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Abstract

Induction of cell death is inexorably linked with cancer therapy, but this can also initiate wound 

healing processes that have been linked to cancer progression and therapeutic resistance. Here we 

describe the contribution of apoptosis and the lytic cell death pathways in the response to therapy, 

including chemotherapy and immunotherapy. We also discuss how necroptosis, pyroptosis and 

ferroptosis function to promote tumor immunogenicity, along with emerging findings that these 

same forms of death can paradoxically contribute to immune suppression and tumor progression. 

Understanding the duality of cell death in cancer may allow for the development of therapeutics 

that shift the balance towards regression.
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Cell death pathways and the tumor immune microenvironment

Neoplastic cell death is the primary goal of most cancer therapeutics, and the myriad of 

pathways through which regulated cell death (RCD) can occur are becoming increasingly 

clear. Forms of RCD are classified according to their morphotypes into: (1) type I cell 

death or apoptosis; (2) type II cell death or autophagy; and type III cell death or necrosis 

[1]. Apoptosis is the best understood and is defined by clear morphological changes 

that include the rounding-up of the cell, retraction of pseudopods, decrease in cellular 

volume (pyknosis), chromatin condensation, nuclear fragmentation (karyorrhexis), plasma 

membrane blebbing, and the activation of caspases [2]. Autophagy is characterized by 

engaging the autophagosome machinery for the degradation and the removal of damaged 
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proteins and organelles within a cell. However, while autophagy often accompanies cell 

death, it is not a mechanism of death per se [3]. In contrast, type III necrotic cell death 

does not display distinctive features of type I or II cell death and is characterized by the 

loss of membrane integrity and swelling of subcellular organelles (oncosis) with disposal 

of cell corpses in the absence of lysosomal involvement and phagocytic activity [1] (Figure 

1). Although the various cell death modalities have distinct features, there is a substantial 

amount redundancy and crosstalk between the signaling pathways. Thus, blocking one form 

of cell death may engage another, with necroptosis occurring mostly in the absence of 

apoptotic machinery being illustrative of this process. The various forms of cell death have 

been expertly reviewed elsewhere [4–6], with a detailed description also found in Box 1.

Beyond the obvious goal of reducing the number of neoplastic cells, cancer cell death 

is the first step in the cancer-immunity cycle [7]. Tumor destruction allows for the 

acquisition of antigens by conventional dendritic cells (cDCs), while the release of 

damage-associated molecular patterns (DAMPs) and inflammatory cytokines promotes 

cDC migration to draining lymph nodes and the induction of an adaptive immune 

response. For this reason, there is intense interest in identifying and inducing immunogenic 

forms of cell death that optimize the immune response against cancer, especially in 

the era of immune checkpoint inhibitors. However, cell death engagement can also be 

counterproductive [8,9] and certain cancers with high rates of spontaneous apoptosis or 

necrotic lesions demonstrate increased aggressiveness [8,10]. These observations may be 

due to compensatory proliferation, in which treatment-resistant cells gain access to space 

in which to repopulate [9,11], reminiscent of the rapid regrowth observed following 

treatment with angiogenic inhibitors [11]. There is also evidence that cell death can 

promote angiogenesis and metastasis, both directly and indirectly through the recruitment 

of myeloid cells. Similarly, myeloid cell recruitment has been linked to the creation of an 

immunosuppressive tumor microenvironment that limits T cell cytotoxic activity. As cancer 

cell death is a necessary component of therapy, understanding these dissonant properties 

is critical for optimizing therapeutic interventions. Here we will discuss the types of RCD 

induced by anti-cancer therapies and how these impact tumor progression and the immune 

microenvironment, with a focus on the underappreciated pro-tumor properties.

Cancer therapy and cell death modalities

The goal of non-invasive cancer therapy is to maximize tumor cell death while minimizing 

healthy tissue toxicity through the targeting of cancer-selective properties, including higher 

proliferation rates and activation of pro-survival pathways. These approaches primarily 

induce intrinsic apoptosis and historically there has been limited interest in understanding 

how this may impact the tumor microenvironment. The first major change in this area 

was the discovery of immunogenic forms of apoptosis that are induced by treatment with 

specific chemotherapies [12]. The second major change has been the approval of immune 

checkpoint inhibitors such as anti-programmed death (PD)-1, which has led to studies 

investigating combination therapy with small molecule inhibitors [13]. As the number of 

approved immune and targeted therapies expands, it is increasingly important to understand 

how these can be combined or sequenced appropriately to maximize efficacy [14,15]. Below 

we detail our understanding of how therapies induce the different forms of cell death, while 
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recognizing that cancer type, stage, and mutational status may regulate outcomes in ways 

that have not been explored.

Radiation and chemotherapy

Ionizing radiation is widely used in cancer therapy, including the use of fractionated 

radiotherapy to limit tissue toxicity [16]. Radiotherapy induces DNA damage directly as 

well as indirectly through the generation of free radicals from water, thereby inducing 

single- and double-strand breaks. While most breaks are repaired, around 5% of double-

strand break repairs fail and drive senescence or intrinsic apoptosis through p53 activation or 

mitotic catastrophe [17,18]. Some reports have also found a role for extrinsic apoptosis 

due to upregulation of death receptors such as DR5 and Fas [19–21]. Many of the 

immunogenic properties associated with radiation-induced cell death, such as the release 

of DAMPs, occur in a delayed fashion consistent with secondary necrosis. However, in 

addition to the canonical apoptotic death induced by caspase activation and mitochondrial 

outer membrane permeabilization by BAX and BAK, multiple different cellular outcomes 

have been described following irradiation, such as necroptosis and iron-dependent cell death 

[22–25]. These pathways are not necessary for cell death to occur, but could feasibly impact 

how the immune system responds to irradiated tumor cells in a cell line and dose-dependent 

manner.

Chemotherapeutics work broadly by inducing DNA damage (e.g. cyclophosphamide, 

carboplatin), interrupting DNA replication or RNA synthesis (e.g. gemcitabine, doxorubicin, 

5-fluoruricil, mitoxantrone), or by targeting microtubules to directly induce chromosomal 

missegregation (e.g. paclitaxel). As with radiation, these events are mostly associated with 

induction of intrinsic apoptosis [26–29]. However, there are numerous reports of ferroptosis 

being induced by cisplatin or paclitaxel in lung, head and neck, colorectal, gastric and 

pancreatic ductal carcinoma cells [30–37]. Necroptosis has also been noted using etoposide 

on human breast cancer and sarcoma cells [38], as well as with the alkylating agent 

Methyl methanesulfonate in human A549 lung adenocarcinoma cells [39], and another 

alkylating agent 3-Bromopyruvate in T24 bladder carcinoma cells [40]. Finally, pyroptosis 

is frequently observed during response to various chemotherapies, including for paclitaxel, 

cisplatin, etoposide, and doxorubicin [41–45]. In this case, pyroptosis occurs as a result of 

the executioner caspase-3, which can cleave GSDMD and GSDME in cells that express 

these molecules, including epithelial cells [42,46]. This has been suggested to represent 

secondary necrosis, as GSDM pores cause loss of membrane integrity and the release 

of DAMPs [47]. Thus, inflammasome-independent pyroptosis may be a general property 

of many cytotoxic therapies, with cell type selectivity driven by GSDMD and GSDME 

expression, which are reduced in some cancers [48]. As we will discuss below, it is also 

tempting to speculate that GSDMD/E activation explains the observation that irradiation 

and certain chemotherapies induce an immunogenic form of cell death that is partially 

defined by the release of intracellular DAMPs. The molecular underpinnings that explain 

how chemotherapies induce other forms of necrotic-like cell death remain unclear.
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Targeted therapeutics

Antagonist antibodies and tyrosine kinase inhibitors (TKI) that target growth factor receptors 

or their downstream proliferation pathways induce expression of pro-apoptotic genes and 

downregulate expression of anti-apoptotic proteins, thereby increasing the frequency of 

intrinsic apoptosis in tumors. As described above for chemotherapy, this implies that target 

therapies will also induce a degree of GSDMD/E activation and pyroptosis. Indeed, specific 

inhibitors targeting KRAS-, ALK-, or EGFR driven lung cancer cells induced some degree 

of pyroptosis, and this contributed to efficacy in xenograft models [49]. In addition, a more 

recent study showed in GSDMD expressing melanoma that combining the BRAF- and MEK 

inhibitor evoked pyroptosis and this was important for enhanced cytotoxic T-cell infiltration 

and antitumor immunity [43]. Presumably there will be a major expansion of studies 

investigating the potential of inhibitors to induce pyroptosis and work in combination with 

immune checkpoint blockade. Whether other forms of cell death are induced by inhibitors, 

especially inhibitors against molecules other than kinases, also needs to be determined. 

For now, it has been described that PARP inhibition using Olaparib promotes ferroptosis 

in BRCA-proficient ovarian cancer by downregulating the cystine transporter SLC7A11 

[50], and that combining the HDAC inhibitor Givinostat with the TKI Sorafenib induces 

necroptosis in Hodgkin lymphoma cells [51].

Cell death and survival pathways can also be directly targeted in cancer, with the prime 

example being the anti-apoptotic BCL-2 family members (BCL-2, MCL-1, BCL-XL). BH-3 

mimetic drugs bind to different BCL-2 family members by mimicking BH3 domains of 

proapoptotic BCL-2 (e.g. BAD, BIM, NOXA, PUMA) family proteins [52], resulting in cell 

death. This approach has found success in the treatment of chronic lymphocytic leukemia 

(CLL) and acute myeloid leukemia (AML) with the approval of the BCL-2 inhibitor, 

venetoclax [53]. Interestingly, it has also been described that sublethal intrinsic apoptotic 

signaling and the release of cytochrome c by BH-3 mimetic drugs can promote drug 

resistant persister cells [54], highlighting that even directly targeting cell death pathways 

with therapeutics results in complex outcomes.

Oncolytic Viruses

Oncolytic viruses (OV) preferentially infect and replicate in cancer cells over normal 

cells and have shown clinical efficacy through their ability to lyse cells, in addition to 

their enhancement of anti-tumor immunity [55,56]. Obviously, through their ability to lyse 

infected cells, OV eventually produce a necrotic form of cell death during the final stages of 

infection. However, multiple pattern recognition receptors are activated within cells that can 

initiate cell death pathways as a protective response against infection, including apoptosis, 

necroptosis, pyroptosis, and autophagic cell death [56,57].

A recent study conducted a systematic comparison of cell death induced by the most 

common pre-clinical and clinical OV wild-type strains including Adenovirus, Semliki Forest 

virus, and Vaccinia virus [58]. All viruses showed similar levels of lysis upon infection, 

but dramatically different forms of RCD. Adenovirus infection induced autophagic cell 

death, Vaccinia caused necroptosis, while Semliki promoted immunogenic apoptosis. All 

methods of cell death produced classic signs of immunogenic cell death, including release 
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of HMGB1 and surface expression of calreticulin, as well as efferocytosis and expression 

of maturation markers by DCs. Surprisingly however, vaccinia virus infection of tumor cells 

reduced the ability of monocyte-derived DCs to induce IFN-γ expression by antigen-specific 

human T cells [58]. Whether this was due to vaccinia virus infection or necroptosis itself 

remain unclear, especially as using an adenovirus bearing an autoactivated RIPK3 construct 

produced superior immune responses against B16 melanoma tumors as compared to those 

inducing caspase-dependent cell death [59]. Determining the optimal type of cell death to 

induce with OVs may be one path towards improving therapeutic efficacy, both alone and in 

combination with immune checkpoint blockade.

Immunotherapy

CD8+ T cells and natural killer (NK) cell initiate cell death programs in target cells through 

two distinct mechanisms. One pathway involves the expression of FAS-ligand (CD96L) 

or TNF-related apoptosis-inducing ligand (TRAIL), which binds to FAS-receptor (CD95) 

or TRAIL-R1-R2 respectively, and trigger extrinsic apoptosis via FADD/Caspase-8 in the 

target cell [60,61]. The other pathway involves the secretion of granzyme B and perforin 

through granule exocytosis, with perforin pores allowing granzyme B to enter and mediate 

cleavage and activation of caspase-3 in target cells. [62]. Granzyme and perforin-mediated 

killing is the primary method employed by cytotoxic lymphocytes, with protection against 

cancer lost in the absence of either of these molecules. However, there does appear to be 

a secondary role for the extrinsic pathway [63]. Using live cell imaging and fluorescent 

localization reporters to detect caspase-8 and Granzyme B activity, it was found that NK 

cells first mediated killing through fast-acting granules. While granule content gradually 

decreased over time, this was compensated for by increasing expression of FAS-ligand and a 

transition to slower acting extrinsic apoptosis [64].

Interestingly, the same study noted that while FAS and caspase-8 mediated cell death clearly 

consisted of apoptotic morphology, a fraction of cells killed via granzyme B displayed 

morphological features of the rapid membrane rupture seen in necrotic RCD programs 

[64]. This was likely due to the aforementioned cleavage and activation of GSDMD or 

GSDME by caspase-3 [46,65]. GSDME and GSDMB can also be directly cleaved by 

granzyme B and granzyme A, respectively [66,67]. Whether through primary or secondary 

cleavage by granzymes, this activation of GSDMs is critical for anti-tumor immunity to 

occur in tumors expressing these molecules. Beyond direct cytotoxic activity, expression 

of IFN-γ by CD8+ T cells has been shown to sensitize tumors to ferroptosis [68,69]. This 

occurs through downregulation of subunits of the glutamate-cystine antiporter system xc
− 

(SLC3A2, SLC7A11) and upregulation of acyl-CoA synthetase long chain family member 

4 (ACSL4), both of which promote lipid peroxidation and ferroptosis. Critically, these 

ferroptosis-related genes regulate T cell immunity in murine models and correlate with 

negatively (SLC3A2, SLC7A11) or positively (ACSL4) with patient outcome in response to 

immune checkpoint blockade [68,69]. Taken together, it is evident that non-apoptotic forms 

of cell death are necessary to initiate and sustain anti-tumor immunity, with cytotoxic T 

cell activity having the potential to engage these cell death modalities to promote a virtuous 

cycle. Below we will discuss what is known about the mechanisms by which the various 

forms of non-apoptotic cell death promote an immune response against cancer.
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Cell death and the immune response

Apoptosis is well established as a silent form of cell death, due to the clearance of cell 

corpses prior to loss of membrane stability and the “eat-me” signaling pathways that actively 

suppress inflammation and prevent the adaptive immune system from responding [70,71]. 

This suggests a critical role for secondary necrosis and/or RCD pathways that lead to 

loss of membrane integrity as the modalities integral for the generation of an anti-tumor 

immune response. However, much of the work investigating the mechanisms by which dying 

cells induce an adaptive immune response has been done in the context of chemotherapies 

that induce “immunogenic cell death” or “immunogenic apoptosis”, and it is not clear the 

extent to which this overlaps with other forms of RCD. The same DAMPs released during 

immunogenic apoptosis are found in the debris of cells undergoing necrosis, necroptosis, 

pyroptosis, and ferroptosis (Figure 2), but the kinetics and mechanism of release are poorly 

defined. In some cases it is also unclear the extent to which these DAMPs drive local or 

systemic adaptive immunity remains. For example, immune activation during necroptosis 

was found to depend upon active cytokine production mediated by RIPK3, with viable 

MLKL-deficient cells capable of promoting anti-tumor immunity in the absence of DAMP 

release [59,72].

Immunogenic cell death

For cell death to be immunogenic it must allow for antigen acquisition and presentation 

by cDCs, as well as promote cDC maturation to induce migration to draining lymph nodes 

and expression of the costimulatory molecules and cytokines necessary to promote a T cell 

response. As mentioned, immunogenic apoptosis has been described in detail following 

irradiation or administration of select chemotherapies (e.g. anthracyclines). Because of 

the direct cytotoxic effect of these therapies, cells undergo apoptosis in a manner that 

involves the release of intracellular DAMPs such as ATP and the chromatin-binding 

protein high-mobility group box 1 (HMGB1). Release of ATP and annexin-A1 recruit 

cDCs and progenitor populations through P2Y2- and formyl peptide receptor 1-dependent 

pathways, respectively [73–75]. Recruited cDCs can then recognize the translocation of the 

endoplasmic reticulum (ER) protein calreticulin to the cell surface as an “eat me signal” 

[76,77]. Finally, the maturation of cDCs occurs through various pattern recognition receptors 

(PRRs) binding to DAMPs, with TLR4 recognition of HMGB1 most commonly described 

as critical for therapy induced immunity [78,79].

The molecular pathways that drive immunogenic apoptosis are not known, but two lines of 

evidence converge to suggest a partial explanation for the defining features of the phenotype. 

Namely, that caspase-3 can cleave GSDMD and GSDME in response to chemotherapy 

[42,46] and that cleavage of either GSDMD or GSDME is important for a T cell response 

against solid tumors [66]. Thus, it is possible that immunogenic cell death/apoptosis reflects 

secondary pyroptosis and the release of DAMPs through GSDMD/E pores. At least HMGB1 

release has been described as a consequence of GSDME cleavage by caspase-3 in melanoma 

cells undergoing intrinsic apoptosis [43]. Pyroptosis would also explain the ability of certain 

chemotherapies to induce the release of IL-1β, although this would also depend upon 

constitutive or induced expression of Il1b by the cells. One phenotype not explained by 
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pyroptosis is the need for phosphorylation of eIF2a during an ER stress response and the 

subsequent activation of exocytosis, which exposes intracellular contents such as calreticulin 

prior to loss of plasma membrane integrity [80,81]. While chemotherapies such as paclitaxel 

induce ER stress [82,83], this does not necessarily correlate with their proposed ability to 

induce immunogenic apoptosis [84].

At the same time, other studies have described a distinct mechanism by which cancer cells 

become immunogenic during therapy, in this case through the release of DNA and activation 

of the host cGAS-STING pathway following irradiation [85–87], paclitaxel chemotherapy 

[88], PARP inhibitors [89], the BH-3 mimetic ABT-737 [90], and in models of spontaneous 

tumor regression [91]. In each of these cases, TLR4 signalling through MyD88 was 

dispensable for T cell activity. Interestingly, HMGB1 release is still required for activation 

of STING in cDCs following paclitaxel therapy, as this is necessary for tumor DNA to 

enter host cells [88]. What might explain these discrepancies? Each of these studies utilized 

different tumor models, suggesting the possibility of intrinsic differences between the cell 

lines. For example, TLR3 in tumor cells can drive intrinsic expression of type I interferons 

(IFN-I) following anthracycline chemotherapy, while tumor cells with deficient autophagy 

pathways stimulate their own IFN-I production via cGAS-STING following irradiation [92–

94]. As IFN-I are critical for cDC migration and the development of anti-tumor immunity 

[95], it may be that there are multiple routes to engage the same pathway depending on the 

cancer cell, the tissue, and the type of therapy being examined. Even calreticulin surface 

exposure is dispensable for type I cDCs to acquire tumor antigen, as CLEC9A can bind 

to exposed F-actin on necrotic corpses provided that the inhibitor gelsolin is not present 

[96,97].

Spontaneous necroptosis has not been described to promote anti-tumor immunity in murine 

models. Instead, studies have relied upon genetic systems to induce a clean form of cell 

death. Injecting cells with activated RIPK3, either in a prophylactic vaccine setting or 

directly into tumors, promoted CD8+ T cell responses and reduced tumor growth [59,72]. 

However, no impact on tumor growth was observed upon the injection of cells undergoing 

MLKL-induced necroptosis. Thus, the release of ATP and HMGB1 was insufficient to 

promote a T cell response. Instead, it was found that expression of NF-κB-dependent 

cytokines via the RIPK1/RIPK3 interaction was required, with no role for host PRR 

such as STING or TLRs. However, these results are in direct contrast to the finding that 

expressing MLKL through electroporation into mouse tumors leads to tumor regression, 

as this would not induce cytokine production via RIPK3 [98]. As before, this may reflect 

the use of different tumor models or treatment methods. Regardless, more work is required 

to define the immunogenic potential of necroptosis, including whether it can be induced 

therapeutically through non-genetic means.

The immunogenic properties of ferroptosis are even less understood. Inducing ferroptosis 

in a model of ovarian cancer promotes response to immune checkpoint blockade, and 

production of IFN-γ by CD8+ T cells further increases the sensitivity of tumor cells to 

ferroptosis [68]. However, using ferroptotic cells as a vaccine fails to induce a protective 

immune response against subsequent tumor inoculation. Surprisingly, the presence of 

ferroptotic cells even inhibits the anti-tumor immunity induced by the injection of cells 
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undergoing immunogenic apoptosis, despite the release of ATP and HMGB1 [99]. The 

reason for this is unclear, but could relate to changes in the lipid profile of the tumor cells 

and the ability of certain lipids to regulate myeloid cell function by inducing ER stress 

[100,101].

Immunosuppressive cell death

As with all aspects of immunology, context is key to determining outcome. In addition to 

classical features of apoptosis inducing an immunosuppressive phenotype in macrophages 

(e.g. PGE2, phosphatidylserine), chemotherapy and/or chemotherapy-induced cell death can 

induce the expression of cytokines and chemokines that shape the tumor microenvironment. 

This has been most extensively described for paclitaxel chemotherapy, which induces 

macrophage recruitment in mammary carcinomas and breast tumors [102], likely due to 

increased expression of factors such as colony stimulating factor (CSF)-1 [103]. Beyond 

bulk changes in macrophage infiltration, single cell RNA sequencing of on-treatment 

biopsies has revealed that paclitaxel increases infiltration of immunosuppressive macrophage 

subsets while reducing infiltration of immunostimulatory populations associated with T cell 

function and therapeutic efficacy [104]. The extent to which these observations are due 

to death and cellular debris, as opposed to stress responses in the cells, is not clear. One 

example of the former is the ability of cellular debris from 5-fluorouracil treated cells to 

induce osteopontin expression by live tumor cells and macrophages, resulting in increased 

tumor growth [105]. Similar observations have been made for necrotic cells, with the release 

of the translationally controlled tumor protein (TCTP) inducing NF-κB signaling via TLR2, 

increasing expression of CXCL1 and CXCL2, and recruiting suppressive neutrophils that 

promote tumor growth [106,107].

Very little is known about the potential for other forms of RCD to promote the recruitment 

of macrophages, neutrophils, or other immune populations with suppressive functions. As 

mentioned, ferroptotic cells suppress the efficacy of therapeutic vaccination through an 

unidentified mechanism [99]. High levels of IL-1β in experimental tumor models and body 

fluids of patients often correlated with poor prognosis, carcinogenesis and invasiveness 

[108–110], consistent with the ability of these cytokines to recruit immunosuppressive 

myeloid cells and directly limit the function of cytotoxic lymphocytes [111,112]. However, 

inflammasome activation is not synonymous with pyroptosis, and only one study has 

implicated the release of DAMPs following activation of AIM2 [113]. Specifically, HMGB1 

was found to promote PD-L1 expression in cancer cells via signaling through the receptor 

for advanced glycation endproducts (RAGE), whereas neutralizing IL-1β or IL-18 had no 

impact on animal survival in the KrasG12D model of pancreatic adenocarcinoma.

In the same model of murine pancreatic adenocarcinoma, another group found that RIPK3 

activity promotes neutrophil recruitment via increased CXCL1 expression, as well as 

macrophage infiltration through the release of the histone deacetylase complex subunit 

130, which binds to the C-type lectin receptor Mincle [114]. Loss of RIPK3 reversed 

this immunosuppressive phenotype and restricted tumor growth in a T cell-dependent 

manner [114]. Interestingly, gemcitabine upregulates expression of RIPK1 and RIPK3, 

and gemcitabine-induced cell death is reversed by the use of the MLKL inhibitor 
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necrosulfonamide, suggesting single-agent induced necroptosis in human pancreatic 

adenocarcinomas [114]. As CXCL1 and CXCL2 expression is also observed during 

synthetic activation of RIPK3 [72], it is possible that recruitment of immunosuppressive 

myeloid cells is a general property of necroptosis that could complicate targeting this 

pathway as a therapeutic modality in vivo.

Cell death and tumor progression

Apoptotic cells discharge mitogenic signals to their surrounding cells, orchestrating their 

replacement during normal tissue homeostasis or during wound healing [115–117]. It is 

perhaps not surprising then that these same pathways have been shown to play a role in 

tumors. Wound healing also involves a number of other processes, including cell migration, 

extracellular matrix remodeling, angiogenesis, lymphangiogenesis, and innervation, each of 

which can contribute to tumor progression, growth, and metastasis. This is consistent with 

high rates of spontaneous apoptosis correlating with poor outcome, and that necrotic lesions 

in some tumors are a feature of aggressiveness [118–122]. Here we will discuss the available 

evidence that cell death—whether due to starvation, inflammation, or cytotoxic therapies—

can impact the tumor microenvironment in ways that promote therapeutic resistance.

Survival and proliferation

Numerous mechanisms have been described through which apoptosis promotes 

compensatory proliferation. Several studies demonstrated an important role for 

prostaglandin E2 (PGE2) in promoting therapy-induced proliferation, including following 

irradiation of breast cancer and glioblastoma, and chemoresistance in bladder cancer [123–

125]. In human and murine models of breast cancer, irradiation was found to promote PGE2 

release via active caspase-3, which cleaved phospholipase A2 and increased production of 

arachidonic acid, a precursor of PGE2 [123]. Extracellular vesicles from apoptotic cells 

have also been found to permit intercellular transfer of splicing factors to surviving cells, 

resulting in glioblastoma invasion and therapy resistance [126]. Another study showed 

that tumor cells under apoptotic stress secrete FGF2, thereby increasing expression of 

the pro-survival BCL2 molecule in neighboring cells[127]. Interestingly, the production of 

mitogenic cytokines is not limited to the tumor cells themselves, as dying cancer-associated 

fibroblasts can promote the survival of glioblastomas during irradiation through induced 

IGF-1 production [128].

Caspase-8 activity has even been found to promote tumorigenesis in a model of 

inflammatory hepatocarcinogenesis via the generation of chromosomal aberrations [129]. 

This process is inhibited by necroptosis in apoptotic-resistance hepatocytes, consistent 

with another study describing how p53 mutated “unfit” cells undergo necroptosis and are 

extruded from monolayers of healthy cells in vitro [130]. These studies suggest an important 

role for necroptosis in restraining tumor formation. Whether necroptosis can promote cancer 

cell survival in established tumors has not been reported. However, several studies have 

found that the release of HMGB1 by necrotic cells can induce signalling through TLR4 

and/or RAGE, leading to proliferation through ERK and p38, as well as survival through 

reduced Bax mitochondrial translocation [131,132].
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Angiogenesis and metastasis

Angiogenesis as a consequence of cell death has not been described, but several lines 

of evidence suggest there may be a link. In addition to promoting cell survival, PGE2 

increases angiogenesis through its ability to enhance expression of VEGF-A by neoplastic 

or endothelial cells [133], with a VEGF-A-independent pathway also described [134]. That 

said, deficiency in COX-2 had no impact on tumor growth in immunodeficient mice [135], 

and the pathway may only be important in certain cancer types or during specific forms 

of therapy. Since apoptosis, necrosis, and necroptosis increase myeloid cell invasion, and 

myeloid cells regulate vascular density and structure through VEGF-A production and 

bioavailability [136–138], it is reasonable to infer a causal link here as well. Notably, PGE2 

can increase expression of CXCL1, which in addition to promoting myeloid cell recruitment, 

directly increases endothelial cell migration and tube formation [139]. Similarly, CX3CL1 is 

released from apoptotic cells and acts as a “find-me” signal to macrophages, in addition to 

promoting angiogenesis through its receptor CX3CR1 in multiple malignancies [140–142].

Interestingly, there is direct evidence that cell death can promote lymphangiogenesis. 

Apoptotic cells release sphingosine-1-phosphate, recruiting lipocalin 2-expressing 

macrophages that in turn drive VEGF-C expression, lymphangiogenesis, and increased 

metastasis in a syngeneic model of mammary carcinoma [143,144]. In this same model, the 

cell death associated with postpartum involution was found to promote metastasis through 

MerTK-dependent efferocytosis and macrophage polarization [145]. In addition, cancer cell 

autonomous effects of cell death have been described following doxorubicin treatment, 

with the release of the nucleotide uridine diphosphate signaling through the pyrimidinergic 

receptor P2Y6 to promote invasion and metastasis of the MDA-MB-231 human triple 

negative breast cancer cell line [146]. It should also be noted that extracellular vesicles such 

as exosomes, microvesicles or apoptotic bodies promote metastasis through several distinct 

mechanisms, and the production of these vesicles is substantially increased by chemotherapy 

or irradiation [147].

Beyond cell death promoting escape from the primary tumor via the vasculature or 

lymphatics, two studies have shown that the necroptotic pathways are involved in 

extravasation and the establishment of metastatic lesions in ectopic organs. Specifically, 

loss of RIPK3 in the endothelial compartment reduced the ability of B16 tumor cells to 

transmigrate through the endothelial barrier and form pulmonary foci following intravenous 

injection [148,149]. In one study this was due to tumor cells inducing necroptosis in 

endothelial cells via DR6 and its cognate ligand amyloid precursor protein [148]. In 

the other study this was mediated by a non-canonical role of RIPK3 promoting VEGF-

dependent vascular permeability [149]. Nevertheless, the same phenotype demonstrates that 

RIPK3 in endothelial cells regulates intravasation into the lungs. Cancer cell expression 

of MLKL has also been shown to promote extravasation—but not intravasation—of the 

MVT-1 mammary carcinoma cell line, although the mechanism by which this occurs is 

unknown [150]. Critically, this is not mediated by signalling through RIPK1, but rather 

direct activation of RIPK3 by ZPB1 [151].
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Concluding remarks

Considering the vast amount of cellular content released and the active pre-death 

upregulation of inflammatory signaling (e.g. NF-κB induction during necroptosis) [72], we 

know relatively little about how DAMPs function in tumors [152–154]. This may also reflect 

limitations in our understanding of the factors necessary for cDC maturation, migration, and 

T cell stimulation, especially within an immunosuppressive tumor microenvironment that 

can itself be established by dying cells. Moreover, despite the increased delineation of the 

molecular pathways that underly different cell death cascades, their physiological roles in 

regulating the tumor microenvironment are poorly understood. One challenge is linking a 

specific form of cell death with a particular outcome. Outside of experimental systems using 

‘pure’ forms of cell death, tumor cells undergo different and sometimes overlapping forms 

of death, and inhibiting one form can simply shift the balance towards another, making 

data interpretation challenging and leaving a number of open questions (see outstanding 

questions).

How tumor intrinsic and extrinsic properties regulate the outcome of cell death on the tumor 

microenvironment is also relatively unclear. At an intrinsic level, cancer cells can restrict 

expression of genes necessary for apoptosis, necroptosis and pyroptosis. Similarly, activation 

of the cGAS-STING pathway in tumor cells can have diverse consequences depending 

upon expression of additional regulators [155]. It is not hard to imagine that the mutational 

status of a tumor would regulate the physiological outcome of cell death by establishing 

unique microenvironments [156,157]. For example, mutation of Kras promotes neutrophil 

infiltration, limiting the ability of macrophages to clear apoptotic bodies, thereby leading to 

increased secondary necrosis. At an extrinsic level, dying tumor cells communicate through 

paracrine signaling with neighboring live tumor and non-immune stromal populations. For 

example, during a wound-healing response fibroblasts are pivotal in orchestrating various 

processes including immune cell behavior, survival and retention at wound sites, and similar 

pathways are at play within tumors [158]. The degree and type of fibrosis within tumors, the 

extent to which tumors are vascularized, and the presence of functional lymphatics would 

all be expected to impact how the immune system responds to cell death. How this process 

plays out in response to apoptosis is poorly understood, and even less is known regarding the 

impact of other forms of RCD. This is particularly important given the need to determine the 

best way to combine cytotoxic, targeted, and immune therapies to achieve optimal patient 

outcomes. Recent studies have shown that immune therapies in melanoma work best when 

given before targeted therapeutics, but the best way to combine cytotoxic therapies with 

immune checkpoint blockade remains to be determined.
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Outstanding Questions

• Are secondary cell death pathways important for therapeutic outcome?

• What properties of tumors regulate the type of therapy-induced cell death?

• With overlapping pathways, how can the type of cell death be controlled?

• How do dying cancer cells communicate with neighboring malignant cells?

• How can cytotoxic therapies be rationally combined with immunotherapy?

• Can oncolytic viruses or CAR-T cell therapies be used to engage specific 

death programs?
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Highlights:

• Cancer therapies induce different forms of programmed cell death

• Cell death modalities have differing impacts on anti-tumor immunity

• Aspects of cell death can promote tumor growth and therapy resistance

• Potential to take advantage cell death pathways for cancer therapy
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Box 1:

Regulated Cell Death Signaling Pathways

Intrinsic apoptosis serves as a response to internal stresses such as hypoxia, cell cycle 

checkpoint arrest, metabolic stresses, ER stress, cytokine deprivation, genomic stress 

and oncogenic signaling. Intrinsic apoptosis occurs through tightly controlled release 

of mitochondrial proapoptotic factors by pro- and anti-apoptotic members of the B-cell 

lymphoma-2 (BCL2) family [5]. Outer membrane permeabilization by the pore forming 

molecules BAX and BAK permits the release of cytochrome C and the proapoptotic 

factors Smac and Omi. As a result, caspase-9 mediates downstream activation of 

executioner caspase-3, -6 and -7 upon forming a dimer with the adapter protein apoptotic 

protease-activating factor-1 (APAF1), also termed the “apoptosome complex”. Caspases 

cleave a range of essential substrates including actin and laminin, activate nucleases to 

cleave DNA, and engage in self cleavage to perpetuate an irreversible positive feedback 

loop.

The extrinsic apoptosis pathway is induced by extracellular stimuli activating the death 

receptors (DRs), members of the TNF receptor (TNFR) superfamily such as TNFR1, 

CD95/Fas and TNF-related apoptosis-inducing ligand receptor-1 (TRAIL). The activation 

of certain internal pattern recognition receptors by viral DNA, such as RIG-I-like and 

Toll-like receptors (TLRs), can also trigger extrinsic apoptosis signaling. Stimulation 

of DRs cause procaspase-8 monomers to be recruited to the cytoplasmic region of the 

DR, leading to a complex formation and caspase-8 dimerization. In the best understood 

example, TNFα ligation to TNFR1 triggers the recruitment of receptor-interacting serine/

threonine-protein kinase 1 (RIPK1) and TRADD, leading to binding of TNFR-associated 

factors 2/5 (TRAF2/5) and cellular inhibitor of apoptosis proteins 1 and 2 (cIAP1/2) to 

form “complex I”. In this complex, cIAP1/2 and the linear ubiquitin chain assembly 

complex (LUBAC)-mediated ubiquitylation of RIPK1 and other proteins within the 

complex leads to potent NFκB activation and cell survival. However, when ubiquitylation 

of RIPK1 is compromised, RIPK1 and TRADD are released from TNFR1 to form a 

series of dynamic cytosolic signaling platforms known as complex II, including the 

death-induced signaling complex (DISC) consisting of TRADD, FADD, caspase-8, 

and/or cFLIP. As will be discussed below, this complex is also capable of inducing 

necroptosis.

Necroptosis was originally identified as a backup mechanism for apoptosis under 

conditions of caspase inhibition [6]. As such, a variety of stimuli can promote 

necroptosis, including TNF ligand family members, interferons (IFNs), ligands for TLRs 

that utilize the adapter TRIF (TIR-domain-containing adapter-inducing interferon-β), and 

viral DNA through Z-DNA-Binding Protein 1 (ZBP1). Necroptosis occurs if complex 

II forms in the absence of caspase 8 or the presence of the short cFLIP isoform, 

which causes RIPK1 to interact with RIPK3 via the RHIM domain. Alternatively, 

RHIM domain containing molecules such as ZBP1 can directly interact with RIPK3. 

Phosphorylated RIPK3 recruits and phosphorylates MLKL, which acts as an executioner 

by oligomerizing into a pore complex that disrupts membrane integrity. This induces 
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swelling of intracellular organelles and the release of multiple DAMPs that promote an 

inflammatory response.

Pyroptosis was identified following necrotic cell death in macrophages upon Salmonella 

or shigella infection [6]. Pyroptosis displays specific morphological changes that overlap 

with apoptosis and necroptosis, including chromatin condensation, cellular swelling, and 

plasma membrane rupture. Depending on the initiating stimulus, pyroptosis is mediated 

by activation of one or more caspases, including caspase-1, caspase-3, caspase-4 and 

caspase-5 (as well as caspase-11 in mice), resulting in cleavage and activation of the 

gasdermin (GSDM) superfamily and the formation of pores in the plasma membrane. 

A unique feature of pyroptosis is its association with inflammasome formation and 

canonical caspase-1 activation, cleaving IL1β and IL18 into mature forms for release 

through GSDMD pores even in the absence of full membrane permeabilization.

Ferroptosis was first observed in 2003, with the term itself coined in 2012. Ferroptotic 

cells are characterized by dysmorphic small mitochondria with shrunken cristae 

and condensed or ruptured cell membranes [6]. Ferroptosis can be triggered when 

hydrogen peroxide reacts with free iron atoms in the cytosol, causing lipid peroxidation 

and generation of toxic by-products. Ferroptosis is prevented by the phospholipid 

hydroperoxidase GPX4 and the cofactor glutathione (GSH), and conversely can be 

triggered in a canonical manner by compromising GPX4 activity or GSH deprivation. 

In addition, ferroptosis can be induced non-canonically by treatment of cells with 

hemoglobin, ferrous ammonium sulfate or other factors that cause iron overload. 

Ferroptosis may overlap and/or crosstalk with other cell death pathways, as it has been 

shown that GPX4 inactivation sensitizes to apoptosis, pyroptosis and necroptosis. The 

role of ferroptosis has been mainly defined during pharmacological interventions using 

anticancer drugs or other pathological settings such as tissue injury, but whether it plays 

a role during physiological settings such as development or tissue homeostasis remains to 

be elucidated.
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Figure 1. Overview of cell death modalities.
Active cell death processes are classified into sub forms according to the genes regulating 

each modality. (Panel 1) Caspase-dependent forms of non-lytic programmed cell death 

include intrinsic apoptosis that is initiated by MOMP and subsequent release of cytochrome 

c that can be controlled by BAX/BAK. This triggers the formation of the multiprotein 

complex termed the ‘apoptosome’ and activation of caspase-9, leading to downstream 

activation of executioner caspases-3 and -7. PGE2 and ATP are among the most common 

DAMPs released from apoptotic cells. While ATP is considered as a find-me signal for 

phagocytic cells, PGE2 negatively regulating death induced inflammation, promotes survival 

and angiogenesis and can act on surrounding stroma and the tumor microenvironment. 

(Panel 2) A variety of cell surface receptors, mainly from the TNF receptor superfamily 

such as CD95 or TNFR1, can lead to extrinsic apoptosis signaling via caspase-8 and RIPK1. 

Alternatively, these can lead to the induction of survival signaling via TAK1 mediated 

NF-kB activation driving survival gene expression. (Panel 3) Under apoptosis compromised 

conditions, such as depletion or pharmacological inhibition of caspase-8 and the IAPs, 

activation of RIPK1 can lead to necroptosis via RIPK3 and MLKL. The DAMPs described 

for necroptosis are HMGB1, ATP, Histones, HSP, exRNA, cfDNA, IL1α, IL33, and IL6. 

These generally have pro-inflammatory features; however, dose and context are critical in 

determining outcome. For example, IL-6 can promote and inhibit anti-tumor immunity. 

(Panel 4) Pyroptosis is induced through different cell surface receptors including TLRs, 

IL1R, and TNFR1. Essential for the execution of pyroptosis is the cleavage of GSDMs, 

leading to pore-formation, release of mature IL-1β, and the leakage of cellular content. 

This can be triggered by inflammasome activation and caspase-1, activated caspase-8 and 

caspase-3, or via granzymes from cytotoxic lymphocytes. Among the DAMPs release during 

pyroptosis (IL1β, HMGB1, HSP, cfDNA), IL1β is the strongest inducer of inflammation. 
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(Panel 5) Ferroptosis occurs as a consequence of iron overload and accumulation of 

peroxidized lipids, caused either by GPX4 inhibition or glutathione deprivation. The few 

DAMPs described during ferroptotic cells have all been found to have pro-inflammatory 

functions. Figure created with BioRender.

Figure 1 Abbreviations:

BCL2 B-Cell Lymphoma 2

BAX BCL2 Associated X

BAK BCL2 Antagonist/Killer 1

XIAP X-Linked Inhibitor Of Apoptosis

SMAC Second Mitochondria-Derived Activator Of Caspase

ARTS Apoptosis-Related Protein In The TGF-Beta Signaling

PUMA P53-Upregulated Modulator Of Apoptosis

p53 Tumor protein P53

PGE2 Prostaglandin E2

ATP adenosine 5′-triphosphate

TNFR1 TNF receptor superfamily member 1A

FADD Fas associated via death domain

TRADD TNFRSF1A Associated Via Death Domain

TRAF2/5 TNF Receptor Associated Factor 2/5

RIPK1 Receptor Interacting Serine/Threonine Kinase 1

cIAP1/2 Cellular Inhibitor Of Apoptosis 1/2

cFLIP CASP8 And FADD Like Apoptosis Regulator

ZBP1 Z-DNA Binding Protein 1

RIPK3 Receptor Interacting Serine/Threonine Kinase 3

MLKL Mixed Lineage Kinase Domain Like Pseudokinase

HMGB1 High Mobility Group Box 1

HSP heat shock proteins

exRNA extracellular RNA

cfDNA cell-free DNA

IL1a Interleukine 1 alpha

IL33 Interleukin-33

IL6 Interleukin-6

TLR Toll-like receptor

MHC-I Major histocompatibility complex 1

TCR T cell receptor

PAMP Pattern associated molecular patterns

DAMP Danger associated molecular patterns

LPS Lipopolysaccharides

GSDMD/E/C/B Gasdermin D/E/C/B

NF-kB Nuclear factor kappa B

IL1b Interleukine 1 beta

ROS Reactive oxigen species

GSH Glutathione synthetase

GPX4 Glutathione Peroxidase 4

PUFA Polyunsaturated fatty acids
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ACSL4 acyl-CoA synthetase long chain family member 4

LPCAT3 Lysophosphatidylcholine acyltransferase 3

CoA Coenzyme A

PL Phospholipid
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Figure 2. Cell death and release of immune regulatory factors.
The form of cell death determines the type of DAMPs, cytokines, or other factors released 

by cells. Depending on the cell death modality and the DAMPs released, this can have 

either immunostimulatory or immunosuppressive effects on the tumor microenvironment. 

Apoptotic death is often considered to be immunologically silent despite the release of ATP 

and other DAMPs, due to the balance with immunosuppressive factors such as OPN and 

PGE2, as well a consequence of macrophage efferocytosis. In contrast, the immunogenic 

potential and antitumor features of immunogenic apoptosis is attributed to the combined 

release of HMGB1, mtDNA, exRNA, and histones, along with calreticulin exposure on the 

cell surface. Necrotic-like forms of lytic death generally include the release of intracellular 

DAMPs, including ATP, TCTP, SAP130, Histones, HMGB1, mtDNA, cfDNA, and exRNA. 

However, different forms of cell necrotic death are not necessarily equivalent and the form, 

type, and quantity of DAMPs may vary. Just as importantly, different forms of cell death 
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can promote the release of unique cytokines with immune regulatory function. Beyond the 

connection of IL-1β with pyroptosis, necroptosis has been shown to induce CXCL1 and 

CXCL2 expression, major chemokines involved in the recruitment of neutrophils. These 

factors could promote or inhibit anti-tumor immunity in a context-specific manner. Figure 

created with BioRender.

Figure 2 Abbreviation list:

ATP Adenosine 5′-triphosphate

cfDNA Cell free DNA

OPN Osteopontin

PGE2 Prostaglandin E2

CXCL5 C-X-C motif chemokine ligand 5

mtDNA Mitochondrial DNA

exRNA Extracellular RNA

TCTP Translationally-Controlled Tumor Protein

SAP130 Sin3A Associated Protein 130

CXCL1/2 C-X-C motif chemokine ligand 1/2

IL1α Interleukine-1 alpha

IL1β Interleukine-1 beta
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