Cell death and immunity in cancer: from danger signals to mimicry of pathogen defence responses
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Summary: The immunogenicity of cancer cells is an emerging determinant of anticancer immunotherapy. Beyond developing immunostimulatory regimens like dendritic cell (DC)-based vaccines, immune-checkpoint blockers (ICBs), and adoptive T-cell transfer (ACTs), investigators are beginning to focus on the immunobiology of dying cancer cells and its relevance for the success of anticancer immunotherapies. It is currently accepted that cancer cells may die in response to anticancer therapies through regulated cell death programs, which may either repress or increase their immunogenic potential. In particular, the induction of immunogenic cancer cell death (ICD), which is hallmarked by the emission of damage-associated molecular patterns (DAMPs; molecules analogous to pathogen-associated molecular patterns/PAMPs) acting as danger signals/alarmins, is of great relevance in cancer therapy. These ICD-associated danger signals favour immunomodulatory responses that lead to tumour-associated antigens (TAAs)-directed T cell immunity, which paves way for the removal of residual, treatment-resistant cancer cells. It is also emerging that cancer cells succumbing to ICD can orchestrate 'altered-self mimicry' i.e. mimicry of pathogen defence responses, on the levels of nucleic acids and/or chemokines (resulting in type I interferon/IFN responses or pathogen response-like neutrophil activity). In this review, we exhaustively describe the main molecular, immunological, preclinical and clinical aspects of immunosuppressive or immunogenic cancer cell death. We also provide an extensive historical background of these fields, with special attention to the self/non-self (SNS) and danger models, which have shaped the field of cell death immunology. 

1. Introduction
The process of cancer immunosurveillance typically challenges cells that have undergone neoplastic transformation (1-3). Only the most immunoevasive or highly mutagenic neoplastic cells are able to escape immunosurveillance and generate a clinically relevant tumour (2, 4). Thus, it is not surprising that cancer cells within an established tumour are able to resist antitumor immunity. Beyond the indirect contribution of the hypoxic as well as immunosuppressive microenvironment within a growing tumour, cancer cells directly employ a number of mechanisms for immunoevasion; these include, but are not limited to, the following - [a] acquaintance of low immunogenicity, by down-regulating tumour-associated antigens (TAAs) and major histocompatibility complex (MHC) class I expression (5-7); [b] inciting tolerance by suppressing CD4+/CD8+T cells via immunosuppressive cytokines (like interleukin-10 or IL10 and transforming growth factor β or TGFβ) (8-10), factors suppressing lymphocyte chemotaxis (11) or immune-checkpoints (like programmed cell death 1 or PD1, programmed cell death-ligand 1 or PD-L1, cytotoxic T lymphocyte associated protein-4 or CTLA4) (12, 13) thereby facilitating differentiation of immunosuppressive regulatory T cells (CD4+CD25+FoxP3+Tregs) (14); [c] taking advantage of T cells’ low affinity towards TAAs-MHC complexes which reduces their long-term persistence as memory T cells (1, 2, 15); and last but not least, [d] resisting immune cell-mediated lysis by blunting extrinsic/intrinsic cell death pathways (1, 2, 12, 16).  
Owing to these potent immunosuppressive mechanisms, increasing the immunogenic potential of cancer cells to overcome their immunoevasive phenotype has emerged as a new strategy for effective cancer therapy (16-20). It is being increasingly realized that apart from therapies involving direct stimulation of autologous innate or adaptive immune cells, or recuperating the effector activity of T cells, cancer cells are also required to be made immunogenic (17, 20-22). Therefore discovery of anticancer therapies that kill the cancer cells in an immunostimulatory fashion thereby helping to stimulate the dendritic cells (DCs) to prime the adaptive immune cells for anticancer activity, has been pursued for some time (23-26). Historically, the early scientific scepticism of the existence of anti-tumour immunity, TAAs and endogenously derived activators of immune system like danger signals, hampered the evaluation of the immunological potential of anticancer therapies (discussed in the next section). Moreover, even after these scepticisms were overturned by solid experimental and clinical evidences, most anticancer therapies were still thought to provoke either non-immunogenic or very low immunogenic cancer cell death (27-29) and thus suppress immune-stimulation (23, 30). In the last few decades though, several incremental and ground-breaking discoveries have substantially increased our knowledge of cancer cell death-associated immunity (31). This has brought us tantalizingly close to exploiting immunogenic potential of dying or dead cancer cells for designing highly efficacious anticancer immunotherapies. Naturally this has brought into focus, the interface between stressed, damaged, dying or dead cancer cells and the immune system, in the anticipation of proficiently utilizing it for anticancer therapeutic purposes (17). 
In this review, we exhaustively describe the main molecular, immunological, preclinical and clinical aspects of tolerogenic apoptosis, inflammatory necrosis, immunosuppressive or immunogenic necroptosis and immunogenic apoptosis in cancer cells. We also provide an extensive historical background of these fields, with special attention to the self/non-self (SNS) and danger models, which have shaped the field of cancer cell death and immunology.

2. Historical background: from self/non-self model to antitumor immunity and danger model
Initial observations concerning immune system-driven tumour rejection emerged in the 18th century, when cancer patients experiencing feverish infections circumstantially exhibited tumour remission (32). The foremost indication that immunotherapy can regress a tumour arose from the research of William Coley. He, in the 1890s, succeeded in regressing sarcoma and/or lymphoma following intra-tumoural injection of streptococcal cultures (supplied by Robert Koch) in patients (32, 33). In the ensuing 43 years, W. Coley inoculated ~900 cancer patients with his bacterial preparations (that came to be identified as ‘Coley’s toxin’), wherein he achieved a cure rate >10% (32, 34). Nevertheless, the Coley’s toxin were heavily criticized due to their high toxicity and some complications in replicating tumour remission rates (32). Ultimately, the earliest investigational proof that non-virally induced tumours can truly be recognized by the body’s immune system appeared in the 1940s (35). However, the notion of the body’s own immune system recognizing and rejecting tumours composed of ‘self’ cells remained controversial for a long time largely owing to the SNS model of immunity.
2.1. Self/non-self model of immunity
Basic principle behind the SNS model of immunity entails that the innate immune system has evolved to discriminate between ‘self’ and ‘non-self’ entities, wherein ‘self’ always refers to an organism’s own cells or cellular antigens (i.e. self-antigens) and ‘non-self’ refers to everything of foreign origin, possessing non-self antigens (e.g. pathogens, bacteria, viruses) (36, 37). According to the SNS model, the immune system inhibits or induces an effector immune response depending on whether it detects these self or non-self signals, respectively (36, 37). The SNS model first emerged in 1959 and since then, it has undergone several changes under the influence of various ground-breaking discoveries in the field of immunology. In the current state, SNS model proposes that the vertebrate innate immune cells use three strategies of immune recognition i.e. recognition of 'microbial non-self', recognition of 'missing self' and recognition of 'induced or altered-self' (Figure 1A) (37) and an immune response is triggered only upon detection of these three entities but not against 'self' entities. Here microbial non-self mainly refers to microbial antigens and pathogen-associated molecular patterns (PAMPs) i.e. conserved molecular patterns that constitute an essential part of microbial (bacterial, viral, fungal) physiology e.g. lipopolysaccharide (LPS) of gram-negative bacteria, peptidoglycans of gram-positive bacteria, or RNA/DNA-based genomes of viruses (37). Recognition of microbial non-self molecules activates the immune system to mount an anti-pathogenic response. Conversely, missing self mainly refers to (surface) molecules that are normally expressed by healthy host cells but are down-regulated or lost due to a pathophysiological insult; e.g. MHC class-I molecules are expressed by almost all nucleated self-cells but become reduced upon viral infection or neoplastic transformation (37). Similarly, because of cell death or other cellular damages, self-cells may lose CD47 (a prominent “don’t eat me” signal) or sialic acids (a carbohydrate structure frequently associated with cell surface glycoproteins and glycolipids) (38, 39). In normal conditions, the engagement of surface molecules like MHC class-I molecules, CD47 and sialic acid to inhibitory receptors on immune cells, like natural killer (NK) cells or phagocytes, allows their recognition as self-entities, thereby sparing immune responses. The third strategy, i.e. altered-self refers to detection of markers of abnormal self that are induced upon infection or cellular transformation e.g. an autologous cell infected with a virus tends to mount a peculiar pathogen defence response distinguishable from other wounding responses (37). The immune system recognizes such entities as altered-self and strives to eliminate them along with the pathogen. Finally yet importantly, SNS model explains that while APCs also process and present self-antigens to T cells yet they are not recognized as non-self because T cells specific for such self-antigens are eliminated in the thymus via negative selection (37).
As evident from the above discussion, the SNS model strictly maintains that only microbial non-self entities are a source of PRR ligands and thus rules out the existence of endogenous PRR ligands derived from self-cells (37). Thus, according to the SNS model, self-cells undergoing cell death are not supposed to elicit effector immune responses. For instance, it proposes that self-cells that undergo apoptosis are cleared by phagocytes in an immunologically ‘silent’ manner, leading to tolerogenicity i.e. active suppression of immune response (Figure 1A) (37). Similarly, it explains why necrosis-induced inflammation facilitates tissue repair responses (which are largely immune-regulatory in nature) rather than effector immunity (37). While these views of the SNS model on immune responses to cell death hold true in some instances (e.g. apoptosis in developmental context or necrosis during hypoxic injury) yet they could not vouch for cell death-driven immunity.
2.2. Antitumour immunity and cancer cell death: the struggle against SNS model
Discovery of T lymphocytes by 1960s helped in documenting that the human immune system has tumour-reactive properties (35). By the 1970s, the capability of anticancer therapies to augment the immunogenic potential of cancer cells received some appreciation (40-42). It was documented that if particular treatment modalities are applied (e.g., radiotherapy, some chemotherapies or the bacillus Calmette-Guerin components) then the immunogenic potential of cancer cells surges sufficiently to prompt robust antitumor immunity (40-42). By the 1980s, investigators documented more explicit observations concerning the beneficial impact of cancer cell’s immunogenic potential, e.g., the capability of curative hyperthermia to elicit a heat-shock based incidental antitumor immunity (43), the ability of immunogenicity of cancer cells to influence the prognosis of cancer patients after radiotherapy (44), and the hydrostatic pressure-induced escalation in tumour immunogenicity (45). 
Unfortunately, due to a dearth in consensus over several basic issues, these initial studies attracted criticism. For example, due to initial disagreements on the existence of TAAs (35), the precise target of tumour-specific immune reactions was uncertain, and therefore the mechanism of action of various treatments came to be criticized. Likewise, such therapies could also function by directly affecting the immune effector cells rather than refining the immunogenic potential of cancer cells (46). Moreover, the SNS model, which was widely accepted at that time, could not explain TAA-specific antitumor immunity. Since TAAs stood in contrast to, microbial non-self (as TAAs were essentially self-antigens and hence TAAs-reactive T cells should have been deleted by the thymus), missing self (since it was about immunological recognition of TAAs rather than their loss), and altered-self (since TAAs were largely distinguished based on expression-related alterations rather than as altered, unknown or foreign entities). Similarly, the demise of cancer cells induced by therapy was certainly not assumed to elicit antitumor immunity, since as per the SNS model, self-cancer cells should have been dying either by immunologically silent apoptosis or tumour tissue-repairing, and thus pro-tumourigenic, necrosis (47). 
However, by the early 1990s, a large number of researchers documented the molecular characteristics of mice and human TAAs, which explained the nature of TAAs-directed antitumor immunity (35). For instance, T cells recognizing TAAs are mostly expressing low-avidity T cell receptors (TCRs) against them, hence they escape thymus-enforced negative selection (48). Similarly, TAAs derived from point mutations can result in more non-self neoantigens in cancer cells, better recognized by T cells (49). These developments firmly established TAA-directed antitumor immunity. However, the overall role of regulated cancer cell death (50) in augmenting cancer immunogenicity remained obscure, since the basic tenants of sterile cell death-associated immunostimulation could not be explained through the SNS model.
2.3. The danger model of immunity
Immunostimulation by self-cells in sterile conditions was a particularly problematic scenario to explain through the SNS model. However, this lack of clarity attracted scrutiny due to emerging data in the fields of transplantation biology and autoimmunity. Some researchers reported various instances where SNS model seemed to fail (36) e.g. MHC-mismatched kidney transplants from living donors performing better than MHC-compatible kidneys from deceased donors or graft-versus-host disease being less severe in recipients that had gentle (rather than harsh) preconditioning treatments (51, 52). Moreover, it was still not clear why adjuvants are mandatory to make bacterial or viral vaccines work effectively, despite latter's obvious microbial non-self composition (36). 
To explain these shortcomings, the danger model was proposed in the early 1990s, which surmised that the immune system preferentially responds to damage over foreignness (36). More specifically, this model hypothesized that the process of immunological identification is not limited to discrimination between self and non-self, but rather discriminates between 'dangerous' and 'safe' entities, regardless of their source (Figure 1B) (36, 53, 54). Indeed, compared to non-self, the danger model allows the inclusion of larger spectrum of molecules and surface markers capable of challenging the immune system, which can be defined as dangerous e.g. pathogens, infected or diseased tissues, injured or necrotic tissues, as well as cells undergoing non-physiological cell death (36). The danger model surmised that all such dangerous entities alert the immune system by emitting danger signals or alarmins (e.g. PAMPs as well as endogenously-derived PRR ligands) (36, 54). Subsequently endogenously-derived danger signals or alarmins, as a consequence of cell death, were collectively referred to as “damage-associated molecular patterns” (DAMPs) (55). 
The emergence of the danger model helped in resurgence of the concept of immunogenic cell death or ICD. Between 1998 and 2004, danger model-inspired observations regarding the role of the immunogenicity of cancer cell death emerged (26, 56). Eventually, the dogmatic view that only necrotic or non-apoptotic cancer cells exhibit superior immunogenic potential was questioned by a number of studies published between 2005 and 2007 (24, 57-59). These investigations implied that apoptotic cancer cells can also be immunogenic owing to emission of danger signals (a cell death subroutine that was eventually termed as ICD) (23, 31). All these recent trends are discussed in extensive details, in the following sections.

3. Danger signals, alarmins, PAMPs and DAMPs: a bird's eye view
Several publications have validated the danger model and outlined the immunological impact of various PAMPs and DAMPs in different diseased contexts such as cancer, autoimmunity, ischemia/reperfusion, sterile inflammatory diseases, neurological disorders and even during infection (with regards to cell death of infected self-cells) (31, 52, 60, 61). In the contemporary context, the term danger signal consists of all entities (i.e. alarmins, PAMPs, DAMPs) capable of alerting the immune system by binding to their cognate receptors on immune cells (Figure 2). More specifically, on one hand, a prominent portion of danger signals include all PRR agonists, also called alarmins, which include various PAMPs as well as DAMPs that can bind PRRs (62, 63). On the other hand, there are certain immunostimulatory DAMPs that do not act as alarmins by signalling through PRRs but rather act as danger signals by binding other immunostimulatory receptors like purinergic P2 receptors, low density lipoprotein receptor-related protein 1 (LRP1), formyl peptide receptor 1 (FPR1) or receptor for advanced glycation endproducts (RAGE) (31) (Figure 2). Of note, most DAMPs capable of acting as alarmins, do so by binding specific PRRs like Toll-like receptors (TLRs) or retinoid acid-inducible gene I (RIG-I)-like receptors (RLRs) (62, 63). Last but not least, there also exist certain DAMPs that do not act as danger signals but rather elicit immunosuppression or remain neutral in terms of immunomodulation (31). In the following sections are discussed in details, these disparate or overlapping immunomodulatory functions of PAMPs or DAMPs. 
PAMPs are the prototypical danger signals/alarmins, exploited by the immune system to recognize, mark and eradicate foreign pathogens (63) (Figure 1). Major examples of PAMPs include bacterial membrane or cell wall constituents (e.g. peptidoglycans, lipoteichoic acid, LPS, and glycosylphosphatidylinositol), some lipoproteins, various surface glycoproteins, and a diverse array of bacterial or viral nucleic acids (e.g. bacterial DNA with unmethylated CpG motifs, double-stranded [ds] or single-stranded [ss] RNA or DNA) (61) (Figure 2B). PAMPs are mainly recognized via a diverse array of PRRs, like TLRs, C-type lectins, nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), RLRs, AIM2-like receptors (ALRs), and oligoadenylate synthase (OAS)-like receptors (OLRs) (61, 64, 65). TLRs bind almost all types of PAMPs encountered either extracellularly (TLR1-2, TLR4-6) or in the intracellular (endosomal) vesicles (TLR3, TLR7-9) (Figure 2B) (61); whereas RLRs, OLRs and ALRs pre-dominantly help in sensing of cytosolic dsRNA or DNA (applicable to viral infections) (64). NLRs also detect a number of PAMPs like peptidoglycans (e.g. NOD1/2) or microbial toxins and whole pathogens (which elicit NLRs-based inflammasome formation) (61, 64). All these PRRs, upon encountering the cognate PAMPs, signal intracellularly to further activate various inflammatory transcriptional factors (Figure 2B) such as nuclear factor-κB (NF-κB), interferon (IFN) regulatory factors (IRFs) and activator protein-1 (AP1), amongst others (61, 64). This results in the synthesis and secretion/release of a number of cytokines, chemokines, cellular adhesion molecules, and specific immune receptors to activate the anti-pathogenic adaptive immune cells (61). For a more detailed discussion on PAMPs and their immunological properties, one can refer to various other comprehensive reviews (61, 63, 65, 66).
Immunostimulatory DAMPs are important signals of cellular and tissue damage for the immune system. DAMPs and PAMPs use overlapping PRRs for stimulation of innate immune cells, as visible in Figure 2B (55, 63); which is the primary basis for their analogy. Also, just like PAMPs, endogenous DAMPs capable of acting as danger signals/alarmins are of highly disparate biomolecular origins. Table 1 summarizes the major DAMPs connected with cell death and immunity (31). In general, DAMPs have higher affinity for TLRs and NLRs-based inflammasome, compared to other PRRs although their ability to activate the RLRs is also emerging. Some of the most prototypical immunostimulatory DAMPs include high mobility group box 1 (HMGB1) protein, heat shock proteins (HSPs) and extracellular ATP (31). Various factors regulate the nature of DAMPs emitted following stress or cell death. These include, the specific pathway of cell death (e.g. apoptosis, necrosis), the nature of the cell death stimuli (e.g. physical, chemical, molecularly targeted), the interplay of various cellular stress/metabolic responses (e.g. endoplasmic reticulum/ER stress, autophagy, proteasomal degradation, metabolic reprogramming), and the specific developmental lineage of a cell or its tissue context (23, 63, 67). In sensu stricto, a dying cell or a damaged tissue emits a number of DAMPs, but not all of these DAMPs are capable of serving as danger signals. Indeed, a number of DAMPs exert immunosuppressive effects to uphold maintenance of tissue homeostasis and to avoid autoimmunity. These include, but are not limited to, phosphatidylserine (PtdSer), annexin A1 (ANXA1), death domain 1α (DD1α), prostaglandin E2 (PGE2) and extracellular potassium (K+) ions (Table 1) (68, 69). Conversely, some DAMPs may not always act as danger signals but as “bystanders” in some contexts e.g. HSP90 despite being sufficiently exposed on the cell surface of cancer cells treated with melphalan, does not exert any immunogenic effects (70). Similarly, some DAMPs could undergo specific post-translational modifications (e.g., oxidation, citrullination) that can potentially deactivate, augment or alter their immunogenic characteristics (71, 72). 
DAMPs capable of acting as danger signals have gained a prominent position recently in cancer research since some of them can stimulate antitumor immunity (67). DAMPs-based danger signals can carry out the following functions: [a] directly activate innate immune cells like the DCs, macrophages, neutrophils, NK cells and possibly even some adaptive immune cells like γδT cells (24, 58, 59); [b] cause functional maturation of DCs or neutrophils (24, 58, 59, 73, 74); [c] support the opsonisation or phagocytosis of dying cancer cells (73, 75, 76); [d] facilitate activation of inflammatory processes based on the inflammasome and inflammatory transcription factors in immune cells (77); and [e] facilitate proper TAA processing and presentation (59). 

4. Tolerogenic, inflammatory and immunogenic cell death during anticancer therapy 
Following the application of anticancer therapy, cancer cell death can ensue through diverse mechanisms (i.e. apoptosis, unregulated or regulated necrosis), which consecutively can determine the nature of the interface with the corresponding immune cells and its inflammatory consequences (78). It is noteworthy that, the mechanisms of cancer cell death prompted by anticancer therapy and the kind of innate immune cells or phagocytes (e.g. tumour resident vs. therapy-recruited) interacting with them, are critical features for regulating subsequent immunological responses like anti-inflammatory response or TAAs-directed immunity (60, 79). Based purely on the immunological outcome and stabilized activation of TAA-directed immunity, anticancer therapy induced cancer cell death can be subdivided into three distinct profiles i.e. tolerogenic cell death (TCD), inflammatory cell death and ICD (47, 79). Here, TCD can be defined as homeostatic or physiological cell death of cancer cells that elicits induction of tolerogenicity consisting of active suppression of anticancer immunity via release of anti-inflammatory factors (47). A typical example of TCD is physiological or tolerogenic apoptosis; however, accidental or certain forms of regulated necrosis can also facilitate tolerogenicity (47). In opposition, ICD can be broadly defined as a non-homeostatic cell death of cancer cells (23) that elicits production of pro-inflammatory cytokines/chemokines due to co-stimulation conveyed by DAMPs (60), resulting in immunostimulatory phagocytosis of cancer cell-corpses (31). Typical examples of ICD include immunogenic apoptosis and immunogenic necroptosis (31, 80). Finally yet importantly, inflammatory cell death refers to mainly necrotic cell death that elicits acute phase response and other such innate inflammatory reactions that create a complex set of cues simultaneously composed of some tolerogenic and immunogenic signals that together create ambiguous immune responses (81). Accidental necrosis is generally regarded as a type of prototypical inflammatory cell death although various regulated forms of necrosis can also shows these properties in specific contexts (82).
4.1. Inflammatory cell death in cancer
Necrosis (50), a prototype of inflammatory cell death, is morphologically characterized by cellular swelling and consequent collapse of the plasma membrane thereby causing spillage of intracellular contents. Necrosis can be either accidental/unregulated or programmed/regulated. Regulated necrosis exhibits substantial transcriptional and translational activity before culminating into typical necrotic cell demise. Contingent on the regulatory signalling pathways, regulated necrosis can be subdivided into various sub-routines, e.g., necroptosis and ferroptosis (50). Necroptosis (83) is implemented by the interaction of proteins like receptor interacting protein kinase-1/-3 (RIPK1/3), mixed lineage kinase like (MLKL) protein, caspase-8 and Fas-associated protein with death domain (FADD) (amongst others), frequently cooperatively forming a ‘necrosome’ (84). Ferroptosis is regulated by iron-dependent production of reactive oxygen species (ROS), glutathione depletion and inactivation of glutathione peroxide 4 (GPx4), a sequence of processes usually triggered by pharmacological inhibition of the Na+ independent antiporter system (xc-) swapping extracellular cysteine for intracellular glutamate (85). Amongst these subroutines, a remarkable amount of data has emerged on the impact of pro-inflammatory activity of necroptosis in multiple pathophysiological conditions (86), (87) (88), (80)).
Necrotic cells discharge their intracellular contents (Table 1) before phagocytes clear them, and hence elicit substantial inflammation (Figure 3) (82). Innate immune cells may differentially react to necrotic cells in terms of chemotaxis e.g., monocytes and macrophages may show more rapid and sustained attraction towards necrotic cells rather than DCs and neutrophils (74). While innate immune cells may prefer to engulf necrotic cells via micropinocytosis (89), yet there are several instances of specific necrotic cell-associated biomolecules supporting direct phagocytic uptake by binding cognate scavenger receptors on phagocytes e.g., keratin via DEC205 receptor (90) and F-actin via DNGR1 receptor (91). Nevertheless, typically, the uptake of necrotic cells is tardy as well as less proficient than the uptake of apoptotic cells (92).
Despite such inflammatory phenotype, the consequence of necrosis is not consistently immunogenic because these cells release all the DAMPs simultaneously (i.e. immunostimulatory, immuosuppressive and neutral ones) (51) (Table 1). Additionally, the release of various immunosuppressive cytokines or tolerogenic factors from necrotic cells accompanies this release of DAMPs (82). Thus, simultaneous exodus of molecules with contradictory immunomodulatory activities at heightened amounts following necrosis creates chronic inflammation that fuels generation of immunosuppressive T cells like Treg or type-2 polarized T cells (Th2) (93, 94). If we export this scenario to necrosis in cancer cells, one can understand that the immunological consequences of this cell death modality are bound to lean towards tolerogenicity or pro-tumourigenicity since cancer cells generally contain a plethora of tolerogenic/pro-tumourigenic factors (10, 95-97). Indeed, it has been published that cancer cells undergoing necrosis are incapable of generating TAA-specific CD8+T cell-responses (98). Moreover, some factors released by necrotic cancer cells can facilitate immunosuppression by directly blocking the cross-priming of CD8+T cells (98). Thus, not surprisingly necrosis in a tumoural context causes pro-tumourigenic inflammation thereby promoting malignant progression (99, 100). Besides, cancer cells undergoing necrosis exhibit very low immunogenic potential (24) and may generally encourage tumoural accumulation of immunosuppressive cells like Tregs, type-2 polarized (M2) macrophages and/or myeloid-derived suppressor cells (MDSCs) (93, 101, 102).
A number of factors can cause necrosis in cancer cells e.g. tumour micro-environmental stressors (like hypoxia, starvation or acidosis, typically in the ‘core’ of a tumour due to compromised or deregulated vasculature), high doses of radiotherapy or chemotherapy and some assorted pro-necrotic stimuli (e.g. tumour necrosis factor or TNF) (10, 94, 102). Of note, in a tumoural context (especially in human patients) once cells have undergone necrosis it is tough to discern whether the necrosis was unregulated or programmed. While necrosis may not be highly immunogenic, yet in specific contexts cancer cells undergoing this cell death modality may exhibit sufficient immunogenicity to elicit threshold levels of antitumor immune responses (26). Although exceptional, this scenario can apply to cancer-types enriched in stable TAAs like melanoma-associated differentiation antigens (70), possessing relatively lower load of immunosuppressive factors (26, 103) or possessing very high immunogenic potential due to pre- or post-treatment with immunogenicity-enhancing therapies (93, 101). Last but not least, necroptosis in some contexts can in fact exhibit defined tolerogenic or immunogenic profiles thereby modulating antitumor immunity (discussed in the next sections).
4.2. Tolerogenic cell death (TCD) in cancer 
TCD, as mentioned earlier, encourages immunologically ‘silent’ or tolerogenic phagocytosis of cellular corpses (Figure 4) (27, 39, 50, 104, 105). To guarantee this, cells undergoing apoptotic TCD produce ‘find me’ signals (e.g. lysophosphatidylserine and fractalkine/CX3CL1) to chemo-attract anti-inflammatory phagocytes (106), or emit ‘keep out’ signals (e.g. lactoferrin), to shun inflammatory (immune) cells (62, 107). For instance, tolerogenic apoptosis avoids attraction of inflammatory neutrophils but facilitates recruitment of monocytes or macrophages (74, 106). Similarly, tolerogenic apoptosis relies on immunosuppressive 'eat me' signals to facilitate tolerogenic phagocytosis of cellular corpses e.g. surface externalised PtdSer  (externalized due to the co-ordinated action of caspases and scramblases as well as inactivation of flippases) (68, 104, 108-111), DD1α (112), externalised cardiolipin (113), ANXA1, thrombospondin, complement C1q and changes in membrane glycosylation status (39, 104, 114). Additionally, the tolerogenicity linked with apoptosis is also augmented by some immunosuppressive cytokines (either secreted by the apoptotic cells or by the interacting immune cells), e.g. TGFβ (47, 115), IL10 (47, 115), platelet-activating factor (PAF) (115) and PGE2 (115); or even secretion of soluble immune-checkpoints like PD-L1 (116). Last but not least, tolerogenic apoptosis can also directly inactivate potent DAMPs like HMGB1 via direct degradation through complement protease C1s (117) or via oxidation facilitated by caspases (118).
Owing to these highly effective tolerogenicity-inducing mechanisms, cancer cells often opt to undergo tolerogenic apoptosis (apart from, or along with, necrosis) following treatment with most anticancer therapies and under tumour microenvironmental stress (Figure 4) (79, 105). This helps facilitate immunological ignorance toward TAAs (105). For instance milk-fat globule-EGF factor VIII (MFG-E8), a 'bringing molecule' that facilitates PtdSer-based phagocytosis, facilitates tumour progression or invasion by favouring tolerogenic phagocytosis-mediated recruitment of Tregs that inhibit antitumor immunity (119). In more specific terms, on one hand, cancer cells undergoing tolerogenic apoptosis actively suppress DC activity thereby reducing the possibility of CD4+/CD8+ T cell activation in general (47). On the other hand, in some contexts, DCs engulfing such dying cells can present TAAs to CD8+ T cells but not to CD4+ T cells, thereby causing sub-optimal activation of CD8+ T cells (due to absence of co-signals provided by stimulated CD4+ T cells) (47). As a result, when re-exposed to these antigens, the sub-optimally activated CD8+ T cells organize a cytotoxic response involving tumour necrosis factor-related apoptosis inducing ligand (TRAIL), that kills CD4+ T cells to further facilitate tolerance (47). In line with this, cancer cells undergoing TCD exhibit low-to-null immunogenic potential in anticancer vaccination setup (58, 73). In addition, treatment of tumours with TCD-inducing anticancer therapies (like, cisplatin, docetaxel, mitomycin C, topotecan or camptothecin, etoposide) facilitates tumoural accumulation of immunosuppressive immune cells like M2 macrophages, MDSCs, Th2 cells and Treg cells (46, 120, 121). Of note, some anticancer therapies induce (tolerogenic) apoptosis that is partially inflammatory owing to enumeration of specific DAMPs or suppression of pro-tumourigenic factors (such therapies include but are not limited to, melphalan, BRAFV600E mutation-targeting therapeutics and radiotherapy in some contexts), and hence are able to induce threshold levels of antitumor immunity (70, 122). Here, radiotherapy is a notoriously unreliable modulator of cancer cell death-associated immunobiology (123, 124). While it is known to accentuate immunogenic potential via ICD in some contexts (discussed later) (59, 124) yet it can associate with various immunosuppressive (e.g. TGFβ) (125) or tolerogenic factors (e.g. DD1α) (112) that can negate anticancer immunity. Moreover, radiotherapy-induced TCD in tumours can facilitate caspase 3-dependent release of PGE2, which can fuel a tumour relapse (126). 
Interestingly, malignant lesions can also exhibit apoptotic ‘mimicry’ to facilitate tolerance toward TAAs i.e., they can surface-expose PtdSer in absence of apoptosis per se (115). In a tumour, hypoxic cancer cells or endothelial cells can express surface PtdSer, in absence of apoptosis, to spread TAA tolerization (115). Similarly, cancer cells can release microvesicles or exosomes carrying TAAs or MHC-peptide complexes (127),(128) that can facilitate TGFβ dependent immunosuppression and TAA tolerization via surface-exposed PtdSer (127).
Cancer cells can also undergo necroptotic TCD (Figure 3). For example, TNF+z-VAD-fmk-induced necroptosis in cancer cells can be immunosuppressive, by virtue of suppressing production of various pro-inflammatory factors (e.g., chemokines like CCL2, CXCL1/2, CCL5 and granulocyte monocyte-colony stimulating factor or GM-CSF), a deficiency that the release of DAMPs could not overcome but knockdown of RIPK3 could (129). In accordance with this, TNF+z-VAD-fmk-induced necroptosis also failed to sufficiently recruit neutrophils, lymphocytes or monocytes within in vivo chemotaxis analyses (129). Similarly, there are several other documentations arguing for an immunosuppressive or pro-tumourigenic role of necroptosis in cancer. For example, inhibition of necroptosis can limit the development of colitis-driven colorectal cancer in vivo (130); and necroptosis induced by a combination of poly(I:C) and z-VAD-fmk in CT26 cancer cells in vitro, requires lack of anticancer immunosurveillance in order to be induced in vivo (131). Interestingly, necroptosis was reported recently to externalize the immunosuppressive 'eat me' signal, PtdSer, before losing plasma membrane integrity (132). Moreover, these necroptotic cells also released plasma membrane 'bubbles' exposing PtdSer in a manner dependent on MLKL and endosomal sorting complex required for transport III (ESCRT-III) (132). 

4.3. Immunogenic cell death (ICD) in cancer
ICD via apoptotic pathway (hence sometimes termed as, immunogenic apoptosis) has arose as a keystone of therapy-induced antitumor immunity in recent times (17, 23, 133). ICD is characterized by spatiotemporally-defined discharge of danger signals/DAMPs, type I IFN response and the production of pathogen response-like chemokines that together raise the immunogenic potential of dying cancer cells (Figure 4) (31, 74, 134-136). Of note, in this section we will focus on the well-established role of assorted DAMPs in mediating ICD-elicited antitumor immunity. The discussion on the pathways and immunological consequences of type I IFNs and pathogen response-like chemokines’ responses is part of subsequent sections, as they constitute the emergent phenomenon of, pathogen defense response ‘mimicry’.
Over the past few years, many single-agent ICD inducers have been revealed, which include several well-known and established conventional chemotherapeutics (e.g. anthracyclines, cyclophosphamide, oxaliplatin), radiotherapy, targeted anticancer drugs (e.g. cetuximab, bortezomib) and various biological and physicochemical therapies (e.g. Newcastle disease virotherapy, hypericin-based photodynamic therapy or Hyp-PDT, high hydrostatic pressure) (23, 46, 133). For combinatorial therapeutic approaches proficient in attaining ICD, readers can refer to additional reviews elsewhere (46, 121, 137). ICD has received high attention recently because, cancer cells capitulating to ICD inducers are (in most cases) adequate for the activation of robust antitumor immunity (17, 23, 27, 133). ICD-associated DAMPs and other immunostimulatory factors favour the creation of a prolific interface between dying cancer cells and innate immune cells (like DCs, neutrophils or macrophages), thus leading to the commencement of a therapeutically pertinent adaptive immunity (Figure 4) (23, 101). 
The main DAMPs associated with ICD that act as danger signal include, but are not limited to, surface-exposed (ecto-) CRT, ecto-HSPs (e.g. HSP70 or HSP90), extracellular nucleic acids (including dsDNA) or nucleotides (i.e. ATP), extracellular HMGB1, oxidation-associated molecular patterns (OAMPs) and in some contexts, extracellular ANXA1 (31, 101, 136). Ecto-CRT (75), ecto-HSP90 and ecto-HSP70, possesses close homologues of crucial phagocytosis-assisting motifs (76), and act as ‘eat me’ signals thereby facilitating efficient engulfment of TAAs by innate immune cells like DCs and neutrophils (17, 19, 75, 120). On the surface of cancer cells, ecto-CRT and ecto-HSPs tend to bind either lipid rafts and/or LRP1 (73, 75), (138). These ‘eat me’ signals interact with some phagocytic or scavenger receptors on immune cells (e.g. LRP1) to aid in phagocytosis (58, 120, 139). In fact dying cancer cells naturally incompetent in exposing ecto-CRT (owing to an intrinsic resistance mechanism) fail to facilitate anticancer immunity (120). Notably, in some settings, ecto-HSP90 and ecto-CRT can be interchangeable in mediating immunogenicity (140). Beyond phagocytosis, ecto-CRT and ecto-HSP90 can also cause the production of pro-inflammatory cytokines (like, IL6 and TNF) from DCs and hence facilitate formation of immunostimulatory type-1 polarized (Th1) cells and IL17-producing T cells (Th17) (141). Similarly, extracellularly released or secreted ATP (106) and nucleic acids or dsDNA (74, 142) from dying cancer cells are important for ICD (77, 143), (144). Secreted or released ATP functions as an effective ‘find me’ signal by binding ionotropic (P2X) as well as metabotropic (P2Y) purinergic receptors (P2R) on innate immune cells (77, 106). In the case of ICD, secreted ATP can also activate the NLRP3 inflammasome via P2X7 receptors (77). Such activation of inflammasome results in caspase-1-mediated processing and secretion of active IL1β, crucial for ICD (77). Similarly, extracellular nucleic acids/dsDNA released in later stages of cell death (74), bind TLR7/8 and TLR9, to cause activation of innate immune cells (like neutrophils) via the myeloid differentiation primary response gene 88 (MyD88) signalling axes (74). Another DAMP released by cancer cells undergoing ICD that also engages the MyD88 signalling axes is passively released HMGB1 (59, 145, 146). Extracellular HMGB1 binds TLR4 (or in some cases TLR2) on DCs and causes their activation as well as facilitates proper TAA processing (23, 59). Of note, while HMGB1 activates DCs following ICD, it fails to activate neutrophils thereby implying a differential role of this DAMP in innate immune modulation (74). Similarly, (chemotherapy-induced) ICD is also associated with the release of ANXA1, which has contradictory immunological effects i.e. on one hand, it activates DCs to facilitate antitumor immunity (147), and on the other hand, it suppresses neutrophil function thereby compromising latter’s cancer cell-targeting capacity (74). 
Together these immunostimulatory cues derived from ICD recruit and activate innate immune cells like DCs (e.g., CD11c+Cd11b+Ly6Chigh DCs, CD8α+ DCs), macrophages and neutrophils (i.e. CD11b+Ly6G+ polymorphonuclear cells) in a tumour bed, after anticancer therapy (147, 148). Thereafter, in the lymph nodes, the DCs (process and) present the TAAs procured from these dying cancer cells to prime CD4+ T cells (and polarize them into Th1 or Th17 phenotypes), CD8+ cytotoxic T lymphocytes (CTLs) and γδ T cells (polarized to produce IL17A) against one or several TAAs (Figure 4) (23, 101). These activated T cells then infiltrate the tumour in large numbers and facilitate elimination of residual cancer cells (101). In parallel, neutrophils activated by cancer cells undergoing ICD can exert direct cytotoxicity against residual (viable) cancer cells that survive therapeutic insult (discussed later) thereby amplifying the immunogenic impact of this cell death modality (74). It is important to note that an ICD-specific T cell immunocontexture can have a positive prognostic impact in cancer patients (101). More specifically, higher tumoural expression of genetic signatures linked with Th1/Th17/CTL cells associates with significantly prolonged survival in cancer patients suffering from glioblastoma (101).
Induction of ICD by anticancer therapy is restricted to certain agents or procedures, since this necessitates the prompting of ROS-based ER stress (70, 73, 120, 149-153). This distinctiveness was first delineated through studies on anthracyclines-induced ICD (151) and then refined through studies on ICD induced by hypericin-based photodynamic therapy (Hyp-PDT) (73, 76). Besides the ever more accurate description of the associations between ROS, ER stress and ICD (73, 154, 155), it has become clear that the more potent the ER stress is, the higher the likelihood of prompting ICD (27, 156). Table 2 summarizes the main signalling pathways that play a role in the trafficking and emission of DAMPs or danger signals. In mechanistic sense, ROS-based ER stress is central to the execution of ICD-associated DAMPs trafficking (73, 151). ROS-based ER stress enables danger signalling in an unfolded protein response (UPR)-dependent (for chemo-/radio-therapy or high hydrostatic pressure/HHP) or  -independent (for Hyp-PDT) manner (27, 157). Here, UPR is defined as an ER-based signalling cascade activated in response to ER stress (due to various reasons like proteotoxicity, Ca2+ imbalance or redox perturbations at the ER, amongst others), whose innate function is to ameliorate this stress and facilitate cellular survival (156, 158, 159). However in case of irreversible ER stress, UPR can also co-ordinate an apoptotic signalling pathway (156, 158, 159). On one hand, the UPR-dependent mechanism is crucial for ecto-CRT induction through concerted action of two major interconnected signalling-arms i.e. the PKR-like ER kinase (PERK) based phosphorylation of eIF2α (one of the UPR arms wherein PERK is a key ER stress sensor) and a caspase signalling axes (consisting of caspase-8, caspase-2, BAP31 and BAX/BAK, in an ICD-inducer dependent fashion) (151, 160). On the other hand, the UPR-independent mechanism is crucial for both ecto-CRT induction and ATP secretion, and is largely executed via PERK-based regulation of the secretory pathway (73). In general, ER-to-Golgi transfer, Ca2+- modulated secretory pathway and actin cytoskeleton are crucial for both these trafficking mechanisms (see Table 2). Interestingly, we recently found that PERK, by interacting with the major actin-binding protein Filamin A, coordinates the dynamics of the actin-cytoskeleton, through a process independent of the UPR but reliant upon elevations in cytosolic Ca2+ (161). Whether this PERK-regulated process, which ultimately shapes the ER morphology and drives ER-PM contact sites (162), underlies its central role in DAMPs trafficking and communication of ‘danger’ to the immune system, is an intriguing possibility urging further studies.
Beyond ROS-based ER stress, macroautophagy and chaperone-mediated autophagy can also modulate danger signalling (Table 2) (23, 27, 163). Interestingly, depending on the context, macroautophagy can either facilitate ICD (by enhancing chemotherapy-induced ATP secretion) or suppress it (by dampening Hyp-PDT-induced ecto-CRT) (143, 153). For more on danger signalling pathways please refer to other recent reviews (23, 27, 31, 164). The role of ER stress in ICD is so profound that it has been exploited by us to classify different ICD inducing anticancer therapies into type I and type II (19, 27, 31). Here, type I ICD inducers are demarcated as anticancer therapies that act on non-ER targets (thereby functioning on multiple targets) for eliciting cell death, but encourage collateral ER stress for danger signalling (19, 27, 31); while type II ICD inducers are anticancer therapies that aim at the ER for both cell death initiation and danger signalling (19, 27, 31). Recent findings comfort our proposal of this classification system, as two novel type II ICD inducers i.e., PtII N-heterocyclic carbene complex (165) and Newcastle disease virotherapy (166) have been identified based on the notion of targeted ER stress induction (165, 167). These data strengthen the idea that a vigorous ER stress response concomitant to, or elicited by, ROS production is a prominent requirement for danger signalling. 
Similarly, there is emerging evidence involving anticancer chemotherapy or oncolytic viruses, which argues for a necroptotic sub-form of ICD in cancer (Figure 3). For instance, necroptosis induced by a cocktail of TNF, second mitochondria-derived activator of caspase (SMAC) mimetics and z-VAD-fmk (TSZ) or some chemotherapies (e.g. mitoxantrone), in necroptosis-susceptible cancer cells, releases various DAMPs like ATP and HMGB1, which facilitate anticancer immunosurveillance and anticancer vaccination effect (168). In fact, ablation of pro-necroptotic molecules in this setup compromises this anticancer immunity thereby underpinning a role for necroptosis in anticancer immunotherapy (168). Correspondingly, Newcastle disease virus (NDV)-induced necroptosis in glioma cells (sensitive to necrostatin-based RIPK1 inhibition), has been found to cause surface exposure of the ‘eat me’ signal calreticulin (CRT) and release of HMGB1, and associate with potent anti-glioblastoma immunity driven by antigen-specific CD8+ T cells (166). On similar lines, studies where necroptosis was induced via genetic rather than therapeutic means (e.g. dimerization of FADD combined with inducible RIPK3 expression), documented that necroptotic cancer cells can indeed activate CD8+ T cells-driven anticancer immunity (103). Although depending on the genetic strategy used for necroptosis induction, either DAMPs or inflammatory transcriptional factors (but not both) were relevant for this immunogenic potential (80). Nevertheless, as far as cancer immunotherapy is concerned, since therapy-induced necroptosis will be far more complex and ‘pleiotropic’ in comparison to genetically induced necroptosis, these observations still need translational validation.
Finally, the intractable intricacy of cancer makes it unavoidable that in some contexts, ICD may not succeed. Various immunotherapy-resistance mechanisms can cause such malfunction (169). For example, low presence of tumour-infiltrating lymphocytes or TILs (e.g., in 'T cell cold' tumours), T cell anergy or exhaustion (170), tumour heterogeneity favouring mesenchymal subpopulations (29), low MHC-I expression (101), unresponsiveness to IFNs (including IFNα and IFNγ) (171), enrichment of the tumour with immunosuppressive factors or immune-checkpoints (23, 171), stem cell-based immune-evasion (101), a dysfunctional gut microbiome (172) and low burden of TAAs (31). Moreover resistance mechanisms that directly inactivate immunogenic signalling can also form a hurdle e.g. mutations or polymorphisms in PRRs like TLR4 (23), mutations or ablation of proteins mediating danger signalling (e.g., caspase-8) (120), disruption of immunogenic phagocytosis (e.g., by down-regulating endogenous levels of CRT) (120) or presence of certain epigenetic entities like non-coding and/or micro-RNAs directly disrupting DAMPs or danger signalling (173, 174). Thus, for efficient exploitation of ICD for cancer immunotherapy it is necessary to overcome such resistance mechanisms via combinatorial regimens, a point discussed in later sections.

5. Mimicry of pathogen defence responses by anticancer therapy-induced cell death
As elaborated above, the SNS (37) and the danger model (36) contradict on the subject of TCD and ICD (31, 36, 37). Even though the origins for danger signalling are different between these two models (i.e. pathogens/microbes vs. endogenous dying cells), yet they both rely on ligands derived from these sources (i.e. PAMPs and DAMPs, respectively) to bind to PRRs and other prominent immune-receptors for immunostimulation. Evolutionarily speaking, PRRs are very ancient in origin and are typically represented by TLRs, postulated to have evolved more than 600-to-700 million years ago (175). Indeed, the presence of TLR genes correlates with the presence of NF-kB transactivators across the evolutionary tree thereby suggesting an evolutionarily-guided inflammatory purpose for TLRs (175). Also, at least in vertebrates, PRRs exhibit high conservation since microbes or pathogens cannot easily mutate their integral structural motifs like PAMPs (175). In light of this essential evolutionary link between PAMPs and PRRs, the emergence of DAMPs as endogenous analogues to PAMPs and redundant ligands for PRRs, has often ignited a long-standing question: can certain dying cells exhibit ‘altered-self mimicry’ i.e. at least partially mimic behaviour of a pathogen-infected cell, as surmised by the SNS model? In an evolutionary sense, this is an attractive idea since response to a pathogenic challenge is one of the most ancient cellular reaction competent in communicating danger to neighbouring cells and/or immune cells (176, 177). This question is also pertinent because ER stress-based UPR and autophagy, two important modulators of ICD and DAMPs trafficking (as discussed earlier and in Table 2), are also activated by (intracellular) pathogenic infections (135, 178). For instance, autophagy is vital for controlling viral or bacterial pathogens such that defects in autophagic machinery can increase the host susceptibility to infections (136). Similarly, UPR can exert significant antiviral effects via eIF2α phosphorylation-based shutdown of translation (that retards generation of viral protein-components) or XBP1-based antiviral apoptotic responses (since apoptosis is detrimental for viral dissemination) (136, 179). This together raises the possibility that key homeostatic processes activated by pathogens, like ER stress and autophagy, may facilitate 'altered-self mimicry' in some sterile dying cells.
Indeed, emerging research is now revealing that this 'altered-self mimicry' or mimicry of pathogen defence responses might be a phenomenon evoked by assorted anticancer therapies ICD in cancer cells. Specifically, radiotherapy or specific chemotherapies can activate an altered-self mimicry orchestrated by detection of self-dsRNA, resulting in cancer cell-autonomous production of type I IFNs that elicit anticancer effects and/or antitumor immunity. In pathogenic contexts, dsRNA genomes of viral-origin are usually detected by two types of PRRs i.e., endosomal TLR3 or cytoplasmic RLRs (Figure 2B) (180). Following recognition of viral dsRNA, RLRs trigger activation of mitochondrial antiviral signalling (MAVS) protein, which in-turn recruits IRF3 and NF-kB to elicit production of type I IFN cytokines (180, 181). Similarly, detection of dsRNA by TLR3 triggers a signalling pathway mediated via TIR domain-containing adaptor molecule-1 (TICAM1), which also activates type I IFN response via IRF3-NFkB axis. Interestingly radiation treatment of cancer cells triggers nucleus-to-cytoplasm transfer of small endogenous non-coding RNAs (snRNAs) containing ds-regions (182). Once in the cytoplasm, these ds-snRNAs bind cytoplasmic RLR component, RIG-I, and initiate a type I IFN response wherein the IFNβ exerts cytotoxic effects on the cancer cells via autocrine or paracrine signalling (182). Of note, the DNA demethylating agent, 5-Aza-2-deoxycytidine (5-AZA-CdR), can also induce altered-self mimicry in colorectal cancer cells (albeit in a non-cell death setting) (183). Herein, 5-AZA-CdR can induce production of endogenous retroviral elements-derived dsRNAs that activate the MDA5/MAVS pathway-based activation of IRF7, which helps exert anti-proliferative effects on colorectal cancer cells (183). On similar lines, the treatment of cancer cells with the ICD inducer, doxorubicin, can cause release of self-dsRNA into the extracellular space (135). This self-dsRNA can bind TLR3 on cancer cells in a paracrine manner thereby initiating an efficient type I IFN response consisting of IFNα, IFNβ and CXCL10. This type I IFN response enforces efficient antitumor immunity, in vivo (135). Interestingly, in a non-cancer context, the UPR sensor IRE1α has been reported to generate ssRNA fragments (via its RNase activity) that can activate RIG-I based IFN responses (184) thereby revealing a possible connection between ER function and 'altered-self mimicry' that needs to be explored in a cancer cell death context. However, this self-dsRNA detection-based altered-self mimicry may not always be anti-tumourigenic and may also contribute to therapeutic resistance. More specifically, stromal cells within a (breast) tumour can release exosomes enriched in snRNAs, Alu/SINE or LINE elements and microsatellite RNA. Thereafter, breast cancer cells can take-up the exosomes wherein the snRNAs can activate the RIG-I/MAVS/STAT1-pathway driven IFN-related DNA damage resistance signature (IRDS; consisting of antiviral response genes like STAT1, MX1, ISG15, OAS1, IFIT1/3 and IFI44) (185). This IRDS signature, together with activation of NOTCH3 signalling, may expand the chemo-/radio-therapy resistant tumour-initiating breast cancer cells. Similarly, self-dsRNA or self-dsDNA released from anticancer therapy-treated cells can also drive gastrointestinal injury, a sign of therapy-elicited side-effect (186, 187). 
Overall, while these studies elegantly demonstrate a cancer cell-autonomous altered-self mimicry phenotype executed through PRRs-based detection of self-dsRNA, yet it is not clear whether the innate immune cells would perceive these dying cancer cells in a manner reminiscent of detecting pathogen-infected cells. Typically, at the location of pathogenic incursion, one of the foremost inflammatory processes mobilised by a pathogen-infected cell, involves secretion of particular chemokines to engage the innate immune system particularly neutrophils, the first and major innate immune responders to infection (166, 188, 189). Interestingly, ICD (but not necrosis or tolerogenic apoptosis) can associate with a, cancer cell-autonomous, pathogen response-like chemokine (PARC)-signature (Figure 5) (74). This PARC-signature consists of co-release of CXCL1, CCL2, and CXCL10 chemokines (or homolog thereof e.g. CXCL8, CXCL2, CCL12, CXCL9 or CXCL11). This co-release of CXCL1, CCL2 and CXCL10 was reminiscent of, mammalian cells/tissues/organs responding to various bacterial and viral infections (74). Moreover, cancer cells challenged with bacterial products (like LPS/flagellin) or well-known oncolytic viruses (like reovirus, parvovirus or NDV) also evoke this PARC-signature (Figure 5) (74). Of note, PARC-signature was observed more strongly in cells responding to bacterial infection, as compared to viral infections (74). This could be because, while both bacterial and viral infections activate inflammatory reactions like IFN-response; yet, bacterial infections seem to invoke a stronger chemokine response while viral infections tends to lean toward stronger cytokine response (190). Interestingly, this PARC-signature was less strong in response to protozoan parasites (74), possibly because these tend to invoke host tolerance or asymptomatic infections in order to evade anti-parasitic immunity (66). Moreover, this PARC-signature preferentially recruited neutrophils as first innate immune responders in vivo (Figure 5) (74). In fact ICD not only elicited a neutrophilic response in a self-setup (i.e. syngeneic mice) but also in a non-self setup (i.e. xenograft in zebrafish) (74). In parallel, key DAMPs emanating from these dying cells (largely due to an ER stress and autophagy-based response as demonstrated previously (73, 143, 151, 153)) i.e., ecto-CRT, extracellular ATP and extracellular nucleic acids (including dsDNA) elicited various processes like phagocytosis, P2 purinergic receptors-based signalling and TLR7/8/9-MyD88 signalling on the level of neutrophils, respectively (74). Here, neutrophil activation was driven by P2 purinergic receptors and TLR7/8/9-MyD88 signalling axes [reminiscent of infections involving ssRNA-based virus genomes (a TLR7/8-agonist) or CpG DNA-based bacterial genomes (a TLR9-agonist) (142, 180, 191)] (74). This neutrophil activation eventually paved way for hydrogen peroxide and nitric oxide-based respiratory burst, which caused apoptosis of residual (viable) cancer cells (Figure 5). 
It is possible that the PARC-signature based altered-self mimicry is linked to the above described effects of self-dsRNA via RLRs/TLR3, however this needs systematic verification. However, compared to the studies on self-dsRNA, the chemokines and nucleotide/nucleic acids-based altered-self mimicry encompasses both a dying cell-autonomous 'mimicry' as well as neutrophil-level 'mimicry' thus establishing that altered-self mimicry can be perceived as such by the innate immune cells. As of now, it is unclear if ER stress and autophagy are also modulating this PARC-signature, a point that needs urgent verification in order to mechanistically link this signature with DAMPs-trafficking and well-known intracellular pathogenic response pathways. 

6. Cancer cell death-driven immunity: Towards efficient clinical cancer immunotherapy
To achieve effective anticancer immunotherapy, one can exploit or target the immunological profiles of cancer cell death. The clinical reality is that, most conventional therapies (i.e. various chemotherapies, some forms of radiotherapy and various targeted therapies) currently used for treating cancer patients, are quite likely to induce a mixture of TCD, inflammatory cell death and ICD (Figure 6) (51). Moreover, the older the cancer patient, the lesser is the probability of inducing apoptosis via anticancer chemo-/radio-therapy (vice versa for pediatric cancer patients) because with increasing age most cells in various adult organs become more refractory to apoptosis (192). Nevertheless, tumoural accidental necrosis may induce some, insufficient levels of, tumour-rejecting immunity however the other two cell death modalities are far more likely to enforce immunosuppression and tolerance towards TAAs. Conventional anticancer therapies currently integrated in clinical immunotherapy paradigms that majorly induce TCD or inflammatory cell death include (amongst others), cisplatin, carboplatin, 5-fluorouracil, temozolomide, gemcitabine, fludarabine, melphalan, sunitib, or high-dose radiotherapy (193). To this end, it would be preferable to apply conventional anticancer therapies that induce ICD, since such therapies are likely to achieve significant level of tumour-rejecting immunity in cancer patients (Figure 6). Such ICD-inducing therapies currently integrated in clinical immunotherapy paradigms include (amongst others), anthracyclines, cyclophosphamide, paclitaxel, oxaliplatin, or fractionated radiotherapy (193, 194). However, owing to various critical reasons, immunosuppression might prevail in a number of different contexts, despite treatment with ICD-inducers. Such reasons include, tumour-penetrance issues, immuno-resistance (systemic immune-fitness problems or tumour-elicited immune dysfunction), and reduction of TAA-targeting T cells taking place once the immunostimulatory stimulus provided by ICD is over, due to peripheral tolerance mechanisms (169, 195, 196). In general, administration of chemotherapy (including ICD inducers) repetitively over time, can lead to lymphopenia (that negatively affects disease outcome and compromises immunogenicity), or associate with other side effects (197). Thus, the ideal scenario for ICD induction could be neoadjuvant treatment settings, isolated organ/limb perfusion treatment settings, administration of metronomic doses of chemotherapies, administration of therapies at low number of repetitive cycles or fractionated radiation regimens (31, 70, 123, 135, 198-201).
To overcome the disparate immunosuppressive scenarios, the respective conventional anticancer therapies can be initially combined with immune-checkpoint blockers (ICBs) (17) and/or adoptive T cell transfer (ACT) therapy (Figure 6). ICBs are therapeutic agents that aim to block the auto-regulatory or immunosuppressive pathways enforced by immune-checkpoints mainly on the level of T cells to improve antitumor immunity (12, 13, 202). Typical examples of immunosuppressive immune-checkpoints targeted by ICBs include (but are not limited to), CTLA4, PD1, PDL1, indoleamine-pyrrole 2,3-dioxygenase-1 (IDO1), T-cell immunoglobulin and mucin-domain containing 3 (TIM3), V-domain Ig suppressor of T cell activation (VISTA), lymphocyte-activation protein 3 (LAG3) and glucocorticoid-induced TNF receptor-related protein (GITR) (12). ACT therapy involves procuring autologous T cells from cancer patients either from the peripheral circulation or from the tumours (i.e. TILs), their activation and expansion ex vivo, and finally, their infusion back into the patients to enable TAA-directed immunity not dependent on innate immune stimulation (17, 203). Of note, in some cases, the T cells used for ACT undergo transduction to express chimeric antigen receptors (CAR) (17). Such CAR-T cells are highly antigen-specific and predominantly used against hematopoietic malignancies (17). TILs-based ACT is mainly intended for administration against solid tumours (the largely shared nature of TAAs, makes CAR-T cells far more likely to cause severe-to-fatal side effects in solid tumour patients) (17, 204). In general, combination of ICD-inducing therapies with ICBs/ACT is far more likely to achieve superior tumour-rejecting immunity than combination with TCD inducers. The success of ICBs administered in combination with radiotherapy in non-small cell lung cancer (NSCLC) patients, are a testimony to this approach (205).   
Despite such efficient immunotherapy modalities as ICBs and ACT, achieving complete tumour-rejecting immunity may still be challenging. Immuno-resistance mechanisms operational against existing ICBs/ACTs (e.g. low TILs, low neoantigen burden, lack of defined TAAs) or existence of patients falling within the exclusion criteria for administration of such therapies (e.g. those most likely to experience autoimmune fatalities), are likely to facilitate immunosuppressive T cells (169, 206). To overcome these hurdles in near future, a 'smart' combinatorial regimen consisting of context-dependent combination of different targeted- and/or immuno-therapies can be employed (Figure 6). Here, next-generation DC-based vaccines (196), ICBs against newly characterized 'alternative' immune-checkpoints, oncolytic viruses or emerging targeted therapies can be employed in varying combinations. The next-generation DC-based vaccines may consist of loading autologous DCs with autologous tumour cells that have undergone ICD (101, 196). We have found recently that preclinical ICD-based next-generation DC vaccines can induce potent antitumor immunity against a notoriously immunosuppressive tumour-type i.e. glioblastoma, accompanied by a shift in tumoural immune-contexture from Tregs to Th1/Th17/CTLs (101). For more on next-generation DC-based vaccines, please refer to other reviews (21, 196, 207). Similarly, emerging targeted therapies may include: [a] agents targeting oncogenic signalling-proteins e.g. BRAFV600E-inhibitors, anti-Her2 antibodies and tyrosine-kinase inhibitors (202); [b] agents depleting particular immune cell types e.g. anti-CD25 antibodies against Tregs or cyclooxygenase-2/arginase-inhibitors against MDSCs (208, 209); and, [c] agents modulating the phagocytic interface e.g. antibodies targeting the 'don't eat me' signal, CD47, can attain promising antitumor activity (38, 39, 210) or bavituximab, which blunts the immunosuppressive 'eat me' signal, PtdSer (202). 
[bookmark: _GoBack]Finally, yet importantly, some ICD-associated parameters are exploitable for estimating the prognosis of cancer patients thereby aiding in their therapeutic management and/or stratification. Most promising of such ICD-related or ICD-derived (immunological) prognostic signatures include, a MX1-centered metagene, a CXCR3-PRF1-CASP1-centered metagene, and an ASAH1-centered metagene, all of which positively associate with good prognosis in thousands of patients suffering from different neoplasms including breast, lung and ovarian malignancies (31, 135, 163, 199, 211). In some instances, overall expression of CRT mRNA (CALR) in tumour tissue samples can be a prognostic factor (31, 120, 211). It will be vital to distinguish novel and more precise ICD-associated biomarkers that predict enhanced disease outcome in cancer patients treated with ICD inducers. Notably, bearing in mind the existing clinical understanding of immunotherapies (12, 13), the patients most likely to benefit from ICD inducers are almost certainly those that exhibit pre-existing (baseline) immune reactivity against TAAs and/or cancer cells (199, 212). 

7. Conclusions
Since the early recognition of a cell death modality exhibiting apoptotic or necrotic features, we have gained extensive knowledge about the immunobiology of cancer cell death. A diversity of cues associated with cancer cell death that can mediate tolerogenicity, inflammation and/or immunogenicity have been identified on the levels of 'eat me' or 'find me' signals, DAMPs or danger signals, cytokines, chemokines, metabolites and other cellular biomolecules. Simultaneously, it is becoming clearer, how different anticancer therapies modulate cell death-driven immunological responses. All of these have culminated into characterization of ICD - the most immunogenic form of cancer cell death achievable by anticancer therapies that exploits danger signals and/or inflammatory factors to augment antitumor immunity. Besides danger signals, it has also emerged that cancer cells undergoing ICD can orchestrate altered-self mimicry, i.e., the ability to mimic pathogen defence responses, via specific nucleic acids and/or chemokines, in order to enforce anticancer activity. However, several challenges still need addressing. First, ICD-associated immunity needs to be confirmed in autochthonous (rodent) tumour models. Second, resistance mechanisms operating against ICD need more research. Third, varieties of issues related to the clinical translation of ICD have to be resolved, including, treatment schedules, dosages and combinatorial strategies. Moreover, the discovery of novel and efficient ICD inducers needs prioritization. Last, but not least, it will be vital to discover novel ICD-derived biomarkers that can advance current strategies of patient stratification and clinical decision-making. 
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Figure Legends:
Figure 1. A schematic representation of the self/non-self (SNS) model (A) or danger model (B) of the innate immune system. DAMP, damage-associated molecular patterns; MHC, major histocompatibility complex; PAMP, pathogen-associated molecular patterns; PRR, pattern-recognition receptors;

Figure 2. A schematic representation of danger signals, DAMPs and PAMPs in innate immune biology. (A) This Venn diagram depicts the different relationships between danger signals or alarmins and various forms of PAMPs and DAMPs. (B) This schematic diagram depicts the extensive overlap in cognate receptors that exists between various PAMPs and DAMPs. It also depicts the different effector or immunosuppressive immune reactions orchestrated by DAMPs or PAMPs. ALR, AIM2-like receptor; CRT, calreticulin; CTL, cytotoxic T lymphocyte; DAMP, damage-associated molecular patterns; DC, dendritic cell; FPR, formyl peptide receptor; HMGB1, high mobility group box 1; HSP, heat shock protein; IL, interleukin; LPS, lipopolysaccharide; MDSC, myeloid-derived suppressor cells; MitoDNA, mitochondrial DNA; OLR, OAS-like receptor; PAMP, pathogen-associated molecular patterns; PGE2, prostaglandin E2; RAGE, receptor for advanced glycosylation end products; RLR, RIG-I-like receptor; Th, T helper cells; TLR, Toll-like receptors;

Figure 3. Schematic representation of immunological profiles of necrosis-based inflammatory or tolerogenic cell death (TCD) and necroptosis-based immunogenic cell death (ICD), and their consequences for anti-tumour immunity or pro-tumour inflammation. CTLs, cytotoxic T lymphocytes; DAMP, damage-associated molecular patterns; DCs, dendritic cells; M1, type-1 polarized macrophages; M2, type-2 polarized macrophages; Th1, type-1 polarized T cells; TNF, tumour necrosis factor; Treg, regulatory T cells;

Figure 4. Schematic representation of immunological profiles of apoptotic tolerogenic cell death (TCD) and apoptotic or necroptotic immunogenic cell death (ICD), and their consequences for anti-tumour immunity or tolerance towards tumour. DAMPs, damage-associated molecular patterns; DCs, dendritic cells; IFN, interferon; M0, immature macrophages; M1, type-1 polarized macrophages; M2, type-2 polarized macrophages; PDT, photodynamic therapy; Th1, type-polarized T cells; Th17, IL17A-producing T cells; Treg, regulatory T cells;

Figure 5. Schematic representation of chemokines and danger signals-based altered-self mimicry or mimicry of pathogen defense responses by cancer cells undergoing immunogenic cell death (ICD) following pathogenic insult or anticancer therapies. ATP, adenosine triphosphate; DAMP, damage-associated molecular patterns; H2O2, hydrogen peroxide; LPS, lipopolysaccharide; NO, nitric oxide; PAMP, pathogen-associated molecular patterns; PARC, pathogen response-like chemokine signature; PDT, photodynamic therapy; PRR, pattern-recognition receptor;

Figure 6. Schematic representation of how different immunological profiles of anticancer therapy induced cell death can be exploited for designing highly efficacious cancer immunotherapy regimens. ACT, adoptive T cell transfer/therapy; CTLA4, cytotoxic T lymphocyte-associated antigen 4; DC, dendritic cell; ICBs, immune-checkpoint blockers; ICD, immunogenic cell death; PD1, programmed cell death-1; PD-L1, programmed cell death-ligand 1; TCD, tolerogenic cell death;
















18

Table 1. Major damage-associated molecular patterns (DAMPs) associated with cell death and immunity in cancer.
	DAMPs
	Mode-of-exposure or emission
	Applicable cell death modality
	Cognate receptors
	Refs

	Annexin A1 (ANXA1)
	Surface exposed or actively/passively released
	Tolerogenic apoptosis, immunogenic apoptosis
	FPR1 receptor
	(74, 147, 213)

	Adenosine Triphosphate (ATP)
	Mostly passively released; sometimes actively released
	Immunogenic or tolerogenic apoptosis and necrosis/necroptosis
	P2Y2 and P2X7
	(73, 77, 106)

	Calreticulin (CRT)
	Mostly surface exposed; sometimes passively released
	ICD (apoptosis as well as necroptosis)
	CD91
	(58, 73, 75, 166)

	Death Domain 1α (DD1α)
	Surface exposed
	Tolerogenic apoptosis
	DD1α
	(112)

	Nucleic acids, dsRNA, dsDNA
	Passive release
	Immunogenic apoptosis or accidental necrosis
	TLR3, TLR7/8, TLR9
	(144), (144), (19, 74, 107)

	Heat Shock Proteins (HSP70, HSP90, HSP60 and HSP72)
	Surface exposure, active secretion or passive release
	ICD, apoptosis/secondary Necrosis, necrosis
	CD91, TLR2, TLR4, SREC1 and FEEL1
	(214, 215)

	Potassium ions (K+)
	Passive release
	Accidental necrosis
	-
	(216)

	Prostaglandin E2 (PGE2)
	Passive release
	Accidental necrosis
	EP1-4
	(217)

	Histones
	Passively released
	Necrosis
	TLR9
	(218)

	High Mobility Group Box 1 (HMGB1)
	Mostly passively released; sometimes actively released
	ICD, secondary necrosis and necrosis
	TLR2, TLR4, RAGE and TIM3
	(59, 219, 220)

	HMGN1
	Passive release
	Necrosis
	TLR4
	(221)

	IL1α
	Passive release
	Necrosis
	IL-1R
	(94)

	IL33
	Passive release
	Necrosis
	ST2
	(19, 107)

	IL6
	Passive release
	Necrosis
	IL6R and GP130
	(222)

	Lysophosphatidylcholine (LPC)
	Passively released?
	Apoptosis
	G2A
	(223, 224)

	Mitochondrial DNA
	Passively released
	Necrosis
	TLR9
	(225, 226)

	Monosodium Urate (MSU) or uric acid
	Passively released
	Necrosis
	Purinergic receptors
	(227)

	N-formyl peptides (NFP)
	Passively released
	Necrosis
	FPR1
	(228-230)

	Oxidation-associated Molecular Patterns (Reactive protein carbonyls, per-oxidized phospholipids)
	Passively released
	Necrosis, secondary necrosis
	CD36, SR-A, TLR-2/4, CD14
	(93, 231, 232)

	Peroxiredoxin 1 (Prx1)
	Actively secreted or passively released
	Apoptosis, necrosis
	TLR4
	(233)

	Phosphatidylserine (PtdSer)
	Actively externalized on the surface
	Apoptosis
	TIM-1/-3/-4, BAI1, Stabilin-2, MFG-E8, C1q
	(108, 109, 112, 234-236)

	S100/Calgranulin Protein Family Members (S100A8, S100A9, S100A12/EN-RAGE)
	Passively released
	Necrosis
	RAGE
	(224, 237)

	Soluble PD-L1
	Actively secreted or passively released
	Apoptosis or Necrosis
	PD1
	(116)

	Thrombospondin 1 and its Heparin-Binding Domain
	Passively released or surface associated
	Apoptosis
	αvβ3 integrin
	(224, 238)

	Abbreviations: BCL2 – B-cell CLL/lymphoma 2; CD – cluster of differentiation; CLEC9A – C-type lectin domain family 9, member A; CPS-1 – carbamoyl-phosphate synthase 1, mitochondrial; CXCR3 – C-X-C motif receptor 3; DD1α – death domain 1α; FEEL-1/CLEVER-1 – fasciclin EGF-like / common lymphatic endothelial and vascular endothelial receptor-1; FPR-1 - formyl peptides receptor-1; G2A – G2 accumulation; HMGB1 – high mobility group box 1; HSP – heat shock proteins; ICD – immunogenic cell death; IL – interleukin; LPG - leucine-rich alpha-2-glycoprotein-1; MFG-E8 – milk fat globule-egf factor 8 protein; Mit DNA – mitochondrial DNA; NFP - N-formyl peptides; P2XR – P2X receptor; P2YR – P2Y receptor; RAGE – receptor for advanced glycation endproducts; SREC-1 – scavenger receptor class f member 1; TFAM - mitochondrial transcription factor A; TIM – transmembrane immunoglobulin and mucin domain; TLR – toll-like receptor(s); 











Table 2. Major cellular processes or molecular pathways underlying trafficking of DAMPs during cancer cell death.
	DAMPs
	Role of ROS
	Role of ER stress
	Role of Autophagy
	Role of Chaperone-mediated Autophagy
	Role of Secretory Pathway
	Caspase Activity
	Role of Lysosomes
	Role of cytoskeleton
	Release due to plasma membrane rupture
	References

	Extracellular ATP
	
	*
	**
	*
	*
	
	*
	**
	
	**
	*
	*
	**
	
	(73, 139, 143, 153, 239, 240)

	Extracellular HMGB1
	
	
	
	
	
	
	
	
	
	(118, 220, 241)

	Extracellular nucleic acids
	
	
	
	
	
	
	
	
	
	(74, 135)

	Extracellular or surface Annexin A1
	
	
	
	
	
	
	
	
	
	(74, 242)

	Extracellular or surface HSP70
	
	
	
	
	
	
	
	
	
	(76, 243-248)

	Surface CRT
	
	
	*
	**
	
	
	**
	*
	
	
	
	(73, 76, 122, 139, 143, 151, 153, 160, 249)

	Surface HSP90
	
	
	
	
	
	
	
	
	
	(70, 122)

	([image: C:\Users\Abhishek\AppData\Local\Microsoft\Windows\INetCache\IE\JTIZ1DGI\Solid_green[1].png]) denotes ability to positively regulate DAMPs trafficking; ([image: C:\Users\Abhishek\AppData\Local\Microsoft\Windows\INetCache\IE\13GDORRX\Upsdell_red-Colour_Box[1].png]) denotes ability to negatively regulate DAMPs trafficking; ([image: C:\Users\Abhishek\AppData\Local\Microsoft\Windows\INetCache\IE\JTIZ1DGI\120px-Grey_Square.svg[1].png]) denotes confirmation of no role in regulation of DAMPs trafficking; ([image: C:\Users\Abhishek\AppData\Local\Microsoft\Windows\INetCache\IE\JTIZ1DGI\Siklobüten_für_Kurdi-Seite001.svg[1].png]) denotes that the role in regulating the DAMPs trafficking is unknown; 
*Applicable to Hyp-PDT induced ICD; **Applicable to chemotherapy-induced ICD; No symbol indicates applicability to all ICD inducers;

	Abbreviations: ATP – adenosine triphosphate; CRT – calreticulin; DAMP – damage-associated molecular patterns; ER – endoplasmic reticulum; HMGB1 – high-mobility group box 1 protein; HSP – heat shock protein; ROS – reactive oxygen species;
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