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Abstract

Nucleotide signaling is a key element of the neutrophil activation pathway. Neutrophil recruitment and migration to
injured tissues is guided by purinergic receptor sensitization, mostly induced by extracellular adenosine triphosphate
(ATP) and its hydrolysis product, adenosine (ADO), which is primarily produced by the CD39-CD73 axis located at
the neutrophil cell surface. In inflammation unrelated to cancer, neutrophil activation via purinergic signaling aims to
eliminate antigens and promote an immune response with minimal damage to healthy tissues; however, an antago-
nistic response may be expected in tumors. Indeed, alterations in purinergic signaling favor the accumulation of
extracellular ATP and ADO in the microenvironment of solid tumors, which promote tumor progression by inducing
cell proliferation, angiogenesis, and escape from immune surveillance. Since neutrophils and their N1/N2 polarization
spectrum are being considered new components of cancer-related inflammation, the participation of purinergic
signaling in pro-tumor activities of neutrophils should also be considered. However, there is a lack of studies
investigating purinergic signaling in human neutrophil polarization and in tumor-associated neutrophils. In this
review, we discussed the human neutrophil response elicited by nucleotides in inflammation and extrapolated its
behavior in the context of cancer. Understanding these mechanisms in cancerous conditions may help to identify
new biological targets and therapeutic strategies, particularly regarding tumors that are refractory to traditional
chemo- and immunotherapy.

Keywords Human neutrophils - Purinergic activation - Neutrophil migration - Purinergic signaling - Neutrophil modulation -
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Highlights

1. Activation and upregulation of the purinergic system could favor pro-
tumor neutrophil activity.

2. Purinergic receptors P2Y,, A2a, and A3 guide neutrophil migration
through an ATP concentration gradient, TLR4 stimulation, or IL-8 secre-
tion.

3. Neutrophil migration to injured sites is impaired by the decrease in
extracellular adenosine levels mediated by CD73 inhibition.

4. Extracellular adenosine plays a key role in NET production via A1 and
A3 receptor sensitization.

5. P2Y signaling upregulates the Bcel-xl-mediated anti-apoptotic path-
way and inhibits neutrophil apoptosis.
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Introduction

Normal tissues are composed of different types of cellular,
molecular, and microenvironmental signals that work together
to ensure homeostasis and proper tissue functioning [1]. In
nonphysiological conditions such as infection, tissue damage,
or inflammatory processes, the initiation, triggering, or recruit-
ment of innate immune cells and plasma proteins occurs at the
sensitized site [2]. Although tissues are resistant to many dis-
orders, the tumorigenesis process is capable of disrupting ho-
meostasis to the point of no possible restoration [1].

The origins of solid cancer are not completely understood,;
however, its functional relationship with inflammation has been
widely discussed [3, 4]. Chronic inflammation contributes to
tumor stabilization based on the release of cytokines into the
microenvironment. Tumor growth is sustained by the presence
of immune cells, growth and angiogenesis factors, and DNA
damage-promoting agents [4—6]. Cell proliferation caused by
tissue regeneration after injury increases until tissue repair [7].
In contrast, cells continue to grow and develop in a chronic
inflammatory microenvironment, establishing irreparable le-
sions. The power of inflammatory cells in tumor progression is
undeniable as they promote neoplastic processes and provide an
attractive tumor microenvironment (TME) [4-7]. The immune
system is a regulated and integrated cellular network that pre-
serves and restores homeostasis, and purinergic signaling helps
to adjust the functions of immune cells [8].

Neutrophils, which are part of the polymorphonuclear
(PMN) leukocyte family, have a major role during the early
stages of the inflammatory response. They are the first leuko-
cytes recruited to the injured site within a few hours of the
damage. In addition, pathogens are eliminated through a vari-
ety of mechanisms such as degranulation, necrosis, and
phagocytosis [9—11]. Specific chemokines and exogenous li-
gands are common mechanisms of neutrophil recruitment to
injured sites [11, 12]. However, promoters of early migration
of PMN cells to distant sites of metastasis in the absence of
detectable inflammation are not yet defined [13]. In this re-
gard, neutrophils can be associated with a quick response to
any disturbance.
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Stressed cells release ATP as a danger and “find me” signal,
guiding the migration of phagocytes such as neutrophils [8, 14,
15]. Indeed, extracellular nucleotides and nucleosides, such as
ATP and adenosine (ADO), are potent signaling molecules that,
through activation of purinergic receptors (P2 and P1, respective-
ly), modulate proliferation, differentiation, cell death, and
immune/inflammatory responses [16, 17]. Each of these nucleo-
tides is capable of signaling through distinct purinergic receptors.
The P2 receptors are further classified as ionotropic P2X (P2X1-
7) receptors and metabotropic P2Y (P2Y, 2 4 6 11, 12, 13, 14)s
which are G-protein-coupled receptors. While P2X receptors are
exclusively activated by ATP, P2Y receptor responses are trig-
gered by ATP, adenosine diphosphate (ADP), uridine triphos-
phate (UTP), uridine diphosphate (UDP), and UDP-glucose [18].
Metabotropic P1 receptors are activated by ADO. There are four
P1 receptors in humans, Al, A2a, A2b, and A3, which exhibit
differential affinity for ADO [19] (Table 1).

Due to its proinflammatory actions, extracellular ATP is
considered to be a damage-associated molecular pattern
(DAMP) [14, 15, 33]. Conversely, extracellular ADO, which
is mainly generated by the hydrolysis of ATP by
ectonucleotidases, triggers immunosuppressive and immuno-
modulatory responses [19, 34]. There are two major
ectonucleotidases responsible for the control of ATP and
ADO levels in the bloodstream and at the surface of leuko-
cytes, the ecto-nucleoside triphosphate diphosphohydrolase-1
(NTPDasel/CD39) and the ecto-5’-nucleotidase (CD73). The
CD39-CD73 axis is also present on the surface of tumor cells.
Together, these two enzymes convert extracellular ATP to
ADO in a sequential manner [35] (Fig. 1).

The neutrophil activation spectrum, classified as antitumor
(N1) and pro-tumor (N2) neutrophil phenotypes, is similar to
that proposed for macrophage polarization. However, these
studies are preliminary, and there are no distinctive markers
of maturation, activation, or polarization states of neutrophils;
the effector mechanisms that modulate the leukocyte function-
al behavior and its role in disease perpetuation are not
completely understood as well [6, 7, 12].

In line with the complexity of neutrophil polarization in
solid tumors, some studies have shown that tumor-
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Table 1 Purinergic receptors involved in neutrophil physiology
Receptor Agonist Mechanism Action on human neutrophils References
Al High ADO affinity Inhibition of cAMP formation by 1 Adhesion [19, 20]
(ECs0 0.2-0.5 uM) Gi/o-coupled protein 1 Chemotaxis
| Neutrophils extravasation
1 A, upregulation
A2a Low ADO affinity Promotion of cAMP formation by | Chemotaxis [20, 21]
(ECs0 0.6-0.9 uM) Gs-coupled protein | Adhesion
1 ROS production
| Degranulation
A2b Very low ADO affinity Promotion of cAMP production by | Release of VEGF [22]
(ECso 16-64 uM) Gs-coupled protein | Transendothelial migration
| Oxidative burst
| NET formation
A3 High ADO affinity Inhibition of cAMP production and | Migration [23, 24]
(ECs0 0.2-0.5 uM) stimulation of IP3 production by Gi/o 1 Chemotaxis
and Gg-coupled proteins Regulation of directional movement
and migration speed
P2Y, ATP Gq protein increases cytosolic Ca®* 1 Chemotaxis [23-26]
through interaction with the actin 1 Orientation in chemoattractant gradients
cytoskeleton 1 Migration
1 Superoxide production
P2Y, UDP Gq protein Suppression of HNP1-mediated apoptosis [27, 28]
stimulation causes PLC[3 activation, Regulator of neutrophil IL-8-mediated
Ca** mobilization, and IP3 formation chemotaxis
| Phagocytosis
1 ROS production
1 NET formation induced by
gout-associated MSU
P2Y ATP and NAD* Promotion of cAMP production | Apoptosis [29, 30]
by Gs protein
P2X1 ATP Ion channels permeable for | Chemotaxis in response to LPS-induced [8,31]
Na*, K*, and Ca** autocrine ATP release
P2X7 ATP ITon channels permeable for 1 Local immune responses by mediating [32]

Na*, K*, and Ca>*

ATP-induced NLRP3 inflammasome
and IL-1p3 secretion

Abbreviations: A2: -2 adrenergic G-protein-coupled receptor; ADO: adenosine; ADP: Adenosine diphosphate; ATP: Adenosine triphosphate; cAMP:
cyclic adenosine monophosphate; HNP1: human neutrophil peptide; IL-1(3: interleukin 1 beta; 1L-8: interleukin, IP3: inositol triphosphate; LPS:
lipopolysaccharide; MSU: monosodium urate crystals; NAD" : nicotinamide adenine dinucleotide oxidized; NET: neutrophil extracellular traps;
NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; PLC{3: phospholipase C; ROS: reactive oxygen species; UDP: uridine diphosphate

associated neutrophils (TANs) exhibit mixed characteristics
of N1/N2 polarized cells [36]. Additionally, recent evidence
points to arginase-1 and LOX-1 to be hallmarks of PMN
myeloid-derived suppressor cells (PMN-MDSCs) [37].
MDSC:s are a heterogeneous group of immature myeloid cells
related to either the neutrophil (PMN-MDSCs) or monocyte
(M-MDSC) differentiation pathways, which promote tumor
growth by suppressing immune surveillance [38].
PMN-MDSC s, also recently proposed by some authors as
neutrophils with proven immunosuppressive activity or, alter-
natively, as pathologically activated neutrophils [38, 39], in-
hibit T cell function, myeloid, and natural killer (NK) cells;
enhance angiogenesis through the production of
metalloproteinase-9 (MMP-9), prokineticin 2, and vascular
endothelial growth factor (VEGF); and promote tumor metas-
tasis [39]. The effects of extracellular purines on
immunosuppressor cells have raised interest. For example,

MDSCs overexpress P2X7 receptor that upon ATP binding
induces arginase-1, reactive oxygen species (ROS), and
transforming growth factor 3 (TGF-f3) release, resulting in
unexpected ATP immunosuppressive activity [40].
Additionally, ADO promotes the expansion of the MDSC
population by engaging A2b receptors that are expressed on
myeloid precursor cells [41]. It is important to note that the
discovery of LOX-1 and arginase-1 as hallmarks of PMN-
MDSCs may facilitate the understanding of immunosuppres-
sive mechanisms of neutrophils in TME as well as its tumor-
promoting role [37].

Neutrophil polarization to a pro-tumor phenotype may also
be dependent on purinergic signaling. The increase in neutro-
phil activation and oxidative burst also depends on the auto-
crine mechanism previously described [23, 24, 42]. In addi-
tion, the extracellular ATP levels of non-self-source, such as
the microenvironment or the injured site, could result in P2X
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and P2Y stimulation in a paracrine manner [8, 43].
Interestingly, the P2X7 expression and function also directly
impacts on ATP content in the TME, which further determine
the behavior of tumor-infiltrated immune cells [44]. Under
desensitization conditions, such as prolonged stimulation with
high ATP levels present in the TME, P2Y, receptors
expressed by neutrophils are useful for sustaining the signal-
ing, due to the lower response, retaining cellular viability,
which has already been demonstrated in macrophages [45].
Purinergic signaling is widely studied because it is found on
the surface of most cells and is a fundamental component of
the immune/inflammatory response. Recent studies explored
the role of purinergic signaling in cancer-infiltrating immune
cells, including macrophages, CD4*/CD8" lymphocytes, NK,
and MDSC cells. These investigations point that the

Fig. 1 Neutrophil migration
through purinergic pathway
activation. Pannexin-1 (PNX-1)
releases ATP (red balls), a danger,
and “find me” signal. The in-
crease in extracellular ATP po-
tentiates neutrophil migration.
ATP is hydrolyzed to ADP (pink
balls) and ADP to AMP (yellow
balls) by CD39. CD73 hydrolyzes
AMP to adenosine (ADO) (purple
balls). ATP recognizes P2X re-
ceptors and ATP/ADP/UTP/UDP
binds P2Y receptors in neutro-
phils, inducing cell activation via
intracellular Ca®* release.
Besides, extracellular adenosine
binds to two main receptors: A2a
and A3. The responses elicited by
ATP and adenosine generate a
movement of “push and pull” that
regulates neutrophil phenotype
and orients it migration

"find me"

Tail
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modulation of purinergic signaling in tumor-associated im-
mune cells supports proliferation, chemotaxis, and cytokine
release [44, 46—49]. Although the well-known participation of
purinergic signaling in neutrophil function regulation, little
was investigated about how this pathway affects the neutro-
phil behavior in the TME. Here, we have reviewed which
purinergic receptors contribute to neutrophil functions, in light
of their diversity and plasticity. The discussion is focused on
studies performed on human neutrophils, in view of the high
heterogeneity in neutrophils, including immature, mature,
aged neutrophils, PMN-MDSCs, and the lack of specific
markers to define these subsets. Purinergic signaling in neu-
trophils under both acute and chronic inflammatory diseases
has been explored and further extrapolated in the context of
cancer-related inflammation.

AMP

signal
eATP
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Immune
response

Activation of A3
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Driving license: purinergic regulation
of neutrophil migration and chemotaxis

Neutrophil migration depends on a frontal excitatory and a
back inhibitory signal on the cell surface. ATP release via
Pannexin-1 (PNX-1) induces the chemotaxis of neutrophils
at the front edge by autocrine stimulation of the P2Y, receptor.
Subsequently, ADO is recognized by P1 type receptors, local-
ized on the neutrophil tail, such as A2a, which blocks
chemoattractant signaling and alternatively binds to A3 recep-
tors, which stimulate immune migration. This purinergic feed-
back loop promotes neutrophil movement toward the
chemoattractant source [8, 23]. The rapid conversion of extra-
cellular ATP into ADO by neutrophils allows the activation of
A2a receptors, providing an important counterpoint to the
stimulation of P2Y, and A3 receptors. Suppressive actions
of A2a receptors provide a limiting mechanism for the main
functions of neutrophils [50]. In summary, P2Y, and A2a
receptors mainly provide excitatory and inhibitory responses,
respectively, producing a push-pull movement, thereby
allowing neutrophil migration [23, 43]. As neutrophils are
recruited in response to different stimuli, including bacterial
products, complement proteins (C5a), immune complexes,
chemokines, and cytokines [10], a phenotypic adaptation to
these different microenvironments is inevitable [12].

P2Y receptors have been shown to be major influencers of
neutrophil activation. Indeed, the release of IL-8 a major che-
mokine for neutrophils is regulated by P2 receptors sensitiza-
tion. In this regard, P2Y induces IL-8 secretion from human
monocytes, which in turn controls in vitro neutrophil migra-
tion [51]. Moreover, P2 receptor activation, particularly P2Y,,
is required for IL-8-induced neutrophil chemotaxis [52].
Finally, Kukulski and colleagues demonstrated with a
transwell apparatus that P2Y, receptor activation is necessary
for TLR4-induced in vitro transendothelial neutrophil migra-
tion, which was potentiated by UTP, a P2Y, agonist.
However, in opposite to which was expected, this phenome-
non was mostly regulated by Rho kinase pathway, rather than
IL-8 release [53]. Therefore, extracellular nucleotides partici-
pate of crosstalk among immune and endothelial cells, orches-
trating the neutrophil responses.

Interestingly, Gabl and colleagues argued that P2Y, down-
regulation in neutrophils probably originates from inside by a
novel cytoskeleton-dependent mechanism [25]. They demon-
strated that receptors occupied by their ligands undergo an
agonist-induced conformational change, which elevates intra-
cellular Ca>* levels by coupled G-protein signaling. The au-
thors also proposed that the P2Y, receptor blockade inhibits
the NADPH oxidation signaling pathway [25].

Neutrophil chemoattraction involves chemokines, lipids,
anaphylatoxins from the complement system (C5a-C3a), and
platelet activation factor (PAF), but IL-8 promotes a more
potent binding with CXCR1 and CXCR2. There are also

additional mediators that can work as recruiters of neutrophils
[48, 52, 53]. Thus, the purinergic system also plays an impor-
tant role in activating neutrophil migration. Besides, this path-
way contains signaling molecules that modulate differentia-
tion and proliferation and that are able to control inflammatory
events, which might be responsible for neutrophil activation.

The release of microenvironment chemokines plays an es-
sential role in tumor progression. Considering that in glioblas-
toma cells the purinergic signaling is active, a study from our
group showed that the spontancous and lipopolysaccharide
(LPS)-mediated IL-8 release by tumor cells is dependent on
P2Y¢ and P2X7, which in turn promotes glioma cell prolifer-
ation [54] and may induce in vivo neutrophil recruitment. In
addition, the neutrophil expression of CD39 may facilitate the
molding of the immune response [55]. Indeed, IL-8 produc-
tion is controlled by the activity of CD39 expressed by human
neutrophils. Interestingly, ATP is a potent stimulus for IL-8
release by neutrophils only upon CD39 inhibition, suggesting
that at physiological condition neutrophils remain unrespon-
sive to nucleotide stimulation due to its intrinsic CD39 activity
[55]. Neutrophil participation in tumor progression has been
investigated in preclinical studies of animals. However, few
studies have correlated tumors, neutrophils, and purinergic
signaling in humans.

The purinergic cascade produces a very important metab-
olite in neutrophil activation and migration control, the ADO.
A study showed that ADO promotes chemotaxis while
inhibiting the activation and the consequent release of ROS
[56]. Hence, neutrophils migrate to the site of infection with-
out damaging healthy tissues along their path.

CD39 hydrolyzes ATP to AMP in a sequential manner; a
second enzyme, CD73, hydrolyzes AMP to ADO. Therefore,
these enzymes profoundly influence immune response [35].
The abnormal activity of CD39 and CD73 produces high
amounts of ADO and may favor an immunosuppressive envi-
ronment, which reinforces cancer development by impairing
immune surveillance [57]. Maintaining the harmony between
inflammatory and anti-inflammatory responses prevents exac-
erbated immunosuppression or uncontrolled inflammation, as
the CD39-CD73 axis can promote the self-tolerance mecha-
nism. The outcome of the activity escalation of these enzymes
generates elevated levels of extracellular immunosuppressive
ADO [35, 57].

Survival of the dead: neutrophil modulation
through purinergic activation

Neutrophils are commonly believed to remain viable in circu-
lation for approximately 4 days, followed by apoptosis [12,
58]. Understanding the mechanisms that affect the life span of
neutrophils may help to identify new therapeutic targets. The
following paragraphs highlight the importance of the
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neutrophil life span, in view of the fact that nucleotides affect
neutrophil apoptosis.

Neutrophils have few mitochondria in their cytosol and there-
fore produce energy mainly through glycolysis. Thus, mitochon-
dria rarely participate in ATP formation [42, 50]. However, for a
higher level of intracellular ATP production, the cell relies on the
tricarboxylic acid cycle (TCA), probably by the activation of the
mTOR pathway, an important metabolic pathway that regulates
biological and physiological processes such as proliferation,
growth, cell survival, and autophagy. This allows the flow of
Ca®* into the neutrophil mitochondria, which is related to the
activation of the P2Y, receptor, leading to the production of
intracellular ATP. The ATP produced is externalized by PNX-
1, which impacts the P2Y, receptors in an autocrine manner,
potentiating neutrophil migration [42].

P2Y, overstimulation is unfavorable under different cir-
cumstances. An investigation showed that increased levels
of systemic ATP in sepsis impair neutrophil functions by
disrupting the endogenous purinergic signaling mecha-
nisms that regulate cell activation and chemotaxis mediated
by P2Y,. The authors proposed that targeting systemic ATP
may improve neutrophil function and host defenses, as a
new therapeutic strategy for sepsis treatment [43].

Upon activation, TCA significantly increases the produc-
tion of ATP. In this scenario, the NADH produced is oxidized
in the respiratory chain reaction, ATP is synthesized, and
NAD" returns to the cycle. A study observed that increased
NAD" levels are directly related to neutrophil aging, probably
because of increased energy demand. Moreover, intracellular
ATP levels are not consistent with expectations. It is argued
that there may be an increase in ATP synthesis but also an
increase in consumption, and therefore the final energy bal-
ance is lower [59]. Thus, ATP levels are decreased in aged
neutrophils. Considering that intracellular ATP is produced by
activating purinergic signaling and the few existing mitochon-
dria, the decrease in ATP may be caused by increased energy
demand or decreased production [59].

Another P2Y receptor, P2Y, has been drawing attention for
its relationship to neutrophil apoptosis inhibition. The study con-
ducted by Nagaoka and colleagues evaluated the interaction be-
tween the P2Y antagonist (MRS2578) and apoptotic behavior
[27]. The authors observed that apoptosis was reactivated in the
presence of the P2Y, antagonist. The P2Y ligand, UDP, in-
duced suppression of programmed cell death when bound to
the receptor. MRS2578 also prevented the binding of P2Y to
its ligand, allowing neutrophil apoptosis, suggesting that the in-
duction by HNP-1 downregulated pro-apoptotic and upregulated
the anti-apoptotic activities by Bel-xl, which in turn inhibited
apoptosis. The mitochondrial membrane potential and caspase-
3 activity resulted in decreased pro-apoptotic signals through the
P2Y/ signaling pathway [27].

In cancer, increased survival of TAN has been proposed to
play an important role in the development and growth of tumor
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mass [60]. Therefore, further studies on the life span of TAN in
cancer and the purinergic pathway in neutrophil activation and
migration, as well as its connection with cellular death, may help
in identifying new molecular targets for cancer therapeutics.

Suicide squad: extracellular nucleotide levels
in inflammation and cancer

Injured tissues, whether inflamed or infected, secrete neutro-
phil recruitment chemokines that signal the attack site to pe-
ripheral blood circulating neutrophils. Neutrophils are the first
immune cells to reach the damaged tissue. It can be said that
these cells are the infantry of our immune system. Upon ar-
rival at the injured site, neutrophils begin the process of
receptor-mediated respiratory burst and degranulation, lead-
ing to neutrophil apoptosis [61].

An investigation performed by Patel and collaborators [13]
observed the chemotactic activity of PMN-MDSCs from can-
cer patients when compared to that of control neutrophils. The
study found that there was less chemotactic activity in PMN-
MDSCs, probably due to the lack of extracellular ADO, sug-
gesting that ATP hydrolysis might be slowed down in this
situation [13].

Cancer can be characterized as chronic inflammation. ATP
levels in cancer are higher than those under physiological
conditions, as a result of ATP release from necrotic, stromal,
and cancer cells as well as from stress and hypoxia factors [14,
44, 62]. In addition, the mechanism by which ATP is secreted
in the extracellular medium is crucial for P2-mediated re-
sponses [14]. Extracellular ATP has a dual role in cancer,
which includes an antitumor immune response inducing tu-
mor cell death and a pro-tumor response that increases the
proliferation and metastasis of cancer cells [63]. Hypoxia is
a tumor condition that increases CD39 and CD73 expression,
and consequently ADO formation, which is associated with
resistance to chemotherapy due to its immunosuppressor ef-
fect [34]. Thus, purinergic signaling can modulate cancer pro-
gression by activating P2 and P1 receptors expressed by tu-
mors as well as immune-associated cells [40, 41, 54, 63].

During noncancerous inflammation, ATP is released at
high concentrations by injured cells as a “danger signal” or
DAMP to restore tissue integrity [14, 15, 33, 40]. In this sce-
nario, P2X receptors are upregulated in immune cells includ-
ing neutrophils, macrophages, and lymphocytes [18]. The
P2X7 receptor is particularly involved in inflammation by
releasing proinflammatory cytokines such as IL-1{3 and tumor
necrosis factor-o (TNF-o0) [32, 64]. In addition, P2X7 pro-
motes PI3K/Akt activation, HIF1 x expression, and VEGF
secretion, regulating MYCN oncogene which further impli-
cate in cell proliferation and poor overall survival of patients
with neuroblastoma [65, 66]. Regarding P1 receptor, A3
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receptor plays an important role in the migration of neutro-
phils to inflammation sites [8].

The need for extracellular ATP for direct migration as well
as its modulation in the release of proteolytic enzymes has
been discussed in previous studies [13, 23]. On one hand,
neutrophil recruitment is necessary for maintaining homeosta-
sis, and on the other hand, neutrophil enzymes lack specificity
for necrotic cells, and this causes damage to the adjacent tis-
sues [3]. This nonspecific behavior may be one of the factors
influencing cancer progression.

A feature of ADO that deserves attention is its ability to inhibit
proinflammatory mediator production by monocytes and den-
dritic cells (DCs), such as ROS and TNF-¢, in addition to the
A2a-mediated immunosuppressive function in T-regulatory cells
[47]. Moreover, P2X7 is overexpressed in several malignancies
as well as in immune cells, where it participates in growth-
promoting activity and contributes to TME composition via reg-
ulation of cytokine release, including TGF-3 and IL-1f3 [65, 67,
68]. P2X7 antagonism is also related to downregulation of
CD39-CD73 axis in CD4" T-effector cells and DCs, further
decreasing the ADO levels in TME [44]. Taken together, these
characteristics may be involved in the maintenance of the TME,
considering that extracellular ADO has immunosuppressive ac-
tion while recruiting more leukocytes.

Neutrophil and monocyte modulation may also be related
to purinergic signaling. In the case of neutrophil activation by
gram-positive pathogens, in vitro a study showed that the
inhibition of CD73 decreased the ability of PMN cells to kill
bacteria, suggesting that the ablation of enzymes that gener-
ates extracellular ADO impairs both the recruitment and bac-
tericidal activity of PMNs [69]. Therefore, ADO affects
neutrophil-killing cellular functions.

Changes in the number of neutrophil extracellular traps
(NETs) are related to autoimmunity promotion, the presence
of vascular diseases, and thrombosis and contribute to tumor
progression and metastasis. A relationship between elevated
NET production and poor prognosis in human tumors has
been shown in previous studies. Indeed, these NETSs are capa-
ble of catching circulating tumor cells and favor metastatic
implant formation [3, 70, 71].

Tumor hustle: neutrophils wrap cancer cells

In solid tumors, the presence of DAMPs and cytokines in
the TME may induce differential neutrophil responses [3,
7, 38]. Moreover, the lack of specificity of neutrophil
enzymes may contribute to cancer progression, which is
especially associated with purinergic pathway activation.
ADO is a key molecule with an established role as an
immunosuppressive agent, regulating immune cell recruit-
ment, modulating neutrophil-killing features, and promot-
ing cancer progression.

N1- and N2-like neutrophils represent extremes of dif-
ferent molecular phenotypes, which depend on the micro-
environment [7]. Considering that purinergic signaling
has great influence on neutrophil activation and migra-
tion, our hypothesis is that the neutrophil activation spec-
trum is related to the activation and signaling of
purinergic receptors.

Few studies have shown the relationship between these
phenotypes and the purinergic signaling. It is known that the
immune system plays a fundamental role in tumor progres-
sion, although all the mechanisms are not yet well elucidated.
In vivo and in vitro studies have found that these PMN leuko-
cytes modulate the TME [5, 6]. The antitumor phenotype is
characterized by enhanced expression of TNF-o, CCL3, and
ICAM-1, and reduced arginase-1 production, inhibition of
angiogenesis, and promotion of antitumor response of T lym-
phocytes [72, 73]. In contrast, it is discussed that the immu-
nosuppressive phenotype is acquired by the presence of
TGF-f3, favoring the infiltration of neutrophils with high ex-
pression of CXCR4, VEGF-A, and MMP-9 [73]. Neutrophils
are the major producers of VEGF-A and delivery high levels
of MMP-9, which releases the active form of VEGF-A from
the extracellular matrix. However, pro-tumor neutrophils are
able to discharge MMP-9 even in the absence of a protease
inhibitor, and increased levels contribute to angiogenesis and
tissue invasion [74]. P2X7 is described as an important angio-
genesis and immunossupressive mediator as its sensitization
results in VEGF and TGF-f release in TME [44, 66].
Although the expression of P2X7 on human neutrophils is
controversial [32, 75], the soluble factors present in the
TME as a consequence of P2X7 activity certainly impact the
function and phenotype of TANS.

In cancer, the formation of metastasis is linked to NET
release, in which circulating tumor cells are trapped by
neutrophils, facilitating their deposition at distant sites of
metastasis [76—78]. The quantification of NETs in patients
diagnosed with cancer remains challenging; however, the
presence of NETSs in the tumor niche is associated with a
worse prognosis [79] and indirectly links with patient sur-
vival [80-82].

The participation of purinergic signaling in NETs forma-
tion has been investigated in inflammatory conditions, includ-
ing deficiency of ADA2 and gout [28, 83, 84]. Indeed, ADO
contributes to NETs release via A1 and A3 receptor activation
expressed on neutrophils [83], while A2a receptor induces the
opposite effect [84]. Regarding P2 receptors, a study per-
formed by Sil and colleagues demonstrated that P2Y receptor
is essential for regulating neutrophil functions in gout disease.
The investigation elucidated that P2Y/store-operated Ca**
influx/IL-8 axis participates in MSU crystal-induced NET for-
mation, suggesting P2Y¢ as an interesting target to modulate
neutrophil function and activation [28]. Therefore, the antag-
onism of purinergic receptors may be an alternative to
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debilitate the pro-tumor immune response of neutrophils in
TME as well as its over-activation in inflammatory diseases.

Concluding remarks

To summarize, as several studies have shown, the purinergic
pathway profoundly influences neutrophil features. The driv-
ing license of neutrophils has a P2Y, stamp, seeing that excit-
atory and inhibitory responses from this receptor and A2a
produce a push-pull movement, allowing neutrophil migra-
tion. In fact, IL-8 favors ATP-mediated P2Y, sensitization
and regulates neutrophil migration. In addition, P2Y, activa-
tion increases intracellular Ca®* levels and blocks NADPH
oxidation, inducing a conformational change in the cytoskel-
eton. Nevertheless, high ATP levels and P2Y, overstimulation
can disrupt physiological responses [25, 43, 53].

Although neutrophils are not “zombies,” their aging
process has subtle characteristics. Higher NAD" levels
and smaller ATP levels are present, due to the increased
energy demand in aging cells. Meanwhile, neutrophils can

Fig. 2 Overview of purinergic
activation in neutrophils
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act like zombies, as P2Y, pathway stimulation blocks
neutrophil apoptosis via mitochondrial membrane poten-
tial, caspase-3 activity, and Bcl-xl upregulation, increas-
ing neutrophil life span [27, 59].

Above all, neutrophils are the immune suicide squad, since
these cells are the first line of body defense and their attack
mechanism results in neutrophil death, contributing to their
short life span. In this case, a small change can impair the
immune response and allow tumor progression. As shown in
this review, the purinergic system plays a crucial role in neu-
trophil action. For instance, neutrophil activation can lead to
extracellular ATP hydrolysis and consequently chemotaxis
regulated by P1 receptors. ADO receptors also modulate mi-
gration, adhesion, and ROS release, allowing neutrophils to
migrate without shattering other tissues [8, 14, 56, 61] (Fig. 2).

Although preclinical models are a great option for disease
research, studies show that there are differences between human
and murine immune cells that should be considered [85, 86]. In
this regard, it is suggested that at least two different approaches
should be used in the in vivo model so that the conclusions reflect
the true contribution of neutrophils [87-89]. The worldwide
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movement around proposals that reduce the number of animals
in research reinforces the need to promote actions that use alter-
natives; thus, the use of human neutrophils, when suitable, comes
from a sample that generates little or no stress to the individual.

The literature regarding human neutrophils in a cancer con-
text is interfered by the unclear identification of different sub-
sets and with functions that might be misinterpreted.
Understanding how the activation of purinergic receptors gen-
erates intracellular responses might be helpful in discovering
novel drug targets. Tumor behavior in the presence of immune
cells has attracted attention due to the close connection be-
tween them. In summary, more studies regarding neutrophil
purinergic activation in human tumor sites are needed to pro-
vide new therapeutic strategies based in purine targets.

Glossary

A2 «-2 adrenergic G-protein-coupled recep-
tor.

P1 purinergic receptors sensitized by
adenosine.

Adenosine is a purine nucleoside that
participates in the purinergic system as a
form of extracellular signaling, modulating
proliferation, differentiation, cell death,
and control of inflammatory response
events, acting mainly as an
immunosuppressive/immunomodulatory
molecule via P1 receptor sensitization.
Adenosine diphosphate is a nucleotide that
also participates in the purinergic system as
a form of extracellular signaling, inducing
platelet aggregation and microglial
migration via P2Y, sensitization.
Adenosine monophosphate is a nucleotide
formed in the extracellular environment
mainly via ATP hydrolysis mediated by
NTPDasel/CD39 enzyme activity. Until
now, no purine-receptor has been de-
scribed to be activated by this nucleotide.
Adenosine triphosphate is a purine
nucleotide involved in complex
signaling pathways, including driving
energy to the cells and being a
precursor to DNA and RNA. In this
case, it participates in the purinergic
system, a form of extracellular signaling
via the P2 receptor agonist.
Ecto-nucleoside triphosphate
diphosphohydrolase-1 is an enzyme located
at the cell surface of immune cells and some
cancer cells that hydrolyze the P2 receptor
ligands ATP, ADP, UTP, and UDP to the
respective monophosphate-nucleosides by
removing one phosphate at a time.
Ecto-5’-nucleotidase is an enzyme present on
the cell surface of a large number of tissues

A1/A2a/A2b/A3

ADO

ADP

AMP

ATP

NTPDasel/CD39

CD73

HIF1o

HNP-1

IL-8

LPS

N1
N2
NAD*

NADH

NADP*

NETs

P2 receptors (P2Y, P2Y,,
P2Y¢, P2X1, P2X7)
PNX-1

TLR4

UDP-glucose

VCAM-1

that is responsible for converting AMP to
ADO in the purinergic system. It also acts as
a cell-cell and cell-matrix protein, important
for cell communication and migration, by
potentiating EGFR/Akt and VEGF/Akt
pathways. In addition, it promotes invasion,
migration, and adhesion of tumor cells.
Hypoxia-inducible factor 1-alpha. It is a
transcriptional regulator of cellular and
developmental response to hypoxia.
Human neutrophil peptide 1 belonging to
the «-defensin family of antimicrobial
peptides.

Interleukin-8, a chemokine released by
macrophages and other cells of the innate
immune response that attracts neutrophils
and other immune cells to the tumor or
infection site. It is also involved in
angiogenesis, cell proliferation, and tissue
remodeling.

Lipopolysaccharide is a large molecule
made of a lipid and a polysaccharide that
occurs in the membrane of Gram-negative
bacteria, acting as a trigger for the innate
immune system; it is classified as a PAMP
(pathogen-associated molecular pattern).
Neutrophils with antitumor activities.
Neutrophils with pro-tumor activities.

The oxidized form of nicotinamide adenine
dinucleotide, a cofactor involved in redox
reactions, transporting electrons from one
substrate to another.

The reduced form of NAD™, a cofactor
involved in redox reactions.

A coenzyme called nicotinamide adenine
dinucleotide phosphate, acting as a
cofactor in anabolic metabolism.
Neutrophil extracellular traps are a defense
mechanism, where neutrophils release
chromatin to form an extracellular fibril
matrix, which traps pathogens.

Receptors that are activated by purines (e.g.
ATP, ADP) or pyrimidines (e.g. UTP, UDP).
Pannexin-1 is a large transmembrane
channel in the plasmatic membrane,
allowing the passage of ions and small
molecules, such as ATP.

Toll-like receptor 4 is a cell surface
receptor activated by LPS derived from
Gram-negative bacteria or by endogenous
ligands such as HMGBI1, which elicit po-
tent innate immune responses in several
cells such as macrophages, dendritic cells,
and neutrophils.

Uridine diphosphate-glucose is a nucleo-
tide sugar involved in glycosyl-transferase
reactions that activates one of the P2
purinergic receptors.

Vascular cell adhesion molecule-1 is a cell
adhesion molecule expressed by the vas-
cular endothelium.
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