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Abstract

Cancer immunotherapy has revolutionized the way that we think about treating cancer. Although 

checkpoint blockade therapy, including anti-PD-1/PD-L1 and anti-CTLA-4, has shown remarkable 

success, the responses are limited to only a subset of patients. This discrepancy highlights the 

many overlapping avenues for immune evasion or suppression that can be employed by a tumor. 

One such mechanism of immunosuppression is adenosinergic signaling within the tumor 

microenvironment. We provide an overview of the current status of clinical trials targeting the 

adenosine pathway, including CD73, CD39, and adenosine receptors. Additionally, we highlight 

several avenues that may be explored to further potentiate responses in the clinic by combining 

adenosine-targeting agents to target multiple arms of the pathway or by using conventional 

immunotherapy agents.
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INTRODUCTION

Immunotherapy has revolutionized the way that we think about treating cancer. Although 

immune checkpoint blockade (ICB) therapy, including anti-PD-1/PD-L1 and anti-CTLA-4, 

has shown remarkable success, the responses are limited to a subset of patients. This 

discrepancy highlights the many overlapping avenues for immune evasion or suppression 

that can be employed by a tumor. In order to bring the success of immunotherapy to a wider 

patient cohort, it will be critical to clinically understand the roles of the diverse array of 

immunosuppressive mechanisms. One such mechanism is the adenosinergic pathway, 

whereby extracellular ATP is converted into immunosuppressive adenosine.

At steady state, levels of extracellular ATP are exceedingly low; however, upon cell death or 

cellular stress, ATP is released extracellularly. The levels of extracellular ATP can rapidly 
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and dramatically increase, and this is often seen in the tumor microenvironment (TME) due 

to hypoxia, inflammation, and necrotic cell death (1, 2). While ATP itself can be 

immunostimulatory, it can undergo a stepwise process where it is ultimately converted into 

the nucleoside adenosine (Figure 1). Canonically, ATP is first degraded into AMP via the 

ecto-nucleotidase CD39. AMP is then dephosphorylated and converted into adenosine by 

CD73. Adenosine can subsequently bind to purinergic receptors, including A1, A2a, A2b, 

and A3 (3). The A2a receptor (A2aR) and A2b receptor (A2bR) are primarily responsible 

for downstream immunosuppressive signaling following accumulation of intracellular cAMP 

(4).

CD73, which is thought to be largely responsible for adenosine accumulation, is highly 

expressed on a variety of tumor cells and stromal cells contributing to immune evasion, as 

well as directly regulating immune cell function through expression on immunosuppressive 

populations such as regulatory T cells (Tregs) and myeloid-derived suppressor cells 

(MDSCs) (Figure 2). In contrast, CD39 is widely expressed and is the predominant 

nucleotide-metabolizing enzyme expressed on immune cells in the TME due to the hypoxic 

environment, including Tregs, macrophages, dendritic cells (DCs), and neutrophils, as well 

as epithelial and endothelial cells (5–7). The expression of CD73 within the tumor is often 

associated with a poor clinical prognosis and has therefore gained significant attention as a 

potential metabolic checkpoint for immunotherapy (8, 9).

Although the CD39/CD73 axis is one of the most highly studied pathways and is thought to 

account for the bulk of adenosine production, alternative pathways are also present. CD38 

and CD203a are able to sequentially convert NAD+ into AMP, which can again be converted 

into adenosine via CD73 (10). Further, adenosine can be generated through two additional 

pathways: (a) alkaline phosphatase (ALP), which can directly convert AMP, ATP, or ADP 

into adenosine, and (b) prostatic acid peptidase (PAP), which converts AMP into adenosine 

(11, 12). The multifaceted nature of adenosinergic signaling provides multiple potential 

targets that have been shown to alleviate the immunosuppressive TME in a variety of 

preclinical models (Figure 2). However, one consequence of this complex pathway that 

needs further investigation is the potential for compensatory mechanisms to mitigate blocked 

or altered signaling within another arm of the pathway. While this indicates that as a 

monotherapy adenosine blockade may not be sufficient, it provides rationale for targeting 

multiple arms of the adenosine pathway. In this article, we provide a brief overview of the 

current status of ongoing clinical trials involving adenosine blockade as cancer 

immunotherapy, as well as a rationale for targeting multiple arms of the adenosine pathway, 

highlighting several concepts that have yet to be fully incorporated into clinical trials.

CLINICAL TRIAL STATUS

There has been rapid development of clinical trials targeting multiple components of the 

adenosine pathway in recent years (Figure 3a). That said, most trials are still in early 

development, with the majority being phase I or combined phase I/phase II trials (Figure 3b, 

Table 1). Due to the early nature of these trials, efficacy data are limited; however, 

preliminary data presented at conferences indicate that adenosine targeting may be a viable 

treatment in a variety of cancer types (13–19).
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Anti-CD73

The most commonly targeted molecule in clinical trials is CD73, with four distinct 

monoclonal antibodies currently being tested. The first antibody to be tested in clinical trials 

was oleclumab (MEDI9447), developed by MedImmune/AstraZeneca, which initiated its 

first clinical trial in 2015 (NCT02503774). This antibody is a human IgG1λ that 

noncompetitively binds to and inactivates the ectonuclease activity of CD73 on the surface 

of cells and can be internalized (20, 21). As this antibody is cross reactive with murine 

CD73, it has been shown in a preclinical mouse model of cancer to reduce tumor burden; 

however, clinical results have not yet been published (21). Preliminary results, however, 

indicate that it reduced CD73 expression in tumor cells and increased CD8 T cell 

infiltration; partial responses occurred in three patients receiving combined oleclumab with 

durvalumab (anti-PD-L1) (22). Oleclumab is now included in 18 additional clinical trials 

and is currently the most widely tested adenosine blockade therapy. BMS-986179 is a hybrid 

IgG1-IgG2 antibody that binds to surface CD73, inhibiting its activity, and also induces 

internalization to downregulate tumor CD73 expression. An ongoing clinical trial, initiated 

in 2016, is evaluating BMS-986179 with or without anti-PD-1 (nivolumab) in patients with 

advanced solid tumors (NCT02754141). Preliminary results indicate a safety profile similar 

to that of nivolumab monotherapy and antitumor activity in a subset of patients with a 

variety of solid tumors including head and neck, pancreatic, prostate, anal, and renal cancers 

(23). Corvus Pharmaceuticals initiated clinical trials in 2018 evaluating the anti-CD73 

antibody CPI-006 (NCT03454454), which is a humanized IgG1 FcγR-binding-deficient 

antibody that competes with the active binding site of AMP. Preliminary data indicate that 

this antibody is overall well tolerated and shows signs of rapid lymphocyte distribution 

following injection and prolonged receptor occupancy (24). Finally, Surface Oncology in 

collaboration with Novartis began investigation in 2018 into NZV930, a fully human 

monoclonal antibody targeting CD73 (NCT03549000). To date, there is limited information 

on the mechanism of NZV930 or clinical progress. In addition to the more traditional 

monoclonal antibodies targeting CD73, small-molecule CD73 inhibitors are also being 

developed. Both AB680 and LY3475070, developed by Arcus Biosciences and Eli Lilly, 

respectively, are currently being tested in clinical trials (NCT04104672, NCT04148973, 

NCT04381832). In summary, there is a growing portfolio of anti-CD73 antibodies that are 

being tested as monotherapy or in combination with other immunotherapies and standard of 

care. While data are still limited, this class of drugs appears to be overall well tolerated and 

shows moderate efficacy in a subset of patients. Results are encouraging but indicate 

possible avenues for improved responses.

A2aR Antagonist

The second most widely tested modality for adenosine blockade is A2aR antagonists. These 

small-molecule drugs were initially developed for neurological disorders, with some having 

been tested in phase III clinical trials for Parkinson’s disease, allowing them to be more 

readily integrated into clinical trials for cancer therapy. There are currently five different 

agents in this class being tested in clinical trials (Table 1). Again, results are limited, but 

preclinical evaluations have found that pharmacologic or genetic inhibition of A2aR can 

reduce tumor growth and metastasis with a corresponding increase in survival (25–29). This 

is thought to occur through immune activation, as tumors showed increased infiltration of 
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activated CD8 T cells and natural killer (NK) cells (27–29). Recently, Fong and colleagues 

published clinical results of the Corvus Pharmaceuticals A2aR antagonist ciforadenant 

(CPI-444) (30, 31). In total, 68 patients with refractory renal cell cancer were treated with 

ciforadenant as a monotherapy or in combination with anti-PD-L1 (atezolizumab). The trial 

was able to establish safety and feasibility and showed signs of efficacy in certain patients. 

Importantly, 72% of the patients in this trial had previously failed anti-PD1 or anti-PDL1 

therapy as a monotherapy. As assessed by RECIST criteria, a partial response occurred in 1 

of 35 patients receiving monotherapy and 4 of 35 patients in the combination group. While 

these numbers are relatively small, 39% of patients showed disease control for at least 6 

months, and it is important to remember that this cohort of patients had already failed 

several other therapies, indicating that adenosine targeting has the ability to overcome ICB 

resistance. Similar to preclinical results, responses were associated with CD8 T cell 

infiltration and T cell receptor repertoire diversification. Although clinical results have not 

been published, other trials examining A2aR antagonists have preliminarily presented 

similar data (13, 16–19). As with the anti-CD73 trials, results indicate that A2aR blockade 

can induce immunological responses; however, whether biomarker-driven patient selection 

or combinatorial approaches will be necessary to increase response rates remains to be seen.

Dual A2aR/A2bR Inhibitors and Anti-CD39

While the vast majority of clinical trials are evaluating anti-CD73 and A2aR antagonists, 

there has recently been an expansion in alternative agents entering clinical trials. A novel 

compound developed by Arcus Biosciences that is a dual-specific inhibitory molecule of 

both A2aR and A2bR (AB928) has already been incorporated into several clinical studies. 

The first trials were initiated in 2018 and there are currently no published data on efficacy, 

making it hard to assess the potency of the drug. However, the rationale behind dual A2aR/

A2bR blockade is logical, and it will be highly interesting to see how this class of 

compounds will perform in the clinic. Phase I trials in healthy volunteers and patients with 

solid tumors did not establish any safety concerns and showed significant adenosine receptor 

inhibition (15, 32). One of the newest additions to the adenosine portfolio is an antibody 

targeting CD39. TTX-030 is a human monoclonal antibody developed by Tizona 

Therapeutics. A clinical trial has recently started, posted in March 2019 (NCT03884556), in 

which anti-CD39 is delivered alone or in combination with pembrolizumab or 

chemotherapy. Similarly, Innate Pharma has a CD39 blocking antibody, IPH5201, which has 

entered clinical study alone, combined with durvalumab (anti-PD-L1), and, in an effort to 

more fully silence adenosine production, combined with durvalumab and oleclumab (anti-

CD73) (NCT04261075). Data from this trial have not yet been reported, but preclinical data 

suggested substantial synergy with PD-L1 blockade.

Anti-CD38

CD38 is responsible for the conversion of NAD+ into AMP, which can feed into the ultimate 

production of adenosine. Although several clinical trials are evaluating anti-CD38 antibodies 

such as daratumumab and isatuximab, they are predominantly focused on CD38+ multiple 

myeloma and used to mediate killing of tumor cells. This antibody functions via Fc-

dependent ADCC (antibody-dependent cellular cytotoxicity) to eliminate CD38+ tumor cells 

and is therefore largely outside of the scope of this review, but it has been reviewed 
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elsewhere (33). However, evidence suggests that this antibody can also eliminate CD38+ 

immunosuppressive cells such as Tregs and MDSCs (34). Although not designed as such, 

these trials may also give insight into the function of CD38 and the ability to target this 

component of the adenosine pathway. The availability of a clinically tested anti-CD38 

antibody also offers potential combinatorial approaches with other adenosinergic targeting 

agents.

COMBINATORIAL APPROACHES

Anti-CD73: A Need to Supplement?

As described above, anti-CD73 antibodies are to date the most commonly tested modality 

for adenosine blockade in clinical trials. However, blocking CD73 as a monotherapy may 

not be sufficient to achieve full adenosine blockade. Although CD73 is an important 

mechanism for adenosine production, it is not the sole pathway. Even simultaneous blockade 

of CD39 and CD73 is not able to improve antitumor responses in some settings, indicating 

possible other sources of adenosine (35, 36). Alternatively, ALP is able to convert AMP, 

ATP, and ADP into adenosine (Figure 1). Similar to CD73, ALP is expressed on cancer 

cells, and it has been shown that both cellular and serum ALP levels correlate with disease 

stage (37–39). These findings indicate that CD73 is not the sole contributor to adenosine 

production.

This may become particularly relevant within the context of CD73 blockade. PAP is another 

molecule that can produce adenosine. PAP is predominantly found in the prostate, although 

it can be elevated in other cancerous tissues (40). Within the context of prostate cancer, PAP 

may play a more dominant role, and it has been shown that serum levels of PAP increase 

during cancer progression (11, 40–42). There is rather limited information on the relative 

contribution of alternative pathways, particularly within the context of CD73 blockade. 

Several questions remain to be answered, including the half-life of AMP in the context of 

anti-CD73, and whether ALP or other alternative pathways play a compensatory role in 

continuing to convert ATP/AMP into adenosine to compensate for loss of CD73 function. 

The proliferation of anti-CD73 trials enables assessment of these questions in a clinical 

setting, allowing for more informed trial design in the future. The answers to these questions 

may indicate the need to block both CD73 and ALP or PAP to achieve a complete shutdown 

of extracellular adenosine production.

An alternative, and to date more clinically relevant, way to combat incomplete adenosine 

blockade is by simultaneously blocking adenosine production and receptor binding. This 

approach is currently being tested in several clinical trials combining anti-CD73 antibodies 

with A2aR antagonists. This approach has the added advantage of being able to 

accommodate intracellular adenosine, which could be released in the same manner as ATP 

under cellular stress or death. The nucleotides ATP and ADP are in continual metabolic flux 

within a cell to accommodate the cell’s energy needs. As such, there is an intracellular pool 

of adenosine; however, under steady-state conditions, concentrations remain relatively low, 

largely through the activity of adenosine kinase (AK), which converts adenosine back into 

AMP (Figure 1). However, under conditions of metabolic stress or high cellular activity, 

there can be elevated levels of intracellular adenosine (43). Intracellular adenosine can also 
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be produced by the metabolism of the amino acid L-homocysteine by the enzyme S-

adenosyl-homocysteine (SAH) hydrolase. Finally, CD73 can also be present and active 

intracellularly; however, not all anti-CD73 antibodies have the ability to be internalized. If 

CD73 is not efficiently blocked at all locations, there can be continual adenosine production. 

Targeting adenosine receptors alone may prove difficult without reducing adenosine levels, 

but a combined approach may be a potent way to suppress downstream immunosuppressive 

signaling, regardless of the source of adenosine production. Although clinical data on 

responses are limited, there is preclinical evidence demonstrating the benefit of this 

approach (44). Genetic deletion of both CD73 and A2aR effects greater tumor reduction 

than deletion of either one alone, indicating they possess distinct immunosuppressive 

activities. These findings could be replicated pharmacologically using an anti-CD73 

antibody combined with a small-molecule A2aR inhibitor (44). Interestingly, the same study 

also observed increased expression of CD73 in A2aR-deficient mice, again highlighting 

potential compensatory mechanisms when only one component is blocked, as may be the 

case in single-agent A2aR trials.

A2bR: An Overlooked Receptor?

Of the two primary adenosine receptors responsible for immunosuppressive activity, A2bR 

has received substantially less attention than the high-affinity A2aR. A2bR is a low-affinity 

receptor expressed primarily on myeloid cells including DCs, macrophages, and MDSCs, as 

well as cancer-associated fibroblasts (CAFs). In contrast, A2aR is predominantly expressed 

on T cells and NK cells. Much attention has focused on adenosine-mediated inhibition of T 

cells, and therefore clinical efforts have primarily focused on A2aR. The mechanisms behind 

A2aR signaling in T cell suppression have been reviewed extensively elsewhere (2, 45–47). 

Although A2bR is a low-affinity receptor, it has been shown to be significantly engaged in 

adenosine-rich environments like the TME. Therefore, this receptor may play a larger role 

than previously appreciated, with each receptor playing a nonredundant role in 

immunosuppression. Most clinical trials take a targeted approach to block A2aR exclusively. 

While this may successfully block adenosine signaling within T cells, the TME is often a 

complex milieu consisting of a variety of immunosuppressive cells, including populations of 

myeloid cells and even CAFs (Figure 2). Therefore, blocking both the A2aR and the A2bR 

could provide a more comprehensive target, for reasons described below.

Adenosine signaling within the myeloid compartment has also been shown in preclinical 

models to contribute to immune suppression. In order to generate robust and protective T 

cell responses, it is critical to have efficient and stimulatory antigen presentation by DCs. 

Binding of A2bR on DCs can convert them to a tolerogenic phenotype and lead to so-called 

alternative priming of T cells. In mice, A2b signaling can decrease DCs’ production of 

inflammatory cytokines, including tumor necrosis factor alpha (TNFα) and interleukin 

(IL)-12, critical for effective CD8 T cell generation (48, 49). These DCs become more 

tolerogenic, with a concomitant increase in immune-suppressive cytokines and molecules, 

including IL-10 and arginase, and limited up-regulation of costimulatory molecules (48, 49). 

Blockade or deletion of A2bR leads to indirect suppression of CD8 T cells (50). These 

findings have been repeated using in vitro models with human monocytes and DCs, 

indicating a translatability to human clinical trials (51, 52). A2bR signaling in macrophages 
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can also skew toward an anti-inflammatory M2 phenotype through a post-transcriptional 

mechanism relieving the translational repressive effect of the IL-10 3′UTR (53).

Another cell type that has recently gained increased attention is MDSCs. Although described 

previously, these cells were termed MDSCs only in 2007 and represent a heterogenous 

population of myeloid cells that exert immunosuppression through a variety of mechanisms, 

including PD-L1 expression, inducible nitric oxide synthase (iNOS) production, and 

elaboration of arginase (54, 55). While less is known about adenosine signaling within these 

populations, it has been shown that they may rely predominantly on A2bR signaling. 

Signaling through A2bR, but not the other adenosine receptors, led to an increase in 

MDSCs, predominantly with a granulocytic phenotype (56). It has also been shown that 

polymorphonuclear MDSCs express high levels of CD73 and become increasingly 

suppressive in vitro with elevated AMP levels (56). Adenosine signaling can also increase 

production of vascular endothelial growth factor (VEGF) by MDSCs while increasing 

angiogenesis and MDSC recruitment (57). Therefore, focusing only on A2aR signaling on T 

cells neglects a large component of the immune landscape that may have substantial impact 

on immunotherapy response rates.

Finally, nonhematopoietic cells also play a key role in dictating the immune landscape of a 

tumor. Non-hematopoietic cells provide scaffolding and can either aid or impede immune 

cell invasion into the tumor. Mesenchymal stromal cells and CAFs produce extracellular 

matrix and growth factors, cytokines, and chemokines that contribute to the TME. The 

critical role of these cells in maintaining an immunosuppressive environment has often been 

overlooked. CAFs also express CD73 and contribute to the generation of adenosine in the 

TME. A feedforward loop involving A2bR signaling on CAFs induces upregulation of 

CD73, further contributing to adenosine production (58). Importantly, the upregulation of 

CD73 was seen in the absence of A2aR signaling, signifying a clear function for A2bR 

signaling. Increased extracellular adenosine strongly activated the A2b pathway on CAFs 

and increased CD73 expression. It is important to note that adenosine levels can rapidly 

increase in response to either pathological or therapeutically induced tissue damage or cell 

death. Therefore, this feedforward mechanism involving CAFs not only may play a role in 

the context of adenosine blockade but should also be considered in combination with other 

immunotherapies, such as ICB.

Adenosine Blockade in Combination with Immune Checkpoint Blockade

Due to the success of ICB, almost all ongoing clinical trials blocking adenosine contain an 

arm in combination with standard ICB, chemotherapy, or radiation. Despite the remarkable 

ICB responses seen in a subset of patients, we know that using current strategies, in lung 

cancer for example, only approximately 30% of patients will respond to ICB as a 

monotherapy (59). It is also becoming more evident that even in patients whose cancers 

progress on immunotherapy, some have initiated a substantial antitumor T cell response 

(60). This indicates that there may be a subset of patients who are capable of mounting an 

antitumor response yet fail to overcome the immunosuppressive environment. Combining 

ICB with adenosine targeting may be able to bridge this gap and bring successful 

immunotherapy to a wider cohort of patients. To date, there is substantial preclinical 
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evidence that combining ICB with adenosine blockade can improve efficacy. The effects of 

anti-CD73 can be improved by combining it with either anti-PD-1 or anti-CTLA-4 (21, 61). 

This has also been found true for A2aR antagonists (26, 62, 63). As tumor cells die in 

response to immunotherapy, they are able to release extracellular AMP/adenosine and could 

promote a second wave of immunosuppression. To this end, anti-PD-1 efficacy has been 

shown to be limited by tumor CD73 expression and also to cause an increase in A2aR 

expression on tumor-infiltrating CD8 T cells (62). By targeting both pathways in clinical 

trials, we may be able to combat some of the inhibitory feedback induced by a successful 

immune response. Adenosine targeting may also prove useful for enhancing adoptive 

cellular therapy (ACT), although this has yet to be explored in the clinic. ACT utilizes either 

tumor-infiltrating T cells expanded ex vivo and reinfused into the patient or T cells 

engineered with either a chimeric antigen receptor or exogenous T cell receptor specific for 

the tumor. Without addressing the immunosuppressive TME, infused T cells may find their 

way to the tumor but lose the ability to become activated or kill target cells. Several lines of 

preclinical evidence indicate that concomitant delivery of ACT with anti-CD73 or A2aR 

antagonists can improve antitumor responses and survival (26, 64–66). This improvement is 

based on increased T cell infiltration into the tumor and superior T cell activation. 

Alternatively, transferred T cells can be engineered to be deficient in A2aR expression, 

rendering them resistant to the immunosuppressive signaling mediated by high adenosine 

concentrations in the TME (67, 68). Together these data indicate a promising future for 

combined adenosine targeting and ICB or ACT.

FUTURE PERSPECTIVES

The exciting expansion of adenosine blockade in the clinic leads us to several questions that 

we are now poised to answer. As alluded to already, a main concern moving forward will be 

the feedback mechanisms and compensatory responses that occur within the adenosinergic 

pathway in response to blockade of single nodes. Many of these questions can readily be 

answered in preclinical models; however, the availability of biospecimens from ongoing 

clinical trials offers a unique opportunity to answer these questions in a highly translatable 

manner. Recent papers have touched upon the idea of increased CD73 expression in 

response to A2bR signaling and also in A2aR knockout mice (44, 58), but this concept has 

not yet been fully explored. Based on a better understanding of these intertwined signaling 

pathways, future trials exploring simultaneous blockade of multiple points within the 

adenosine pathway may be warranted.

It also remains to be seen if current drugs represent the optimal formulation to induce potent 

responses. Many of the A2aR antagonists were initially developed for neurological 

disorders, which has facilitated their rapid deployment in the clinic. However, it is possible 

that these molecules may need to be reformulated for increased activity within the TME. For 

example, alternative delivery methods or routes of administration may be required to 

optimize bioavailability within the tumor itself. Since the site of action is within the tumor 

and may involve adenosine production by both tumor cells and stromal support cells, it is 

critical that the drug is able to enter and distribute within the TME and not be sequestered in 

the periphery. Perhaps nanoparticle delivery would be able to induce a more localized and 

sustained delivery, as has been shown previously for other small molecules such as Toll-like 
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receptor agonists (69–71). The combined A2aR and A2bR antagonist developed by Arcus 

Biosciences has significant promise; however, it remains to be seen if this is the optimal 

drug and formulation for bispecific targeting. Antibody engineering could also improve the 

activity of monoclonal anti-CD73 antibodies. Because many tumors also express high levels 

of CD73, these antibodies could be used to directly target tumor cells in addition to the 

adenosine pathway. Young et al. (44) demonstrated that optimal tumor rejection required the 

Fc portion of the antibody, indicating antibodies optimized for ADCC or other measures 

may perform better in the clinic (72). The importance of specific Fc receptors has been 

demonstrated in several other monoclonal antibodies, whether or not ADCC is a requirement 

for efficacy (73, 74). Altered antibody isotypes or glycosylation patterns should therefore be 

explored in order to optimize delivery in CD73-expressing tumors.

Finally, a critical issue for developing these therapies will be identifying patients who will 

respond to adenosine-targeting therapy. Ideally, extracellular adenosine could be measured 

to identify tumors highly enriched for adenosine signaling. However, extracellular adenosine 

has an exceedingly short half-life of approximately 10 s, and therefore detecting it does not 

represent a viable clinical procedure for identifying patients (75). An alternative approach, 

being pursued by both Arcus Biosciences and Corvus Pharmaceuticals, is to identify an 

adenosine gene signature, which will reflect increased levels of adenosine. Fong and 

colleagues (30) recently published preliminary findings on an adenosine gene signature that 

was developed using peripheral blood mononuclear cells stimulated in vitro with adenosine. 

Of note, when evaluated at the protein level, most of these changes appeared in the 

monocyte/myeloid compartment as opposed to CD8 T cells. The identified gene set 

(AdenoSig) was applied to tumor biopsy pretreatment and used to predict response rates 

with the A2aR antagonist ciforadenant. Patients with a high AdenoSig pretreatment showed 

significantly higher tumor regression and longer progression-free survival, indicating that 

this could function as a biomarker in renal cell cancer as tested. Arcus Biosciences is also 

aiming to develop a so-called adenosine fingerprint that combines mRNA transcript levels, 

CD73 levels, and AMP-ase enzymatic activity (76). These methods can now be tested 

retrospectively in a variety of clinical cohorts to determine if rates of response to adenosine 

blockade could be predicted prior to initiation of therapy.

CONCLUSIONS

To date, the dramatic preclinical data observed in mouse models have translated into only 

modest results in early clinical trials. Nonetheless, the ability of small-molecule inhibitors of 

A2aR and CD73 to demonstrate some efficacy in previously heavily treated patients 

suggests that the adenosinergic axis is involved in promoting tumor immune evasion. 

Critical issues remain concerning compensatory mechanisms and the potency of the current 

agents, which in the case of A2aR were originally developed for neurological disorders. 

Finally, combination therapy that seeks to block adenosine production, as well as receptor 

blockade, along with ICB, holds high theoretical promise. At this point, it remains to be seen 

if more efficient targeting of this pathway can lead to a therapeutic “home run” or whether 

the efficacy of the current agents represents a therapeutic plateau for adenosine inhibition.
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Figure 1. 
Adenosine production and signaling. Extracellular adenosine is generated in a stepwise 

process via multiple molecules. CD39 dephosphorylates ATP into AMP, which is then 

converted into adenosine via CD73. AMP can also be generated via sequential action of 

CD38 and CD203a. Alternative sources of extracellular adenosine production include 

alkaline phosphatase (ALP) and prostatic acid peptidase (PAP). Intracellular adenosine is 

regulated by the balance of the activity of adenosine kinase (AK) and cyto-5′NT/

intracellular CD73 or the direct metabolism of S-adenosylhomocysteine (SAH) by the 
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enzyme S-adenosyl-homocysteine hydrolase (SAHH). Adenosine is transported into and out 

of the cell by equilibrative nucleoside transporters (ENTs) and signals predominantly via 

A2aR and A2bR on cells within the tumor microenvironment. Other abbreviations: CAF, 

cancer-associated fibroblast; DC, dendritic cell; MDSC, myeloid-derived suppressor cell; 

NK, natural killer.
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Figure 2. 
Adenosinergic targets within the TME. The TME is composed of a variety of cancer-

associated and immune cells, each with differing expression of targetable molecules 

associated with the adenosine pathway; these include A2aR,A2bR,CD73, and CD39. While 

adenosine signaling induces a variety of immunosuppressive functions within these different 

cell types, targeting the various pathways may potently inhibit the immunosuppressive TME. 

Abbreviations: CAF, cancer-associated fibroblast; DC, dendritic cell; MDSC, myeloid-

derived suppressor cell; MØ, macrophage; NK, natural killer; TME, tumor 

microenvironment; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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Figure 3. 
Clinical trials targeting the adenosine pathway. The figure displays trials according to (a) 

start date and (b) current phase as of May 2020.
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