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Autophagy is a complex degradative process by which eukaryotic cells capture cytoplasmic components for subsequent degradation through lysosomal hydrolases. Although this catabolic process can be triggered by a great variety of stimuli, action in cells varies according to cellular context. Autophagy has been previously linked to disease development modulation, including cancer. Autophagy helps suppress cancer cell advancement in tumor transformation early stages, while promoting proliferation and metastasis in advanced settings. Oncoviruses are a particular type of virus that directly contribute to cell transformation and tumor development. Extensive molecular studies have revealed complex ways in which autophagy can suppress or improve oncovirus fitness while still regulating viral replication and determining host cell fate. This review includes recent advances in autophagic cellular function and emphasizes its antagonistic role in cancer cells.
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Introduction

Living organisms survive and are naturally preserved thanks to the combination of complex systems that coordinate to maintain homeostatic balance (1). The immune and endocrine systems represent good examples, as specialized cells and chemical mediators work together with antibodies and hormones to generate a specific response in the body (2). Individuals constantly face tissue damage due to stressful and environmental signals, as well as normal body deterioration and aging consequences (3). This is why organisms need intracellular signaling mechanisms that allow them to protect themselves from damaged cells, either by killing them or inhibiting their spread (4). In this way, organisms are prevented from preserving defective cell lines with potential mutation or error accumulation that may contribute to disease risk (5).

Macroautophagy (autophagy) is a metabolic process of intracellular component autodegradation, such as proteins and organelles, crucial for maintaining metabolism and cellular homeostasis (6). Normal levels of basal autophagy prevent cells from gradually accumulating proteins and damaged organelles that can become toxic to cells over time (7). Identifying the mechanistic components of this process at the cellular and molecular levels has been of great interest to researchers worldwide since the late 1950s (8). The first scientists to study and coin the name this catabolic mechanism believed that autophagy was just a cytoplasmic “cleaning mechanism” by which cells remove harmful components that accumulate in the cytoplasm (9). This explains the etymology of the term, which comes from the Greek words “phagy,” meaning “eat,” and “auto,” meaning “me.” However, the role of autophagy in cells is now considered to be much broader as well as strongly influenced by the cellular environment. Autophagy modulation is related to human pathophysiology, and its implications affect different medical fields (10). This review summarizes the advances in molecular biology in relation to how this catabolic process helps develop different human diseases, focusing primarily on autophagy’s dual role in health maintenance and tumor progression, with special interest in tumors associated with viral infections.



Mechanism of Autophagy

Up to date, 32 atg (autophagy-related genes), involved in regulating different autophagy stages have been identified in mammals. These genes encode numerous proteins (ATG) that regulate the autophagic machinery (11). Autophagy can be divided mechanistically into different stages: 1) initiation and nucleation (molecule recruitment for isolation membrane extension), 2) phagophore elongation and closure (autophagosome), 3) fusion with lysosomes (autolysosomes), 4) degradation, and 5) cytoplasmic material recycling (12) (Figure 1). Mammalian cells induce the autophagic machinery in response to various cellular stimuli, such as prolonged starvation (13), decreased glucose levels (14), hypoxia (15–17), increased levels of reactive oxygen species (ROS) (18, 19), and ER (endoplasmic reticulum) stress (20, 21), among others (22).




Figure 1 | Steps involved in autophagic responses. Autophagy begins with the progressive segregation of cytoplasmic material by double-membrane structures, commonly known as phagophores or isolation membranes. In general, this process is preceded by the inactivation of the PI3K/Akt/mTOR signaling axis. Phagophores are nucleated primarily from the endoplasmic reticulum (ER), but other organelles, such as the Golgi apparatus, plasma membrane, mitochondria, and recycling endosomes have also been shown to participate in this process. The complexes ULK1 and PI3KCIII are involved during phagophore initiation and elongation. Pro-LC3 is free in the cytoplasm and by the action of ATG4 and ATG7, LC3-I is formed. This molecule interacts with the complex ATG16L, ATG3, to later incorporate a phosphatidylethanolamine (PE) molecule into its structure. This results in LC3-II, which binds to autophagosomal membranes and contributes to phagophore elongation as well as closure. Then, these membranous structures seal, and autophagosomes are entirely assembled. Subsequently, autophagosomes fuse with lysosomes to form single membrane structures called autolysosomes, where the degradative process takes place through lysosomal hydrolases. The degradation products of these catabolic reactions reach the cytosol through transporters in the lysosomal membrane and are recycled by bioenergetic circuits.



AMPK protein (AMP-activated kinase) is the main inducer of the autophagic machinery thus reducing intracellular ATP levels. Recent studies have revealed AMPK’s fundamental role in autophagosome maturation and its fusion with lysosomes (23). Similarly, mTOR (mammalian target of rapamycin) activity is regulated by amino acid and glucose levels in mammalian cells (24), mTOR being their main autophagy inhibitor (25). Specifically, mTORC1 (mTOR complex 1) detects the cell’s nutritional status and activates various signaling pathways to regulate cell fate (26). mTORC1 detects and responds to fluctuations of intra and extracellular nutrient levels, mainly amino acids and oxygen, as well as various growth factors (27). A complex dynamic between mTOR and AMPK enables coordinated regulation of signaling pathways in response to cellular environment changes (28).

High-nutrient levels promote mTORC1 inactivation and the induction of anabolic pathways involving protein, lipid, and nucleotide synthesis through S6K (ribosomal protein kinase S6) and 4E-BP1 (initiation factor of the eukaryotic translation 4E - binding protein 1) phosphorylation (29). At the same time, catabolic cellular programs are suppressed as ULK1 is inhibited (Unc-51-like kinase 1, mammalian homolog of atg1), thus leading -in turn- to autophagy inhibition (30). Multiprotein complex ULK1 (ULK1, Beclin-1 (BECN1), and PI3KCIII (phosphatidylinositol-3 kinase class III)) mainly regulates the autophagic mechanism initiation process (31). Once active, the complex is recruited to the isolation membrane, where it contributes to PIP3 (phosphatidylinositol 3-phosphate) formation and Akt activation (32). These cellular events dampen TSC 1/2 (tuberous sclerosis protein 1 and 2)inhibitory effect, a protein heterodimer homologous to RHEB (RAS enriched in brain protein) (33, 34). Akt can also be inhibited by mTORC2, further contributing to autophagy inhibition (35). PTEN (phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase) can hinder PIP3 formation, by activating the PI3K/Akt/mTOR pathway (36).

How the isolation membrane resulting in the phagophore forms still remains unclear. However, this membrane has been reported to derive from the plasma membrane, the endoplasmic reticulum (37), the Golgi apparatus (38), the ER-Golgi intermediate compartment (39), and the mitochondria (40). In these membranes, nucleation occurs (41) (Figure 1). All proteins involved in pagophore elongation, maturation, and closure are recruited through this process (42). The phagophore incorporates and degrades cytoplasmic material during extension and then it closes up, forming double-membrane vesicular structures called autophagosomes (35).

The action of PI3KCIII multiprotein complex (VPS34 (vacuolar proteins sorting 34), BECN1, p150 (ortholog of mammals of VPS15), mAtg14) in the protein recruitment process to the isolation membrane is fundamental (12). At this point, achieving active recycling is essential, a process involving the intervention of the ATG9 protein anchored in the membranes (31). Some Bcl-2 (B-cell lymphoma 2) family members, such as Bcl-2 and Bcl-xL (B-cell lymphoma extra-large), are known inhibitors of programmed cell death but can also inhibit autophagy through their interaction with BECN1 (43–45). Such interaction does not allow BECN1 to interact with VPS34 (46–48).

After nucleation, the ATG16L complex (ATG12, ATG5, ATG16L1) is recruited into the membrane, where it contributes to LC3 (light chain microtubule-associated protein-1 or MAP1LC3B) (49), GATE-16 (Golgi-associated ATPase enhancer of 16 kDa), and GABARAP (aminobutyric protein associated with the γ-acid receptor) lipidation (11, 50). These three groups belong to the ATG8 protein family, highly conserved across the evolutionary scale (51). Several proteins are anchored to the phagophore membrane, which is shed and returned to the cytoplasm before closure. Meanwhile, LC3 remains attached to the autophagosomal membranes throughout the process, making it a useful autophagosome marker (52) (Figure 1).

Several cellular receptors are involved in the selective recognition and recruitment of the cytoplasmic material that is later degraded in autolysosomes. The best-characterized autophagy receptor to date is p62 (Sequestosome 1 or SQSTM1), a molecular adapter with a ubiquitin-binding site and another for LC3 (35). p62 can also promote inflammatory gene expression through NF-kB (nuclear factor kB) regulation, activated when binding to TRAF6 (tumor necrosis factor receptor-associated factor 6) (53). Furthermore, p62 has been shown to activate an antioxidant response by sequestering Keap-1 (Kelch-like ECH-associated protein-1) through an Nrf2-dependent (erythroid-derived nuclear factor 2) mechanism (54) as well as to activate mTORC1 and regulate c-Myc (55).

After formation, autophagosomes relocalize to the perinuclear region through microtubules, where they fuse with lysosomes to form single membrane vesicles called autolysosomes (56), a complex process requiring anchoring factors and about which very little is known so far (57). SNARE proteins (soluble NSF binding protein) take part in the recognition and fusion of these structures. Studies in mice have revealed the importance of a SNARE complex [VTI1B, syntaxin 8, syntaxin 7, and VAMP-8 (vesicle-associated membrane protein 8)] in late fusion with the lysosome (Vadim Atlashkin2003). UVRAG (a gene associated with ultraviolet radiation) can activate GTPase RAB7 to promote fusion (58). Syntaxin 17, located in mature autophagosomes, can also regulate this mechanism (59). Successful binding to lysosomes is necessary for complete autophagy, as lysosomes provide the lytic enzymes needed for the degradation of cytoplasmic components in vesicles (60).



Functions of Autophagy

Historically, autophagy was considered to be a mechanism benefitting cell survival, as it recycles damaged and potentially toxic cytoplasmic components to increase vitality in cells subjected to stressful conditions, such as nutrient deprivation (61). Depending on cellular context, autophagy is selective or non-selective (massive autophagy). The former shows high specificity in degradation load selection and delivery, while in the latter, cytoplasmic particles are incorporated randomly (62). Selective autophagy is defined by the cytoplasmic material digested in mitophagy (affects mitochondria) (63), pexophagy (peroxisomes) (64), reticulophagy (endoplasmic reticulum and ribosomes) (65), nucleophagy (nucleus) (66), lipophagy (fat cells) (67), xenophagy (involves pathogens and other non-host entities) (68), and aggrephagy (damaged protein aggregates) (69).

With the advancement of knowledge, autophagy has been found not only to promote cell survival, but also to be induced in dying cells (70). The role of autophagy in death is, even today, a critical controversial point among researchers. While some scientists consider autophagy to been an independent death mechanism (autosis) (71), others argue that activation in dying cells occurs as a failure to rescue the cells from the stressful stimuli leading them to death in the first place (72, 73). In light of the growing number of physiological functions related to the autophagic mechanism, connections with numerous human pathologies have also been strengthened (74).



The Role of Autophagy in Cancer

For cell transformation and tumor development to happen, several basic cellular alterations -referred to as the hallmarks of cancer- must occur (75, 76). Increasing evidence suggests a link between autophagy and cancer (77).

However, establishing the role of autophagy in cancer has proved problematic as it can both contribute to tumor promotion and inhibition, depending on cellular context and disease stage (78). In the early stages of tumor transformation, autophagy can be activated to help cells mitigate mutations and damage their various components. But, once the transformation is complete, tumor cells can make use of the autophagic machinery to meet the high metabolic requirements of these uncontrolled dividing cells (79) (Figure 2).




Figure 2 | Autophagy and cancer. Autophagy plays a dual role in the development of cancer, the nature of which depends on the tissue, stage, and type of tumor. In carcinogenesis early stage, autophagy induction protects cells from DNA and protein damage due to the indiscriminate increase in ROS and cell-toxic components. Once cells are immortalized, autophagy plays an essential role in promoting tumors. Autophagy induction can be modified, or at least some of the steps involved in the mechanism can be changed. The excessive accumulation of autophagic vesicles leads to p62 molecule accumulation and intracellular signaling activation, which leads to Nrf2 transformation, inflammation, and cell necrosis. In tumor progression, autophagy provides high-energy nutrients to actively dividing transformed cells. When transformed cells metastasize, autophagy can inhibit the process by promoting anti-tumor inflammatory responses or by restricting the expansion of dormant metastatic tumor cells. On the contrary, it supports metastasis by improving cell fitness against a stressful microenvironment (anoikis).




Autophagy as a Tumor-Suppressing Mechanism

The most relevant findings related to autophagy and its role as a tumor suppressor come from studies on BECN1 (80). Mice with depletion of an allele for this gene showed a higher predisposition to different neoplasm spontaneous development (81). BECN1 has a BH3 domain, so it is not surprising that it can interact with various members of the Bcl-2 protein family and homologous viral proteins (82). Through these interactions, BECN1 can regulate autophagic and programmed cell death (83). Under normal conditions, Bcl-2 inhibits BECN1, whereas under stress conditions, they dissociate. This allows BECN1 to interact with VPS34 and modulate autophagy (84).

BECN1 dysregulation has been associated with the development of several cancers, including 50%–70% of prostate, breast, and ovarian cancers (85). In response to stressful stimuli, BECN1 can interact with Bif-1 (bax1 interaction factor or endophilin B1) through a mechanism involving UVRAG, thus leading to PI3KCIII and VPS34 activation. This regulatory mechanism has been evidenced in various tumor models (86).

Under cellular stress conditions, autophagy induction mitigates oxidative stress by eliminating damaged mitochondria, a crucial source in ROS production (80). When defective autophagy occurs, debris cannot be removed, leading to increased ROS levels and DNA damage with consequent loss of genomic integrity (87, 88). Therefore, autophagy prevents tumor generation by regulating ROS levels (89).

Atg genes expression has been directly linked to this process. Studies in mouse liver with silenced atg7 and atg5 showed autophagy malfunction as contributing to benign hepatic adenoma development (90). These tumors did not progress over time, suggesting that the loss of autophagy may be sufficient for tumorigenesis onset, but not for progression towards advanced stages of the disease (91). On the other hand, mice with deficient in atg4C showed alterations in autophagy and greater predisposition to fibrosarcomas induced by carcinogens (92).

Numerous tumor suppressor proteins promote autophagy (93–95). Tumor suppressor p53 is a usually deregulated protein in many human neoplasms which promotes autophagy when activated by nutrient deprivation or genotoxic stress (91). p53 functional loss is therefore expected to lead to autophagy inhibition (96). However, p53 can act as either an activator or an inhibitor of autophagy depending on its subcellular localization and its action mode (97). Mice with pancreatic oncogenic alleles for k-ras develop precancerous lesions and PDCA (pancreatic ductal adenocarcinoma) over time. Here, p53 expression blocks autophagy, thus inhibiting initial carcinogenesis (98). On the other hand, p53 can contribute to autophagy activation through DRAM1 (DNA damage-regulated autophagy modulator protein 1) (99), atg7, and ulk1 (100) modulation. Another p53 target gene is isg20l1, which promotes autophagy induction and cell death when activated (101).

Numerous studies have revealed an increase in autophagy levels as carcinogenesis progresses (89). In metastasis early stages, cells acquire migratory properties and detach from the tumor to enter the bloodstream and flow through the body to colonize new tissue. At this point, autophagy exerts an anti-tumor role by modulating inflammation and cell shedding, but it also promotes motility and invasion (102). These results suggest that the autophagic machinery is a regulatory mechanism that can inhibit tumor generation in the early stages of the disease and in metastasis (Figure 2).



Autophagy as a Pro-Survival and Resistance Mechanism

High metabolism requires a stressful condition to which tumor cells must adapt to proliferate actively in combination with a hypoxic cellular environment (86). Under these conditions, cells can activate autophagy to address various cellular needs and promote oncogenesis (77). Autophagy is activated in the hypoxic regions of tumors to counteract cellular oxygen demand (103). When tumor cells blood supply is insufficient, the autophagic machinery can be activated through an HIF-1-dependent mechanism (hypoxia-inducible factor-1) (15), VEGF (vascular endothelial growth factor) (104), PDGF (platelet-derived growth factor) (105) and oxide synthase (106). Hence, autophagy plays an essential role in promoting tumor cell survival under metabolic stress (107). Furthermore, cell division high rate translates into increased energy and biosynthetic needs, which can be satisfied by rising autophagy levels to obtain ATP and metabolic intermediates (108).

Transcription factor p53 acts as a cellular stress sensor in response to DNA damage and oncogenic stress (94) and often mutates in different types of human cancers (109). Moreover, point mutations in p53 prevent it from inhibiting autophagy in some breast cancer models (96). Consequently, this catabolic signaling pathway is activated to help repair damaged DNA and benefit tumor cells (110).

p62 cell adapter is another crucial molecule in nutrient detection. It can also act as a mitotic transit modulator, an oxidative detoxifying protein inducer, and genomic stability regulator (111). It also contributes to the autophagic mechanism by recruiting proteins and organelles into the autophagosomal compartments for subsequent degradation (112). In liver carcinoma cells, mTORC1 inhibition and ER stress promote p62 accumulation and autophagy induction (113). In colorectal cancer cells, p62 promotes invasion and metastasis by inhibiting apoptosis through a mechanism involving the vitamin D receptor and Nrf2 (114). p62 deletion produces significant autophagy inhibition and affects tumor growth in in vivo and xenograft models (115). Upregulated p62 is commonly found in various tumor models (111).

Approximately 33% of neoplasms developed in mammals present mutations of the ras gene, which indicates the importance of this gene for medical science (116). Recent studies have revealed that autophagy promotes tumor development, invasion, and metastasis in epithelial cells transformed by this oncogene (117). Furthermore, autophagy inhibition in mice with lung tumors induced by k-ras expression was fatal, as specimens died of pneumonia (118). In pancreatic adenocarcinoma models with k-ras mutations, tumorigenicity was associated with increases in IL-1 (interleukin-1), NF-kB, and p62 levels (119).

Many patients manifest metastatic bodies many years after the primary tumor has appeared (120). Autophagy can suppress cell division and motility, thus conserving dormant tumor cells energy. At some point, latent cells can reactivate proliferation and colonize new tissue in response to changes in the tumor microenvironment (121). Anoikis is an apoptotic cell death model triggered by insufficient interaction between the cell and the extracellular matrix, a critical factor for transformed cell invasion and metastasis (122). When cells detach from their matrix to enter the bloodstream, autophagy protects them from anoikis and promotes metastasis (123). On the other hand, autophagy contributes to carcinogenesis by inhibiting apoptosis caused by mitochondrial dysfunction and excessive ROS production (124) (Figure 2).




Autophagy Within the Tumoral Microenvironment

The tumor microenvironment is the tumor stroma and occupies most of the neoplasm (125). We can therefore hypothesize that as carcinogenesis progresses, the interaction between tumor cells and surrounding stromal cells increases (126). Compared to normal tissues, the tumor microenvironment is characterized by low oxygen levels, high lactate levels, extracellular acidosis, and decreased nutrients (127). It presents great cellular heterogeneity, composed of mesenchymal stem cells, fibroblasts, endothelial cells, immune cells, cytokines, and growth factors (128). Cancer-associated fibroblasts (CAF) are the most studied cells in the tumor microenvironment as they play an active role in tumor promotion (129). These components cooperate to contribute to tumor development (121) (Figure 3, top panel).




Figure 3 | Active crosstalk between autophagy and tumor microenvironment. Carcinogenesis is regulated by autophagy in transformed cells and cells belonging to the tumor microenvironment. Signaling is triggered to the ECM (extracellular matrix) and to stromal cells (such as fibroblasts and pericytes), generating a favorable context for tumor development. As tumor development progresses, cell autophagy activation in the tumor microenvironment serves, in part, to compensate for the inadequate nutritional supply associated with rapidly growing tumors. Here, proper quality control of the mitochondria is necessary to aid glycolysis in tumor cells. In this way, the energy balance (Warburg effect) typically found in malignant cells is maintained. Also, the autophagic process is involved in multiple aspects of lymphocyte development, innate immune signaling and antigen presentation by APCs (antigen presenting cells), processes that are relevant to the disease pathogenesis. HSPA/HSP70 overexpression can induce HMGB1 release in a BECN1-dependent process. This event culminates in the activation of NFκB and promotes tumor proliferation and invasion. Similarly, autophagy induction can contribute to IL-6, IL-1, and IL-8 secretion and promote inflammation. The expression of specific cytokines may inhibit this process, generating a decrease in the inflammatory process.



Autophagy is activated in the tumor microenvironment and in adjacent transformed cells to ensure tissue remodeling, angiogenesis, and interaction with surrounding immune cells (126). Autophagy has been detected in most cells of the tumor microenvironment, but with the ability of performing different actions. For example, when faced with a specific stimulus, the autophagic machinery in fibroblasts promotes tumorigenesis. Simultaneously, in some immune cells, such as cytotoxic T cells, it facilitates immune-response execution against neoplastic cells (130). Under extreme physiological conditions, the stroma activates autophagy to supply energy for adjacent tumor cells (131). In addition, tumor cells can modulate autophagic vesicles’ induction in specific stromal cells (108).

For many years, cancer-related studies focused exclusively on transformed cells, ignoring the tumor environment. At present, the tumor microenvironment is considered to play a fundamental role in tumor development, and its study is essential to form a cohesive idea of ​​what happens within the tumor (132). The extracellular matrix is a fundamental component of the tumor microenvironment. In addition to providing a physical scaffold, it contributes to the secretion of key factors for the tumor’s proper development. Macrophages and fibroblasts associated with cancer are the main cellular models associated with the tumor microenvironment (133).

The bone marrow is the leading site of hematopoiesis and bone formation in most vertebrates as well as the location of inactive and undifferentiated hematopoietic stem cells (HSC) (134). In response to specific stimuli, HSC can differentiate into various blood cells (135). As they have a short life cycle, HSC functional differentiation becomes necessary. During differentiation, cells are exposed to low oxygen levels, a sufficient condition for autophagy induction (136). Recent studies have revealed that autophagy is essential both for self-renewal and for HSC differentiation (137, 138).

After extravasation, monocytes are stimulated by CSF-1 (colony-stimulating factor-1) to induce differentiation. However, this stimulating factor is also associated with autophagy induction through ULK1 activation (139) and PI3K/Akt inhibition (140). CSF-2, another cytokine related to macrophage differentiation, prevents BECN1 and Bcl-2 interaction through a mechanism that includes JNK and triggers autophagy (141). At the same time, G-CSF (granulocyte colony-stimulating factor) contributes to cell survival through apoptosis inhibition and autophagy induction (142).

In recent years, studies related to the role of autophagy and CAFs in the tumor microenvironment have increased (143) and autophagic machinery induction has been associated with the NF-kB pathway and Caveolin-1 (Cav-1) expression in the tumor microenvironment (144, 145). Cav-1 is an essential component of the plasma membrane caveolar, contributing to modulating various signaling pathways. Other scientific sources have revealed a direct relationship between the autophagy induction and BNIP3 (E1B-binding protein 19K/Bcl-2 Nip3) expression in fibroblasts. This induction is accompanied by the loss of Cav-1 expression and the increase in BECN1 and ATG16L (146). Pancreatic stellate cells are a specialized type of fibroblast that can be found in tumor stroma, including PDAC (48, 147). Extensive studies have shown that stellate cells can secrete extracellular matrix molecules and cytokines that contribute to tumor aggressiveness (148). The baseline level of autophagy in PDAC patients is high, and active interaction between the tumor and stromal cell autophagy has been observed (149).

Tumor vasculature is involved in immune cell trafficking and activity. However, it also increases nutrient and oxygen circulation to meet solid tumors’ high energy demands (150). A constant imbalance between pro-, and anti-angiogenic signaling in the tumor microenvironment exists, which contributes to new vessel formation through a VEGF-dependent mechanism (151, 152). Endothelial cells that reside in tumors are exposed to high VEGF levels, nutrient deprivation, and aberrant blood circulation, thus leading to increased autophagy levels (150). In fact, in tumor endothelial cells, autophagy levels are higher than in healthy endothelium (153). Said induction, as mentioned in the previous paragraph, can have anti-angiogenic (154) or pro-angiogenic (155) functions and, therefore, contribute to a different cell fate (156).


Autophagy as a Regulator of Tumor Immunity and Inflammation

Autophagy can induce immune system cells to exert specific responses (157). Recently, autophagy has been shown to influence not only the antigenic profile of antigen donor cells and their ability to release immunogenic signals (158, 159), but also the survival, differentiation, and function of antigen-presenting cells (APC) (160–162).

Innate immunity is the body’s first line of defense against attack by pathogens; it is an active process and it favors the complement system as well as inflammation (163). At the cellular level, the presence of intracellular pathogens is detected by PRRs (pattern recognition receptors) located in the plasma membrane (TLR (Toll-like receptors), 1, 2, 4, 5, and 6), in endosomal membranes (TLR3, TLR7, TLR8, TLR9) or in the cytosol (NOD (Nod-type receptors), RIG-I (gene I-like receptors), RLR (retinoic acid-inducible receptors), and CLR (C-Type lectin-like receptors) (164). PRRs recognize surface antigens of microbes called PAMPs (pathogen-associated molecular patterns), such as lipopolysaccharides of the bacterial cell wall (LPS), flagellin, bacterial, and viral nucleic acids, and finally, some components of the fungal cell walls (165, 166).

After PPRs recognize pathogens, cells can induce autophagy to eliminate them through lysosomal degradation, although this is highly dependent on cellular context and cell type (167). Evidence has shown several TLRs, including TLR1, TLR3, TLR4, TLR5, TLR6, and TLR7, inducing autophagy in humans and mice macrophages (168). The connection between TLR signaling and autophagy is believed to be mediated by adapter proteins TRIF (adapter-inducing interferon-β containing the TIR domain) and Myd88 (Myeloid differentiation primary response 88), which inhibit the interaction between BECN1 and Bcl-2, thus contributing to autophagy induction (169). Furthermore, the link between Myd88 and mTOR has been reported to allow the activation of transcription factors (IRF-5 (interferon regulatory factor 5), IRF-7) that encode for pro-inflammatory cytokine genes and IFN-I (interferon type-I) (170).

Adaptive immunity, on the other hand, produces/makes a more robust and specific response (171), which involves capturing foreign material by APCs (macrophages, B cells, and dendritic cells) to stimulate T lymphocytes and give specific cellular responses (Figure 3, left panel) (172). APCs present antigens to major histocompatibility complex (MHC) molecules through the complex interaction of various cellular factors (173). Autophagy inhibition has been found to reduce MHC-I (MHC-class I) molecules in murine B16 melanoma cells and subsequent cytolysis of tumor cells by CD8+ T cells through cross-presentation (174). CD8+ T cells can respond to exogenous antigens and material undergoing phagocytosis (175). CD4 + T cells recognize antigens from MHC-II molecules (MHC-class II) that are processed in endolysosomal compartments (176). Autophagy may be an essential source of MHC-II antigens derived from intracellular sources through lysosome material supply (177). Like T cells, B cells are regulated by the autophagic machinery. For example, deletion of atg7 or atg5 in the hematopoietic system results in a reduced number of peripheral B cells (178, 179). Dendritic cells are responsible for presenting pathogenic antigens to CD4+ and CD8+ lymphocytes, a process that is favored by autophagy induction (180).

Autophagy can regulate immunity and inflammation in tumor transformation in order to regulate carcinogenesis (181). Cytokine signaling is involved in tumor-associated inflammation and has been linked to promoting tumor-initiating cell self-renewal, tumor growth, angiogenesis, and metastasis (182). Cytokine secretion is variable depending on cancer type, but generally involves IL-1, IL-6, CXCL8/IL-8, IL-10, and interferon-gamma (183). In estrogen-receptor-negative breast tumors, IL-1 expression has been associated with autophagy induction with p62 and LC3 accumulation (184). In liver tissue carcinomas, IL-37 expression regulates autophagy by inhibiting the PI3K/Akt/mTOR axis (185). Some cytokines stimulate autophagy (Th1, TNF-α (tumoral necrosis factor α), IL-2), while others inhibit it (Th2, IL-4, IL-13, IL-10) (121) (Figure 3, bottom panel).

ROS accumulation in tumor development can cause mutations, protein and mitochondrial damage, and increased secretion of inflammatory and antimicrobial agents (186). An increase of intracellular ROS levels is commonly related to inflammatory signaling activation involving NF-kB and regulating the inflammatory response, angiogenesis, and the function of tumor-initiating cells, according to cellular context (187). Furthermore, interaction between NF-kB and the autophagic machinery in order to alter apoptosis and benefit tumor cell survival is common (181). Studies carried out in a murine model of lung adenocarcinoma have revealed that p62 deletion inhibits tumor development through a mechanism that prevents RELA/65 nuclear localization and NF-kB activation (188).



Autophagy in Tumor Cell Metabolism Remodeling

In the 1920s, scientist Otto Heinrich Warburg discovered that tumor cells produce more energy than usual and absorb more glucose than healthy cells through glycolysis regulation, a process known as the “Warburg effect” (189). Numerous scientific reports support the idea that autophagy can generate ATP through a mechanism that involves glycolysis (Figure 3, right panel). Through studies linking these cellular processes, a new paradigm known as the “reverse Warburg effect” has emerged. Stromal cells have been postulated as the key generators of fuel for transformed cells (190). Nowadays, both tumor cells and adjacent stromal cells are believed to contribute to meeting tumor energy needs (191). The importance of autophagy in glycolysis has also been observed in chronic myeloid leukemia and breast cancer cells (192, 193). In mice with K-Ras-driven lung tumors, loss of atg7 leads to defective autophagy, which alters tumor fate, forming benign tumors called oncocytomas (118). These tumor masses with low autophagy levels show defective mitochondria and neutral lipid accumulation (particularly cholesterol esters) due to fatty acid oxidation defects (194).

Mitochondria are central regulators of cell metabolism, which is why they must function correctly. In general, autophagy plays a vital role in the cleaning and quality control of these organelles (195). Both glucose-dependent metabolic pathways and mitochondrial metabolism are essential in tumorigenesis modulation (196). Under hypoxic conditions, pro-apoptotic receptors (BNIP3 and NIX) are activated to induce mitophagy and promote cell survival through HIF-1 regulation (197, 198). In breast cancer cell lines, IGF-I (insulin-like growth factor 1) expression induces BNIP3 expression through a HIF-1-dependent mechanism (199).

Likewise, in glioblastoma cells, PINK1 deletion (the kinase 1 induced by PTEN is a mitochondrial protein of the serine/threonine kinase type) promotes the Warburg effect through ROS and HIF-1 level stabilization. It also reduces PKM2 (pyruvate kinase isoenzyme M2) activity, both regulators of aerobic glycolysis (200). Glycolysis can also be modulated by the interaction between p53 signaling pathways and mitophagy in head and neck squamous carcinoma cell lines (201). Although the molecular mechanism that links these two metabolic regulators has not yet been fully comprehended, Parkin has been found to regulate p53, a ubiquitin ligase that modulates mitochondrial energy metabolism, antioxidant defense, and radiation-induced tumorigenesis (201, 202).

Acetyl-coenzyme A (AcCoA) is a critical metabolic intermediate in autophagy regulation: when its intracellular levels decrease, the autophagic machinery is activated (203). Recent studies in glioblastoma cells have shown that AcCoA increase as a glycolysis product can regulate genes involved in cell migration and adhesion (204). Pancreatic cancers are highly desmoplastic, leading to highly inhospitable environments for cells with high ROS levels, hypoxia, and insufficient nutrient levels (147). Pancreatic stellate cells are a specialized type of fibroblast, commonly found in this type of neoplasm, which contributes to mitochondrial metabolism (205). In the face of stressful conditions, these cells can secrete alanine through an autophagy-dependent mechanism and then be absorbed and used by tumor cells (206). This amino acid fuels the Krebs cycle in PDAC and allows glucose to be used for other anabolic processes such as serine/glycine biosynthesis. Autophagy inhibition in pancreatic stellate cells has recently been shown to decrease tumor growth in transplantation models (149).

HIF-1 and the c-Myc oncogenes coordinated expression regulate cellular glucose transporters, glycolytic enzymes, and mitophagy through choline metabolism (207–209). In B lymphoma cells, c-Myc activates the choline phosphate cytidyltransferase A (PCYT1A) enzyme, inducing mitophagy and preventing cells from dying of necroptosis (210). Arginine is another amino acid that can be dysregulated in cancer cells. Autophagic regulator AMBRA1 (regulator 1 of BECN1 and autophagy) can influence tumor metabolism by regulating c-Myc degradation. When mTOR is inhibited, AMBRA1 is activated. This protein favors the interaction between c-Myc and its phosphatase PP2A (protein phosphatase 2A) to result in the dephosphorylation and degradation of c-Myc, thus reducing cell division rate (211). Cell transformation mediated by c-Myc or RAS-v12 overexpression increases AMPK and FoxO3 expression, which results in increased levels of positive autophagy for BNIP3 and LC3 (212). Finally, the close link between the signaling mechanisms triggered in tumor cells and the adjacent stroma should be taken into consideration; all these events together contribute to tumor metabolism (206, 213).




Autophagy During Viral Infection

Autophagy is an essential cellular response element for various types of infections. In general, intracellular pathogens are sequestered and selectively degraded by autophagosomal vesicles (214). However, many pathogens use the host cell’s autophagic machinery to survive and spread (68). Viruses are a good example: once inside the cell, they modulate autophagy to regulate almost all viral life cycle, including insertion and entry of the virus into the host cell, exposure of viral components, and viral protein production (215). Some viruses use autophagosomal membranes as anchors in the replication process, while others inhibit autophagy from avoiding being degraded by lysosomal enzymes in autolysosomes (216). A more detailed examination of the molecular mechanisms modulated during viral infection in relation to the autophagy degradation pathway will be made in the following sections.


Autophagy in Antiviral Immunity Regulation

Among the various PRRs involved in detecting pathogenic components, TLR receptors located in the plasma membrane and the cytosol stand out (217) (Figure 4A). TLRs activation in endosomes requires PAMPs endocytosis, such as viral RNA, damage-associated molecular patterns (DAMPs), apoptotic cells, or autophagy induction (218). Upon activation, TLRs recruit the Myd88 primary response protein or adapter molecule 1 as an NF-kB activator, contributing to the synthesis of inflammatory cytokines, which in turn trigger IFN production (219) (Figure 4A). NF-kB, IRF-3, and IRF-7 activation can determine the inflammasome assembly and ultimately result in caspase-1 and IL-1β, and IL-18 activation (220). On the other hand, astrocytes infected with three different Zika virus (ZIKV) strains show an increase in inflammatory molecule release (IP-10, IFN-β, NF-kB) and autophagy activation by a mechanism involving TLR3 (221).




Figure 4 | Autophagy-mediated elimination of pathogens. (A) Once a virus enters a cell, (I) viral DNA may be exposed in the cytoplasm, leading to cGAS-STING pathway activation and IFN-I expression, thus triggering the antiviral defense; or (II) viral RNA (endosome) can be recognized by TLR3 (dsRNA) and by TLR7 or TLR8 (ssRNA), triggering IRAK and TRAF6, which leads to IFN-I synthesis. Virus recognition by TLR2 or TLR4 may also trigger the cascade that leads to IFN-I (IRF3, IRF7, or NF-kB) and pro-inflammatory cytokine activation transcription factors. (B) Once pathogens enter the cell, a parasitophorous vacuole with glycosylated molecules starts enclose them. Galectins present in this vacuole bind to NDP52, which interacts directly with E3 ligase LRSAM1 and indirectly with TBK1. TBK1 interacts with optineurin. NDP52 binds to LC3-II, resulting in xenophagy activation. LRSAM1 polymerize ubiquitin at different targets that are yet to be identified. This hypothetical model includes the pathogen and the parasitophorous vesicle as targets. NDP52 recognizes the ubiquitin tags, optineurin, and sequestosome-I. TBK1 phosphorylates optineurin and sequestosome (I) After these steps, the autophagic isolation membrane elongates to capture the pathogen to degrade it.



In mice dendritic cells infected with the human herpes simplex virus-1 (HSV-1), atg5 deletion causes deficiency in the processing and presentation capacity of viral antigens into MHC-II. In this process, TLRs located in endosomal membranes and associated with LC3 have been shown to improve viral antigen processing (222). Moreover, atg5 has been proven necessary for IFN-α production and TLR9 activation through CpG (DNA regions that make up 40% of gene promoters in mammals, with high concentrations of phosphate-linked cytosine and guanine) in HSV-2 infected cells (223).

The second most important PRRs family are the NOD receptors (224), which constitute the cytosolic counterpart of TLRs and include 23 members in humans (225). NOD1 and NOD2 are two receptors that recognize peptidoglycan, a component of the bacterial cell wall; the stimulation of these two receptors forms a transducer complex called the NOD signalosome (226). This signalosome leads to NF-kB activation, which stimulates chemokines and cytokines production, and which in turn initiates the pro-inflammatory response involved in eliminating pathogens (227). Recent studies have revealed an increase in NOD1 and ATG5-dependent autophagy in hepatic ischemia/reperfusion injuries (228). On the other hand, epithelial cell infection with adherent/invasive Escherichia Coli have increased ATG16L1 and LC3 through interaction with NOD2 cytosolic receptor (229).

The CRL receptors family binds to carbohydrates present in pathogens (lectins are proteins that recognize sugars) through a Ca2+ dependent mechanism (230). Type C lectin receptor, Mincle (macrophage-inducible Ca2+ dependent lectin receptor), and TLR4, induce autophagy by activating Myd88 in macrophages (231). RIG-I receptors are characterized by having a C-terminal regulatory domain and a DExD/H helicase domain that contribute to recognizing and unwinding the viral RNA duplex (232). Melanoma differentiation-associated protein 5 (MDA5) is another essential protein in this family. Both proteins detect viral RNA in the cytosol by interacting with mitochondrial signaling through its caspase recruitment domain and regulating autophagy (233).

The last group of receptors includes cytosolic DNA and RNA sensors. An excellent example of these sensors is the cyclic GMP-AMP synthase (cGAS), which plays a fundamental role in recognizing DNA viruses and IFN pathway induction (234). Excessive IFN stimulation can damage the body, so complex regulatory mechanisms have been developed, one of them being autophagy (235). After infection with HSV-1, BECN1 interacts with cGAS, thus altering its nucleotidyltransferase function and triggering the autophagic machinery. When free in the cytosol, cGAS recognizes virus DNA and activates IRF-3 and STING (interferon gene stimulator) to increase IFN production (236) (Figure 4A).

Autophagy can also modulate the adaptive immune response to infection through intracellular pathogens. MHC-I molecules are responsible for presenting pathogenic antigens to CD8+ T lymphocytes in order to trigger different cellular responses, such as endocytosis, vesicle trafficking, and autophagy (237). In the conventional mechanism, the proteasome breaks down these protein antigens into peptide fragments and transports them to the endoplasmic reticulum, where their processing concludes (238) (Figure 4B). Some cells, such as dendritic cells, can present pathogenic antigens to lymphocytes through “cross-presentation” (239). This mechanism can occur through three different signaling pathways (240). In the first case, pathogens are recognized and transported to the proteasome, where small peptide fragments are released and transported to the ER by TAP1 (transporter associated with antigen processing 1) and TAP2 to be presented to HMC-I molecules (240) (Figure 4B). The second pathway is independent of the proteasome, and its lysosomal proteolysis helps facilitate antigen processing (241). Finally, in the last signaling pathway, degradation is proteasomal but independent of TAP (242).

The various death mechanisms involved in dendritic cell cross-presentation have been assessed in comparative studies, which show that atg5 inhibition also inhibited said presentation. This finding has made it possible to associate autophagy with antigens effective presentation to CD8 + T cells (243). Subsequent studies have revealed that autophagy not only influences antigen processing on HMC-I molecules but that is also a prime antigen source for HMC-II molecules, such as CD4 + T cells (244).



Viruses Can Activate or Inhibit Autophagy in Favor of Their Replication

Viruses are particles that cannot survive on their own. This is why they have evolved alongside their respective hosts, a process that has given them the ability to use host cell signaling pathways to their advantage (245). To this end, viral particles promote the expression of various viral proteins that mimic host protein structure and function (215). These proteins modulate many cell signaling pathways in favor of viral replication, and autophagy is not exempt from this regulation (246, 247). Viruses with RNA in their genetic material usually contribute to autophagic membrane accumulation, regardless of whether their replication is nuclear or cytosolic (248).

Many viruses that regulate autophagy to facilitate viral survival and replication have been discovered, including poliovirus (249, 250), Coxsackievirus (CVB3) (251, 252), CVB4 (253), Enterovirus 71 (EV71) (254), human rhinovirus (HRV) (255), foot-and-mouth disease virus (FADV) (256), encephalomyocarditis virus (EMCV) (257), dengue virus (DENV) (258, 259), ZIKV (260, 261), mouse hepatitis virus (MHV) (262), Newcastle disease virus (NDV) (263), severe acute respiratory syndrome coronavirus (SARS-CoV) (264), Chikungunya virus (CHIKV) (265), and Japanese encephalitis virus (JEV) (266), among others.

In cells infected with human poliovirus, viral proteins 2BC and 3A promote the formation of autophagic vesicles where viral replication takes place. The virus induces tubular structures in early stages of infection, while forming double-membrane vesicles in advanced settings (267, 268). Recent studies have provided a novel and deeper understanding, by revealing that these viruses can regulate autophagy through a ULK1-independent mechanism (269). During infection with EV71, the ERK inhibition pathway and autophagy impairs viral replication (270).

Measles virus (MeV) belongs to the Paramyxoviridae family and manifests itself mainly in children as high fever, acute respiratory infections and typical papular rashes (271). MeV binds to the host cell through CD46 (CD46 complement regulatory protein), a receptor on the plasma membrane that initiates the autophagic cascade when activated (272). Once active, this receptor binds to the VPS34-BECN1 complex via the GOPC scaffold protein (containing Golgi-associated PDZ and spiral-spiral motif) (273). Virulent MeV samples recognized by CD150 membrane receptors have not shown to have the ability to regulate autophagy in early stages of infection. However, these strains modulate autophagy late in the mechanism to prevent cell death and benefit viral replication (274).

The human immunodeficiency virus (HIV) is a member of the Retroviridae family, affecting more than 30 million people worldwide (275). This human disease progresses towards immune system failure, resulting in infection development or tumor transformation (276), generating alterations in the host’s signaling pathways, and therefore damage accumulation. Critical regulation aspects of the cell cycle are altered, which determine cell transformation and tumor progression, mainly of B cells (277). HIV tat protein, HIV-induced immunosuppression, and a hyperinflammatory state facilitate the oncogenic activity of Kaposi’s sarcoma-associated oncovirus (278). Average survival after HIV infection is estimated to be nine to eleven years without treatment, depending on HIV subtype (279). This retrovirus is transmitted by body fluids and infects CD4+ lymphocytes and macrophages, ensuring prevalence in the host through complex cellular processes (280). In macrophages, autophagy can contribute to HIV degradation or replication. Nef viral protein blocks autophagy initiation by promoting BECN1 binding to Bcl-2 through a PRKN-ligase dependent mechanism (Parkin RBR E3 Ubiquitin Protein Ligase) (281). In studies on CD8+ lymphocytes infected with HIV from patients with lymphoblastic leukemia, the virus was able to inhibit autophagy by reducing ATG8 and BECN1. The opposite result was seen in HIV-infected CD4+ cells (282). Furthermore, an active modulation of ATG1, ATG4D, and ATG5-ATG12 proteins by the virus has been shown. The findings reported so far indicate that HIV can modulate autophagy at different stages to benefit its replication and escape cell degradation (215, 283).

The group of RNA viruses belonging to the Coronaviridae (CoV) family has recently gained relevance. SARS-CoV-2 is the etiological agent of COVID-19, a disease that has had a devastating impact in the past year around the world (284). Before COVID-19, six human CoV pathogens had been identified, two of which are aggressive enough to develop massive infections (285). SARS-CoV infected cells can use the autophagic machinery to degrade viral particles or promote their replication and prevalence. However, more studies are needed to better understand the signaling pathways involved in these viral replication processes (286).

The influenza virus (family Orthomyxoviridae) is another group of viruses implicated in developing human respiratory diseases. Three influenza serotypes have been characterized, only one of them responsible for generating epidemics annually and pandemics at irregular intervals (287). Viral protein M2 is a proton channel that facilitates the acidification of viral particles and allows their decomposition in the host cell nucleus (288). This protein also blocks autophagosome degradation and redirects LC3 to the plasma membrane, generating a cellular redistribution of membranes coupled with this protein. Through this process, these viruses can lead to the formation of filamentous buds, which appear to increase virus stability (289).

CHIKV is transmitted to humans by the bite of some mosquito species and can induce the autophagic machinery through ER stress, increased ROS levels, and reactive nitrogen species (290). Some studies have reported that when the virus is actively replicating, it induces autophagy through the AMPK pathway. However, this has not been observed when the virus is latent (291). Another virus transmitted to humans by mosquitoes is DENV, a Flaviviridae family member that can cause acute or chronic infections (292). These viruses replicate in ER invaginations, so autophagy does not have a structural role in replication. However, cells activate lipophagy to break down cellular triglycerides as well as increase B oxidation and energy production (293). Notably, infections caused by ZIKV, an RNA flavivirus, has generated epidemic outbreaks throughout the world from 2007 to the present (294). A recent study has shown that autophagy can facilitate viral replication through autophagosomal vesicle production or inhibit it in in vivo and in vitro models (295)



Oncovirus and Autophagy

Traditionally, cell transformation has been associated with chronic exposure to various carcinogens, such as ionizing radiation and chemical carcinogens, or to genetic predisposition. However, scientific evidence linking viral infections to tumor development has increased (296). Currently, between 15% and 20% of neoplasms are considered to be related to primary viral infections (297). These oncogenic viruses integrate into the host cell genome and utilize host signaling pathways to regulate cell proliferation and differentiation, genomic stability, apoptosis, and immune system recognition (298, 299). Oncoviruses can be classified as direct and indirect carcinogens, although there is some overlap between both. Indirect regulation is related to chronic inflammation modulation contributing to carcinogenesis (300).

Human viral oncogenesis is a complex process in which only a low percentage of individuals develop cancer years after viral infections (301). During this coexistence between the virus and the host, multiple genetic and epigenetic alterations accumulate, contributing to oncogenic pathway dysregulation. In this context, oncoviruses are considered necessary but not sufficient to determine cell transformation (302). Patients with this type of cancer have reduced viral replication, which is required for the cell to actively divide. The virus remains within the cell as a naked nucleic acid in the form of a plasmid or an episome, or it integrates into the cell genome and remains latent (303). Co-evolution of viruses with hosts has shown that the autophagic machinery can be used alongside various proviral and antiviral functions, depending on virus type, cell, and cellular environment (304, 305).

Up to date, eight different oncogenic viruses have been characterized (Table 1) and are described as follows. The human papillomavirus (HPV) and the Merkel cell polyomavirus (MCPyV) are both involved in the development of neoplasms associated with mucosa and skin (306). Hepatitis B virus (HBV) and hepatitis C virus (HVC) are associated with 80% of hepatocellular carcinomas (HCC) (307). The herpes virus associated with the development of Kaposi’s sarcoma (KSHV) and the Epstein-Barr virus (EBV) are mainly viruses associated with endothelial carcinogenesis (308). Cytomegalovirus (HCVM) is another herpes virus that has an onco-modulatory function (309). And human T-cell lymphotropic virus-1 (HTLV-1) is an RNA retrovirus responsible for the development of adult T-cell tumors (ATLL) (310). These viruses can modulate oncogenic responses by regulating autophagy at different points (300, 311) (Figure 5).


Table 1 | Oncogenic viruses and their involvement in autophagy.






Figure 5 | Manipulation of autophagy by oncoviruses. Oncoviruses regulate autophagosome formation or degradation in order to promote their replication cycle. Like many DNA viruses, Herpesviruses prevent their degradation by inhibiting the creation of these vesicles, whereas RNA viruses often induce the accumulation of autophagic membranes independent of their replication in the cytosol or the nucleus. These autophagic membranes can form autolysosomes and finally conclude. In other cases, the autophagic membranes may be used as scaffolds, where the viral replication complexes are positioned or serve as support for the release of the particles. Poliovirus was the first virus where this mechanism has been evidenced.






Human Herpesvirus

Herpesviruses are biological structures that have linear double-stranded DNA, ranging from 100 to 200 kb. The viral genome is packaged in an icosahedral capsule embedded in a protein integument and surrounded by a host-derived lipid envelope (312). The viral envelope has glycoproteins that mediate the union with the cytoplasmic membrane of the host for subsequent entry of the virus accompanied by the nucleocapsid and the integument. The capsid travels through microtubules until it reaches the nucleus, coupled with protein complexes that allow nuclear pore opening. It then injects its genetic material into the nucleus (313).

Eight herpesviruses have been identified in humans with a common evolutionary origin, classified according to their genomic sequence and biological characteristics into three subfamilies (alpha, beta, and gamma) (314). Within the gamma-herpesviruses, we can find human herpesviruses 4 (EBV) and 8 (KSHV). These viruses have a high affinity for B lymphocytes, and both establish latent and lytic infections that promote the development of hematological diseases and various types of solid human cancers (315). Surprisingly, the ability of viruses to regulate autophagy can vary according to infection stage (316). HCMV is another herpes virus that primarily infects fibroblasts, but which can also be found in epithelial cells, endothelial cells, hepatocytes, stromal cells, monocytes/macrophages, astrocytes, and neural stem/progenitor cells (309).


Kaposi’s Sarcoma Virus

KSHV was discovered in 1993 from a tissue sample of a patient with Kaposi’s sarcoma (KS) (317). This virus is generally transmitted by body fluids, although transmission has been observed through the placenta to the fetus in some rare occasions (318, 319). KSHV seroprevalence is estimated to range between 5%–20% worldwide. Yet, only a small number of patients develop secondary diseases associated with the virus, the population mostly at risk being immunosuppressed individuals or individuals with immune system abnormalities, as is the case of AIDS patients (320). KSHV infection is associated with the development of various human pathologies, including Kaposi’s sarcoma, primary effusion lymphoma (PEL), multicentric Castleman’s disease (CMD), and inflammatory cytokine syndromes (KICS) (321). The main reservoir of this virus in its latent form are B lymphocytes, but it can also infect monocytes, fibroblasts, endothelial, epithelial, and dendritic cells through association with receptors on the plasma membrane (322).

After primary infection, the virus remains in the cell as an episome and regulates various host signaling pathways to replicate correctly. The virus produces proteins associated with the viral latency phase which are essential for cell transformation (323). Some of the encoded proteins are complement-fixing proteins (v-CBP), viral interleukin-6 (v-IL-6), viral inflammatory protein type-I (v-MIPI) and type-II (v-MIPII), viral Bcl-2 (v-Bcl-2), viral interferon regulatory factor (v-IRF), viral cyclin (v-Cyclin), latency nuclear antigen (LANA), viral adhesin (v-ADH), receptor-coupled G-protein (v-GCR), thymidylate synthetase, thymidine kinase, ribonucleotide reductase (300, 324)

In various models, autophagy has been found to be a cellular mechanism commonly regulated by viral KSHV proteins (325). After initial expansion at the infection site, the new viral particles spread throughout the body and reach the cells in order to establish a latency phase, especially in the B lymphocytes and endothelial cells of the blood/lymphatic vessels (326). During the latency phase, autophagy and other cellular mechanisms contribute to creating a cellular microenvironment favorable to tumor initiation and progression (321).

The transmembrane glycoprotein K1, encoded by the first KSHV open reading frame, is a signaling protein capable of causing B cell activation (327). V-cyclin and K1 have been found to promote autophagy by stimulating the AMPK pathway (328, 329) (Figure 6). On the other hand, vFLIP restricts the autophagic machinery by inhibiting ATG3 and LC3 proteins (330) (Figure 6). Once viral latency is established, LANA plays a fundamental role in maintaining this phase through NF-kB activation (331). Granato et al. observed viral particles inside autophagic vesicles in the cytoplasm of PEL cells in active replication, thus postulating that autophagy may also be related to viral transport (332). Finally, another protein linked to viral latency is STAT3 (signal transducer and activator of transcription 3), which remains active in a state of viral latency (330). In dendritic cells, KSHV infection induces STAT3 phosphorylation, promoting cell survival and viral latency. Moreover, the release of IL-10, IL-6, and IL-23, cytokines that contribute to keeping STAT3 active, is also induced (333). This allows the viral genome to remain unchanged and the particles to replicate successfully (334).




Figure 6 | Human Herpesvirus regulation of autophagy. The viral ability to regulate autophagy depends on stage of infection. This regulation can alternate between latent, de novo, or lytic reactivation infections. A distinguishing feature of these lymphotropic viruses is their ability to promote autophagy induction, a process followed by inhibition of autophagosome maturation. This defective autophagy does not allow autolysosomes to form, and therefore to perform successful clearance.



Numerous cellular events can activate lytic KSHV reactivation. Cellular microenvironment can shape the viral epigenome to facilitate latency reactivation (335). ER stress can induce rad21 cleavage, a member of the cohesin complex that generates dramatic changes in the KSHV genome. The loss of DNA loops triggers virus reactivation (336). During this process, cells activate the autophagy machinery with various functionalities (335).

A fundamental component for lytic reactivation is the expression of lytic switch master proteins (RTA), targeting 100 different sites in the KSHV genome and transactivating 34 lytic genes (337). Pringle et al. have reported that mTORC1 is required for lytic replication and RTA synthesis as an activator of cellular transcription. In contrast, this autophagy inhibitor complex has not shown more significant involvement in genomic replication, late gene expression, or in the release of infectious progeny (338). Furthermore, autophagy inhibition has been reported to reduce lytic KSHV reactivation (339).

In contrast to the nuclear LANA function, cytoplasmic isoforms of this viral protein mediate lytic reactivation by antagonizing cellular DNA sensors. These isoforms bind to cGAS, a process that involves STING and NF-kB induction (340). Viral protein K7 expression stimulates RBCN (Rubicon autophagy regulator) interaction with BECN1. These events promote the blocking of autophagosome maturation (333) (Figure 6). KSHV monocyte infection counteract ROS increase induced by macrophage colony-stimulating factor (M-CSF), preventing JNK and Bcl-2’s phosphorylation and inhibiting autophagy. Together with the decrease in TNFα and the increase in the immunosuppressive cytokine IL-10, all these events lead to impaired macrophage survival and differentiation (341). Findings so far allow us to infer that these viruses may induce autophagosomes formation, in which they are transported to the cell surface. Viral proteins inhibit lysosome-to autophagosome-binding and, therefore, autolysosome formation is not degraded by lysosomal hydrolases (330) (Figure 6).



Epstein Barr-Virus

EBV is a very easily transmitted herpesvirus that is mainly contracted in childhood through body fluids. 90% of the world’s population is believed to have been infected at some point of their lives (342, 343). This virus has contributed to the development of various secondary pathologies, such as infectious mononucleosis and some neoplasms of epithelial and lymphocytic origin (344). After entering host cells, viruses amplify and rapidly enter a state of latency. A distinct fact is the presence of three different latency types that can be independently regulated, autophagy playing an essential role in this regulation (345, 346). Each cell presents multiple copies of viral DNA episomes and produces a series of proteins associated with latency, including six nuclear antigens (EBNA 1, 2, 3A, 3B, 3C, and -LP) and three latent membrane proteins (LMP1, 2A and 2B) (347).

LMP2 viral protein has been reported in most neoplasms associated with this virus. This protein stimulates the PI3K/Akt signaling pathway, a process that triggers apoptosis and autophagy inhibition, thus contributing to tumor cell proliferation (348) (Figure 6). This regulation has been seen in gastric carcinomas associated with EBV infection, where the presence of PI3K mutations has been associated with higher tumor occurrence and metastasis (349). Furthermore, LMP2 has been found to contribute to cell proliferation through p27 degradation (350, 351).

Additionally, LMP1 binds to membrane-bound death receptors TRAF and TRADD (tumor necrosis factor receptor type 1-associated death) or activate signaling pathways that include NF-kB, JNK, p38, small GTPases (Cdc42), and the JAK/AP-1/STAT cascades. Moreover, LMP-1 has been reported to activate mTOR to suppress autophagy and facilitate tumor growth and proliferation (352) (Figure 6). In contrast, Hurwitz has shown that LMP-1 can inhibit mTOR by secreting CD63-dependent vesicular proteins, contributing to autophagy induction. This induction is not complete since LMP1 inhibits lysosomes’ binding to autophagic vesicles in order to avoid the viral particles’ degradation by lysosomal hydrolases (353). On the other hand, EBNA3C nuclear antigen activates autophagosome formation through transcriptional induction of several autophagy regulators, including ATG3, ATG5, and ATG7 (354).

During the EBV lytic cycle, autophagy may present bimodal modulation, showing an early stimulation phase in combination with the inhibition of the late phases of the autophagic mechanism (degradation of cytoplasmic material by lysosomal hydrolases) (355). This final regulation favors the acquisition of envelopes and components of the autophagic machinery by newly synthesized virions (356, 357). The viral proteins associated with this virus that regulate autophagy in the EBV lytic cycle have not yet been fully characterized. RTA function, an early expression protein regulating autophagy through an ERK-dependent mechanism, has been recently highlighted (358) (Figure 7).




Figure 7 | HCV and HBV regulation of autophagy. The autophagic machinery is necessary for incoming viral RNA translation, but it becomes expendable once the viral replication process begins. An increase in the number of autophagosomes does not correlate with an increase in the rate of lysosomal degradation. HCV has been shown to induce the expression of Rubicon, thus inhibiting the maturation of autophagosomes. For its part, HBC reduces the acidification of lysosomes and autolysosomes through the inhibition of V-ATPase (H + type vacuolar enzyme). However, in vitro studies show good fusion of autophagosomes with lysosomes, as well as successful autophagic flow, indicating that these viruses are able to induce selective autophagy in some cellular organelles, such as the mitochondria and lipid deposits in cells.



EBV codes for the expression of two Bcl-2 homologous viral proteins called BHRF1 and BALF0/1 (359, 360). Both viral proteins prevent apoptosis during early B-cell infection but may be dispensable once the latent infection is established (361). BHRF1 anti-apoptotic activity has been studied extensively (362). However, BALF0/1 expression and function remain ambiguous. Two in-frame methionine codons are present near the beginning of the BALF0/1 open reading frame (ORF), suggesting that two proteins with different N-termini may be encoded (363). So far, the BALF1 protein is known to be encoded by the shortest ORF, while the BALFO protein is encoded by the first non-conserved methionine. During the lytic cycle initial phase, BALF0 and BALF1 are expressed, both with a region of interaction with LC3, and modulate autophagy induction (364). So far, we can infer that EBV inhibits autophagy during the latency phase in its initial steps. Simultaneously, during lytic reactivation, the formation of dysfunctional autophagosomes is promoted (Figure 6).



Human Cytomegalovirus

HCMV is a double-stranded DNA herpes virus transmitted through body fluids, not prevalent in any particular age range. This virus has an extensive genome of 236 kilobases, one of the largest viruses that can infect humans (365). Primary infections are generally asymptomatic, although congenital diseases can lead to various severe disabilities or fetal death (309).

HCMV particles have been detected in different cell types, including epithelial cells, connective tissue, hepatocytes, various populations of leukocytes, and vascular endothelial cells (366). HCMV also infects tumor cells and contributes to transformation when affecting healthy tissue by modulating various cellular signaling pathways (309). This virus regulates autophagy in a bimodal manner (367). First, during early stages of infection, it induces autophagic vesicle formation. Later in infection, HMCV blocks autophagy through viral proteins synthesized in the host cell (368). Two proteins involved in autophagy inhibition by association with BECN1 (TRS1 and TRS2) have been identified (Figure 6). Mouna et al. has found that co-expression of viral proteins TRS1 and IRS1 is essential for autophagy inhibition in various cell models (369).

Recent attention has been given to viral components that determine HMCV latency and lytic reactivation, with special focus on the uLb’ gene locus (ul133-138) that restrict viral replication by modulating viral latency and immune evasion through the expression of a considerable number of viral proteins (370). An example of this is UL138: this viral protein is presented to HMC-I to regulate the host’s adaptive immunity in fibroblast, and the autophagic machinery holds this event (371). In contrast, it was reported that autophagy inhibition generates a high response of CD8 + lymphocytes due to the internalization of molecules in MHC-I (372).

Early expression of viral proteins associated with HMCV genes 1 and 2 (IE1 and IE2) is necessary for lytic reactivation of host cell virus and immunomodulation (373). IE2 can interact with itself and UL84 as well as with many specific cell transcription factors to regulate gene expression. This protein plays a critical role in viral DNA synthesis and is also considered to counteract host response (374, 375). IE2 overexpression has been recently found to induce autophagy in HMCV-infected cells (376). These results show that in the early stages of HCMV infection, viral proteins contribute to autophagosomal vesicle formation. At the same time, they inhibit vesicles-to-lysosomes binding in later stages, thereby losing their degradative capacity (Figure 6).




Human T-Cell Lymphotropic Virus Type 1

HTLV-1 is a member of the Retroviridae family and is represented by a small single-stranded RNA genome approximately nine kilobases long (377). This retrovirus was first isolated in 1979 in samples from patients with cutaneous manifestations of rapidly growing T-cell lymphoma (ATLL) (378). Furthermore, HTLV-1 is associated with the development of poliomyelitis, HTLV-1 associated myelopathy, infectious dermatitis, arthropathy, and facial nerve palsy (379). Evidence suggests that there are between 5 and 20 million HTLV-1 carriers worldwide, but only 3-5% of them develop secondary pathologies (380, 381).

Immediately after entering the host cell, the viral RNA undergoes reverse transcription, and then binds to the cell’s genome as a provirus. This binding generally occurs in areas close to the binding sites of transcription factors such as STAT1, TP53, and HDAC6 (histone deacetylase 6). Dysregulation generates alterations in cell signaling in the expression of specific genes and autophagy is not exempt from this viral regulation.

Regulatory protein HTLV-1 Tax is an oncoprotein that plays an essential transcriptional role in viral replication and participates in T lymphocytes’ transformation. It can also transactivate or transrepression more than 100 cellular genes by linking and modulating stability and activity (300). Recently, HTLV-1 infection has been reported to induce autophagosomes in cells and inhibit their binding to lysosomes through a tax-dependent mechanism. In this way, the number of non-degrading autophagic vesicles, where viruses can replicate, increases considerably (382). Therefore, Tax viral protein, located in the plasma membrane’s lipid microdomains, binds to the IKK complex to stimulate BECN1 and NF-kB activity (383).

Cell adhesion molecule 1 (CADM1) is a member of the immunoglobulin superfamily and is considered to be an excellent cell surface marker of HTLV-1 infected T cells (384). For CADM1 to be correctly expressed, Tax and NF-kB induction and p47 (a negative NF-kB regulator) degradation are necessary. Autophagy is p47 primary degradation mechanism, and it is active in most ATLL cells infected with HTLV-1 (385).

Another essential viral protein for ATLL development is HBZ (bZIP factor) (303). HBZ inhibits both apoptosis and autophagy and may induce the expression of brain-derived neurotrophic factor (BDNF) and its receptor (386). According to the subcellular location of HBZ, it contributes to tumor progression (nuclear) or favourably contributes to inflammation induction (cytoplasmic) (387). When HBZ is exported from the nucleus to the cytoplasm, it activates mTOR through the DNA damage-inducible protein PPP1R15A (a regulatory subunit of protein phosphatase -1 15A) (386). As in other viral infections, HTLV-1 induces autophagosome formation and inhibits binding to lysosomes to prevent degradation. Consequently, the number of autophagosomal vesicles in the cytosol increases, creating a physical obstacle for developing other cellular processes and a favorable environment for viral particle formation (388).



Hepatitis C Virus

HCV belongs to the Flaviviridae family, characterized by viral particles with an RNA helix of 9.6 kb in length and wrapped in a lipid bilayer with two anchored glycoproteins (E1 and E2). In general, it presents a non-icosahedral nucleocapsid, although it is possible to find viruses without nucleocapsid in infected patients’ blood (389). Chronic HCV infection can trigger liver fibrosis and cirrhosis, and it is also associated with hepatocellular carcinoma (HCC) and non-Hodgkin lymphomas development (390). This virus can promote carcinogenesis directly through the modulation of specific signaling pathways and indirectly through chronic inflammation (391).

Once inside the host cell, the virus forms a membranous network used during replication (392). Three membranous rearrangements associated with the virus have been identified: cluster vesicles, contiguous vesicles and double-membrane vesicles. In general, cluster vesicles are associated with viral infection early stages. As the infection progresses, the number of double-membrane vesicles also increases (393).

Some viral proteins (CORE, NS2, NS5B, NS3, NS5A) directly benefit carcinogenesis through the induction of proliferation, angiogenesis, apoptosis, immune response, and inhibition of tumor suppressors (303). HCV can induce autophagosome formation and inhibit binding to lysosomes (311) (Figure 7). However, some in vitro studies have revealed that the virus can cause successful autophagic flux. This conflicting result may be explained by HCV probably inducing selective autophagy in some cellular organelles, such as the mitochondria and lipid deposits in cells (394).

Furthermore, the ATG16L complex is recruited into the membranous network, contributing to viral particle replication, and subsequent ATG12 removal suppresses viral RNA replication. Autophagy activation can counteract HCV infection, and the virus has developed different strategies to strengthen its persistence by temporarily regulating the autophagic process (395). The autophagic machinery is necessary for the translation of viral RNA in early stages of infection but becomes dispensable later. Once the replication process is complete, autophagy contributes to releasing viruses to the extracellular space, thus benefiting HCV transmission (300).

HCV infection has been found to induce autophagy through the direct interaction of viral proteins with autophagy effectors. In contrast, HCV has been shown to induce stress autophagy of the endoplasmic reticulum by inducing the three response pathways to misfolded proteins (p-ERK, ATF6 (activating transcription factor 6), IRE1) (396) (Figure 7). Reticulum stress produces calcium release, which disrupts mitochondrial activity and leads to ROS accumulation and damaged mitochondria. This leads to mitophagy activation through NS5A expression. This HCV non-structural protein causes an increase in LC3 levels and reduces p62 in host cells (397) (Figure 7). In patients with chronic HCV infections, mitophagy was observed to be induced due to PINK1 and Parkin’s translocation to the mitochondria outer surface. This mechanism correlates with oxidative phosphorylation dysregulation and mitochondria depletion, contributing to liver injury (398). HCV modulates the autophagic machinery in order to exist in the host cell. Like other viruses, it increases the formation of dysfunctional autophagic vesicles within which it replicates. Furthermore, in tumors associated with this virus chronic infections, high levels of mitophagy were presented (Figure 7).



Hepatitis B Virus

HBV belongs to the Hepdnaviridae family and is responsible for developing acute and chronic viral hepatitis as well as long-term complications ranging from fibrosis and cirrhosis to cancer. Chronic infection progression is predominant in infected patients during the perinatal and infantile periods (399). Two billion people are estimated to be infected with HBV worldwide, and more than 350 million to be chronic carriers. Only 25% of infected patients develop liver neoplasms (300).

These viruses present circular double-stranded DNA of 3.2 kb in length, which has four open reading frames and has the peculiarity of forming an incomplete chain (400). The end of one strand is associated with viral DNA polymerase (401). Immediately after entering the cell, the virus undergoes reverse transcription within the nucleocapsid. Consequently, linear DNA is formed and secreted as virions or transported to the nucleus, integrating into the host genome to regulate tumor transformation (402).

HBV has a complex replication cycle and needs to encode at least seven viral proteins that regulate different processes in the host cell in order to complete it successfully (403). HBx (hepatitis B virus protein x) and SHB (small surface protein) expression is associated with autophagy regulation in several biological models (404) (Figure 7). SHB protein travels through the cytosol to the endoplasmic reticulum, where stress increases and generates massive autophagy induction. Signaling pathways initiated by stress sensors such as IRE1, p-ERK, and ATF6 help regulate cell homeostasis (405).

As for HBx, it is a multifunctional regulatory protein that may be involved in viral pathogenesis and carcinogenesis (406). Molecular studies have revealed that HBx generates strong autophagy induction by activating DAPK (death-associated protein kinase) and increasing BECN1 (407). However, in later stages of the autophagic mechanism, HBx can repress V-ATPase (vacuolar enzyme type H+), thus reducing lysosome and autolysosome acidification (408) (Figure 7). As they become less acidic, autolysosomes lose their degradative capacity as cytoplasmic debris increases in the cell, creating an inhospitable environment that contributes to carcinogenesis (408). The virus can also interfere with autophagic degradation through RAB7 (Ras-related protein), a small GTPase involved in autophagosome maturation and their fusion with lysosomes (409).

HBV-infected patient biopsies showed that viral persistence is correlated with the expression of mitophagy effectors, Parkin, and PINK (410). Furthermore, this mechanism is believed to be regulated by the AMPK/mTOR/ULK1 axis (411). Liver cells infected with HBV show that miR-155 expression contributes to viral replication and enhances autophagy induction (412). At least four miRNAs have been identified to inhibit viral replication in clinical samples from virus-infected patients, (let-7, miR-433, miR-345, miR-511) (413).

Liver cancer is a global concern due to its high resistance to chemotherapeutic drugs, which has been linked to exosome formation in transformed cells (414). These structures increase drug resistance by inducing chaperone-related signaling pathways and LAMP-2-dependent (type-2 lysosomal membrane protein) autophagy. Patients with liver tumors associated with primary HBV infection show greater tumor volume and greater pathogenicity. This suggests that the virus contributes to generating a more aggressive and resistant HCC phenotype (415).

Therefore, we can infer that HBV generates bimodal autophagy regulation: first by inducing the mechanism and then by inhibiting the formation of mature autolysosomes, thus contributing to viral replication and carcinogenesis (Figure 7).



Papillomavirus and Human Polyomavirus

Papillomaviruses (HPV) and human polyomaviruses (PyV) were initially considered members of the same virus family due to their morphological similarity and genome organization, but have now been classified into separate families: Papillomaviridae and Polyomaviridae, respectively (416), both composed of viruses with a double-stranded circular DNA that encodes various regulatory and structural proteins, some of which have oncogenic properties (417).

Merkel cell polyomavirus (MCPyV) is implicated in developing a very aggressive skin cancer called Merkel carcinoma (418). Most findings about MCPyV oncogenic potential are associated with LT (large antigen T) and sT (small antigen T) expression (419, 420). LT has a J domain (heat shock protein binding domain), a retinoblastoma binding motif (RB, inhibits members of this protein family), and a C-terminus binding to helicase/ATPase domain (required for viral DNA replication) (418). LT’s oncogenic role is mainly associated to its high binding affinity to RB, which promotes the sequestration and inactivation of this tumor suppressor (421).

Regarding the sT antigen, it shares a 78 amino acid N-terminal region (includes the J domain) with LT and has a unique C-terminal domain. This antigen is considered to be the main MCPyV-induced oncogenesis regulator (422). LTs unique expression is sufficient to transform fibroblasts in vitro (423) and in vivo models (424). sT keeps the eukaryotic 4EB-P1 binding protein hyperphosphorylated and inactive, which leads to deregulation of cellular translation events and contributes to cell proliferation and transformation (422). Through these surface antigen expression, viruses modulate the autophagic machinery and contribute to immunosuppression and viral oncogenesis. In MCC tumors associated with MCPyV infection, sT and LT antigen expression suppresses autophagy through miR-375, miR-30a-3p, and miR30a-5p gene modulation. These microRNAs act on atg7, p62, and bcn1 to inhibit autophagic initial stages. These events protect cancer cells from cell death (425).

Human papillomavirus (HPV) is the leading cause of cervical cancer (426). It is also associated with the development of non-melanoma skin cancers, cancer of the head, neck, oropharynx, and the development of various anogenital neoplasms (427). The viral genome is integrated into the host cell’s DNA and encodes the expression of early viral genes (E1 to E7) essential for cell replication, transcription, and transformation. These viruses can also regulate the expression of late genes L1 and L2, which encode viral capsid proteins (428).

Binding and internalizing the virus are processes closely related to manipulating the host cell autophagic machinery. The entry of HPV into cells is associated with autophagy suppression through mTOR activation (429). This event promotes mTORC1, 4EB-P1, and S6K1 (ribosomal protein kinase 1) phosphorylation and activation (430) and ULK1 inactivation. This -in turn- contributes to inhibiting the initial steps of the autophagic mechanism (431).

Once internalized in cells, HPV circulates through an endosomal compartment where capsid proteins are degraded within acidified endosomes, and the viral genome enters the nucleus (432). Here, HPV DNA is amplified and maintained as episomes in the epithelium basal cells by mechanisms mediated by E1 and E2 (433). These early expression proteins are involved in various cellular signaling mechanisms. In particular, E5, E6, and E7 oncoproteins modulate the host cell autophagic machinery. Keratinocytes with HPV-16 infection, followed by E5 expression, produce a decrease in LC3 levels and prevent p62 degradation. E5 interferes mechanically with the transcriptional activation of the autophagic machinery, regulating the expression of bcn1, atg5, lc3, ulk1, atg4a, and atg7 (434).

Unlike E5, viral gene E6/E7 inhibits autolysosome formation by a mechanism involving p53 (435). HPV-16 and HPV-18 infections are associated with the development of squamous cell carcinomas of the head and neck, two neoplasms with a high incidence worldwide (436). In addition to regulating the autophagic machinery, viral proteins E6 and E7 contribute to p53 and p-Rb degradation of. All these events cause the activation of specific transcription factors that modulate cell fate (437). The information obtained so far reveals that autophagy inhibition promotes HPV life cycle and tumor progression.



Conclusions

In recent decades, studying the different cellular functions associated with autophagy has kept specialized scientists alert. This degradative mechanism, used by mammalian cells to maintain cell homeostasis, also directly contributes to modulating the progression of various diseases, such as cancer. Cellular context is essential to determine the functionality of autophagy. In general, cells accumulate damage at disease initial stages, affecting critical points in cell cycle regulation and thus determining cell transformation. Cells can therefore activate autophagy to shrink the damaged organelles and counteract the stressful stimuli to which they are exposed and restore normal state. However, in the context of tumor progression and invasion, the situation may be different. Here, cells present multiple alterations in their signaling pathways, which develops an aggressive cell phenotype, active and uncontrolled division, and high metabolism. Tumor cells can then induce autophagy to generate a fuel supply to maintain tumor cell metabolism.

Furthermore, autophagy can regulate tumor angiogenesis and immunity to benefit disease progression. Before infection, cells can eliminate intracellular pathogens by enzymatic digestion in autophagic vesicles. However, many viruses have developed strategies that allow them to bypass host attack and achieve successful replication and permanence. The number of viruses that modulate the autophagic mechanism for their benefit is increasing. In general, these intracellular organisms regulate the autophagic machinery in a bimodal manner. Upon entering cells, they promote autophagosome formation and inhibit binding to lysosomes, thus losing their degradative capacity. Viruses can use these dysfunctional vesicles to replicate within them, while debris and damage accumulate in cell organelles due to the mechanism’s inefficiency. Other viruses, on the other hand, directly inhibit the autophagic machinery from preventing its degradation. Dysfunctional vesicle accumulation contributes to cell damage accumulation, which benefits cell transformation and tumor development over time. However, more studies are needed to clarify autophagy’s relation to viral infections and tumor development. A thorough understanding of these molecular mechanisms is crucial for developing new antiviral drugs and targeted oncogenic therapies.
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