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    Abstract

    

    The tumor immune microenvironment (TIME) is a highly dynamic ecosystem that critically influences tumor progression, metastatic dissemination, and therapeutic responsiveness. Classical models of tumor biology have long been framed by the “seed and soil” paradigm, in which malignant cells represent passive “seeds” growing within a permissive or restrictive microenvironmental “soil.” However, accumulating evidence indicates that this framework is incomplete. Tumor cells are not merely shaped by their environment but actively orchestrate the immune landscape through intrinsic molecular programs. In this review, we synthesize emerging evidence supporting a revised paradigm in which cancer cell-intrinsic drivers, including oncogenic signaling pathways, metabolic reprogramming, and epigenetic alterations, act as central regulators of the TIME. These intrinsic programs enable malignant cells to rewire immune surveillance by suppressing cytotoxic lymphocyte function, promoting the recruitment and polarization of immunosuppressive myeloid populations, and establishing metabolic and structural barriers that limit effective antitumor immunity. Recent technological advances, particularly single-cell transcriptomics, spatially resolved profiling, and multi-omic approaches, have provided unprecedented insight into how these tumor-cell programs reshape immune architecture across spatial niches within tumors. We discuss how these mechanisms collectively generate immunosuppressive microenvironments that underlie resistance to immune checkpoint blockade and other immunotherapies. Finally, we highlight emerging therapeutic strategies aimed at targeting cancer cell-intrinsic drivers to reprogram the TIME, emphasizing the potential of rational combination approaches that simultaneously modulate tumor signaling, metabolism, and immune activation. Understanding cancer cells as active architects of their immune ecosystem provides a conceptual framework for the next generation of precision immunotherapies.
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    1. Introduction

    

    Cancer immune microenvironment research has long followed the classical "seed and soil" framework, where tumor cells are the "seeds" and the tumor microenvironment (TME) acts as the "soil" that supports and guides their growth. Traditionally, it was believed that tumor immune evasion primarily reflects dysfunction of external immune cells within the TME, such as regulatory T cell (Treg) expansion, myeloid-derived suppressor cell (MDSC) accumulation, and effector T cell exhaustion. However, this theory overlooks the proactive role of cancer cell-intrinsic drivers as "commanders." Recent breakthroughs in single-cell sequencing, spatial transcriptomics, and genetic research have revealed a revolutionary insight: cancer cells are not mere passive victims under immune surveillance but actively hijack and reprogram the immune ecosystem through their own oncogenic signals, metabolic changes, and epigenetic alterations. As suggested by the cancer immunoediting theory proposed by Schreiber and colleagues, cancer cells show a remarkable capacity to shape their environment under immune selection pressure. The tumor immune microenvironment is a constantly evolving ecosystem composed of various immune cells, including T cells, B cells, tumor-associated macrophages (TAMs), neutrophils, dendritic cells (DCs), and natural killer (NK) cells, along with non-cellular components like the extracellular matrix (ECM) and bioactive molecules. The complex interactions among these components are essential for tumor survival, with cancer cells functioning as the central regulators of this network. Understanding how cancer cell-intrinsic drivers coordinate the tumor immune microenvironment is vital to overcoming resistance to current immunotherapies. Although immune checkpoint inhibitors (ICIs) have shown remarkable success in various cancers, most patients still experience primary or acquired resistance. This resistance is largely driven by the immunosuppressive properties of the TME, often induced by cancer cells themselves. This review aims to systematically explain how cancer cell-intrinsic drivers extend beyond individual cells to orchestrate the immunosuppressive landscape of the TME, explore their therapeutic implications, and outline directions for future research. By integrating recent scientific findings, we seek to offer a comprehensive view of how cancer cells architect their ecosystem, providing new insights for precision tumor immunotherapy.

    Collectively, emerging evidence supports a conceptual model in which cancer cells function as active architects of the tumor immune ecosystem. Rather than being passively shaped by immune pressure, malignant cells deploy intrinsic molecular programs that orchestrate immune suppression and spatial niche formation within tumors. These programs can be broadly categorized into three interconnected regulatory layers: oncogenic signaling pathways that regulate immune checkpoint expression and cytokine production, metabolic reprogramming that alters nutrient availability and immunometabolic competition, and epigenetic remodeling that redefines immune gene expression and antigen presentation. Through their coordinated actions, these mechanisms create immunosuppressive microenvironments marked by impaired cytotoxic lymphocyte activity, recruitment of suppressive myeloid cells, and the development of physical and metabolic barriers to immune infiltration. This framework offers a unified view of resistance to immunotherapy and emphasizes cancer cell-intrinsic drivers as key targets for reconditioning the tumor immune microenvironment (Figure 1).
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    Figure 1: Conceptual framework of cancer cell-intrinsic regulation of the tumor immune ecosystem. Diagram illustrating how cancer cell-intrinsic programs shape interactions between tumor cells, stromal components, and the immune system within the tumor microenvironment (TME). Oncogenic signaling, metabolic reprogramming, and epigenetic alterations influence tumor progression, immune evasion, and therapeutic response through direct and indirect mechanisms. Tumor-derived signals modulate immune pathways by regulating cytokine production, antigen presentation, immune checkpoint expression, and chemokine-mediated immune-cell recruitment. These programs also influence dendritic cell activation, T-cell priming, and the balance between cytotoxic and immunosuppressive immune populations. Immune modulation includes enhanced regulatory T cell (Treg) activity, expansion of myeloid-derived suppressor cells (MDSCs), and altered macrophage polarization, which collectively contribute to immune tolerance. In parallel, stromal remodeling, hypoxia, abnormal vasculature, and metabolic competition create structural and functional barriers that limit effective antitumor immunity. Arrows indicate activation or promotion; blunt-ended lines indicate inhibition; dashed lines represent indirect or context-dependent interactions. Abbreviations: MDSC, myeloid-derived suppressor cell; TME, tumor microenvironment; Treg, regulatory T cell.

    Tumor cells actively shape the tumor immune microenvironment through coordinated intrinsic molecular programs rather than passively responding to immune pressure. Oncogenic signaling pathways regulate immune checkpoints and cytokine production, thereby directly linking proliferative signals to immune evasion. Simultaneously, metabolic reprogramming changes nutrient availability and creates immunometabolic competition that inhibits cytotoxic lymphocyte activity. Epigenetic remodeling further rewires antigen presentation, interferon signaling, and chemokine expression, thereby influencing immune recognition and cell recruitment. Through these processes, cancer cells reshape stromal structures, attract suppressive immune cell populations, and establish spatially diverse immune niches within tumors. This comprehensive framework underscores cancer cells as key architects of tumor immune ecosystems and provides a conceptual basis for therapies that reprogram the tumor immune microenvironment.

    2. Cancer Cell-Intrinsic Drivers: From Autonomous Growth to Ecosystem Regulation

    2.1 Immunoregulatory Functions of Oncogenic Signaling Pathways

    Oncogenic signaling pathways were traditionally studied for their roles in controlling tumor cell growth, survival, and genetic stability. However, growing evidence indicates that these pathways also significantly affect the tumor immune microenvironment. Changes in oncogenes and tumor suppressor genes, including MYC, RAS, TP53, and others, can directly influence cytokine production, immune checkpoint expression, and the recruitment or polarization of immune cells (Figure 2).

    [image: Schematic of a tumor microenvironment with a central tumor surrounded by immune and stromal cells. Tumor genetic alterations drive immune suppression and alter immune cell function. Stromal remodeling and abnormal vasculature limit immune infiltration and promote tumor progression.]

    Figure 2: Molecular and microenvironmental determinants of immune evasion and tumor progression in the tumor microenvironment. Schematic overview of tumor-intrinsic genetic alterations and tumor microenvironment (TME) interactions driving immune evasion, stromal remodeling, and tumor progression. The central tumor mass is surrounded by immune and stromal components, illustrating bidirectional signaling between malignant cells and the TME. Tumor-intrinsic alterations include dysregulation of oncogenic and tumor suppressor pathways (c-MYC, TP53, PTEN, RAS, VHL, ARID1A, IDH1/2, BRCA1/2), contributing to metabolic reprogramming, genomic instability, and immune escape, and shaping immune cell recruitment and polarization. Immune components include cytotoxic T cells, exhausted T cells, regulatory T cells (Treg), dendritic cells (DC), myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and neutrophils. Cytotoxic activity is attenuated through exhaustion pathways (e.g., PD-1, TIM-3, TIGIT), while Tregs, MDSCs, and TAMs reinforce immunosuppression. Stromal and vascular elements include fibroblasts, extracellular matrix (ECM), and endothelial cells, contributing to ECM remodeling, hypoxia, abnormal vasculature, and impaired immune infiltration. Arrows indicate activation; blunt-ended lines indicate inhibition; dashed lines represent indirect or context-dependent interactions. Abbreviations: DC, dendritic cell; ECM, extracellular matrix; IDH, isocitrate dehydrogenase; MDSC, myeloid-derived suppressor cell; MET, mesenchymal-epithelial transition factor; PTEN, phosphatase and tensin homolog; TAM, tumor-associated macrophage; TME, tumor microenvironment; Treg, regulatory T cell.

    Cancer cells actively alter the tumor immune microenvironment rather than simply responding to immune attack. In the following sections, key oncogenic and tumor suppressor pathways are examined to demonstrate how cancer cell-intrinsic signaling shapes immune composition and activity within tumors.

    2.1.1 Transcriptional oncogenes and immune checkpoint regulation

    Transcriptional oncogenes play a central role in linking tumor proliferation programs with immune evasion by directly regulating immune checkpoints, cytokine networks, and stromal signaling pathways. Among these drivers, c-MYC is one of the most widely amplified oncogenes in human cancers. Beyond promoting cell-cycle progression and proliferation, MYC also coordinates tumor growth with immune suppression. MYC expression shows significant heterogeneity within tumors and contributes to intratumoral heterogeneity, which is closely linked to resistance to immunotherapy, metastasis, and recurrence (1). Mechanistically, MYC directly regulates immune checkpoint pathways and cytokine expression, thereby connecting oncogenic growth signals with immune evasion (2). MYC can directly bind to the PD-L1 promoter and increase its transcription, linking oncogene activation to immune checkpoint regulation (3). In non-small cell lung cancer, MYC expression is strongly correlated with PD-L1 levels, suggesting that tumors with both MYC and PD-L1 expression represent a separate immunological subtype (4). In addition to regulating immune checkpoints, MYC suppresses cytotoxic T-cell recruitment by modulating tumor-derived chemokine networks. In triple-negative breast cancer, MYC epigenetically represses STING expression via DNMT1-mediated mechanisms, reducing the expression of T-cell-attracting chemokines such as CCL5 and CXCL10 and thereby impairing T-cell infiltration (5). Pharmacological inhibition of MYC with JQ-1 enhances T-cell recruitment and activation, increases chemokine secretion, and synergizes with PD-1 blockade to boost antitumor immune responses (6). MYC also promotes recruitment of immunosuppressive myeloid populations by inducing cytokines such as IL-1β and IL-6, along with chemokines like CCL2, facilitating myeloid-derived suppressor cell (MDSC) accumulation within the TME (7–12). These MDSCs suppress T-cell proliferation and effector functions through multiple mechanisms, including direct cell contact, secretion of inhibitory cytokines, and metabolic disruption (13). Furthermore, MYC signaling promotes macrophage infiltration and polarization toward pro-tumorigenic M2 phenotypes by regulating factors such as CSF1 and metabolic pathways, including glycolysis-driven lactate accumulation, which induces epigenetic modifications, such as histone lactylation, in tumor-associated macrophages (14–17).

    Other transcriptional oncogenes similarly reshape the immune microenvironment through interactions with stromal and endothelial cells. NOTCH1 signaling is a key regulator of tumor-stroma crosstalk, particularly in triple-negative breast cancer, where NOTCH1 activation upregulates Jagged-1 and stimulates Notch signaling in endothelial cells. This interaction promotes abnormal angiogenesis and induces stromal secretion of cytokines such as IL-1β, TGF-β, and SDF1α, thereby driving extracellular matrix remodeling and creating a desmoplastic microenvironment that excludes cytotoxic lymphocytes (18). Similarly, MET amplification contributes to immune remodeling by activating cancer-associated fibroblasts and endothelial cells through hepatocyte growth factor signaling. This process fosters extracellular matrix remodeling, macrophage recruitment via CSF-1 signaling, and polarization of tumor-associated macrophages toward immunosuppressive phenotypes, ultimately forming fibrotic tumor niches that limit T-cell infiltration and contribute to resistance to immunotherapy (19).

    2.1.2 Canonical oncogenic signaling pathways

    Classical oncogenic signaling pathways also exert substantial influence on immune composition within the tumor microenvironment. Mutations in RAS genes, including KRAS, NRAS, and HRAS, are among the most frequent oncogenic events in human cancers. KRAS mutations are especially common in pancreatic ductal adenocarcinoma, colorectal cancer, and non-small cell lung cancer (20, 21). Continuous activation of the RAS-RAF-MEK-ERK signaling pathway not only drives tumor growth but also alters immune networks by controlling cytokine and chemokine secretion (22, 23). RAS-activated tumors release factors like GM-CSF that attract immunosuppressive myeloid cells into the tumor microenvironment (24–27). In pancreatic cancer models, KRAS-driven tumor cells secrete GM-CSF, which promotes MDSC accumulation and thereby suppresses immune surveillance (28). Similar mechanisms are observed in hepatocellular carcinoma, where oncogenic NRAS signaling stimulates GM-CSF production, leading to the accumulation of inflammatory monocyte-derived cells that support tumor growth (29). Additionally, oncogenic RAS signaling can influence immune responses through stromal and inflammatory pathways; for example, RAS activation in skin tumor models leads to neutrophil recruitment, which in turn further stimulates tumor cell proliferation (30). These processes contribute to a “hot but suppressive” tumor environment characterized by immune cell infiltration along with functional immune suppression. RAS-driven signaling pathways can hamper T-cell activation by releasing immunosuppressive cytokines and fostering regulatory immune cells. For instance, KRAS-mutant pancreatic tumor cells express high levels of transglutaminase-2 and secrete cytokines such as G-CSF and GM-CSF, which inhibit T-cell activation (28, 31). Similarly, IL-33 produced by KRAS-mutant lung cancer supports regulatory T-cell growth and contributes to the exhaustion of cytotoxic CD8⁺ T cells and NK cells (32).

    Other oncogenic signaling pathways also contribute to immune suppression through various mechanisms. The BRAF V600E mutation, a key driver in melanoma and colorectal cancer, promotes tumor microenvironment (TME) remodeling by sustained activation of the MAPK pathway. This signaling increases the expression of pro-angiogenic and chemotactic factors like VEGF and CCL2, which aid in recruiting monocytes and endothelial cells, while also promoting PD-L1 expression and immune evasion (33). Loss of PTEN similarly alters the tumor immune landscape by activating the PI3K-AKT-mTOR pathway. PTEN-deficient tumors display impaired antigen presentation, increased extracellular matrix remodeling, and more recruitment of immunosuppressive T-cell populations. These changes contribute to resistance to immune checkpoint blockade and encourage stromal activation via TGF-β signaling, leading to therapy-resistant tumor niches (34–36).

    2.1.3 Tumor suppressor loss and immune remodeling

    Loss of tumor suppressor genes frequently drives immune remodeling within tumors by altering cytokine signaling, antigen presentation, and immune cell recruitment. The tumor suppressor TP53 is one of the most frequently mutated genes in human cancer and functions as a central regulator of cell cycle control, apoptosis, and genomic stability (37). Mutations in TP53 often occur within the DNA-binding domain and disrupt the transcriptional activation of canonical p53 target genes (38). In addition to its traditional tumor-suppressive functions, TP53 loss significantly impacts the immune microenvironment. Mutant or deleted p53 promotes immunosuppressive macrophage polarization by inducing cytokines such as CSF-1, IL-10, and TGF-β, as well as by releasing exosomal microRNAs that reprogram macrophages toward suppressive phenotypes (39). Spatial and multi-omic analyses of lung tumors further reveal that TP53 mutations alter myeloid cell composition and promote the growth of pro-tumorigenic macrophage subpopulations associated with epithelial-mesenchymal transition and hypoxia signaling pathways (40). In addition to altering myeloid populations, TP53 loss hampers adaptive immune responses by impairing antigen presentation pathways. Loss of TP53 function reduces the expression of antigen-processing genes such as TAP1 and ERAP1, leading to lower MHC class I expression and reduced recognition by cytotoxic T cells (41). Mutant p53 can also facilitate immune evasion by increasing PD-L1 expression and suppressing interferon signaling, ultimately leading to T-cell exhaustion and regulatory T-cell expansion (42).

    Other tumor suppressor alterations similarly reshape tumor immunity. In renal cell carcinoma, VHL inactivation activates HIF-1α signaling and promotes the expression of VEGF, PD-L1, and CXCR4, resulting in hypoxic and immunosuppressive tumor environments characterized by increased adenosine production and the recruitment of MDSCs and regulatory T cells (43). Mutations in ARID1A, a component of the SWI/SNF chromatin-remodeling complex, also impact immune signaling networks. ARID1A deficiency modifies chemokine expression and promotes PD-L1 upregulation via STAT3 signaling, leading to the expansion of exhausted PD-1⁺ T cells and the recruitment of regulatory T cells within the TME (44).

    2.1.4 Genome instability and epigenetic drivers

    Alterations that affect genome stability and epigenetic regulation further reshape tumor-immune interactions by modulating antigen presentation, interferon signaling, and immune checkpoint pathways. Mutations in IDH1 and IDH2 generate the oncometabolite 2-hydroxyglutarate, which blocks TET-mediated DNA demethylation and causes widespread epigenetic silencing of immune-related genes, including chemokines essential for T-cell recruitment (45). In gliomas, IDH mutations lower CXCL10 expression, reduce cytotoxic T-cell infiltration, and increase tumor-associated macrophage accumulation, leading to immunosuppressive tumor environments (45, 46).

    Defects in BRCA1 and BRCA2, which impair homologous recombination DNA repair, lead to genomic instability and a higher neoantigen burden. However, the immunological effects of homologous recombination deficiency are intricate. While a higher mutation load can boost immunogenicity, the complete loss of BRCA1/2 may also suppress STING signaling and decrease immune infiltration despite increased neoantigen levels (47). Likewise, broader DNA damage repair (DDR) deficiencies activate innate immune signaling via the cGAS-STING pathway, triggering interferon responses and chemokine production that attract cytotoxic T cells. DDR-deficient tumors often show increased PD-L1 expression and may respond better to immune checkpoint blockade therapy (48).

    Epigenetic regulators further contribute to immune remodeling. Overexpression of the histone methyltransferase EZH2 promotes tumor progression by silencing interferon-responsive genes and suppressing antitumor immune responses, leading to fewer tumor-infiltrating lymphocytes and increased regulatory T-cell accumulation (49). Finally, alterations in DUSP22, a dual-specificity phosphatase involved in immune signaling pathways, can influence immune checkpoint expression and T-cell infiltration. Loss of DUSP22 increases activation of EGFR and STAT3 signaling and enhances PD-L1 expression in lung cancer models, while DUSP22 overexpression can promote CD8⁺ T-cell infiltration and improve responses to immune checkpoint blockade (50–52).

    2.2 Immunosuppressive Effects of Metabolic Reprogramming

    Metabolic reprogramming is a central mechanism by which cancer cells reshape the TME. In addition to supporting malignant cell growth, tumor-associated metabolic programs change nutrient levels, produce immunosuppressive metabolites, and reconfigure stromal and immune cell functions. These alterations hinder the activity of cytotoxic lymphocytes, encourage suppressive myeloid cell populations, and create metabolic barriers that restrict effective antitumor immunity. The following sections explain how major metabolic pathways, including glucose, amino acid, lipid, and one-carbon metabolism, contribute to immune evasion and tumor progression (Figure 3).
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    Figure 3: Metabolic reprogramming in the tumor microenvironment drives immune suppression and functional reprogramming of immune cells. Schematic representation of tumor metabolic pathways and their impact on immune cell function within the tumor microenvironment (TME). The central tumor exhibits altered metabolic programs across glucose, amino acid, lipid, and one-carbon metabolism, collectively shaping the availability of key metabolites in the TME. Metabolic competition and metabolite accumulation modulate immune cell activity. Glucose depletion and lactate accumulation impair cytotoxic T-cell and natural killer (NK) cell function, while promoting immunosuppressive phenotypes. Amino acid metabolism, including tryptophan and arginine pathways, supports regulatory T cell (Treg) expansion and myeloid-derived suppressor cell (MDSC) activity, contributing to T-cell dysfunction. Lipid metabolism and fatty acid oxidation (FAO) further reprogram immune responses, promoting polarization of tumor-associated macrophages (TAMs) toward an M2-like phenotype and enhancing immune tolerance. These metabolic adaptations collectively suppress antitumor immunity and facilitate tumor progression. Arrows indicate metabolic flow or activation; blunt-ended lines indicate inhibition; dashed lines represent indirect or context-dependent interactions. Abbreviations: FAO, fatty acid oxidation; IDO1, indoleamine 2,3-dioxygenase 1; MDSC, myeloid-derived suppressor cell; mTOR, mechanistic target of rapamycin; NK, natural killer cell; TAM, tumor-associated macrophage; TCR, T-cell receptor; TME, tumor microenvironment; Treg, regulatory T cell.

    2.2.1 Glucose metabolism and lactate-driven immune suppression

    Tumor cells undergo glucose metabolic reprogramming, characterized by aerobic glycolysis (the Warburg effect), in which they preferentially use glycolysis to produce ATP even when oxygen is sufficient. This metabolic state results in significant lactate accumulation (53, 54). Because lactate export relies on proton-coupled monocarboxylate transporters (MCTs), its release is accompanied by H+ efflux, which leads to acidification of the TME (55). This acidic, lactate-rich environment is closely associated with immune evasion, as it inhibits antitumor immune cells and promotes infiltration by immunosuppressive cell populations.

    One major consequence of lactate accumulation is reduced T-cell activity. Lactate and low extracellular pH inhibit TCR-triggered signaling pathways, including p38 and JNK/c-Jun, which impairs CD8+ T-cell activation and antitumor function. Additionally, MCT1-mediated lactate transport is essential for normal T-cell metabolism, and disrupting this system decreases T-cell proliferation and cytokine production (55, 56). Competitive glucose depletion in the TME further limits nutrient supply for T cells and weakens their effector functions.

    Lactate also exerts direct suppressive effects on NK cells. Accumulating lactate can decrease the expression of activating receptors such as NKp46, disrupt cytotoxic secretory pathways, and reduce perforin and granzyme production. In melanoma, high lactate dehydrogenase levels are linked to fewer NK cells and reduced cytokine secretion. TME acidification also downregulates activating receptors such as NKp30, NKp44, and NKG2D, impairs mitochondrial health, and promotes apoptosis, all of which reduce NK-cell recognition and killing ability. Additionally, lactate-driven metabolic stress inhibits mTORC1-dependent reprogramming, causing NK-cell dysfunction and exhaustion.

    Meanwhile, lactate reshapes immune-cell composition by promoting immunosuppressive populations. In pancreatic cancer models, inhibiting LDHA decreases splenic MDSC frequency and enhances NK cell activity, whereas exogenous lactate promotes MDSC formation in bone marrow cultures. Lactate also drives M2 macrophage polarization through ERK/STAT3 signaling, resulting in the release of IL-6 and VEGF and further aiding immune evasion. Additionally, environments rich in lactate help Treg cells survive and function, creating a synergistic immunosuppressive network.

    2.2.2 Amino acid metabolism and immunometabolic competition

    Amino acid metabolism is another major determinant of tumor-immune interactions. In the TME, cancer cells deplete critical amino acids, compete directly with immune cells for metabolic resources, and generate immunosuppressive metabolites that impair lymphocyte and myeloid-cell function. Together, these processes create strong immunometabolic barriers that reduce antitumor immunity (Figure 2).

    Among amino acid pathways, glutamine metabolism represents a central immunosuppressive hub. Tumor cells frequently overexpress glutaminase (GLS), converting glutamine into α-ketoglutarate to support biosynthesis and TCA-cycle activity, thereby promoting rapid proliferation. This glutamine consumption deprives CD8+ T cells of a critical substrate, weakening oxidative phosphorylation and reducing antitumor activity. However, inhibition of GLS can reduce MDSC infiltration, promote macrophage polarization toward a proinflammatory M1 phenotype, and restore immune surveillance (57). Tumor cells also compete with cDC1 dendritic cells for glutamine through the SLC38A2 transporter, and glutamine deprivation impairs antigen presentation and CD8+ T-cell activation (58, 59).

    Arginine metabolism also plays a major role in T-cell dysfunction. Arginine is crucial for T-cell activation and proliferation, but tumor-associated macrophages frequently express high levels of arginase-1, which depletes arginine from the TME by converting it to urea and ornithine. This depletion of arginine hampers mTOR signaling, disrupts T-cell metabolic reprogramming, and prevents efficient transition from quiescence to activation, leading to decreased proliferation and cytokine production (60–62). In breast cancer, the metabolic interaction between cancer cells and macrophages makes arginine availability a key factor in disease progression (63). In this environment, tumor-derived arginine encourages pro-tumorigenic TAM polarization, while downstream polyamine metabolism further promotes this phenotype through thymine DNA glycosylase-dependent DNA demethylation, regulated by p53 signaling. Targeting this arginine-polyamine-TDG axis can significantly slow breast cancer growth (63).

    Tryptophan metabolism further reinforces immunosuppression. Tryptophan is converted into kynurenine by indoleamine 2,3-dioxygenase (IDO) expressed in tumor cells or MDSCs. Kynurenine acts as an endogenous ligand for the aryl hydrocarbon receptor (AhR), activating signaling pathways that cause T-cell apoptosis, promote Treg differentiation, and inhibit effector T-cell function (64–66). Methionine metabolism also plays a role through an epigenetic mechanism. Tumor cells increase the expression of the methionine transporter SLC43A2, thereby depriving T cells of methionine and reducing H3K79me2 methylation and STAT5 signaling, leading to suppressed T-cell activation and proliferation (67). This metabolic hijacking sustains T-cell exhaustion and weakens antitumor immunity (58).

    More broadly, amino acids also act as signaling molecules that control immune-cell fitness. When amino acids such as leucine and arginine are abundant, they activate mTORC1 via sensors including Sestrin2 and CASTOR1, thereby supporting T-cell growth and cytokine production (68, 69). Leucine alone can restore mTORC1 activity and induce metabolic reprogramming in T cells (70). Conversely, tumor-induced amino acid depletion triggers the GCN2-FBXO22 pathway, leading to mTOR ubiquitination and degradation, thereby reducing leucine uptake by T cells and ultimately causing T-cell dysfunction and exhaustion (71, 72). Under tryptophan-starved conditions, kynurenine-mediated activation of AhR promotes Treg differentiation and immunosuppression through coordinated upregulation of AhR and increased kynurenine intake (73–76). Additionally, new amino acid sensors such as TARS2 and HDAC6 can detect variations in threonine and valine levels, respectively, and adjust immune cell metabolism, indicating potential new therapeutic targets (77–79).

    2.2.3 Lipid metabolism and immune dysfunction

    Abnormal lipid metabolism represents a third major axis of immunometabolic remodeling in the TME. Tumor cells increase exogenous lipid uptake via receptors such as CD36 and FATP, upregulate enzymes such as ACLY and FASN to promote endogenous lipid synthesis, and redistribute lipids toward membrane biosynthesis, energy generation via fatty acid oxidation, and the synthesis of signaling molecules, such as prostaglandins (80). Over time, these changes lead to a lipid-rich, oxidative, and metabolically stressful environment that broadly influences tumor-immune interactions (Figure 2). One important consequence is dysfunction of effector T cells. Because glucose and other nutrients are limited in the TME, exhausted CD8+ T cells reduce glycolysis and exhibit impaired mitochondrial function, thereby reducing oxidative phosphorylation. Under these conditions, they become increasingly dependent on FAO to sustain residual effector activity (81–84). Similarly, enhanced FAO dependence in CD4+ T cells can promote differentiation into Tregs, thereby weakening antitumor immunity (85). Tumor cells also indirectly restrict T-cell metabolic plasticity by competing for glucose and glutamine (86, 87).

    Lipid metabolism also shapes myeloid-cell behavior. Tumor-infiltrating MDSCs shift from glycolysis to FAO via CD36-mediated fatty acid uptake and increased expression of FAO enzymes, thereby maintaining high levels of immunosuppressive molecules such as ARG1 and IL-10 (88). Lipid metabolism similarly affects macrophage polarization, with M2-type TAMs utilizing FAO to produce ATP and acetyl-CoA, supporting TCA cycle activity and cholesterol synthesis, which promotes tumor progression (89). Long-chain fatty acids released from tumor-derived exosomes are taken up by macrophages through CD36 and activate ERK/STAT3 signaling, driving M2 polarization. These macrophages secrete IL-10 and TGF-β, facilitating immune evasion in liver metastasis models (90, 91). Lactate and amino acid metabolism can further reinforce this immunosuppressive M2 phenotype via ERK/STAT3 signaling (92, 93).

    Another feature of lipid remodeling is the creation of a lipid peroxidation environment. The accumulation of ROS and lipids generates reactive lipid metabolites, including oxidized LDL, malondialdehyde, and 4-hydroxynonenal, which can damage immune cell membranes, interfere with signaling, and affect ferroptotic responses (94). Tumor cells adapt to environments with low glucose and high-lipid environments by increasing lipid uptake and storage in lipid droplets (95, 96). Although excessive accumulation of polyunsaturated fatty acids can trigger ferroptosis, some tumors, including non-small cell lung cancer, can resist ferroptotic death through paracrine mechanisms (97–99).

    Finally, lipid-derived metabolites also regulate immune checkpoints through post-translational modification. For instance, palmitoylation of PD-L1 stabilizes the protein and maintains suppression of CD8+ T-cell cytotoxicity (99–101). Other acylation modifications driven by four-carbon metabolites, such as butyrylation and crotonylation, may also connect the metabolic state to gene regulation and signal transduction (102). Overall, these findings demonstrate how lipid metabolism contributes to immune evasion through both metabolic and epigenetic mechanisms.

    2.2.4 One-carbon metabolism and epigenetic control of immune suppression

    One-carbon metabolism is essential for nucleotide biosynthesis, methylation reactions, and cellular redox balance. By hijacking this pathway, tumor cells not only support their own proliferation but also establish immunosuppressive barriers within the TME (Figure 2).

    One major consequence is the competition for the depletion of one-carbon units and related nutrients. One-carbon metabolism integrates the folate cycle, methionine cycle, and transsulfuration pathway and depends on amino acids such as serine, glycine, and methionine (103, 104). Tumor cells often overexpress enzymes such as SHMT2 and MTHFD2 to rapidly consume one-carbon units for nucleotide synthesis and methylation, thereby depriving immune cells of essential metabolic resources (105–107). Methionine deficiency in the TME greatly reduces CD8+ T cell survival and affects CD4+ T cells and Tregs. Conversely, supplementing methionine or S-adenosylmethionine can prevent T-cell apoptosis under tumor-bearing or IL-2-deficient conditions (67, 108).

    One-carbon metabolism also contributes to metabolism-epigenetic crosstalk. Methionine metabolism generates S-adenosylmethionine, which is the universal methyl donor for epigenetic modifications. In immune cells, changes in one-carbon metabolism can directly influence DNA and RNA methylation states. For instance, dysregulated expression of sarcosine dehydrogenase (SARDH) shifts the sarcosine-glycine metabolic balance, reprograms cellular methylation patterns, suppresses TCR signaling, and weakens T-cell antitumor activity (109).

    Furthermore, one-carbon metabolism supports the expansion and function of immunosuppressive cell populations. Tumor cells can deplete arginine levels by upregulating arginase and diverting one-carbon metabolic intermediates toward polyamine synthesis, thereby expanding MDSCs and polarizing M2 macrophages (110). The enzyme PHGDH in one-carbon metabolism also activates mTORC1 through α-ketoglutarate production, promoting M2-like TAM polarization (111). These findings position one-carbon metabolism as a crucial regulator of metabolic competition, epigenetic changes, and myeloid-mediated immune suppression. Figure 4 summarizes how tumor-associated metabolic reprogramming reshapes the tumor immune microenvironment by impairing effector immune cell function and promoting immunosuppressive cellular states.
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    Figure 4: Metabolic-immune crosstalk in the tumor microenvironment drives immune dysfunction and tumor progression. Schematic representation of metabolic interactions between tumor cells and immune populations within the tumor microenvironment (TME). Tumor cells exhibit reprogrammed metabolic pathways, including enhanced glycolysis, amino acid metabolism, and lipid utilization, which alter nutrient availability and generate immunomodulatory metabolites. Glucose consumption and lactate accumulation suppress cytotoxic T cell and natural killer (NK) cell activity, while promoting immune exhaustion. Amino acid metabolism, including tryptophan and arginine pathways, supports the expansion and function of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), contributing to T-cell dysfunction. Lipid metabolism and fatty acid oxidation promote the polarization of tumor-associated macrophages (TAMs) toward an immunosuppressive phenotype, thereby reinforcing immune tolerance. Arrows indicate activation or metabolic flux; blunt-ended lines indicate inhibition; dashed lines represent indirect or context-dependent interactions.. Abbreviations: FAO, fatty acid oxidation; MDSC, myeloid-derived suppressor cell; NK, natural killer cell; TAM, tumor-associated macrophage; TME, tumor microenvironment; Treg, regulatory T cell.

    2.3 Epigenetic Regulation

    Epigenetic reprogramming is a key mechanism through which tumor cells modify the TME. By altering DNA methylation, histone modifications, and metabolism-linked chromatin remodeling, cancer cells can suppress antigen presentation, change chemokine expression, regulate immune checkpoint pathways, and promote the expansion or activity of immunosuppressive cell populations. These changes collectively enable immune evasion and contribute to therapeutic resistance.

    2.3.1 DNA methylation and immune invisibility

    During tumorigenesis, DNA methylation often exhibits a paradoxical pattern, with global hypomethylation alongside promoter-specific hypermethylation. Genome-wide CpG island hypomethylation leads to genomic instability and transposon activation, whereas hypermethylation of tumor suppressor genes and immune defense genes directly suppresses antitumor immune responses (112). Tumor cells frequently develop hypermethylated states through abnormal overexpression of DNMT1, DNMT3A, and DNMT3B, which silence tumor suppressor genes, antigen presentation genes such as B2M and HLA-DRA, and endogenous retroviruses (ERVs), all of which diminish T cell recognition of tumors. Methylation-regulated expression of immune genes can also influence immune cell infiltration; for instance, methylation of the LAG-3 promoter directly affects its expression in both tumor and immune cells. Conversely, inhibiting DNA methyltransferases can reactivate ERVs, trigger the dsRNA-interferon pathway, and restore antitumor immune signaling (113).

    These methylation programs also have clinical importance. Microsatellite instability is often associated with improved immunotherapy outcomes, and in colorectal cancer, the CpG island methylator phenotype (CIMP) is an important molecular subtype characterized by widespread CpG island hypermethylation. CIMP is closely connected to microsatellite instability and BRAF or KRAS mutations, and it affects both prognosis and treatment response, making it a valuable clinical marker for patient stratification and therapy decisions.

    2.3.2 Histone modifications and epigenetic control of tumor immunity

    Histone methylation is a key epigenetic process that controls gene transcription through the coordinated actions of histone methyltransferases (HMTs) and histone demethylases (HDMs). Abnormal histone methylation can decrease tumor immunogenicity by silencing genes involved in antigen presentation, interferon signaling, and chemokine production, and by affecting the levels and differentiation of myeloid-derived suppressor cells, regulatory T cells, and tumor-associated macrophages.

    Among HMTs, several enzymes inhibit tumor immunogenicity by silencing key antigen-presentation pathways. EZH2 suppresses MHC-I and MHC-II expression in diffuse large B-cell lymphoma and various cancers by depositing H3K27me3, thus directly impairing T-cell recognition of tumor antigens (114, 115). SETDB1 suppresses repetitive genomic elements and reduces neoantigen production from these sequences, thereby limiting immune recognition (116). HMTs also disrupt immune cell trafficking. For example, G9a suppresses interferon-induced chemokines such as CXCL9 and CXCL10 through H3K9me2/3, weakening CD8+ T-cell infiltration (117–120). In liver cancer, G9a also promotes MDSC chemotaxis by downregulating SLC7A2 (121). EZH2 in prostate cancer inhibits type I interferon signaling by blocking the RNA-STING-ISG pathway, further reducing immune activation and recruitment (122). Histone methyltransferases also regulate immune checkpoints and cell death pathways. KMT2A in pancreatic cancer and SETD2 in renal cell carcinoma promote PD-L1 transcription by activating H3K4me3 and H3K36me3 marks, while EZH2 and SETDB1 can suppress PD-L1 expression through H3K27me3 in a context-dependent manner (123). In colorectal cancer, G9a inhibits Fas transcription, thereby reducing Fas-FasL-mediated tumor cell killing, demonstrating how histone methylation can broadly influence susceptibility to immune attack (124). Histone demethylases also contribute to immune suppression through various mechanisms. KDM1A decreases MHC-I expression in melanoma, breast cancer, and other malignancies, and inhibits the dsRNA-type I interferon pathway by repressing ERV expression (125–127). KDM5B and KDM5C directly bind to the STING promoter and inhibit cGAS-STING signaling (128). KDM5A raises PD-L1 levels by suppressing PTEN and activating the PI3K-AKT-S6K pathway, while KDM4D amplifies STAT3-IRF1 signaling by coactivating IFNGR1 with SP-1, thus promoting PD-L1 transcription (129, 130). Additionally, KDM4C and KDM6B suppress CXCL10 or CXCL9/CXCL10 expression, limiting T-cell recruitment, and KDM4B negatively regulates immune infiltration in endometrial cancer (131–133).

    Beyond their direct effects on tumor cells, HDMs also influence the function of immunosuppressive cells. KDM1A binds to the TGF-β1 promoter and promotes its expression, while synergizing with KLF5 and SMAD4 to suppress antitumor immunity. In CD8+ T cells, the LSD1/CoREST complex antagonizes TCF1 activity and modifies EOMES expression, thereby weakening T-cell function (134). KDM2A promotes JAG1 demethylation and activates Notch signaling, supporting Treg proliferation and activity (135). Along with KDM4D- and KDM5A-mediated signaling, these demethylases form part of a broader immunosuppressive network that facilitates tumor immune evasion (129, 130).

    3. Cancer Cell-Derived Signals and Remodeling of the Immune Microenvironment

    Cancer cells actively build microenvironments that support their survival, growth, invasion, metastasis, and immune evasion by releasing soluble factors and modifying the physical properties of the tumor microenvironment. These processes directly impact immune cell function, attract suppressive cell populations, change stromal composition, and create vascular and metabolic barriers that limit effective antitumor immunity.

    3.1 Soluble factors and metabolic mediators of immune suppression

    Cancer cells and their reprogrammed stromal partners, including cancer-associated fibroblasts, secrete a wide range of cytokines, chemokines, and metabolites that directly suppress effector immune cells and promote immunosuppressive cell populations. Among these factors, TGF-β is a central mediator of immune suppression. TGF-β strongly inhibits CD8+ T-cell proliferation, decreases expression of cytotoxic molecules such as perforin and granzyme B, interferes with T-cell metabolism and migration, and contributes to functional exhaustion. At the same time, TGF-β activates CAFs, which deposit extracellular matrix and form physical barriers that block T-cell infiltration, thus promoting immune exclusion. Other soluble mediators further strengthen suppression: galectin-1 directly induces apoptosis of activated T cells through interactions with cell-surface glycoproteins (136), and growing evidence indicates that the tumor-associated endothelium also functions as an active immunosuppressive barrier (137, 138). In this context, Gal1-mediated PD-L1 upregulation on vascular endothelial cells can physically restrict CD8+ T-cell infiltration (139, 140). In advanced ovarian cancer, VEGF-A directly inhibits T-cell proliferation and cytotoxic activity (141, 142), and additional studies support a broader role for tumor-induced T-cell exhaustion in this setting (143, 144). Meanwhile, cancer cells actively recruit and “tame” suppressive immune populations through chemokine signaling. Tumor-derived factors such as CCL2, CCL5, and CXCL12 recruit MDSCs, Tregs, and tumor-associated macrophages into the TME, where they are further polarized toward immunosuppressive states. For example, macrophages exposed to IL-4 and IL-13 develop pro-tumorigenic M2-like phenotypes and secrete TGF-β and IL-10, creating a self-reinforcing suppressive loop. In lung cancer, tumor-associated dendritic cells can cooperate by secreting HB-EGF and CXCL5, thereby promoting tumor growth, invasion, and migration (145).

    Tumor-derived metabolites also create unfavorable physicochemical conditions for antitumor immunity. Aerobic glycolysis results in lactate accumulation and acidification of the TME, and recent research has highlighted additional signaling effects of lactate-dependent protein lactylation. Lactylation of HIF-1α increases its stability and transcriptional activity by reducing proteasomal degradation, thereby enhancing expression of hypoxia-response genes (146). In liver cancer, lactylation of PD-L1 at lysine 189 suppresses tumor growth, while delactylation promotes tumor progression through cholesterol synthesis driven by YY1-dependent upregulation of SQLE (147). Similarly, ASH2L-K312 lactylation is associated with tumor microvascular density and VEGFA expression in hepatocellular carcinoma and appears to promote tumor angiogenesis (148). More broadly, the TME causes immune dysfunction through both nutrient deprivation and metabolic waste accumulation: excessive tumor consumption of glucose and glutamine induces nutrient stress, while the accumulation of metabolites like adenosine generates suppressive signaling cues that hinder infiltrating immune cells (149–151).

    3.2 Physical remodeling of the tumor microenvironment

    In addition to soluble mediators, cancer cells reshape the physical architecture of the TME, creating immune-excluded and immunosuppressive niches. A key part of this process is extracellular matrix remodeling driven by cancer-associated fibroblasts. Recruited and activated CAFs secrete abundant matrix proteins, including collagen I/III, fibronectin, and hyaluronic acid, and facilitate crosslinking through enzymes such as lysyl oxidase and transglutaminases, which increases matrix stiffness (152). Under hypoxic conditions, elevated LOX expression further enhances collagen crosslinking, fostering conditions that promote recurrence and metastasis (153). Increased stiffness and altered fiber architecture impact both tumor and immune cells: YAP/TAZ activation promotes stem-like tumor phenotypes and immune evasion (154), while rigid collagen fibers form physical barriers that restrict CD8+ T-cell infiltration into the tumor core (155). Collagen has a dual role in the TME: intact fibrillar structures can impede immune-cell entry, whereas degradation products may activate immune responses. By interacting with receptors such as DDR1, DDR2, integrins, and LAIR-1, collagen can modulate immune cell exhaustion and immune evasion (156). Cancer cells also induce abnormal vasculature that acts as an immunosuppressive barrier. Through oncogenic signaling and stress responses in the microenvironment, including KRAS activation, p53 suppression, and hypoxia, tumor cells maintain VEGF production and promote the formation of aberrant vascular networks (157–161). Other receptor tyrosine kinases, such as EGFR, RET, PDGFR-α/β, and c-Kit, can also increase HIF-1α and VEGF-A levels in both hypoxic and normoxic conditions. For example, in EGFR-mutant non-small cell lung cancer, EGFR signaling can stimulate VEGF production even under normoxic conditions, contributing to a VEGF-dependent phenotype (162, 163).

    Functionally, these abnormal vessels fail to effectively deliver cytotoxic T lymphocytes into the tumor core, thereby contributing to immune-desert phenotypes. Even when T-cell infiltration occurs, PD-L1 and FasL on vascular surfaces can induce exhaustion before T cells fully enter the TME (164). VEGF also directly promotes exhaustion by upregulating TOX expression in CD8+ T cells and by increasing checkpoint receptors such as TIM-3 and LAG-3 (165, 166). Therefore, stromal and vascular remodeling together strengthen the immunosuppressive barrier that shields tumors from effective immune attack.

    4. Spatial Immunosuppression

    Tumors are not homogeneous structures. Cancer cells in different regions of the tumor face unique metabolic conditions, stromal signals, and immune pressures. Consequently, they develop region-specific transcriptional programs and survival strategies that actively reshape the surrounding immune microenvironment. These spatially distinct tumor cell states create heterogeneous immune niches within the same tumor, affecting immune cell infiltration, immune suppression, and therapeutic responses.

    4.1 Spatial heterogeneity between the tumor core and the invasive edge

    4.1.1 Intrinsic program differences

    Cancer cells in the tumor core and at the invasive edge have different intrinsic transcriptional programs that influence spatial immune heterogeneity. Mo and colleagues performed spatial transcriptomic analysis on 131 tumor sections from 78 cases across six types of cancer, including breast cancer (BRCA), colorectal cancer (CRC), pancreatic ductal adenocarcinoma (PDAC), renal cell carcinoma (RCC), uterine corpus endometrial carcinoma (UCEC), and cholangiocarcinoma (CHOL) (167). Their study found that tumor core regions show high expression of ribosome assembly genes from the RPL/RPS family and the long non-coding RNA SNHG29, indicating increased protein translation and a proliferation-focused cellular state. In contrast, tumor cells at the invasive edge are enriched for the glycolytic enzyme ENO1, the invasion-related protein TMSB10, and the immune regulatory factor ISG15, suggesting a dual program that combines migratory ability with immunomodulatory functions, thereby promoting M2 macrophage formation. Similar spatial transcriptional differences have been observed in colorectal cancer. Through integrated analysis of single-cell RNA sequencing with spatial transcriptomics, Xiao et al. showed clear differences between cancer cells in the tumor core and those at the invasive edge. Tumor-core cells mainly expressed genes associated with proliferation, matrix remodeling, and resistance to apoptosis, including TMSB4X, which has been linked to higher stemness and increased malignant potential (168). In contrast, cancer cells at the invasive edge exhibited transcriptional programs associated with cell migration and invasion, highlighting how spatial context influences functional heterogeneity within tumors.

    4.1.2 Remodeling the immune microenvironment

    These spatially distinct tumor cell programs are accompanied by equally distinct strategies of immune modulation. Cancer cells in the tumor core often face strong immune pressure and thus adopt mechanisms to actively suppress immune surveillance. A common approach is the upregulation of immune checkpoint molecules like PD-L1 and the secretion of inhibitory cytokines, including TGF-β. These strategies together inhibit the activity of cytotoxic immune cells and help form physical and biochemical barriers that prevent infiltration by NK cells and CD8⁺ T cells, creating what is often called an “immunosuppressive desert” within the tumor core (169–171). Cancer cells at the invasive edge often reshape the surrounding microenvironment by actively communicating with neighboring cells. These tumor cells release signaling molecules that alter stromal and immune cell behavior, thereby facilitating tumor growth. For instance, CXCL6⁺ tumor cells at the invasive front of liver cancer can activate the JAK-STAT3 pathway in nearby hepatocytes, prompting them to produce serum amyloid A proteins. These signals draw macrophages and promote their polarization toward an M2 pro-tumorigenic phenotype, creating a local niche that supports tumor progression and immune evasion (172).

    4.2 Tertiary lymphoid structures in tumors

    Another important spatial component of the tumor immune landscape is the presence of tertiary lymphoid structures (TLS). TLS are ectopic lymphoid aggregates composed of B cells, T cells, dendritic cells, and high endothelial venules that develop within tumor tissues (173). Unlike secondary lymphoid organs, TLS forms in settings of chronic inflammation and is seen in autoimmune diseases, chronic infections, and cancers. In tumors, TLS often serves as an active site for antitumor immune responses and is generally associated with increased T-cell activity and improved clinical outcomes (174). The development of TLS begins with the recruitment of lymphoid populations by signals released from lymphoid tissue inducer cells, including LTα and TNFα (173, 175). As TLS matures, they form organized structures containing B-cell follicles surrounded by T-cell zones, along with follicular dendritic cells and high endothelial venules that facilitate antigen capture and lymphocyte activation (176). Experimental models indicate that tumor cells can influence TLS formation. Joshi et al. reported spontaneous TLS development in a transgenic lung adenocarcinoma model driven by Kras LSL-G12D and Trp53 loss, showing that tumor-intrinsic oncogenic signaling can promote TLS formation (177). Other studies have found that TLS abundance correlates with tumor antigenicity. Rodriguez et al. demonstrated a positive association between antigen strength and the number of TLS (178), whereas Ng et al. reported that only highly mutated mouse lung cancer cell lines could induce TLS formation, likely due to increased tumor immunogenicity (179).

    Conversely, TLS formation may be limited in specific tumor environments. In the transgenic KPC pancreatic cancer model (KrasG12D, p53R172H, Pdx-1-Cre), TLS formation is rare. However, local injection of chemokines such as CXCL13 and CCL21 in orthotopic pancreatic ductal adenocarcinoma models can trigger TLS development (180). These findings imply that TLS formation is not merely a passive immune response to tumor presence but rather a dynamic process within the microenvironment influenced by tumor antigenicity, oncogenic signaling, and chemokine-driven immune cell recruitment.

    
    5. Discussion

    

    This review emphasizes a conceptual shift in tumor immunology: cancer cells are not just passive targets of immune surveillance but active architects of the TIME. Through oncogenic signaling, metabolic reprogramming, and epigenetic regulation, cancer cells actively influence immune composition, inhibit antitumor responses, and create therapeutic resistance. While these insights have significantly advanced our understanding of tumor-immune interactions, turning them into long-lasting clinical benefits remains difficult. The complexity of TME changes, along with the metabolic and epigenetic flexibility of cancer cells, creates substantial barriers to therapy development. Future progress will depend on strategies that combine mechanistic insights with precise therapeutic design.

    5.1 Translational challenges in targeting cancer cell-intrinsic immune regulation

    Despite significant progress in understanding how cancer cell-intrinsic programs influence the TIME, translating these mechanistic insights into lasting clinical benefits remains difficult. A key challenge stems from the dynamic and diverse nature of tumor ecosystems. The TME changes both spatially and over time, creating different immune niches within the same tumor. Cancer cells in the tumor core and those at the invasive edge often exhibit distinct transcriptional programs and immunoregulatory strategies, leading to varied immune infiltration patterns and resistance mechanisms. Consequently, therapies targeting single pathways are frequently bypassed by alternative signaling networks or regional immune-escape mechanisms, thereby limiting the durability of treatment responses. Another key challenge involves tumors with sparse immune infiltration, commonly referred to as immunologically “cold” tumors. Often, immune-desert or immune-excluded phenotypes result from inherent genetic programs within cancer cells that suppress immune priming and recruitment (181). For instance, oncogenic c-MYC signaling can block chemokine secretion, while TP53 mutations disrupt antigen presentation and hinder the start of antitumor immune responses. Turning these tumors into immunologically “hot” states that respond to immunotherapy, therefore, requires treatments targeting the intrinsic drivers of immune exclusion. Simultaneously, strategies targeting metabolic or epigenetic reprogramming face additional complexity: many pathways used by cancer cells are also vital for normal immune cell function. Broadly blocking glycolysis, amino acid metabolism, or epigenetic regulators could cause systemic toxicity or inadvertently suppress antitumor immunity (182). For example, selectively blocking tumor glutamine metabolism without compromising the metabolic needs of activated T cells remains a major challenge in developing metabolic therapies.

    Finally, although combination immunotherapy strategies hold some promise for overcoming resistance to immune checkpoint blockade, their effective design remains difficult. Many current combinations are mainly based on empirical reasoning or limited preclinical data. Because cancer cell-intrinsic drivers often operate through redundant and compensatory signaling pathways, blocking PD-1/PD-L1, along with a single metabolic or epigenetic target, may still be insufficient to produce lasting responses. Additionally, combination therapies can raise the risk of immune-related adverse events or promote the development of more aggressive tumor clones, which can ultimately lead to acquired resistance (183).

    5.2 Future directions toward systemic remodeling of the tumor immune ecosystem

    Addressing these challenges will require therapeutic strategies that systematically reshape the tumor immune ecosystem while targeting patient-specific vulnerabilities. Rather than focusing on isolated signaling pathways, future approaches should aim to intervene across multiple stages of the cancer-immunity cycle, including relieving tumor-induced immunosuppression, enhancing immune priming and recruitment, and restoring immune cell function within the TME.

    Future therapeutic strategies must therefore move beyond single-target blockade to involve multi-level remodeling of the tumor immune environment. Rational combination approaches should integrate interventions that simultaneously weaken cancer cell-intrinsic immunosuppressive programs, enhance effective antigen presentation and immune cell recruitment, and restore the metabolic and functional capacity of antitumor lymphocytes.

    5.2.1 Targeting cancer cell-intrinsic drivers at their source

    Directly targeting cancer cell-intrinsic programs that establish and sustain the immunosuppressive tumor microenvironment is one of the most promising strategies for changing the tumor ecosystem at its core. Instead of merely counteracting downstream immunosuppressive effects, this approach targets the oncogenic drivers of immune evasion. One emerging strategy involves exploiting synthetic lethal interactions associated with challenging-to-target oncogenic pathways such as RAS and c-MYC. Because these oncogenes control extensive transcriptional and metabolic networks, their vulnerabilities may be found in downstream dependencies. Finding synthetic lethal partners among metabolic enzymes or epigenetic regulators could thus offer indirect strategies for targeting oncogene-driven cancers. Alternatively, treatments that interfere with oncogene-mediated immune regulation, such as blocking c-MYC-dependent transcription of immune checkpoint genes like PD-L1, might restore the immune system's ability to recognize tumor cells.

    Epigenetic therapies offer another promising approach for reprogramming tumor immunogenicity. Drugs targeting epigenetic regulators, including EZH2 inhibitors and DNMT inhibitors, can reverse the silencing of immune-related genes in tumor cells and induce “viral mimicry” responses by activating endogenous retroviral elements, thereby stimulating innate immune signaling pathways (184). Emerging studies also suggest that combining epigenetic drugs with nanodelivery platforms may enhance tumor-targeted delivery while simultaneously activating the cGAS-STING pathway, promoting dendritic cell maturation, and increasing chemokine-mediated T-cell recruitment, ultimately resulting in synergistic immune activation (185). To contextualize these approaches within a broader therapeutic framework, multi-level combination strategies can be organized based on cancer cell-intrinsic drivers of immune evasion, as outlined in Table 1.

    Table 1: Framework of Multi-Level Immunotherapeutic Strategies Targeting Cancer Cell-Intrinsic Drivers

    
    
    
    
    
    
    
    
    
    	Intervention Level
    	Core Objective
    	Targeted Cancer Cell-Intrinsic Drivers
    	Potential Strategies and Representative Studies
    

    
    
    
    	Layer 1: Relieving Immunosuppression
    	Blocking direct suppressive signals established by cancer cells
    	PD-L1 expression (such as c-MYC and mutant p53-driven); metabolite-mediated suppression (lactate, kynurenine)
    	ICIs (anti-PD-1/PD-L1); IDO inhibitors; lactate transporter (MCT) inhibitors; targeting chemokine axes such as CCL2-CCR2 to suppress MDSC/TAM recruitment
    

    
    	Layer 2: Enhancing Immune Priming and Recruitment
    	Promoting antigen presentation and guiding effector cell homing to tumors
    	Antigen presentation defects (such as TP53 mutation); chemokine secretion suppression (such as c-MYC suppression of CXCL9/10)
    	STING agonists (activating cGAS-STING pathway, promoting type I interferon and chemokine production); epigenetic drugs (such as CARM1 inhibitors) activating tumor immune signals and upregulating T cell CXCR3 expression; personalized neoantigen vaccines
    

    
    	Layer 3: Improving Immune Cell Function and Survival
    	Reversing T cell exhaustion and providing metabolic support
    	Nutrient competition (glucose, amino acid depletion); immune checkpoint upregulation
    	Metabolic modulators (such as α-ketoglutarate supplementation, AMPK agonists); inhibitors targeting emerging immune checkpoints such as TIGIT and LAG-3; nanocarriers co-delivering siRNA and metabolic drugs
    

    
    

    Table 1: Multilayered therapeutic strategies targeting tumor-driven immune dysfunction. Summary of intervention strategies designed to overcome tumor-mediated immune suppression across three functional layers. Layer 1 (relieving immunosuppression) focuses on blocking direct suppressive signals established by cancer cells, including immune checkpoint activation and metabolite-mediated inhibition (e.g., lactate and kynurenine), with representative approaches such as immune checkpoint inhibitors (ICIs), IDO inhibitors, and chemokine axis targeting. Layer 2 (enhancing immune priming and recruitment) aims to restore antigen presentation and promote effector immune cell trafficking to tumors, addressing defects driven by oncogenic alterations (e.g., TP53 mutations and c-MYC-mediated chemokine suppression), using strategies such as STING agonists, epigenetic modulators, and personalized neoantigen vaccines. Layer 3 (improving immune cell function and survival) targets T-cell exhaustion and metabolic constraints within the tumor microenvironment, using approaches such as metabolic modulators, inhibitors of emerging immune checkpoints (e.g., TIGIT and LAG-3), and nanocarrier-based combinatorial delivery systems. Abbreviations: AMPK, AMP-activated protein kinase; CCL2, C-C motif chemokine ligand 2; CCR2, C-C chemokine receptor type 2; CXCL9/10, C-X-C motif chemokine ligand 9/10; IDO, indoleamine 2,3-dioxygenase; ICI, immune checkpoint inhibitor; MCT, monocarboxylate transporter; MDSC, myeloid-derived suppressor cell; siRNA, small interfering RNA; STING, stimulator of interferon genes; TAM, tumor-associated macrophage.

    5.2.2 Precision patient stratification and dynamic monitoring

    Overcoming tumor heterogeneity and enabling personalized immunotherapy will rely heavily on better patient stratification strategies. Traditional biomarkers such as PD-L1 expression and tumor mutational burden (TMB) offer only limited predictive accuracy, highlighting the need for multifaceted approaches that integrate genomic, transcriptional, and immune-ecosystem data.

    One promising approach involves developing new biomarkers that reflect the dynamic state of the cancer-immunity cycle. For example, the modulators of immune infiltration (MOTIF) framework integrates multiple elements of immune regulation and has been shown to more accurately predict CD8⁺ T-cell infiltration and immunotherapy response than tumor mutational burden alone (186). Additionally, emerging evidence indicates that tumor-resident T-cell clones, those found within tumor tissues but absent from peripheral blood, are key factors in determining immunotherapy response (187).

    Advances in imaging technologies also offer opportunities for non-invasive monitoring of TME evolution. Radiomics approaches combined with artificial intelligence can extract quantitative features from standard imaging modalities such as CT scans. Metrics such as the CT-TME score allow dynamic assessment of immune-inflammatory states within tumors throughout treatment, providing an alternative to repeated tissue biopsies and enabling real-time adjustment of therapeutic strategies (41).

    5.2.3 Innovative delivery systems and spatially targeted interventions

    Technological advances in drug delivery could further improve the targeting of tumor immune ecosystems. Nanotechnology-based delivery systems, including pH-responsive, enzyme-responsive, or light-activated nanocarriers, are increasingly being developed to enhance drug accumulation within tumors while reducing systemic toxicity. These platforms can deliver epigenetic drugs, metabolic modulators, and RNA-based therapeutics directly to tumor sites, enabling localized remodeling of the tumor microenvironment. For example, biomimetic nanovaccines that incorporate multiple tumor antigens and target dendritic cells have shown strong potential to boost antigen cross-presentation and induce durable antitumor immune responses (184).

    Future therapeutic strategies may also benefit from spatially targeted interventions within tumors. Because different tumor regions, such as the tumor core, invasive edge, and TLS niches, exhibit distinct immune and stromal characteristics, therapies may need to be tailored to these specific areas. Methods such as intratumoral drug delivery or the development of agents that preferentially accumulate in specific tumor regions could help boost T-cell recruitment in immune-excluded zones, break down stromal barriers in tumor cores, and support TLS formation or maturation within tumors (180, 181).

    In summary, recognizing cancer cells as active architects of their immune ecosystem fundamentally reshapes our understanding of tumor immunology. Instead of being passive targets of immune surveillance, tumor cells orchestrate complex networks of oncogenic signaling, metabolic reprogramming, and epigenetic regulation that together create immunosuppressive tumor microenvironments. Future immunotherapy strategies must therefore go beyond single immune checkpoint blockade and adopt integrated approaches to dismantle this ecosystem. Through thoughtfully designed combination therapies, interventions targeting cancer cell-intrinsic drivers, advanced technologies for precise patient stratification and real-time monitoring, and innovative delivery systems that enable spatially targeted therapy, it may become possible to gradually overcome the immunosuppressive barriers built by tumors and achieve longer-lasting clinical responses. Reaching this goal will require close collaboration among basic scientists, clinicians, computational biologists, and bioengineers to turn mechanistic insights into effective treatments.
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