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Lung cancer poses a global threat to human health, while common cancer treatments (chemotherapy and targeted therapies) have limited efficacy. Immunotherapy offers hope of sustained remission for many patients with lung cancer, but a significant proportion of patients fail to respond to treatment owing to immune resistance. There is extensive evidence to suggest the immunosuppressive microenvironment as the cause of this treatment failure. Numerous studies have suggested that the adenosine (ADO) pathway plays an important role in the formation of an immunosuppressive microenvironment and may be a key factor in the development of immune resistance in EGFR-mutant cell lung cancer. Inhibition of this pathway may therefore be a potential target to achieve effective reversal of ADO pathway-mediated immune resistance. Recently, an increasing number of clinical trials have begun to address the broad prospects of using the ADO pathway as an immunotherapeutic strategy. However, few researchers have summarized the theoretical basis and clinical rationale of the ADO pathway and immune checkpoint dual blockade in a systematic and detailed manner, particularly in lung cancer. As such, a timely review of the potential value of the ADO pathway in combination with immunotherapy strategies for lung cancer is warranted. This comprehensive review first describes the role of ADO in the formation of a lung tumor-induced immunosuppressive microenvironment, discusses the key mechanisms of ADO inhibitors in reversing lung immunosuppression, and highlights recent evidence from preclinical and clinical studies of ADO inhibitors combined with immune checkpoint blockers to improve the lung cancer immunosuppressive microenvironment.
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1 Background

Lung cancer is a malignant tumor that seriously threatens human life and health worldwide, with a high incidence and mortality rate, making it one of the most common malignant tumors in recent years (1). Chemotherapy and targeted therapies have limited efficacy in lung cancer; even after effective chemotherapy, the 5-year survival rate of patients with advanced stages is only approximately 10% (2, 3). Moreover, the emergence of resistance to targeted therapy inevitably occurs within a short period (4). In recent years, immunotherapy has led to breakthroughs in the field of lung cancer (5). The combination of platinum-based chemotherapy and immunotherapy has resulted in an improved 5-year overall survival rate in patients with advanced non-small cell lung cancer (NSCLC), reaching 19.3% for non-squamous NSCLC (2) and 18.4% for squamous NSCLC (3). However, bottlenecks have inevitably been encountered. Due to the development of immune resistance, a significant proportion of patients show almost no benefit from immunotherapy (6). Further, there is some data to suggest that the objective efficacy rate for patients treated with PD-1/PD-L1 inhibitors as a monotherapy is only approximately 12.5%, with poor efficacy in the remaining 87.5% of the population (7). As such, expanding the beneficiary population of immunotherapy and enhancing its therapeutic effect have become important topics of research in the field of immunotherapy.

Studies have shown that the presence of a tumor-induced immunosuppressive microenvironment is a critical bottleneck limiting the development of immunotherapy (8, 9); this environment is related to the number and status of tumor-infiltrating lymphocytes (TILs) in the tumor microenvironment (TME) (10). As such, the effective reversal of the immunosuppressive microenvironment and enhanced efficacy of immunotherapy remain pressing issues (11). The adenosine (ADO) pathway is known to be critical for the formation of an immunosuppressive microenvironment. As such, inhibiting the activity of this pathway may be a potential mechanism to effectively reverse ADO pathway-mediated immune resistance (12). In addition, ADO inhibitors in combination with immune checkpoint blockers may be effective as a potential new oncological treatment option to expand the beneficial population for immunotherapy. Several recent studies have addressed the broad prospects of the ADO pathway as an immunotherapeutic strategy (13). However, few researchers have systematically summarized the theoretical basis and clinical rationale for ADO pathway and immune checkpoint dual blockade in lung cancer.




2 Overview of the rationale for the ADO pathway in reversing immune resistance



2.1 ADO metabolism

Tumor cells, as well as other cells in the TME, actively secrete ATP in response to cell death, hypoxia, nutrient depletion, and chronic inflammation. Hypoxia and transforming growth factor-β promote solid tumors and immunosuppressive cells in the TME to express high levels of exonucleosidases (14). ATP is involved in numerous metabolic processes through various intracellular and extracellular pathways, ultimately leading to its conversion into ADO (Figure 1). In brief, the exonucleosidase CD39 hydrolyzes ATP to generate ADP and AMP, which are further converted to ADO by the exonucleosidase CD73 (13). The adenosine diphosphate ribose/cyclic adenosine diphosphate ribose generated by nicotinamide-adenine dinucleotide (catalyzed by exonuclease CD38) undergoes further metabolism by extracellular nucleotide pyrophosphatase/phosphodiesterase-1 to AMP, which serves as a substrate for ADO generated by exonuclease CD73. Consequently, CD38 plays a pivotal role in establishing an immunosuppressive tumor microenvironment in solid tumors. Notably, enzymes such as adenosine deaminase and adenosine kinase regulate the final metabolic conversion of ADO and the activation level of ADO receptors; however, their role in tumor development is unclear, making this a therapeutic target worth exploring in the ADO pathway (13).




Figure 1 | Intracellular (both cytoplasmic and nuclear) and extracellular adenosine metabolic pathways. Extracellular ATP undergoes conversion to ADO via the classical catabolic pathway, catalyzed by CD39 and CD73 enzymes. Additionally, nicotinamide-adenine dinucleotide is degraded by CD38 to generate adenosine diphosphate ribose, which can be further metabolized into AMP through the action of Extracellular nucleotide pyrophosphatase/phosphodiesterase-1, ultimately leading to ADO formation. Within the nucleus, AMP can also be converted into ADO by soluble CD73. Furthermore, both in nuclear and cytoplasmic, adenosine kinase can facilitate the synthesis of AMP from ADO, thereby participating in ATP metabolism (The figure is made by Figdraw).






2.2 Potential impact of ADO pathway inhibitors on the immune response in lung cancer

Currently, the mechanisms of immunotherapy resistance include a lack of neoantigens or abnormal antigen presentation, low tumor load, low PD-L1 expression, T-cell infiltration disorder or T-cell exhaustion, presence of immunosuppressive cells or factors, and abnormal signaling pathways (15). This study therefore focused on elucidating the underlying mechanisms of resistance to immune checkpoint inhibitors associated with the ADO signaling pathway (Figure 2) as well as exploring the potential of ADO pathway inhibitors in overcoming immune resistance in lung cancer.




Figure 2 | ADO and the formation of an immunosuppressive microenvironment. 1. ADO metabolism: Under specific conditions, ATP in the TME is converted into ADO by CD39 and CD73. 2. ADO-induced immunosuppression: ADO binds to A2AR or A2BR on the surface of various immune cells, endothelial cells, and fibroblasts, thereby eliciting diverse biological effects. These effects encompass inhibition of antigen presentation, impediment of immune effector cell activation, infiltration and function as well as NK cell activity, promotion of immunosuppressive cell proliferation and functional expression, induction of aberrant angiogenesis, ultimately culminating in the establishment of an inhibitory immune microenvironment.





2.2.1 Improvement of the immunosuppressive microenvironment

The ADO produced in the TME binds to A2 receptors (A2R) on monocytes (16), dendritic cells (DCs) (17), myeloid-derived suppressor cells (MDSCs) (18), regulatory T cells (Tregs) (19, 20), and macrophages (21, 22), thereby modulating their differentiation and function (16, 18–20, 23–26), ultimately leading to the induction of an immunosuppressive microenvironment conducive to lung cancer development (27, 28). Various inhibitors targeting the ADO pathway can improve the immunosuppressive microenvironment by inhibiting the process by which ADO acts, or by directly inhibiting ADO production (14). In the RAS mutant NSCLC mouse model, the novel CD73 antibody Ab001/Ab002 and the humanized antibody Hu001/Hu002 were found to effectively regulate the TME, reduce the infiltration level of M2 tumor-associated macrophages and MDSCs, induce the accumulation of mature DCs, promote effector T cells (Teff) proliferation and interferon γ (IFN-γ) secretion, enhance T-cell-mediated cytotoxicity, and ultimately inhibit tumor growth in mice (29). The proportion of Tregs in a co-culture system of lung adenocarcinoma cells and peripheral blood mononuclear cells was reduced following CD73 knockdown (30). The addition of AMP to the T cell in vitro culture system inhibited T cell proliferation and division, and this inhibition was alleviated by the addition of the anti-CD73 antibody oleclumab (30).




2.2.2 Improvement of antigen presentation

The ADO receptor signaling pathway inhibits the activation of antigen-presenting cells (APCs) to hinder antigen presentation, thereby limiting the opportunity for T cell activation by antigens (16, 25, 31–33). ADO further impedes the migration of DCs (16), thereby preventing the encounter between antigen-carrying DCs and naïve T cells, and consequently regulating the immune response (34). Previous studies have demonstrated that myeloid ADO receptor A2 (A2AR) or ADO receptor B2 (A2BR) deficient mice exhibit elevated expression levels of costimulatory molecules CD86 and major histocompatibility complex II (MHC II, markers of the activation and maturation of antigen-presenting cells) on APCs, as well as increased CD8+ T cell activation and proliferation, higher levels of IFN-γ secretion on APCs, and slower tumor growth (25, 35). Additionally, A2R antagonists can reverse the impaired CD86 and MHC II expression in APCs (25, 32).




2.2.3 Promotion of T-cell infiltration and function

ADO induces T cell infiltration disorder mainly by impairing the antigen presentation process (as described in the previous subsection) (10, 36) and inhibiting the secretion of various adhesion molecules such as e-selectin, p-selectin, and intercellular adhesion molecules (ICAMs) of endothelial cells to block T-cell migration (37) (38). Additionally, ADO can also promote abnormal angiogenesis by inducing vascular endothelial growth factor secretion, resulting in abnormal tumor vascular structure and function that hinder immune cell infiltration (14) (39). Furthermore, ADO in the TME binds to TILs (40, 41) and APCs (35), blocking effector T-cell activation, proliferation, and secretion of various cytokines such as IFNγ, tumor necrosis factor (TNF), and perforin (13, 38). ADO inhibitors direct normal T cell activation by improving antigen presentation and promoting the formation of a normal circulatory system, allowing activated T cells to enter the tumor bed with the assistance of the normal circulatory system (41). There is also evidence to indicate that Tregs in the TME inhibit the transendothelial migratory capacity of Teff by inducing high expression of CD39, promoting ADO production, and reducing monocyte-induced expression of the adhesion molecule ICAM-1 on endothelial cells (42). CD39 or ADO inhibitors effectively restore the migratory capacity of Teffs (42). ADO has also been shown to inhibit the chemotactic properties of CD3+ and CD8+ T cells by decreasing KCa3.1 channels. A2AR blockers or KCa3.1 channel activators can block this phenomenon and promote the migration and infiltration of T cells (43).




2.2.4 Promotion of the secretion of IFN-γ

ADO has further been shown to block IFN-γ-induced STAT1 phosphorylation, inhibit the inflammatory response induced by macrophage activation (44), and eliminate the increased production of IL-12, IFN-γ, and TNF-α mediated by IL-18 (45). Treatment of activated CD4+ T cells with ADO resulted in a significant decrease in A2AR-mediated IFN-γ release (46). In contrast, the production of IFN-γ, TNF-α, and granzyme B was found to be increased in CD73-deficient cells, indicating an augmented cytotoxic potential (47). CD4+ T lymphocytes co-incubated with CD73 monoclonal antibody have increased IFN-γ production (48). Mutations in key genes in the IFN-γ signaling pathway result in loss of PD-L1-responsive expression, making such patients less likely to respond to PD-1 blockade therapy (49). It has been shown that anti-CD73 monoclonal antibodies can enhance the antitumor effects of PD-1 antibodies by promoting CD8+ T-cell infiltration and IFN-γ secretion (50). Caffeine is an A2AR inhibitor (50), and prior research has shown that the combination of caffeine and anti-PD-1 monoclonal antibodies can significantly increase the levels of TNF-α and IFN-γ in tumors, thus exerting stronger antitumor activity (51).






3 Preclinical and clinical evidence for reversal of immune resistance in lung cancer by the ADO pathway

Cases of NSCLC with epidermal growth factor receptor (EGFR) mutations are known to respond poorly to immune checkpoint inhibitor therapy (52). Although it has been shown that PD-L1, tumor mutation burden (TMB), and CD8+ TILs are all significantly higher in patients with resistance to EGFR-tyrosine kinase inhibitor (TKI) therapy (53, 54), this elevation does not seem to translate into a benefit in immune checkpoint blockade (ICB) treatment (55–58). The poor outcomes of these patients appear to be linked to Treg cell-mediated immunosuppression (59, 60). Le et al. (12) previously analyzed NSCLC samples from multiple databases at multiple levels, including immune-related resistance patterns and genomic and gene mapping, to explore the mechanisms underlying immune resistance in EGFR-mutated (mEGFR) NSCLC. These results suggest that the immunologically inert phenotype (low PD-L1 expression, low TMB, and low CD8+ T cells) of mEGFR NSCLC may be attributed to the upregulation of the NT5E (encoding the exonucleosidase CD73) and ADO A1 receptor genes in the ADO pathway. More notably, NT5E was shown to be highly expressed in tumor samples relative to normal lung epithelial cells (59), as well as in TKI-resistant tumor samples compared to untreated tumor samples (12). Griesing et al. (61) and Han et al. (62) previously confirmed the higher expression of CD73 in mEGFR NSCLC using a similar approach. Further, Jin et al. found that CD73 is commonly upregulated in NSCLC. Interestingly, several studies have found that CD73 expression in NSCLC positively correlates with PD-L1 expression (63). In addition, CD73 expression was found to be reduced in EGFR TKI-sensitive cell lines after EGFR TKI treatment (61, 62, 64). However, in EGFR TKI-resistant cell lines, CD73 expression increased and was no longer affected by EGFR TKI treatment (61). This phenomenon has also been observed in clinical specimens (53). In addition, in vitro experiments by Le et al. revealed that CD73 is highly expressed on the surface of lung adenocarcinoma cell lines carrying EGFR mutations (12). In a co-culture system of lung adenocarcinoma cells and peripheral blood mononuclear cells, the combination of anti-CD73 and anti-PD-1 antibodies was found to enhance the IFN-γ-mediated antitumor effects of T cells (30). In addition, the antitumor activity of an anti-CD73 antibody combined with an anti-PD-1 antibody has been validated in transgenic mice carrying mEGFR (12). Specifically, another study showed that the combination of the anti-CD73 antibody olecumab and the anti-PD-L1 antibody durvalumab significantly reduced tumor volume in an NSG mouse model carrying mEGFR NSCLC cells and showed that neither olecumab nor durvalumab alone significantly induced antitumor effects. In addition, the combination of oleclumab and durvalumab was found to significantly increase the proportion and number of infiltrating CD8+ T cells in tumors, while also increasing the levels of IFN-γ and TNF-α (64). A2R has also been proposed as a target of interest. Using a homozygous lung cancer mouse model, Chen et al. demonstrated that A2BR-deficient mice exhibited slower tumor growth and a higher frequency of total tumor-infiltrating CD8+ T cells and tumor antigen-specific CD8+ T cells than wild-type mice. In addition, a higher proportion of IFN-γ-secreting CD8+ T cells was identified in the tumors of A2BR-deficient mice (35).




4 Introduction of ADO-related drugs approved for oncology-related clinical trials

There are currently two main classes of ADO-related drugs specifically developed for the treatment of tumors (65) (Table 1). The first attenuates the effect of ADO on the immune microenvironment by decreasing its concentration in the TME. The mechanisms of action include the inhibition of ADO synthesis and promotion of ADO metabolism. These are predominantly enzyme inhibitors of the ADO production pathway, including CD39, CD73, and CD38. The second category ameliorates immunosuppression by inhibiting ADO function in the TME. These primarily include ADO receptor inhibitors, such as somatic A2AR and A2BR inhibitors. The ADO-related drugs that have entered the clinical study phase are shown in Table 1, in which * indicates drugs that have been studied for lung cancer. As shown in Table 1, CD39 inhibitors have not been studied independent of lung cancer. In particular, oleculumabs have recently made breakthroughs in the field of lung cancer.


Table 1 | ADO-related drugs approved for oncology-related clinical trials.






5 Safety and efficacy of ADO-related drugs in lung cancer clinical trials

The Hudson study (NCT03334617) was the first to explore the efficacy of the CD73 monoclonal antibody oleclumab in combination with durvalumab in patients with metastatic NSCLC following failure of PD-1/PD-L1 maintenance therapy (66). The results of this study showed a median progression-free survival (mPFS) of 2.63 months and an overall survival (OS) of 12.08 months in patients with acquired resistance to immunotherapy. Although this data are relatively less favorable compared to those of albumin paclitaxel and docetaxel second-line chemotherapy (mPFS: 4.2 and 3.4 months and mOS: 16.2 and 13.6 months, respectively) (67), this study nevertheless indicates a new direction for patients who are intolerant to second-line chemotherapy. Interim data from the COAST study (68), published in April 2022 are also encouraging. For the first time, this study showed that consolidation therapy with a PD-L1 inhibitor (durvalumab) in combination with a CD73 inhibitor (oleclumab) further improved the clinical outcomes in patients with unresectable stage III NSCLC after radiotherapy. Compared to patients maintained on durvalumab alone, the durvalumab combined with oleclumab group showed a significantly increased objective remission rate (ORR) (17.9% vs. 30.0%), disease control rate (DCR) (16-week DCR rate of 58.2% vs. 81.7%, respectively), and prolonged mPFS (6.3 months vs. not achieved). However, OS data have not yet been published. The incidence of emergency adverse events (EAEs) was similar between the combination and single-agent arms. In the combination group, grade 3 EAEs included coughing (1.7%) and dyspnea (1.7%) (68). The COAST study demonstrated, for the first time, that the clinical efficacy of immunotherapy could be improved by immunomodulation. The increased ORR and prolonged mPFS in the combination arm further provide data to support the further development of the world’s first CD73-related phase III clinical study, PACIFIC-9 (NCT05221840). The phase 2 NeoCOAST study further explored the efficacy and safety of durvalumab in combination with olecumab in the neoadjuvant treatment of NSCLC (69). These findings are highly promising (70, 71). The combination therapy group had significantly higher major pathological remission rates (MPR) (11% vs. 19%) and pathological complete remission rates (PCR) (3.7% vs. 9.5%) than the durvalumab monotherapy group. Regarding safety, the incidence of grade 3 or higher treatment-related adverse events (TRAEs) was 0% and 4.8%, respectively. No AE-related deaths occurred in any of the patients. Based on the results of this study, NeoCOAST-2 (NCT05061550) was applied to assess the safety and efficacy of neoadjuvant durvalumab treatment in combination with chemotherapy, olecumab, and adjuvant therapy in patients with resectable early stage NSCLC. Recruitment is currently underway in Japan. Uliledumab is another CD73 inhibitor with efficacy in NSCLC. A previous trial (NCT04322006) was conducted to evaluate the safety, tolerability, and efficacy of uliledlimumab alone or in combination with the PD-1 inhibitor toripalimab in advanced solid tumors. Of the 19 patients with advanced NSCLC who were not candidates for standard therapy, five achieved partial remission and nine had stable disease, with an ORR of 26% and a DCR of 73.7% (72, 73).

CD38 inhibitors are primarily used for the treatment of myeloma and have shown promising results. CD38 inhibitors do not appear to have a definitive efficacy in lung cancer. Two prior trials (NCT03023423 and NCT03367819) have thus far evaluated the efficacy of the CD38 inhibitors isatuximab and daratumumab, respectively, in combination with PD-1/PD-L1 inhibitors in NSCLC but did not achieve satisfactory results. The NCT03023423 trial investigated the safety and efficacy of atezolizumab alone or in combination with daratumumab in patients with advanced or metastatic NSCLC who did not received immunotherapy (74). These studies found no significant improvement in ORR, clinical benefit rate (CBR), mPFS, or mOS in the combination group compared with the single-agent group (ORR 13% vs 4.3%, respectively; CBR 43.5% vs 52.2%, respectively; mPFS 1.5 months vs 1.7 months, respectively; and mOS not achieved vs 7.1 months, respectively) (74). In terms of safety, 38.6% and 56.8% of patients in both groups experienced grade 3 or higher adverse events. In terms of biomarkers, CD38 expression was generally low in both groups, with mean h-scores of only 26.1 and 28.3, respectively (74). The high level of CD38 expression by immune cells in patients with myeloma may be a possible reason for the difference in the efficacy of CD38 inhibitors in NSCLC. NCT03367819 was discontinued after the interim analysis because of a limited treatment response. The results showed that, in terms of efficacy, no patients with NSCLC treated with a combination of isatuximab and cemiplegia achieved complete remission (CR) or partial remission (PR), 65% maintained stable disease (SD), and the mPFS was 4.01 months (75). Interestingly, combination therapy resulted in a decrease in CD38+ immune cells in the TME and an increase in peripherally activated and cytolytic T cells; however, no significant antitumor activity was observed (75). Overall, 70% of the patients developed TRAEs, 20% of which were grade 3 or higher, indicating that the safety of combination therapy is manageable (75).

The Morpheus study compared objective remission rates and safety of second-line therapy with atezolizumab plus CPI-444 and docetaxel in NSCLC patients who showed disease progression during or after treatment with platinum-based regimens and PD-L1/PD-1 checkpoint inhibitors (76). The ORR was 6.7% and 21.4%, respectively, and the mPFS was 2.3 months and 3.2 months, respectively. mOS has not been reported previously (76). In terms of safety, patients receiving atezolizumab and CPI-444 did not experience grade 5 adverse events or adverse events leading to drug (76). This study demonstrated that atezolizumab plus CPI-444 has a controlled safety profile and preliminary antitumor activity.

PBF-509 is another A2AR inhibitor assessed in clinical studies of NSCLC. One phase I/II study investigated the safety, tolerability, and feasibility of the oral immunosuppressant PBF-509 alone or in combination with the PD-1 inhibitor PDR001 for the treatment of NSCLC (77, 78). The DCRs were 42.9% and 66.7% in the single-agent and combination groups, respectively, with ORRs of 9.5% and 8.3%, mOS of 9.7 and 5.4 months, and mPFS of 3.9 and 2.8 months, respectively (78). The incidences of grade 3 or higher TRAEs in the single-agent and combination groups were 16% and 36%, respectively. The most common TRAE in both groups was nausea (44.0% vs. 28%) (78). This study suggests that PBF-509 has preliminary antitumor activity in NSCLC; however, the efficacy of PBF-509 in combination with PD-1 inhibitors needs to be further confirmed.

From the data published in the above studies (as shown in Table 2), it is clear that the combination of ADO inhibitors and PD-1/PD-L1 inhibitors has significant potential to improve the prognosis of NSCLC, with obleclumab, a CD73 monoclonal antibody, being the most promising. These studies provided strong evidence that ADO inhibitors can improve or reverse PD-L1 resistance in these patients.


Table 2 | Clinical study of ADO-related drugs for lung cancer.






6 Potential biomarkers of the clinical benefit of ICBs in combination with ADO-related drugs for lung cancer

Biomarkers that can predict the clinical efficacy of ICBs in combination with ADO inhibitors are still being explored. Many studies have shown that high CD73 expression in tumor tissues is an indicator of poor prognosis in NSCLC (79–84). The expression levels of CD39 and CD38 were also similar significance (85–88). CD73 expression has been found to be positively correlated with histopathological grade, tumor invasion, and lymph node metastasis (63, 89). Of particular interest is the correlation between CD73 and PD-1/PD-L1 expression (63, 90, 91). The expression of both PD-L1 and CD73 is elevated in drug-resistant NSCLC following treatment with EGFR-TKIs (53). Previous studies have shown that CD73 expression can predict the efficacy of immune checkpoint inhibitors (92). High CD73 expression in NSCLC cells appears to be associated with a better response to ICB treatment (84, 93). In addition, it has also been shown that the ratio of MDSCs to CD39+CD8+ T cells could serve as a potential biomarker to predict the blocking effect of immune checkpoint inhibitors in patients with NSCLC (67, 85). The results of one prior trial (NCT04322006) indicated that co-expression of CD73 and PD-L1 may be a potential biomarker for predicting the efficacy of CD73 inhibitors in combination with ICBs (72). In a study that included 19 patients with advanced NSCLC, the clinical response to uliledolimumab and toripalimab treatment was significantly correlated with CD73 expression in the tumor. Four of 5 PR patients had high CD73 expression (tumor cell or immune cell expression level ≥35%), and 4 of 9 SD patients had high CD73 expression (72). Similar findings have been reported in Neocoast study. In the durvalumab and olecularab-combination group, higher baseline CD73 expression was associated with fewer tumor cells surviving surgery and pathological remission. Upregulation of genes related to B cell activation and antigen presentation was also detected in the combination group of patients with MPR. Combination treatment with durvalumab and oleculum also increased the density of immune effector NKG2A+ cells in the tumor immune microenvironment (70). A phase I study, NCT02503774, also found that the frequencies of CD8+ T cells, PD-L1, and granzyme B were upregulated in five of the six patients treated with the combination of durvalumab and olecumab, in whom biomarkers were detected by biopsy (94). However, the evidence provided by these studies was limited. In the future, randomized controlled studies with larger sample sizes should be performed to explore the benefits of combination therapy. Accurate detection of TME components (e.g., with immune cell fraction assay, immunoreactive molecule assay, tumor cell and immune cell surface molecule expression assay, and TMB), complemented by combination proteomics, genomics, single-cell sequencing, next-generation sequencing, and other technologies, will help to further clarify their potential biomarkers and thus guide the application of combination strategies to more appropriate populations and achieve optimal clinical benefits.




7 Conclusion and perspectives

Recently, the specific mechanisms of ADO in the formation of an immunosuppressive microenvironment in lung cancer have been revealed. Current evidence suggests that ADO can cause immune resistance in lung cancer by inducing the formation of an immunosuppressive microenvironment, thereby affecting the antigen presentation process, promoting T-cell rejection and T-cell failure, and interfering with IFN-γ signaling pathway. In contrast, ADO inhibitors play critical roles in the above mentioned segments reversing immune resistance. In the field of lung cancer, ADO inhibitors in combination with ICBs have achieved staged progress, and several phase III clinical trials are currently underway. The importance of ADO inhibitors in inhibiting tumor progression and improving the immunosuppressive microenvironment is becoming clear, especially for the CD73 monoclonal antibody olecumab. However, related research is still nascent and there are still many controversies regarding ADO inhibitors. First, the mechanisms underlying the ADO pathway in lung tumorigenesis and development have not yet been fully elucidated. Secondly, the exact efficacy and adverse effects of ADO inhibitors in NSCLC have not yet been demonstrated in phase III clinical studies. Third, the available clinical data were not sufficient to accurately identify the beneficiary population and the scope of use of ADO inhibitors. Finally, more multicenter, randomized, controlled studies are needed to explore the usage strategies of ADO inhibitors, such as which ADO inhibitors are most effective and how they are combined with ICBs. Future studies should address these questions and explore a broader and brighter future for the development and use of ADO inhibitors to provide valuable opportunities for systemic treatment of NSCLC.
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