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Montréal, QC, Canada H2L 4M1

Correspondence should be addressed to John Stagg, john.stagg@umontreal.ca

Received 19 June 2012; Accepted 5 July 2012

Academic Editor: Karen M. Dwyer

Copyright © 2012 Bertrand Allard et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Despite the coming of age of cancer immunotherapy, clinical benefits are still modest. An important barrier to successful cancer
immunotherapy is that tumors employ a number of mechanisms to facilitate immune escape, including the production of anti-
inflammatory cytokines, the recruitment of regulatory immune subsets, and the production of immunosuppressive metabolites.
Significant therapeutic opportunity exists in targeting these immunosuppressive pathways. One such immunosuppressive pathway
is the production of extracellular adenosine by CD73, an ectonucleotidase overexpressed in various types of cancer. We hereafter
review the biology of CD73 and its role in cancer progression and metastasis. We describe the role of extracellular adenosine in
promoting tumor growth through paracrine and autocrine action on tumor cells, endothelial cells, and immune cells.

1. Cancer Immunotherapy: An Overview

The recent FDA approval of ipilimumab (Yervoy, Bristol-
Myers Squibb)—an antibody that blocks the inhibitory
T cell receptor CTLA-4—for treatment of metastatic
melanoma and sipuleucel-T (Provenge, Dendreon)—a cell-
based vaccine—for treatment of castration-resistant prostate
cancer, has revitalized the interest for cancer immunotherapy
[1]. The enthusiasm generated by these new treatments is
further fuelled by overwhelming new data revealing the
importance of tumor immune infiltrates in the survival of
cancer patients. Indeed, the presence of CD8+CD45RO+ T
cells in tumors is associated with a good prognosis in various
types of epithelial cancers [2]. In cancers such as colorectal
cancers, T-cell infiltration has in fact superior prognostic
power than standard staging methods [3].

In addition of being involved in the natural progression
of cancer, immune responses affect the activity of anticancer
treatments [4]. Accordingly, recent studies revealed that
some chemotherapeutic drugs, such as anthracyclines and
oxaliplatin, specifically rely on the induction of anticancer
immune responses for therapeutic activity [5]. Immune
responses also play a major role in the efficacy of targeted

therapies with monoclonal antibodies (mAbs). While anti-
body-dependent cellular cytotoxicity (ADCC) is important
in the activity of tumor-targeted mAb therapies, recent stud-
ies suggest that mAbs such as trastuzumab may also stimulate
adaptive antitumor immunity [6]. Taken together, this
suggests that incorporating immunotherapeutic approaches
to standard treatments might in fact be synergistic.

Much of the recent successes in cancer immunotherapy
come from blocking mAbs targeting immune checkpoint
inhibitors, such as CTLA-4 and PD-1. In 2011, the FDA
approved the use of the anti-CTLA-4 mAb ipilimumab in
patients with metastatic melanoma. However, one of the
drawbacks to anti-CTLA-4 mAb therapy is the generation of
autoimmune toxicities due to on-target effects. Accordingly,
it has been reported that up to 23% of patients treated
with ipilimumab developed serious grade 3-4 adverse events
[7]. Another promising form of cancer immunotherapy
consists of blocking mAbs against PD-1 or its ligand PD-L1.
Administration of anti-PD-1 or anti-PD-L1 mAb enhances
adaptive anti-tumor immune responses by preventing T-
cell exhaustion. In early clinical trials, both anti-PD-1 and
anti-PD-L1 mAbs have shown impressive objective responses
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Figure 1: CD73-generated adenosine orchestrates the tumor-stroma interplay to promote cancer growth. The concerted action of CD39 and
CD73 represents the main pathway for extracellular adenosine production in the tumor microenvironment. These two ectonucleotidases are
expressed not only by tumor stromal cells (such as endothelial cells or tumor-associated regulatory T cells) but also by certain cancer cells,
allowing for the conversion of extracellular ATP (released by dying tumor cells) into adenosine. Adenosine exerts its tumor-promoting effects
in paracrine and autocrine fashion by activating adenosine receptors expressed by tumors cells, endothelial cells, or immune cells. Activation
of A2A adenosine receptors inhibits IFN-γ production and cytotoxic killing by CD8+ T cells and promotes CD4+ cells differentiation
into T-regulatory cells. This immunosupressive effect is strengthened by adenosine action on the tumor-surrounding endothelium which
consists in repressing T-cell homing to tumors through the downmodulation of adhesion proteins such as ICAM-1, VCAM-1 or P-selectin.
Simultaneously, A2A and A2B engagement on endothelial cells also enhance the production of proangiogenic factors including VEGF, b-FGF,
and IL-8. This effect is mediated by HIF-1 and synergizes with the hypoxic tumoral microenvironment. Finally, CD73-generated adenosine
also promotes tumor development by directly acting on cancer cells through A2A and/or A2B adenosine receptor activation and subsequent
enhancement of invasiveness and chemotactic response.

in patients with nonsmall-cell lung cancer, melanoma, and
renal-cell cancer [8, 9].

Despite this coming of age of cancer immunotherapy,
clinical benefits are still modest. One potential explanation
is that tumors employ a number of mechanisms to facilitate
immune escape, including the production of anti-inflamma-
tory cytokines, the recruitment of regulatory immune sub-
sets, and the production of immunosuppressive metabolites.
Significant therapeutic opportunity exists in targeting these
immunosuppressive pathways. One such therapeutic target is
CD73, an ectoenzyme that catalyses the generation of extra-
cellular adenosine, a potent immunosuppressive molecule.
We hereafter review the biology of CD73 and its role in
cancer progression and metastasis.

2. CD73 Biology and
the Adenosinergic Signaling

CD73 is a glycosylphosphatidylinositol (GPI-) anchored
nucleotidase present in cell membrane lipid rafts, active as

a disulfide-linked homodimer, which catalyses the hydrol-
ysis of extracellular adenosine monophosphate (AMP) into
adenosine [10]. CD73 is expressed on lymphocytes, endothe-
lial and epithelial cells, where it participates in ion transport
regulation, endothelial cell barrier function, endothelial
homeostasis, and protection from ischaemia [11–13].

CD73 also has a predominant role in immunity
(Figure 1). Indeed, CD73 negatively regulates the proin-
flammatory effects of extracellular adenosine triphosphate
(ATP). Extracellular ATP, released by damaged or dying
cells and bacteria, promotes the recruitment of immune
phagocytes [14] and activates P2X7R, a coactivator of the
NLRP3 inflammasome, which then triggers the production
of proinflammatory cytokines, such as IL-1β and IL-18 [15].
The catabolism of extracellular ATP into ADP, AMP and
adenosine is controlled by ectonucleotidases and membrane-
bound kinases. Whilst hydrolysis of ATP into AMP is pre-
dominantly performed by CD39 (ENTPD1), CD73 catalyses
the conversion of AMP into adenosine. Hence, CD39 and
CD73 act in concert to convert proinflammatory ATP into
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immunosuppressive adenosine. Importantly, the activity of
CD39 is reversible by the actions of NDP kinase and
adenylate kinase, whereas the activity of CD73 is virtually
irreversible. Thus, CD73 represents a crucial checkpoint in
the conversion of proinflammatory ATP into immunosup-
pressive adenosine.

To mediate its physiological actions, CD73-generated
adenosine can bind to four distinct G-protein-coupled recep-
tors: A1, A2A, A2B, and A3 [16]. The A1 and A3 adenosine
receptors are coupled with the Gi/o subunit, which leads
to the inhibition of adenylyl cyclase, cyclic AMP (cAMP)
production, and protein kinase A (PKA) activation. A1 and
A3 receptors have also been linked to the activation of the
phosphatidylinositol 3-kinase (PI3 K) pathway. In contrast,
A2A and A2B are coupled with the Gs subunit that stimulates
cAMP production, and PKA activation. All four adeno-
sine receptors have been associated with the activation of
the mitogen-activated protein kinase (MAPK) and protein
kinase C (PKC) pathways.

3. Expression of CD73 on Cancer Cells

CD73 has been found to be overexpressed in several
types of cancer, including bladder cancer, leukemia, glioma,
glioblastoma, melanoma, ovarian cancer, colon cancer, and
breast cancer [17–20]. This overexpression can be explained
by several mechanisms. In the context of breast cancer, loss
of estrogen receptor (ER) expression has been shown to
induce constitutive CD73 expression [20]. Thus, CD73 is
highly expressed in ER-negative breast cancer cells and might
constitute a promising target for treatment-refractory breast
tumors such as ER-negative or triple-negative breast cancer
[21].

Another factor that can drive CD73 expression is the
hypoxic nature of the tumor microenvironment. Indeed, the
CD73 gene promoter has at least one binding site for the
hypoxia-inducible factor (HIF-) 1α and, not surprisingly,
hypoxia promptly stimulates CD73 expression. Inhibition of
HIF-1α by antisense oligonucleotides or point mutations in
the hypoxia response element of the CD73 promoter has
been reported to inhibit hypoxia-induced CD73 expression
[22–24]. Notably, hypoxia also upregulates CD39, A2A, and
A2B adenosine receptor expression [25, 26].

Another pathway that can induce CD73 expression is the
Wnt pathway. Accordingly, a TCF/LEF consensus binding site
is present in the CD73 gene promoter and it has been shown
that Wnt signaling can drive CD73 expression [27, 28]. Of
interest, the Wnt pathway is often deregulated in human
tumors by the loss of the tumor suppressor APC or by
mutations in the β-catenin gene [29].

CD73 expression is also regulated epigenetically. Wang
et al. recently reported that CD73 expression is downregu-
lated by methylation-dependent transcriptional silencing in
several human melanoma cell lines [30]. Notably, relapse
with metastatic disease was found to be more frequent in
melanoma patients lacking CD73 methylation. While this
observation must be validated in a larger cohort, it supports
the notion that CD73 might constitute a valid therapeutic
target in melanoma.

Finally, CD73 overexpression on tumors may also result
from a selective pressure exerted by the immune system.
Indeed CD73 positive tumor cells, via the production of
immunosuppressive adenosine, are better equipped to evade
anti-tumor immune responses.

4. Prognostic Implications of CD73 Expression

Despite the fact that CD73 expression has been observed in
several types of cancer, correlative analysis to clinical out-
come has been relatively limited [31]. Recently, Wu et al. eval-
uated the prognostic relevance of CD73 in colorectal cancer
(CRC): analysis of CD73 expression by immunohistochem-
istry (IHC) revealed that high levels of CD73 were correlated
with a poor prognosis (n = 342 patients) [32]. In breast can-
cer, one study suggested a negative correlation between ER
and CD73 expression (n = 18 patients) [20] and a retrospec-
tive analysis of 30 breast cancer biopsies found that CD73
expression was associated with an increased risk of relapse
and increased likelihood of metastasis [33]. In contrast,
another recent study reported that high CD73 expression
levels were associated with a good prognosis in breast
cancer patients [34]. The prognostic implication of CD73
expression in breast cancer thus remains controversial.

A recent study assessed the clinical implication of CD73
in chronic lymphoblastic leukemia (CLL) [17]. The study
evaluated CD39 and CD73 expression on 299 blood samples
and found that all CLL samples expressed CD39 while only
one third expressed CD73. CD73 expression was found to
be highest on CD38+, ZAP-70+, or Ki-67+ leukemic cells,
suggesting that CD73 was associated with a more aggressive
and proliferative disease. CD73 was found to be particularly
abundant in lymph nodes, on highly proliferating cells and in
perivascular areas suggesting a role in lymph node homing.
The authors also identified a significant elevation of A2A
adenosine receptor expression in leukemic patients com-
pared to healthy controls. Notably, A2A activation on CLL
cells was linked to an increase resistance to drug-induced
apoptosis. Taken together, these results suggest that adeno-
sine is part of an autocrine/paracrine loop that enhances CLL
cells chemoresistance and favours their arrest in lymph node
proliferation centers [17].

5. CD73 Expression on Regulatory T Cells

T-regulatory cells (Tregs) are naturally occurring or
inducible T cells specialized in suppression of immune
responses. Treg-mediated immunosuppression can operate
through several mechanisms, including CD73-mediated
production of extracellular adenosine, which has recently
emerged as a key process implemented by Tregs and exploited
by various tumors to dampen immune responses [31].

CD73 is expressed on different subsets of T lympho-
cytes, but it is particularly abundant in Foxp3+ Tregs
(37). In mice, CD73 is expressed in approximately 60% of
CD4+ and 80% of CD8+ T cells and is predominant in
CD25high/CD39+/Foxp3+ T cells [35–37]. The coexpression
of CD73 and CD39 on Treg provides them with the com-
plete enzymatic machinery to produce immunosuppressive
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adenosine. In humans, CD73 expression in T cells is more
limited, with CD73 expression highly correlated to the
presence of CD25, CD39, and Foxp3 on CD4 T cells [38].
Amongst human Tregs, 70–80% coexpresses CD73 and
CD39 [38]. In human Tregs, CD73 appears to be stored
intracellularly [38], which may account for previous reports
pointing out to a large discrepancy concerning CD73 expres-
sion in mouse and human Tregs [39, 40]. CD73 expression
on Tregs is modulated upon activation and depends on the
cytokine milieu. Indeed, it has been shown that CD73 expres-
sion is augmented upon TCR engagement concomitantly to
P2X7 receptor downmodulation, thus favoring the produc-
tion of immunosuppresive adenosine and limiting proapop-
totic effects of ATP [41]. Another study has demonstrated
that CD73 expression is enhanced when CD4+ cells are
activated in the presence of TGF-β [36]. This effect has been
observed in both CD4+/Foxp3+ and CD4+/Foxp3− cells,
confirming that CD73 upregulation can occur independently
of Foxp3. A recent publication confirmed these results and
showed that both TGF-β and IL-6 are required for CD73
and CD39 expression on Th17 cells [42]. Signaling pathways
investigation revealed that TGF-β-induced inhibition of Gfi-
1 transcription repressor coupled to IL-6-induced STAT-3
activation was necessary for ectonucleotidase expression on
Th17 cells. In several murine cancer models where TGF-
β accumulates in the tumor microenvironment, CD39 and
CD73 expression on Th17 cells actively participates in tumor
immunoevasion [42].

CD73-mediated production of adenosine is thus crucial
for Tregs immunosuppressive potential [35]. This has been
revealed by an impaired immunosuppressive potential of
Tregs derived from CD39- or CD73-deficient mice [35, 41].
In CD73-deficient mice, activated CD4+ cells showed an
augmented production of proinflammatory cytokines (IFN-
γ, IL-2, and TNF-α) [41] and loss of immunosuppressive
function of Tregs. In CD39-deficient mice, Tregs were shown
to be constitutively activated, thus abrogating their suppres-
sive activity on non-Tregs cells [35]. Taken together, these
studies demonstrated that Tregs immunosuppression relies,
at least in part, on the hydrolysis of extracellular ATP into
adenosine by the concerted action of CD39 and CD73 and
the subsequent engagement of A2A on effector T cells. A2A
activation on T-effector cells induces a long-term anergy,
characterized by an impaired proliferation upon TCR
engagement and a reduction in proinflammatory cytokines
production [43]. Moreover, this anergy-like state cannot
be reversed by TCR reengagement, even in the absence of
A2A signaling. Complementary in vivo experiments, using
a model of lung autoimmunity, showed that A2A activation
is involved in Th17 cells inhibition (via the inhibition of
IL-6 synthesis) and in the induction of immunosuppressive
LAG3+ Treg cells [43].

The importance of CD73 expression on Tregs has also
been documented in various tumor models [44, 45]. Using
DEREG transgenic mice (expressing the diphtheria toxin
receptor under the control of Foxp3) adoptively reconsti-
tuted with Tregs from CD73-deficient or wild type mice,
Stagg et al. demonstrated that CD73 expression on Tregs is
crucial to promote the growth of MC38 colon tumors [44].

Another independent research group obtained similar results
with B16F10 tumors implanted in RAG1−/−mice adoptively
transferred with CD73-deficient or wild type T cells, with or
without depletion of CD25+ T cells [45, 46]. These studies
highlighting the role of CD73 on mouse Tregs have been
corroborated by observations made in human Tregs. Accord-
ingly, analysis of PBMC of cancer patients revealed that the
expression and frequency of CD73+ Tregs are elevated com-
pared to healthy volunteers [47]. Moreover, Tregs obtained
from cancerous patients have increased nucleotidase activity,
increased suppressor functions, and are able to infiltrate
tumors [47]. Interestingly, complementary in vitro studies
pointed out to a synergistic effect of adenosine and prostagl-
andin E2 (PGE2) in mediating Treg suppression [48]. Nota-
bly, COX2+ tumor cells were demonstrated to promote
adenosine and PGE2 synthesis by Tregs in coculture exper-
iments.

6. CD73 Expression on Endothelial Cells

Vascular and lymphatic endotheliums are crucial organs for
leukocytes trafficking into tissues. The selective permeability
and barrier function of the endothelium are tightly con-
trolled and dysregulation of endothelial barrier hemostasis
is associated with several diseases, including cancer.

CD73 and adenosine receptors are important regulators
of leucocyte trafficking and endothelial hemostasis [49].
CD73 possesses distinct roles on lymphatic and vascular
endothelium [50]. On vascular endothelial cells, CD73
participates in leukocytes extravasation from blood. It has
been shown that leukocyte binding on endothelial cell
triggers the inhibition of CD73 nucleotidase activity, thereby
reducing local adenosine production which favors vascular
permeability and leukocyte transmigration [12]. Leukocyte
CD73 instead contributes to trafficking across lymphatics
[50]. The importance of CD73 on endothelial cell function
has also been largely evidenced by the analysis of CD73
deficient mice [51]. CD73-deficient mice present elevated
expression of VCAM-1 in carotid arteries associated with an
increased accumulation of monocytes [52]. Unexpectedly, in
experimental autoimmune encephalomyelitis (EAE, a model
of multiple sclerosis), CD73-deficiency resulted in resistance
to the disease [53]. This resistance is thought to be the result
of a lack of lymphocyte infiltration in the central nervous
system. Interestingly, A2A blockade protected wild type mice
against EAE and was associated with a downregulation of
ICAM-1 expression on the choroid plexus.

In humans, a recent study identified mutations in the
CD73 gene resulting in a nonfunctional protein and the
development of symptomatic arterial and joint calcification,
a pathology associated with an excess risk of cardiovascular
events. The increase in ectopic tissue calcification associated
with a non-functional CD73 protein was found to be
dependent on an increase in tissue nonspecific alkaline phos-
phatase (TNAP). Therefore, targeted blockade of CD73 as a
therapeutic approach could theoretically be combined with
inhibitors of TNAP such as bisphosphonates or lansoprazole
in order to prevent the risk of arterial calcification [54].
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Activation of the adenosinergic system on endothe-
lial cells is largely regulated by hypoxia. A2B adenosine
receptor and neutrophils play a central role in promoting
endothelial cell barrier function during hypoxia [25, 55,
56]. Hypoxia upregulates A2B expression via HIF-1α [57]
and activation of A2B potentiates the secretion of VEGF
and other proangiogenic factors such as IL-8 [58] or basic
fibroblast growth factor (bFGF) [59]. Hypoxia further drives
expression of A2A via HIF-2α. A2A activation in endothelial
cells has been to shown enhance proliferation, migration,
and capillary-like tube formation [60]. Interestingly, A2A-
mediated tube formation was shown to depend on the
inhibition of the antiangiogenic factor thrombospondin-
1 [61]. Adenosine receptor activation on endothelial cells
was also demonstrated to enhance VE-cadherin expression
in a A2A, dependent manner, P-selectin expression via
A2B and CD73 expression in a A2B dependent fashion
[58, 62, 63].

In addition to hypoxia, CD73 and adenosine receptors
have been shown to be regulated by cytokines and growth
factors. For instance, types I and II IFNs increase CD73
expression at the surface of endothelial cells, thus promot-
ing adenosine generation and subsequent enhancement of
endothelial cell barrier function [64, 65]. Likewise, A2A and
A2B expressions are augmented on endothelial cells upon
IL-1 or TNF-α stimulation [66]. Surprisingly, TNF-α does
not upregulate CD73 but, on the contrary, reduces CD73
nucleotidase activity by triggering CD73 shedding from
plasma membrane in a PLC-dependent manner [67]. Inter-
estingly, CD73 shedding has been described on lymphocytes
upon CD73 engagement by a specific monoclonal antibody
and was associated with enhanced lymphocyte adhesion to
endothelial cells through a calpain-like enzyme-mediated
LFA-I clustering [68, 69]. In contrast, endothelial CD73
engagement does not entail its cleavage from plasma mem-
brane.

7. CD73 and Tumor Metastasis

Tumor metastasis is a complex multistep process associ-
ated with poor prognosis [70]. Therefore, identification of
metastasis-promoting pathways is of primary importance
for the development of new anticancer treatments. In this
regard, accumulating data indicate that CD73 promotes
tumor metastasis. Two independent studies have correlated
CD73 expression with lymph node metastasis of breast
tumors [33, 71]. In both studies, relevance of the results
obtained with cell lines and murine models was confirmed
in patient biopsies, revealing that CD73 is upregulated in
metastatic tumors, lymph node foci and associated with
disease relapse [33]. CD73 upregulation in highly metastatic
breast tumor cells might be associated with a loss of CpG
island methylation in the NT5E gene, as recently observed
by Wang et al. [30].

CD73 implication in tumor metastasis has been evi-
denced in our recent studies using CD73-null mice. We
showed that CD73-deficient mice are resistant to experi-
mental lung metastasis following intravenous injection of

B16F10 melanoma cells or TRAMP-C1 prostate cancer cells
[44, 72]. Interestingly, the resistance of CD73 KO mice to
experimental metastasis was independent of the immune sys-
tem. This observation infers that CD73 expression on non-
hematopoietic cells, presumably endothelial cells, promotes
the metastatic process. CD73 expression on tumor cells can
also promote tumor metastasis in mice, most likely via an
autocrine activation of A2B adenosine receptor [73]. This is
concordant with data obtained by other groups who reported
that CD73 overexpression or adenosine receptors activation
on cancer cells can promote chemotaxis and invasiveness
[74–78].

8. CD73 Targeting for Cancer Treatment

Currently, accumulating preclinical data provided by our
laboratory and others underscore the therapeutic potential
of CD73 blockade for cancer therapy. The analysis of tumori-
genesis in CD73-null mice revealed that a lack of CD73
expression can efficiently delay tumors growth and confer
metastasis resistance in a variety of murine tumor models
[44–46, 72]. All these studies converge on the fact that CD73
KO mice are protected against experimental tumorigenesis
because of the absence of Treg-generated adenosine [44, 46].
When CD73 is also expressed on tumor cells, blockade of
CD73 on both host and tumor cells is required to achieve
optimal antitumor effect [45, 72]. It should be noted that
experimental tumorigenesis is also delayed in CD39- or
A2A-null mice [79, 80], thus supporting the notion that
the adenosinergic system is a relevant target for cancer
therapy.

9. Conclusion

CD73 inhibition with α,β-methylene adenosine diphosphate
(APCP) or neutralizing monoclonal antibodies (mAb) have
demonstrated antitumor effects in various tumor models
[73, 81, 82]. Notably, combination of adoptive T-cell therapy
with CD73 blockade was shown to be synergistic [45,
81]. This successful combination paves the way for the
investigation of other bi- or multitherapies combining CD73
inhibition with immune activating agents (e.g., anti-PD-
1, anti-CTLA-4, and anti-TIM-3). CD73 blockade could
also be combined with proimmunogenic chemotherapeutic
drugs [83, 84]. Apart from their effect on tumor immunity,
CD73 antagonists also have the potential to directly inhibit
autocrine protumorigenic effects of CD73 on tumor cells,
such as increased migration or survival. The use of neutral-
izing mAbs could be of particular interest as their antagonist
properties on CD73 could potentiate their intrinsic immune-
mediated cytotoxic activities through the engagement of
FcγR on immune cells. Taken together, these observations
suggest that CD73 is a promising therapeutic target for
the treatment of various cancers. In particular, association
of CD73 blockade with other classic or newly developed
anticancer agents seems extremely attractive. Future studies
aiming at translating these results into therapeutic benefit for
patients are warranted.
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