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Lung cancer is the most common malignant tumor in the world. Presently, there are still problems, including a high recurrence rate, resistance, and serious toxic side effects, even if conventional treatments like chemotherapy, radiotherapy, and targeted therapy have somewhat improved patient survival. Even though immune checkpoint inhibitors that target programmed cell death-1/programmed cell death ligand 1 have fundamentally altered the therapeutic paradigm, the core mechanism is strongly linked to tumor immune escape, and some patients continue to have poor response rates or treatment resistance. The mechanisms of immune escape in the immunological microenvironment of lung cancer, involving metabolic reprogramming, overexpression of immune checkpoint molecules, and abnormalities in antigen presentation, are systematically summarized in this review. The article also sums up new therapeutic targets and promising clinical trials. The goal is to provide a solid theoretical foundation for further research into the immune escape mechanism, the creation of new immunotherapeutic targets, and personalized therapeutic strategies.
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1 Introduction

Lung cancer has placed a significant strain on healthcare systems around the world due to its high incidence and fatality rates, ranking it at the top of the list of malignant tumors (1). Patients with early-stage lung cancer have the opportunity to choose surgery, while patients with advanced or metastatic lung cancer are often treated with systemic therapy or combined with local radiotherapy (2). Radiation therapy, chemotherapy, and targeted therapy currently dominate the standard treatment options for lung cancer. While these treatments have extended progression-free survival (PFS) for patients to some degree, numerous individuals continue to encounter issues of post-treatment recurrence or resistance, and the adverse side effects linked to the treatments seriously hamper patients’ quality of life (3). The advent of immune checkpoint inhibitors (ICIs), represented by programmed cell death-1/programmed cell death ligand 1 (PD-1/PD-L1), has dramatically changed lung cancer treatment (4). Nevertheless, the study indicated that only a limited number of patients had long-term responses to ICIs, while the majority were unable to overcome the issue of resistance (5). There is increasing evidence that immune escape is a critical factor contributing to immunotherapy resistance and disease progression in lung cancer patients (6–9). To improve the effectiveness of immunotherapy, reverse medication resistance, and enhance the survival of patients with lung cancer, it is crucial to comprehensively study the mechanisms of immune escape. As basic and clinical trials keep moving forward, so do studies on immunotherapeutic targets for lung cancer. These studies are growing and becoming more in-depth, looking at everything from traditional immune checkpoints to the discovery of new targets and from combination therapy strategies to the investigation of personalized treatment protocols, all of which give lung cancer patients more hope.




2 Overview of the immune microenvironment in lung cancer

According to studies, the tumor microenvironment has a significant role in the proliferation and occurrence of malignant tumors, mostly by accelerating tumor cell invasion and metastasis, stimulating the production of new blood vessels, and encouraging immune escape (10). The tumor immune microenvironment mainly refers to the microenvironment dominated by immune cells. T cells and B cells comprise most of the adaptive immune system, while tumor-associated macrophages, natural killer cells, regulatory T cells, and dendritic cells constitute innate immune cells (11, 12). During the progression of lung cancer, cells from the immune system, stromal cells, and the extracellular matrix interact to create a complex ecological setting known as the immune microenvironment (13). Based on recent research, tumor-derived exosomes and fibroblastic reticular cells also contribute to the emergence of lung cancer immune microenvironment (14, 15). The lung cancer immune microenvironment can usually be divided into two categories: immune-activated and immune-suppressed. Immunosuppressive cells and molecules like Tregs, M2-type tumor-associated macrophages (TAMs), and transforming growth factor-β (TGF-β) suppress anti-tumor immune responses. In contrast, immune-activating cells and pro-inflammatory cytokines, including CD8+ T cells and γ-interferon, promote anti-tumor immunity (16, 17).

In early-stage lung cancer, the key feature is immune infiltration, characterized by a high enrichment of CD8+ tissue-resident memory T cells (CD103+CD69+TRM), which predominantly aggregate at the tumor parenchyma–stroma interface. Localized advanced or locally advanced lung cancer may manifest as immune cell reprogramming, with immune suppression dominating, a reduction in CD8+ TRM, and TAM predominantly of the M2 type (18, 19). In advanced or metastatic lung cancer, characteristics may include immune exhaustion and heterogeneity, manifested by an increased proportion of exhausted T cells in peripheral blood and metastatic lesions (20).

The “3E” model, put forth by Dunn et al. in 2002, provides a detailed description of the three stages of interactions between cancers and the immune system: immunological escape, immune equilibrium, and immune elimination (21). The immune system plays a crucial role in preventing tumors from forming in the early stages of lung cancer. During this time, any remaining tumor cells are carefully monitored and do not contribute to tumor progression. However, as time goes on, some tumor cells manage to escape the immune system’s control mechanisms through either genetic mutations or epigenetic reprogramming. At this point in the progression of the disease, the cells undergo rapid growth and proliferation. This indicates that immune escape is the main cause of disease progression or resistance to immunotherapy in patients with advanced lung cancer. In 2024, Galassi et al. introduced a comprehensive “3C” paradigm that methodically elucidates the methods by which tumor cells achieve immune evasion, identifying three primary strategies: camouflage, coercion, and cytoprotection (22). These mechanisms not only involve alterations at the molecular level but are also closely related to the sophistication of the tumor microenvironment. All things considered, tumor cells in the tumor microenvironment utilize a variety of strategies to elude the immune system’s attack, which results in inadequate immunotherapy effectiveness and the issue of resistance (23).





3 The research progress on the mechanisms of immune escape in lung cancer



3.1 Internal escape mechanisms



3.1.1 Defect in antigen presentation

Human leukocyte antigen class I (HLA-I) molecules play a key role in tumor antigen presentation and immune surveillance. Tumor cells may be unable to effectively present antigens due to the loss or downregulation of HLA-I expression, which could prevent the immune system from identifying and attacking them (24). Research has indicated (25) that HLA-I heterozygous deletions are prevalent in advanced or metastatic lung cancer, particularly in tumors with moderate tumor mutational burden (TMB) levels. However, the incidence decreased when the TMB was over 30 mutations, which indicates that highly mutated tumors may need to evade immune surveillance through other mechanisms. According to Montesion et al., the loss of HLA-I heterozygosity reduced TMB’s predictive power as an indicator of ICI efficiency (25). This suggests that TMB and HLA-I heterozygosity deletion together could be a more precise method to predict the effectiveness of immunotherapy in patients with lung cancer.

Furthermore, the heterogeneous expression of tumor neoantigens is also an essential mechanism for immune escape in lung cancer (26). When tumor cells undergo mutations, they produce neoantigens, which are unique antigens that the immune system may identify and use to mount an attack against the tumor. However, neoantigens’ immunogenicity is determined by their co-expression and clonality, and heterogeneous expression may cause tumor cells to selectively express particular neoantigens, escaping immune surveillance. This also partly explains the poor response of some patients to immunotherapy. By accurately identifying and targeting highly immunogenic neoantigens, this finding offers a theoretical foundation for the creation of tailored neoantigen vaccines, which could boost immunotherapy effectiveness and decrease immune escape in the future (26, 27).




3.1.2 Overexpression of immune checkpoint molecules

The abnormal expression of immune checkpoint molecules is one of the core mechanisms of immune escape in lung cancer. For example, individuals with epidermal growth factor receptor (EGFR)-mutated non-small cell lung cancer (NSCLC) commonly possess an immunosuppressive microenvironment, resulting in poorer response rates to immunotherapy (28). In NSCLC patients harboring EGFR mutations, the expression level of the transmembrane protein CD47, an innate immunological checkpoint, was markedly elevated (29). By activating the downstream extracellularly regulated protein kinases and serine/threonine kinase pathways, which are both linked to the CD47 promoter area and hence strengthen CD47 expression, it was shown that EGFR mutations upregulate the transcription factors c-Myc and nuclear factor kappa-light-chain-enhancer of activated B cells. When highly expressed CD47 is combined with signal regulatory protein α on the surface of macrophages, it can inhibit the phagocytic ability of macrophages and help tumor cells evade immune surveillance (30).

Additionally, histone lactylation has been proven to mediate tumor immune escape and remodel the tumor microenvironment (31). Zhang et al. demonstrated that undesirable patient outcomes are linked to increased levels of pan-lysine lactylation and histone H3 lysine 18 lactylation (H3K18la) in NSCLC (32). H3K18la can directly bind to the CD274 promoter, enhancing the overexpression of PD-L1 and the immune escape ability of tumor cells. It can also directly boost the transcription of POM121 transmembrane nucleoporin, which improves the nuclear transport of MYC. The reversal of immune escape is achievable by metabolic reprogramming and anticancer immunotherapy, offering a novel perspective for investigating the immune escape mechanisms in lung cancer.

Acetate is a plentiful short-chain fatty acid in tumor cells and can participate in cellular metabolic processes as a metabolic substrate (33). Acetate-derived acetyl coenzyme A was found to increase c-Myc expression through the dihydrolipoamide S-acetyltransferase-mediated acetylation of lysine at position 148 of c-Myc, which is correlated with low overall survival in NSCLC patients (34). Acetylated c-Myc further stabilizes its expression by recruiting the deubiquitinase USP10. The higher stability and expression of c-Myc directly cause PD-L1 expression to be upregulated, which in turn reduces the activation of CD8+ T cells and so causes tumor cells to evade immune tracking. Furthermore, by altering the tumor microenvironment, acetate can produce an immunosuppressive milieu by decreasing immune-activated cells and increasing immune-suppressed cells.




3.1.3 Tumor metabolic reprogramming

Another important way that lung cancer cells evade the immune system is by metabolic reprogramming of tumors (35). Metabolic reprogramming and mitochondrial malfunction in tumor-infiltrating lymphocytes can hamper anti-tumor immune responses, and mitochondria are required for immune cell metabolic reprogramming (36). According to earlier studies (37, 38), a genetic mutation in mitochondrial DNA (mtDNA) contributes to the development and spread of several malignant tumors. Ikeda et al. found that mtDNA mutations can lead to abnormal mitochondrial function, contributing to the transfer of mitochondria from tumor cells to T cells, resulting in T-cell dysfunction (39). Mitochondria are the powerhouses of cells, and mtDNA mutations cause mitochondrial dysfunction, which in turn affects T-cell energy metabolism, preventing them from meeting their energy needs during immune responses. Mitochondrial translocation also leads to increased oxidative stress within T cells, which then triggers T-cell senescence and apoptosis. Apoptotic T cells directly lose their immune function. In addition, mitochondrial dysfunction also impairs T-cell activation and effector function. All of these issues collectively weaken the anti-tumor capacity of T cells, allowing tumor cells to evade T cell-mediated immune surveillance. Furthermore, mtDNA mutations induce an immunosuppressive milieu, encourage glycolysis, and impair oxidative phosphorylation. The mutation of mtDNA in lung cancer tissues is an adverse factor for patients with decreased response rates to immunotherapy. Overall, this study sheds light on a new way that tumor cells use mitochondrial metastasis to get around the immune system, which could be beneficial for creating immunotherapies for lung cancer.

R-loop is a special three-stranded nucleic acid structure, and its abnormality is also closely correlated with lung cancer immune escape (40, 41). Zhang et al. constructed the R-loop scoring model using single-cell ribonucleic acid (RNA) sequencing (42). Low R-loop score lung cancer cells were found to substantially express tumor progression-related genes and concurrently increase immunosuppressive factors, generating a strong immunosuppressive milieu supporting the proliferation and immune escape of lung cancer cells. Moreover, these cells exhibited a pattern of metabolic reprogramming associated with T-cell depletion, promoting drug resistance. The R-loop score model provides a promising marker for predicting response to immunotherapy in lung cancer patients.

In addition, a research team recently discovered that R-loops play an interesting paradoxical role in cancer (43). Excessive R-loop formation may lead to genomic instability, thereby promoting tumor initiation and progression, while R-loop-mediated innate immune responses via the cyclic GMP–AMP synthase-stimulator of the interferon gene pathway can trigger anti-tumor immunity. In the tumor microenvironment, R-loop-mediated genomic instability triggers an inflammatory signaling cascade that affects tumor cells and their surrounding tumor microenvironment. High R-loop scores are associated with enhanced chemokine and co-stimulatory molecule expression, which facilitates the recruitment and activation of immune cells, while tumor cells with low R-loop scores exhibit downregulation of tumor-associated antigen and MHC molecule expression and upregulation of immune inhibitory factor expression, promoting immune escape. Together, these findings provide a theoretical basis for R-loop-based therapeutic strategies and may improve the clinical outcomes of lung cancer patients.




3.1.4 Abnormal regulation of ribosomal P-stalk

The ribosome is a central machine for protein synthesis (44). A GTPase-associated subunit on ribosomes called P-stalk tends to preferentially translate mRNAs linked to immune surveillance and cytokine responses. Researchers at the Netherlands Cancer Institute have found that tumor cells suppress p-stalk expression and reduce antigen presentation to dodge detection (45). The reduction of P-stalk significantly decreased the expression of HLA-I molecules and hampered the ability of tumor cells to be recognized and killed by CD8+ T cells. Therefore, tumor cells may elude immune monitoring or contribute to immunotherapy resistance by downregulating P-stalk proteins or inhibiting P-stalk ribosomes.





3.2 Abnormal activation of the immune checkpoint pathways

A significant source of immunological escape is the abnormal activation of immune checkpoint pathways, which can impact the immune milieu through several methods (46, 47). Otubain-2 (OTUB2) is a deubiquitinating enzyme that is aberrantly expressed in several cancer types, and its activation is involved in the progression and metastasis of tumors (48). By facilitating tumor immune evasion via the PD-1/PD-L1 pathway, the researchers discovered that OTUB2, which is produced by tumor cells, functions as a negative regulator of anti-tumor immunity (49). OTUB2 expression levels are correlated with higher PD-L1 and lower CD8+ T-cell profiles in NSCLC patient samples. The PD-L1 protein is then much less expressed on the surface of tumor cells when OTUB2 is absent, which increases the tumor cells’ susceptibility to CD8+ T cells and intra-tumor T-cell infiltration and mediates the tumor cells’ ability to be eliminated. Furthermore, the application of the OTUB2 inhibitor may diminish its deubiquitinase activity, effectively lower PD-L1 expression in tumor cells, and impede tumor cell proliferation, thereby enhancing anti-tumor immune efficacy.

According to a study, peroxiredoxin-2 (PRDX2) is strongly expressed in lung cancer and is directly linked to survival, along with the development of tumor cells (50). Patients with higher expression levels of PRDX2 have a worse prognosis. Galactose lectin-9 (Galectin-9) is mostly found in antigen presentation, activated by interferon-β and interferon-γ in tumor cells, and interacts with immune cell surface receptors to decrease immunity. Histone deacetylase 3 (HDAC3) serves as a downstream effector of PRDX2 to upregulate Galectin-9 expression (51). Dong et al. established that PRDX2 modulates Galectin-9 expression through the phosphorylation of HDAC3. Galectin-9 binds to inhibitory receptors on the surface of T cells, therefore impairing the cytotoxic activity of T cells and facilitating immune evasion (52). The sensitivity of lung adenocarcinoma cells to T-cell death was considerably increased by PRDX2 expression suppression, according to cellular tests. PRDX2 inhibitor Conoidin A has demonstrated the ability to reduce tumor burden and enhance T-cell infiltration in mouse models. In the future, it may be considered for use in conjunction with existing immune checkpoint inhibitors to enhance anti-tumor immune responses. These studies lay the groundwork for future inhibitors of the immune checkpoint pathway to be developed.




3.3 Remodeling the tumor immune microenvironment

The remodeling of the tumor immune microenvironment is the primary component facilitating lung cancer evasion (53). TAMs play a pivotal role in the development, progression, and immune escape of lung cancer. By interacting with triggering receptors expressed on myeloid cells 2 (TREM2), Galectin-3 inhibited TREM2-mediated phagocytosis and converted TREM2+ macrophages to immunosuppressive TAMs. Anti-tumor immune responses were suppressed, and tumor cells were able to evade immune surveillance, given that this change reduced the antigen presentation and co-stimulation of TAMs. The researchers tested the effects of Galectin-3 and TREM2 on lung cancer. The findings revealed that inhibiting the activities of Galectin-3 and TREM2 considerably slowed the advancement of lung cancer, modified the tumor immune microenvironment, and significantly boosted the infiltration of CD8+ T cells and natural killer cells to strengthen anti-tumor immune responses (54).

Moreover, the inositol-requiring enzyme 1α (IRE1α)-X-box binding protein 1 signaling pathway also plays a vital role in lung cancer (55). The researchers discovered (56) that turning on IRE1α not only assisted lung cancer cells to grow and survive but also caused immune-suppressing cells to accumulate, which changed the environment around the tumor and weakened the immune response against it. The deletion or knock-out of the IRE1α gene can significantly restrain the growth of lung cancer cells. The expression of immune-related genes, particularly those on interferon response, innate immunity, and adaptive immunity, was markedly upregulated in lung cancer when IRE1α was deleted. It was suggested that inhibiting the IRE1α signaling pathway could modify the tumor immune microenvironment and boost anti-tumor immunity.




3.4 Abnormal regulation of cytokines and chemokines

Furthermore, lung cancer immune escape is also influenced by chemokines and cytokines (57, 58). Heim et al. discovered that interleukin-9 (IL-9) receptor-positive tumor cells and tumor-infiltrating lymphocytes are among the cells that respond to IL-9 (59). IL-9 can prevent the apoptosis of lung cancer cells and promote their growth. By altering the function of the T-cell subpopulation, IL-9 can both suppress the anti-tumor immune response and facilitate the immunological escape of NSCLC. This provides more evidence that IL-9 pathway truncation or antibody targeting IL-9 could be effective immunotherapy treatments for lung cancer.

Chemokine ligand 4 (CCL4) is an inflammatory chemokine that is typically absent or present at minimal levels in normal tissues, yet it is significantly upregulated in various malignant tumors, including lung cancer (60). By interacting with its receptor C-C chemokine receptor type 5, CCL4 can decrease anti-tumor immune responses by recruiting cells that release immunosuppressive molecules, including IL-10 and TGF-β (61). T-cell exhaustion and elevated CCL4 expression are tightly associated with the lung cancer microenvironment. Moreover, elevated CCL4 expression in lung cancer correlated with the overexpression of immune checkpoint markers, indicating potential collaboration with the PD-1/PD-L1 pathway to enhance immune evasion (62). This suggests that in patients with NSCLC, CCL4 may be an attractive target for immunotherapy.




3.5 Other potential mechanisms

In addition to the aforementioned mechanisms involved in lung cancer immune escape, there are also some potential receptors that may participate in the process of lung cancer immune escape through other mechanisms. For example, the miR-23a/27a/24–2 cluster regulates the expression of immune checkpoints, EMSY Transcriptional Repressor (EMSY) may influence the immunogenicity of tumor cells, and the activation of purinergic 2X7 (P2X7) receptors affects the activity of immune cells. All of these effects can influence the process of immune escape in lung cancer. These findings provide new targets and strategies for immunotherapy in lung cancer.

The miR-23a/27a/24–2 cluster is a group of microRNAs that allows tumor cells to keep out the immune system. The investigators discovered (63) that miRNAs in the miR-23a/27a/24–2 cluster upregulate PD-L1 expression by targeting Cbl proto-oncogene B, facilitating immune escape in NSCLC. By targeting transcription factors linked to microphthalmia, the cluster increased the level of eukaryotic initiation factor 3B, which further enhanced immune evasion by downregulating MHC-I expression. The expression of the miR-23a/27a/24–2 cluster was associated with the activation of the Wnt/β-catenin signaling pathway. Furthermore, studies have shown that the high expression of miR-23a/27a/24–2 clusters blocked CD8+ T-cell infiltration into tumor tissues and decreased the sensitivity of lung cancer cells to PD-L1 therapy. This work demonstrated that the miR-23a/27a/24–2 clusters play a crucial role in understanding immune escape mechanisms and resistance to immune checkpoint inhibitors, thereby setting a basis for future investigation.

EMSY is a transcriptional repressive factor and breast cancer susceptibility gene 2 inhibitory protein. Numerous malignancies, such as NSCLC, breast cancer, and ovarian cancer, have been correlated with the overexpression or gene amplification of EMSY, and the amplification of EMSY is closely linked to a negative outcome for patients (64). Kelch-like ECH-associated protein 1 (KEAP1) is frequently mutated in NSCLC, and tumors with KEAP1 mutations typically display characteristics of immune evasion. Marzio et al. found (65) that KEAP1 deletion results in EMSY protein accumulation, which raises the burden of tumor mutations and induces genomic instability in tumor cells. Also, too much EMSY stops immune cells from entering and activating by blocking type I interferon responses. The stop innate immune signals and help tumor cells evade the immune system. Likewise, by controlling immune cells in the surrounding environment, the buildup of EMSY not only impacts the tumor cells but also encourages tumor growth.

The P2X7 receptor is an ion channel activated by extracellular adenosine triphosphate, which is widely expressed in immune cells and tumor cells (66). It is critical for the immune response, the tumor microenvironment, and the proliferation of tumors. On tumor cells, the P2X7 receptor is believed to encourage tumor growth and metastasis (67). However, the P2X7 receptors have the opposite function to modulate anti-tumor immune responses. According to one study (68), the following factors may be related to the way that P2X7 receptors promote immune escape in lung cancer: 1) the activation of the P2X7 receptor can affect immune cell infiltration and function. For instance, by altering macrophage polarization and encouraging the accumulation of TAMs, it can inhibit anti-tumor immunity (2). By altering the expression of immune checkpoint molecules like PD-L1, the activation of P2X7 receptors may encourage lung cancer cells to elude immune monitoring (3). It is possible that the non-porous functional version of the P2X7 receptor regulates extracellular ATP levels or the release of its metabolites, which in turn affects immune cell activation indirectly (4). The P2X7 receptor may promote immune escape by modulating the activity of immune cells. This study demonstrates that P2X7 receptors may modulate immune responses inside the tumor microenvironment via multiple techniques, facilitating the evasion of lung cancer cells from immune system attacks.

However, P2X7 receptors exert different effects in different tumor types (69). For example, researchers have found that P2X7 receptor agonists such as BzATP exhibit anti-tumor effects in melanoma models, while in lung adenocarcinoma, the P2X7 receptor inhibitor A740003 can reduce tumor metastasis and spread. Given the complex dual role of the P2X7 receptor in tumor cells and immune cells, its specific mechanisms of action in different tumor types and microenvironments require further investigation (68). Therefore, when applying it clinically, it is necessary to consider its dual effects on immune cells and tumor cells to avoid potential side effects. Future studies should further explore the specific mechanism of action of P2X7 receptors in different lung cancer types and develop precision therapeutic strategies targeting P2X7 receptors.

In summary, lung cancer immune escape involves multiple mechanisms of action, which indicates the complexity of the lung cancer immune microenvironment. However, many mechanisms have not yet been systematically studied, and further validation is needed in the future to clarify their mechanisms of action in order to develop more therapeutic targets against different mechanisms of action. Table 1 shows the other potential mechanisms of immune escape in lung cancer. Figure 1 shows the mechanisms of immune escape in lung cancer.


Table 1 | Other potential mechanisms of immune escape in lung cancer.
	References
	Genes, proteins, pathways, or axes
	Mechanisms of action
	Consequences of action



	(70)
	SKIL
	Upregulating the TAZ/autophagy axis
	Inhibited STING pathway, decreased chemokines (CXCL10, CCL5, and IFN-β), and T-cell infiltration and activation.


	(71)
	CD147
	Negative regulation of CD8+ T cells
	Undermined the effector function of CD8+ T cells by downregulating cytotoxic molecule levels and repressed cytotoxic genes by interfering with the functions of T-bet and Runx3.


	(72)
	A20 (TNFAIP3)
	Loss of A20 activates the TBK1 and STAT1 signaling pathways
	Upregulated PD-L1, altered the cytokine expression profile in the tumor microenvironment, and reduced CD8+ T-cell infiltration.


	(73)
	M3G
	Activated the TLR4 signaling pathway and promoted the release of inflammatory factors
	Upregulated PD-L1 expression and significantly attenuated T cell-mediated anti-tumor immune responses.


	(74)
	Notch1/TAZ axis
	Promoted metabolic reprogramming of tumor cells and upregulated mRNA and protein expression of PD-L1
	Remodeled the tumor immune microenvironment, inhibited T-cell activity, and increased infiltration of immunosuppressive cells.


	(75)
	TDEs
	High expression of PD-L2 and binding to PD-1 on the surface of T cells impairs anti-tumor immune responses
	Increased proportion of Treg cells and decreased infiltration of cytotoxic CD8+ T cells.


	(76)
	LINC01140
	Protection of PD-L1 and c-Myc mRNA by adsorption of miRNA, leading to maintenance of high PD-L1 expression
	PD-L1 combined with PD-1 on the surface of T cells significantly weakened T cell-mediated anti-tumor immune responses.


	(77)
	FGFR1/MAPK
	Activated Brachyury protein
	Upregulated PD-L1 expression inhibited the proliferation, activation, and cytotoxic function of T cells.


	(78)
	α5-nAChR
	Promoted the phosphorylation of STAT3 and the expression of JAB1
	Enhanced protein levels of PD-L1 and thus inhibited T cell-mediated anti-tumor immune responses.


	(79)
	SNHG12
	Improved stability and increased expression levels of PD-L1 and USP8 mRNAs
	Suppressed T-cell activity and enhanced immunosuppression of tumor cells, thereby promoting immune escape from NSCLC.


	(80)
	E2
	Upregulation of PD-L1 expression through the ERβ/SIRT1 axis
	Inhibits the activity of T cells, thus helping tumor cells evade recognition and attack by the immune system.


	(81)
	SIRPγ
	Activated Hippo/YAP signaling pathway
	Stimulated high CD47 expression in lung cancer cells by releasing cytokines, which consequently inhibited tumor cell phagocytosis.





SKIL, SKI Like Proto-Oncogene; TAZ, transcriptional coactivator with PDZ-binding motif; CXCL10, C-X-C motif chemokine 10; CCL5, C-C Motif Chemokine Ligand 5; STAT1, signal transducer and activator of transcription 1; TLR4, Toll-like receptor 4; IFN-β, interferon-β; TBK1, TANK-binding kinase 1; PD-1, programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; PD-L2, programmed cell death-ligand 2; ERβ/SIRT1, estrogen receptors β/silent information regulator sirtuin 1; FGFR1/MARK, fibroblast growth factor receptor 1/mitogen-activated protein kinase; SIRPγ, signal regulatory protein γ; NSCLC, non-small cell lung cancer; YAP, Yes-associated protein.
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Figure 1 | Mechanisms of immune escape in lung cancer. EGFR, epidermal growth factor receptor; ERK, extracellularly regulated protein kinases; AKT, protein kinase B; c-Myc, myelocytomatosis oncogene; NK-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; H3K18la, histone H3 lysine 18 lactylation; POM121, POM121 transmembrane nucleoporin; PD-1/PD-L1, programmed cell death-1/programmed cell death ligand 1; DLAT, dihydrolipoamide S-acetyltransferase; USP10, ubiquitin specific peptidase 10; mtDNA, mitochondrial DNA; HLA-I, human leukocyte antigen class I; OTUB2, otubain-2; PRDX2, peroxiredoxin-2; HDAC3, histone deacetylase 3; Galectin-9, galactose lectin-9; IRE1α, inositol-requiring enzyme 1α; TMB, tumor mutational burden; IL-9, interleukin-9; CCL4, chemokine ligand 4; EMSY, EMSY Transcriptional Repressor; P2X7, purinergic 2X7.





4 Exploring novel therapeutic targets

The development of resistance or the advancement of lung cancer can be attributed to tumor cells’ ability to “stealth” within the immune system and elude detection. Therefore, it is essential to explore new therapeutic targets and strategies to enhance the effectiveness of immunotherapy and overcome resistance. As the immune escape mechanism in lung cancer has been better studied in recent years, several new targets have progressively emerged as research hotspots. The following section highlights the latest progress of these emerging targets and related clinical trials.



4.1 TIGIT

By attaching to its cognate ligand Poliovirus receptor (CD155), T-cell immunoglobulin and ITIM domains (TIGIT), a novel immunological checkpoint protein, can directly prevent lymphocyte activation (82). The TIGIT–PVR signaling pathway is considered a primary mechanism for tumor immune escape.

Vibostolimab (MK-7684) is a humanized IgG1 monoclonal antibody that can block the interaction of TIGIT with its ligand, restoring the anti-tumor immune response (83). The NCT02964013 study found (84) that vibostolimab was well tolerated and had preliminary anti-tumor action when applied alone or with pembrolizumab in people with advanced solid tumors. Patients with NSCLC were included in group B of the trial. This group included 39 patients who were primary anti-PD-1/PD-L1 (all receiving combination therapy) and 67 patients who were anti-PD-1/PD-L1 refractory (34 monotherapy and 33 combination treatments). In the anti-PD-1/PD-L1 primary treatment arm, the objective response rate (ORR) was 26% (n = 10/39), and 51% of patients achieved a disease control rate (DCR) (n = 20/39) and responded in both PD-L1-positive and PD-L1-negative patients. Treatment‐related adverse events were observed in 85% of nine patients, with pruritus and hypoalbuminemia being the most common. Despite a decreased overall response rate with monotherapy in anti-PD-1/PD-L1 refractory patients (3%), combination therapy demonstrated moderate efficacy (40%). However, the sample size of this trial was relatively small, which may have limited the comprehensive assessment of treatment efficacy and safety. The study had a relatively short follow-up period, which may have affected the assessment of long-term efficacy and safety. Additionally, the study did not directly compare the combination of vibostolimab and pembrolizumab with pembrolizumab monotherapy, making it difficult to accurately assess the additional benefit of combination therapy relative to single-agent therapy.

Similarly, when employed in conjunction with an anti-PD-L1 antibody, tiragolumab, a humanized monoclonal antibody, increases anticancer activity by dual immune checkpoint suppression (85). The CITYSCAPE trial (86) evaluated the effectiveness and safety of tiragolumab in combination with atezolizumab (tiragolumab arm) versus placebo in conjunction with atezolizumab (placebo arm) as a first-line treatment for PD-L1-positive NSCLC. The ORR was significantly greater in the tiragolumab group compared to the placebo group (31.3% vs. 16.2%), and the median progression-free survival (mPFS) was extended by 1.8 months in the tiragolumab group (5.4 vs. 3.6). The most common grade 3 or higher treatment-emergent adverse event (TEAE) in both groups was elevated lipase (9% vs. 3%). Overall, the combination therapy is clinically effective and has a controllable safety profile. Two phase III trials, SKYSCRAPER-01 (87) and SKYSCRAPER-02 (88), are assessing the efficacy and safety of tiragolumab in conjunction with atezolizumab in patients with advanced lung cancer based on these results. Future research needs to explore more biomarkers to better predict which patients may benefit from combination therapy. At the same time, further exploration of the optimal dosage and frequency of administration of combination therapy is available to improve treatment efficacy and reduce adverse reactions.

Moreover, rilvegostomig (AZD2936), an anti-PD-1/TIGIT bispecific agent, has entered a phase 3 clinical trial (NCT006627647). The trial was aimed to assess the efficacy and safety of rilvegostomig used along with chemotherapy as a first-line treatment for patients with non-squamous NSCLC that expresses PD-L1, with the primary objectives being overall survival (OS) and PFS. The results of this research will further verify the potential of TIGIT targets in lung cancer immunotherapy.




4.2 LAG-3

By attaching to MHC class II molecules or fibronectin-associated protein-1, the immunological checkpoint protein lymphocyte activation gene-3 (LAG-3) can restrict T-cell proliferation and cytokine release, resulting in immunosuppression (89, 90). Relatlimab is the first LAG-3 inhibitor approved to enhance the immune response by blocking LAG-3 interactions with its ligands (91). The Food and Drug Administration has previously approved relatlimab in association with nivolumab for the treatment of unresectable or metastatic melanoma.

With a final enrollment of 60 patients, NCT04205552 (92) investigated the safety and effectiveness of nivolumab alone (monotherapy arm) or in combination with relatlimab (combination arm) as a neoadjuvant regimen in patients with resectable NSCLC. Disease-free survival and OS were both significantly higher in the combination group than in the monotherapy group (93% and 100% vs. 89% and 93%). Tiredness, gastrointestinal issues, thyroid problems, and respiratory symptoms were the most prevalent adverse events (AEs) in both groups. Randomization in this study was not stratified according to PD-L1 status, which may have contributed to the unbalanced distribution of patients with high PD-L1 expression NSCLC in the two groups, thus affecting the assessment of the rate of deep pathological response. Moreover, the study excluded patients with extensive mediastinal lymph node metastasis, which may make the study results more optimistic than other studies of neoadjuvant ICI combination therapy in terms of surgical success rates and early survival outcomes. These results support the utilization of LAG-3 inhibitors in the treatment of lung cancer, but more research is required to determine their long-term effectiveness and optimal treatment strategies.




4.3 PD-1

Dostarlimab (TSR-042) blocks the interaction of PD-1 with its ligands PD-L1 and PD-L2 by specifically binding to the PD-1 receptor on the surface of T cells, restoring the ability of T cells to recognize and kill tumor cells (93). In the PERLA study (94), patients with untreated metastatic non-squamous NSCLC who received dostarlimab plus chemotherapy had a higher ORR (46% vs. 37%) and a longer mPFS (8.8 vs. 6.7 months) than those who received pembrolizumab plus chemotherapy. According to subgroup analysis, PFS was 3.7 months longer in the dostarlimab group than in the control group when PD-L1 tumor proportion score (TPS) was ≥50% (10.4 vs. 6.7) and substantially longer in the dostarlimab group when PD-L1 TPS was ≥1% (10.4 vs. 6.1 months). The most common TEAEs were anemia, fatigue, nausea, neutropenia, and vomiting.




4.4 TGF-β

By inhibiting T-cell activity and encouraging immunosuppressive cell infiltration in the tumor microenvironment, TGF-β, a significant immunosuppressive cytokine, assists in tumor immune evasion (95). Galunisertib (LY2157299) is a small-molecule TGF-β receptor inhibitor that prevents tumor cell proliferation, migration, and invasion by inhibiting TGF-β. Furthermore, galunisertib has the potential to counteract TGF-β-induced immunosuppression and enhance both the quantity and functionality of tumor-infiltrating CD8+ T cells, hence reinstating anticancer immune responses (96).

NCT02423343 (97) was a phase Ib/II clinical trial, with the phase II research assessing the safety of galunisertib plus nivolumab in the treatment of relapsed/refractory NSCLC patients (n = 25). According to the findings, patients with relapsed or refractory NSCLC who received galunisertib plus nivolumab achieved partial response in 24% of cases and stable disease in 16% of cases. The mPFS and OS were 5.26 and 11.99 months, respectively. The most prevalent AEs were itching, weariness, and decreased appetite. There were no AEs with a grade of ≥4. These results suggest the potential value of the TGF-β target in lung cancer immunotherapy. However, the study did not include a placebo control group, making it difficult to accurately assess the additional benefits of combination therapy relative to standard therapy. Furthermore, while the study evaluated PD-L1 expression as a biomarker, the assessment of other potential biomarkers was not comprehensive, which may limit the ability to predict treatment response.




4.5 CD73

Through its conversion of adenosine monophosphate to adenosine, CD73 enables the establishment of an immunosuppressive atmosphere (98). Oleclumab (MEDI9447) is a monoclonal antibody targeting CD73, which specifically binds to CD73, inhibits its enzymatic function, and diminishes the synthesis of immunosuppressive adenosine, hence augmenting the anti-tumor efficacy of immune cells (99). Monalizumab (IPH2201), a new type of immune checkpoint inhibitor, helps activate NK cells and CD8+ T cells by attaching to the NKG2A receptor and stopping it from interacting with HLA-E (100). This boosts the production of interferon-γ and makes immune cells more effective against tumors.

The COAST trial (101) assessed the efficacy of durvalumab alone (monotherapy group) or in combination with oleclumab (D+O group) or monalizumab (D+M group) in patients with unresectable phase 3 NSCLC. The results indicated that the ORR was significantly higher in the combination arm (35.0% and 40.3%) than in the single-agent arm (23.9%). The mPFS was prolonged by 8.8 months in the D+M group versus the single-agent group (15.1 vs. 6.3 months). There were no new safety signals, and all three groups had comparable safety features. In conclusion, durvalumab plus oleclumab or monalizumab significantly improved ORR and PFS in NSCLC patients compared to durvalumab monotherapy. Also, the PACIFIC-9 phase III trial is now underway to further assess the efficacy and safety of durvalumab plus oleclumab or monalizumab in a larger patient cohort (102).




4.6 B7-H4

The immune checkpoint ligand B7-H4 limits the growth of T cells and the production of cytokines, allowing tumor immune escape (103). SGN-B7H4V is an antibody–drug conjugate (ADC) targeting B7-H4 via a cleavable linker to the microtubule-disrupting agent, monomethyl auristatin E. In addition to its strong anticancer properties, SGN-B7H4V can activate and infiltrate immune cells.

In a preclinical trial (104), SGN-B7H4V demonstrated remarkable cytotoxicity in multiple B7-H4-positive tumor cell lines. Furthermore, when combined with the PD-1 inhibitors, SGN-B7H4V significantly increased anti-tumor activity and established long-lasting immunological memory. Toxicological results showed that SGN-B7H4V exhibited excellent tolerance in animal tests. In conclusion, SGN-B7H4V has shown significant anticancer effectiveness in preclinical models when used alone or in conjunction with PD-1 inhibitors, all while maintaining controllable safety profiles. These findings support the potential of a phase I trial (NCT05194072) to further evaluate SGN-B7H4V monotherapy or in partnership with immunotherapy.




4.7 TIM-3

T-cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) is a negative immune checkpoint, and its high expression on T cells correlates with cellular dysfunction and tumor immunosuppression (105). Cobolimab (TSR-022/GSK4069889) is a humanized IgG4 monoclonal antibody targeting TIM-3. By blocking the binding of TIM-3 to its ligand, it maintains the binding of TIM-3 to BAT3, thus enhancing T-cell activity and restoring its anti-tumor function (106). AMBER Part 2B (NCT02817633) (107) assessed the safety and efficacy of cobolimab monotherapy or in combination with PD-1 inhibitor dostarlimab in patients with locally advanced or metastatic NSCLC. The results revealed that combination therapy demonstrated preliminary clinical activity and acceptable safety in patients with advanced/metastatic NSCLC, with an ORR of 8.3% and a DCR of 21.4%. The sample size of the research was relatively small, which may have limited the comprehensive assessment of treatment efficacy and safety. Although TIM-3 expression is a potential biomarker, its ability to predict treatment response still needs to be further validated. In addition, sabatolimab (MBG453) and LY3321367 also demonstrated corresponding clinical efficacy in the study, supporting further research into the role of the TIM-3 target in lung cancer immunotherapy.

In addition to the above therapeutic targets, CCR2/5, Galectin-3, DLL3, CD39/CD73, and NKG2A also have important research value in lung cancer immunotherapy. CCR2/5 is a key receptor for immune cell migration, and its expression in the tumor microenvironment is closely related to immune cell infiltration and function (108). By targeting CCR2/5, the distribution of immune cells can be regulated, T-cell infiltration enhanced, and the effectiveness of immunotherapy improved. Galectin-3 can bind to glycosylated ligands on the surface of tumor cells, promoting tumor cell proliferation and migration while inhibiting T-cell activity, thereby helping tumor cells evade immune surveillance (109). In immunotherapy, targeting Galectin-3 can restore T-cell activity, enhance immune responses, and thereby improve treatment efficacy. DLL3 is mainly expressed in the Golgi apparatus of SCLC cells, and some DLL3 molecules migrate to the cell surface, which can be used as a target for immunotherapy. In early-phase clinical trials (110), TIM-3 inhibitors have shown some anti-tumor activity, especially when combined with other immune checkpoint inhibitors. By targeting these molecules, it is possible to regulate immune cell infiltration in the tumor microenvironment, enhance T-cell activity, and consequently improve the efficacy of immunotherapy. Table 2 shows the recent advances in clinical trials of ICIs for lung cancer. Table 3 shows some ongoing clinical trials on emerging targets.


Table 2 | Recent advances in clinical trials of ICIs for lung cancer.
	Drug name
	Targets
	NCT number
	Clinical trial
	Enrollment
	Phase
	Primary results
	Most common 3 or 4 AEs



	Nivolumab (111)
	PD-1
	NCT04025879
	CheckMate-77T
	461
	3
	mEFS: 70.2%; pCR: 25.3%
	A decreased neutrophil count.


	Nivolumab (112)
	PD-1
	NCT02998528
	CheckMate-816
	358
	3
	mEFS: 31.6 months; pCR: 24.0%
	Neutropenia, decreased neutrophil count.


	Toripalimab (113)
	PD-1
	NCT04158440
	Neotorch
	501
	3
	2-year EFS: 64.7%; pCR: 48.5%
	Anemia, neutropenia, cough, etc.


	Durvalumab (114)
	PD-L1
	NCT03800134
	AEGEAN
	802
	3
	EFS: 73.4%; pCR: 17.2%
	Neutropenia, anemia, pruritus, etc.


	Pembrolizumab (115)
	PD-1
	NCT03425643
	KEYNOTE-671
	397
	3
	EFS: 62.4%; OS: 80.9%; pCR: 18.1%
	Neutrophil count decreased, anemia, white blood cell count decreased, and platelet count decreased.


	Cemiplimab (116)
	PD-1
	NCT03409614
	EMPOWER-Lung 3
	466
	3
	mOS: 21.9 months; mPFS: 8.2 months; ORR: 43.3%
	Anemia, neutropenia.


	Atezolizumab (117)
	PD-L1
	NCT03991403
	ATLAS/KCSG-LU19-04
	228
	3
	ORR: 69.5%; mPFS: 8.48 months
	Peripheral neuropathy, alopecia, and myalgia.


	Pembrolizumab (118)
	PD-1
	NCT03515837
	KEYNOTE-789
	492
	3
	mPFS: 5.6 months; mOS: 15.9 months
	Anemia, decreased neutrophil count, nausea, etc.


	Ipilimumab (119)
	CTLA-4
	NCT03351361
	GFPC 08–2015 ENERGY
	216
	3
	mOS: 14.7 months
	Endocrine disorders, cardiac disorders, and gastrointestinal disorders.





AEs, adverse events; EFS, event-free survival; pCR, pathological complete response; OS, overall survival; PFS, progression-free survival; ORR, overall response rate.




Table 3 | Some ongoing clinical trials on emerging targets.
	NCT number
	Target
	Drug name
	Phase
	Enrollment
	Primary endpoints
	Secondary endpoints



	NCT04623775
	LAG-3
	Relatlimab
	2
	468
	TRAE, ORR
	AEs, SAEs, PFS, etc.


	NCT06561386
	LAG-3
	Relatlimab
	3
	1,000
	OS
	PFS, ORR, DOR, AEs, etc.


	NCT04123379
	CCR 2/5
	–
	2
	48
	MPR
	PFS, OS, etc.


	NCT06472076
	TIGIT
	Belrestotug (EOS448/GSK4428859A)
	3
	1,000
	PFS, OS
	ORR, DOR, TEAEs, etc.


	NCT05565378
	TIGIT
	Belrestotug
	2
	340
	ORR
	PFS, OS, DOR, etc.


	NCT02817633
	TIM-3
	TSR-022
	1
	447
	DLT, AEs, TEAEs, etc.
	DOR, ORR, DCR, etc.


	NCT04931654
	PD-1/TIM-3
	AZD7789
	1/2
	136
	AE, SAE, DLT
	ORR, DCR, PFS, etc.


	NCT03708328
	PD-1/TIM-3
	Lomvastomig (RO7121661)
	1
	134
	DLT, AEs, ORR, etc.
	ORR, DCR, DOR, etc.


	NCT06467500
	PD-1/CTLA-4
	Cadonilimab (AK104)
	2
	48
	ORR
	DCR, DOR, PFS, OS, AEs.


	NCT06793813
	PD-1/CTLA-4
	Cadonilimab
	2
	44
	6-month PFS
	–


	NCT06424821
	PD-1/CTLA-4
	Cadonilimab
	2
	54
	1-year PFS
	OS, ORR, DOR, PFS


	NCT05240131
	Galectin-3
	GB1211
	1/2
	88
	Safety and tolerability
	The recommended dose, Cmax, Tmax, etc.


	NCT06443489
	DLL3
	SHR-4849
	1
	80
	DLT, MTD, RP2D, etc.
	ORR, DCR, DOR, etc.


	NCT06613009
	DLL3
	IBI3009
	1
	190
	DLTs, vital signs, electrocardiograms, etc.
	AUC, Cmax, Tmax, etc.


	NCT06424665
	DLL3
	FZ-AD005
	1
	162
	DLT, MTD, AEs, etc.
	PFS, DOR, OS, etc.


	NCT06179069
	DLL3 ADC
	ZL-1310
	1
	112
	DLTs, TEAEs, SAEs, etc.
	ORR, DOR, PFS, etc.


	NCT03381274
	CD73
	MEDI9447
	1/2
	43
	DLTs, TEAEs
	DOR, PFS, OS, etc.





TRAE, treatment-related adverse effect; ORR, overall response rate; AEs, adverse events; SAEs, serious adverse events; PFS, progression-free survival; OS, overall survival; DOR, duration of response; MPR, major pathological response; TEAEs, treatment-emergent adverse events; DLTs, dose-limiting toxicities; MTD, maximum tolerance dose; DCR, disease control rate; RP2D, recommended phase 2 dose; AUC, area under the curve; Cmax, peak concentration; Tmax, time to peak drug concentration.







5 Conclusion and prospect

With in-depth research into the immune escape mechanisms of lung cancer, more investigations have revealed various intrinsic and extrinsic mechanisms of tumor cells. The article outlines the various processes via which lung cancer cells elude detection and assault by the immune system, including antigen presentation defects, immune checkpoint molecule overexpression, and metabolic reprogramming, while also providing updates on contemporary therapeutic targets devised to counteract these mechanisms and the associated clinical trials.

However, considering the limitation of the number of words, the mechanism of immune escape has not been explored in depth in this article, and the interaction between the mechanisms has not been elucidated in detail. Furthermore, research on many novel targets is concentrated in the early stages of clinical trials, resulting in a low level of clinical evidence in the references. Although certain targets, including rilvegostomig, have advanced to phase III trials, immunotherapies are still confronting issues with safety, resistance, and low response rates. For instance, the ORR of TIGIT inhibitors in PD-1/PD-L1 refractory NSCLC patients was only 3%, suggesting that biomarker exploration is further needed to optimize patient stratification. The heterogeneity and dynamics of the lung cancer immune microenvironment determine the complexity of the immune escape mechanism. We believe that future research directions can be considered from the following aspects. i) Multiple targets for combination therapy. Single-target inhibition is susceptible to compensatory mechanisms. The effectiveness of the immunotherapies may be increased by combining targeted medicines, such as EGFR inhibitors plus ICIs, or by blocking several immune checkpoints at once, such as PD-1/PD-L1+TIGIT+LAG-3/CD73. For instance, the CITYSCAPE study (86) evaluated the efficacy of tiragolumab (a TIGIT inhibitor) in combination with atezolizumab (a PD-L1 inhibitor) in chemotherapy-naive patients with recurrent or metastatic NSCLC. The results indicated that the ORR in the combination therapy group was 31.3%, significantly higher than the 16.2% in the placebo plus atezolizumab group, and their median PFS was 5.4 and 3.6 months, respectively. Dual-target combination therapy offers a new treatment option for patients with low or negative PD-L1 expression who typically respond poorly to single immune checkpoint inhibitors (120). ii) Metabolism–immunity intersection studies. Research into metabolic-modifying medicines, such as Dihydrolipoamide S-acetyltransferase inhibitors, in conjunction with ICIs, has the potential to undo the tumor immunosuppressive milieu, as tumor metabolic reprogramming is intricately linked to immune escape. iii) Screening for biomarkers. The application of multi-omics detection instruments, such as single-cell sequencing, spatial transcriptomics, and metabolomics, to resolve tumor microenvironmental heterogeneity and then screen for predictive biomarkers will propel precision medicine forward. Just to illustrate, patients with low R-loop scores may benefit more from immune combination therapies. iv) Research and development of novel medications. It is anticipated that gene-editing technologies, ADCs, and bispecific monoclonal antibodies will overcome the current therapy constraints.

According to the different immune escape mechanisms of lung cancer, patients need to develop personalized treatment programs. For example, stratifying patients based on PD-L1 expression, patients with high PD-L1 expression may respond well to single immune checkpoint inhibitors, while those with low expression may require combination therapy. Based on T-cell infiltration levels, “immunologically cold” tumors with low T-cell infiltration may require the combined use of T-cell inducers. In addition to conducting a comprehensive assessment of patients prior to treatment, it is also necessary to perform dynamic monitoring during treatment and adopt appropriate combination therapy regimens based on the specific immune escape mechanisms of individual patients, thereby reducing the occurrence of drug resistance and achieving precision medicine. The potential of lung cancer immunotherapy resides in thoroughly understanding the intricate network of tumor immune interactions and advancing therapeutic options through multidisciplinary collaboration or utilizing deep learning. Immunotherapy for lung cancer is predicted to see greater advances, as basic research and clinical technology continue to advance.
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activated protein kinase; SIRPY, signal regulatory protein y; NSCLC, non-small cell lung cancer; YAP, Yes-associated protein.
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