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REVIEW

Extracellular purines, purinergic receptors and tumor growth

F Di Virgilio and E Adinolfi

Virtually, all tumor cells as well as all immune cells express plasma membrane receptors for extracellular nucleosides (adenosine)
and nucleotides (ATP, ADP, UTP, UDP and sugar UDP). The tumor microenvironment is characterized by an unusually high
concentration of ATP and adenosine. Adenosine is a major determinant of the immunosuppressive tumor milieu. Sequential
hydrolysis of extracellular ATP catalyzed by CD39 and CD73 is the main pathway for the generation of adenosine in the tumor
interstitium. Extracellular ATP and adenosine mold both host and tumor responses. Depending on the specific receptor activated,
extracellular purines mediate immunosuppression or immunostimulation on the host side, and growth stimulation or cytotoxicity
on the tumor side. Recent progress in this field is providing the key to decode this complex scenario and to lay the basis to harness
the potential benefits for therapy. Preclinical data show that targeting the adenosine-generating pathway (that is, CD73) or
adenosinergic receptors (that is, A2A) relieves immunosuppresion and potently inhibits tumor growth. On the other hand, growth
of experimental tumors is strongly inhibited by targeting the P2X7 ATP-selective receptor of cancer and immune cells. This review
summarizes the recent data on the role played by extracellular purines (purinergic signaling) in host-tumor interaction and
highlights novel therapeutic options stemming from recent advances in this field.
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INTRODUCTION

Purines and pyrimidines, basic elements of all living organisms, are
the scaffold constituents of nucleosides and nucleotides,
ubiquitous molecules that perform a multiplicity of functions as
building blocks of nucleic acids, coenzymes, allosteric modulators,
energy intermediates, intracellular and extracellular messengers.
Although the initial data suggesting a signaling role for
extracellular nucleotides co-dated with the first isolation of ATP
from muscle,”? nucleosides (adenosine) and nucleotides (ADP,
ATP, UDP and UTP) were recognized as bona fide extracellular
messengers only very recently, thanks to intuition and pioneering
work of Geoff Burnstock, now supported by a wealth of
experimental findings in nearly every biological system.>* Without
doubt, the definitive sanction of the purinergic hypothesis was
provided by cloning, initially of P2Y1° and P2X1%7 swiftly followed
by all the other members of the family. Extracellular nucleosides
and nucleotides participate in a wealth of different cellular
responses, among which stimulation (or inhibition) of cell death,
proliferation, migration, differentiation, secretion of growth factors
and inflammatory mediators.®'" Fundamental pathophysiological
processes such as tissue homeostasis, wound healing, neurode-
generation, immunity, inflammation and cancer are modulated by
purinergic signaling.

Despite the solid evidence of an extracellular messenger role for
pyrimidine nucleotides (UDP and UTP) in epithelia, hematopoietic
cells, immune cells and neurons,'>'> purinergic signaling in
cancer mainly focuses on adenine nucleosides (adenosine) and
nucleotides (ADP and ATP). This bias might be due to an
excessively conservative approach by the specialist community,
but might also simply reflect the much wider spectrum of activity
of ATP versus UTP or UDP. In fact, while pyrimidine nucleotides,

UTP, UDP and UDP-glucose are agonists only at four P2Y receptor
(P2YR) subtypes (P2Y2R, P2Y4R, P2Y6R and P2Y14R),'* and at none
of the P2X receptors (P2XR) subtypes, ATP activates all P2Rs, with
the possible exception of P2Y12R where the preferred/selective
agonist is ADP.'® In addition, the adenosine/ATP-based cellular
communication system has now been satisfactorily dissected in
almost all its components, that is, sources and concentrations
of the agonists, plasma membrane receptors, and pathways of
degradation. Mechanism of ATP release is as yet incompletely
characterized, despite the many pathways (connexins, pannexins,
ABC transporters and secretory granules) identified in different cell
types."” The extracellular pyrimidine nucleotide system is also
poorly known, being not even clear whether inosine has any
relevant extracellular biological function. Inosine is reported to be
a weak agonist at rodent adenosine A3 receptor (A3R), but it
might also indirectly affect purinergic signaling by competing
with nucleoside transport.'® Moreover, compared with the more
widespread and reliable luciferase-based techniques available
for ATP measurement, measurement of uridine nucleotides
and nucleosides in the extracellular space is still a rather
cumbersome procedure, despite the recent generation of a UTP-
specific ELISA kit.

ATP fulfills all the requirements for a true extracellular
messenger: (a) it is present in very minute amounts (nmol/l)
in the extracellular space under physiological conditions (for
example, resting cells or healthy tissues); (b) it is stored
intracellularly to very high amounts (from 5 to 10 mmol/l); (c) it
is water soluble; and (d) it is quickly degraded by ubiquitous
extracellular nucleotidases. These features allow the rapid
generation of a perfect extracellular messenger molecule
characterized by: (a) high signal-to-noise ratio (thanks to the large
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trans-plasma membrane gradient, release of even minute
amounts of cellular ATP will cause a large fractional increase of
the extracellular ATP concentration); (b) rapid diffusion through
the aqueous tissue interstitium; and (c) rapid termination of the
signal to avoid overstimulation or receptor desensitization.

The biochemistry of extracellular adenosine is different as it is
now clear that, despite the presence of equilibrative plasma
membrane transporters,’® the intracellular adenosine pool is
not a major source of extracellular adenosine, which is mostly
generated via ATP/ADP/AMP hydrolysis by plasma membrane
nucleotidases.’®?" Therefore, adenosine is produced ‘in situ’ from
extracellular nucleotides, suggesting that ATP/ADP/AMP accumu-
lation in the tissue interstitium will unavoidably end up with an
accumulation of adenosine. Extracellular adenosine acts at specific
plasma membrane receptors, namely, P1 receptors (P1Rs) and it is
degraded to inosine by adenosine deaminase. Inosine is finally
degraded to hypoxantine by purine nucleoside phosphorylase.
Adenosine can also be taken up by cells and phosphorylated to
cyclic AMP by adenosine kinase. In contrast to ATP, adenosine is
highly lipophilic; therefore, it is thought to be active in close
proximity to the site of generation, very likely in a restricted
microenvironment at the surface of the plasma membrane.

ATP AND ADENOSINE ARE MAJOR CONSTITUENTS OF THE
TUMOR MICROENVIRONMENT

It might seem paradoxical, but the in vivo demonstration that the
extracellular ATP concentration changes in pathophysiological
conditions, a basic tenet of the purinergic hypothesis, has been
satisfactorily answered only in recent years, well after most of the
other aspects of the purinergic signaling system had been
extensively clarified. It is worth mentioning that for many years,
it was even doubted that ATP, and its metabolites, were present in
the extracellular space to any significant extent. This bias persisted
even after nucleoside and nucleotide receptors were cloned and
Kq for adenosine and ATP were measured, revealing an affinity
in the low micromolar range, compatible with the activation by
relatively low nucleotide concentrations (with the exception of
the P2X7 receptor, P2X7R). However, some caution should be
exercised as Ky measured in vitro or in non-strictly physiological
conditions might not reflect the actual affinities, which might be
modified by poorly characterized in vivo conditions, such as the
presence of naturally occurring allosteric modulators or local
tissue changes in pH and ion concentration.

In recent years, the difficult challenge of measuring
the extracellular ATP concentration in intact tissues has been
tackled in different ways, and all techniques used provided the
same answer: ATP level in the interstitium of resting/healthy
tissues is very low, in the nanomolar range, whereas in stimulated
or diseased tissues it can reach hundreds of pmol/I1.>%?3 As ATP is
rapidly degraded in biological fluids, it is generally understood
that physiologically relevant ATP concentrations only build up in
the proximity of the plasma membrane. To measure ATP in the
pericellular space, Dubyak and co-workers used a luciferase fused
in frame with the IgG-binding domain of protein A from
Staphylococcus aureus, which was then bound to IgG absorbed
onto the cell surface?* Other more sophisticated techniques
based on atomic force microscopy,®® patch-clamp®® or tandem
enzyme reactions®’ have also been proposed, but these techni-
ques, maybe because of their inherent complexity, did not enjoy
widespread acceptance. Microelectrode recording has also been
applied to extracellular ATP measurement in tissue slices and
in vivo.® Although expensive, this technique is straightforward
and dependable, but suffers of an intrinsic limit: the mere insertion
of the electrode tip into the tissue causes itself tissue damage and
ATP release, a drawback that might upset a faithful determination
of physiological extracellular ATP levels under unperturbed
conditions.
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So far, the probe that provides most reliable measurements of
the interstitial ATP concentration is the chimeric luciferase
(named, pmelLUC, that is, plasma membrane luciferase)
engineered in our laboratory.?*%° This probe was designed to
allow ATP measurement close to the cell surface, or at sites of
close cell-to-cell contact. The pmeLUC probe is very versatile, can
be transfected into most cell types and makes it possible to
generate reporter cells of widely different lineage (for example,
mesenchymal cells, immune cells and tumor cells) apt to sense the
ATP concentration in a multiplicity of in vivo settings.3°3*
Cells engineered with pmeLUC can be directly inoculated into
solid tumors or intraperitoneally to monitor ATP levels at
metastatic sites. Use of the pmeLUC probe has unequivocally
demonstrated that in healthy tissues the extracellular ATP level is
very low (few nmol/l), whereas at sites of tissue damage,
inflammation and more importantly in the tumor microenviron-
ment (TME) or at site of metastases, extracellular ATP can be as
high as a few hundred pmol/l. PmeLUC luminescence can be
easily in vivo recorded by total body luminometry, thus allowing
continuous monitoring of changes in the ATP concentration in the
TME, and in principle even within pre-metastatic niches
(Figure 1).3° It is worth mentioning that pmeLUC might report
ATP levels in microdomains close to the plasma membrane, or at
sites of close contact between adjacent cells, where the
concentration of this nucleotide might substantially exceed that
of the interstitial fluid away from the cell surface.

Adenosine is also reported to be elevated in the TME>® a
finding not surprising in view of the high extracellular ATP level.
Direct in vivo measurements of the adenosine concentration in
tumors are not as yet available, but ex vivo data clearly report an
adenosine concentration at least 30% higher in the tumor core
than in the periphery, and overall at least twice higher in tumors
than in healthy tissues.3® These data are in keeping with previous
observations showing that adenosine concentration in the
effluent blood from lung and colon adenocarcinomas was
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Figure 1. Increased extracellular ATP concentration at tumor sites.
Healthy (a) or human ovarian carcinoma (OVCAR)-bearing (b and ¢)
nude/nude mice were intraperitoneally (i.p.) injected with 2x 10°
HEK293-pmeLUC cells and monitored for luminescence emission.
Luminescence was measured starting at day 2 after pmeLUC cell
inoculation, and every 2 days thereafter for a total of 16 days.
No luminescence was detected from healthy mice (a), except
for a minor emission likely due to tissue damage following i.p.
injection. On the contrary, strong light emission was detected from
tumor-bearing mice (b). Luminescence was localized at discrete sites
that, at post-mortem analysis, coincided with metastases on the
visceral abdominal wall (c). Excised metastases were also strongly
luminescent (d). Modified from Pellegatti et al.>*
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significantly higher (from 0.2 to 2.4 umol/l) than in the effluent
from healthy tissues (about 30 nmol/l).3” Adenosine levels in
the effluent were further increased by the addition of inhibitors
of adenosine metabolism. Compelling evidence demonstrates
that the bulk of extracellular adenosine is generated at the
expenses of extracellular ATP via the sequential activity of CD39
and CD73 ectonucleotidases.®®3® CD39 is a member of the
ectonucleoside triphosphate diphosphohydrolase (E-NTPDase)
family that is comprised of four members: E-NTPDase1 (CD39),
E-NTPDase2, E-NTPDase3 and E-NTPDase4.?° These are plasma
membrane-bound enzymes that degrade with different affinities
ATP and ADP to AMP. AMP in turn is degraded to adenosine
by 5’ ectonucleotidase CD73, which is the only member of the 5’
ectonucleotidase enzyme family expressed on the outer surface of
the plasma membrane. The tandem activity of CD39 and CD73 is
the most important pathway for the generation of extracellular
adenosine in healthy or neoplastic tissues. Increased expression
of these enzymes has been reported in several tumors.***?
Adenosine can also be generated by the CD38 pathway via
ADP-ribose generation from extracellular NAD, and further
degradation of ADP-ribose to AMP by the enzyme ectonucleoside
pyrophosphatase/phosphodiesterase.’’ AMP degradation via
CD73 is the final common pathway for all major extracellular
adenosine-generating systems.

CELLULAR TARGETS OF ATP AND ADENOSINE

Virtually, all cell types express purinergic receptors of the P2 and
P1 subtype. The P2R family is further subdivided into the P2Y
(eight members, P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11-P2Y14) and
P2X (seven members, P2X1-7) subfamilies. P2YRs are coupled via
G-proteins (Gg/11, Gs or Gi/o) to Ca** mobilization and cyclic AMP
generation/inhibition, as well as to stimulation of the ERK/MAPK
pathway.”® P2XRs are homo/heterotrimeric ion channels that
mediate transmembrane fluxes of mono- (Na* and K*) and di-
valent (Ca®*) ions** (Table 1). Upon sustained stimulation with
ATP, the P2X7R channel undergoes a large increase in conduc-
tance and a shift in selectivity, from cation-selective to non-
selective.”®*® Under these conditions, the plasma membrane
becomes permeable to aqueous solutes of molecular weight (MW)
up to 900 Da.** Despite reports claiming that other P2XR subtypes
(for example, P2X2 and P2X4) trigger a similar increase in
the plasma membrane permeability to large hydrophylic

Table 1. Nucleotide receptors

P2R Preferred
subtype natural

Signal transduction mechanism

ligand
P2X1 ATP Na®, K" and Ca®*-selective ion channel
pP2X2 ATP Na®, K" and Ca?*-selective ion channel
P2X3  ATP Na*, K" and Ca?*-selective ion channel
P2X4 ATP Na*, K* and Ca**-selective ion channel
P2X5 ATP Na®, K" and Ca®*-selective ion channel
P2X6  ATP Na*, K* and Ca®*-selective ion channel
P2X7 ATP Na*, K* and Ca®*-selective ion channel and
large pore permeable to solutes up to 900 Da

P2Y1 ADP Gg/11 (IP3/DAG increase)

P2Y2  UTP and ATP G4 (IP3/DAG increase)

P2Y4 UTP Gg/11 (IP3/DAG increase) and
G; (inhibition of cAMP synthesis)
P2Y6 UDP Gg/11(IP3/DAG increase)
P2Y11 ATP Gg/11(IP3/DAG increase), G (CAMP increase)
P2Y12 ADP G; (inhibition of cAMP synthesis)
P2Y13 ADP G; (inhibition of cAMP synthesis)
P2Y14 UDP-glucose G; (inhibition of cCAMP synthesis)

Abbreviation: cAMP, cyclic AMP.
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molecules,””*® unequivocal demonstration for the opening of

such a peculiar pore is available only for the P2X7R subtype, where
extensive studies have documented non-lytic uptake of various
low-MW hydrophilic fluorescent markers.**=' In other P2XR
subtypes, the ‘channel-to-pore’ transition was almost exclusively
documented by electrophysiology techniques, whose adequacy to
demonstrate this large-conductance shift has been recently
questioned.>> An exception might be the P2RX2R/P2RX5R
heteromer, which shows the P2X7R-like activity, ethidium bromide
and YO-PRO uptake included.®®> The molecular mechanism of
P2X7R-dependent permeabilization of the plasma membrane to
large-MW aqueous solutes has long been a matter of controversy.
Most credited hypothesis hold that the large-conductance pore
results from either (1) dilation of the cation channel**** or (2)
recruitment of an accessory molecule.*® Data from pannexin-1 KO
mice, however, indicate that pannexin-1 is not an absolute
requirement for large-conductance pore formation (Cavagna and
Di Virgilio, unpublished), thus suggesting that either recruitment
of another plasma membrane molecule occurs or that it is the
cation channel itself that dilates to generate the non-selective
pore. A response that might explain these P2X7R feature is the
marked ‘facilitation’ (increased activity and enhanced sensitivity
with prolonged or repeated exposition to agonist) typical of this
receptor.>” Furthermore, positive allosteric modulators might also
have a role in ‘facilitating’ the formation of the P2X7R-associated
pore. Several years ago, we showed that the antibiotic polymixin B
strongly increases all P2X7R-dependent responses, ethidium
bromide uptake and cytotoxicity included.”® Interestingly, in
HEK293 cells transfected with the human P2X7R and treated with
polymixin B, the anti-P2X7 Ab stains a 440-kDa band, in addition
to the 72- and 240-kDa bands, suggesting the presence of a
hexameric complex besides the single subunit (72 kDa) and the
trimer (240 kDa). Facilitation and positive allosterism might explain
the increased activity of the P2X7R at tumor sites.

Adenosine receptors (P1Rs) are comprised of four subtypes,
A1R, A2AR, A2BR and A3R.>® All P1Rs are G-protein-coupled, linked
to Ca®* mobilization from stores and/or cyclic AMP increase. It is
customary to study responses of individual receptor subtypes
(that is, P2R and P1R), assuming that they do not interact with
each other. However, there is solid evidence that adenosine
receptors can form omo- or hetero-oligomers with other receptors
(for example, dopamine D1), generating hybrid complexes with a
specific pharmacological profile.8%®" Whether this might have
implications for organ physiology and cancer is not known.

P2Rs and P1Rs are constituents of a signal transduction chain
that in vivo operates in tandem as adenosine, the only known
physiological agonist at P1Rs, is generated from extracellular ATP
(Figure 2). This has relevant implications for the study of
nucleotide- or nucleoside-mediated responses, because in princi-
ple extracellular ATP and adenosine concentrations, and therefore
P2Rs and P1Rs activation, could be changed simply by modulating
the ectonucleotidase activity. CD39 deletion/inhibition increases
the local ATP/ADP concentration, thus triggering activation of
P2Rs, especially of those with low k4. CD73 deletion/inhibition
increases local AMP levels and, more importantly, reduces the
adenosine concentration, thus inhibiting P1R activation.®> On the
contrary, CD73 overexpression, or adenosine deaminase blockade,
increases the local adenosine concentration.

ADENOSINE RECEPTORS IN CANCER

Adenosine has been a focus of interest in cancer studies for
several years, thus its role is better understood than that of
ATP 3673863765 adenosine is one of the most pleiotropic biochem-
ical constituents of the TME affecting both host and tumor
responses. On the host side, adenosine is well known for its strong
immunodepressive/anti-inflammatory activity.?®"®® Less clear is its
effect on the tumor itself, as depending on the specific adenosine
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Figure 2.

ATP release pathways, receptors and degrading enzymes involved in purinergic signaling. ATP is released into the extracellular space

via secretory vesicles (exocytosis), plasma membrane-derived microvesicles, transporters (for example, ABC cassettes), channels (for example,
pannexin-1 or connexins) or through the P2X7R itself. Once in the extracellular milieu, ATP acts at P2X and P2Y receptors, and is also
hydrolyzed to ADP and AMP by ENTPDases such as CD39. ADP activates P2YR12 and is further degraded to adenosine (ADO) by CD73.
CD73-generated adenosine activates adenosine receptors (P1) and is degraded to inosine by adenosine deaminase.

receptors expressed by the tumor cells, both growth stimulation
and inhibition have been described.>® Likewise both detrimental
and beneficial effects stemming from A1R activation have been
reported. ATRs may support breast cancer cell growth and
melanoma cell chemotaxis,”>®*7° but on the other hand, A1R is
expressed at low levels in advanced-stage prostate cancer.”’ Very
recently, the A1R was shown to have a protective activity in
endometrial carcinoma by promoting cortical actin polymeriza-
tion, increasing cell-cell adhesion and finally helping preserve
epithelial integrity.”? These responses reduce tissue invasion and
metastasis, and will be eventually beneficial. A similar picture
is emerging for the A2AR and the A2BR. Stimulation of tumor
cell A2ARs may enhance proliferation, for example, in MCF-7
breast cancer,”®> or trigger cell death, for example, in A375
melanoma cells.”* Direct effects of tumor A2BR stimulation are less
known. The few data available suggest that in MDA-MB-231 cells,
A2BR activation inhibits proliferation via the ERK pathway.>® In oral
squamous cell carcinoma, the A2BR is overexpressed and its
silencing inhibits growth.”> A2BR might also have an important
role in supporting invasion and metastatic spreading. A recent
work shows that A2BR activation causes the accumulation of non-
prenylated Rap 1B, a small GTPase controlling cell adhesion.”®
This enhances cell scattering and might promote cancer cell
invasion. Blockade of A2BR slows growth of bladder and breast
tumors injected into the syngeneic mice, probably by enhancing
T-cell-mediated anti-tumor response.”” The role the A3Rs in cancer
has been more thoroughly investigated, yet also for this receptor,
contrasting results are reported. A3Rs are expressed by many
different human tumor cell lines (for example, K562 erythroleu-
kemia, Jurkat lymphoma and A375 human melanoma), and by
several primary human tumors (glioblastoma and prostatic
cancer), where there is hint that its expression might correlate
with disease progression.>®>”8 A3R stimulation inhibits proliferation
of PC3 prostate carcinoma, HCT-116 colon carcinoma and MIA-
PaCa pancreatic carcinoma, but on the other hand promotes
proliferation of HT29 and CaCo2 colon cancer cells.>® The A3R
couples with the glycogen synthase kinase (GSK)-33 WNT/(3-
catenin pathway; therefore, it was suggested to inhibit prolifera-
tion via this pathway.” Contrasting data are reported on the
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effect of A3R stimulation on metastatic spreading.2°®' Despite
these conflicting results, the A3R is the adenosine receptor most
widely distributed and more amenable for pharmacological
targeting in cancer cells.®*® A phase I/Il clinical trial to test the
efficacy of A3R agonists for the treatment of hepatocellular
carcinoma has been completed, retrieving encouraging results®*
and two more are about to start (https://clinicaltrials.gov/).

ATP RECEPTORS IN CANCER

Virtually, all tumor cell lines and many primary human tumors so
far investigated express P2Rs and are sensitive to ATP.2> P2Y1R
and P2Y2R support growth, thus it is reasonable to hypothesize
that the increased ATP content of the TME might drive cancer cell
proliferation via these receptors.®® In addition, P2YRs might also
support invasiveness and metastatic spreading by promoting
migration or chemotaxis, as shown in breast or prostate
cancer,¥ %% or might contribute to formation of the metastatic
niche in breast cancer.”® However, the opposite outcome of P2Y1R
or P2Y2R activation has also been described, that is, inhibition of
proliferation of nasopharyngeal carcinoma®' or outright apoptosis
of human colon carcinoma cells.®*> More recently, a crucial role for
the P2Y2R in metastatic spreading has been highlighted. It is well
known that cancer cells are transported in the blood as platelet-
covered tumor emboli, and that platelet activation facilitates
tumor cell extravasation and metastases formation.”** It has now
been shown that tumor emboli trigger nucleotide (ADP and ATP)
release from platelets; nucleotides in turn activate endothelial cell
P2Y2R to promote transendothelial migration of the tumor cells.”
Accordingly, mice genetically deleted of P2Y2R or harboring
platelets defective in ATP secretion undergo reduced metastatic
dissemination. To further strengthen the role of the P2YRs in
cancer, P2Y2, P2Y1 and P2Y6 were recently identified among
those genes whose activation is responsible for driving resistance
to ALK inhibitors in the lung.”®

Tumor cell killing by mmol/l ATP concentrations is a long-
standing observation.2>°” In most cases, this effect is mediated by
the P2X7R, a receptor widely expressed by cancer cells. However,
against this marked outcome due to P2X7R overstimulation, it is
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now clear that tonic, low level, P2X7R stimulation often promotes
cell survival and proliferation.”” Thus, the P2X7R behaves as a
bi-functional receptor that, depending on the level of activation
and the cell type, triggers cell death or alternatively supports
growth.>%%871°T Although P2X7R overstimulation precipitates a
marked mitochondrial catastrophe, tonic stimulation stabilizes the
mitochondrial network, increases mitochondrial potential and
enhances the efficiency of oxidative phosphorylation.'® Quite
surprisingly, at the same time, P2X7R activation increases lactic
acid output and upmodulates almost all enzyme and transporters
involved in glycolysis and shown to participate in the ‘Warburg
effect’, that is, Glut-1, glyceraldehyde 3-phosphate dehydrogen-
ase, phosphofructokinase, pyruvate kinase M2 and pyruvate
dehydrogenase kinase 1. In addition, P2X7R stimulation inacti-
vates GSK-3p, thus expanding intracellular glycogen stores.'®'%4
The combined potentiation of oxidative phosphorylation as well
as of aerobic glycolysis results in a large increase in the overall
intracellular ATP content.’® A sustained aerobic glycolysis is also
necessary to generate abundant biosynthetic intermediates for
the synthesis of nucleic acids, phospholipids and non-essential
aminoacids (anaplerotic reaction), and to accumulate reducing
equivalents in the form of NADPH. The stimulation by P2X7R of
both energy metabolism and anaplerosis results in a striking
proliferative advantage of P2X7R-expressing cells.'%'%411¢ The
central role of P2X7R in cell growth is witnessed by the strong
growth inhibitory effect of P2X7R blockers or silencing.'®*'%%1"7

Despite dissection of the growth-promoting signal transduction
cascade downbhill to P2X7R is still rather preliminary, convergent
data indicate that PI3K/Akt and ERK kinases, and HIF-1a
and NFATc1 transcription factors have a central role,'03104118-120
The PI3K/Akt pathway is involved in P2X7R-dependent tumor
cell growth, invasiveness, metastatic spreading and angio-
genesis.'®'?" In addition, this pathway seems to activate a
positive-feedback (amplification) mechanism, as P2X7R expression
is in turn up modulated by PI3K/Akt via SP1.""3

There is a hint that the P2X7R might also contribute to cancer
cell invasiveness and metastatic spreading, as its expression
enhances infiltration in soft agar and release of active cysteine
cathepsins, enzymes overexpressed by cancer cells and known
to digest the extracellular matrix.'**'?* P2X7R stimulation
supports migration of PC9 lung carcinoma and T47D breast cancer
cells,"**1%> whereas its silencing inhibits prostate cancer cell
migration and invasiveness in vitro and in vivo. In addition, P2X7R
silencing attenuated expression of genes involved in epithelial/
mesenchymal transition such as Snail, E-cadherin, Claudin-1,
IL-8 and MMP-3."?"

The increasing body of evidence implicating P2X7R in cancer is
supported by recent studies, suggesting that P2X7R overexpres-
sion might be a negative prognostic indicator in malignancies
such as, for example, chronic lymphocytic and acute myeloid
leukemia,'®"""?® papillary thyroid carcinoma,'?’ prostate cancer'*®
and neuroblastoma'®® (the reader is referred to recent reviews for
an exhaustive list of cancer cell types in which P2X7R expression
has been demonstrated).®>'*'2° Moreover, Solini et al.'>° recently
identified specific genetic profiles of P2X7R and vascular
endothelial growth factor (VEGF) receptor 2 (VGFR2) polymorph-
isms associated with a favorable or unfavorable prognosis in
prostate cancer. Although in this study single P2X7R (rs3751143
and rs208294) or VGFR2 (rs2071559 and rs11133360) polymorph-
isms did not correlate with a significant change in overall survival,
their combination identified patient cohorts with a better or
worse prognosis. The interaction between P2X7R and VEGFR2 is
not completely unexpected, as it has been shown that P2X7R is a
potent stimulant of VEGF release in vitro and in vivo.'%®'¥
Accordingly, in vivo studies show that VEGF blockade by
bevacizumab strongly inhibits growth of P2X7R-expressing
tumors.'® Relationship of P2X7R with the VEGF pathway is
very intriguing, as this receptor has also been shown to directly
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modulate expression of VEGFR2.'*? Although P2X7R is the
receptor more intensively investigated in cancer in the P2XR
family, P2X3R and P2X5R have also been implicated in
oncogenesis.

P2X3R overexpression has been shown to promote proliferation
via the JNK pathway in hepatocellular carcinoma and to be
associated with an unfavorable prognosis.'*® The role of P2X3R in
proliferation is intriguing as this receptor is rapidly desensitizing in
the presence of physiological ATP concentrations, thus it seems
that either in tumor cells its desensitization is defective or the
TME contains factors that prevent its desensitization. The P2X5R is
heavily expressed in human basal cell and squamous carcinomas,
and is associated with differentiation, suggesting that its
activation might indeed counteract cancer cell growth.'*
Different human P2X5R splice variants are present, the most
common of which is missing exon 10 or both exons 3 and 10, and
is therefore unable to form a functional ion channel.'*>'3¢
Recently, this defective human P2X5R splice variant has been
shown to be a minor histocompatibility antigen specifically
expressed on lymphoid and myeloid leukemia cells, and has been
suggested to be a suitable target for immunotherapy.'?%37713°

NUCLEOTIDE-METABOLIZING ENZYMES IN CANCER

The conversion of ATP to adenosine is a crucial feature of
purinergic signaling in physiological as well as pathological
conditions. The two main ectonucleotidases involved, CD39 and
CD73, are key modulators of the biochemical composition of the
TMES®? It is currently understood that the main mechanism
by which CD39 and CD73 affect tumor growth depends on their
ability to produce adenosine, and thus promote an immuno-
suppressive TME. However, the function of adenosine in the TME
is not always straightforward as there is now evidence that in
endometrial cancer adenosine might have direct anti-tumor
effects as shown by the finding that CD73 deletion in this tumor
accelerates progression.”? This beneficial effect of adenosine is
mediated via A1R and seems to be due to its ability to promote
epithelial integrity and thus restrain invasiveness. Other studies
suggest that CD73 expression has quite opposite outcomes on
tumor growth depending on whether it is expressed on the host
or on the tumor cells. In fact, although CD73 expression on healthy
prostate epithelial cells inhibits immunosurveillance by T cells, and
thus promotes prostate cancer growth, expression of CD73 by the
cancer cells themselves restrains tumor growth by inhibiting the
NF-kB signaling via adenosine generation and A2BR signaling.'*

There is clear evidence that the typically hypoxic TME facilitates
tumor progression by accelerating selection of more aggressive
and metastasis-efficient tumor cell clones, and by dysregulating
the anti-tumor immune response. Hypoxia-driven HIF-Ta activa-
tion stimulates the expression of CD39 and CD73, thus increasing
adenosine production.'*' Deletion of either CD39 or CD73 results
in amelioration of anti-tumor immunity and improvement in
survival.'*>'* |t appears that the expression of adenosine-
producing ectoenzymes is critical in hematopoietic as well as
non-hematopoietic tissues,'* possibly because CD73 participates
in angiogenesis and might increase migration and metastatic
dissemination of tumor cells via a mechanism independent of the
immune response. A recent large-scale study analyzing over 6000
triple-negative breast cancers showed that CD73 overexpression
and overactivation of adenosinergic A2A and A2B receptors
substantially contributed to resistance to chemotherapy.'*
Direct targeting CD39 or CD73 with small-molecule inhibitors or
specific _monoclonal antibodies has yielded very promising
results.'**145196 |n all these studies, therapeutic efficacy required
an active immune system, highlighting the beneficial effects of
adenosine blockade on the re-activation of anti-tumor immunity.

The adenosinergic pathway is exquisitely sensitive to the intra-
tumor oxygen level. It is well established that hypoxia drives CD39
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Purinergic signaling modulates multiple steps in tumor progression. Extracellular nucleotides and nucleosides participate in all the

main phases of tumor progression with opposite effects (red, supporting tumor growth; green, opposing tumor growth), depending on the
specific receptor subtype activated. Hypoxia in the tumor core causes accumulation of ATP and adenosine, and promotes CD73, CD39, A2AR
and A2BR expression. In addition, hypoxia also promotes expression of P2X7R and CD73, which in turn stimulate angiogenesis. Nucleotides
and their receptors promote extracellular matrix degradation and tissue invasion (P2X7R and P2Y2R), tumor cell migration, extravasation and

metastatic dissemination (P2Y2R, P2X7R and P2Y12R).

and CD73 expression via transcription factors Sp1 and HIF-1q,
respectively,'*""'*” and therefore promotes adenosine generation.
Sitkovsky and co-workers now provide an elegant in vivo proof
that by promoting respiratory hyperoxia adenosine signaling is
inhibited and tumor growth reduced.'*® In this study, breathing
60% oxygen effectively reduced hypoxia and adenosine content
of the TME, inhibited MCA205 lung fibrosarcoma growth and
strongly reduced the number of B16 melanoma pulmonary
metastasis. The protective effect of hyperhypoxia was almost
entirely dependent on NK cells, an effect possibly due to the
exquisite sensitivity of NK cells to A2A receptor-mediated
inhibition."* Quite interestingly in view of the exciting results
from novel therapies based on immune checkpoint targeting,'°
respiratory hyperoxia reduced CTLA4 expression by tumor-
infiltrating regulatory T cells."*® A schematic summary of the
main pro- or anti-tumorigenic effects mediated by purinergic
signaling is shown in Figure 3.

IMPACT OF PURINERGIC SIGNALING ON CANCER THERAPY

Identification of multiple and at least partially independent targets
paves the way for further developments of combinatorial
therapies. Current cancer therapeutics, notably chemotherapy
and radiotherapy, are based on the direct cytotoxic effects on
cancer cells (and unfortunately on the host tissues as well). One of the
main consequences of tumor and host cell necrosis is a large release of
ATP leading to adenosine accumulation and immunosuppression. In a
mouse model of triple-negative breast cancer, combined treat-
ment with doxorubicin and anti-CD73 or A2A receptor antagonists
produced a significant increase in survival.'** Encouraging results
were also obtained by combining targeting the adenosinergic
pathway and anti-PD-1 and anti-CTLA4 therapy.'' In preclinical
models, simultaneous blockade of immune checkpoints and A2A
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receptors enhanced cytotoxic T lymphocyte and NK cell activity,
and reduced metastatic dissemination.'®?

Fundamental components of immunosuppressive TME are
myelod-derived suppressor cells (MDSCs).'>* Purinergic signaling
in MDSCs has been a largely neglected issue.'>* Tumor-associated
myeloid cells express high levels of plasma membrane CD39/
CD73, which are upregulated by the transforming growth
factor-beta signaling.'> Granulocytic MDSCs (G-MDSCs) were
reported to express high CD73 levels,'*® and thus contribute to
the immunosuppressive TME. Deletion of A2AR in myeloid cells
was shown to revert immunosuppression in B16 melanoma-
bearing mice via potentiation of NK and cytotoxic T lymphocytes
responses.’” However, as the A2AR was deleted in macrophage,
dendritic cells as well as in Lys6G* (granulocytic) and Lys6C*
(monocytic) cells, this study does not allow appreciating the effect
of the specific deletion of MDSC A2AR. Little information is
available on the function of other members of the P1R family (A1R,
A2BR and A3R) in MDSCs. There is evidence that blockade of A2BR
receptor inhibits the recruitment of MDSC into the TME,'*® but
whether this is related to a direct effect on MDSC A2B rather than
being an indirect effect of inhibition of release of A2BR-controlled
chemoattractants by other immune or stromal cells is not known.
The P2X7R is overexpressed in MDSCs, where it triggers expression
and/or release of immunosuppressive factors such as IL10,
arginase and transforming growth factor-beta,>*'>° but whether
the P2X7R participates in MDSC-dependent immunosuppression is
not known. If P2X7R-dependent release of immunosuppressive
factors from MDSCs contributes to the inhibition of the anti-tumor
immune response, then P2X7R targeting might relieve immuno-
suppression. A schematic rendition of the multiple effects of
extracellular ATP and adenosine on anti-tumor immune response
is shown in Figure 4.

© 2017 Macmillan Publishers Limited, part of Springer Nature.



Bﬂormal cell endritic cell
.tumor cell macrophage
@ c. () wosc

NK @ Treg

Tumor elimination

Promoted by

P2X7R expressed by
dendritic cells

Inhibited by
AZ2AR expressed on T cells,
macrophages and dendritic cells

Purinergic signaling in cancer
F Di Virgilio and E Adinolfi

Tumor escape

Promoted by

CD39, CD73 expressed by tumor-infiltrating immune cells
A2AR expressed by NK cells
P2X7R expressed by MDSC, M2 macrophage and Treg
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However, high ATP levels in the TME are not always detrimental
for the patient, but might also have a beneficial effect by
stimulating the anti-tumor host response. It is a long-standing
observation that chemotherapeutics such as anthracyclines and
oxalilplatin are more effective when administered into immuno-
competent rather than to immunodeficient or lymphopenic
patients, because these drugs are able to trigger a specific type
of cell death, immunogenic cell death, that activates a complex
adaptive stress response and potentiates the anti-tumor host
immune response.'®®~'%2 Immunogenic cell death is characterized
by surface exposure and release of several immunostimulants
(calreticulin, high mobility group box 1 protein (HMGB1), IFNy and
ATP), which increase immune cell recruitment, dendritic cell
maturation and antigen presentation.'®*'%* Cancer cells killed
in vitro by anthracyclines can be used to vaccinate the
immunocompetent host against the subsequent inoculation of
living cancer cells. The elevated ATP content of the TME on one
hand allows the generation of large amounts of adenosine, thus
enhancing immunosuppression, and on the other increases
immune cell recruitment and tumor antigen presentation, thus
promoting anti-tumor immunity.'®® In keeping with these find-
ings, we and others recently demonstrated that B16 melanomas,
CT26 colon carcinomas and colitis-associated cancer grow faster in
P2X7R-KO versus P2X7R-wt hosts.''”'% In the B16 melanoma and
in the CT26 colon carcinoma model of transplanted tumor, the
lack of host P2X7R caused a striking reduction in tumor infiltration
inflammatory cells,'’” whereas in colitis-associated carcinoma the
inflammatory infiltrate did not show substantial quantitative
alterations but harbored an increased amount of FOXP3"
regulatory T cells."®®

Preclinical data from P2X7R-wt and P2X7R-KO models empha-
size the dual role played by this receptor in cancer growth. In the
P2X7R-KO host, the immune response is crippled from the very
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early phases of tumor growth, which leads either to alterations in
the inflammatory infiltrate or to the outright absence of infiltrating
cells, suggesting that a functional P2X7R is necessary for an
efficient presentation of tumor antigens and the following
activation of the immune response.'’”'®® |n the case of tumors
transplanted into P2X7R-wt host, it is likely that the fast tumor
growth recruits an inflammatory infiltrate rich in P2X7R-positive
cells with immunosuppressive activity (M2 macrophages, MDSCs).
Collectively, these observations on one hand highlight the
complexity of a therapeutic approach simply based on P2RX7
targeting, not dissimilarly from consolidated preclinical and
clinical observations derived from the protocols based on hitting
a single cellular target, but on the other show that blocking ATP/
ADP/AMP hydrolysis might allow to shift the balance in the TME
from immunosuppression to immunostimulation.

The high ATP content of the TME has also direct effects on the
tumor cells. In general, pharmacologic ATP doses are cytotoxic to
most cells expressing the P2X7R."®” Some exceptions are known
among human tumors, for example, human neuroblastoma,
where uncoupling from the intracellular cell death machinery
(for example, caspase 3 activation) is thought to be responsible for
refractoriness to P2X7R-mediated cell death.'®” How and if ATP is
responsible for tumor-associated necrosis is not known, albeit
experiments by Burnstock and co-workers show that ATP
administration causes tumor regression, possibly by causing
tumor necrosis.'®® On the other hand, ATP might directly stimulate
tumor cell growth acting at P2YRs as well as P2X7R, and possibly
P2X3R 85102109133 7|l evidence suggest that the P2X7R is a crucial
determinant of the effects of ATP in host-tumor interaction.
The P2X7R may sensitize tumor cells to the cytotoxic effects of
extracellular ATP, but may also stimulate tumor cell growth. Most
malignant tumors express this receptor, and accordingly pharma-
cological P2X7R blockade or silencing have a striking in vivo anti-
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tumor effect,'04109117.121.125169 Thage observations show that, at
least in in vivo models of transplanted tumors, the overall effect of
P2X7R targeting is beneficial. P2X7R targeting might be a viable
therapeutic option also in the light of the role played by this
receptor in the release of suppressive factors from MDSCs.>
Blocking MDSC P2X7R might help relieve immunosuppression in
the TME and thus restore an efficient anti-tumor response. If this
hypothesis was true, P2X7R blockers should be more effective in
the immunocompetent than in the immunocompromised host.
A recent study by Amoroso et al. supports this hypothesis by
showing increased efficacy of P2X7R blockade in reducing
neuroblastoma growth and vascularization in albino J versus
nude/nude mice.'® In any case, a P2X7R-targeted therapy will be
only meaningful in the presence of P2X7R-expressing tumors as
preclinical data show that P2X7R blockade has little efficacy
against tumors with low or no P2X7R expression.'” In a
therapeutic perspective, heterogeneity of P2X7R expression by
different tumors might be a complicating factor, but this is not
new in receptor-targeted cancer therapeutics.

CONCLUSIONS

There is now growing consensus that ATP and adenosine are
fundamental components of the TME, where they affect tumor
growth, immune cell functions and tumor-host interaction in
different ways. Given the widespread observation that many
malignant tumors overexpress several P1R or P2R subtypes, a
simplistic approach would entail to target these receptors with
selective blockers, with the aim to suppress tumor cell growth.
On the same line of intervention, enzymes involved in the
metabolism of extracellular nucleotides and nucleosides (CD39,
CD73 and adenosine deaminase) are viewed as an obvious target.
However, this simplistic approach, despite its proved efficacy in
several preclinical tumor models, is clearly very naive. P1Rs, P2Rs
and ATP/adenosine-degrading enzymes are expressed on the
tumor as well as on the host immune and stromal cells, where
they are endowed with crucial functions in host-tumor interac-
tion. Careful choice of the candidate target purinergic receptor in
association with modulators of extracellular adenosinergic path-
ways might allow to inhibit tumor cell growth and at the same
time to enhance the anti-tumor host response. Hopefully, this will
provide an additional powerful weapon for novel anti-cancer
combinatorial therapies.
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