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A B S T R A C T

Adenosine is increasingly recognized as a key mediator of the immune response. Signals delivered by extra-
cellular adenosine are detected and transduced by G-protein-coupled cell-surface receptors, classified into four
subtypes: A1, A2A, A2B and A3. These receptors, expressed virtually on all immune cells, modulate all aspects of
immune/inflammatory responses. These immunoregulatory effects, which are mostly anti-inflammatory, con-
tribute to the general tissue protective effects of adenosine and its receptors. In some instances, however, the
effect of adenosine on the immune system is deleterious, as prolonged adenosine signaling can hinder anti-tumor
and antibacterial immunity, thereby promoting cancer development and progression and sepsis, respectively.

1. Introduction

Inflammatory response is the result of a complex interaction be-
tween immune cells and several soluble factors, aimed at protecting the
host from invasion by microorganisms and eliminate debris at sites of
tissue injury in order to maintain tissue homeostasis [1,2]. However, an
exuberant immune/inflammatory response, not adequately balanced by
endogenous mechanisms of homeostatic control, can lead to persistent
and abnormal forms of collateral tissue damage [1,2].

In this regard, adenosine, a purine nucleoside that accumulates in
the extracellular space at sites of tissue damaged is a pivotal player in
the modulation of immune responses and in restraining inflammatory
tissue damage [1]. Indeed, over the years, a number of studies have
identified extracellular adenosine as a ‘retaliatory metabolite’, which
indicates that it is generated as a result of cellular injury or stress, and
that through interacting with specific G protein-coupled receptors, it
regulates the immune/inflammatory cell functions[3–5] to protect tis-
sues from injury and stress [5–11]. However, chronic exposure to
adenosine may under some conditions may be harmful, as adenosine
can create an immunosuppressed niche, which is necessary for the onset
and development of neoplasia and infection [12–16] [17].

Pioneering studies on the immunomodulatory role of adenosine
date back to the early ‘70 s of last century (Fig. 1), when the critical role
of this nucleoside in shaping the development and the activity of sev-
eral immune cell populations was first established [18–22]. This then
lead to the identication of a direct correlation between defective ade-
nosine metabolism and the onset of adenosine deaminase deficiency, a
congenital, severe, combined immunodeficiency (ADA-SCID) [23–26].

Subsequently, seminal studies demonstrated a role for adenosine in
human lymphocyte maturation and proliferation [21,27] [28–32] as
well as in the regulation of lymphocyte activity [22,33,34]. In this
context, consistent data also supported the involvement of the adeno-
sine system in mediating the pharmacological effects of several anti-
inflammatory and immunomodulating drugs (i.e. methotrexate, sali-
cylates) that are widely used in the clinical practice to manage chronic
inflammatory disorders [8,35–43]. The idea of targeting the adenosine
system was then advanced by introducing specific novel pharmacolo-
gical entities for the management of several immune-mediated dis-
orders [44,45]. At present, some of these drugs are under preclinical
evaluation with encouraging results [44], while others have already
entered the phase of clinical development for the treatment of rheu-
matoid arthritis [46] or as novel anticancer immunotherapies [12,47].

2. The adenosine machinery: enzymes, transporters and receptors

Under physiological conditions, intracellular adenosine derives
mainly from S-adenosylhomocysteine via S-adenosylhomocysteine hy-
drolase (Fig. 2) [48]. Once synthesized, adenosine is extruded into the
extracellular space via nucleoside transporters [48]. Nucleoside trans-
porters can be divided into two categories based on their molecular and
functional features: 1) the concentrative nucleoside transporters (CNTs)
including CNT1, CNT2 and CNT3, which normally mediate the in-
tracellular influx of nucleosides against their concentration gradient but
can also transport adenosine to the extracellular space [49]; and 2) the
equilibrative nucleoside transporters (ENT1, ENT2, ENT3 and ENT4),
which facilitate nucleoside passage across cell membranes in either

https://doi.org/10.1016/j.imlet.2018.04.006
Received 5 April 2018; Accepted 23 April 2018

⁎ Corresponding author at: Department of Clinical and Experimental Medicine, University of Pisa, Via Roma 55, 56126–Pisa, Italy.
E-mail address: luca.antonioli@medmcs.unipi.it (L. Antonioli).

Immunology Letters 205 (2019) 9–15

Available online 24 April 2018
0165-2478/ © 2018 European Federation of Immunological Societies. Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01652478
https://www.elsevier.com/locate/immlet
https://doi.org/10.1016/j.imlet.2018.04.006
https://doi.org/10.1016/j.imlet.2018.04.006
mailto:luca.antonioli@medmcs.unipi.it
https://doi.org/10.1016/j.imlet.2018.04.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imlet.2018.04.006&domain=pdf


direction based on their concentration gradients [50].
In the presence of detrimental conditions, such as inflammation,

hypoxia, ischemia trauma or neoplastic milieu, the extracellular levels
of adenosine increase massively, reaching micromolar range [51,52]. In
these pathological contexts, adenosine accumulation stems from in-
creased extracellular dephosphorylation of ATP, which is mediated by
in a sequential manner by ecto- nucleotide triphosphate dipho-
sphohydrolase-1 (also named CD39) and by ecto-5′-nucleotidase
(CD73) (Fig. 2) [9]. A number of studies have identified CD73 as a
critical check point in regulating the duration and the magnitude, of the
“adenosine halo” surrounding immune cells [47]. In addition to the
CD39-CD73 axis, adenosine can be generated through an alternative
catabolic pathway (Fig. 2), which is initiated by the nicotinamide
adenine dinucleotide (NAD+) glycohydrolases/CD38 enzyme axis that
converts extracellular NAD+ into adenosine diphosphate ribose (ADPR)
[53]. ADPR is then processed by CD203a into AMP, which is subse-
quently metabolized by CD73 to adenosine [53].

Once released into the extracellular space, adenosine concentration
is fine-tuned by re-uptake into the cells through the nucleoside trans-
porters, as well as through its conversion into inosine by adenosine
deaminase both inside and outside the cell [1,45,54], which ultimately
leads to the generation of the stable end product uric acid by xanthine
oxidase (Fig. 2) [55].

The biological actions of extracellular adenosine are mediated by G
protein-coupled cell-surface receptors, distinguished into four subtypes:
A1, A2A, A2B and A3 (Fig. 2) [5]. A1 and A3 receptors are coupled to Gi,
Gq and Go proteins [5]. Their stimulation can also elicit the release of
calcium ions from intracellular stores [5]. A2A and A2B receptors, which
are linked to Gs or Golf, stimulate adenylyl cyclase [5]. A2B receptors can
also cause phospholipase C activation through Gq [5]. In addition, all
adenosine receptors are coupled to mitogen activated protein kinase
(MAPK) pathways, such as extracellular signal-regulated kinase 1
(ERK1), ERK2, p38 MAPK and JUN N terminal kinase [5].

3. Adenosine receptors and innate immunity

Monocytes and macrophages. All four adenosine receptor subtypes
are expressed on monocytes and macrophages, and their levels and
function undergo significant changes during the maturation of

macrophages from monocytes. Indeed, quiescent monocytes are char-
acterized by a low expression of A1, A2A and A3 receptors, while their
density increases during differentiation into macrophages [56]. Re-
ceptor expression is regulated by the several pro-inflammatory cyto-
kines. In particular, interleukin-1 (IL-1) and tumor necrosis factor (TNF)
induce increases in A2A receptor expression on human monocytes. In
addition, these cytokines, through inhibiting A2A receptor desensitiza-
tion by preventing G-protein coupled receptor kinase 2 (GRK2) and β-
arrestin association, enhance receptor function [57]. By contrast, the
IFN-γ reduces the expression of A2A receptors [38]. Adenosine itself can
regulate receptor expression: adenosine induces heme oxygenase-1
(HO-1) via A2A receptor engagement, and the resultant increased HO-1
enzymatic activity in turn selectively increases the expression of the A2A

via the generation of carbon monoxide [58]. In this context, the in-
crease in the A2A receptor expression increases the sensitivity of mac-
rophages toward the anti-inflammatory effect of adenosine [58]. Pro-
inflammatory stimuli also regulate macrophage A2B receptors expres-
sion [59]. In particular, A2B receptors expression increases following
TLR stimulation, leading to the generation of a macrophage phenotype
characterized by an increased sensitivity to the immunosuppressive
extracellular adenosine [59]. By contrast, IFN-γ inhibited A2B expres-
sion, thus mitigating macrophage sensitivity to adenosine and pre-
venting macrophage transition towards an immunoregulatory/im-
munosuppressive phenotype [59].

Several studies indicate that adenosine, by activating A2A, A2B and
A3 receptors, restrains the macrophage production of several pro-in-
flammatory mediators such as TNF, IL-6, IL-12, nitric oxide (NO) and
macrophage inflammatory protein (MIP)-1α [4,36,60–66]. In parallel,
extracellular adenosine promotes the release of the anti-inflammatory
cytokine IL-10 by monocytes and macrophages via A2A and A2B re-
ceptors [10,35,38,67]. A3 receptors can also modulation macrophage
migration towards apoptotic cells. In this regard, Joós et al. [68] de-
monstrated that the autocrine ATP release and its subsequent conver-
sion into adenosine is essential to preserve the velocity and direction of
macrophages towards apoptotic thymocytes. In this context, the dele-
tion of A3 gene delayed the kinetics of apoptotic cell clearance, thus
highlighting the relevance for this receptor subtype in this context.

In the past few years, several experimental findings have demon-
strated a pivotal involvement of adenosine also in driving the

Fig. 1. Timeline of the main selected events regarding the immunomodulatory role of adenosine.
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phenotypic switch of macrophages. In particular, the stimulation of A2A

and A2B receptors seems to play a critical role in switching macrophages
from M1 to M2 phenotype [37,69].

Dendritic cells. Dendritic cells (DCs) are professional antigen-pre-
senting cells, whose main role is to activate adaptive immunity, thereby
maintaining immune homeostasis and tolerance [70]. Adenosine has
been shown to regulate several dendritic cell functions [1]. Immature
human DCs express mainly A1 and A3 receptors, which are involved in
the regulation of chemotaxis via an increase in intracellular calcium.
Mature DCs mainly express A2A receptors, which reduce the release of
pro-inflammatory cytokines [71]. A2B receptors have pro-inflammatory
effects on dendritic cells as they can switch the differentiation of bone
marrow cells to a CD11c+,Gr-1+ dendritic cell subset that promotes a
Th17 response [72]. In addition, adenosine deaminase and A2B receptor
form a molecular complex on dendritic cells that by interacting with
CD26 expressed on T cells elicits TNF and IFN-γ production by these
cells [73]. Novitskiy et al. [74] showed that A2B receptors drive DC
differentiation towards a pro-angiogenic, pro-inflammatory phenotype.
Indeed, the activation of A2B receptors, by endogenous adenosine
generated in a hypoxic milieu, stimulates the release of IL-6, IL-8, IL-10,
transforming growth factor (TGF)-β, vascular endothelial growth factor
(VEGF), indoleamine 2,3 dioxygenase and cyclooxygenase (COX)-2, all
of which have pro-angiogenic effects [74].

Mast cells. Mast cells are immune cells of the myeloid lineage and

are ubiquitously present in connective tissues [75]. These cells are in-
volved in the modulation of a number of physiological functions, such
as vasodilation, angiogenesis, bacterial, and parasite elimination [75].
Moreover, mast cells regulate the functions of several cells types, in-
cluding dendritic cells, macrophages, T and B cells, fibroblasts, eosi-
nophils, endothelial cells, and epithelial cells [75]. The activation of
A2B and A3 on murine mast cells stimulates their degranulation, thus
causing histamine, serotonin, chemokine and protease release [1,76].
The role of adenosine receptors in regulating human mast cells is in-
completely understood. Studies performed on human mast cells de-
monstrated that A2B receptors are primarily involved in promoting mast
cell degranulation, while A3 receptors mediate anti-inflammatory ef-
fects [77]. In addition, the pharmacological stimulation of A3 receptors
potentiated FcεRI-induced degranulation of human lung mast cells but
not that of skin mast cells, suggesting an involvement of A3 receptors in
the bronchoconstrictive response to adenosine in asthmatic subjects,
but not in dermatologic allergy responses [78].

Neutrophils. Neutrophils are the most abundant leukocytes in the
circulation, representing a first line of defense in the innate arm of the
immune system Neutrophils are characterized by large phenotypic
heterogeneity and functional versatility, placing these cells as im-
portant modulators of both inflammation and immune responses [79].

Neutrophils are an abundant source of adenosine, which in turn
regulates neutrophil activation under both normal conditions and in the

Fig. 2. Adenosine is generated intracellularly from AMP or
S‐adenosylhomocysteine and then released into the extracellular
space via nucleoside transporters (NTs). Once internalized at in-
tracellular level, adenosine undergoes quick phosphorylation to
AMP by adenosine kinase (AK), or deamination to inosine by ADA,
which can also metabolize adenosine on the cell surface or in the
extracellular space. ATP released into the extracellular environ-
ment, via diffusion via connexin 43 or pannexin 1 hemichannels
and exocytotic release from ATP enriched vesicles, is sequentially
degradated into AMP by the cell surface enzyme CD39 (also
known as ectonucleoside triphosphate diphosphohydrolase 1 or
ecto-apyrase), and to adenosine by CD73 (also known as ecto-
5′‐nucleotidase). The CD38-CD203a enzyme axis on the cell sur-
face, operating independently or in synergy with the conventional
CD39/CD73 pathway, also contributes to the generation of the
adenosine. Once released, adenosine can bind to four different
G‐protein-coupled receptors that either stimulate (mediated by
A2A and A2B adenosine receptors) or inhibit (mediated by A1 and
A3 adenosine receptors) adenylyl cyclase activity and cAMP pro-
duction in the cell.
Abbreviations: ADA: adenosine deaminase; AK: adenosine kinase;
AMP: adenosine monophosphate; ATP: adenosine triphosphate;
NT: nucleoside transporter.
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presence of inflammation [80,81]. In particular, under adverse condi-
tions, neutrophils release ATP via connexin 43 or pannexin 1 hemi-
channels, which ATP undergoes rapid conversion to adenosine via the
CD39/CD73 axis expressed on the neutrophil surface [82]. In addition,
in the presence of inflammation adenosine deaminase is deactivated
[83] and the expression of equilibrative nucleoside transporters is re-
duced [81], thereby promoting an accumulation of adenosine in the
biophase of neutrophils.

Neutrophils are endowed with all four adenosine receptors [82]. A1

receptors facilitate neutrophil chemotaxis, in part, by up-regulating the
neutrophil adhesion receptor Mac-1 and by enhancing the expression of
the complement receptors [84]. By contrast, both A2A and A2B receptor
engagement was found to mediate the inhibition of neutrophil adhesion
to endothelial cells [85]. In particular, Yago et al. [86] showed that
incubating neutrophils with the selective A2A receptor agonist, ATL313,
β2 integrin-mediated neutrophil rolling and adhesion were markedly
inhibited both in TNF-challenged murine cremaster muscle post-
capillary venules and in ex vivo flow chamber models. Furthermore,
ATL313 counteracted the selectin-triggered activation of Src family
kinases (SFKs) and p38 MAPK, the chemokine-triggered activation of
Ras-related protein 1, and the β2 integrin-triggered activation of SFKs
and Vav cytoskeletal regulatory proteins [86]. In another study, the
stimulation of A2A receptors with agonist CGS 21680 reduced the
phosphorylation of p38 MAPK, Erk-1/2, PI3 K/Akt, Hck, and Syk,
protein kinases in neutrophils [87]. A2A receptors were shown also to
blunt IL-8 release, a chemokine that is critically involved in promoting
the chemoattraction of leukocytes to the inflammatory site, in the ac-
tivation of phagocytosis and in neutrophil degranulation [88].

Adenosine can modulate neutrophil bactericidal functions. A dual
regulatory effect has been reported for adenosine on phagocytosis.
Indeed, the activation of A1 receptors augments this process, while the
stimulation of A2A receptors was found to reduce the phagocytic ac-
tivity of neutrophils [89]. In parallel, adenosine has a differential effect
on reactive oxygen species (ROS) generation based on the receptor
subtype activated [82]. In particular, the stimulation of A1 receptors
induces ROS production from activated neutrophils, whereas the acti-
vation of A2A receptors down-regulates ROS generation [88,90]. Ago-
nists for A2B or A3 receptors suppressed stimulus-induced superoxide
production in wild type but not in A2B or A3 deficient neutrophils, re-
spectively [91,92]. Of note, besides regulating chemotaxis and ROS
generation, A3 receptors mediate the formation of filipodia-like pro-
jections [93]. Indeed, the selective A3 receptor agonist 2-Cl-IB-MECA
promoted the formation and rapid extension of these structures, thus
improving bacterial phagocytosis [93] and chemotaxis [94].

4. Adenosine receptors and the adaptive immunity

T lymphocytes are responsible for the cell-mediated immune re-
sponse [95]. These cells can be stimulated by the presentation of an-
tigenic moieties by APCs, such as dendritic cells or macrophages [96].
The presentation of antigenic molecules on the APC surface in con-
junction with major histocompatibility proteins (MHC) causes the ac-
tivation of T cell receptors on lymphocytes [96], therefore eliciting T
cell differentiation, cytokine production, and cytotoxic activity [96].
Once activated, T cells orchestrate effector immune cell function by
recruiting macrophages, neutrophils, eosinophils, and basophils to sites
of infection and inflammation, and by increasing the microbicidal ac-
tivity and cytokines and chemokine production of these cells [95].

Adenosine receptors can shape various lymphocyte functions [11].
A2A receptors are the most important receptors in regulating lympho-
cyte activation, where the overall effect is suppressive [97]. A2A re-
ceptors inhibit both IL4 and IFN-γ production by both naive CD4+ T
cells and Th1 and Th2 cells [98–100]. In addition, A2A receptors upre-
gulate the expression of the negative co-stimulatory molecules cyto-
toxic T-lymphocyte antigen 4 (CTLA4) and programmed cell death 1
(PD1) and suppress the expression of the positive co-stimulatory

molecule CD-40L [101]. In parallel, the activation of A2A receptors
inhibited IL2 release in polarized type 1 cytotoxic T (TC1) and TC2
CD8+ cells [102]. A recent paper by Abbott et al. [103] demonstrated a
critical role of A2A receptors in maintaining T follicular help cell/T
follicular regulatory cell ratios as well as the overall ratio between T to
B cells into the germinal centers.

Regulatory T (Treg) cells are a specialized sub-lineage of T lym-
phocytes with a critical role in controlling and suppressing autoreactive
T cells [104]. Multiple suppression mechanisms are in place to suppress
autoreactive T cells and prevent autoimmunity[104]. In this regard,
early studies by Deaglio et al. [105] demonstrated that Tregs are en-
dowed with the CD39/CD73 enzyme axis, which converts extracellular
nucleotides into pericellular adenosine in the vicinity of Tregs. This
adenosine in turn engages A2A receptors expressed on T effector cells
and suppresses their function. Further studies revealed that adenosine
produced by Tregs reduced nuclear factor-κB activation in T effector
cells via A2A receptor stimulation, thus blunting the release of pro-in-
flammatory mediators [106]. There is a self-reinforcing loop in the
immunosuppressive activity of Tregs, via adenosine generation. That is,
A2A receptor engagement on Tregs induces the expansion of these cells,
thereby causing additional immunosuppression [107].

Tregs can, also infiltrate tumor tissues, where they create an im-
munosuppressive niche, which is facilitates cancer onset and develop-
ment [108]. In this context, it has been observed that Treg cells can
release ATP, convert it to adenosine and cause cytotoxic T cell sup-
pression in the local tumor environment [109].

B lymphocytes are found in blood, lymph nodes, spleen and tonsil
and other mucosal tissues [110]. These cells originate in the bone
marrow from a common progenitor shared with T, NK, and some DC
subsets [111]. Progenitor B cells progress through the early stages of
maturation, rearranging heavy- and light-chain genes at the pro- to pre-
B cell stage until they express rearranged IgM receptors on the cell
surface as immature B cells, at which point they exit the bone marrow
to continue maturation in the peripheral immune system [111].

Murine and human B cells have been shown to express all four types
of adenosine receptors [112,113], as well as the presence of a complex
network of ectoenzymes (nucleotidases, deaminases, kinases) and nu-
cleoside transporters [114,115]. Recently, a review by Przybyła et al.
[115] summarized the involvement of the adenosine system in the
modulation of B cell functions, pointing out a critical role of adenosine
in regulating the development, implantation and maintenance of the
plasma cell population in bone marrow for the primary immune re-
sponse as well as in orchestrating immunoglobulin class switching, a
key mechanism of humoral immune response [115]. In particular, it has
been observed that unactivated B cells are characterized by a high
pericellular concentration of adenosine, whereas once activated these
lymphocytes increase their ATP release [115]. The presence of this
“ATPergic halo” protects activated B cells from the adenosine-induced
inhibitory effect and exerts a proinflammatory role and a stimulatory
effect on IgM production [115].

Interestingly, as observed with Treg cells, adenosine can regulate the
function of Breg cells, a subset of immunosuppressive cells that support
immunological tolerance [115]. In particular, Bregs were able to reg-
ulate both their own function and T cell activity via an adenosine sig-
naling originating from the enzymatic degradation of ATP, released in
the extracellular space from activated immune cells [116]. Indeed, it
has been observed that Breg cells are endowed with CD39, CD73, CD25
but not CD26, thus allowing, in the presence of extracellular ATP, the
production of adenosine by Bregs to a much larger extent than Tregs

[116]. The biologic significance of this ability of B cells to produce
adenosine can be appreciated in the context of their interactions with T
cells [116]. Under resting condition, Breg cells promoted responses of
activated T cells. On the other hand, once activated, Breg cells increase
their ability to produce adenosine, becoming strongly suppressive to-
ward T cells [116]. Of note, the ability of Breg cells to counteract T-cell
functions depends on the state of their activation and to the
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microenvironmental context [116].

5. Conclusions

It is being increasingly appreciated that the adenosine pathway has
a major role in protecting tissues against exuberant immune reactions.
On the other hand, the excessive depression of the immune system in-
duced by prolonged adenosine signaling can exacerbate tissue dys-
function in chronic diseases or hinder anti-tumor immunity, thereby
promoting cancer progression.

The research efforts of the last four decades have provided a large
body of evidence regarding the involvement of adenosine signaling in
shaping immune system activity. These studies paved the way to the
introduction of both innovative anti-inflammatory tools, such as A3

receptor agonists and immune enhancing agents, such as immune
checkpoint blockers in the oncology field (e.g., A2A receptor antagonists
and CD73 blockers), some of which have already entered into the
clinical arena with encouraging results either in terms of efficacy and
safety. However, there are still significant gaps to fill in our under-
standing about the complex liaison occurring between the adenosine
pathway and the immune system aimed to its optimal therapeutic ex-
ploitation.
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