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    Abstract

    

    Autophagy is a conserved catabolic pathway essential for maintaining cellular integrity, recycling damaged organelles, and supporting metabolic adaptation during stress. Beyond its homeostatic functions, aberrant autophagy plays a critical role in cancer initiation and progression. Once viewed primarily as a tumor-suppressive mechanism linked to programmed cell death, autophagy is now recognized as a highly context-dependent process that can either inhibit or facilitate tumor development. Growing evidence demonstrates that autophagy regulates multiple cancer hallmarks, including metastasis, sustained proliferation, therapeutic resistance, and immune regulation. In this review, we explore how autophagy interacts with the immune system to remodel the tumor microenvironment (TME), highlighting its dual, often paradoxical roles. Autophagy shapes the activation, differentiation, and effector functions of both innate and adaptive immune cells, enhancing antitumor immunity while also promoting immune evasion. Major TME constituents, such as tumor-associated macrophages, cancer-associated fibroblasts, dendritic cells, natural killer cells, and cytotoxic T lymphocytes, undergo autophagy-dependent reprogramming, particularly in response to hypoxia, nutrient stress, and inflammatory cues. Notably, autophagy-driven immunogenic cell death has emerged as a promising avenue to augment cancer immunotherapies, including immune checkpoint inhibitors and adoptive cell therapies. Recent preclinical and clinical advances targeting autophagy pathways have underscored new therapeutic opportunities and positioned autophagy modulators as emerging immunopharmacological agents. Elucidating how autophagy-mediated immune remodeling shapes the TME may enable the development of next-generation precision cancer therapies.
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    1. Introduction

    

    Cancer is a leading cause of death. Despite advances in therapy, it remains incurable. The tumor microenvironment (TME) is a dynamic ecosystem containing cancerous and non-cancerous cells and is increasingly recognized as a major regulator of tumorigenesis (1-3). The TME influences proliferation, metastasis, and drug resistance (4-6). Stromal cells, such as fibroblasts and mesenchymal cells, constitute this environment. Cancer-associated fibroblasts (CAFs) in the TME enhance carcinogenesis and angiogenesis by secreting growth factors and cytokines and by regulating extracellular matrix (ECM) components (7-10). The TME also includes immune cells, such as tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs), each of which influences tumorigenesis. M2-type macrophages create an immunosuppressive environment (11-13). MDSCs and Tregs suppress T cells and natural killer (NK) cells, enabling immune evasion. Hypoxic conditions in the TME trigger angiogenesis and VEGF upregulation, increasing tumor aggressiveness (14-16). Matrix metalloproteinases (MMPs) promote ECM degradation, facilitating metastasis and invasion (17-19). Signaling molecules, including cytokines, chemokines, and growth factors, drive tumorigenesis, angiogenesis, and epithelial-mesenchymal transition (EMT). Understanding mechanisms of TME remodeling, such as autophagy, is critical (Figure 1).
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    Figure 1. Schematic representation of the tumor microenvironment. The maturation of dendritic cells is required for priming naïve T cells during cancer immunotherapy; however, this process is suppressed by regulatory T cells. Tumor-associated macrophages can inhibit natural killer cell function and, when polarized toward the M2 phenotype, contribute to an immunosuppressive microenvironment. The extracellular matrix provides growth factors, integrins, and cytokines that support tumorigenesis. Tumor cells activate cancer-associated fibroblasts, which, in turn, secrete growth factors and cytokines to promote cancer progression. Adipocytes and neutrophils are additional components of the tumor microenvironment that enhance tumorigenesis by secreting vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), enzymes, and metabolites. Figure adapted from (20) and created with BioRender (https://biorender.com).

    Conventional therapeutics have significant challenges in treating cancer. As a result, combination therapies and newer approaches, such as immunotherapy, are being pursued to eliminate cancer. However, tumor microenvironment (TME) remodeling and other factors promote immune evasion (21). The TME supports immune evasion through a dense extracellular matrix (ECM) and abnormal vasculature. Thus, regulating the TME is essential for reversing immune evasion (22, 23). Tumor cells can downregulate MHC class I, reducing antigen presentation, impairing T cell function, and promoting immune evasion (24-26). The immunosuppressive environment is further mediated by M2-polarized macrophages (27), Tregs (28), and MDSCs (29). Cytokines such as IL-10 and TGF-β impair immune cell function and promote immune evasion (30, 31). Metabolites such as adenosine (32) and indoleamine 2,3-dioxygenase (IDO) (33) also contribute to the immunosuppressive TME. Thus, recognizing and targeting these factors is crucial in cancer immunotherapy.

    This review will focus on autophagy’s regulation of TME components and its effects on immune responses. First, the mechanisms of autophagy and their regulation are highlighted. Then, how autophagy regulates the innate and adaptive immune systems is described. The potential of autophagy to modulate immune evasion is also discussed. The role of autophagy in regulating immunogenic cell death and its changes under hypoxic conditions are covered. Finally, the specific role of autophagy in regulating TME components is examined to highlight its potential for TME remodeling and immune evasion modulation.

    2. Autophagy machinery: Basics and principles

    In recent years, the importance of cell death mechanisms has been highlighted. They are essential for developmental processes, tissue homeostasis, and the elimination of damaged cells. These mechanisms have drawn interest in human cancers (34-36). Among them, the role of autophagy in tumorigenesis has been extensively studied. Autophagy is a programmed cell death pathway comprising macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy (hereafter called autophagy) is the primary type. Although it is known as a cell death pathway, autophagy plays a dual role in cancer, acting either tumor-promoting or tumor-suppressing. It can regulate several cancer hallmarks (37-41). Basic levels of autophagy are maintained in cells to prevent the accumulation of damaged organelles, toxic macromolecules, and unfolded proteins. However, certain conditions, such as starvation, can stimulate autophagy. Autophagy has four steps: initiation, nucleation, elongation, and maturation. The mechanistic target of rapamycin complex 1 (mTORC1) strictly regulates the initiation of autophagy. During nutrient-rich conditions, mTORC1 suppresses autophagy by downregulating the unc-51-like autophagy activating kinase 1 (ULK1) complex. When nutrients are deficient, mTORC1 becomes inactive. This allows ULK1 to induce autophagy. Upon induction, ULK1 participates in the phosphorylation of the class III PI3K complex. This complex, comprised of Beclin-1, VPS34, and ATG14, produces PI3P on the phagophore membrane and recruits other ATG proteins. Two ubiquitin-like conjugation systems contribute to the elongation of the phagophore membrane. The ATG12-ATG5-ATG16L1 complex acts as an E3 ligase, accelerating the conjugation of LC3 to PE to form LC3-II. LC3-II then associates with the autophagosome membrane, promoting its expansion and cargo selection. Maturation involves the fusion of autophagosomes and lysosomes to generate autolysosomes. Proteins like SNAREs and LAMP1/2 contribute to this step. Finally, the cargo in autophagosomes is degraded by lysosomal enzymes. More detailed information on autophagy is available in the reviews (38, 40, 42-45) and in Figure 2.
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    Figure 2. Detailed representation of the autophagy mechanism. When intracellular AMP levels increase and exceed ATP levels, AMP-activated protein kinase (AMPK) is activated and suppresses mammalian target of rapamycin (mTOR). This leads to induction of the FIP200-ULK1-ATG101-ATG13 complex, initiating autophagy. In a subsequent step, BCL2 suppresses the UVRAG-BECN1-ATG14–VPS34-VPS15–AMBRA1 complex, which regulates phosphatidylinositol 3-phosphate (PI3P)–mediated autophagy nucleation. ATG4 mediates the conversion of pro-LC3 to LC3-I, whereas ATG7 and ATG3 catalyze the conversion of LC3-I to LC3-II, promoting autophagosome maturation. Proteins such as SNAREs and Rab7 are essential for autophagosome–lysosome fusion. Figure adapted from (46) and created with BioRender (https://biorender.com).

    The multifaceted role of autophagy in cancer has been challenging, as this mechanism can exert both pro- and antitumor effects, making it difficult to develop inhibitors or inducers of autophagy. Furthermore, autophagy is a potent regulator of drug resistance and affects the growth and invasion of cancer cells (47-49). In addition to drug resistance, autophagy can control radioresistance. Notably, Hexokinase-2 has been shown to promote AIMP2 degradation via autophagy, thereby increasing radioresistance in hepatocellular carcinoma (50). The studies have focused on the regulatory mechanisms of autophagy in human cancers. The upregulation of HSP70 is found in pancreatic cancer, and it increases cancer metastasis. Downregulation of HSP70 can impair mitochondrial dynamics and promote apoptosis.

    HSP70 downregulation increases AMPK levels, thereby promoting Beclin-1 phosphorylation and autophagy induction (51). Moreover, epigenetic regulation of autophagy can occur in cancers. LncRNA PRBC accelerates breast cancer progression by interacting with PABPC1, promoting its nuclear translocation and inducing autophagy (52). CSNK2 can suppress autophagy by inducing FLN-NHL-containing TRIM proteins (53), and this strategy can be used to exploit autophagy's protective function to impair carcinogenesis. The proper function of some organelles in cells, such as mitochondria, also depends on autophagy. The suppression of autophagy can trigger mitochondrial dysfunction in pancreatic cancer by reducing SDHB levels (54). Moreover, autophagy can regulate other cell death mechanisms in cancer, such as ferroptosis (55). Given the critical role of autophagy in human cancers, various autophagy modulators, including natural products, small molecules, and nanostructures, have been developed to control autophagy (56-62). One of the most recent advances is the recognition of autophagy's role in cancer immunotherapy. For example, the suppression of autophagy in CAFs has been shown to impair adaptive immune resistance in pancreatic cancer and enhance the response to immunotherapy (63). Hence, the following sections will focus on the role of autophagy in regulating immune responses, immune evasion, and TME remodeling.

    3. Autophagy in the innate immune system

    Adaptive and innate immune responses are responsible for cancer surveillance (64). Autophagy can activate innate immune receptors, such as TLRs and NLRs, thereby accelerating effector responses. The induction of innate immune receptors, including TLRs and NLRs, can be regulated by autophagy (65). TLR2-induced autophagy can upregulate JNK and ERK, thereby enhancing innate immune responses (66, 67). TLR7 can contribute to the elimination of intracellular residues through enhancing ATG5 and Beclin-1 levels in a MyD88-related manner (68). Another approach is the TLR4 signaling pathway, which induces the RIP1/MAPK axis to mediate autophagy (69). However, depending on the condition, the factors responsible for induction differ. TICAM1/TRIG is essential for the function of TLR4 and TLR3 in autophagy activation by lipopolysaccharides (LPS) and polyinosinic-polycytidylic acid (poly (I: C)), respectively, which facilitates TRAF6 ubiquitination and subsequent induction of MAPK and NF-KB. This elevates cytokine production, thereby increasing tumor cell migration (70). Moreover, TLRs are not the only factors mediating autophagy. The DNA damage-regulated autophagy modulator 1 (DRAM1) enhances pathogen identification via the TLR-MYD88-NF-κB innate immune signaling pathway, triggering selective autophagy (71). Although TLRs detect microbes on the cell surface, NOD1 and NOD2 can also detect cytosolic pathogens via iE-DAP and MDP, respectively. These factors can enhance the production of pro-inflammatory factors and mediate the effects of immunosuppressive cytokines by upregulating NF-κB and MAPK signaling. NOD1 and NOD2 can increase ATG16L1 levels, thereby enhancing autophagosome formation (72).

    4. Autophagy in the adaptive immune system

    In the adaptive immune system, autophagy regulates antigen presentation, MHC molecules, and T and B cells (65). The process of taking up and processing exogenous antigens and presenting them to antigen-specific T cells is known as cross-presentation, which is mediated by antigen-presenting cells (APCs) and is an essential step for the adaptive immune system (73). Autophagy is critical for antigen presentation and can deliver antigens to MHC class I molecules, thereby facilitating cross-presentation (74). Suppression of autophagy increases the number of intracellular bacteria (75). TNF-α-induced autophagy is vital for the processing and presentation of mitochondrial antigens by MHC-I molecules (76). Autophagy is essential for MHC-I antigen expression, but its role in regulating tumor immunity differs. At the early stage of melanoma, autophagy can promote CTL-mediated cytolysis of melanoma cells, whereas it disrupts cytolysis in advanced stages (77).

    Furthermore, the autophagy mechanism is vital for maintaining T cell homeostasis and for inducing T cells. Autophagy can be stimulated by TCR activation and can preserve T cell organelle homeostasis (78, 79). Autophagy-related factors are responsible for inducing T cells. Notably, knockdown of ATG3, ATG5, ATG7, and Beclin-1, as well as VPS34, can suppress autophagy and impair T cell homeostasis by regulating mitochondrial quality control (78, 80, 81). Autophagy has also been shown to regulate helper T lymphocyte (HTL) function and to mediate anti-cancer immune responses against tumors expressing c-Met (82). In addition, B-cell development and survival can be regulated by autophagy. The survival of autoreactive B cells can be increased by autophagy (83). The B cell development, B cell maintenance, and plasma cell development depend on ATG5 expression (84, 85). DRibbles, as tumor-derived autophagosomes, have been shown to stimulate B cells. Macrophages can mediate TLR4 and MyD88 signaling to induce DRibbles-mediated B cell function (86).

    5. Autophagy and immune evasion in human cancers

    In recent years, a special focus has been on the mechanisms underlying immune evasion in human cancers. The importance of immunotherapy in cancer has been underscored, and the molecular pathways that regulate immune evasion have been highlighted. In the case of KEAP1 mutation, Nrf2 upregulation mediates immune evasion in lung cancer (87). For immunotherapy, it is necessary to mediate an “eat-me” signal, and in this context, A20 increases STC1 expression to promote immune evasion in colorectal tumors (88). Another factor contributing to cancer cells' immune evasion is the overexpression of PD-L1. Notably, ANXA1 overexpression can bind PARP1 and enhance STAT3 levels, thereby promoting PD-L1 expression and immune evasion (89). The increase in PD-L1 expression can also be mediated by c-Myc, which induces immune evasion (90). Immune evasion has been reported in various human cancers, including bladder cancer (91), colon cancer (92), and breast cancer (93), among others. In this section, the role of autophagy in regulating immune evasion is described.

    Autophagy helps pancreatic cancer evade the immune system by breaking down MHC-I (94). MHC-I molecules in pancreatic cancer are degraded via autophagy, with NBR1 involvement, leading to decreased cell-surface expression. Blocking autophagy increases MHC-I levels, thereby enhancing antigen presentation and T-cell responses, leading to reduced tumor growth in mice. Depleting CD8+ T cells or lowering MHC-I expression reverses the effects of autophagy inhibition. Enhancing anti-tumor immune response by combining autophagy inhibition with dual ICB therapy. These findings indicate that enhanced autophagy or lysosomal function contributes to immune evasion in pancreatic cancer, supporting the use of autophagy suppression and combination ICB therapy for disease treatment (94). In addition, immune evasion in pancreatic cancer is enhanced by the selective autophagy of MHC-I (95). This study discovered a new mechanism by which NBR1 facilitates immune evasion by pancreatic cancer cells through selective macroautophagy of MHC-I. Crucially, blocking autophagy or lysosomal function increases MHC-I expression, strengthening T cell-mediated tumor immunity and boosting the effectiveness of immune checkpoint blockade in transplanted tumor models in mice with similar genetic backgrounds (95). Moreover, NLRC5-mediated selective autophagy promotes immune evasion in endometrial cancer. In vitro, autophagy suppresses NLRC5 and NLRC5-induced MHC-I gene expression. It is worth mentioning that the autophagy protein MAP1LC3/LC3 interacts with NLRC5 to block the NLRC5-mediated MHC-I antigen presentation pathway in endometrial cancer. The findings reveal a new role for the autophagy protein LC3 in controlling NLRC5-dependent MHC-I antigen presentation in endometrial cancer, suggesting a possible immunotherapy strategy for EC patients by suppressing LC3 and activating NLRC5 (96).

    The activation of 5-hydroxytryptamine1A (5-HT) receptors on cancer cells promotes immune evasion in patients with lung adenocarcinoma and depression via the autophagy/pSTAT3 pathway (97). Patients with depression who have lung adenocarcinomas show higher levels of 5-HT, increased 5-HT1R expression, and decreased survival compared to patients without depression. Additionally, 5-HT1aR plays an essential role in increasing the number of CD4+CD25+Foxp3+ Treg cells and reducing the Th1/Th2 ratio, suggesting possible immune dysfunction. Furthermore, the presence of 5-HT1aR on cancer cells was inversely linked to CTL function in both peripheral blood and tumor-infiltrating lymphocytes. When someone is feeling down, 5-HT1aR activates p-STAT3 and autophagy, leading to the activation of programmed death ligand-1, which creates a suppressive immune environment.

    Additionally, reduced overall survival was associated with increased activation of 5HT1aR and a heightened tumor autophagy/p-STAT3 axis in both the mouse model and lung adenocarcinoma patients (97). C-MYC suppressed ferroptosis and enhanced immune escape in ovarian cancer cells by regulating ferritin autophagy through NCOA4 (98). The upregulation of C-MYC and downregulation of NCOA4 were linked to the severity of the cancer. C-MYC was found to bind NCOA4 mRNA, decreasing NCOA4 levels and blocking ferroptosis, thereby lowering ROS levels. This led to increased growth and spread of cancerous cells. Furthermore, C-MYC blocked HMGB1 release via the NCOA4 axis, thereby promoting cancer development and evading immune response. In general, C-MYC helps regulate pathways that promote the progression and spread of ovarian cancer (98).

    6. Hypoxia-mediated autophagy regulation: Perspectives on cancer immunotherapy

    In the TME, specific conditions can alter the tumor cell progression pathway. Due to competition for nutrients and oxygen and the production of waste products, hypoxia is among the most common conditions in the TME. The presence of hypoxia can affect the underlying molecular pathways in regulating the progression of human cancers. Notably, hypoxia induces angiogenesis and immunosuppression in cancer (99). Moreover, hypoxia induces tumor cells to secrete exosomes, thereby affecting tumor growth and invasion (100). The upregulation of SLC2A12 during hypoxia can impair ferroptosis, enhancing the proliferation and invasion of ovarian tumors (101). Given these facts, this section focuses on the role of hypoxia in regulating autophagy, offering further insights into cancer immunotherapy. FUS-circTBC1D14 stress granules induced by hypoxia stimulate autophagy in breast tumor (102). Hypoxia can trigger the formation of stress granules in the cytoplasm via FUS-circTBC1D14, with PRMT1 involvement. Subsequently, circTBC1D14 enhances PRMT1 stability by preventing K48-regulated polyubiquitination, thereby increasing PRMT1 levels. Furthermore, FUS-circTBC1D14 SGs can start a series of SG-bound proteins that regulate the removal of SGs by bringing in LAMP1 and boosting autophagy flux associated with lysosomes. This helps maintain cellular balance and supports tumor progression (102). Moreover, PAK1 acetylation induced by hypoxia extends autophagy and facilitates brain tumor growth by phosphorylating ATG5 (103). PAK1 is overexpressed and promotes glioblastoma growth by enhancing autophagy. Hypoxia induces ELP3-mediated acetylation of PAK1 at K420, thereby enhancing its function and promoting phosphorylation of ATG5 at T101. This hinders ATG5 degradation and enhances autophagosome formation, both of which are essential for glioblastoma growth. Using shRNA or FRAX597 to block PAK1 suppresses autophagy and tumor growth, whereas SIRT1-mediated PAK1-deacetylation impedes these activities. In glioblastoma patients, there is a clinical correlation between PAK1 acetylation and ATG5 phosphorylation. The research shows that PAK1 is involved in autophagy induced by low oxygen levels and in glioblastoma growth, suggesting it could be a promising target for glioblastoma treatment. Acetylation alterations and PAK1 kinase activity are essential for initiating autophagy and maintaining glioblastoma growth (103).

    Hypoxia-activated PVT1 enhances lung cancer resistance to cisplatin through autophagy by regulating the PVT1/miR-140-3p/ATG5 pathway (104). PVT1 is abundantly expressed in lung cancer and in cell lines, and sHIF-1α regulates its expression. HIF-1α can bind to the PVT1 promoter and regulate its expression. PVT1 contributed to hypoxia-induced chemoresistance through the autophagy signaling pathway via the PVT1/miR-140-3p/ATG5 axis, leading to increased viability and reduced apoptosis (104). Furthermore, BNIP3 enhances pancreatic cancer cell migration and growth by regulating autophagy under hypoxic conditions (105). Under hypoxic conditions, BNIP3 expression increased, promoting the migration and growth of CFPAC-1 and Panc1 cells. Increasing BNIP3 levels was crucial for triggering autophagy, whereas silencing Atg5 and Atg7 with siRNA inhibited autophagy and hypoxia-induced cell migration and proliferation. Moreover, inhibition of ERK1/2 MAPK signaling by PD98058 led to a notable decrease in BNIP3 expression, autophagy induction, and the movement and growth of CFPAC-1 and Panc1 cells under low-oxygen conditions (105). Notably, natural compounds can regulate autophagy under hypoxic conditions. Apigenin (APG) triggers autophagy and cell death in gastric cancer cells under low-oxygen conditions by targeting EZH2 (106). APG enhanced autophagic cell death in gastric cancer by upregulating ATG5, LC3-II, and phosphorylation of AMPK and ULK1 while decreasing p-mTOR and p62 levels. APG triggers autophagic cell death by activating the PERK pathway, suggesting a response to endoplasmic reticulum (ER) stress. Blocking ER stress reduced APG-induced autophagy and promoted prolonged cell viability, suggesting that autophagic cell death was prevented. APG causes cell death related to ER stress and autophagy by inhibiting HIF-1α and Ezh2 in both normoxic and hypoxic conditions. Hence, APG induces autophagic cell death in GC cells by inhibiting HIF-1α and Ezh2 under hypoxic conditions (106). Moreover, hypoxia induces autophagy by increasing lysosomal protein translation in human colon cancer cells (107). Pathway enrichment analysis indicated that several up-regulated genes are involved in lysosomal, glycan, and lipid metabolism; antigen presentation; cell adhesion; and modification of the extracellular matrix and cytoskeleton. Most of the down-regulated genes play roles in apoptosis, ubiquitin-mediated proteolysis, and oxidative phosphorylation. In HCT116 cells, hypoxia triggers lysosomal autophagy and mitochondrial dysfunction via translational regulation. HCT116 cells experience hypoxia-induced mitochondrial autophagy through the involvement of numerous translation factors and mTOR kinase activity (107). Given the roles of autophagy in cancer immunotherapy (108, 109) and of hypoxia in immunosuppression (110, 111), the interaction between hypoxia and autophagy warrants further analysis in immune regulation.

    7. Autophagy-accelerated immunogenic cell death: Perspectives on cancer immunotherapy

    A new form of regulated cell death, immunogenic cell death (ICD), can mediate the release of damage-associated molecular patterns (DAMPs) and tumor-associated antigens (112). This enhances dendritic cell (DC) maturation and promotes the infiltration of cytotoxic T lymphocytes (CTLs). This is vital for alleviating immunosuppressive TME and enhancing immunotherapy sensitivity. DAMPs have been identified as calreticulin (CRT) on the tumor surface, high-mobility group box 1 (HMGB1), secreted ATP, and type I interferon (IFN) (113). Notably, the presence of CRT on the surface of cancer cells can bind to CD91 receptors on antigen-presenting cells (APCs), thereby providing an “eat-me” signal. This enhances APCs' ability to identify tumor antigens, thereby inducing the innate and adaptive immune systems (114). In recent years, ICD induction has emerged as a promising approach to cancer treatment (115-120). This section focuses on the interaction between autophagy and ICD in cancer therapy.

    Brucine-induced lysosomal dysfunction impairs autophagy, leading to ICD (121). Brucine, a small molecule commonly used in traditional Chinese medicine, suppressed autophagy. Brucine also caused cell stress and led to characteristics of ICD, such as CRT exposure and release of HMGB1. Brucine inhibited the self-degradation process and modulated the ERK1/2-mTOR-p70S6K signaling cascade via feedback regulation. Reduced autophagy contributed to the development of Brucine-induced ICD, with blocking Atg5 leading to a significant decrease in Brucine-induced CRT presentation and HMGB1 release (121). Norcantharidin (NCTD) promotes autophagy in acidic conditions to induce ICD of bladder cancer (122). NCTD successfully eradicates bladder cancer in acidic environments and induces ICD, bolstering anti-tumor immune response. Treatment with NCTD increased surface CRT on cancer cells and facilitated DC maturation. Autophagy was discovered to be involved in NCTD-induced ICD. DC maturation was different between acidic and physiological pH conditions. NCTD therapy increased tumor-infiltrating T lymphocytes and enhanced survival without tumors after mice were vaccinated with NCTD-treated bladder cancer cells (122).

    Furthermore, nanoparticles that enhance autophagy trigger ICD when combined with anti-PD-1/PD-L1 for the immunotherapy of residual tumors following radiofrequency ablation (123). SBZP nanoparticles (comprised of ZIF-8 structures) restricted the growth of cancer cells in the presence of heat stress by triggering apoptosis through a mechanism that depends on autophagy. The SZP nanoparticles also boosted autophagy in cancer cells and stimulated ICD, thereby enhancing DC maturation. Vaccinating with heat + SZP treatment successfully halted tumor growth and created lasting immunity. SBZP nanoparticles enhanced immune cell death, triggered immune responses against tumors, and inhibited tumor growth, indicating a promising strategy for tackling remaining tumors after radiofrequency ablation (123). Notably, the drugs can also be used for the induction of ICD. Thioridazine (THD) has been shown to trigger ICD in colorectal cancer by activating the eIF2α/ATF4/CHOP and secretory autophagy pathways (124). THD triggers ER stress by activating the eIF2α/ATF4/CHOP pathway and promoting the accumulation of secretory autophagosomes, leading to ICD. Moreover, when combined with oxaliplatin (OXA), THD significantly activated ICD, halting tumor progression in a mouse model (124).

    Furthermore, ROS-induced autophagy in cancer cells helps these cells evade factors that trigger ICD (125). Inhibiting autophagy in cancer cells through ATG5 knockdown did not affect ATP secretion following Hyp-PDT. Cancer cells with reduced autophagy showed increased ecto-CALR induction after Hyp-PDT, which was closely linked to their inability to remove oxidatively damaged proteins. Additionally, the suppression of autophagy in Hyp-PDT-treated cancer cells enhanced their capacity to promote DC maturation, IL-6 production, and the proliferation of CD4+ or CD8+ T cells, as well as increased IFNG production (125). Autophagy-dependent ICD is triggered in lung cancer cells by the oncolytic Newcastle disease virus (126). Examination of lung cancer cells infected with NDV revealed an increase in live cells upon exposure to CRT. There was an increase in CRT localization on cell membranes after infection. HMGB1 and HSP70/90 were secreted during NDV infection. Pan-caspase inhibitors and necrosis inhibitors did not affect the release of ICD determinants. Suppression of autophagy-related genes prevented activation of ICD determinants. In a model of lung cancer using xenografts, tumor growth was suppressed by treatment with NDV-infected cell supernatants. In general, oncolytic NDV triggers strong ICD in lung cancer cells, with autophagy contributing to this mechanism (126). Therefore, ICD is beneficial in cancer therapy by maturing DCs to induce T-cell responses, and the induction of pro-death autophagy can accelerate ICD in cancer immunotherapy (Figure 3).
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    Figure 3: Autophagy and immunogenic cell death interaction in cancer immunotherapy. Autophagy with cytotoxic activity can promote immunogenic cell death (ICD). This process leads to the release and surface exposure of damage-associated molecular patterns (DAMPs), including calreticulin (CRT), high-mobility group box 1 (HMGB1), adenosine triphosphate (ATP), and interferons (IFNs), which together promote dendritic cell maturation and migration to lymph nodes. Activated dendritic cells subsequently prime naïve T cells, thereby enhancing antitumor immune responses in cancer immunotherapy. DAMPs, damage-associated molecular patterns; CRT, calreticulin; HMGB1, high-mobility group box 1; ATP, adenosine triphosphate; IFNs, interferons. Figure created with BioRender (https://biorender.com).

    7.1 Autophagy, cytokines, interferons, and inflammatory factors

    Increasing evidence indicates that autophagy interacts with cytokines and other factors in human cancers (127). IL-1 is a pro-inflammatory factor that can reduce COX-1, IκB, and JNK, thereby promoting tumorigenesis. IL-1 suppression has been shown to reduce cancer progression (128). In most cases, autophagy reduces IL-1β levels (129). Notably, IL-1α and IL-1β can induce autophagy, highlighting a negative feedback loop (130). IL-1β secretion can be diminished by stimulating autophagy, thereby reducing T cell function and cytokine production (131). The absence of autophagy in macrophages can increase IL-1 levels, thereby promoting tumorigenesis via the ROS/NF-κB axis (132). IL-2 has been shown to enhance levels of ATG5, HMGB1, and Beclin-1, thereby inducing autophagy (133). Moreover, IL-6 increases STAT3 levels and downregulates LC3-II and Beclin-1, thereby suppressing autophagy (134). A similar pathway is followed by IL-10, which stimulates the STAT3 and PI3K/Akt/mTORC1 axes to impair autophagy (135). IL-4, IL-13, and IL-10 are Th2 cytokines that can impair autophagy (136). Similar to cytokines, interferons (IFN) can mediate autophagy through increasing JAK/STAT levels (137). IFN-γ has been shown to stimulate autophagy in immune and cancer cells through increasing autophagosome formation and maturation (138). TGF-β is another factor that interacts with autophagy. Autophagy suppresses the increased TGF-β levels by reducing its degradation (139). On the other hand, autophagy stimulation in cancer cells depends on TGF-β signaling (140). In breast cancer and hepatocellular carcinoma, TGF-β has been shown to increase levels of Beclin-1, ATG5, and ATG7, thereby inducing autophagy. Then, autophagy enhances the levels of Bim and Bmf, pro-apoptotic factors, underscoring the interaction between autophagy and apoptosis (141, 142). TNF-α is another factor that regulates apoptosis and necrosis in cells and, by impairing lysosomal acidification, can suppress autophagy (143). Upon TNF-α-induced suppression of autophagy, cell death increases through oxidative damage (144). Therefore, these studies highlight that autophagy interacts with cytokines and other inflammatory factors, underscoring its complexity.

    7.2 Autophagy and tumor microenvironment remodeling

    7.2.1 Tumor-associated macrophages

    The most abundant cell type in the TME is TAMs. (145) The macrophages resident in tissues and the recruited monocytes in the TME can differentiate into TAMs under specific conditions, driven by growth factors and chemokines secreted by cancer cells and tumor-stromal cells (146). TAMs demonstrate two types of polarization, including M1 and M2 polarization, exerting anti-cancer and tumor-promoting functions, respectively (147-149). In recent years, the role of TAMs and their polarization in regulating tumorigenesis has become increasingly important. Switching macrophage polarization and enhancing M1 polarization can improve anti-cancer immune responses (150). CAP2 can promote metastasis of gastric tumor cells by facilitating interactions between tumor cells and TAMs (151). Furthermore, TAMs have been linked to angiogenesis (152). Notably, reprogramming TAMs by downregulating Syk can suppress gemcitabine-mediated immunosuppression in pancreatic cancer (153). On the other hand, increasing TAM phagocytosis activity by enhancing cholesterol efflux can promote anti-cancer immunity in glioblastoma (154). Therefore, the function of TAMs in cancer is versatile (155-159), and this section focuses on the role of autophagy in regulating TAMs.

    The IFN-γ-IDO1-kynurenine pathway-induced autophagy in cervical cancer cells enhances macrophage phagocytosis (160). IDO1 expression induced by IFN-γ led to increased autophagy in HeLa and SiHa cells, enhanced phagocytosis in these cells, and increased CD80 and CD86 expression in U937 cells. This led to autophagy in the tumor cells. Overexpression of IFN-γ and IDO1 led to depletion of tryptophan and accumulation of kynurenine in cervical cancer cells. Moreover, elevated IDO1 levels suppressed tumor growth and enhanced macrophage phagocytosis in mice. IFN-γ can trigger autophagy and phagocytosis in cervical cancer cells via IDO1 and kynurenine metabolism (160). Moreover, autophagy-driven non-traditional release of HMGB1 in glioblastoma enhances temozolomide sensitivity by inducing macrophage polarization towards an M1 phenotype (161). This suggests that reprogramming of TAMs through autophagy control can affect drug sensitivity in human cancers. The exocytosis of HMGB1 in glioblastoma cells, triggered by temozolomide, relies on secretory autophagy, leading to polarization of TAMs toward an M1-like phenotype and enhancing glioblastoma response to temozolomide. RAGE acts as the HMGB1 receptor in TAMs, triggering the RAGE-NFκB-NLRP3 inflammasome pathway to promote M1-like TAM polarization. Elevated HMGB1 levels in blood may indicate a positive response to temozolomide treatment in patients with glioblastoma. Increased autophagy secretion in glioblastoma promotes polarization of M1-like tumor-associated macrophages, enhancing the effectiveness of temozolomide.

    HMGB1 is essential for communication between glioblastoma and TAMs, potentially enhancing the efficacy of temozolomide therapy (161). CD5L stimulates M2 macrophage polarization by increasing ID3 levels via autophagy (162). CD5L led cells toward a polarization comparable to that induced by IL-10. Furthermore, macrophages treated with IL-10 and CD5L exhibited higher LC3-II levels and were localized to acidic compartments, suggesting enhanced autophagy. Therefore, knocking down ATG7 with siRNA in THP1 cells inhibited CD5L-induced expression of CD163 and Mer tyrosine kinase mRNA, as well as efferocytosis. In these cells, CD5L increased ID3 transcription factor expression via ATG7. Silencing ID3 reversed the polarization caused by CD5L (162).

    Blocking autophagy in breast cancer cells increases MIF expression and polarizes macrophages toward an M1 phenotype via ROS (163). MIF mRNA expression was analyzed in breast cancer tumors of different subtypes and was found to be high in the Luminal B, HER2, and Basal subtypes. MIF expression did not affect prognosis across subtypes, but inhibiting autophagy in breast cancer increased intracellular ROS levels, thereby increasing MIF expression and secretion. Secreted MIF activated MIF-regulated pathways and increased Akt and ERK phosphorylation in different cell lines. Breast cancer cells had higher levels of CD74 and CXCR2, while CXCR7 was elevated in the metastatic 4T1 cell line.

    Additionally, MIF from autophagy-deficient cells induced M1 macrophage polarization (163). In addition, autophagy inhibits isoprenaline-induced M2 macrophage polarization through the ROS/ERK and mTOR axes (164). Autophagy levels decreased in macrophages exposed to tumor cell supernatant; M2 polarization was inhibited by an autophagy inducer and promoted by an autophagy inhibitor. Autophagy also reduced ROS production and M2 molecule expression. In vivo, stress-induced tumor growth and metastasis were accompanied by increased M2 polarization and ROS levels, as well as elevated mTOR and ERK signaling. Treatment with rapamycin reversed these effects. Overall, autophagy suppresses M2 macrophage polarization via the ROS/ERK and mTOR pathways in response to stress (164). Therefore, TAM polarization plays a significant role in tumorigenesis. Notably, tumor-promoting autophagy can increase macrophage M2 polarization, thereby facilitating carcinogenesis.

    7.3 Cancer-associated fibroblasts

    CAFs are another cell type in the TME that can regulate tumorigenesis and therapy resistance. The CAFs have been shown to secrete several growth factors, including TGF-β, HGF, and FGF, to facilitate the proliferation and survival of cancer cells. Moreover, CAFs contribute to cytokine production, including IL-6, during tumorigenesis (165). CAFs also promote angiogenesis by increasing levels of VEGF, PDGF, and IL-8, and by recruiting endothelial cells and pericytes (166). In this section, the interaction between autophagy and CAFs in the regulation of carcinogenesis is highlighted. In this context, loss of autophagy impairs CAF activation by downregulating proline biosynthesis (167). The lack of autophagy in CAFs hinders CAF activation by blocking proline biosynthesis and collagen production. Moreover, autophagy increases proline production by regulating NADK2 via mitophagy, an enzyme involved in mitochondrial NADP(H) production. In a mouse model of pancreatic cancer implanted at the original tumor site, blocking mitophagy by targeting PRKN in the supportive tissue decreased tumor mass. Therefore, blocking CAFs' mitophagy could be a promising approach for targeting the stroma in anti-cancer treatments (167).

    Furthermore, CAFs utilize NUFIP1-dependent autophagy to release nucleosides and promote pancreatic tumor growth (168). CAFs are essential for the survival of pancreatic ductal adenocarcinoma in the absence of glutamine. CAFs release nucleosides via autophagy, relying on NUFIP1, which boosts glucose consumption and fuels pancreatic cancer proliferation. Nucleosides from CAFs boost glucose uptake when glutamine is lacking, and this effect is dependent on MYC. Blocking the release of nucleosides by CAFs via NUFIP1 reduced pancreatic cancer tumor weight in a mouse model, indicating a novel metabolic pathway for tumor proliferation under challenging conditions (168). Moreover, ATM activation in response to hypoxia regulates the release of autophagy-related exosomes from CAFs, thereby enhancing cancer cell invasion (169). KU60019 inhibits activated ATM, thereby preventing autophagy and exosome release from hypoxic CAFs by blocking oxidized ATM kinase activity. Furthermore, the ATM enzyme phosphorylates ATP6V1G1, thereby impairing lysosomal function and altering autophagosome fusion. GPR64 in CAF-derived exosomes activates the NF-κB pathway in breast cancer cells, boosting MMP-9 and IL-8 levels and enhancing invasiveness (169).

    CAFs control bladder cancer invasion and metabolic features via autophagy (170). Rapamycin and siRNA were used to control autophagy in cancer-related fibroblasts. Rapamycin enhanced autophagy in CAFs, thereby increasing T24 cell proliferation and invasion. Increased lactate levels were observed in both groups, with the autophagy-enhanced group exhibiting higher expression of genes associated with metabolism and invasion (170). CAFs enhance the recovery of cancer cells following radiation therapy by stimulating autophagy (171). CAFs promote cancer cell recovery and tumor recurrence after radiotherapy by inducing autophagy via the release of IGF1/2, CXCL12, and β-hydroxybutyrate. These CAF-derived molecules increase ROS levels after irradiation, thereby enhancing PP2A activity, reducing mTOR activation, and promoting autophagy in cancer cells. Blocking IGF2 and using an autophagy inhibitor reduces tumor recurrence after radiotherapy in mice with CAFs. Focusing on the autophagy process in cancer cells may offer a promising approach to enhance the efficacy of radiotherapy (171).

    Additionally, autophagy in CAFs boosts the advancement of triple-negative breast cancer cells (172). CAFs were characterized by elevated α-smooth muscle actin (α-SMA) levels. Levels of autophagy-related Beclin 1 and LC3-II/I protein conversion were significantly elevated in CAFs compared to normal fibroblasts (NFs). The breast cancer cells showed enhanced migration, invasion, and proliferation when exposed to Conditioned medium from CAFs (CAFs-CM) compared with the other three groups. In the CAFs-CM group, breast cancer cells showed increased levels of vimentin and N-cadherin proteins, while the level of E-cadherin protein decreased compared to the control group. Additional research showed increased β-catenin and P-GSK-3β protein levels, essential proteins in the Wnt/β-catenin pathway, in the CAFs-CM group compared with the control group (172).

    7.4 Dendritic cells

    DCs are essential APCs that regulate immune responses. The induction of DCs is vital for stimulating immune responses. The tumor antigens are captured by DCs and presented to T cells via MHC molecules. This can induce CTLs to eliminate tumor cells (173). The migration of DCs from peripheral tissues to lymph nodes to prime naïve T cells for the induction of adaptive immune responses. Moreover, they can secrete IL-12, which promotes T cell differentiation and proliferation (174). DC function can be affected by autophagy. Naringenin regulates the FKBP4/NR3C1/NRF2 axis in breast cancer autophagy and proliferation, as well as in DC differentiation and maturation (175). The FKBP4/NR3C1 axis negatively regulates NRF2 at the protein level in human breast cancer cells. FKBP4 was found to regulate NRF2 by facilitating NR3C1 nuclear translocation. Naringenin, a flavonoid found in citrus and tomatoes, can inhibit autophagy and cell growth in breast cancer cells by modulating the FKBP4/NR3C1/NRF2 pathway. Naringenin also enhanced dendritic cell differentiation and maturation via the same pathway. This research proposes that targeting the FKBP4/NR3C1/NRF2 pathway could be a promising approach to treating breast cancer (175). Cancer cells in the lungs release exosomal MALAT1 to prevent DC phagocytosis, triggering an inflammatory response, upregulating costimulatory molecules, and promoting DC autophagy via the AKT/mTOR pathway (176). LLC and A549 cells, as well as their exosomes, exhibited higher MALAT1 expression than Beas-2b cells, with LLC cells displaying the highest levels. Suppressing MALAT1 reduced both tumor cell growth and tumor size. Inhibition also increased DC particle uptake, inflammation, and T cell growth, while decreasing DC self-degradation and T cell maturation. PEX groups showed elevated levels of p-AKT, AKT, p-mTOR, and mTOR, while siMALAT1 groups displayed decreased levels (176). Moreover, chloroquine blocks drug-induced autophagy in HCT-116 colon cancer cells, improving DC maturation and T cell responses triggered by tumor cell lysate (177). It was investigated how co-administration of chloroquine, an autophagy-inhibiting drug, with low doses of 5-fluorouracil (5-FU) affects tumor cells' ability to promote DC maturation. DCs exposed to lysates from tumor cells treated with this combination displayed increased maturation and activation. The developed DCs enhanced the activation of CD4+ and CD8+ T cells, resulting in increased proliferation and IFN-γ secretion. The cocultures also enhanced the production of cytotoxic T cells. They increased the expression of genes that inhibit tumor growth and decreased the expression of genes associated with cancer progression and metastasis. On the whole, the pairing of 5-FU and CQ increased the maturation of tumor cell-induced DCs and boosted the T cell responses mediated by DCs (177).

    In addition, effective cancer immunotherapy is enabled by manipulating DCs in their natural environment with a nanoactivator that regulates autophagy (178). A nanoactivator was designed to increase autophagy in vivo, thereby enhancing antigen presentation by DCs and generating antigen-specific T cells. The nanoactivator significantly enhances the presentation of tumor antigens and T-cell priming. The nanoactivators effectively reduce tumor proliferation and extend mouse lifespan. These findings suggest that manipulating in situ DCs by inducing autophagy is a promising approach to enhance antigen presentation and eliminate tumors (178). Lactosylated N-Alkyl polyethylenimine-coated iron oxide nanoparticles induced autophagy in mouse DCs (179). Autophagy was employed as a crucial tool to investigate how DCs respond to labeled nanoparticles. The nanoparticles trigger a defensive autophagy response in DCs, as blocking autophagy can lead to cell death. At the same time, nanoparticle-induced autophagy can support DC maturation, a crucial step in their migration and antigen presentation. Autophagy-triggered DC maturation has been shown to enhance DC vaccine efficacy, suggesting that this probe could enhance therapeutic immune activation in addition to its MRI-tracking capabilities. Iron oxide nanoparticles coated with imine triggered autophagy in mouse dendritic cells (179).

    7.5 Natural killer cells

    NK cells are cytotoxic lymphocytes vital to the innate immune system. NK cells eliminate tumor cells before sensitization. NK cells can release granules containing proteins and granzymes to induce apoptosis in cancer cells. There is no requirement for prior antigen exposure, providing an immediate response for cancer cell elimination (180). The identification of cancer cells relies on stress-mediated ligands, including MICA/B and ULBP, binding activating receptors on NK cells, such as NKG2D, to induce a cytotoxic response (181). The interaction between autophagy and NK cells is observed within the TME. Artesunate (ART)-triggered ATG5-associated autophagy enhances the killing capacity of NK92 cells against endometrial cancer cells via CD155 and CD226/TIGIT interactions (182). ART inhibits the growth and movement of UCEC cells and induces cell death and autophagy. ART-induced autophagy increased CD155 levels in UCEC cells, boosting NK92 cell cytotoxicity by altering CD155 interactions with its receptors. ART regulated CD155, with ATG5 contributing to some extent; decreasing ATG5 levels reduced both CD155 expression and NK92 cell cytotoxicity (182). However, further investigation of the NK-autophagy interaction is required.

    7.6 T lymphocytes

    The majority of triple-negative breast cancer patients do not exhibit a response to T cell-based immunotherapies. Regrettably, there remains a lack of understanding of the molecular determinants. A lack of autophagy is genetically associated with breast cancer. Impaired autophagy in TNBC cells hinders T cell-induced tumor destruction in both laboratory and living systems (183). A lack of autophagy results in immune suppression via Skp2-mediated Lys63 ubiquitination of Tenascin-C at specific sites. Elevated levels of Tenascin-C are associated with a poor prognosis and a weakened immune response. Blocking Tenascin-C in the context of impaired autophagy increases T cell-mediated tumor destruction and improves the efficacy of anti-PD1/PDL1 treatment, suggesting potential as a successful therapeutic strategy (183). Autophagy signaling is necessary for CAR-T cells to effectively eliminate B-cell malignancies, suggesting that targeting autophagy could enhance CAR-T cell therapy (184). CRISPR/Cas9 knockout screening revealed that overexpression of autophagy genes (ATG3, BECN1, RB1CC1) helped shield cancer cells from CD19 CAR-T cell-induced cell death. Studies conducted outside living organisms have corroborated this finding, linking increased levels of autophagy-related proteins in tumors to reduced patient response and survival after treatment. Autophagy is involved in treatment responses and recurrence after CD19 CAR-T therapy. In mouse models, tumor cell sensitivity to CD19 CAR-T killing was heightened by inhibiting autophagy and knocking out RB1CC1. Cancer-induced autophagy prevents CAR-T cell attack by activating the TNF-α-TNFR1 axis to induce apoptosis and by activating STAT1/IRF1-mediated chemokine signaling (184). The impact of fasting-mimicking diets (FMDs) on hematologic malignancies when combined with standard therapies remains poorly understood, despite their effectiveness in treating various solid tumors in mouse models. The fasting-mimicking diet suppresses autophagy and, when combined with chemotherapy, enhances T-cell-mediated survival without leukemia (185). In rodents, alternating between a diet mimicking fasting and vincristine treatment increased cancer-free survival compared with a standard diet alone. Vincristine decreased levels of autophagy markers, and fasting further reduced them. Chloroquine may serve as a replacement for fasting and enhance survival when combined with vincristine. Blocking autophagy genes ULK1 and ATG9a increased vincristine's toxicity. Anti-CD8 antibodies counteracted the effects of vincristine and fasting, suggesting that the immune system contributes to leukemia-free survival. Factors contributing to mice surviving cancer-free while fasting include inhibition of autophagy and strengthening of the immune response (185).

    Moreover, autophagy shields tumors from T cell-induced cell death by blocking TNFα-triggered apoptosis (186). A mouse genome-wide CRISPR knockout screen was performed to assess the role of TNFα signaling in tumor cells in T cell-induced apoptosis. NF-κB signaling and autophagy were identified as crucial protective mechanisms. Inhibiting autophagy genes rendered tumor cells more susceptible to T-cell-mediated destruction. Blocking mTOR led to increased autophagy, which, in turn, protected tumor cells. Autophagy functions early in the TNFα pathway to restrict caspase-8 activation. Enhancing T cell-based immunotherapies may be achieved by blocking tumor cell autophagy, thereby improving the effectiveness of immune checkpoint blockade (186). In addition, the temporary inhibition of autophagy permanently impairs metabolic activity in lung tumor cells and enhances T-cell-induced tumor destruction (187). A transient reduction in ATG5 expression throughout the body results in reduced lung tumor growth. This interference reduces glucose and lactate uptake in tumors, thereby affecting their metabolism and growth. Surprisingly, T cell penetration into tumors was enhanced in the absence of ATG5, facilitating tumor eradication. Despite the temporary restoration of autophagy, tumor metabolism remains changed, and T cell infiltration remains increased.

    Furthermore, periodic suppression of ATG5 increased the longevity of mice with lung tumors and holds potential for upcoming cancer treatments (187). In addition, inhibition of FIP200 and autophagy by tumor-produced lactate promotes apoptotic cell death in naive T cells and impairs tumor immunity (188). FIP200 depletion induces programmed cell death in untreated T cells from individuals with ovarian cancer and in tumors from mice, thereby impairing the body's ability to fight cancer by disrupting autophagy, promoting mitochondrial dysfunction, and elevating ROS levels. In terms of mechanisms, FIP200 depletion disrupts the balance between pro- and anti-apoptotic factors in T cells by increasing Ago2 degradation, reducing Ago2-microRNA1198-5p complex formation, and inhibiting microRNA1198-5p biogenesis. Tumors can evade the immune response by targeting T cells metabolically and suppressing FIP200 expression via lactate produced by the tumor. Increasing Bcl-2 levels and blocking mitochondrial complex I could prevent T cell death and bolster the body's ability to fight tumors (188).

    7.7 Treg cells

    Treg cells are a subset of T cells that help maintain immune tolerance and reduce autoimmunity. Treg cells can promote immune evasion and carcinogenesis. Treg cells suppress T-cell activation by producing IL-10 and TGF-β, thereby reducing the immune response and facilitating immune evasion (189). The presence and accumulation of Treg cells in the TME can affect other cells, including immune cells, stromal cells, and cancer cells, thereby mediating immunosuppression and supporting tumor growth and metastasis (190). Another function of Treg cells in reducing immune surveillance is their inhibition of DC maturation and function, thereby decreasing T cell activation (191). In recent years, the role of Treg cells in regulating immunosuppression has become increasingly important (192-194). This section evaluates the regulation of Treg cells by autophagy in human cancers. CD39, an ectonucleotidase expressed on Treg cells in humans, plays a vital role in immune regulation; however, its function is disrupted in autoimmune conditions and cancer-related immune suppression. The expression of CD39 on Treg cells is not influenced by the transcription factors FOXP3 and HELIOS but is instead enhanced by the canonical TGF-β and mTOR signaling pathways. Moreover, the TGF-β-induced increase in CD39 was counteracted by ROS-driven autophagy (195). CD39+ peripheral blood Treg cells are a distinct subset characterized by minimal autophagic flux and the absence of ROS generation. High levels of CD39+ Treg cells are observed in patients with rare genetic defects that affect autophagy. The specific transcriptional program guides these processes by reducing NEFL and PLAC8 expression in CD39+ Treg cells and increasing SOX4 levels. SOX4 overexpression increases CD39 levels in Treg cells. In contrast, its deletion leads to the opposite effect, highlighting the crucial role of SOX4 in regulating the immune system and in the crosstalk between tolerogenic signals and autophagy in Treg cells (195).

    7.8 Myeloid-derived suppressor cells

    MDSCs are a heterogeneous population of immature myeloid cells that expand during tumorigenesis and other pathological events. They can also mediate immunosuppression. The immunosuppressive activity of MDSCs is mediated by ARG1, ROS, and iNOS, which suppress T cell activation and proliferation and deplete nutrients, including arginine and cysteine, and impair T cell function (196). The secretion of chemokines and cytokines by MDSCs within the TME can exert immunosuppressive effects by recruiting Treg cells. Moreover, MDSCs can reprogram TAMs into a tumorigenic phenotype (197). The underlying mechanisms of MDSC immunosuppression have been highlighted (198-202), and this section focuses on the interaction between autophagy and MDSCs in human cancers.

    In this context, autophagy controls the accumulation and function of granulocytic MDSCs via STAT3 in endotoxin shock (203). There was an increase in granulocytic MDSCs with heightened autophagy activity in mice exposed to lipopolysaccharide (LPS), whereas monocytic MDSCs (M-MDSCs) did not demonstrate this accumulation. Boosting ROS production enhanced the immunosuppressive activity of granulocytic MDSC during M1 macrophage polarization by increasing their accumulation via autophagy inhibition. This hindrance also enhanced STAT3 phosphorylation in G-MDSCs, which is essential for their gathering and activity. Pharmacological inhibition of autophagy exacerbated the condition of LPS-challenged mice in vivo. The results indicate that autophagy plays a critical role in regulating MDSC accumulation and function via STAT3 signaling, providing insight into the regulation of the immune response and the development of inflammatory diseases (203). The nanoassembly, responsive to redox conditions, inhibited MDSC recruitment by silencing lactate dehydrogenase A via autophagy, thereby improving the efficacy of cancer immunochemotherapy (204). Three GSH-responsive polymers form a nanoassembly that responds to redox reactions, using PVL and DA. It contains doxorubicin. Cellular uptake and tumor-targeted delivery are enhanced by integrin binding to the RGD ligand. Following GSH-induced cleavage of DA, there was a rapid release of drugs and inhibition of LDHA, resulting in decreased cytokine production, reduced MDSC recruitment, and improved anti-tumor immune responses. This treatment demonstrates potent anticancer activity against 4T1 tumors, opening new opportunities for immunochemotherapy (204). Moreover, autophagy shows a positive correlation with MDSC accumulation in 4-nitroquinoline-1-oxide-induced oral cancer (205). There was an increase in the presence of autophagy markers such as LC3B, p62, and Beclin 1 in both 4NQO-induced carcinogenesis and oral cancer in humans. During oral cancer development, the numbers of MDSCs and Tregs also increased. Moreover, there was a significant correlation between LC3B and p62 levels and the presence of MDSCs, whereas Beclin-1 expression correlated with the rise in Tregs (205).

    Autophagy coordinates the regulatory mechanisms of tumor-associated MDSCs (206). Elevated levels of functional autophagy were observed in MDSCs from individuals with melanoma and in mouse models of melanoma. Disruption of autophagy in myeloid cells slowed tumor progression and enhanced antitumor immune responses. M-MDSCs lacking autophagy had reduced suppressive function and higher levels of MHC class II molecules on their surface, thereby activating tumor-specific CD4+ T cells. Inhibiting the MARCH 1 E3 ligase, which controls MHC II degradation in M-MDSCs, reduced tumor size and enhanced the body's ability to fight cancer (206).

    Additionally, the survival of early-stage MDSCs in breast cancer is supported by the activation of the Wnt/mTOR pathway due to the repression of autophagy caused by the lack of SOCS3 (207). MDSCs in the early stages of SOCS3MyeKO mice showed blocked differentiation in the myeloid lineage due to restricted autophagy activation, in a Wnt/mTOR-dependent manner. The downregulation of C/EBPβ by miR-155 had activated the Wnt/mTOR pathway, leading to the inhibition of autophagy and arrest of differentiation in early-stage MDSCs. Moreover, blocking Wnt/mTOR signaling inhibited tumor growth and the immunosuppressive activities of early-stage MDSCs (207). HMGB1 enhances MDSC survival by triggering autophagy (208). Blocking autophagy or HMGB1 promotes apoptotic MDSCs and reduces autophagy, thereby supporting their survival. MDSCs in circulation exhibit autophagy, whereas tumor-infiltrating cells show even greater autophagy, which promotes tumor progression. Inflamed, low-oxygen environments in solid tumors promote the accumulation of immunosuppressive MDSCs. Autophagy prolongs the survival and viability of myeloid-derived suppressor cells (208).

    7.9 Neutrophils

    As blood cells, neutrophils participate in the innate immune system. Despite neutrophils' role in infections, recent studies have highlighted their role in tumorigenesis. Notably, neutrophils can secrete inflammatory cytokines, chemokines, and ROS to mediate tumor-promoting inflammation. These factors can enhance the proliferation and survival of cancer cells (209). Moreover, neutrophils can release MMPs and elastases that degrade the extracellular matrix, thereby enhancing the invasion and metastasis of tumor cells (210). In recent years, the role of neutrophils in regulating immunosuppression has become increasingly important (211-214). Moreover, there is a correlation between autophagy and neutrophils in human cancers. The enhanced autophagy supports the survival and pro-tumor effects of neutrophils in human liver cancer (215). The factors secreted by hepatoma cells induce high LC3 expression in neutrophils within hepatocellular carcinoma. Blocking Erk1/2, p38, and NF-κB pathways can decrease tumor-triggered autophagy in these neutrophils. Autophagy in neutrophils results in persistent effects, elevated production of oncostatin M and MMP-9, and enhanced cancer cell migration. This autophagic process is not associated with mTOR signaling inhibition and is essential for cell viability (215). Figure 4 highlights the association between macrophages and TME components.
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    Figure 4: The interaction of autophagy and tumor microenvironment components. (A) Inhibition of autophagy in macrophages increases macrophage migration inhibitory factor (MIF) levels and promotes M1 polarization. Autophagy also interacts with mechanistic target of rapamycin (mTOR) and reactive oxygen species (ROS)/extracellular signal-regulated kinase (ERK) signaling to suppress M2 polarization. (B) Nuclear fragile X mental retardation protein-interacting protein 1 (NUFIP1)–related autophagy promotes nucleoside secretion and cancer progression, while autophagy induction in cancer-associated fibroblasts mediates radioresistance. (C) Suppression of autophagy by naringenin promotes dendritic cell maturation in cancer immunotherapy, whereas exosomal metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) induces autophagy and impairs dendritic cell function. (D) Artesunate increases autophagy-related gene 5 (ATG5) expression, inducing autophagy and enhancing natural killer cell activity. (E) Autophagy induction improves the antitumor activity of chimeric antigen receptor T (CAR-T) cells, whereas autophagy inhibition by a fasting-mimicking diet promotes T-cell survival. (F) Regulation of autophagy by the SOX4/CD39 axis is critical for controlling the function of regulatory T cells (Tregs). (G) Induction of autophagy increases levels of granulocytic myeloid-derived suppressor cells (MDSCs), promoting melanoma and oral cancer progression. (H) ERK1/2–p38 mitogen-activated protein kinase signaling and nuclear factor κB (NF-κB) activation stimulate autophagy in neutrophils, contributing to cancer progression. Figure created with BioRender (https://biorender.com).

    
    Discussion

    

    This review highlights the potential of autophagy in regulating cancer immunotherapy and TME remodeling. In the immune system, autophagy has been associated with the regulation of innate and adaptive immune responses. Notably, autophagy can regulate the immune evasion in human cancers. One example is the role of autophagy in degrading MHC molecules, thereby facilitating immune evasion. Therefore, the therapeutic regulation of autophagy is essential for overcoming immune resistance. Notably, autophagy can regulate ICD. The pro-death autophagy facilitates ICD to promote maturation of DCs for the induction of T cells in cancer immunotherapy. Notably, changes in autophagy in response to hypoxia, chemokines, and ILs can also be linked to the immune system. In addition, autophagy has been suggested to be a critical regulator of the TME in human cancers. TME has been comprised of TAMs, neutrophils, CAFs, Treg cells, MDSCs, and other cell types. Since TME components can regulate immune responses, and autophagy can modulate the TME, therapeutic regulation of autophagy may open new avenues for treating human cancers by facilitating immune responses. For example, pro-survival autophagy in TAMs can drive M2 polarization, thereby enhancing tumorigenesis and creating an immunosuppressive TME. Moreover, autophagy is vital for CAF activation. The presence of autophagy and its interaction with various TME components, such as Treg cells, can suppress the function of DCs and T cells in the immune system. As a result, regulating autophagy is vital for remodeling the TME to potentiate cancer immunotherapy.
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