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Abstract

Introduction: The adenosine pathway plays a key role in modulating immune responses in 

health and in disease. In health, anti-inflammatory effects of adenosine balance pro-inflammatory 

ATP, limiting tissue destruction by activated immune cells. In disease, this balance is disturbed.

Areas covered: This review focuses on cancer and explains how in the microenvironment, the 

ATP-adenosine balance shifts towards an excess of extracellular adenosine

Expert commentary: The CD73-adenosine axis plays a key role in the inhibition of anti-tumor 

functions of immune effector cells. Today, adenosine emerges as one of the immune checkpoints 

that are implicated in the tumor escape from the host immune system. The adenosine pathway is 

currently viewed as a significant barrier to the effectiveness of immune therapies and becomes an 

important therapeutic target in cancer. Pharmacologic inhibitors or antibodies specific for the 

components of the adenosine pathways or adenosine receptors show efficacy in pre-clinical studies 

and are entering the clinical arena.
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1. Introduction

Adenosine (ADO) and its biological effects have been intensively investigated in the last 

decade. Earlier studies have defined the adenosine pathway, including adenosine receptors 

(ADOR) as well as ligands and enzymes mediating ADO synthesis and degradation [1]. 

Subsequently, in vivo experiments demonstrated the pathophysiological role of ADO and its 

receptors in a variety of biological reactions, including inflammation and immune responses 

to cancer. More recent studies focusing on molecular and cellular mechanisms associated 

with ADO effects on tumor progression suggested that ADO might serve as a potential 

immune checkpoint, similar to e.g. CTLA-4, in mediating cancer-associated immune 
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suppression. Further, the possibility of pharmacologic or immunologic blockade of the ADO 

pathway as a clinically useful therapy in cancer was advanced and is currently being 

translated to clinical trials. Emerging evidence suggests that ADO and also other 

components of the ADO pathway play a role in tumor escape from the immune system and 

represent potential therapeutic targets in cancer immunotherapy.

2. The ADO pathway

ADO is an extracellular and intracellular metabolite (Figure 1), and its levels in tissues are 

calibrated by activities of several key enzymes.

Extracellular ADO is a product of the enzymatic breakdown of adenosine 5′-triphosphate 

(ATP) in the sequential steps catalyzed by two ectonucleotidases, CD39 and CD73 [2]. First, 

ATP dephosphorylation to adenosine diphosphate (ADP) and to adenosine monophosphate 

(AMP) is mediated by ectonucleoside triphosphate dephosphohydrolase-1 (ENTPD-1 or 

CD39)). Next, AMP is dephosphorylated to ADO by 5′-ectonucleotidase (CD73). The 

bioavailability of extracellular ADO is regulated by adenosine deaminase (ADA) which 

degrades ADO to inosine or by ADO transport into cells by nucleoside transporters residing 

in the cell membrane. ATP is either actively released from stressed cells (e.g. during 

inflammation, hypoxia, apoptosis) via vesicle exocytosis and via transporters or it passively 

leaks out from necrotic cells into the pericellular space [3]. Extracellular ATP is sensed by a 

large array of P2X and P2Y purinergic receptors, which are expressed by many different 

cells and play a key role in autocrine signaling and immune cell activation [4]. Extracellular 

ATP regulates immune responses and is largely proinflammatory [5].

Intracellular ADO is produced by hydrolysis of 3′5′-cAMP by phosphodiesterases (PDEs) 

from AMP through intracellular 5′ nucleotidase (CD73). Intracellular ADO can be also 

produced de novo by hydrolysis of S-adenosyl homocysteine. Intracellular ADO levels are 

strictly controlled and maintained at physiological concentrations by ADO transport out of 

the cell, ADO phosphorylation to AMP by salvage kinases or ADO deamination by ADA to 

inosine [6].

Once released by cells, ADO signals via the P1-type purinergic receptors (A1R, A2AR, 

A2BR and A3R), and it mainly mediates anti-inflammatory effects. ADORs belong to the 

family of G protein-coupled receptors that are expressed by many different cell types, 

including immune cells [7]. By engaging these receptors, ADO activates or inactivates 

adenylyl cyclase (AC) and modulates levels and activity of 3′5′-cAMP. A2AR and A2BR 

stimulate AC and increase 3′5′-cAMP levels, while A1R and A3R inhibit AC and 

downregulate cAMP [8]. Recently, inosine, in addition to ADO, was shown to be a ligand of 

A2AR [9] and suppress immunity [10]. The overall result of increased extracellular ADO 

levels in tissues is the downregulation of immune responses. Extracellular ADO and ATP 

tend to have opposite effects on immune cell responses (Figure 2). Acting as Yin and Yang, 

ADO and ATP maintain the fine balance between pro- and anti-inflammatory mediators in 

tissues that is essential for health. In pathological situations such as cancer, this balance is 

disturbed in favor of ADO with consequences that impact the disease progression and 

outcome.
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3. The ADO pathway in cancer

The ADO pathway is one of the major inhibitory pathways operating in the tumor 

microenvironment (TME). Three factors are responsible for ADO prominence in the TME. 

First, the presence of cancer in tissues is accompanied by accumulation of exogenous (e) 

ATP in the extracellular space. Second, arrival in the TME of inflammatory cells creates 

conditions akin to local inflammation and upregulates expression of ATP dephosphorylating 

enzymes, presumably to prevent tissue destruction by the unfolding inflammatory cascade. 

Third, hypoxia is the major ADO-inducing factor in the TME [11]. As the production of 

ADO increases in the TME, ADO, acting as an anti-inflammatory mediator, downregulates 

functions of infiltrating immune cells thus preventing tissue destruction. In the presence of 

tumor, however, this normally beneficial response for the host becomes converted into 

chronic suppression of antitumor immune responses benefiting the growing tumor [12]. The 

tumor reprograms the TME so that inflammatory cells acquire capabilities to produce a new 

portfolio of cytokines which promote tumor growth and inhibit antitumor activity of immune 

cells newly recruited to the TME. As the tumor is a rich source of both ATP and ADO, 

reprogramming of the TME is largely driven by the tumor. When maintained for a prolonged 

period of time this situation becomes chronic, favors tumor growth, and inhibits the local 

immune response. Immune cells fail to exercise antitumor activities in the profoundly 

immunosuppressive milieu. The failure to balance and regulate the ATP-ADO interface in 

the presence of progressing tumor enables ADO to maintain its anti-inflammatory activity. 

Ectonucleotidases, CD39 and CD73, are the key enzymes regulating this ATP-ADO balance 

in the TME.

4. Cellular mechanisms responsible for ado-mediated polarization in the 

TME

In the TME, virtually all tissue and infiltrating immune cells express ADOR and can be 

variably modulated by ADO. Many of these cells also express CD39 and CD73 that are 

responsible for ADO production, with CD73 playing the gatekeeping role as the rate 

controlling enzyme [13]. Tumors are often avid ADO producers [11]. The ability of the 

tumor cells to secrete ADO is critical for the tumor vascularization and stroma 

reprogramming [14]. Expression of CD73 in murine and human tumors has been well 

documented [15]. Coexpression of CD39 and CD73 in tumor cells has also been reported 

[16]. Utilization of ADO by tumor cells has been variously reported to result in promotion or 

suppression of its growth and seems to depend on the type and numbers of ADORs it 

expresses. Figure 3 illustrates the stimulatory or inhibitory effects of ADO on different types 

of cells present in the TME. Notably, these cells can be either activated or inhibited by ADO, 

depending on the ADORs they utilize. Immune cells are divided into two categories of 

responders to ADO: (a) in effector immune cells (B cells, Teff, NK cells, DC, monocytes 

and PMNs) ADO suppresses functions and (b) in regulatory immune cells (Treg, Breg, M2, 

and MDSC), ADO stimulates activation, proliferation and suppressor functions [17,18].

The mechanisms responsible for ADO-mediated suppression of effector T cells (Figure 4) 

have been evaluated through the use of small-molecule pharmacologic agents which 
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selectively either activate or antagonize enzymes or receptors of the adenosinergic pathway, 

allowing for in vivo or in vitro measurements of the functional alterations mediated by these 

agents [18,19]. ADO signaling via the A2AR in effector T cells upregulates AC-7 (isoform # 

7) activity and increases the levels of 3′5′-cAMP [19]. High levels of cAMP result in 

suppression of T effector cells at various stages of their maturation, differentiation, 

activation, migration or effector functions [17,20]. Specifically, the A2AR activation was 

reported to inhibit Th1 and Th2 cell development and effector functions [21]. Interestingly, 

conditional deletion of the A2AR in some mice strains was reported to result in depletion of 

CD8 + T cells by activation-induced cell death (AICD) and increased tumor growth [22]. In 

NK cells, ADO signals via A2AR suppressing their cytotoxicity and cytokine production. In 

monocytes, ADO signaling via the A2BR skews macrophage differentiation from M1 to M2, 

alters the cytokine profile and inhibits phagocytosis [23–26]. The available data suggest the 

A2AR on T cells functions in a way that resembles signaling via the checkpoint inhibitory 

receptors such as CTLA-4 or PD-1 operating in activated T cells.

5. ADO and immune cell regulation

Regulatory T cells (Treg) are a small subset of CD4 + T lymphocytes (~5%) in the 

peripheral circulation, which specialize in suppressing responses of other immune cells. 

Commonly identified in humans as CD3+CD4+FOXP3+CD25high cells, Treg are a 

heterogeneous T cell subset, comprising at least two different subsets of thymus-derived 

natural nTreg and of induced iTreg [27]. In contrast to conventional CD4 + T cells, Treg 

expand in the presence of ADO signaling via the A2AR and upregulate their 

immunosuppressive functions [28]. In 2009, two groups of investigators reported that murine 

and human Treg express CD39 and CD73 [29,30]. This suggested that Treg not only utilized 

ADO to promote their suppressive functions but also produced ADO and used it for 

mediating suppression by increasing intracellular cAMP levels in responder cells. We have 

confirmed this hypothesis by demonstrating that suppressive activity of Treg was in part 

mediated by the secretion of ADO [18,31,32]. This was also confirmed by Stagg and 

colleagues, who reported that CD73 expression on the surface of Treg is required for Treg-

mediated suppression of antitumor immune responses [33]. Thus, in Treg, A2AR-mediated 

signaling translates into a gain of suppressive functions by upregulation of cAMP levels. The 

molecular underpinning of this result remains unclear, and it contrasts with the data reported 

above for T effector cells, where A2AR signaling results in a loss of effector functions.

Not only ADO production but also its degradation to inosine plays an important role in 

immune suppression mediated by Treg. Adenosine deaminase (ADA, CD26) is responsible 

for deamination of ADO to inosine. We showed that Treg are negative for CD26, while 

conventional T cells (Tconv) are CD26+ [34]. The absence of ADA in Treg suggests that 

pericellular ADO levels driving autocrine ADO signaling are high in these cells, potentially 

contributing to upregulation of suppressive activity mediated by Treg. On the other hand, in 

CD26 + Tconv converting ADO to inosine immune dysfunction rather than upregulation of 

effector functions is seen. Newer evidence suggests that inosine, a product of ADO 

deamination, binds to A2AR on T cells and functions as a potent agonist of this receptor [9]. 

Similar to ADO, inosine-mediated A2AR activation leads to cAMP production and 

functional immunosuppression. However, unlike ADO which has short half-life, inosine is a 
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stable metabolite and its prolonged occupation of A2AR results in strong and sustained 

signaling and cAMP accumulation [9,10]. In addition, downstream inosine signaling is 

ERK1/2 biased, while ADO produces cAMP-based signaling [9]. Thus, inosine emerges as a 

functional A2AR agonist that mediates anti-inflammatory effects long after ADO is 

catabolized [35–37]. In CD26 + T conv, which can catabolize eADO in the pericellular 

space, persistent autocrine inosine signaling is likely to contribute to and drive immune 

suppression.

In the TME, ADO may operate in synergy with other immunosuppressive pathways, for 

example, the PGE2 pathway, which is known to be active in many solid tumors [38]. The 

suppressive PGE2 pathway has been linked to tumor progression and poor outcome [39]. 

PGE2, a product of COX-2 activity, binds to four G-protein-coupled receptors (EpR1-EpR4) 

on responder cells. Like ADOR, these receptors following ligation signal via AC-7 and 

3′5′-cAMP, leading to suppression of immune cell functions [40]. Our data showed that 

iTreg generated in cultures (referred to as Tr1 cells) under conditions simulating the TME 

not only co-expressed CD39 and CD73 producing an excess of ADO but were also COX2+ 

and PGE2 + [34]. This finding called attention to the possibility that the ADO and PGE2 

pathways may be collaborating in inducing suppression in the TME and that Treg utilize 

both pathways to mediate suppression [34,40]. Further studies, involving pharmacologic 

antagonists of A2AR and Ep2R, showed that these receptors on responder lymphocytes 

mediate signaling via cAMP and that the collaboration between ADO and PGE2 results in 

highly effective suppression of Tconv by Treg [17,34,40].

B lymphocytes are also present in immune infiltrates in solid tumors, often as distinct lymph 

node-like structures [41]. Since B cells are known to express CD39 and CD73 and to 

produce ample ADO [42], we hypothesized that autocrine signaling via ADOR might 

downregulate functions of these cells. We showed that human CD19 + B cells expressed 

mRNA for A1R, A2AR and A3R but not for A2BR and that autocrine ADO signaling 

suppressed B cell activation, proliferation and cytokine production [43]. Pharmacologic 

inhibition of ADOR in these experiments showed that ADO mediated autocrine suppression 

of B cell functions via A3R. This was a counterintuitive finding, as A3R signaling was 

previously reported to reduce cAMP levels and to upregulate lymphocyte functions [43]. It is 

possible, however, that autocrine signaling by ADO engages ADOR other than A2AR, for 

example, A3R in highly activated B cells which produce very high levels of ADO.

Among B cells a small subset of regulatory B cells (Breg) was shown to control CD4 + T 

cell responses by producing IL-10 or TGF-β or by promoting Treg expansion [43,44]. We 

observed that in vitro activated B cells, selectively upregulated expression of CD39 and 

downregulated CD73 expression levels. Further, activated B cells with the highest CD39 

expression co-incubated with autologous T cells mediated the strongest suppression of T cell 

functions. This suppression was associated with excess production of 5′-AMP by activated 

B cells. Given that T cells express A1R and, as recently reported, 5′-AMP is an agonist of 

A1R with affinity equal to or greater than that of ADO [45], we surmised that activated B 

cells suppressed T cell functions by using 5′-AMP signaling via A1R on responder T cells. 

Our more recent data show that B cells with the highest CD39 expression function as Breg 

by producing immunosuppressive factors such as ADO, 5′-AMP and IL-10 and 
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downregulating functions of T cells [44]. In aggregate, these data identified B cell-derived 

5′-AMP as yet another catabolic product of the ADO pathway with immunosuppressive 

activity that is mediated by activated Breg. The frequency and regulatory functions of Breg 

are increased in the TME.

6. The CD73-ADO axis

The CD73 (ecto-5′-nucleotidase) is a rate-controlling enzyme in the ADO pathway, and in 

that capacity it regulates ADO production presumably in response to environmental stimuli. 

Enzymatic activity of CD73 results in conversion of 5′-AMP to ADO and by regulating 

ADO production, CD73 determines the extent of immune dysfunction in the TME [17,46]. 

CD73 is a dimer of two identical 70 KDa subunits anchored to the cell membrane via a C-

terminal serine residue linked to glycosyl phosphatidylinositol (GPI) [13]. CD73 is also 

found in the soluble form in plasma as a result of the proteolytic cleavage of GPI. CD73 

plasma levels are increased in cancer [47,48]. CD73 is found to be variably expressed in 

various types of solid tumors as well as in normal cells such as endothelial cells and immune 

cells present in the TME [48]. High levels of CD73 expression in the TME appear to 

correlate with poor outcome, and studies are in progress to establish its value as an 

independent prognostic biomarker in cancer [48–50]. To date, the levels of CD73 expression 

in tumor tissues were reported to be associated with poor prognosis in prostate cancer [49], 

triple-negative breast cancer (TNBC) [50] and high-grade serous ovarian cancer [51]; with 

worse disease-free survival in glioblastoma [48]; and with prognostically significant 

impairments of antitumor immunity in high-grade serous ovarian cancer [51]. In the TME, 

the CD73-ADO pathway is driven by tissue hypoxia, and activation of HIF-1α promotes 

expression of CD73 and upregulates its enzymatic activity [52]. The presence of 

inflammatory cytokines found in the TME, including type I interferons, TNF-α, IL-1β, 

TGF-β, PGE2 can also induce CD73 expression [48]. In studies with human tumor cell lines, 

elevated CD73 expression promoted proliferation, survival, migration, and invasion of tumor 

cells [48]. Expression of CD73 on immune cells is highly variable in contrast to CD39, 

which shows stable and consistent expression on regulatory T and B lymphocytes [53–55]. It 

is likely that the high rate of CD73 turnover accounts for CD73 paucity on the cell surface of 

activated lymphocytes [54]. Nevertheless, CD73 activity was shown to be responsible, at 

least in part, for promoting suppressive functions of Treg, Breg, and MDSC, as discussed 

above [17]. Numerous in vitro and in vivo experiments with pharmacologic or biologic 

inhibitors of CD73 activity have demonstrated significant recovery of antitumor functions in 

tumor-bearing mice and have correlated this recovery with the tumor rejection. Overall, the 

available in vitro and in vivo data provide a strong rationale for the development of 

therapeutic strategies to block activity of the CD73-ADO axis in subjects with cancer.

7. The ADO pathway and exosomes

The recent emergence of exosomes as vehicles of intercellular communication has focused 

attention on their involvement in the ADO pathway. Exosomes are membrane-bound 

vesicles ranging in size from 30 to 150 nm (i.e. are virus size) that are produced by all cells 

[56]. Stressed cells, including tumor cells and activated cells, including immune cells 

produce large quantities of exosomes [57]. As exosomes isolated from supernatants of cell 
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lines or from human plasma carry enzymatically active CD39 and CD73 proteins [58] and 

can hydrolyze eATP to adenosine in a test tube, they are expected to modulate the ADO 

pathway. Indeed, we have reported that tumor-derived exosomes co-incubated with Treg or 

Breg obtained from human peripheral blood upregulated expansion and suppressor 

functions, including ADO as well as inosine production, by these regulatory lymphocytes 

[54,59]. Further, as exosomes are ubiquitous in body fluids and tissues, we have suggested 

that they could deliver membrane tethered CD73 to the surface of immune and non-immune 

cells in which this ectonucleotidase is only transiently expressed or absent, perhaps 

depending on the state of cellular activation. A good example of this type of cellular 

cooperation is provided by circulating CD4+CD39+ Treg, which are rich in CD73+ 

cytoplasmic granules but express little or no CD73 on the surface. This is because once 

delivered to the surface, CD73 readily aggregates forming characteristic caps and is shed 

from the surface or internalized. Nevertheless, these CD4+CD39+ Treg transiently devoid of 

CD73 produce ADO [54]. We have suggested that exosomes carrying enzymatically active 

CD73 deliver it to the cells and, serving as a source of membrane-bound CD73, ensure 

continuous ADO production. Tumor-derived exosomes, shown to carry a cargo enriched in 

CD39 and CD73 enzymes, may be especially programmed to perform this role in the TME.

8. Targeting the ADO pathway in cancer therapy

Recent in vivo and in vitro preclinical studies indicate that the ADO pathway components 

can be targeted with antibodies, pharmacologic inhibitors, or siRNAs to reduce or silence 

their pro-tumor activities [60–62]. The available strategies for blocking the ADO pathway 

can be divided into three categories: (a) blocking of ADO synthesis by tumor, tissue, or 

immune cells; (b) blocking or preventing ADO signaling via ADOR on the surface of 

responder cells; and (c) inhibiting ADO effects inside the target cell [17]. While these 

therapeutic strategies are being actively evaluated in preclinical models, they are also being 

translated to the clinic. So far, clinical trials are in progress for only few of these strategies, 

largely for treatment of diseases other than cancer, notably cardiovascular, inflammatory and 

autoimmune conditions [see the website ClinicalTrials.gov]. Nevertheless, there is 

increasing interest in blocking the ADO pathway in cancer, and several phase I clinical trials 

in cancer are in progress. For example, results of a trial using the MEDI9447 MoAb which 

targets ADO synthesis by blocking CD73 were recently reported [63]. The trial designed to 

block ADO signaling using an antagonist of the A2AR, CPI-444 sponsored by Corvus 

Pharmaceuticals is ongoing, based on preclinical studies demonstrating antitumor benefits of 

the strategy [64,65]. Novartis/Palobiofarma is testing its A2AR antagonists PFB509 in phase 

I trial, and several other pharmaceutical companies have disclosed plans for developing anti-

CD73 mAbs.

CD73 utilizes multiple mechanisms for mediating antitumor activities, including: the 

upregulation of inhibitory functions of Treg, Breg, and/or MDSC as well as the promotion of 

tumor growth, angiogenesis, and metastatic spread. Molecular inhibition of CD73 with 

pharmacologic inhibitors or Abs in vivo in murine cancer models was shown to inhibit 

tumor formation, growth, and metastasis [66]. MEDI9447 anti-CD73 MoAb is a high-

affinity therapeutic Ab that blocks conversion of CD73 from inactive to catalytically active 

enzyme [63]. It reverses ADO-mediated CD4 + T cell suppression, upregulates antigen 
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presentation by DC, enhances lymphocyte activation, promotes release of proinflammatory 

cytokines (IFN-γ, IL-1β, TNF-α) and thus alters the composition of lymphoid and myeloid 

cells infiltrating the TME. In vivo, it inhibits growth of syngeneic tumors in mice. More 

recently, it has been found to exert synergistic in vivo effects upon combined delivery with 

anti-PD-1 Abs to tumor-bearing mice [63]. These recently described attributes of MEDI9447 

and, especially its potential for altering the TME, confirm its role as an attractive candidate 

for cancer monotherapy or combinatorial immunotherapies with checkpoints inhibitors, 

vaccines, or immune adoptive cell transfers. In addition to anti-CD73 Abs, a variety of 

pharmacological inhibitors of CD73 as well as siRNA have been used in mice to inhibit 

tumor growth [66] and may be considered as promising candidates for future therapeutic 

applications. CD39 is also being evaluated as a therapeutic target in cancer [55,67]. 

Experiments with KO cells or pharmacological and antibody-based blocking of CD39 

activities support antitumor effects of CD39 inhibition [55,67]. Importantly, therapies 

involving inhibition of CD39 target not only tumor cells, but also immune suppressor cells 

such as Treg or Breg via selective inhibition of suppressor functions these cells mediate 

without inducing their death or depletion [55].

Blocking of the ADOR signaling has also been a therapeutic target. However, since 

autocrine and paracrine signals may be processed by different ADOR expressed on the same 

cells, and these receptors could either promote or inhibit antitumor activity, only A2AR and 

A2BR are currently targeted for therapy. Signaling via these receptors on immune cells 

inhibits effector functions of these cells and has pro-tumor effects. Antagonism of A2AR and 

A2BR signaling represents potentially promising targeted therapy, and several preclinical 

studies have already confirmed antitumor effects of pharmacologic or antibody antagonists 

of these receptors [60,64,68]. The promising preclinical data have encouraged the design 

and implementation several clinical trials for cancer patients, including the trial with 

CPI-444 antagonist of the A2AR mentioned above. CPI-444 is currently evaluated alone or 

in combination with anti-PDL-1 Ab in a multicenter phase I clinical trial designed for 

several different types of advanced cancer.

Blocking ADO effects inside the target cell could be implemented by regulating the levels of 

AC or phosphodiesterases. With respect to AC, the key enzyme responsible for 3′5′-cAMP 

synthesis, blocking of ADO signaling via the A2AR is expected to restore antitumor 

functions of immune cells and thus is considered to be an attractive therapeutic strategy in 

cancer [69]. The development of selective AC inhibitors, specifically inhibitors of AC-7 

activity, the enzyme isoform present in immune cells, could offer a promising approach to 

restoration of immune antitumor activity in effector cells. In another potentially promising 

approach, the blockade of AC-7 could be combined with activation of the PDE isoform 4 

shown to operate in immune cells [40]. This enzyme mediates intracellular hydrolysis of 

3′5′-cAMP to 5′-AMP [70]. Enzymatic downregulation of 3′5′-cAMP activity through the 

simultaneous engagement of its synthetase (AC-7) and activation of its hydrolysis via PDE4 

in immune responder cells represents a novel albeit challenging therapeutic strategy for 

protecting immune effector cells from ADO-mediated suppression of antitumor functions. 

The restoration of immune cell effector functions and their protection from suppressive 

ADO effects are the objectives of this form of immunotherapy. When combined with other 

immunotherapies, for example, antibodies targeting immune checkpoint inhibitors, ADO 
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antagonism, which can be addressed at several different levels, as illustrated in Figure 4, 

might become an important therapeutic option to consider in the near future.

9. Expert commentary

The ADO pathway has emerged as one of the major immunoinhibitory and tumor growth 

promoting mechanisms operating in the TME of many human solid tumors. The engagement 

of this pathway in inflammatory events and tumor progression might be more evident in 

some solid tumors than others. Nevertheless, all cells present in the TME, including the 

tumor and immune cells, are subject to the ATP-ADO-mediated regulation. Tumor cells, 

immune cells, tissue cells and their products and exosomes present in the TME express 

CD39 and CD73 ectonucleotidases and contribute to converting ATP to ADO and inosine. 

The latter has been recently recognized as an important contributor to ADO-mediated 

immune suppression, although inosine binds to A2AR with lower affinity than ADO, its 

receptor occupancy is longer.

Given that ADO and inosine suppress antitumor functions of immune effector cells on one 

hand and promote tumor growth on the other hand, there exists a strong rationale for 

blocking their anti-immune as well as pro-tumor activities. Efficacy of this strategy has been 

amply demonstrated in numerous studies performed in tumor-bearing mice. Translation of 

these strategies to the clinic based on promising preclinical studies is being actively pursued, 

and the first phase I clinical trials testing safety of various antagonists of the ADO pathway 

in cancer patients are in progress. Based on promising results of preclinical in vivo studies in 

animal tumor models [71,72], it is expected that co-blockade of immune checkpoints and 

A2AR will be effective in arresting tumor metastases in the future combinatorial therapies.

10. Five-year view

As immune therapy for cancer gathers momentum and our insights into the TME become 

more informed, questions concerning the frequency and length of therapeutic responses vs. 

therapeutic failures will increasingly frequently arise. It has already become clear that a 

considerable number of cancer patients do not respond to checkpoint inhibition for reasons 

that are not yet understood. At the same time, increasing awareness of the existence in the 

TME of numerous immunoinhibitory pathways, including the ubiquitous adenosine pathway 

currently emerging as another immune checkpoint in cancer, indicates a need for 

combinatorial therapies. By combining therapies selectively directed at blocking those 

immunoinhibitory signals that are most prominent in the TME of individual cancer patients, 

it may be possible to restore an immune equilibrium disturbed by cancer. This type of 

personalized approach to cancer biotherapy, made possible by rapid progress in defining 

genetic and immune signatures of tumors, is likely to grow. Immune and noncancer immune 

biomarkers will be identified to facilitate selection of therapies and to predict response to 

therapy and outcome. In the years to come, pharmacologic or immunologic blockade of the 

adenosine pathway (and other molecular pathways as needed) is likely to become a 

component of cancer biotherapies used alone or in combination with conventional therapies. 

In the next five years, using personalized therapies and novel biomarkers, it will be possible 
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to effectively restore antitumor immune competence in patients with cancer and improve 

outcome.
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Key points

• The adenosine pathway is a major immunosuppressive component of many 

human tumors

• Adenosine and inosine emerge as critical immune checkpoints in cancer

• Cooperation of the adenosine and PGE2 pathways in the tumor 

microenvironment contributes to suppression of anti-tumor immune effector 

cells

• Targeting of the adenosine pathway with pharmacologic inhibitors or Abs 

emerges as a promising therapeutic strategy in cancer

• Blocking activities of ectonucleotidases or of adenosine receptor signaling in 

preclinical in vivo studies has been successful in inhibiting tumor growth and 

metastasis

• The adenosine pathway blockade alone or in combination with other immune 

therapies, including checkpoint inhibitors, is currently being implemented in 

initial phase I clinical trials for patients with advanced malignancies
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Figure 1. 
Extracellular and intracellular adenosine pathways. CD73, a 5′-ectonucleotidase, is a rate 

controlling enzyme of the extracellular ADO pathway. CD73, as soluble or exosomal 5′–

nucleotidase, also produces intracellular ADO from AMP. ADO signals via four P1 

purinergic receptors expressed on a wide variety of cell types. The figure is modified and 

reproduced with permission from ref. 17.
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Figure 2. 
The opposite effects of ATP (pro-inflammatory) and ADO (anti-inflammatory) on immune 

cells in tissues. The ATP-ADO balance is maintained in health to prevent tissue damage by 

activated immune cells. In the tumor microenvironment, ADO present in excess inhibits 

anti-tumor immune responses.
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Figure 3. 
Differential effects of ADO on immune cells present in the tumor microenvironment. ADO 

shapes both the innate and adaptive arms of anti-tumor immunity. The figure is reproduced 

with permission from ref. 17.
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Figure 4. 
ADO produced in the tumor microenvironment mediates immune suppression via A2AR 

expressed on immune effector (Th) cells. The tumor expresses tumor-associated antigens 

(TAA) and produces other inhibitory factors such as prostaglandin E2 (PGE2). Signaling via 

ADOR or EPRs (PGE2 receptors) expressed on immune cells, ADO and PGE2 collaborate in 

up-regulating levels of cAMP in a T effector cell, leading to suppression of its functions.
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