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Abstract

Cancer has the ability to escape the immune system using different molecular actors. Adenosine is known to be involved in
mechanisms which control inflammatory reactions and prevent excessive immune response. This purine nucleoside can be
translocated from the cell or produced in the extracellular space by 5'-ectonucleotidases. Once bound to its receptors on the
surface of immune effector cells, adenosine activates various molecular pathways, which lead to functional inhibition of the cell
or its death. Some tumors are infiltrated by the different cells of immune system but are able to use adenosine as an immuno-
suppressive molecule and thus inhibit immune anticancer response. This mechanism is well described on adaptive cells, but much
less on innate cells. This review outlines major effects of adenosine on innate immune cells, its consequences on cancer
progression, and possible ways to block the adenosine-dependent immunosuppressive effect.
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Introduction

Cancer is a complex disease, caused by multiple cellular
dysregulations. For a long time, it was believed that these
dysregulations exclusively concerned the cancer cell and
mainly its genetic material, but today we know it involves
not only molecular but also cellular actors beside the cancer
cell.

The immune system is involved in all stages of cancer
progression. In a healthy organism, the immune system elim-
inates abnormal cells. Consequently, immune deficiencies fa-
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vor cancer occurrence. When cancer cells escape this immune
surveillance and initiate tumor growth, innate and adaptive
immune cells infiltrate the tumor and can modulate the disease
progression [1]. These tumor-infiltrating immune cells often
correlate with patient’s outcome in a positive or negative man-
ner since their activity can be pro- or anti-tumoral [2]. Several
studies also show a very strong link between chronic inflam-
mation (consequent to viral or bacterial infection) and cancer
development.

The tumor microenvironment contains a large number of
cancer-associated molecules with various biological effects.
Most of them provide a cancer-supportive effect by acting
directly on cancer cells or by acting on the surrounding cells.
The purine nucleoside adenosine (ADO) has been identified
among these factors. ADO is a biologically active molecule
engaged in multiple intracellular and extracellular processes
[3]. Within the cell, its nucleotide forms (ATP, ADP, or AMP)
participate in various signaling pathways (i.e., CAMP, enzy-
matic reactions, DNA synthesis) and form the cell’s energy
pool. In the extracellular space, these molecules can have
paracrine and autocrine activities. Therefore, the extracellular
concentration of ADO is finely regulated, and its misbalance
is reported in different pathologies such as in immunodefi-
ciencies due to a deficit in ADO deaminase, an enzyme re-
sponsible for the degradation of ADO into inosine [4].
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Nucleotide availability in general is directly related to cell
survival as the disequilibrium of dNTP pool leads to genomic
instability and mutagenesis and can provoke cell death [5].
Cancers usually show increased levels of extracellular ADO,
which has an overall inhibitory effect on effector immune cells
found in tumor microenvironment [3]. This inhibits tumor-
specific response provided by adaptive immune cells but also
affects pro-inflammatory abilities of innate immune cells. As
the current literature is rich on data and reviews on ADO
effects on adaptive immune cells, we will focus on how ex-
tracellular ADO influence innate immunity cells.

The extracellular ADO concentration increases after tissue
injury caused by tumor growth, hypoxia, or inflammation [3].
Extracellular ADO has two different origins, and it can be
translocated from within the cell by equilibrative nucleoside
transporters (ENT) after its generation by intracellular en-
zymes or be directly synthesized using its precursors (ATP,
ADP, AMP, or nicotinamide derivatives) in the extracellular
space by ectonucleotidases (CD39, TNAP, CD73, and PAP)
expressed by different cells (Fig. 1) [6, 7]. CD39 and TNAP
dephosphorylate ATP or ADP, and resulting AMP undergoes
the conversion into ADO by CD73. Once synthesized, ADO
can pass inside the cell using specific nucleoside transporters
(ENT or concentrative transporters, CNT) and ensure signal-
ing roles or be phosphorylated to increase the nucleotide
pools, or it can bind extracellular ADO receptors (Al, A2A,
A2B, and A3) which results in activation of coupled G pro-
teins, corresponding molecular pathways, and expression of
target genes [8]. CD38 and CD203a can substitute the activity
of CD39 and generate AMP using NAD+ in an acid environ-
ment [9]. This alternative mechanism was first described in
human T cells and recently in myeloma cells. As explained, in
the case of multiple myeloma, ADO in bone marrow is mainly
provided by CD38, CD203a, and CD73 expressed by differ-
ent cells within the bone morrow. In view of this novel insight,
it is important to consider the origin of ADO in order to effi-
ciently block its production.

Derived from various cell types, ADO has an
immunosuppressing effect in the tumor microenvironment.
We will review in the next paragraphs how this purine nucle-
oside affects different innate immune cells within the tumor
microenvironment and how it can influence disease
progression.

Adenosine and macrophages

Macrophages are innate immune cells derived from mono-
cytes involved in tissue homeostasis. They remove apoptotic
and/or senescent cells and extracellular pathogens by phago-
cytosis. Besides this clearance activity, these cells can modu-
late an immune response by secreting inflammatory mediators
and initiate the adaptive response by presenting antigens to T
lymphocytes. In the tumor microenvironment (TME),
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infiltrating macrophages are called tumor-associated macro-
phages (TAMs). To date, this cell type is the best character-
ized infiltrating innate cells, and two types are described: clas-
sically activated macrophages (M1) and alternatively activat-
ed macrophages (M2) [10]. Current results suggest that M1
macrophages predominately express A2A receptors, while
A2B receptor is responsible of alternative macrophages acti-
vation into M2 phenotype [11].

M1 macrophage polarization is driven by danger sig-
nals such as ATP and cytokines secreted by Thl lympho-
cytes. These macrophages have an anti-tumoral effect.
Their functions are limited to presenting antigens on ma-
jor histocompatibility complex (MHC) class II to T help-
er cells after phagocytosis of cell debris and to producing
pro-inflammatory cytokines, which help to attract effector
cells. ADO has multiple suppressive effects on M1 mac-
rophages functions. Indeed, A2 receptor signaling can
block the differentiation of monocytes into macrophages
[12] and abolish the phagocytic activity of monocytes
and macrophages [13]. Macrophages produce different
intracellularly active molecules like nitrogen oxide (NO)
using inducible NO synthase (iNOS) that has anti-
tumoral and bactericide effect. It has been shown that
ADO can regulate the production of NO by decreasing
the production of iNOS [14]. Moreover, A2B receptor
activation by ADO or agonists blocks IFNy production
by Thl cells and thus IFNy-induced MHC type II expres-
sion on macrophages [15]. Consequently, these antigen-
presenting cells display less MHC-peptide complexes on
their surface, leading to a less efficient adaptive response
toward the tumor. ADO also negatively regulates M1
macrophages by modulating their differentiation toward
a less pro-inflammatory phenotype. Indeed, there is a
certain plasticity in macrophage polarization, and macro-
phages can switch between their pro- or anti-tumoral phe-
notype according to extrinsic signals. This is the reason
why most of TAMs have M2-like phenotypes, which are
acquired in the TME by the action of different pro-
tumoral factors. For example, activation of A2 receptors
decreases the inflammatory reaction by blocking the pro-
duction of pro-inflammatory cytokines in macrophages
[14]. Thus, target genes such as TNFa are no longer
expressed, while the secretion of IL-10 increases. The
latter has an anti-inflammatory function and prevents ex-
cessive inflammatory response, thereby protecting normal
tissue homeostasis. Nevertheless, this factor has a pro-
tumoral effect in the TME, promoting inhibition of effec-
tor cells and metastasis development.

M2 macrophages are believed to have pro-tumoral func-
tions because of their decreased production of pro-
inflammatory factors and low phagocytic activity. M2 macro-
phages can be divided into M2a, M2b, M2c, and M2d subsets
in regard to surface markers and secreted cytokines. The
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Fig. 1 Metabolism and signaling of adenosine in tumor
microenvironment. Adenosine in the tumor microenvironment derives
from hydrolysis of ATP. Within the tumor microenvironment, different
cells can participate in increasing the ADO concentration, such as cancer
cells, fibroblasts, adipocytes, endothelial cells, and adaptive and innate
immune cells. Meanwhile, the distribution of metabolic enzymes is not
the same on all cells and can vary and depends on tumor localization,

polarization into different subsets is driven by different anti-
inflammatory cytokines. Notably, M2d macrophages can be
induced by ADO signaling in a cytokine-independent way via
A2A receptor [16, 17]. In consequence, M2d macrophages
secrete factors such as VEGF and IL-10, which have pro-
angiogenic function. Moreover, IL-10 promotes Th17 and
Treg polarization, the latter being involved in regulation and
inhibition of inflammatory reactions. Along with other factors
such as IL-6, TGF-[3, and metalloproteinase-9 (MMP-9), M2
macrophages can be involved in tissue repair and matrix re-
modeling, thus promoting tumor growth, angiogenesis, and
metastasis development [18, 19].

hypoxia, and extrinsic signals from other cells. Increased levels of
adenosine in the tumor microenvironment have an immunosuppressive
effect on innate immune cells via ADORA-dependent signaling.
Resulting modulation of innate immune cells function manifests by de-
creased local inflammation and increased pro-tumoral effect of innate
immune cells (Table 1). ADA, adenosine deaminase; ADORA, adeno-
sine receptor; TME, tumor microenvironment

Adenosine and natural killer cells

Natural killer (NK) cells are cytotoxic cells of the innate im-
munity. They display cytotoxic functions, but unlike CD8+
cells, they do not need to be activated by specific antigens.
Their particularity consists in being inhibited by normal cells,
via MHC class I expression. An abnormal cell, for example, a
transformed cancer cell, tends to decrease MHC class I ex-
pression, thus escaping lysis by CD8+ T cells. NK cells sense
these MCH class I altered expression and kill the cell. They
also contribute to the immune response in immunotherapy.
They express Fc receptors (CD16 molecule) and are thus able
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to bind the constant fragment of antibodies that target cancer
cells. This interaction allows to stabilize the physical interac-
tion between NK cells and their targets, facilitating the FAS/
FAS-L interaction. Moreover, Fc receptor/antibody interac-
tion results in antibody-dependent cell cytotoxicity (or
ADCC) activation and kills the cell by degranulation of cyto-
toxic factors.

In the tumor microenvironment, ADO inhibits NK activity,
and it can result in NK cell death. NK cells require a matura-
tion stage to be fully activated, and this process can be
interrupted by A2A receptor signaling as it was demonstrated
that A2AR-deficient mice have an increased pool of mature
NK cells in the periphery and a reduced fraction of immature
NK cells [20]. In addition, mature NK cells maintain their
proliferation ability in A2AR-deficient mice, and they have
in general greater capacity to control tumor initiation and
growth.

The tumor-associated ADO can also promote NK cell dys-
function through the accumulation of cAMP within the cell
[21]. cAMP activates PKA, which in turn will activate various
targets and modify cellular functions; this results in decreased
cytotoxicity and cytokine production. This was observed with
NK cells incubated with CADO, a stable ADO-analogue,
which binds A2A receptor. Moreover, cAMP/PKA signaling
pathway can activate caspase-dependent apoptosis, thus pro-
moting cell death.

Another effect of ADO is to inhibit TNFx secretion by NK
cells [22]. As said before, TNF« is required in many functions
(inflammation, apoptosis, and others). Therefore, inhibited
NK cells are unable to stimulate other cells like macrophages
and neutrophils.

Neo et al. recently showed that tumor cells modulate infil-
trated NK cells by the engagement of 4-1BBL (CD137) on
their surface, inducing the transport of intracellular vesicles
with CD73 to the cell surface of NK cells and upregulate the
production and secretion of IL-10 and TGF-f3 in STAT3-
dependent manner [23]. Once in the TME, IL-10 inhibits the
proliferation of CD4+ T cells and its IFNy production, thus
blocking adaptive anti-tumor response, and CD73 on NK cells
increase ADO concentration within the TME, which will in
turn suppress immune response.

Adenosine and neutrophils

Neutrophils are the most abundant circulating innate cells.
Their lifespan is short, but these cells are very effective in
pathogen elimination. When infiltrated in the tumor, neutro-
phils are called tumor-associated neutrophils (TANs). They
are capable of phagocytosis and degranulation and can form
neutrophil extracellular traps (NET). Neutrophils are increas-
ingly recognized as important actors in the cross talk between
immune cells and cancer cells by modulating the recruitment
of adaptive cells via cytokine and chemokine production [24].
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As for macrophages, neutrophils can undergo two different
types of polarization and acquire anti-tumor phenotype (N1)
or pro-tumor (N2) phenotype. The major difference between
these two cell types is their capacity in production of pro- or
anti-inflammatory cytokines and the fact that N2 cells are pro-
angiogenic and prometastatic.

Several studies on TANs report that ADO can inhibit their
adhesion to endothelial cells, thus blocking the migration of
neutrophils from bloodstream to inflammatory site [25].
ADO, via its A2A receptor, can modulate the capacity of
neutrophils to produce pro-inflammatory cytokines [26].
Indeed, it was shown that the activation of A2AR on neutro-
phils inhibits the production of pro-inflammatory cytokines
and chemokines such as TNFa, CCL3, CCL4, and others.
In the TME, decreased levels of these molecules result in
ineffective recruitment of innate cells such as NK cells, mono-
cytes, and others. Moreover, several teams showed the in-
volvement of A2 and A3 receptors in inhibition of neutrophil
degranulation, which decreases pro-inflammatory potential of
neutrophils [27, 28].

Adenosine and mast cells

In recent studies, scientists investigated the function of mast
cells in the TME. These cells originate from myeloid progen-
itor cells and have an important function in various immune
responses. Mature cells reside in peripheral tissues and are
commonly activated by antigen-specific antibodies. Beside
their role in allergic reactions and inflammation, mast cells
can influence angiogenesis and wound healing, making them
attractive cells to modulate TME in a pro-tumoral way.
Gorzalczany et al. investigated mast cell activation in the
TME and found that they can be activated by direct contact
with cancer cell membranes when they infiltrate the tumor
[29] or rather by cancer-derived extracellular vesicles when
they locate in the TME periphery [30]. This activation results
in IL-8, IL-6, and VEGF secretion [26]. Combined together,
these mediators promote neo-angiogenesis, and new blood
vessels will supply the tumor with nutrition and oxygen and
promote metastasis development. Both mechanisms involve
CD?73 activation on mast cell and autocrine signaling of ADO
via A3 receptor [29, 30].

Adenosine and dendritic cells

Dendritic cells (DC) are professional antigen-presenting cells re-
sponsible of activation of naive T cells and induction of their
differentiation into effector cells. Thus, DCs assure the link be-
tween innate and adaptive immune systems by recognition,
phagocytosis, and presentation of antigens to adaptive cells.
DCs originate from bone morrow monocyte-dendritic cell pro-
genitor (MDP) which differentiate into common DC precursor
(CDP) and then into one of the two major DC subsets. It was also
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shown, both in vivo and in vitro, that monocytes can give rise to
DC, called monocyte-derived DC [31]. This occurs during inflam-
matory reactions caused by cancer or infection.

Panther et al. investigated how ADO affects normal func-
tion of DCs. They showed that DCs still express A2A receptor
after maturation, and exposure of mature DCs to ADO or A2A
receptor agonist resulted in increased levels of intracellular
cAMP and inhibited production of IL-12 [32]. In addition,
their results suggest that DCs maturated in the presence of
ADO produce IL-10 and have a reduced capacity of induction
of Thl [33]. Novitskiy et al. performed multiple assays of
differentiation of human monocytes and mouse peritoneal
macrophages and hematopoietic progenitor cells (HPCs) into
myeloid DCs in the presence of increased levels of ADO [34].
Their results show impaired activation and function of
resulting DCs as they fail to activate naive T cells and they
produce anti-inflammatory, angiogenic, and tolerogenic fac-
tors. This ADO effect is due to the activation of A2B receptor
[34]. These findings suggest that ADO not only affects innate
and adaptive cells but also the only cell type capable of acti-
vation of effector cells.

Future perspectives

Targeting ADO in TME has become a very promising strategy
in cancer treatment since this will allow to enhance the im-
mune response against cancer cells. The therapeutic ap-
proaches currently studied to block ADO functions are the

inhibition of ADO-producing enzymes (CD39 and CD73) or
ADO receptors. Ongoing studies investigate the effect of anti-
ADO strategies on effector cells of the adaptive immune sys-
tem, since these cells assure specific anticancer immune re-
sponse [35-38]. However, these studies usually do not de-
scribe how anti-ADO strategies in cancer influence innate
immune cells. Considering that functional maintenance of an-
ticancer activity of innate immune cells would result in effi-
cient activation of adaptive immune cells, leading to global
and multi-effector tumor control, it seems fair to include the
innate compartment in such studies.

Little is known about the effect of ADO-targeting treat-
ments on innate immune cells. However, this can, at least in
part, be deduced from these cells’ activities and their ADORA
expression profiles (Table 1). Indeed, as innate immune cells
can directly trigger cancer cell death and/or recruit and acti-
vate adaptive immune cells [39], their regulation by ADO-
targeting drugs will most certainly have an impact on the
anticancer activity of these compounds. These effects can also
be indirect as exemplified by the studies focusing on M2 mac-
rophages reprogramming toward a less pro-tumoral pheno-
type [40, 41] or modulating NK cells activity [42]. Knowing
the role of ADO in the differentiation or maturation of these
cells, these processes could be reinforced by ADO analogs or
receptor antagonists. Moreover, DC-based anticancer vac-
cines [43] consist in educating these cells in vitro to present
the tumor antigens on their surface and reinject them into the
patient in order to activate tumor-specific T cells. The use of

Table 1 Effect of adenosine on

different innate immune cells ADORA

receptor

Innate immune cells

Effect of adenosine

Macrophages
A3
A2B

Al, A2A,
A2B

Al, A2A,
A3
A2B

A3
A2A, A2B

Natural killer cells A2A

(NK cells)

Neutrophils A2
A2A
A2, A3

Mast cells A3

A2B
A2A

Dendritic cells

A2A, A2B,

Decrease in pro-inflammatory cytokine/chemokine production

Inhibition of phagocytosis

Inhibition of superoxide production (anti-microbial and anti-tumoral
activity)

Increase in anti-inflammatory cytokines production

Inhibition MHC-II production

Induction of MMP-9 production

Induction of M2-like macrophages polarization

Suppression of NK maturation in TME

Suppression of cell activity by induction of cAMP/PKA pathway
Increase in TNF« release

Inhibition of adhesion and transmigration

Inhibition of production of pro-inflammatory cytokines
Inhibition of degranulation

Production of various cytokines (IL-8, IL-6, VEGF) — promotion of
tumor growth and metastasis

Polarization of monocytes into aberrant DCs unable to activate T cells
Decrease in pro-inflammatory cytokine production

Increase in anti-inflammatory cytokines production
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ADO signaling-targeting agents during the reinjection of DCs
could support a favorable cytokine context and maintain the
potency of these cells. Other cancer strategies consist in
blocking TGFf to enhance neutrophil recruitment and anti-
cancer activation [44]. It was recently demonstrated that
CD73/ADO signaling could trigger TGF3 expression in cer-
vical cancer [45]. Thus, targeting the adenosinergic pathway
on cancer cells themselves may be an interesting way to indi-
rectly act on neutrophil recruitment and polarization. In addi-
tion, this study suggests that targeting TGF 3-1 in cancer could
also impact the ADO cascade.

On the other hand, due to the diversity of ADO-mediated
effects on different cells in the TME (Table 1), ADO receptor
targeting drugs should be used carefully, in order to maintain a
balance that favors global anti-tumoral functions [8]. ADO-
dependent immunosuppression is a physiological barrier
which controls inflammatory and immune response in the
organism. Thus, it should be defined to what extent this axis
can safely be modified. The alteration of multiple components
of the TME such as adipose and vascular tissues or fibroblasts
must be taken into account because of their interactions with
the immune system or their direct involvement in cancer pro-
gression. Further understanding the complex interplay be-
tween ADO axis-targeting strategies and conventional chemo-
therapies, immunotherapies, or targeted therapies on different
molecular and cellular actors within the TME is needed in
order to optimize appropriate anticancer responses.

In conclusion, as reviewed in this paper, ADO has diverse
and important biological roles on various cells of the innate
immune system. The knowledge about these processes is of
main importance in the clinical settings where ADO signaling
is targeted.
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