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Abstract: CD39 is an enzyme which is responsible, together with CD73, for a cascade converting
adenosine triphosphate into adenosine diphosphate and cyclic adenosine monophosphate, ultimately
leading to the release of an immunosuppressive form of adenosine in the tumor microenvironment.
Here, we first review the environmental and genetic factors shaping CD39 expression. Second, we
report CD39 functions in the T cell compartment, highlighting its role in regulatory T cells, conven-
tional CD4+ T cells and CD8+ T cells. Finally, we compile a list of studies, from preclinical models
to clinical trials, which have made essential contributions to the discovery of novel combinatorial
approaches in the treatment of cancer.
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1. Adenosine Pathway and CD39/CD73 Expression in the Tumor Microenvironment

CD39 is an ectoenzyme (ecto-nucleotide triphosphate diphosphohydrolase 1, en-
coded by ENTPD1 gene) belonging to the family of ectonucleotidases which comprises
ecto-5′-nucleotidase (NT5E)/CD73, CD38/NADase, NAD glycohydrolases, nucleoside
diphosphate kinase, ecto-nucleotide pyrophosphate phosphodiesterases (E-NPPs), ecto-
nucleoside triphosphate diphosphohydrolases (ENTPDases), and adenylate kinases [1–3].

Pioneer studies described CD39 as adenosine triphosphate (ATP) diphosphohydrolase
in vascular/endothelial cells, defining its crucial role in thromboregulation [4,5]. Together
with the enzymatic activity of CD73, CD39 is responsible for a cascade in which ATP
is converted into adenosine diphosphate (ADP) and cyclic adenosine monophosphate
(cAMP), ultimately generating extracellular adenosine. The broad immunosuppressive ef-
fects of extracellular adenosine have been widely reported [6], and the immunosuppressive
activities adenosine-mediated have been thoroughly reviewed [7,8].

The adenosine pathway occurs via type 1 purinergic receptors (A1, A2A, A2B, A3),
which are G protein-coupled receptors (GPRCs). A1 and A3 receptors inhibit adenylate
cyclase and cAMP generation. They are generally described as immune-promoting adeno-
sine receptors [9]. In contrast, A2AR and A2BR are typically associated with a high level of
immunosuppression, triggering intracellular cAMP accumulation [6,7,10]. In line with this,
genetic deletion of the A2A receptor was shown to induce tumor rejection in mice, provid-
ing a critical link between the adenosine pathway and tumor immunity [10]. Although the
A2B receptor has been described in tumor cells [11], both the A2A and A2B receptors are
largely expressed in different immune cells, including myeloid and lymphoid compart-
ments [12–14]. Under normal physiological conditions, concentrations of extracellular ATP
(eATP) are negligible in tissue, i.e., 10–100 nM. However, under inflammatory conditions,
and in response to diverse stimuli such as hypoxia/tissue injury or in tumors, high eATP
levels (1–50 µM) may be detected [9,11,15].
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Various cell types may release ATP into the microenvironment through deputed
channels (i.e., pannexin or hemichannel connexins), or as result of necrosis from dying
or stressed cells. Robust inflammatory signals are provided by high eATP levels through
the engagement of P2 receptors (P2Y and P2X families), which, in turn, are critical for the
activation of both innate and adaptive immune responses. The P2×7 receptor has been
described as the most important in the context of inflammation [16]. It has been reported
to be highly expressed in granulocytes, macrophages, dendritic cells, B and T cells, and
in particular, in CD4+ T cells expressing FOXP3, the master regulator of the development
and function of regulatory T cells (Tregs) [17]. The production of IL-18 and IL-1β as active
forms is mediated by eATP via the P2X7 receptor, which triggers NLRP3 inflammasome
activation [18].

CD39 upregulation is therefore an efficient mechanism developed by tumors to escape
antitumor strategies by depleting the immune-stimulatory eATP in the tumor microenvi-
ronment (TME).

CD39 has been observed to be highly expressed in different human tumor types, such
as renal cell carcinoma, ovarian cancer, sarcoma cancer, breast cancer, lymphoma, bladder
cancer, colon cancer and melanoma [19–22]. Tumor cells can overexpress CD39 compared
with normal cells; however, elevated levels have been also reported in endothelial cells,
cancer-associated fibroblasts (CAF) and several immune subpopulations, particularly,
natural killer (NK) cells, tumor-associated-macrophages (TAM) and tumor-infiltrating
lymphocytes (TILs) including Tregs and CD8+ T cells [23–28]. High CD39 expression is
considered a marker of poor outcome and disease progression [29–31].

eATP and extracellular adenosine levels are also regulated by CD73 expression, the
ecto-enzyme converting AMP into adenosine. CD73 is frequently expressed in human
tumors, particularly in tumor cells, CAF and endothelial cells, but also in myeloid cells, NK
cells and T cells [32–35]. Most data described a strong correlation between elevated CD73
levels and unfavorable clinical outcomes, as was observed for CD39 [36–39]. Through
CD39 and CD73 blockade, likely limiting the conversion of ATP/AMP into adenosine,
many mouse, human and in vitro studies showed inhibition of both tumor growth and
metastasis formation, generally associated with an increase of NK and/or CD8 T cell
immune-mediated antitumor responses [21,25,33,40–44].

2. CD39 Expression and Functions in Conventional CD4+ T Cells and Tregs

CD39 has been primarily described as a (FOXP3+) Treg marker [24], whose hydrolysis
of extracellular ATP is crucial in terms of their immunosuppressive functions. In vitro
and in vivo studies on ENTPD1-deficient (CD39-/-) mice demonstrated an impairment
in Treg suppressive functions. Accordingly, adenosine formation in murine and human
Tregs is mediated by the coexpression of CD39 and CD73 [24,45]. Adenosine-triggered
signals may increase intracellular cAMP levels, resulting in the transactivation of ENTPD1
promoter, that, in turn, increases and stabilizes CD39 expression in Tregs [46]. The eATP
signaling pathway, mediated by P2X7 receptors and phospho-Erk, may interfere with the
differentiation and suppressive functions of Tregs. Indeed, eATP depletion in the TME
limits the activation of HIF-1α factor, which is mainly responsible for the ubiquitination and
degradation of FOXP3 [45]. In line with this, reduced numbers of CD39+FOXP3+ Tregs were
observed in patients affected by multiple sclerosis (MS), indicating that CD39 expression
in Tregs is critical in controlling inflammatory autoimmune disorders [24]. In contrast,
circulating levels of CD39+CD25+ Tregs were elevated in cancer patients [47,48], while their
low levels were associated with improved relapse-free survival in melanoma patients [49].
Accordingly, CD39+ Treg frequency and adenosine-mediated immunosuppression were
significantly increased in head and neck patients [50]. Importantly, elevated levels of CD39,
often concomitant with elevated levels of other suppressive/activation markers (i.e., OX40,
PD1, CTLA-4) [51,52], were observed in tumor-infiltrating Tregs, which generally occurred
in elevated number and frequency in solid tumors [51,53]. All these observations suggest
the key role of CD39 in attenuating immune responses in cancer.
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CD39 may also be expressed in conventional (c) FOXP3– CD4+ T cells. For example,
in squamous cell carcinoma patients, CD39+ cCD4+ T cells revealed tumor-specific antigen
reactivity [54]. Interestingly, CD39-expressing cCD4+ T cells have often been associated
with T helper (Th) 17 effector functions. Th17 cells are known to promote chronic inflam-
mation and regulate commensal bacteria in the gut. Consistent with this, eATP production
by commensal bacteria may support Th17 differentiation. Comparably, P2X7 receptor
may favor Th17 conversion from Tregs [55]. On the other hand, CD39-expressing Th17
cells are associated with increased IL-10 production, and CD39+ Th17 cells predict poor
clinical outcome in cancer patients [56]. Accordingly, CD39+ tumor-infiltrating Tregs may
produce IL-17, in contrast to CD39- tumor-Tregs, in colon cancer patients [51], supporting
the hypothesis that CD39+ IL-17-producing cells play a determining role in cancer.

3. CD39 Expression and Functions in CD8+ T Cells

CD39 expression in CD8+ T cells has been recently reported. Pioneer studies described
CD39 as a marker of exhaustion. Gupta and colleagues demonstrated that CD39 expression
identified terminally exhausted virus-specific CD8+ T cells in HCV and HIV chronic
infections [57]. More recently, Canale and colleagues reported that tumor-infiltrating
CD39high CD8+ T cells exhibited low TNF−α, IFN-γ and IL-2 production. CD39 expression
was accompanied by coinhibitory receptors (i.e., LAG3, TIGIT, PD1, TIM3, 2B4) and
associated with tumor growth [28]. CD39+ CD8+ T cells have been found in invaded lymph
nodes and metastases [28], and are generally associated with poor survival, as in clear cell
renal carcinoma [58]. In 2018, an elegant paper described, for the first time, that CD39
selectively marked tumor (neoantigen)-specific CD8+TILs, whereas those CD39– comprised
bystander CD8+ T cells which are able to recognize a wide range of viral epitopes [23].
Interestingly, CD39+CD8+ TILs were enriched in genes associated with cell proliferation
and exhaustion, and displayed reduced TCR diversity, as typically observed in chronically
antigen-stimulated T cell expansion [23]. In line with this evidence, many papers have
described CD39+ CD8+ TILs as tumor-antigen specific and reactive cells [59,60]. These
polyfunctional and protective roles are mostly associated with CD103 co-expression in
several cancer types [23,44,60,61]. CD103 is indeed a marker of tissue resident memory
CD8+ T cells, and its expression is frequently correlated with good progression, positive
outcome and better survival in several cancers [60,62,63].

However, several groups have suggested that CD39-expressing CD8+ T cells showed
regulatory properties [64,65]. Although CD8+ Tregs have been widely studied in the past
30 years, their markers have not yet been fully elucidated [64]. Our group and others
showed that CD39 is potentially involved in mediating the suppressive abilities of tumor-
infiltrating CD8+ Tregs. Isolated CD39+ CD8+ T cells were indeed found to be capable of
suppressing T cell proliferation in vitro [44]. Moreover, CD39 counteraction significantly
inhibited the suppressive capacities of CD8+ Tregs, highlighting its key role in mediating
suppressive functions [66], as also described for CD4+ Tregs [24].

Taken together, these apparently contrasting data suggest that CD39 is upregulated by
antigen-driven, activated CD8+ T cells in an attempt to regulate excessive immunopatholo-
gies by its intrinsic capacity to provide stimulated T cells with a suppression function.
This regulatory mechanism may be beneficial in conditions in which it is necessary to
switch off immune responses, for example, following recovery from infection. In con-
trast, it would also be detrimental in tumor conditions, i.e., by providing suppression
capacity to tumor-specific CD39+ CD8+ T cells that are chronically stimulated by tumor
antigenic persistence.

4. CD39 Regulation by Cytokines

While the vast majority of the data describe CD39 expression and its functions associ-
ated with an ex vivo phenotype in TME, less is known about the mechanisms by which it
is upregulated in FOXP3+ Tregs, cCD4+ and CD8+ T cells under specific circumstances.
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Circulating cCD4+ T cells show negligible levels of CD39. In contrast, blood Tregs
from healthy donors (HD) may express around 0–5% of CD39+ cells; this frequency may
increase in cancer patients, reaching about 5–20% [53,67].

CD39 frequency may be highly increased in TI-Tregs and TI-cCD4+ cells compared
to its circulating counterparts, suggesting that peculiar factors in TME can contribute to
CD39 levels.

In vitro studies have shown that the combination of TCR engagement and IL-2 may
increase CD39 expression. Additionally, TGF-β was found to be particularly likely to
induce the expansion of CD39+ Tregs, supporting the hypothesis that tumor-derived
factors play important roles in CD39 upregulation in Tregs [67]. Comparably, the TGF-
β/SOX4 signaling pathway, with the participation of ROS-driven autophagy, was shown
to mediate CD39 expression in Tregs [68]. IL-27 signaling was found to directly drive
CD39 expression in Tregs by a STAT-1-dependent mechanism in mice studies. Indeed,
mice lacking the IL-27 EBI3 subunit or IL-27Rα failed to display CD39 upregulation on
tumor-infiltrating Tregs [69]. IL-35 has also been described as being responsible for CD39
induction in Tregs [70].

Consistent with CD39 levels in peripheral cCD4+ T cells, negligible CD39 levels are ob-
served in circulating CD8+ T cells in both healthy subjects and cancer patients [28,44]. How-
ever, the frequency of CD39+ CD8+ TILs is enhanced in many cancer types [23,28,44,60].

As for FOXP3+ Tregs and cCD4+ T cells, upon TCR stimulus in vitro, blood CD8+ T
cells overexpress CD39 in both healthy subjects and cancer patients [28,71], as well as in
murine CD8+ T cells [72]. Although TCR engagement was sufficient to upregulate CD39, IL-
6 and IL-27 exposure further promoted CD39 expression in both human and murine CD8+

T cells [28]. IL-6 has been also shown to induce CD39 expression in tumor-infiltrating NK
cells in esophageal squamous cell carcinoma, suggesting a broad IL-6-mediated mechanism
regulating CD39 expression in several immune cells [73]. Among the factors involved
in CD39 upregulation in CD8+ T cells, IL-12 and IL-4 have been described as important
players [65].

5. CD39 Regulation by Genetic Factors

In humans, the number of circulating T cells is, in part, heritable, underlying the
importance of genetic elements in balancing immune responses [74]. Recently, a complex
network of genetic variants governing the regulation of immune cell levels in health
and disease has been defined [75]. Additionally, the genetic structure of Tregs, which is
largely determined by several single nucleotide polymorphisms (SNPs), has also been
described [76].

SNP at the position rs10748643, is responsible for different CD39 expression levels in T
cells. For the first time, this observation was made in Tregs, in which the A allele determined
low CD39 levels, compared to G subjects, that instead showed higher CD39 levels. Subjects
with the GG variant correlated with better control of inflammatory responses and with less
IL-17 and IFN-γ production by pathologic effector cells, as compared with AA subjects [77].
In line with this finding, SNP associated with low CD39 expression was linked to increased
susceptibility to Crohn’s disease [78]. Other studies have described the impact of rs10748643
SNP on Tregs in regulating autoimmune disorders, infections and cancers [51,77,79–81], as
well as in graft-versus host disease in a humanized mouse model [81]. A different CD39
gene polymorphism, associated with low CD39 expression, was additionally correlated
with slower HIV progression [82]. Remarkably, the different genetic variants determined
the frequency of tumor-CD39high Tregs, potentially balancing the immunosuppressive-
mediated Treg responses in colon rectal cancers [51].

SNP at position rs_10748643 was also correlated with a lower or absent CD39 cell
surface expression in cCD4+ T cells. AA subjects were less predisposed to upregulate CD39
by anti-CD3/CD28 stimulation, as compared with AG or GG individuals, thus influencing
an in vivo T cell response to vaccination. Indeed, individuals with the AA variant showed
higher specific-T cell response to different strains of the influenza virus [83].
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Interestingly, CD39 resulted a negative checkpoint inhibiting the generation of T
follicular helper (Tfh) cells. The study demonstrated that BCL6 (lineage-determining tran-
scription Tfh factor) was able to inhibit CD39 expression. Additionally, increased Tfh
frequencies were observed in subjects with a SNP preventing/limiting ENTPD1 transcrip-
tion. Accordingly, by reducing CD39 expression, Tfh generation and germinal responses
were enhanced [84].

Even if rs_10748643 SNP has been widely studied in Tregs and cCD4+ T cells, we
recently observed the same impact on CD8+ TILs. We demonstrated that circulating
CD8+ T cells from AA individuals were less susceptible to CD39 upregulation upon TCR
engagement in vitro. Moreover, SNP influenced CD39 levels in TI-CD8+ cells, balancing
CD8+ T cell responses in colon rectal cancer [44].

6. Targeting Adenosine Pathway, CD73 and CD39 as Anti-Tumor Strategy

An increase in the number of clinical trials targeting adenosine pathway components
has been observed in recent years. Data about the efficacy of this approach are still limited,
since most trials are ongoing or are in the early phases of development.

Each member of the adenosine signaling pathway could be potentially considered
a distinct therapeutic opportunity; however, each could be susceptible to compensatory
effects, leading to the accumulation of adenosine. Importantly, the unique feature of CD39
inhibition is a dual impact, i.e., in maintaining low pro-inflammatory eATP levels and re-
ducing adenosine accumulation; indeed, pharmacologic inhibition of CD73-mediated AMP
processing or inhibition via A2A address only the reduction of adenosine accumulation.
Of note, CD39 inhibition demonstrated antitumor efficacy as single-agent, whereas the
use of two different anti-CD73 antibodies or an A2A small-molecule inhibitor only delayed
tumor growth in MC38 mouse models. Additive affects have therefore been observed
when targeting both CD39 and CD73 in combination [85], or when combining anti-CD73
with A2A small-molecule inhibitors [33].

The inhibition of CD73 and CD39 has similar effects on T cells. Different studies have
shown that anti-CD73 antibodies could restore antitumor CD8+ T cell responses, as well as
reducing the suppressive activities of Treg; see Figure 1 [42,86,87].

Anti-CD73 small molecule inhibitors were shown to reduce ovarian cancer progres-
sion and increase survival in mice [86]. Similarly, Häusler and colleagues demonstrated
that in human primary ovarian cancer cells and cell lines, CD73 and/or CD39 siRNA or
small-molecule inhibitors enhanced NK-mediated cytotoxic T-cell activity and CD4+ T cell
proliferation [22]; see Figure 1. Because CD73 is expressed in many host cell types such
as endothelial cells or CAFs, CD73 inhibition could have nonhematopoietic effects, i.e., a
broad effect which is less observed when CD39 is targeted. Accordingly, many groups have
collectively demonstrated that CD73-deficient mice are resistant to growth and metastasis
formation in immunogenic tumors, and that CD73 deficiency in both hematopoietic and
nonhematopoietic cells is required to limit tumor growth [43,88,89]. It is noteworthy that
host CD73 deficiency or blocking were shown to increase tumor antigen specific-T cell
homing to tumors. It has been demonstrated that high levels of CD73 in endothelial cells
limit the migration of tumor-specific CD8+ T cells at the tumor site [89].

Most findings about the role of CD39 in antitumor immunity and tumor growth were
the result of studies on CD39-deficient mice. Genetic depletion of Entpd1 in mice reduced
metastatic lesions by active NK-mediated surveillance [27,90].
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Figure 1. Effects of targeting CD39 on T cells. (A) CD39 or CD73 blocking by pharmacological compounds (i.e., POM1 and
ARL7156 or small-molecule inhibitors) or by using antibodies in in vivo systems decreases the suppressive activities of
FOXP3+ Treg cells. (B) Targeting CD39 or CD73 in CD8 T cells effects an increase in effector and cytotoxic T cell functions,
mediated by IFN-γ and TNF-α production and CD107a upregulation. (C) Targeting CD39 or CD73 in CD4 T cells increases
Th1 cytokine (IFN-γ, TNF-α and IL-2) and IL-21 production, which (was recently found to be) is responsible for B cell
differentiation.



Int. J. Mol. Sci. 2021, 22, 8068 7 of 13

More recently, other researchers have shown the effects of monoclonal antibodies tar-
geting CD39 in several tumor models [26,85]. Anti-CD39 treatment suppressed metastasis
by enhancing IFN-γ+ and/or CD107a+ TI-NK cells in a lung cancer mouse model [26]. In
line with this, antibodies targeting human CD39/CD73 membrane-associated or soluble
forms were shown to reduce tumor growth by boosting T-cell antitumor responses in syn-
geneic mouse models implanted in different tumor cell lines (MC38, MCA205, B16F10) [85].
An additional study confirmed that triggering the eATP-P2X7 pathway by anti-CD39 im-
proved tumor T cell infiltration and rescued anti-PD1 resistance by exhausted T cells [25].
These studies were then corroborated by the use of ectonucleotidase inhibitors, POM1
and ARL7156, i.e., pharmacological compounds which are frequently used in in vivo and
in vitro studies [44,91,92]. Although data derived from these pharmacological compounds
should be interpreted with caution due to their lack of ectonucleotidase inhibitor specificity,
many findings showed that ARL67156 and/or POM-1 increased IL-21 and IL-2 production
in cCD4+ T cells by restoring their ability to induce B cell differentiation [83] (Figure 1). Ad-
ditionally Tfh generation and germinal center responses were enhanced by reducing CD39
expression via cAMP/PKA/p-CREB pathway inhibition [84]. Inhibition of CD39 activity
via the ARL CD39 inhibitor contributed to protecting cCD4+ T cells from apoptosis and to
increasing effector cCD4+ T cell differentiation and survival [83]. Recently, we described
that POM1-treated CD8+ TILs restored IFN-γ and CD107a and decreased PD1 expression,
compared to CD39- CD8+. CD39 inhibition mediated by POM1 may therefore shift the
CD8+ T cell balance toward a functional effector phenotype in cancer [44] (Figure 1).

Given the abundant expression of CD39 on Tregs, they are certainly one of the ma-
jor targets of CD39 inhibition. Firstly, CD39-null mice showed an impairment in Treg
suppressive activities in melanoma and colon cancer models in both in vitro and in vivo
experiments [93,94]. POM1-mediated CD39 inhibition was able to abrogate Treg suppres-
sive capacitates by diminishing NK and T cell inhibition [94] (Figure 1). Similarly, knock
down of CD39 by using a CD39 antisense oligonucleotide in vivo reduced the number
of tumor-infiltrating CD39+ Tregs; as a consequence, the ratio of CD8+ T cells to Tregs in
tumors was significantly improved [40].

7. CD39 Targeting for Immunotherapy Strategies

Targeting CD39 by knockdown of the Entpd1 gene led to the dysregulation of many
physiological processes in mice, including glucose tolerance, angiogenesis, thrombo-
regulation, coagulation and inflammatory responses. CD39-/- null mice showed impaired
hepatic insulin sensitivity, accompanied by high levels of insulin, IL-6, IL-1β, TNF-α and
IFN-γ in the serum. These data suggest a robust link between CD39 and inflammation
in regulating metabolic responses. Consistently, a mouse model with total CD39 deletion
showed high susceptibility to murine colitis, confirming the key role of CD39 in regulating
susceptibility to inflammatory bowel diseases [78,95,96]. In line with this, an interesting
observation was made in human siblings with a homozygous mutation in the ENTPD1
gene. They were characterized by a stop-codon mutation, which presented low ATP activ-
ity and low AMP production; they went on to develop neurological and gastrointestinal
disorders [97]. Given the impact of CD39 deletion in vivo resulting in the dysregulation of
many physiological processes, nowadays, selective antibodies are designed to specifically
target CD39 in order to inhibit its activities [27,85].

While the vast majority of clinical trials involving adenosine pathways have mainly
evaluated the use of anti-CD73 mAb and A2aR/A2bR antagonists [9,98], three agents
targeting CD39 were recently developed and included in clinical trials in patients with
advanced solid tumors. TTX-030 is one of the newest human monoclonal antibodies,
developed by Tizona Therapeutics. Two randomized clinical trials, NCT03884556 and
NCT04306900, respectively posted in March 2019 and March 2020, sought to study the
safety, tolerability, pharmacokinetics and anti-tumor activity of the TTX-030 antibody as
a single therapy and/or in combination with an approved anti-PD-1 immunotherapy
(Pembrolizumab/Budigalimab) and/or standard chemotherapies (Docetaxel, Paclitaxel
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and Gemcitabine). Similarly, a CD39 blocking antibody (IPH520) was recently developed
by Innate Pharma and entered in a recent clinical trial (NCT04261075) with the objective
of studying IPH5201 as a monotherapy or in combination with anti-PDL1 (Durvalumab)
and/or anti-CD73 (Oleclumab).

8. Future Perspectives

Adenosine signaling pathway components are currently considered as important
targets in the treatment of various cancers [9,98]. Although monotherapies may achieve
good results, almost all ongoing clinical trials involving blocking the adenosine pathways
include arms in combination with standard chemotherapies or immune check point blocked
(ICB) therapies.

Despite the remarkable effects of ICB therapies in several cancers [99–101], only
around 30% of patients responded to ICB as a monotherapy [99–102], supporting the
notion that a considerable portion of patients fail to mount protective/beneficial responses.
One of the mechanisms associated with immunosuppression following ICB therapy could
be dying tumor cells, which would provide immunosuppression due to eATP/adenosine
release. Therefore, combining ICB with classical chemotherapies and/or adenosine/CD73
and CD39 blockade may improve the efficacy of these treatments, as well combining ICB
with one or more blockade targeting adenosine components. For example, the combination
of anti-CD73 with either anti-PD1 or anti-CTLA-4 may have beneficial effects [98,103,104].
Given the advances in CAR-T technologies as new tools to fight cancer, T cells could be
alternatively engineered to be deficient in CD73/CD39 or adenosine receptors [105,106],
improving their antitumor effector functions.

Altogether, these observations highlight the potential importance of targeting CD73,
adenosine components and/or the CD39 pathway. In the near future, we will be able to
comprehensively compile data from ongoing clinical trials testing anti-CD73, anti-CD39
and/or other adenosine components alone or in combination with ICB.
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conventional CD4 T cells (cCD4+ T cells)
cancer-associated fibroblasts (CAF)
multiple sclerosis (MS)
tumor-infiltrating (TI)
tumor-infiltrating lymphocytes (TILs)
natural killer (NK)
tumor-associated-macrophages (TAM)
tumor-microenvironment (TME)
adenosine triphosphate (ATP)
adenosine diphosphate (ADP)
cyclic adenosine monophosphate (cAMP)
extracellular ATP (eATP)
immune check point blocked (ICB)
single nucleotide polymorphism (SNP)



Int. J. Mol. Sci. 2021, 22, 8068 9 of 13

References
1. Zimmermann, H. 5′-Nucleotidase: Molecular Structure and Functional Aspects. Biochem. J. 1992, 285, 345–365. [CrossRef]

[PubMed]
2. Graeff, R.M.; Walseth, T.F.; Fryxell, K.; Branton, W.D.; Lee, H.C. Enzymatic Synthesis and Characterizations of Cyclic GDP-Ribose.

A Procedure for Distinguishing Enzymes with ADP-Ribosyl Cyclase Activity. J. Biol. Chem. 1994, 269, 30260–30267. [CrossRef]
3. Robson, S.C.; Sévigny, J.; Zimmermann, H. The E-NTPDase Family of Ectonucleotidases: Structure Function Relationships and

Pathophysiological Significance. Purinergic Signal. 2006, 2, 409–430. [CrossRef]
4. Kaczmarek, E.; Koziak, K.; Sévigny, J.; Siegel, J.B.; Anrather, J.; Beaudoin, A.R.; Bach, F.H.; Robson, S.C. Identification and

Characterization of CD39/Vascular ATP Diphosphohydrolase. J. Biol. Chem. 1996, 271, 33116–33122. [CrossRef]
5. Enjyoji, K.; Sévigny, J.; Lin, Y.; Frenette, P.S.; Christie, P.D.; Esch, J.S.; Imai, M.; Edelberg, J.M.; Rayburn, H.; Lech, M.; et al.

Targeted Disruption of Cd39/ATP Diphosphohydrolase Results in Disordered Hemostasis and Thromboregulation. Nat. Med.
1999, 5, 1010–1017. [CrossRef] [PubMed]

6. Ohta, A.; Sitkovsky, M. Role of G-Protein-Coupled Adenosine Receptors in Downregulation of Inflammation and Protection from
Tissue Damage. Nature 2001, 414, 916–920. [CrossRef]

7. Huang, S.; Apasov, S.; Koshiba, M.; Sitkovsky, M. Role of A2a Extracellular Adenosine Receptor-Mediated Signaling in Adenosine-
Mediated Inhibition of T-Cell Activation and Expansion. Blood 1997, 90, 1600–1610. [CrossRef] [PubMed]

8. Wolberg, G.; Zimmerman, T.P.; Hiemstra, K.; Winston, M.; Chu, L.C. Adenosine Inhibition of Lymphocyte-Mediated Cytolysis:
Possible Role of Cyclic Adenosine Monophosphate. Science 1975, 187, 957–959. [CrossRef] [PubMed]

9. Moesta, A.K.; Li, X.-Y.; Smyth, M.J. Targeting CD39 in Cancer. Nat. Rev. Immunol. 2020, 20, 739–755. [CrossRef] [PubMed]
10. Ohta, A.; Gorelik, E.; Prasad, S.J.; Ronchese, F.; Lukashev, D.; Wong, M.K.K.; Huang, X.; Caldwell, S.; Liu, K.; Smith, P.; et al. A2A

Adenosine Receptor Protects Tumors from Antitumor T Cells. Proc. Natl. Acad. Sci. USA 2006, 103, 13132–13137. [CrossRef]
11. Mittal, D.; Sinha, D.; Barkauskas, D.; Young, A.; Kalimutho, M.; Stannard, K.; Caramia, F.; Haibe-Kains, B.; Stagg, J.;

Khanna, K.K.; et al. Adenosine 2B Receptor Expression on Cancer Cells Promotes Metastasis. Cancer Res. 2016, 76, 4372–4382.
[CrossRef] [PubMed]

12. Chen, S.; Akdemir, I.; Fan, J.; Linden, J.; Zhang, B.; Cekic, C. The Expression of Adenosine A2B Receptor on Antigen-Presenting
Cells Suppresses CD8+ T-Cell Responses and Promotes Tumor Growth. Cancer Immunol. Res. 2020, 8, 1064–1074. [CrossRef]

13. Sciaraffia, E.; Riccomi, A.; Lindstedt, R.; Gesa, V.; Cirelli, E.; Patrizio, M.; De Magistris, M.T.; Vendetti, S. Human Monocytes
Respond to Extracellular CAMP through A2A and A2B Adenosine Receptors. J. Leukoc. Biol. 2014, 96, 113–122. [CrossRef]
[PubMed]

14. Mirabet, M.; Herrera, C.; Cordero, O.J.; Mallol, J.; Lluis, C.; Franco, R. Expression of A2B Adenosine Receptors in Human
Lymphocytes: Their Role in T Cell Activation. J. Cell Sci. 1999, 112, 491–502. [CrossRef] [PubMed]

15. Di Virgilio, F.; Adinolfi, E. Extracellular Purines, Purinergic Receptors and Tumor Growth. Oncogene 2017, 36, 293–303. [CrossRef]
16. Di Virgilio, F.; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2 × 7 Receptor in Infection and Inflammation. Immunity

2017, 47, 15–31. [CrossRef]
17. Di Virgilio, F.; Vuerich, M. Purinergic Signaling in the Immune System. Auton. Neurosci. 2015, 191, 117–123. [CrossRef] [PubMed]
18. Ferrari, D.; Chiozzi, P.; Falzoni, S.; Dal Susino, M.; Melchiorri, L.; Baricordi, O.R.; Di Virgilio, F. Extracellular ATP Triggers IL-1

Beta Release by Activating the Purinergic P2Z Receptor of Human Macrophages. J. Immunol. 1997, 159, 1451–1458.
19. Wu, J.; Wang, Y.-C.; Xu, W.-H.; Luo, W.-J.; Wan, F.-N.; Zhang, H.-L.; Ye, D.-W.; Qu, Y.-Y.; Zhu, Y.-P. High Expression of CD39 Is As-

sociated with Poor Prognosis and Immune Infiltrates in Clear Cell Renal Cell Carcinoma. Onco Targets Ther. 2020, 13, 10453–10464.
[CrossRef]

20. Hayes, G.M.; Cairns, B.; Levashova, Z.; Chinn, L.; Perez, M.; Theunissen, J.-W.; Liao-Chan, S.; Bermudez, A.; Flory, M.R.;
Schweighofer, K.J.; et al. CD39 Is a Promising Therapeutic Antibody Target for the Treatment of Soft Tissue Sarcoma. Am. J. Transl.
Res. 2015, 7, 1181–1188.

21. Bastid, J.; Regairaz, A.; Bonnefoy, N.; Déjou, C.; Giustiniani, J.; Laheurte, C.; Cochaud, S.; Laprevotte, E.; Funck-Brentano, E.;
Hemon, P.; et al. Inhibition of CD39 Enzymatic Function at the Surface of Tumor Cells Alleviates Their Immunosuppressive
Activity. Cancer Immunol. Res. 2015, 3, 254–265. [CrossRef]

22. Häusler, S.F.M.; Montalbán del Barrio, I.; Strohschein, J.; Chandran, P.A.; Engel, J.B.; Hönig, A.; Ossadnik, M.; Horn, E.; Fischer, B.;
Krockenberger, M.; et al. Ectonucleotidases CD39 and CD73 on OvCA Cells Are Potent Adenosine-Generating Enzymes
Responsible for Adenosine Receptor 2A-Dependent Suppression of T Cell Function and NK Cell Cytotoxicity. Cancer Immunol.
Immunother. 2011, 60, 1405–1418. [CrossRef]

23. Simoni, Y.; Becht, E.; Fehlings, M.; Loh, C.Y.; Koo, S.-L.; Teng, K.W.W.; Yeong, J.P.S.; Nahar, R.; Zhang, T.; Kared, H.; et al.
Bystander CD8+ T Cells Are Abundant and Phenotypically Distinct in Human Tumour Infiltrates. Nature 2018, 557, 575–579.
[CrossRef]

24. Borsellino, G.; Kleinewietfeld, M.; Di Mitri, D.; Sternjak, A.; Diamantini, A.; Giometto, R.; Höpner, S.; Centonze, D.; Bernardi, G.;
Dell’Acqua, M.L.; et al. Expression of Ectonucleotidase CD39 by Foxp3+ Treg Cells: Hydrolysis of Extracellular ATP and Immune
Suppression. Blood 2007, 110, 1225–1232. [CrossRef]

25. Li, X.-Y.; Moesta, A.K.; Xiao, C.; Nakamura, K.; Casey, M.; Zhang, H.; Madore, J.; Lepletier, A.; Aguilera, A.R.; Sundarrajan, A.; et al. Targeting
CD39 in Cancer Reveals an Extracellular ATP- and Inflammasome-Driven Tumor Immunity. Cancer Discov. 2019, 9, 1754–1773.
[CrossRef]

http://doi.org/10.1042/bj2850345
http://www.ncbi.nlm.nih.gov/pubmed/1637327
http://doi.org/10.1016/S0021-9258(18)43806-9
http://doi.org/10.1007/s11302-006-9003-5
http://doi.org/10.1074/jbc.271.51.33116
http://doi.org/10.1038/12447
http://www.ncbi.nlm.nih.gov/pubmed/10470077
http://doi.org/10.1038/414916a
http://doi.org/10.1182/blood.V90.4.1600
http://www.ncbi.nlm.nih.gov/pubmed/9269779
http://doi.org/10.1126/science.167434
http://www.ncbi.nlm.nih.gov/pubmed/167434
http://doi.org/10.1038/s41577-020-0376-4
http://www.ncbi.nlm.nih.gov/pubmed/32728220
http://doi.org/10.1073/pnas.0605251103
http://doi.org/10.1158/0008-5472.CAN-16-0544
http://www.ncbi.nlm.nih.gov/pubmed/27221704
http://doi.org/10.1158/2326-6066.CIR-19-0833
http://doi.org/10.1189/jlb.3A0513-302RR
http://www.ncbi.nlm.nih.gov/pubmed/24652540
http://doi.org/10.1242/jcs.112.4.491
http://www.ncbi.nlm.nih.gov/pubmed/9914161
http://doi.org/10.1038/onc.2016.206
http://doi.org/10.1016/j.immuni.2017.06.020
http://doi.org/10.1016/j.autneu.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/25979766
http://doi.org/10.2147/OTT.S272553
http://doi.org/10.1158/2326-6066.CIR-14-0018
http://doi.org/10.1007/s00262-011-1040-4
http://doi.org/10.1038/s41586-018-0130-2
http://doi.org/10.1182/blood-2006-12-064527
http://doi.org/10.1158/2159-8290.CD-19-0541


Int. J. Mol. Sci. 2021, 22, 8068 10 of 13

26. Yan, J.; Li, X.-Y.; Roman Aguilera, A.; Xiao, C.; Jacoberger-Foissac, C.; Nowlan, B.; Robson, S.C.; Beers, C.; Moesta, A.K.; Geetha, N.; et al.
Control of Metastases via Myeloid CD39 and NK Cell Effector Function. Cancer Immunol. Res. 2020, 8, 356–367. [CrossRef]
[PubMed]

27. Zhang, H.; Vijayan, D.; Li, X.-Y.; Robson, S.C.; Geetha, N.; Teng, M.W.L.; Smyth, M.J. The Role of NK Cells and CD39 in the
Immunological Control of Tumor Metastases. OncoImmunology 2019, 8, e1593809. [CrossRef] [PubMed]

28. Canale, F.P.; Ramello, M.C.; Núñez, N.; Araujo Furlan, C.L.; Bossio, S.N.; Gorosito Serrán, M.; Tosello Boari, J.; Del Castillo, A.;
Ledesma, M.; Sedlik, C.; et al. CD39 Expression Defines Cell Exhaustion in Tumor-Infiltrating CD8+ T Cells. Cancer Res.
2018, 78, 115–128. [CrossRef] [PubMed]

29. Cai, X.-Y.; Wang, X.-F.; Li, J.; Dong, J.-N.; Liu, J.-Q.; Li, N.-P.; Yun, B.; Xia, R.-L.; Qin, J.; Sun, Y.-H. High Expression of CD39 in
Gastric Cancer Reduces Patient Outcome Following Radical Resection. Oncol. Lett. 2016, 12, 4080–4086. [CrossRef] [PubMed]

30. Muñóz-Godínez, R.; de Lourdes Mora-García, M.; Weiss-Steider, B.; Montesinos-Montesinos, J.J.; Del Carmen Aguilar-Lemarroy,
A.; García-Rocha, R.; Hernández-Montes, J.; Azucena Don-López, C.; Ávila-Ibarra, L.R.; Torres-Pineda, D.B.; et al. Detection
of CD39 and a Highly Glycosylated Isoform of Soluble CD73 in the Plasma of Patients with Cervical Cancer: Correlation with
Disease Progression. Mediat. Inflamm. 2020, 2020, 1678780. [CrossRef]

31. Cai, X.-Y.; Ni, X.-C.; Yi, Y.; He, H.-W.; Wang, J.-X.; Fu, Y.-P.; Sun, J.; Zhou, J.; Cheng, Y.-F.; Jin, J.-J.; et al. Overexpression of CD39
in Hepatocellular Carcinoma Is an Independent Indicator of Poor Outcome after Radical Resection. Medicine 2016, 95, e4989.
[CrossRef] [PubMed]

32. Ma, X.-L.; Hu, B.; Tang, W.-G.; Xie, S.-H.; Ren, N.; Guo, L.; Lu, R.-Q. CD73 Sustained Cancer-Stem-Cell Traits by Promoting SOX9
Expression and Stability in Hepatocellular Carcinoma. J. Hematol. Oncol. 2020, 13, 11. [CrossRef] [PubMed]

33. Young, A.; Ngiow, S.F.; Barkauskas, D.S.; Sult, E.; Hay, C.; Blake, S.J.; Huang, Q.; Liu, J.; Takeda, K.; Teng, M.W.L.; et al.
Co-Inhibition of CD73 and A2AR Adenosine Signaling Improves Anti-Tumor Immune Responses. Cancer Cell 2016, 30, 391–403.
[CrossRef] [PubMed]

34. Chen, S.; Fan, J.; Zhang, M.; Qin, L.; Dominguez, D.; Long, A.; Wang, G.; Ma, R.; Li, H.; Zhang, Y.; et al. CD73 Expression on
Effector T Cells Sustained by TGF-β Facilitates Tumor Resistance to Anti-4-1BB/CD137 Therapy. Nat. Commun. 2019, 10, 150.
[CrossRef] [PubMed]

35. Neo, S.Y.; Yang, Y.; Record, J.; Ma, R.; Chen, X.; Chen, Z.; Tobin, N.P.; Blake, E.; Seitz, C.; Thomas, R.; et al. CD73 Immune
Checkpoint Defines Regulatory NK Cells within the Tumor Microenvironment. J. Clin. Investig. 2020, 130, 1185–1198. [CrossRef]

36. Wettstein, M.S.; Buser, L.; Hermanns, T.; Roudnicky, F.; Eberli, D.; Baumeister, P.; Sulser, T.; Wild, P.; Poyet, C. CD73 Predicts
Favorable Prognosis in Patients with Nonmuscle-Invasive Urothelial Bladder Cancer. Dis. Markers 2015, 2015, 785461. [CrossRef]

37. Chen, Q.; Pu, N.; Yin, H.; Zhang, J.; Zhao, G.; Lou, W.; Wu, W. CD73 Acts as a Prognostic Biomarker and Promotes Progression
and Immune Escape in Pancreatic Cancer. J. Cell Mol. Med. 2020, 24, 8674–8686. [CrossRef]

38. Ren, Z.-H.; Lin, C.-Z.; Cao, W.; Yang, R.; Lu, W.; Liu, Z.-Q.; Chen, Y.-M.; Yang, X.; Tian, Z.; Wang, L.-Z.; et al. CD73 Is Associated
with Poor Prognosis in HNSCC. Oncotarget 2016, 7, 61690–61702. [CrossRef]

39. Monteiro, I.; Vigano, S.; Faouzi, M.; Treilleux, I.; Michielin, O.; Ménétrier-Caux, C.; Caux, C.; Romero, P.; de Leval, L. CD73
Expression and Clinical Significance in Human Metastatic Melanoma. Oncotarget 2018, 9, 26659–26669. [CrossRef]

40. Kashyap, A.S.; Thelemann, T.; Klar, R.; Kallert, S.M.; Festag, J.; Buchi, M.; Hinterwimmer, L.; Schell, M.; Michel, S.; Jaschinski,
F.; et al. Antisense Oligonucleotide Targeting CD39 Improves Anti-Tumor T Cell Immunity. J. Immunother. Cancer 2019, 7, 67.
[CrossRef]

41. Allard, B.; Longhi, M.S.; Robson, S.C.; Stagg, J. The Ectonucleotidases CD39 and CD73: Novel Checkpoint Inhibitor Targets.
Immunol. Rev. 2017, 276, 121–144. [CrossRef]

42. Stagg, J.; Divisekera, U.; McLaughlin, N.; Sharkey, J.; Pommey, S.; Denoyer, D.; Dwyer, K.M.; Smyth, M.J. Anti-CD73 Antibody
Therapy Inhibits Breast Tumor Growth and Metastasis. Proc. Natl. Acad. Sci. USA 2010, 107, 1547–1552. [CrossRef]

43. Stagg, J.; Divisekera, U.; Duret, H.; Sparwasser, T.; Teng, M.W.L.; Darcy, P.K.; Smyth, M.J. CD73-Deficient Mice Have Increased
Antitumor Immunity and Are Resistant to Experimental Metastasis. Cancer Res. 2011, 71, 2892–2900. [CrossRef]

44. Gallerano, D.; Ciminati, S.; Grimaldi, A.; Piconese, S.; Cammarata, I.; Focaccetti, C.; Pacella, I.; Accapezzato, D.; Lancellotti, F.;
Sacco, L.; et al. Genetically Driven CD39 Expression Shapes Human Tumor-Infiltrating CD8+ T-Cell Functions. Int. J. Cancer 2020,
147, 2597–2610. [CrossRef]

45. Dang, E.V.; Barbi, J.; Yang, H.-Y.; Jinasena, D.; Yu, H.; Zheng, Y.; Bordman, Z.; Fu, J.; Kim, Y.; Yen, H.-R.; et al. Control of
T(H)17/T(Reg) Balance by Hypoxia-Inducible Factor 1. Cell 2011, 146, 772–784. [CrossRef]

46. Liao, H.; Hyman, M.C.; Baek, A.E.; Fukase, K.; Pinsky, D.J. CAMP/CREB-Mediated Transcriptional Regulation of Ectonucleoside
Triphosphate Diphosphohydrolase 1 (CD39) Expression. J. Biol. Chem. 2010, 285, 14791–14805. [CrossRef]

47. Ostapchuk, Y.O.; Perfilyeva, Y.V.; Kustova, E.A.; Urazalieva, N.T.; Omarbaeva, N.A.; Talaeva, S.G.; Belyaev, N.N. Functional
Heterogeneity of Circulating T Regulatory Cell Subsets in Breast Cancer Patients. Breast Cancer 2018, 25, 687–697. [CrossRef]
[PubMed]
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