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Abstract
The enzymatic activities of CD39 and CD73 play strategic roles in calibrating the duration,
magnitude, and chemical nature of purinergic signals delivered to immune cells through the
conversion of ADP/ATP to AMP and AMP to adenosine, respectively. This drives a shift from an
ATP-driven proinflammatory environment to an anti-inflammatory milieu induced by adenosine.
The CD39/CD73 pathway changes dynamically with the pathophysiological context in which it is
embedded. It is becoming increasingly appreciated that altering this catabolic machinery can
change the course or dictate the outcome of several pathophysiological events, such as AIDS,
autoimmune diseases, infections, atherosclerosis, ischemia-reperfusion injury, and cancer,
suggesting these ecto-enzymes are novel therapeutic targets for managing a variety of disorders.
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How the purinergic system shapes immune/inflammatory responses
The immune system is a tightly regulated and integrated cell network that functions to
preserve and restore homeostasis. A task accomplished by patrolling organs for signs of
microbial invasion or tissue injury and triggering defensive inflammatory and then
restitutive responses following infection and injury [1]. However, inappropriate activation of
the immune system can lead to unacceptable levels of collateral tissue damage and the
development of various pathophysiological conditions, such as allergic and autoimmune
diseases or ischemia/reperfusion injury [2].

© 2013 Elsevier Ltd. All rights reserved

Corresponding author: Haskó, G. (haskoge@umdnj.edu)..

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Trends Mol Med. Author manuscript; available in PMC 2014 June 01.

Published in final edited form as:
Trends Mol Med. 2013 June ; 19(6): 355–367. doi:10.1016/j.molmed.2013.03.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The purinergic system is an evolutionarily selected system deputed to fine-tune immune cell
functions, such as cell-to-cell interactions, cytokine and chemokine secretion, surface
antigen shedding, intracellular pathogen removal, and generating reactive oxygen species
(ROS) [3–5]. Purinergic mediators, such as ATP and adenosine, are released into the
extracellular space in response to metabolic disturbances or other types of insults [6–8], and
operate both as sensory and efferent signals to shape immune responses. ATP is released
either by cell lysis or by non-lytic mechanisms including: (i) exocytosis of ATP-containing
vesicles, (ii) through nucleotide-permeable channels (connexin/pannexin hemichannels,
maxi-anion channels, volume-regulated anion channels or P2X7 receptor channels), (iii) via
transport vesicles that deliver proteins to the cell membrane, and (iv) via lysosomes [9].
Following the release of ATP into the extracellular space, CD39 (ecto-nucleoside
triphosphate diphosphohydrolase 1, E-NTPDase1) converts ATP into AMP, and then CD73
(ecto-5'-nucleotidase, Ecto5'NTase) dephosphorylates AMP into adenosine. In addition to
CD39 and CD73, which are the major nucleotide metabolizing enzymes that regulate
immunity and inflammation, there are other less well understood cell surface-associated
enzyme activities involved in the catabolism of extracellular nucleotides, which include
alkaline phosphatases, pyrophosphatases, and phosphodiesterases as well as the
counteracting ATP-regenerating ectoenzymes adenylate kinase and nucleoside-diphosphate
kinase [10]. The receptors P1 and P2 expressed on the surface of immune cells are activated
by adenosine and ATP, respectively, and mediate the immunomodulatory effects of purines.
Four G protein-coupled P1 or adenosine receptors have been cloned and designated as A1,
A2A, A2B and A3, whereas the P2 receptors have been classified into two subfamilies, the
ionotropic P2X (P2X1–7) and metabotropic P2Y (P2Y1,2,4,6,11–14) receptors [11].

CD39 and CD73 are important for calibrating the duration, magnitude, and composition of
the “purinergic halo” surrounding the immune cells (Figure 1). The expression and activity
of both CD39 and CD73 undergo dynamic changes in accordance with the
pathophysiological context in which they are embedded [12], and it is increasingly
appreciated that altering this catabolic machinery can modulate the course and dictate the
outcome of several pathophysiological conditions, such as infections, AIDS, autoimmune
diseases, atherosclerosis, ischemia-reperfusion injury, and cancer [13–17]. In this review, we
provide a background on the molecular regulation of CD39 and CD73, outline the role of
CD39 and CD73 in governing immune cell function, and detail the role of these enzymes in
regulating the course of immune-mediated diseases.

Molecular biology and regulation of CD39 and CD73
CD39 is an integral membrane protein that phosphohydrolyzes ATP, and less efficiently
ADP, in a Ca2+- and Mg2+-dependent fashion, to yield AMP [18]. Human CD39 is a
putative 510-amino acid protein with seven potential N-linked glycosylation sites, 11 Cys
residues, and two transmembrane regions [19]. Structurally, it is characterized by two
transmembrane domains, a small cytoplasmic domain comprising the NH2- and COOH-
terminal segments, and a large extracellular hydrophobic domain consisting of five highly
conserved domains, known as apyrase conserved regions (ACR) 1–5, which are pivotal for
the catabolic activity of the enzyme [18]. The amino acid sequences of ACR 1 and ACR 5
contain a phosphate-binding motif (DXG), which has been shown to be critical for
stabilizing the interaction between the enzyme and its nucleotide substrate during phosphate
cleavage. In addition, two ACR residues, Glu 174 in ACR 3 and and Ser 218 of ACR 4 are
also necessary for enzyme function [18,20]. CD39 becomes catalytically active upon its
localization on the cell surface, and its glycosylation is crucial for correct protein folding,
membrane targeting, and enzyme activity [20].
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CD39 is constitutively expressed in spleen, thymus, lung, and placenta [21–24], and in these
organs it is associated primarily with endothelial cells and immune cell populations, such as
B cells, natural killer (NK) cells, dendritic cells, Langerhans cells, monocytes, macrophages,
mesangial cells, neutrophils, and regulatory T cells (Tregs) [25]. CD39 expression is
regulated by several pro-inflammatory cytokines, oxidative stress and hypoxia [13,26]
through the transcription factors Sp1 [26], Stat3, and zinc finger protein growth factor
independent-1 transcription factor [27]. In addition, the expression of CD39 is increased in
several solid tumors (colorectal cancer, head and neck cancer, pancreatic cancer) as well as
in chronic lymphocytic leukemia, suggesting this enzyme is also involved in the
development and progression of malignancies [16]. Recently, a soluble catalytically active
form of CD39 has been shown to circulate in human and murine blood [28].

The second step in the metabolism of purine nucleotides is accomplished by CD73, which
dephosphorylates extracellular AMP to adenosine. Structurally, CD73 is a dimer of two
identical 70 kD subunits, anchored to the plasma membrane via a C-terminal serine residue,
Ser 523, linked to glycosylphosphatidyl inositol (GPI), with no membrane-embedded
protein segments [29]. A soluble form of CD73 can be shed from the membrane through
proteolytic cleavage or hydrolysis of the GPI anchor by phosphatidylinositol-specific
phospholipase [10,30].

The mature form of CD73 consists of 548 amino acids with an estimated molecular mass of
61 kDa, comprising a 26-amino acid signal peptide at the N-terminus and a C-terminal
sequence for the attachment to the pre-formed GPI anchor. The N-terminal domain
coordinates the binding of two catalytic divalent metal ions (Zn2+ and Co2+), whereas the C-
terminal domain provides the binding pocket for AMP [29]. Of note, ADP and ATP act as
competitive inhibitors of CD73 [29,31].

CD73 is found in a variety of tissues, including colon, brain, kidney, liver, lung, and heart
[32]; on leukocytes derived from peripheral blood, spleen, lymph nodes, thymus and bone
marrow [32]; as well as on endothelium [33]. There is evidence that the expression and
function of this enzyme are upregulated under hypoxic conditions [34,35], as well as by the
presence of several pro-inflammatory mediators, such as transforming growth factor (TGF)-
β, interferons (IFNs), tumor necrosis factor (TNF)-α, interleukin (IL)-1β and prostaglandin
E2 [36, 37]. An increase in CD73 expression has also been reported in several neoplastic
tissues [36], suggesting the involvement of this enzyme in the onset and progression of
neoplasia.

The function of CD39 and CD73 in cells of the immune system
Given that the combination of CD39 and CD73 degrade ATP, ADP, and AMP to adenosine,
they can be viewed as “immunological switches” that shift ATP-driven pro-inflammatory
immune cell activity toward an anti-inflammatory state mediated by adenosine (Figure 1)
[36]. In addition to host cells, several pathogens (i.e. Escherichia coli, Staphylococcus
aureus, Toxoplasma gondii and Trichomonas vaginalis) are endowed with a streamlined
CD39/CD73-like machinery, which fosters the establishment and propagation of infections
[38,39]. The role of CD39 and CD73 in regulating the function of several immune cell
types, including lymphocytes, neutrophils, monocytes/macrophages, dendritic cells, and
endothelial cells is discussed in detail below.

Lymphocytes
Several regulatory mechanisms are used to maintain immune homeostasis, preventing
autoimmunity and moderating the inflammation induced by pathogens and environmental
insults. In this regard, Tregs are widely considered the primary mediators of peripheral
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tolerance, playing a pivotal role in preventing autoimmune diseases (i.e. type 1 diabetes), as
well as in limiting chronic inflammatory disorders, such as asthma and inflammatory bowel
diseases. However, they can also prevent sterilizing immunity to certain pathogens (i.e.
viruses) and limit anti-tumour immunity [40]. CD39 and CD73 are highly expressed on the
surface of Foxp3+ Tregs and have been increasingly used as markers of Tregs [41,42]. The
catabolic activity of the CD39/CD73 axis is synchronized with the activation status of these
cells. Indeed, murine Tregs display increased CD39 activity only upon activation of their T-
cell receptor (TCR), and this enzyme was found to be inactive in non-stimulated cells [43]
(Figure 2). This increased ATP-metabolizing activity appears to be critical for the
immunosuppressive activity of Tregs [44]. In addition, it was speculated that the enhanced
CD39 activity allows the entrance of these cells into inflamed regions, where it reduces the
extracellular level of ATP, thereby decreasing P2 receptor-mediated Treg cell death [43]
(Figure 2). Deaglio et al. [45] showed using CD39 deficient mice that CD39, in concert with
CD73, facilitates the pericellular generation of adenosine, which mediates a substantial
portion of the immune suppressive and anti-inflammatory activities of Tregs (Figure 2). This
inhibitory control by Treg-derived adenosine is mediated by the engagement of A2A
receptors on effector T (Teff) cells [45]. Of note, Romio et al. [46] observed that the CD73-
derived adenosine produced by Tregs downregulates NF-κB activation in Teff cells through
A2A receptors, thereby reducing the release of a broad spectrum of proinflammatory
cytokines and chemokines. A recent paper by Ohta et al. [47] has highlighted the occurrence
of a self-reinforcing loop in the immunosuppressive activity of Tregs, driven by adenosine
generation. In particular, the activation of A2A receptors, expressed on Tregs, promoted the
expansion of these cells, which in turn acquired an increased immunoregulatory activity
(Figure 2) [47]. The importance of this autocrine signaling loop has been recently confirmed
in the kidney, where it was shown to control ischemia and reperfusion-induced inflammation
and injury [48].

In humans, it has been reported that 90% of Foxp3+ Tregs are CD39+ [41, 49]. Although
surface expression of CD73 on Tregs is negligible [49; 50], CD73 is abundant in the
cytoplasm of these cells [50]. Pharmacological studies have shown that human Tregs also
degrade ATP to adenosine via CD39 and CD73 and that this adenosine is
immunosuppressive [50]. We speculate that CD73 is secreted from human Tregs and that
this secreted form is responsible for the conversion of AMP to adenosine. Alternatively,
other AMP-metabolizing enzymes may also contribute to the degradation of AMP produced
by CD39.

A recent study has shown that T helper (Th) 17 cells are also equipped with CD39 and
CD73, which suppress immune responses by Th17 cells through the production of
adenosine. [27]. The expression of both CD39 and CD73 on Th17 cells is tightly regulated
by the factors that induce Th17 differentiation, namely IL-6 and TGF-β. In particular, IL-6,
through stimulation of the transcription factor Stat3, and TGF-β, through downregulation of
the growth factor independent-1 transcription factor, are both essential for increasing the
expression of ectonucleotidases during Th17 cell differentiation [27].

Neutrophils
Neutrophils are crucial effectors of the innate defence against bacterial infections [51]. A
key feature of these inflammatory cells is their ability to perceive adverse conditions,
migrate toward compromised tissues, and trigger a series of antimicrobial effector
mechanisms [52]. Several lines of evidence support the view that these events are subjected
to control and coordination by ATP and adenosine that, once released from neutrophils, act
in an autocrine fashion to regulate neutrophil functions, often with opposite outcomes [53].
Indeed, the released ATP can induce the activation of neutrophils by enhancing their
oxidative burst and their adhesion to the vascular endothelium [54]. By contrast, an increase
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in adenosine concentration, consequent to the rapid degradation of ATP by ecto-enzymes,
can lead to a substantial inhibitory effect, thus establishing a feedback loop to avoid
potential tissue injury arising from a prolonged inflammatory response [54,55].

Neutrophils widely express CD39 [56] and, to some extent, CD73 [57], both of which
appear to be critical players in the regulation of neutrophil activity by controlling
extracellular purinergic gradients [58]. In particular, inadequate activity of the CD39/CD73
axis has been associated with amplified and uncontrolled activation of neutrophils [59,60],
amplified chemotactic functions [61,62], and an increased adhesion to the vascular
endothelium [59,63].

Monocytes and macrophages
Macrophages are components of the mononuclear phagocyte system, a group of immune
cells produced in the bone marrow or yolk sac that includes blood monocytes and resident
tissue macrophages [51]. These cells have key functions in coordinating the initiation,
maintenance, and resolution of inflammation through the phagocytosis and clearance of
pathogens and tissue debris, as well as the release of inflammatory, angiogenic, and tissue
remodeling mediators (i.e. cytokines, free radicals, prostanoids, antimicrobial peptides,
VEGF, and proteinases) [38].

By regulating purine concentrations in the extracellular space, the CD39/CD73 system is
important for fine-tuning macrophage differentiation and activity. In particular, a lack of
CD39 leads to ATP accumulation, which spurs macrophages to release a plethora of pro-
inflammatory cytokines, such as IL-1β, IL-18, IL-6, and TNF-α [64–66]. In addition, a
recent study by Zanin et al. [67] has provided evidence that proinflammatory M1
macrophages decrease both the expression and activity CD39 and CD73, leading to reduced
ATP degradation. By contrast, M2 macrophages, which are characterized by the production
of anti-inflammatory cytokines (IL-10 and IL-1 receptor antagonist) and tissue remodeling
molecules, showed an increased expression and activity of both catabolic enzymes, followed
quickly by the conversion of ATP into adenosine. Thus, M2 macrophages generate an
adenosine-rich environment, which in turn can augment the anti-inflammatory and tissue
remodeling activities of these cells [68].

Dendritic cells
Dendritic cells capture antigens in peripheral tissues, which they then deliver to the T cell-
rich regions of secondary immune organs. They process the antigens and present them on
their surface to T cells, thereby initiating an adaptive immune response against the antigens
[51].

Ectonucleotidases on dendritic cells are involved in regulating the activation of
lymphocytes. Mizumoto et al. [23] reported that CD39 on either bone-marrow derived
dendritic cells or Langerhans cells, a type of dendritic cell in the skin, is required for the
optimal stimulation of hapten-reactive T cells. Mechanistically, CD39 was proposed to be
essential for preventing the desensitization of P2 receptors, which are required for the
optimal function of dendritic cells.

In addition, it has been observed that CD73 expressed on follicular dendritic cells is
important for the adhesive interaction between these cells and germinal center B cells,
suggesting a regulatory role in B cell maturation [69,70]. It is, however, unclear whether
CD73 facilitates dendritic cell adhesion to B cells through its enzymatic activity or by
serving as a bona fide adhesion molecule.
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Endothelial cells
The vascular endothelium, besides providing a physical barrier that separates circulating
blood from the surrounding tissues, is highly sensitive to changes occurring in the vascular
milieu. In particular, endothelial cells are actively involved in maintaining cardiovascular
homeostasis by regulating hemostasis, immune cell diapedesis, and vascular functions, just
to name a few [71]. In this regard, the endothelial CD39/CD73 axis regulates hemostasis by
converting the local environment from a prothrombotic ATP/ADP-rich state, to an
antithrombotic, adenosine-rich environment [72–74]. Accordingly, alterations in the
expression and activity of CD39 or CD73 can give rise to disorders of thromboregulation
[73,75].

CD39 and CD73 are also involved in orchestrating leukocyte trafficking in response to
chemotactic stimuli [58,59,76]. By triggering a rapid and dynamic change in the pericellular
concentration of purines in the proximity of both endothelial and immune/inflammatory
cells, these enzymes can influence immune cell adhesion to the endothelial layer. This
adhesion is generally stimulated by high ATP concentrations and reduced by increased
adenosine levels [76]. This concept is supported by the observation that mice lacking CD39
or CD73 display an increased adhesion of leukocytes to the vascular endothelium
[25,59,66,77]. In particular, the impaired adenosine generation occurring in these knockout
animals was associated with increased endothelial activation, monocyte recruitment, and
platelet aggregation, suggesting a critical role for these enzymes in the pathophysiology of
vascular inflammation [75,78]. In contrast to its role in vascular endothelium, CD73 does
not affect the permeability of lymphatic endothelium [79].

Regulation of immunity by ectonucleotidases in infections
There is increasing evidence that the ability of several microorganisms to evade the control
of the immune system arises from their high nucleotide metabolic versatility, which favors
their invasion of and dissemination in the host [80]. Pathogens can also exploit
ectonucleotidases located on the outer surface of a cell or tissue to generate an adenosine-
rich milieu, which allows them to escape immune surveillance [81–85]. By contrast, in
certain scenarios, CD39 and CD73 can also curb infections and associated inflammation and
mortality [65,86]. Increased expression and activity of the CD39/CD73 axis have been
described during infections induced by several microorganisms, including protozoa
(belonging to the genus Leishmania, Trypanosoma, Toxoplasma, Trichomonas, Giardia)
[81,83,87–91], fungi (Candida parapsilosis) [84], and bacteria [62,65,82,85,86, 92–94].

Parasites
A direct correlation has been observed between the expression level of ectonucleotidases in
Leishmania parasites and their virulence [81]. In particular, Leishmania amazonensis strains
endowed with higher ectonucleotidase activity are more effective in establishing an infection
because they increase the production of adenosine at the site of infection, which impairs
immune functions [83]. In addition, both in vitro and in vivo studies have confirmed a direct
relationship between the virulence of Trypanosoma cruzi, the causative agent of Chagas
disease, and the activity of ectonucleotidases expressed by these protozoa [88,90,91].

An increase in CD73 expression has also been observed in the brain of mice infected with
Toxoplasma gondii, which promotes bradyzoite differentiation and cyst formation by a
mechanism dependent on the generation of adenosine, a molecule that is essential for the
parasite life cycle [39]. Thus, the pharmacological blockade of CD73 might be a promising
therapeutic approach to treat human toxoplasmosis.
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Fungi
Ecto-5'-nucleotidase activity is also important in the pathophysiology of infection by
Candida parapsilosis. This emerging fungal pathogen expresses an ecto-5'-nucleotidase on
its surface that,– through the production of adenosine – can inhibit the phagocytosis of the
fungus by immune cells, facilitating the survival and progression of the infectious agent
[84].

Bacteria
Several bacteria exploit ectonucleotidases to promote infection in the host.
Legionellapneumophila is endowed with an ecto-triphosphate diphosphohydrolase similar to
human CD39 that contributes to virulence by facilitating the entry of the pathogen into host
macrophages and epithelial cells [92]. Staphylococcus aureus and Bacillus anthracis deploy
adenosine synthase A, a cell-wall anchored protein with 5'-nucleotidase activity, to
synthesize adenosine as a mechanism for escaping from phagocytic clearance [82]. In
addition, a recent paper by Fan et al. [85] showed that an ecto-5'-nucleotidase expressed on
the cell surface of Streptococcus sanguinis contributes to the virulence of this bacterium,
allowing the survival of the pathogen through the immunosuppressive activity of adenosine.

In contrast, there is also evidence that ectonucleotidases can protect against bacterial
infection. Théâtre et al. [86] recently showed that upon intra-tracheal instillation of
Pseudomonas aeruginosa, transgenic mice overexpressing human CD39 in airway epithelia
developed an enhanced inflammatory response and displayed improved bacterial clearance
[86]. The authors speculated that the increased CD39 activity, by reducing the extracellular
ATP level, limited the desensitization of P2 purinergic receptors, which helped to promote
airway inflammation in response to bacterial challenge [86]. Finally, Haskó et al. [65] have
shown that CD73 is an important check-point for limiting bacterial spread during
polymicrobial sepsis. In particular, CD73 increased the survival of mice with sepsis by
decreasing bacterial growth, reducing inflammatory cytokine levels, and lessening organ
injury (i.e. lung and kidney) [65].

Viruses
The enhanced expression and activity of CD39 and CD73 have been observed in endothelial
cells infected with cytomegalovirus (CMV). The increase in local adenosine production,
associated with the upregulation of ecto-nucleotidases, generates an immunosuppressive and
antithrombotic microenvironment, which enables the virus to more easily enter the target
cell [95].

Leal et al. [96] have found increased ectonucleotidase activity and enhanced CD39
expression on lymphocytes of individuals infected with human immunodeficiency virus
(HIV), suggesting a possible role for ecto-nucleotidases in the immune dysfunction
associated with this disease. Schulze et al. have corroborated this observation [97],
demonstrating an increased proportion of Tregs expressing CD39 in different cohorts of
HIV-infected patients, as well as a positive correlation between CD39 expression on Tregs
and disease progression [97]. Nikolova et al. [14] found that HIV-positive patients had a
higher number of CD39+ Treg, and that their Teff exhibited an increased sensitivity in vitro
to the suppressive effect of adenosine, which was related to the elevated expression of
immunosuppressive A2A receptors [14].
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Regulation of immunity by CD39 and CD73 in autoimmune diseases
Alteration of the CD39/CD73 machinery can disrupt the complex mechanisms underlying
immune tolerance to self-antigens, driven mainly by Treg, thus contributing to the
development of several autoimmune diseases [25].

Experimental allergic encephalomyelitis (EAE) and multiple sclerosis (MS)
Evidence is accumulating for the involvement of the CD39/CD73 pathway in the onset of
EAE, a murine model of MS. Early studies showed that CD73 knockout mice displayed
resistance to the induction of allergic encephalomyelitis, and a lower number of
inflammatory cells infiltrating the central nervous system (CNS), as compared with wild
type mice [98]. The contribution of CD73 to the migration of pathogenic T cells into the
CNS was then confirmed by Thompson et al. [99], who observed fewer lymphocytes in
brain tissue from CD73 knockout mice with allergic encephalomyelitis compared to the
number of lymphocytes in the CNS of wild type animals. The mechanism by which CD73
contributes to the migration of pathogenic T cells into the CNS involves an adenosine-
mediated induction increment for CX3CL1 (chemokine C-X3-C motif ligand 1) in the
epithelium of the choroid plexus [100].

It has been observed that the administration of interferon (IFN)-β, which is used to treat
subjects with MS, increases CD73 expression, and thus the endogenous concentrations of
adenosine, in patients at level of the endothelium of CNS microvasculature, in the blood
brain barrier and astrocytes, as well as in serum [101,102]. These findings suggest that
CD73-derived adenosine contributes to the beneficial effects of IFN-β, but this evidence is
discordant with data obtained in the murine model of MS, in which CD73 contributes to
neuroinflammation via adenosine generation. For this reason, further investigations are
needed to better characterize the role of this enzyme in the pathophysiology of MS.

Altered CD39 functions have also been shown to contribute to the pathophysiology of MS.
In patients affected by MS, a reduced number of CD39+ Treg cells was noted, in conjunction
with defective control of Th17 cell proliferation, cells that are critically involved in the
pathogenesis of this autoimmune disorder [43, 103]. During the remission phase of MS,
patients could counterbalance this Th17 cell overactivity by triggering an expansion of
CD39+ Treg [104].

Rheumatoid arthritis
Moncrieffe et al. [105] have reported high expression of CD39 on CD4+ T cells isolated
from the synovial fluid of patients with juvenile arthritis. The authors found two distinct
populations of these cells: one that expressed Foxp3 and other markers of Tregs, and another
that was Foxp3− and displayed a memory phenotype. Although these Foxp3− cells could
hydrolyze ATP, they were unable to suppress the proliferation of Teff cells. In addition, they
released pro-inflammatory cytokines (IL-2, IL-17, and IFN-γ) and probably contributed to
joint inflammation. Given that both the CD39+CD4+ T Foxp3+ and Foxp3−cells isolated
from the joint had reduced CD73 expression and activity in comparison with circulating T
cells, the authors posited that incomplete generation of adenosine may contribute to the
inflammation of the joint [105].

It has long been known that the antiinflammatory effects of methotrexate, a drug widely
used in the clinical practice to manage arthritis, are mediated, at least in part, by increased
release of adenine nucleotides and their CD73–mediated conversion to adenosine [106].
Moreover, in a recent investigation of CD73 in the context of an experimental model of
rheumatoid arthritis in mice, Flögel et al. [57] observed an upregulation of CD73 on
neutrophils, monocytes, and macrophages in the synovial fluid, which was paralleled by the
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enhanced expression of A2A receptors in neutrophils and inflammatory monocytes in the
arthritic knee joint. The authors demonstrated that this upregulated CD73 can be exploited to
convert an inactive A2A receptor agonist precursor into its active anti-inflammatory analog
selectively at the site of inflammation, where the CD73/A2A receptor axis was induced [57].
The advantage of converting this prodrug as a local effect in the joints was the reduction in
side effects that are normally present when A2A agonists are administered systematically
[107,108].

Glomerulonephritis
Careful observation of CD73 deficient mice revealed that the chronic lack of CD73 was
associated with an autoimmune inflammatory phenotype, which at the renal level affected
the glomerular endothelium, leading to glomerular inflammation, injury and interstitial
cellular infiltrate, with consequent proteinuria and decreased kidney function [109].

Inflammatory bowel diseases
In the past few years, increasing attention has been paid to the involvement of CD39 and
CD73 in regulating inflammatory bowel diseases. In this regard, it has been observed that in
a murine model of dextran sodium sulphate (DSS)-induced colitis, the genetic ablation of
CD39 is associated with increased disease severity [110]. In humans, a common single
nucleotide polymorphism associated with decreased CD39 expression is enriched in patients
with Crohn's disease as compared to healthy controls, confirming the protective role of
CD39 against inflammatory bowel diseases [110].

CD73 is also protective, as the intrarectal administration of DSS to CD73 knockout mice
augmented the severity of colitis, increased levels of tissue IL-1β and TNF-α, and decreased
the expression of several tight-junction-associated proteins, leading to increased
gastrointestinal permeability [111].

Regulation of immunity by CD39 and CD73 in allergic diseases
The growing awareness about the involvement of purinergic signaling in shaping immune
and inflammatory responses during allergic reactions [112] has fostered scientific interest in
the roles of CD39 and CD73 in this context. Recently, a key role for CD73 has been
unraveled in the development of airway inflammation after allergen exposure, as mice
lacking CD73 display reduced airway hyperresponsiveness to methacholine as well as
decreased eosinophil and mast cell infiltration, as compared to control mice [113]. In
addition to its role in pulmonary allergy, recent lines of evidence indicate the critical
involvement of CD39 and CD73 in regulating contact hypersensitivity [114]. In particular,
Tregs obtained from CD39 knockout mice challenged with hapten were unable to suppress
the adherence of Teff to vascular endothelium, thus indicating a pivotal role for adenosine
generated by the CD39 pathway in decreasing leukocyte tissue influx through endothelial
cells, as well as in preventing a hypersensitivity reaction [114].

Regulation of immunity by CD39 and CD73 in ischemia-reperfusion injury
Multiple lines of evidence have demonstrated that adenosine, produced as a result of the
coordinated function of CD39 and CD73, is pivotal in protecting tissue against hypoxic and
ischemic insults. Early studies, based on both genetic knockout models and pharmacological
inhibition of CD39 and CD73 in mice, showed that these enzymes are crucial for protecting
against increased vascular permeability and neutrophil extravasation during local hypoxia
[32,34,59]. The increased vascular permeability and neutrophil extravasation noted in CD39
and CD73 knockout mice could be reversed by stimulating adenosine receptors by
exogenous administration of 5'-(N-ethylcarboxamido) adenosine (NECA), a general
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adenosine receptor agonist, or by exogenous reconstitution with soluble forms of CD39 and
CD73. These results were later extended to models of organ-specific ischemia/reperfusion:
in CD39 or CD73 knockout mice the organ injury and inflammation that followed cerebral
[66], cardiac [15,115–117], renal [48,118–120], hepatic [121–124], intestinal [125,126], and
hindlimb [127] ischemia were more severe than in the corresponding wild type mice. A
common theme in these studies was that pharmacological adenosine receptor activation or
the administration of soluble CD39 or CD73 before the induction of ischemic insult elicited
a protective effect in CD39 or CD73 knockout mice as well as in wild type animals.

The protective role of CD39 in ischemia reperfusion injury has been confirmed using
transgenic mice overexpressing the enzyme. In this regard, the overexpression of this
enzyme conferred protection in a murine model of warm renal ischemia reperfusion injury
[128]. Adoptive transfer experiments showed that the expression of CD39 on both bone
marrow-derived cells and the vasculature contributed to protection [128]. Analogously, the
overexpression of CD39 was protective in a murine model of liver transplantation [124].
This beneficial effect did not appear to be mediated by elevated levels of CD39 in the liver
parenchyma itself, but rather by a CD39-mediated reduction in CD4+ cells in the donor liver
[124].

Regulation of immunity by CD39 and CD73 in atherosclerosis and arterial
calcification

Current knowledge about the complex mechanisms underlying the pathogenesis of
atherosclerosis highlights the importance of several immune/inflammatory mediators in the
initiation and progression of this disorder [129], and vascular CD39 and CD73 regulate
several steps in the atherogenic process by governing purinergic signalling [130,131].
Apolipoprotein E (ApoE) knockout mice, an experimental model of atherosclerosis, show
decreased CD39 expression and activity in thoracic aorta, which correlates with reduced
vascular reactivity and the presence of atherosclerotic plaques in aortic roots and arches. The
authors speculated that the accumulation of ATP and ADP in ApoE knockout mice may
cause desensitization of P2 receptors, which in turn may contribute to decreased blood flow,
which may predispose an individual to atheroma formation [132]. In a carotid artery wire
injury model, mice lacking CD39 had a decrease in the migration of vascular smooth muscle
cells and reduced neointimal formation, which indicated that CD39 contributes to harmful
neointima formation [133]. Clearly, more research is needed to define the role of CD39 in
regulating atherosclerosis.

Genetic ablation of CD73 in ApoE-knockout mice increased atheroma formation, likely
resulting from a reduced inhibitory control exerted by adenosine on immune cells, which are
actively involved in the atherogenic process [134]. In addition, severe endothelial
dysfunction has been observed in CD73 knockout mice after wire injury of carotid arteries,
which displayed an increased expression of vascular cell adhesion molecule (VCAM)-1 and
enhanced nuclear factor-kappa B activity with an increase in neointimal plaque formation
and sustained macrophage infiltration in comparison with wild type animals [78]. Thus,
CD73 appears to protect against atherosclerosis.

There is recent evidence for the involvement of CD73 in regulating arterial calcification, a
pathological process characterized by calcium deposition in the intimal or medial layers of
the vessel wall, which is associated with an increased risk of cardiovascular events
[135,136]. In particular, a correlation between mutations of the NT5E gene, resulting in non-
functional CD73, and the presence of symptomatic arterial and distal joint calcifications has
been reported [137,138]. The mechanism of disease appears to involve increased alkaline
phosphatase levels and the accumulation of calcium phosphate crystals. The fact that CD73
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knockout mice do not show arterial calcification suggests that caution should be exercised
when extrapolating mouse data to humans regarding the role of CD73 in vascular diseases.

Regulation of immunity by CD39 and CD73 in diabetes
The term diabetes denotes a group of metabolic diseases characterized by hyperglycemia
resulting from defects in insulin secretion, insulin action, or both [139]. Diabetes can result
from the autoimmune destruction of β cells in the pancreas with consequent insulin
deficiency (type 1 diabetes) or abnormalities of adipose tissue, liver, and muscle that result
in resistance to insulin action (type 2 diabetes) [139].

A recent study has demonstrated that the susceptibility of mice to streptozotocin-induced
diabetes, an experimental model of type 1 diabetes, was influenced by the level of
expression of CD39. CD39 knockout mice become diabetic faster and with a higher overall
incidence than wild type animals [140]. The onset of diabetes in these animals was ascribed
to a dysregulation of immunity rather than impaired glucose tolerance, as reconstitution of
CD39 knockout mice with bone marrow from wild type animals reduced the incidence of
diabetes [140]. By contrast, transgenic mice over-expressing CD39 were protected from
streptozotocin-induced diabetes, displaying reduced islet T cell infiltration and inflammatory
gene expression in comparison with wild type animals. This protective effect was reversed
by the inhibition or deletion of the A2A or A2B receptors [140], which confirms the
suppressive effect of A2 receptor activation on diabetes [141]. It is noteworthy that CD39
knockout mice have impaired glucose and lipid metabolism even in the absence of
streptozotocin; however, the role of the immune system in mediating this effect is not clear
[142].

In patients with type 2 diabetes, impaired glycemic control is associated with increased
proportions of CD39+ cells and NTPDase activity in peripheral blood mononuclear cells.
The authors speculated that CD39 may have a balancing regulatory role in the inflammatory
processes occurring in patients with type 2 diabetes [143].

Recently, it has been observed that the deletion of CD73 is associated with increased serum
levels of blood glucose, insulin, triglycerides, and free fatty acids. In addition, CD73
knockout mice display increased intramyocellular lipid levels and a reduction in insulin-
induced Akt phosphorylation, thereby suggesting a role of CD73-derived adenosine in
promoting muscle insulin action [144].

Regulation of immunity by CD39 and CD73 in cancer
Increasing evidence suggests that interactions between tumor cells and their
microenvironment are essential for tumorigenesis [145]. Within the neoplastic milieu,
cancer and immune cells closely interact to generate an immunosuppressive environment by
releasing immunomodulatory factors, which supports neoplastic growth [146].

Several studies have pointed to the critical task carried out by CD39 and CD73 in generating
this immunosuppressed environment, characterized by increased adenosine levels, which
promotes the development and progression of cancer (Figure 3) [16]. Observations of high
expression and activity of CD39 and CD73 in several blood or solid tumors (see Table 1)
suggest roles for these enzymes in promoting tumor growth and infiltration [16,147].

The CD39/CD73 complex participates in the process of tumor immunoescape, by inhibiting
the activation, clonal expansion, and homing of tumor-specific T cells (in particular, T
helper and cytotoxic T cells), impairing tumor cell killing by cytolytic effector T
lymphocytes, dictating, via pericellular generation of adenosine, a substantial component of
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the suppressive capabilities of Treg and Th17 cells, and enhancing the conversion of type 1
macrophages into tumor-promoting type 2 macrophages [16,17,147] (Figure 3). Myeloid-
derived suppressor cells (MDSCs), which are a recently discovered tumor infiltrating
immune cell type [148], also appear to promote tumor growth by a CD39-mediated
mechanism. This is indicated by the observations that MDSCs obtained from patients with
colorectal cancer expressed high levels of CD39 and displayed an increased inhibitory effect
against anti-tumor T cells in comparison with MDSCs from healthy donors [149]. Recent
mechanistic studies have shown that in addition to cell-associated CD39 and CD73, CD39-
and CD73-expressing cancer exosomes can also raise adenosine levels within the tumor
microenvironment, thereby inhibiting T cell responses through stimulating A2A and A2B
receptors [150].

Beside its immunoregulatory roles, the ectonucleotidase pathway contributes directly to the
modulation of cancer cell growth, differentiation, invasion, migration, and metastasis [151–
157] (Figure 3). The CD39/CD73 system can also contribute, via adenosine generation, to
tumor angiogenesis [158,159] (Figure 3). In particular, CD39, the dominant vascular cell
ectonucleotidase, is important for both the initiation of angiogenesis and the progression of
neovascularization [160], and CD39 on vasculature mediates the angiogenic process in
mouse models of melanoma, lung [158] and liver malignancy [152].

Overall, the above lines of evidence suggest the evaluation of CD39 and/or CD73
expression and activity as potential prognostic markers in cancer patients, as well as the
exploration of pharmacological modulation of these enzymes as innovative strategies to
thwart neoplastic development and progression [36]. It is noteworthy that several small
molecule inhibitors and monoclonal antibodies developed against these enzymes show anti-
tumor efficacy and a favorable tolerability profile in several murine models of malignancy
[36].

Concluding remarks
Over the past 30 years, increasing evidence has underscored the role of the purinergic
system in coordinating tissue immune responses under both physiological conditions and in
the presence of inflammation. In this context, the CD39/CD73 pathway is a critical
checkpoint; through its coordinated activity, it regulates the types and level of purinergic
receptor activation, by finely shaping the chemistry, magnitude, and duration of purinergic
signalling, in accordance with the various extracellular conditions.

The use of pharmacological tools as well as the availability of transgenic mice has improved
the characterization of the CD39/CD73 axis in fine-tuning immune cell responses under
adverse conditions, revealing a close correlation between alterations in enzyme expression
and activity and the onset of various immune-related diseases, (i.e. infections, AIDS,
autoimmune diseases, atherosclerosis, ischemia-reperfusion injury and cancer). The studies
briefly outlined in this review article support the notion that pharmacological modulation of
CD39 and/or CD73 represents a viable approach in restoring immune homeostasis, and thus
managing disorders that are driven by dysfunctional immune responses.
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Glossary

Arteriogenesis describes the growth of functional collateral arteries from
preexisting arterio-arteriolar anastomoses in response to ischemia.

Atheroma is an asymmetric focal thickening of the intima. The atheroma is
composed of a lipid core, a residue of necrotic “foam cell-forming
macrophages”, that migrate into the intima and ingest lipids, as
well as by a connective tissue matrix derived from smooth muscle
cells that migrate from the media into the intima, where they
proliferate and change their phenotype to form a fibrous capsule
around the lipid core.

Biophase
concentration

concentration reached by an endogenous or an exogenous ligand at
its biological site of action.

Bradyzoite (brady = slow in Greek) is the slow growing and cyst-forming
stage of Toxoplasma gondii. After oral ingestion, the bradyzoites
invade the intestinal epithelium and differentiates into tachyzoites,
the active form of the protozoa, which disseminates and replicates
within the host.

Chagas disease also known as American trypanosomiasis, is a tropical chronic
infection caused by Trypanosoma cruzi, a flagellate protozoan
parasite. The disease affects an estimated 8–10 million people in
Central (Mexico) and South America (Argentina, Bolivia, Brazil,
Chile Colombia, Paraguay and Venezuela), putting them at risk of
developing life-threatening cardiac (myocarditis, dilated
cardiomyopathy) and gastrointestinal complications
(megaesophagus, megacolon and achalasia).

Diapedesis is the movement of lymphocytes out of blood vessels into nearby
tissues and is critical for immune system function and
inflammation. It occurs by migration of blood leukocytes either
directly through individual microvascular endothelial cells (the
transcellular route) or between them (the paracellular route).

Intra-tracheal
instillation

direct injection of a compound into the tracheal lumen.

Multiple sclerosis
(MS)

is an immune-mediated disease of the central nervous system
(CNS) that is heterogenous in its pathological substrate, clinical
presentation and disease progression. The histopathology of MS
classically comprises focal white matter demyelination in the brain
and spinal cord, featuring inflammation and edema initially,
followed by axonal damage, loss of oligodendrocytes, microglial
activation, and astroglial scarring.

Neointimal
formation

is a thickened layer of arterial intima formed especially on a
prosthesis or in the presence of atherosclerosis by migration and
proliferation of cells from the media.

T-cell receptor
(TCR)

is a complex of integral membrane proteins that participates in the
activation of T cells in response to the presentation of antigen.

Treg cells play an indispensable role in maintaining immunological
unresponsiveness to self-antigens and in suppressing excessive
immune responses deleterious to the host.
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Trypomastigotes infective form of the parasite Trypanosoma cruzi.
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Highlights

CD39 and CD73 are important for calibrating the duration, magnitude, and
composition of the “purinergic halo” surrounding immune cells

CD39 and CD73 degrade ATP, ADP and AMP to adenosine, they can be viewed as
“immunological switches” that shift ATP-driven pro-inflammatory immune cell
activity toward an anti-inflammatory state mediated by adenosine

CD39 and CD73 are highly expressed on the surface of Foxp3+ Tregs and have been
increasingly used as markers of Tregs

CD39 and CD73 are important for the immunosuppressive activity of Tregs

CD39 and CD73 generate an immunosuppressed environment, characterized by
increased adenosine levels, which promotes the development and progression of
cancer
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Figure 1.
CD39 and CD73 shape the “purinergic halo” surrounding immune cells. The occurrence of
pathological events, such as inflammation, promotes a massive accumulation of ATP, which
serves as a key “danger” signal, triggering a series of proinflammatory responses (a).
However, negative feedback also takes part in this context because the increased ATP
secretion, as observed in the early phase of inflammation, is followed by its sequential
degradation to AMP by CD39, and to adenosine by CD73. Adenosine promotes a depressive
action on the immune cell activity and exerts a potent anti-inflammatory effect (b).
Abbreviations: ADO, adenosine; GPI, glycosylphosphatidyl inositol.
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Figure 2.
The CD39/CD73 pathway modulates Treg activity. The activation of T cell receptor (TCR),
expressed on Tregs, induces CD39 activity. This increment of ATP-metabolizing activity is
critical for the immunosuppressive activity of Tregs because it facilitates the pericellular
generation of adenosine, a substantial component of the immunosuppressive and anti-
inflammatory functions of Treg cells. The inhibitory action of Treg-derived adenosine can
be ascribed to the activation of A2A receptors expressed on T effector cells, which undergo
reduced immune activity. In addition, adenosine generation triggers a self-reinforcing loop
of Treg functions because the stimulation of A2A receptors, expressed on these cells, elicits
their expansion and increases their immunoregulatory activity. Abbreviations: GPI,
glycosylphosphatidyl inositol; TCR, T cell receptor.
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Figure 3.
The CD39/CD73 axis in neoplastic development and progression. Within the tumor
environment, ATP is released and is converted into adenosine by upregulated CD39 and
CD73. Adenosine promotes cancer growth by acting directly on neoplastic cells through A1,
A2A, A2B, and/or A3 adenosine receptor activation and by subsequent enhancement of
invasiveness and metastatic ability. The engagement of A2A and A2B receptors on
endothelial cells enhances the production of pro-angiogenic factors (β-FGF, VEGF and
IL-8). In addition, the adenosine generated by CD39/CD73 expressed either on primary
neoplastic cells or on cancer exosomes generates an immunosuppressive environment by
acting on macrophages, neutrophils, dendritic cells and T cells.
Abbreviations: IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; VEGF,
vascular endothelial growth factor; β-FGF, fibroblast growth
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Table 1

CD39 and CD73 in solid and blood neoplasm.

Cancer types CD39/CD73 Expression and Activity Refs

Solid Neoplasia

Glioma Increased CD73 mRNA [161]

Head Neck Increased CD39 and CD73 expression and activity in Treg cells [162]

Melanoma Increased CD73 expression is associated with a highly invasive phenotype of melanoma [156]

Increased CD39 expression is related to the differentiation of melanocytes into malignant cells [163]

Thyroid Increased CD73 expression and activity in papillary carcinoma [164]

Breast Increased CD73 mRNA and protein level and increased enzyme activity [151]

Involvement of CD73 in tumor growth and the suitability of this enzyme as a marker of breast cancer progression [165]

CD73 expression correlates positively with epidermal growth factor receptor expression/function [166]

Pancreas Increased CD39 mRNA [153]

Liver CD39 expression on Tregs facilitates hepatic growth of metastatic melanoma [152]

Colon No changes in CD39 expression in human [167]

Increased CD73 expression [168]

Bladder Increased CD73 expression [169]

Ovarian Increased CD39 and CD73 expression [170]

Prostate CD73 activity promotes prostate cancer growth and metastasis [171]

Blood Neoplasia

Leukemia Increased CD39 expression and activity on chronic lymphocytic leukemia cells. [172]

Increased CD39 expression on CD4+ T lymphocytes in patients with chronic lymphocytic leukemia. [173]

Lymphoma Increased CD39 expression on CD4+ and CD8+ T cells in patients with follicular lymphoma [174]
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