidase
(EC 3.1.3.5; Zimmermann, 1992). The ecto-5’-nucleotidase (CD73) is a glycoprotein
member of the family of 5”-nucleotidases that operates in tandem with CD39 in the
vasculature. Together, CD73 and ADA (EC 3.5.4.4), another ectoenzyme involved in purine
salvage pathways that degrades adenosine to inosine, closely regulate local and pericellular
extracellular and plasma concentrations of adenosine (Goding & Howard, 1998; Resta et al.,
1998). CD73 exhibits high specificity toward nucleoside monophosphates and is inhibited
by nucleoside diphosphates in a manner described as “feed-forward inhibition” that has the
effect of promoting a platelet plug and limiting adenosine generation (Gordon et al., 1986) to
enhance the process of thrombogenesis. This mechanism also explains, at least in part, why
Cd39 deletion might have such pronounced effects on adenosine production and is the
dominant functional ectonucleotidase within the vasculature (Gordon et al., 1986; Meghji et
al., 1995).

The CD38 family of ectoenzymes is involved in recycling of extracellular nucleotides by
metabolizing NAD through the generation of cCADPR and ADPR (Howard et al., 1993). The
surface expression levels of CD38 are tightly regulated /7 vivo in response to inflammatory
signals and may also impact vascular responsiveness in this process (Malavasi et al., 1994).
Specifically, a clear role for CD38 in the interactions taking place between circulating
lymphocytes and the vessel wall has been recognized several years ago (Deaglio et al.,
1996). The latter finding was the starting point for the search of an endothelial cell-bound
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ligand, which culminated in the identification of CD31 (platelet endothelial cell adhesion
molecule) as a counter receptor for CD38 (Deaglio et al., 1998).

It is plausible that CD31 binding can affect the enzymatic activities of CD38, by influencing
the dimerization of the molecule and the opening of the catalytic site (Liu et al., 2005).
CD38/CD31 signals have been studied in humans in several models, by mimicking /n vitro
the conditions that might occur /n vivo. The results indicate that this interaction is the
starting point of a cascade of events that profoundly affects the gene signature of the cell.
The modulated pathways are chiefly those leading to proliferation and chemotaxis (Deaglio
& Malavasi, 2006; Deaglio et al., 2001; Morabito et al., 2006).

The CD38 paradigm is also representative of a more general trend involving several
nucleotide-metabolizing enzymes (Deaglio et al., 2001). CD38 and CD157 may also serve
as receptors, controlling intracellular signaling pathways apparently independently of the
ectoenzymatic activity. The two functional activities might represent two separate
evolutionary developments resulting in the final multifunctional molecule. Phylogenetic
studies support the view that the enzymatic activity is the “older” conserved function,
whereas at a later point, CD38 may have acquired membrane anchorage and the ability to
function as a receptor (Ferrero & Malavasi, 1999).

These common traits also involve localization in membrane lipid microdomains, and the
physical and functional association with partners specialized in signal transduction (Deaglio
et al., 2002; Koziak et al., 2000; Pacheco et al., 2005).

C. Purinergic Events in Platelet Thrombus Formation

In vivo, activated platelets appear to contribute to thrombin generation through the exposure
of phosphatidylserine, forming a procoagulant catalytic surface, and through platelet—
leukocyte—microparticle interactions that result in exposure of TF to blood, thereby
promoting clot formation (Falati et al., 2002, 2003). Platelet activation and integrin ligation
in response to multiple agonists are known to be dependent upon the release of extracellular
nucleotides and therefore regulated by specific antagonists of the P2Y 1, P2Y 5, and P2X1
receptors (Baurand et al., 2000; Hechler et al., 2003; von Kugelgen & Wetter, 2000).

How platelets and the coagulation systems coordinate the process of thrombogenesis can be
directly visualized by /n vivo confocal and widefield videomicroscopy visualizing platelet
deposition, microparticle accumulation, and fibrin generation after direct, oxidant, or laser-
induced vascular injury. Recent work has kinetically plotted the formation of platelet arterial
thrombi in the living mouse. This pattern is characterized by rapid accumulation of platelets
(accumulation phase), followed by a peak at about 100 s followed by a 50-75% decrease in
platelet mass leading to the plateau or stabilization phase (Chou et al., 2004; Falati et al.,
2002, 2003), for reasons that are not understood.

Intuitively, one would think that a thrombus would grow indefinitely as platelets accumulate,
release ADP, and activate more platelets. But clearly this is not the case as the visualized
thrombus decreases in size as bound platelets deaggregate and return to the circulation
(Chou et al., 2004).
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Plasma microparticles (<1.5 pm) originate from platelet and cell membrane lipid rafts and
possibly regulate inflammatory responses and thrombogenesis (Falati et al., 2003; Furie,
2009; Furie & Furie, 2005). These actions are mediated through their phospholipid-rich
surfaces and associated cell-derived surface molecules (Falati et al., 2003). Constitutively
circulating microparticles are also associated with functional CD39, and accumulation of
these at sites of vascular injury appears to influence local thrombus formation and evolution
(Banz et al., 2008).

Purified, unstimulated platelets lack or have minimal CD39 functional activity but released
CD39 present on microparticles may be a key modulatory influence of thrombosis. In this
regard, monocyte-derived microparticles can bind to activated platelets in the developing
thrombus in an interaction mediated by platelet P-selectin and microparticle P-selectin
glycoprotein ligand 1(PSGL-1; Falati et al., 2002, 2003). We might infer that as the platelet
thrombus forms, in parallel, microparticles accumulate in the growing aggregate, which
deliver the associated membrane CD39. Hence, CD39, and associated NTPDase activity, is
not initially a substantive part of the thrombus but only accumulates after platelet thrombus
formation matures. The spatial and temporal expression of NTPDases in the accumulating
microparticles may therefore regulate thrombus size by regulating the hydrolysis and hence
inactivation of the platelet agonist ADP, ultimately resulting in the observed deaggregation
responses (Atkinson et al., 2006).

There is, however, a complicating variable. Although CD39 is a key determinant of
extracellular nucleotide fluxes in the vasculature, genetic deletion paradoxically results in
disordered hemostasis, secondary to platelet dysfunction. When studied in the CD39-mutant
mouse, platelet thrombi were limited after oxidant injury /n vivo and purified Cd39-null
platelets failed to aggregate to standard agonists /in vitro. This pattern of platelet
hypofunction was wholly reversible and associated with purinergic type P2Y receptor
desensitization and membrane integrin dysfunction (Enjyoji et al., 1999).

Cd39 deletion in mice produces a proinflammatory phenotype associated with quantitative
and qualitative differences in the microparticle populations, as determined by 2D-gel,
Western blot, and flow cytometry. Cad39-null microparticles are also more abundant, have
significantly higher proportions of platelet- and endothelial-derived elements and decreased
levels of interleukin (IL)-10, tumor necrosis factor receptor-1 (TNF-RI), and matrix
metalloprotease (MMP-2). Consequently, Cad39-null microparticles boost endothelial
activation, as determined by inflammatory cytokine release and upregulation of adhesion
molecules /n vitro. These findings by Banz and our colleagues suggest a modulatory role for
CD39 within microparticles in the exchange of regulatory signals between vascular cells
(Banz et al., 2008).

VI. Inflammation

A. Platelets and Leukocytes

Inflammation potentiates thrombosis by both downregulating vascular natural anticoagulant
mechanisms and provoking disordered purinergic mechanisms, as alluded to above.
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Inflammation and thrombosis are closely integrated by close interactions between platelets,
circulating leukocytes, endothelial, and other vascular cells.

Platelets are a key element at the interface between thrombosis and inflammation. Activated
platelets release extracellular nucleotides and soluble factors that may have both local and
systemic effects on blood and vascular cells that compound inflammatory responses.

Polymorphonuclear neutrophils (PMN) are the cardinal cellular component of an acute
inflammatory response, and purinergic signaling dictates their functions. Specifically, ATP
appears to be released from the leading edge of neutrophils in response to stimulation by
chemoattractants, such as the peptide A-formyl-met-leu-phe (fMLP). ATP released by cells
among which are PMN activates P2Y, receptors and consequently forms adenosine that via
Ag receptors stimulates neutrophil movement (Chen et al., 2006). CD39 is the critical
ectonucleotidase dictating hydrolysis of released ATP and directing cell migration by PMN.
Upon stimulation of human PMN or differentiated HL-60 cells in a chemotactic gradient,
CD39 tightly associates with the leading edge of polarized cells during their migration in a
chemotactic gradient. Inhibition or genetic deletion of CD39 reduces the migration speed of
PMN but not the chemotactic ability both /in vitroand in vivo (Corriden et al., 2008).

Further, CD39 is the dominant ectonucleotidase expressed by monocyte-macrophages.
Upregulation of TF expression by monocytes and major defects in their entry and migration
into the substance of Matrigel plugs injected into the subcutaneous tissue of Cd39-null mice
have been observed. In parallel, we also evaluated parameters of monocyte transendothelial
migration influenced by ATP /n vitro and noted failure of Cd39-null cells to migrate in
response to exogenous nucleotides. This defect could be overcome by costimulation with
serotonin, suggesting a degree of P2Y-receptor desensitization in Cd39-null monocytes, as
previously noted in platelet functions (Goepfert et al., 2001; Robson et al., 2001).
Ectoenzymes, specifically ectonucleotidases, play a key role in leukocyte trafficking but this
complex area will not be dealt with here (for an excellent review on this topic, see Salmi &
Jalkanen, 2005).

B. Inflammasome

This recently coined term refers to those multiprotein complexes comprising caspase family
members that assemble in the cytoplasm following injury to cells, or exposure to “danger
signals.” Activated caspase-1 within the complex cleaves pro-1L-1, and others, leading to
cytokine activation and secretion (Latz, 2010). ATP released from damaged cells may serve
as a “danger signal” and binds P2X7 which is known to activate the NLRP3/ASC/caspase-1
inflammasome boosting release of active IL-1 (reviewed in Mariathasan et al., 2006; Ogura
et al., 2006; and more recently in Aymeric et al., 2010; Stagg & Smyth, 2010).

The autocrine/paracrine release of ATP that generates the inflammasome activation via
P2X7 receptor activation can be impacted upon by CD39 in endothelium or by myeloid
cells. Crucially, overexpression of CD39 in endothelium efficiently abrogated initial phases
of ATP secretion in response to lipopolysaccharide endotoxin and markedly inhibited 1L-1
alpha release; comparable results were obtained with soluble NTPDase. These earlier data
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suggested that CD39 could modulate IL-1 release from endothelium (Imai et al., 2000) and
might also impact the inflammasome.

In a more recent study, CD39 was shown to be the dominant ectonucleotidase expressed by
murine peritoneal macrophages and to also regulate P2X7-dependent IL-1 secretion
responses in these cells (Levesque et al., 2010).

For further details with respect to the impact of ectonucleotidases on inflammation and
cytokine elaboration, please refer to Chapter 9.

C. Plasticity of Purinergic Responses in Inflammation

Inflammatory and vascular cells exhibit a certain degree of plasticity to respond to stress, as
do adaptive input—output devices. The putative input arises from the extracellular milieu and
includes biochemical signals triggered by extracellular nucleotides, and the resulting
biomechanical responses are transduced by adhesion receptors in response to P2-mediated
signals, such as the affinity changes in integrins and cell adhesion responses. The output is
further manifested as alterations in cellular phenotype, such as with activation responses,
and includes a number of structural and functional changes implicated in diverse
pathophysiological processes.

As an example, acute inflammation and associated oxidative stress, for example, as in graft
ischemia—reperfusion injury, have an immediate and direct impact on extracellular
nucleotide metabolism secondary to substantive and immediate decreases in the biological
activity of CD39. Palmitoylation status of CD39 and cholesterol content of membrane lipid
rafts appear to impact changes on NTPDase activity under such episodes of stress. Loss of
NTPDase activity can be ameliorated by statins (Kaneider et al., 2002) or by incorporation
of saturated fatty acids into cell membranes and limitation of lipid peroxidation responses by
antioxidants (Kaczmarek et al., 1996; Robson et al., 1997a).

Recent work has suggested that upregulation of CD39 can be influenced by the select
transcription factors CREB (Liao et al., 2010), Sp1, and hypoxia-inducible factor-1 (HIF-1;
Eltzschig et al., 2009). CD39 and CD73 as well as certain adenosine receptors are clearly
upregulated in the setting of hypoxia (Eltzschig et al., 2003, 2004; Synnestvedt et al., 2002).
Downregulation of adenosine transporter expression under such conditions further decreases
adenosine uptake (Morote-Garcia et al., 2009). Such hypoxia—adenosinergic mechanisms
boost production of extracellular adenosine and receptor signaling. These pathways have
different effects in select experimental models when examining leukocyte and lymphocyte
infiltration into tissues or peritoneum (Corriden et al., 2008) versus altering egress of cells
across epithelial barriers, for example, as in the lung or gut (Eltzschig et al., 2003, 2004;
Reutershan et al., 2009).

CD38 expression can be likewise readily modulated, following activation of B and T cells as
well as in the context of contacts between lymphocytes and stromal cells (Deaglio et al.,
2006). The gene includes a very long first intron that contains regulatory elements for
vitamins (A and D) and for interleukins (interferons and IL-6), among others (Malavasi et
al., 2008). The presence of a large CpG island suggests epigenetic regulation, as very
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recently demonstrated in the chronic lymphocytic leukemia (CLL) model. Lastly, CD38 has
a well-characterized single-nucleotide polymorphism (SNP) located at the 5 end of this
intron (184 C—G), which leads to the presence (or absence) of a Pvull restriction site. This
SNP is located within an E-box and conditions binding of the E2A transcription factor in
human B lymphocytes (Saborit-Villarroya et al., 2011).

VII. Immunity

A. CD39

High levels of ATP may be released by CD4* and CD8" T cells upon mitogenic or
antigenic/TCR stimulation and serve to amplify activation of cells (la Sala et al., 2003).
Acute P2 receptor-mediated stimulation of monocytes, lymphocytes, and endothelium
causes largely proinflammatory responses, such as the release of IL-1 (or I1L-8), as described
above (Imai et al., 2000; la Sala et al., 2003; Warny et al., 2001). On DCs, exposure to
extracellular ATP induces migration and differentiation to drive cellular immune responses
(la Sala et al., 2001).

Multiple P2X and P2Y receptor subtypes are expressed by monocytes and DCs, whereas
lymphocytes express only P2Y receptors (Burnstock & Knight, 2004). These various
receptors operate in both auto- and paracrine loops and are considered to play a complex,
important role in the regulation of vascular and immune cell-mediated responses. We will
focus on how CD39 and CD38 impact these functions.

CD39 was first described as a B lymphocyte activation marker (Maliszewski et al., 1994)
and has been also shown to be expressed on natural killer (NK) cells, monocytes, DC, and
subsets of activated T cells (Koziak et al., 1999). The relevance of the expression of CD39
by these cells is still being explored but there have been several recent advances in
understanding brought about, at least in part, by study of mutant mice.

Langerhans DCs have the capacity to recruit, activate, and polarize naive T cells and express
high levels of CD39 (Mizumoto et al., 2002). Cd39-null DCs are unresponsive to ATP albeit
these are susceptible to cell death, but only after prolonged exposure to nucleotides
(Mizumoto et al., 2002). Mutant mice null for Cd39 have amplified inflammatory responses
to irritant chemicals as a consequence of the lack of CD39 suppressive properties. However,
there are major defects in DC formation, antigen presentation, and T cell responses to
haptens in Cd39-null mice. These result in markedly attenuated responses to contact
allergens in type IV hypersensitivity cutaneous responses that are also seen in IBD models
following haptenic stimulation (Kunzli et al., 2010). These data suggest that Cd39
expression is required for optimal stimulation of hapten-reactive T cells in mice (Mizumoto
et al., 2002). Cd39-null DCs are fully functional with respect to homing and phenotypic
maturation but are less able to stimulate T cells. These immune findings are relevant to
allograft rejection processes (Robson et al., 2001). Sequelae of these putative immune
abnormalities include the relative failure of Cd39-null mice to reject allografts under limited
costimulation blockade (Li et al., 2003). These data indicate a previously unrecognized role
of CD39 and the effects on nucleotide-mediated signaling in immunological responses
(Mizumoto et al., 2002) that has been extended in lymphocyte studies.

Adv Pharmacol. Author manuscript; available in PMC 2018 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Deaglio and Robson

Page 15

We have recently shown that absence of CD39 and consequent changes in P2 receptor
signaling paradoxically limit interferon gamma (IFNvy) release by NK cells in inflammatory
situations. Adoptive transfers of populations of mutant and wild-type immune cells into
Rag2/common gamma null mice (deficient in T cells, B cells, and NK/NKT cells) suggest
that CD39 deletion on NK cells provides end-organ protection in limited warm ischemia,
decreasing tissue damage mediated by these innate immune cells (Beldi et al., 2010).

With Dr. Marilia Cascalho and colleagues, we have noted abnormalities in B cell memory
responses to T-dependent antigens in Cd39-null mice with demonstrable abnormalities in
postgerminal center terminal B cell differentiation (not shown here).

With Karen Dwyer, Wenda Gao, and colleagues, we have shown that CD39 and CD73 are
surface markers of Treg cells (in the mouse) that impart a specific biochemical signature
characterized by adenosine generation that has functional relevance for cellular
immunoregulation mediated by effector T cell A, stimulation (Deaglio et al., 2007). CD39,
albeit not consistently with CD73, is associated with human CD4-Treg, as defined by high
expression of Foxp3 and low levels of CD127 (Dwyer et al., 2010). Comparable work has
been also published in human systems (Borsellino et al., 2007; Mandapathil et al., 2010).

In other collaborative work recently published by Dwyer et al., CD39 has been used to
characterize blood T cell populations to allow tracking of these cells in health and disease
(Dwyer et al., 2010). Differential expression of CD25 and CD39 on circulating CD4* T cells
differentiates between Treg and pathogenic cellular populations associated with secretion of
inflammatory cytokines (IFN-y and IL-17). These latter cell populations are increased, with
decreases in CD39-expressing Tregs, in patients with renal allograft rejection (Dwyer et al.,
2010).

Lastly, work done by Guido Beldi and colleagues has shown an important NKT cell
protective phenotype in Cd39-null mice following Concavalin A-induced immune hepatitis.
These data indicate a role for modulated purinergic signaling to impact NKT-mediated
mechanisms resulting in liver immune injury (Beldi et al., 2008b).

Nucleotides are potent inflammatory factors when suddenly released into the extracellular
environment in high concentration, as with platelet degranulation. Hence, depending on the
P2 or adenosine receptor subtype, the cell types, and signaling pathway involved, these
receptors might preferentially trigger and mediate short-term (acute) processes that affect
metabolism, adhesion, activation, or migration. Moreover, purinergic signaling also has
profound impacts upon other more protracted reactions, including cell proliferation,
differentiation, and apoptosis, such as seen in several chronic inflammatory states
(Burnstock, 2002). These mechanisms could be also implicated in immune memory
(Koshiba et al., 1997; Sitkovsky et al., 2004). Immune outcomes appear to differ somewhat
when there are slow, gradual, and persistent increases in nucleotide fluxes where P2 receptor
desensitization might occur. Under these conditions, purinergic effects deviate immune
responses more toward nonresponsiveness (tolerance) rather than heightened reactivity
(reviewed in Di Virgilio & Robson, 2009; Di Virgilio et al., 2009).
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Expression of CD38 by activated T and B lymphocytes was the starting point for functional
studies aimed at dissecting the role of the molecule in the immune compartment. The
emerging picture is highly complex and mostly dependent on the lineage considered and the
activation status of the cell. However, a few common trends emerge that are expanded upon
below (reviewed in Malavasi et al., 2008).

It seems apparent that CD38 engagement by agonistic mAbs is followed by a signaling
cascade typical of canonical receptors, including tyrosine phosphorylation of a sequential
number of intracellular enzymes, nuclear events, and more long-term effects dependent on
active protein synthesis. An increase of the cytoplasmic levels of calcium ions is also a
common theme upon activation of CD38. The calcium wave is typically slow in rising as
compared to the spikes obtained after signaling through the antigen receptors in T and B
lymphocytes. Unlike the antigen receptors, a CD38-induced calcium wave may last several
minutes before declining, indicating that the molecular mechanisms responsible for calcium
mobilization might be different and possibly relying on the enzymatic activities of the
molecule, which generate several Ca2* active compounds.

It is still not clear what initiates the signal. A hypothesis is that this commences with
provision of substrate, that is, NAD*, and might be further regulated through protein—protein
interactions. In the human, these would include CD31, the only nonsubstrate ligand so far
identified that might focus biochemical activity at vascular sites, as alluded to above. The
structural requirements for signaling include localization in critical areas of the plasma
membrane, in close physical proximity with more typical signaling receptors, such as the B
cell receptor complex in B cells (Deaglio et al., 2006), CD16 in NK cells (Deaglio et al.,
2002), and also inclusive of the T cell receptor in T lymphocytes, MHC Class 1l and CD9 in
monocytes, and the CCR7 and CXCR4 chemokine receptors, CD83 and CD11b in mature
DCs (reviewed in Deaglio & Malavasi, 2006; Malavasi et al., 2008).

The long-term events described as a consequence of the interaction of CD38 with the CD31
ligand, as mimicked by agonistic mAbs, vary according to cell lineage and differentiation
status. Two common themes as to the regulation of cellular responses by CD38 are evident.
The first is linked to the amplification of the signal mediated by the antigen receptorsin T
and B lymphocytes and by CD16 in NK cells. The second is associated with the
amplification of chemotaxis signals mediated by different chemokine receptors. Both
avenues have the potential to modulate immune responsiveness and inflammation in health
and disease, as addressed next.

VIII. Disease Processes

A. Cancer

Inflammation and coagulation have important roles in the biology of cancer, and effects
mediated by nucleotides and other mediators are often dualistic.

First, patients with cancer might exhibit thrombophilia with coagulation activated toward a
prothrombotic state and heightened activation of inflammation. Second, such a procoagulant
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environment may promote growth and dissemination by several mechanisms involving fibrin
deposition, angiogenesis, and platelet activation. Dysregulation of coagulation with
heightened levels of inflammatory mediators, such as extracellular nucleotides in cancer,
impacts clotting and vascular homeostasis to provoke venous thrombosis. These mediators
also stimulate cell signaling in the extra vascular compartment, through interaction with cell
receptors like PARs and P2 receptors, to drive tumor growth. Platelet activation and
associations with leukocytes may further promote inflammatory reactions to tumors.

Proteases like thrombin may drive malignant cell proliferation and are opposed by
anticoagulant and anti-inflammatory actions, inclusive of the protein C-thrombomodulin
mechanism. Likewise, nucleotide-mediated effects are abrogated by ectonucleotidases that
generate adenosine. In such situations, cancer may promote growth and protect against host
responses by subverting protective effects of inflammatory responses.

Experimental approaches that promote ATP-mediated activation of immune responses and
tumor cytotoxicity, or inhibit generation of extracellular adenosine have been tested. We
have demonstrated that metastatic tumors from a melanoma cell line and other cancers were
strongly inhibited in mice with Cd39-null vasculature as a consequence of disordered
angiogenesis (Beldi et al., 2008c; Jackson et al., 2007). Tumors likewise were decreased in
size in wild-type mice with circulating Cd39-null bone marrow-derived cells (Sun et al.,
2010). Our models suggest that functional CD39 expression on CD4(+)Foxp3(+) Tregs
suppressed antitumor immunity mediated by NK cells /n vitroand in vivo. Inhibition of
CD39 activity by polyoxometalate-1, a pharmacologic inhibitor of NTPDase activity,
significantly inhibited tumor growth in the experimental system validated by us (Sun et al.,
2010).

Several primary tumors contain CD39-expressing Treg. There is another intriguing
possibility in that tumor cells express ectonucleotidases that may primarily generate high
levels of extracellular adenosine; cancer cells may, therefore, blunt host responses while
promoting tumor growth without any need for Treg recruitment (Buffon et al., 2007; Stagg
& Smyth 2010; Stagg et al., 2010). To address these possibilities, we and others have
proposed that pharmacologic or targeted inhibition of CD39 and/or CD73 enzymatic activity
may find utility as an adjunct therapy for primary and secondary malignancies (Hilchey et
al., 2009; Mandapathil et al., 2010; Sun et al., 2010; Zhang, 2010).

The role of CD38 in human tumor models is intimately linked to CLL, a relatively common
leukemia of adults (Chiorazzi et al., 2005a, 2005b). The disease is invariably characterized
by the expansion of a population of mature B cells expressing CD5 and accumulating in the
blood and lymphoid organs. The clinical behavior is highly heterogeneous with patients who
survive decades without any need for therapy, along with patients who need to be treated in
the first 12 months after diagnosis, become rapidly resistant to therapy, and ultimately die
because of the leukemia. CD38 is expressed by the aggressive variant of the disease and has
become a widely used and trusted marker (Deaglio et al., 2006).

The current view is that CD38 is intimately linked to disease progression and that expression
conditions tumor growth and expansion (Deaglio et al., 2010a, 2010b). This view is linked to
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the role of CD38 in collaborating with the B cell receptor complex in delivering proliferation
signals to the neoplastic cell. More recently, CD38 has also been recognized as critical in
determining chemotactic responses to the CXCL12 chemokine, by working in physical and
functional association with the CXCR4 receptor (Vaisitti et al., 2010).

These overall observations suggest that CD38 is a potential therapeutic target in CLL. It is
reasonable to surmise that CD38-blocking reagents of antibody origin or based on modified
substrate ligands will perturb growth circuits of the neoplastic clone, probably rendering it
more susceptible to conventional chemotherapy. Alternatively, nonsubstrate ligands can be
used to block CD38 and consequent biochemical interactions with the surrounding
deleterious receptors (Deaglio & Malavasi, 2006; Malavasi et al., 2008). Human antihuman-
CD38 mAbs are already being tested in clinical trials, providing further support to this
proposal.

B. Inflammatory Bowel Disease

IBD is an often devastating disease and is associated with excessive inflammation in the
bowel and extra intestinal tissues in genetically susceptible individuals (Podolsky, 2002).
Dynamic balances of Treg to Th17 cells in the gut, alterations in bacterial flora, and other
environmental factors may regulate inflammatory responses both locally and systematically
(Boden & Snapper, 2008; Paust & Cantor, 2005). Associations between IBD and
thrombophilia have been recognized for decades and are of unclear etiology lacking a clear
molecular basis (Yoshida & Granger, 2009).

As noted above, purinergic signaling pathways are involved in thrombosis and vascular
inflammation (Robson et al., 2005), as well as immune suppressive cellular responses
(Deaglio et al., 2007). Importantly, genetic polymorphisms of CD39 are linked to Crohn’s
disease, and mice null for Cad39exhibit severe colitis in several experimental models
(Friedman et al., 2009; Kunzli et al., 2010). The purinergic linkages between inflammation
and clotting listed above might also indicate, at least in part, why this disease has such a
high incidence of venous thrombosis, blood clotting issues, and platelet activation (Yoshida
& Granger, 2009).

It may seem relevant to ask here as to the functions CD39 could be serving when expressed
by Treg and/or DCs that are relevant to IBD. A population of CD4* lymphocytes noted to
selectively express CD39 suggests a functional role for ectonucleotidases. Without such
biochemical activity, Treg and vascular endothelium are not able to rapidly convert
nucleotides into adenosine (Deaglio et al., 2007; Robson et al., 2005). Therefore, Cd39-null
cells lack an endogenous “stop” or “brake” mechanism that might allow unfettered intestinal
inflammation and correlate with the tendency of low expression of CD39 to be genetically
associated with Crohn’s disease (Friedman et al., 2009). In a reciprocal manner, heightened
levels of CD39 likely promote generation of adenosine to effectively block Th17 functions
(Dwyer et al., 2010).

Recent work by Atarashi et al. (2008) indicates that commensal bacteria release ATP that
specifically generates Th17 cells following the activation of a unique subset of lamina
propria cells. Importantly, the administration of exogenous ATP driving purinergic responses
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exacerbates an adoptive T transfer colitis model and boosts Th17 differentiation (Atarashi et
al., 2008).

C. Infections and Pathogens

Certain parasitic pathogens of humans express surface-located NTPDases that have been
linked to virulence (chiefly protozoans and helminths). For those parasites that are purine
auxotrophs, these enzymes may play an important role in purine scavenging, although they
may also influence the host response to infection.

Although E-NTPDases are rare in bacteria, expression of a secreted NTPDase in Legionella
pneumaophila has been noted (Sansom et al., 2008a, 2008b). This ectoenzyme enhances
intracellular growth of the bacterium and potentially affects virulence.

Staphylococcus aureus and other bacterial pathogens exploit the immunomodulatory
attributes of adenosine to escape host immune responses (Thammavongsa et al., 2009).
Purine metabolism and ectoenzymes (CD73) influence the host response to infection to
Lyme borreliosis, a common arthropod-borne infection caused by Borrelia burgdorferi
(Yegutkin et al., 2010).

Those interested in reading more on possible effects of microbial ectonucleotidases on host—
pathogen interactions should examine the review (Sansom et al., 2008b).

IX. Conclusion

Extracellular nucleotide-mediated vascular endothelial and accessory cell stimulation have
clear consequences for platelet activation, thrombogenesis, angiogenesis, vascular
remodeling, and the metabolic milieu of the vasculature, in response to inflammatory stress
and/or immune reactions. These mechanisms not only impact hemostasis but also dictate
processes of vascular injury, thromboregulatory disturbances, and defective angiogenesis
with vascular remodeling. This review has attempted to summarize those specific
components of purinergic signaling as pertaining to vascular injury, inflammation, and
immunity with a focus on the CD39 and CD38 family of ectonucleotidases (Fig. 1).

We have suggested that modulated, distinctive ectonucleotidase expression (by endothelium,
leukocytes, and platelets (and potentially by derived microparticles; Banz et al., 2008))
regulates nucleotide-mediated signaling in the vasculature in a temporal and spatial manner
with consequences for thrombogenesis and platelet activation. We have also addressed
components of extracellular nucleotide-mediated signaling pathway, chiefly in T cells that
are impacted upon largely by CD39, the prototypic member of the E-NTPDase family of
ectonucleotidases and those effects on T cell homeostasis pertinent to CD38 (as shown in
Fig. 2). Modulated, distinct NTPDase expression appears to regulate nucleotide- and
nucleoside-mediated signaling within the vasculature and in the immune system. Hence,
expression of ectonucleotidases on either endothelial or immune cells integrates vascular
inflammatory and immune cell reactions at sites of injury.
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Increasing interest in this field will open up several new avenues for investigation. These
developments might result in new treatment modalities for thrombotic disorders, vascular
inflammation, and disordered immunity.
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Abbreviations
ART ADP ribosy!I transferase

cADPR cyclic ADP ribsose
DC dendritic cell
EC endothelial cell

E-NTPDase ecto-nucleoside triphosphate diphosphohydrolase

IBD inflammatory bowel disease

IL interleukin

LC Langerhans cells

NAD nicotinamide dinucleotide

NICD NAD-induced cell death

NPP nucleotide pyrophosphatase/phosphodiesterase
TF tissue factor

Treg T regulatory cells
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FIGURE 1.

Purinergic mediators that are metabolized by CD39, CD73, and CD38 and respective
receptors. Schematic depiction of extracellular nucleotides, for example, ATP, ADP, and
NAD with derived adenosine nucleotide products as ligands for the corresponding purinergic
receptors—see text for details of NAD catalysis by CD38 and impacts on purinergic
signaling.
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FIGURE 2. Schematic representation of regulation of T regulatory cell homeostasis by

extracellular nucleotides

Extracellular nucleotide metabolism may be integrated into a homeostatic mechanism for the
T cell compartment. Resting conditions are associated with limited ATP or NAD flux, low
levels of CD39, CD38, and CD73. Basal mechanisms involve ADP ribosylation of P2X7,
NICD, and maintenance of Treg compartment in quiescent state by low-level Aja
stimulation (left panel). With acute inflammation and cellular stress, there are increases of
pericellular nucleotides that induce cellular activation with resulting abrogation of select
Treg responses (secondary to P2X7 activation). Those surviving cells exhibit marked
upregulation of CD39, CD38, and CD73. Ultimately, NAD is converted and effectively
removed by CD38, while ATP is subjected to hydrolysis by CD39 and CD73 (right panel).
As these surviving immune suppressive cells are “protected” by ectonucleotidases and also
have potent internal mechanisms to modulate cAMP, such cells, for example, Treg initially
expand, and adenosine accumulates to then activate A, receptors on T effector cells and
NK cells (amongst others). This effect has the result of limiting effector cell expansion and

blocking immune responses.
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