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SUMMARY

“Evasion of cell death” is a hallmark of cancer, enabling transformed cells to withstand oncogenic and ther-
apeutic stress. Restoring cancer cell death is an appealing strategy but requires a deep understanding of cell
death programs. Over the past two decades, the cell death field has expanded from apoptosis to include nec-
roptosis, pyroptosis, ferroptosis, and other emerging programs, reshaping cancer biology and revealing
therapeutic opportunities. While apoptosis remains the primary radiation- and chemotherapy-induced cell
death program, non-apoptotic programs can drive inflammatory responses and orchestrate the interplay
among tumor, stroma, and immune components, influencing immunotherapy outcomes. Ferroptosis, an
iron-dependent, lipid peroxidation-driven cell death modality, lacks a canonical induction signal and arises
from perturbations in lipid, iron, and redox metabolism. This review presents a unified framework for under-
standing the roles of major cell death programs in cancer development, progression, and treatment
response, as well as addressing resistance to cancer cell death and immune suppression.

“Our bodies are made of cells that live, and just as surely, of cells that must die.” -S. Brenner

INTRODUCTION

Brenner’s quote captures a tantalizing view of biology, in that life
and death seem to be inseparably intertwined. Since the emer-
gence of the earliest multicellular organisms, cellular demise
has occurred either as a passive “accident” or, as is more
amenable to therapeutic intervention, through a genetically en-
coded, orchestrated, and regulated process, which is key to
sculpting tissues, preserving homeostasis, or defending the
host against cancer and infectious agents.'™ As the German
pathologist Rudolf Virchow famously argued in the 19" century,
pathology is fundamentally cellular (“omnis cellula e cellula”),

with disease arising from changes in cells that cause imbalances
between proliferation and death.” Later, Elie Metchnikoff empha-
sized that phagocytic clearance is as critical as the act of dying
itself, embedding cell death within a broader homeostatic cycle.”

These foundational insights from the 19" century echo more
contemporary oncological concepts. In 2000, Hanahan and
Weinberg introduced “evasion of apoptosis” as one of the orig-
inal “hallmarks of cancer,”®® later expanding its scope to
“evasion of cell death” at large. Over the past quarter-century,
advances in cell death biology have unveiled a diverse range of
regulated cell death (RCD) modalities. It is now clear that
apoptosis alone cannot account for the full complexity of cell
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death in tumor progression, therapy response, or resistance.
More recently discovered cell death processes, such as necrop-
tosis, pyroptosis, or ferroptosis, have begun to reshape the orig-
inal view of apoptosis as the sole targetable cell death modality,
revealing a rich trove of potentially first-in-class therapeutics'*'"
(Box 1).

Necroptosis and pyroptosis represent lytic, inflammatory
forms of RCD, coupling cellular demise with the release of cyto-
kines and damage-associated molecular patterns (DAMPs) that
influence antigen (including tumor antigen) availability, dendritic
cell (DC) activation, and responsiveness to immune checkpoint
blockade (ICB).?*~?® By contrast, ferroptosis is a mechanistically
distinct process: an iron-dependent cell death driven by phos-
pholipid peroxidation that is actively repressed under physiolog-
ical conditions and lacks a classical genetically encoded
trigger.>®°° Its deregulation intersects with other cancer hall-
marks, including metabolic plasticity, oxidative stress adapta-
tion, and immune evasion, with apoptosis-refractory malignant
cells and drug-tolerant persister (DTP) cells often being vulner-
able to this process.®'™*

The failure of stressed cells (e.g., those experiencing onco-
gene activation) to die can contribute to tumorigenesis as does
unchecked cell proliferation. Cells undergoing transformation
and fully malignant cells routinely (and forcibly) circumvent
RCD programs to withstand oncogene-driven stress or ther-
apy-induced injury, respectively, but also to reshape their inter-
actions with the tumor microenvironment (TME). A deep mecha-
nistic understanding of the different cell death events in cancer
holds the opportunity for novel, efficacious therapeutic con-
cepts, as blueprinted by the success of targeting apoptotic cell
death. For decades, apoptosis was considered the only RCD
pathway, with intrinsic (mitochondrial, BAX/BAK-mediated) and
extrinsic (death receptor-initiated) cascades forming the molec-
ular backbone for the removal of cells during development and in
tissue homeostasis after birth, as well as therapy-induced tumor
control. Landmark discoveries, including the identification of
BCL-2 as an oncogene that blocks apoptosis and promotes lym-
phomagenesis,***° firmly established that defective apoptosis
drives tumorigenesis and therapy resistance. These insights ulti-
mately led to translation into clinical practice through the devel-
opment of BH3 mimetics, in particular the BCL-2 inhibitor vene-
toclax, which has shown remarkable outcomes in treating
chronic lymphocytic leukemia (CLL) and acute myeloid leukemia
(AML).25" However, emerging discoveries underscore that “cell
death” is not only mediated by a single pathway but also by a
network of interwoven programs whose modulation influences
a panoply of aspects ranging from tumor initiation, progression,
immune surveillance, and therapy response.

In this commemorative review, we integrate classical and
emerging perspectives on apoptosis, necroptosis, pyroptosis,
and ferroptosis in cancer. We discuss their molecular regulation,
their crosstalk with other hallmarks of cancer, and their thera-
peutic implications within a systems oncology framework. The
processes of cell death in cancer encompass both cell-autono-
mous mechanisms that directly promote the elimination of
nascent neoplastic cells as well as intercellular interactions
that modulate the TME. Notably, the induction of immunogenic
cell death (ICD) plays a critical role in curtailing immunological
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tolerance, thereby enhancing anti-tumor immunity.*® Yet, thera-
peutic strategies designed to intensify cancer cell kiling may
also compromise immune cell viability and function, potentially
undermining immune-mediated cancer control.®® Moreover,
enhanced immunogenicity and its associated inflammation
may, under certain conditions, create a tumor-prone environ-
ment.>® These dualities underscore the importance of devel-
oping approaches that selectively target cancer cells while pre-
serving, or even enhancing, immune competence, thereby
preventing tumorigenesis. Ultimately, we argue that broadening
our conceptual horizon to fully embrace the full spectrum of RCD
processes will deepen our understanding of tumor biology, and
thereby help guide the development of a new, powerful thera-
peutic arsenal against malignant disease.

APOPTOSIS

Evasion of apoptotic cell death, for example, due to the overex-
pression of BCL-2 or its anti-apoptotic relatives (e.g., BCL-XL or
MCL-1) was listed as one of the original hallmarks of cancer along-
side unlimited (sustained) cell proliferation and metastasis.®™
Since then, several additional hallmarks of cancer, including de-
regulated metabolism, immune evasion, and tumor-promoting
inflammation, have been recognized.? It is important to note that
the proteins encoded by some oncogenes or tumor suppressors
impact not only one but several hallmarks of cancer. Pertinent to
RCD, overexpression of the transcription factor MYC causes
abnormal cell proliferation but at the expense of increasing the
propensity of these cells to undergo apoptosis.“® Moreover, the
tumor suppressor p53 can drive apoptosis, cell cycle arrest/
senescence, coordination of DNA damage repair, and other
cellular responses through the transcriptional regulation of ~500
direct and many more indirect target genes (reviewed in Kasten-
huber and Lowe""). Thus, the hallmarks of cancer are not isolated
from each other but interconnected with several of them impacted
by the same oncogenic driver or tumor suppressor (Figure 1).

The link between cell death and cancer was based on discov-
eries that inhibiting apoptosis, originally achieved by overexpress-
ing BCL-2, can promote the development of lymphoma®**® and
render both normal and malignant cells resistant to the cytotoxic
effects of diverse anti-cancer agents.** Given the identification
of several additional cell death programs and the recognition
that their regulation is interconnected at multiple levels (see
Box 2 and the review in Bedoui et al.*®), it is timely to consider
the role of cell death overall, rather than focusing solely on
apoptosis, in the development, progression, and response to ther-
apy in cancer.

Apoptosis is the first form of programmed cell death identified.
In normal physiology, apoptosis plays a critical role in the removal
of damaged cells or those that are no longer needed during em-
bryonic development and in tissue homeostasis after birth.””"®
Morphologically, apoptosis is characterized by cellular shrinkage,
chromatin condensation, membrane blebbing, and the efficient
removal of dying cells by efferocytosis.”® Biochemically, it is char-
acterized by internucleosomal DNA fragmentation.?° The pro-
grammed removal of unwanted cells by apoptosis in vivo usually
does not trigger inflammation due to the rapid removal of dying
cells by phagocytes, a process called efferocytosis (reviewed in
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Box 1. Cell-type-specific and emerging cell death modalities

Beyond these relatively linear pathways, cell death may also arise from the disruption of essential cellular processes, a phenomenon often referred
to as “cellular sabotage.” Such perturbations activate integrated stress responses (ISRs) and can lead to distinct cell death modalities. ' Processes
including lipid and energy metabolism, redox balance, iron and copper homeostasis, autophagy, and DNA repair are interconnected within complex
metabolic networks (Box 2). When these networks are disturbed, the outcome of an ISR may range from adaptive repair with ensuing cell survival to
catastrophic failure and cell death. These responses are not uniform across a cell population; instead, they produce heterogeneous outcomes, with
some cells successfully adapting while others succumb.

Specific metabolic disruptions give rise to unique forms of RCD. Interference with redox, lipid, and iron metabolism can lead to ferroptosis, oxy-
tosis, and oxeiptosis. Mitochondrial copper imbalance triggers cuproptosis, while disruption of cysteine metabolism leads to disulfidptosis. Alter-
ations in pH homeostasis cause alkaliptosis, DNA repair failure activates poly(ADP-ribose) polymerase-1 (PARP1)-mediated parthanatos, and lyso-
somal zinc dysregulation induces lysozincrosis. These modalities reflect metabolic imbalances and the inability to repair damage following cellular
insults and ISR activation. Cancer cells, which rely heavily on metabolic plasticity, can be more vulnerable to such sabotage than normal healthy
cells. Exploiting these metabolic vulnerabilities offers promising strategies to eliminate tumor cells that resist the traditional forms of RCD.

“Cuproptosis” is a form of metabolic cell death triggered by intracellular copper accumulation.’® Mechanistically distinct from apoptosis, nec-
roptosis, and ferroptosis, cuproptosis involves the direct binding of copper to lipoylated components of the tricarboxylic acid (TCA) cycle, resulting
in protein aggregation, loss of iron-sulfur cluster containing proteins, and ultimately proteotoxic stress. Physiologically, cuproptosis links mitochon-
drial metabolism with redox homeostasis, although its role in development remains unclear. It may serve as a metabolic safeguard by eliminating
hyperactive or metabolically stressed cells. While not directly implicated in genome integrity yet, its dependence on mitochondrial respiration sug-
gests a surveillance mechanism in metabolically vulnerable cells. In cancer, cells with high TCA cycle activity (e.g., certain subsets of lung cancer)
may be particularly sensitive to cuproptosis. Therapeutically, copper ionophores (e.g., elesclomol) are under investigation to exploit this vulnera-
bility. Although TP53 does not directly regulate cuproptosis, TP53-driven metabolic shifts might indirectly affect susceptibility. RT can promote cu-
proptosis by increasing intracellular copper accumulation and combining RT with cuproptosis inducers overcomes tumor radioresistance, while
sparing normal cells."* These findings position cuproptosis as a compelling therapeutic target to enhance the efficacy of RT in resistant cancers.

“NETosis,” or cell death associated with neutrophil extracellular trap (NET) formation, is a specialized form of programmed cell death unique to
neutrophils. It is characterized by chromatin decondensation and the extrusion of web-like structures composed of DNA, histones, and granule
proteins.'® Originally identified as an anti-microbial host defense mechanism, NETosis plays a crucial role in trapping and neutralizing pathogens
during acute infection or inflammation. Beyond this, NETosis has gained increasing attention in cancer biology.'® Excessive or dysregulated NET
formation was reported to contribute to a pro-thrombotic and pro-metastatic TME."” NETs can facilitate the adhesion of circulating tumor cells,
promote endothelial disruption, and support the formation of pre-metastatic niches.'® Accordingly, elevated NET activity is frequently observed
in patients with advanced malignancies, and this has been linked to poor prognosis and therapy resistance. Therapeutically targeting NETosis
is being explored to mitigate cancer-associated thrombosis and limit metastatic spread.'® Strategies under investigation include DNase-based
degradation of extracellular traps and inhibitors of NETosis that block upstream neutrophil activation.'® These approaches may offer novel adjuncts
to immunotherapy and chemotherapy, particularly in tumors with prominent inflammatory or thrombotic components.

“Disulfidptosis” is a metabolic cell death modality that is triggered by the accumulation of abnormal disulfide bonds under conditions of glucose
starvation.'® Mechanistically, it is driven by excessive disulfide stress in actin cytoskeletal proteins, resulting in the collapse of the actin network and
catastrophic loss of cell integrity. Although its discovery has garnered considerable interest, evidence connecting disulfidptosis to cancer remains
scarce. Given that many tumors frequently encounter fluctuating nutrient and redox stress and often rely on altered cystine/cysteine metabolism, it
is conceivable that disulfidptosis may be selectively activated in malignancies with high cystine uptake or defective redox buffering.'® At present,
however, no direct functional link between disulfidptosis and tumor initiation, progression, or sensitivity to therapy has been established. Its rele-
vance to cancer biology, therefore, remains an open question.

“Alkaliptosis” is a form of metabolic cell death characterized by intracellular alkalinization, typically mediated by aberrant activation of the Na*/H*
exchanger 1 (NHE1), which disrupts cellular pH homeostasis.”® Alkaliptosis does not involve caspase activation or lipid peroxidation. Instead, it
results from sustained increases in intracellular pH that destabilize essential metabolic and signaling processes.”’ Its relevance to cancer is still
being defined. Preclinical studies indicate that certain tumors may be sensitized to alkaliptosis through pharmacological agents or stress conditions
that perturb pH regulation. However, definitive roles in tumor initiation, progression, or therapeutic response remain to be established. Given that
dysregulated metabolism and altered pH gradients are hallmarks of many cancers, alkaliptosis could represent a context-specific vulnerability.
However, its mechanistic and translational significance in oncology remains unclear.

“Oxeiptosis” is a non-inflammatory, caspase-independent form of metabolic cell death triggered by high levels of ROS. KEAP1 orchestrates a
PGAMS5-AIFM1 signaling pathway in which KEAP1 senses oxidative stress and triggers the release of apoptosis-inducing factor (AIFM1) from mito-
chondria, leading to chromatin condensation and cell death without eliciting a strong inflammatory response.?” While oxidative stress is a central
feature of cancer biology, the evidence for a role of oxeiptosis in tumor initiation, progression, or therapy response remains limited. Its proposed role
is more to prevent excessive inflammation or tissue damage under oxidative stress than to act as a tumor-suppressive mechanism. Nonetheless,
given that cancer cells depend on redox adaptations for survival and therapy resistance, oxeiptosis may intersect with oncogenic ROS metabolism,
thereby potentially influencing tumor immune system interactions or responses to ROS-inducing therapies. However, the role of oxeiptosis in can-
cer remains speculative and warrants further investigation.

“Parthanatos” is a distinct form of metabolic cell death triggered by the overactivation of PARP1 in response to severe DNA damage and oxida-
tive stress.”® Excessive PARP1 activity causes massive poly(ADP-ribose) (PAR) accumulation, NAD'/ATP depletion, and translocation of AIFM1
from mitochondria into the nucleus, where it induces large-scale DNA fragmentation.?® Unlike apoptosis, parthanatos is caspase-independent
but closely associated with genomic instability. In cancer, PARP1 is frequently upregulated, contributing to both enhanced DNA repair capacity
and therapy resistance.”* The induction of parthanatos has been implicated as a mechanism of action for certain chemotherapeutics and ionizing
radiation, particularly under conditions of overwhelming DNA damage. Moreover, pharmacological PARP inhibitors, designed initially to exploit

(Continued on next page)
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synthetic lethality in BRCA-deficient tumors, may also modulate parthanatos depending on dose and context.2° Thus, parthanatos appears to play
a paradoxical role in oncology. While it can serve as a tumor-suppressive mechanism when activated in cells undergoing neoplastic transformation,
chronic or misregulated activation of parthanatos may promote mutagenesis and tumor progression. Its therapeutic exploitation remains an
emerging area, particularly in the context of regimens that induce DNA damage and PARP-inhibitor-based strategies.

Nagata®'). However, when cells undergo apoptosis in vitro in the
absence of phagocytes, they undergo a process called “second-
ary necrosis,”’® which leads to the release of inflammatory medi-
ators from the dying cells (reviewed in Newton et al.’®). This can
occur within an organism when a large number of cells die by
apoptosis in a short period, overwhelming the capacity of the ex-
isting phagocytes. This pro-inflammatory secondary necrosis is
thought to contribute to tumor lysis syndrome, which can be fatal
in patients.®%%® To identify targets for intervention in this complica-
tion during cancer therapy, it will be fascinating to explore whether
RCD forms in addition to apoptosis can also contribute to tumor
lysis syndrome. For instance, a point of debate concerns whether
caspase-3-activated gasdermin E (GSDME) contributes to sec-
ondary necrosis, which occurs when apoptotic cells are not
cleared by efferocytosis,®* or instead drives a transition to pyrop-
tosis without typical apoptotic morphology. Some studies have
reported delayed apoptosis associated with secondary necrosis
upon GSDME loss,®® whereas others found no such effect.®®
Apoptosis is executed through two distinct but ultimately
converging pathways®’: the death receptor-mediated (extrinsic)
and the BAX/BAK-mediated, mitochondrial (intrinsic) cascades.
The intrinsic apoptotic pathway is regulated by the BCL-2 pro-
tein family, characterized by the presence of one to four BCL-2
homology (BH) domains. The BCL-2 protein family comprises
three subgroups: the anti-apoptotic members (BCL-2, BCL-XL,
MCL-1, BCL-W, and A1/BFL1), the pro-apoptotic BH3-only pro-
teins (e.g., BIM, PUMA, and BID), and the multi-BH domain ef-
fectors of apoptosis, BAX, BAK, (and BOK). BAX and BAK
have largely overlapping functions in mediating mitochondrial
outer membrane permeabilization (MOMP) (reviewed in Newton
etal.’” and Green and Reed®®). In surviving cells, the activation of
BAX and BAK is restrained by the anti-apoptotic BCL-2 proteins.
Apoptosis is initiated when developmental cues, deprivation of
growth factors or nutrients, or treatment with cytotoxic agents
(e.g., anti-cancer drugs) increase the levels of pro-apoptotic
BH3-only proteins mediated by transcriptional and/or post-tran-
scriptional processes. The BH3-only proteins bind with very high
affinity to the anti-apoptotic BCL-2 proteins, thereby liberating
BAX and BAK from their restraint, allowing them to form dimers
and multimers of dimers to cause MOMP. It has also been re-
ported that certain BH3-only proteins can directly activate BAX
and BAK (reviewed in Singh et al.?®), but other studies using
cell lines in which all BH3-only proteins have been removed
showed that this “direct activation” is not required for
apoptosis.®® BAX/BAK-mediated MOMP causes the release of
apoptogenic factors, including cytochrome c¢ and SMAC/
DIABLO, from the mitochondria into the cytoplasm.”' This
causes APAF-1-assisted auto-proteolytic activation of the initi-
ator caspase-9, which then proteolytically activates the effector
caspases-3, -7, (and -6) that cleave hundreds of cellular proteins,

thereby orchestrating the ordered demolition of the dying cell (re-
viewed in Newton et al.'® and Nagata®') (Figure 1).

Death receptor-induced apoptosis is initiated by the stimulation
of so-called death receptors (FAS, TNFR1, and TRAILR1/2) by
their cognate ligands (FASL, tumor necrosis factor [TNF], and
TRAIL) (reviewed in Newton et al.'%). This allows the intracellular
death domains of these receptors to bind through homotypic in-
teractions with death-domain-containing adapters (FADD and
TRADD). This triggers homotypic death effector domain-mediated
recruitment and proximity-induced auto-proteolytic activation of
caspase-8 (in primates, also caspase-10) within a so-called
“death-inducing signaling complex” (DISC).%>°* This process is
regulated by FLIP long and short proteins, which are structurally
related to caspase-8 ( and -10) but lack proteolytic activity. The
initiator caspases-8 (and -10) proteolytically activate effector cas-
pases (-3, -7, and [-6]). In so-called type 1 cells, mostly lymphoid
ones, this direct pathway is sufficient for death receptor-induced
apoptosis. In contrast, in type 2 cells (hepatocytes, epithelial cells,
and fibroblasts), caspase-8 mediated the proteolytic activation of
the pro-apoptotic BH3-only protein BID (forming tBID), thereby
engaging an intrinsic apoptosis pathway amplification loop, which
is needed for effective killing.*>°"

Extensive MOMP, rather than activation of the caspases, con-
stitutes the “point of no return” in apoptotic cell death signaling.®®
Accordingly, only the overexpression of anti-apoptotic BCL-2
proteins®® or the absence of pro-apoptotic BCL-2 family mem-
bers, such as BIM or PUMA,**"'%" accelerates c-MYC-overex-
pression-induced lymphoma development, whereas the absence
of the initiator caspase, caspase-9, or its activator APAF-1,
downstream of MOMP fails to do so.'%? Similarly, the overexpres-
sion of BCL-2** or its anti-apoptotic relatives, as well as the
absence of pro-apoptotic BH3-only proteins, particularly BIM
and PUMA'%%1% or BAX and BAK,”” but not the absence of
caspase-9 or APAF-1,%% renders lymphoma cells, as well as
non-transformed lymphoid cells, resistant to a broad range of
anti-cancer agents. PUMA plays a critical role in the killing of cells
by DNA damage-inducing anti-cancer drugs (e.g., etoposide or
cyclophosphamide).'® BIM contributes to this process and is
also required for the induction of apoptosis by glucocorticoids '
or the efficacy of inhibitors of oncogenic kinases, such as the
BCR-ABL inhibitor imatinib.'®> Of note, some hematological ma-
lignancies depend on a single anti-apoptotic BCL-2 protein for
survival, such as MCL-1 or BCL-2 in AML'® and MCL-1 in c-
MYC-driven B cell lymphoma.'®” These discoveries prompted
the development of BH3 mimetic drugs inhibiting select anti-
apoptotic BCL-2 proteins to induce apoptosis in malignant
cells.%%1%° The BCL-2-specific inhibitor venetoclax is effective
and widely approved for the treatment of CLL,*® and AML,*’
the first of hopefully many clinically translated successes of cell
death research yet to come.
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Figure 1. Extrinsic and intrinsic apoptotic pathways, and interaction with cGAS/STING pathways leading to apoptosis and necroptosis
Chemotherapeutics, RT, growth factor withdrawal, and general cellular stress conditions can activate both the extrinsic and intrinsic apoptosis pathways. (1)
Binding of FASL or TRAIL to their respective death receptors (FAS, TRAILR1, or TRAILR2) initiates the formation of a DISC. In “type I” cells, the direct activation of
caspase-3 and caspase-7 by caspase-8 is sufficient to induce apoptosis and does not require mitochondrial involvement through the intrinsic pathway. In
contrast, “type II” cells require engagement of the mitochondrial pathway, initiated through caspase-8-mediated cleavage of BID into tBID, to undergo apoptosis.
DISC formation is negatively regulated by cFLIP, (cytoplasmic FLICE-like inhibitory protein long isoform, a caspase-8-like protein lacking protease activity) and
cFLIPs (a protein consisting only of death effector domains). (1) Chemotherapeutics, RT, and “cellular stress” conditions can lead to the activation of p53, which
induces gene products involved in the engagement of extrinsic and intrinsic apoptosis pathways. (2) In some cell types, caspase-3 and caspase-7 can also
proteolytically activate GSDME, resulting in “secondary necrosis,” which some authors classify as pyroptosis when this cell death modality is defined strictly by
gasdermin activation. (3) The intrinsic apoptosis pathway is regulated by the balance between pro-apoptotic BH3-only BCL-2 family members (PUMA, BIM, BID,
NOXA, BIK, BAD, and HRK), pro-survival anti-apoptotic BCL-2 family members (BCL-2, BCL-XL, MCL-1, A1/BFL-1, and BCL-W), and pro-apoptotic pore-
forming BCL-2 family members (BAX, BAK, and BOK). BH3-only proteins bind and neutralize anti-apoptotic BCL-2 proteins, and some can also directly activate
the pore-forming proteins BAX and BAK. (4) Once activated, BAX and BAK induce MOMP, allowing the release of cytochrome c. This promotes the formation of
the apoptosome (cyto c/APAF-1/caspase-9), which subsequently activates caspase-3 and -7. Caspase-3/-7 activity results in apoptotic features like inter-
nucleosomal DNA fragmentation, phosphatidylserine exposure, and membrane blebbing, preparing the cell for efferocytosis. (5) Additional apoptogenic factors
released during MOMP include SMAC/DIABLO and OMI/HtrA2. These proteins inactivate XIAP, an inhibitor of activated caspase-3, -7, and -9, thereby amplifying
the apoptotic cascade. (6) Sustained activation (“firing”) of BAX and BAK can induce megapore formation, causing herniation of the inner mitochondrial
membrane (IMM) and leading to MIMP. This results in the release of mtDNA, which is sensed by the cGAS/STING nucleic acid receptor system. cGAS/STING
signaling is normally restrained by inactivating cleavage mediated by caspase-3 and caspase-7. (7) cGAMP generated by DNA-bound cGAS activates STING.
Activated STING recruits and activates TANK-binding kinase 1 (TBK1), which phosphorylates STING in a positive feedback loop. TBK1 also phosphorylates and
activates IRF3 and recruits RIPK1, leading to activation of MAPK and NF-kB pathways and subsequent induction of type | IFNs, ISGs, and various pro-in-
flammatory and pro-survival genes. (8) One IRF3-regulated gene is ZBP1, a sensor for stress-induced Z-RNA, Z-DNA, and mtDNA. ZBP1 is one of four
RHIM-domain-containing proteins (ZBP1, RIPK1, RIPK3, and TRIF) that recruit and activate RIPK3 through homotypic RHIM interactions, resulting in MLKL
phosphorylation and necroptosis (see B for more details). RIPK1 functions differently in mice and humans with respect to ZBP1: in human cells, RIPK1 kinase
activity is required for ZBP1-mediated necroptosis, whereas in mice RIPK1 acts as an inhibitory scaffold that competes with ZBP1 for RIPK3 recruitment and
activation. (9) ZBP1 can also initiate RIPK1 scaffold-dependent apoptosis. Activated caspase-3 and -7 further restrain cGAS/STING signaling via proteolytic
cleavage. (10) Secondary necrosis/pyroptosis and necroptosis both cause cellular swelling (oncosis), which results in the activation of NINJ1 or SIGLEC12,
respectively, leading to plasma membrane rupture (PMR).

Considerations and open questions targeting apoptosis
in cancer cells

Although it has been known for 35 years that inhibiting apoptosis
can promote tumorigenesis and render malignant cells resistant
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to anti-cancer agents, several well-established facts from this
research are not being widely debated, and many critical gaps
in our knowledge remain: (1) preventing apoptosis is, on its
own, not potently oncogenic. Only about 5% of transgenic
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Box 2. Interconnectivity of cell death modalities and immunogenic cell death

As noted above, cancer cells frequently acquire resistance to specific cell death pathways through mechanisms, such as overexpression of anti-
apoptotic BCL-2 proteins,*® activation of anti-ferroptotic adaptive stress responses,**“° or silencing of pro-apoptotic*” and pro-necroptotic fac-
tors.® Advances in sequencing technologies, including tumor profiling and analysis of circulating tumor DNA within extracellular vesicles,*®*° offer
new opportunities for improved prognosis and precision medicine. These approaches may enable treatment strategies that either sequentially target
more than one cell death modality or exploit targeting alternative cell death-unrelated processes as resistance emerges. In parallel, innovations in
nanotechnology-based drug delivery promise enhanced tumor-specific targeting, minimized systemic toxicity, and improved dosing regimens, ul-
timately improving therapeutic outcomes®’ (Figures 3 and 4).

Cancer cells evolve within a TME composed of innate and adaptive immune cells, as well as non-immune cell types, such as fibroblasts and endo-
thelial cells.®" Infiltrating myeloid cells, including monocytes, macrophages, DCs, and neutrophils, can adopt either immunostimulatory or immuno-
suppressive roles depending on the signals they receive."” Through these functions, these cell populations shape adaptive immune responses and
influence the efficacy of cancer therapies, particularly ICB. Central to the interplay between cell death and cancer therapy is the concept of ICD.*? In
cancer, ICD typically arises from therapy-induced stress in malignant cells, which triggers a mixture of cell death modalities due to ISRs following
incomplete adaptation.>® Therapy-induced ICD within the TME is governed by three interconnected features: adjuvanticity, antigenicity, and the pro-
inflammatory context. This triforce interaction determines whether dying cancer cells can effectively stimulate an anti-cancer immune response.
Adjuvanticity refers to the release of DAMPs, chemokines, IFNs, and cytokines by stressed or dying cancer cells, which serve as alarm signals
that activate innate immunity. Antigenicity involves the efficient presentation of TAAs by antigen-presenting cells (APCs), such as DCs, enabling
the priming of tumor antigen-specific T cells. The pro-inflammatory context of the TME is determined by the balance of pro-inflammatory (e.g.,
TNF, IL-1B, IFN-y, type 1 IFNs, and chemokines) or suppressive cytokines (e.g., IL-10 and transforming growth factor p [TGF-p]) following exposure
to stressed and dying cells in the TME. Different cell death modalities vary in their capacity to elicit this triforce response.”*°°

In the TME, the immunological outcome of cell death can be tolerogenic, inflammatory, or immunogenic. Tolerogenic cell death occurs when an-
tigen-specific responses are suppressed despite DAMP release, such as TNF, cytokines, chemokines, and IFNs. This often involves the massive
release of immunosuppressive mediators, such as TGF-p and prostaglandins, by cancer cells, monocytes, and fibroblasts, which skew DC function
toward regulatory T cell activation and thus immune suppression.”® How do the distinct cell death modalities and their combinations dictate anti-
tumor immunity and determine the immunogenic efficacy? Cancer immunotherapy-associated cell death serves two critical purposes: (1) an effi-
cient elimination of malignant cells while sparing immune cells, and (2) the induction of a durable anti-tumor immune response that prevents tumor
immune evasion, relapse, and metastasis. Chemotherapy- and RT-induced cellular stress within the TME generates heterogeneous biological out-
comes, including cell survival, stressed cells, and RCD.”” These responses vary depending on acquired resistance mechanisms or the silencing of
cell death genes in cancer cells, ultimately resulting in a mixture of cell-fate outcomes.'® Importantly, stress responses are not only confined to ma-
lignant cells. They also occur in TME-resident innate and adaptive immune cells and non-immune stromal and endothelial cells. This mixture of cells
creates a cell death-associated TME characterized by variable adjuvanticity and a dynamic balance between pro- and anti-inflammatory signals.*’

Adjuvanticity and the pro-inflammatory signaling from dying cancer cells depend on the various processes that drive plasma membrane perme-
abilization (e.g., GSDM proteolysis, MLKL phosphorylation, unrestrained lipid peroxidation, and NINJ1-mediated plasma membrane lysis®). The
mode of cell death in each cell type, including cancer cells, immune cells, and non-immune cells, influences its adjuvanticity and inflammatory po-
tential. For example, apoptosis in cancer cells becomes immunogenic only when accompanied by NF-kB-driven cytokine and chemokine produc-
tion. ADART1 inhibitors®® and cGAS-STING pathway agonists® can enhance this immunogenicity by promoting IFN release. Pyroptosis of macro-
phages releases IL-1f, a potent pro-inflammatory mediator. Single-cell profiling of CD14* monocytes from patients with cryopyrin-associated
periodic syndrome confirmed that lytic cell death drives pathological IL-1f secretion, redefining IL-1p as a DAMP predominantly produced by dying
myeloid cells.®®

Recently, a final cataclysmic event, viz., PMR, has been described as a kind of apotheosis of necrotic cell death. PMR is mediated by NINJ1 in
secondary necrosis of apoptotic cells, pyroptosis, and perhaps ferroptosis’+6":62:63:64.65 and SIGLEC12 in necroptosis.®® Both molecules share
amphipathic a-helical motifs that insert into the plasma membrane under conditions of oncosis-induced increased membrane tension sensed by
NINJ1 or by TMPRSS4-mediated proteolytic cleavage of SIGLEC12, both facilitating the release of multiple immunostimulatory DAMPs. The conver-
gence of multiple cell death modalities on molecularly controlled PMR positions this event as a “last message in a bottle,” amplifying immune
signaling after cell death.

However, the release of DAMPs alone is not sufficient to elicit a productive T cell response. A universal requirement for ICD is antigenicity. Without
tumor antigen presentation and recognition, ICD cannot occur. Necroptosis and pyroptosis exhibit the highest immunogenic potential, whereas
apoptosis is less effective.”®°” This difference may relate to LMP, a late-stage event in apoptosis, or necroptosis, preceding PMR and supporting
antigen processing.®® MLKL, the key necroptosis effector, also promotes LMP,°® potentially explaining the superior immunogenicity of necroptotic
cells compared with apoptotic cells.®® Necrotic cell death is further associated with rapid actin depolymerization and the formation of F-actin-rich
filopodia on necroptotic and pyroptotic corpses. These structures are recognized by DC-associated receptor C-type lectin-domain-containing 9A
(CLEC9A, also called DNGR1) receptors on DCs.’° This triggers phagosomal rupture and antigen release, enabling cross-presentation via the major
histocompatibility complex (MHC) class | pathway in cDC1 cells. Consistent with this, necrotic cell death modalities elicit strong anti-cancer immune
responses in prophylactic cancer vaccination models.”*"" By contrast, ferroptotic cells fail to do this and even impair antigen cross-presentation by
DCs.>%? Excessive lipid peroxidation, a unique hallmark of ferroptosis (and oxytosis) that is not observed during apoptosis, necroptosis, and pyrop-
tosis, may interfere with MHC-I peptide loading in DCs that engulf ferroptotic cell corpses. This reduced antigen presentation may relate to the re-
ported role of ferroptosis in wound healing, where limiting adaptive immune activation could be beneficial.

As discussed above, chemotherapeutic and radiotherapeutic interventions in cancer elicit heterogeneous cellular responses due to the coexis-
tence of multiple cell types within the tumor, each exhibiting distinct susceptibilities to various cell death modalities. Even genetically identical cancer
cells subjected to y-radiation in vitro can activate diverse cell death programs, including apoptosis or ferroptosis, and may also undergo mitotic

(Continued on next page)
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Box 2. Continued

catastrophe or senescence.”>”’“ Interconnectivity between different cell death pathways and further cellular responses (e.g., cell senescence) con-
tributes to the heterogeneous responses of different malignant cells within an ostensibly genetically identical population after chemotherapy in vivo.-
> This complexity generates a dynamic network of interactions within the TME, encompassing both immunostimulatory and immunosuppressive
signals’’ between dying tumor cells, senescent tumor cells, immune cells, stromal cells, and endothelial cells. Beyond these network effects, the
spatial localization and metabolic states of individual cells may influence therapeutic outcomes. These observations underscore the need for
advanced strategies to monitor immunologic and metabolic states before, during, and after cancer therapy. The integration of nanotechnology-
based diagnostic and therapeutic platforms, commonly referred to as theranostics,’® may offer promising avenues for personalized, precision
oncology by enabling the integrated assessment and modulation of the intricate interplay between different cell death modalities and the TME.

mice overexpressing BCL-2 in their lymphocytes''® or mice re-
constituted with a BAX/BAK double-deficient hematopoietic
system'"" develop lymphoma over the course of 12 months.
The tumor-promoting role of inhibiting apoptosis comes to the
fore only when combined with potent oncogenic drivers, such
as deregulated expression of c-MYC®® or v-ABL.""? This sug-
gests that defects in apoptosis contribute to tumorigenesis by
preventing the cell death triggered by stressors imposed by
oncogene expression. Consistent with the notion that endoge-
nously expressed anti-apoptotic BCL-2 proteins are limiting for
oncogene-induced development of hematological cancers, the
removal of even one allele of Mcl-1 can massively delay c-
MYC-driven lymphomagenesis.’'® (2) The role and potential of
death receptor-induced apoptosis in the development and ther-
apy of cancer have not yet been fully explored. Defects in death
receptor-induced apoptosis, i.e., mutations in the gene encod-
ing FAS/CD95, can predispose both mice and humans to the
development of certain B lymphoid malignancies.''*""> DNA-
damaging anti-cancer drugs were reported to kill lymphoid cells
through autocrine/paracrine FASL>FAS signaling,''® but later
work demonstrated that death receptor signaling overall is not
required for the cytotoxic effects of such drugs."'” Given that
intrinsic apoptosis and death receptor-induced apoptosis
signaling synergize in lymphocyte homeostasis (i.e., are inde-
pendent),87 it would appear that therapeutic regimens that acti-
vate both pathways may be highly effective in cancer therapy,
provided they are tolerable. (3) Inhibition of apoptosis is only
well established to promote the development of hematological
cancers. There is only scant evidence that the overexpression
of anti-apoptotic BCL-2 proteins or the absence of pro-
apoptotic BCL-2 family members can cause cancer in non-he-
matopoietic cell types.''® Notably, the overexpression of
BCL-2 in hepatocytes failed to accelerate c-MYC-driven liver
cancer.''® What is the reason for this? Do non-hematopoietic
cells basally express sufficient levels of anti-apoptotic BCL-2
proteins to resist the stresses experienced during oncogene-
induced neoplastic transformation (i.e., there is no need for mu-
tation-induced overexpression of anti-apoptotic BCL-2 proteins
or loss of pro-apoptotic BCL-2 family members)? Consistent
with this idea, most solid cancer cell lines are highly resistant
to BH3-mimetic drugs that inhibit only a single anti-apoptotic
BCL-2 protein; in most solid cancer-derived cell lines, both
BCL-XL and MCL-1 need to be inhibited for the efficient induc-
tion of apoptosis. (4) It is also noteworthy that at least certain
cell types can recover from “limited MOMP” and continue to
live and function.'?° It is imperative to determine whether poten-
tially oncogenic DNA lesions emanating from limited MOMP (re-
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viewed in Hacker and Haimovici'®") and/or pro-inflammatory

cGAS/STING signaling driven by the release of mitochondrial
DNA (mtDNA) into the cytoplasm'?? may drive tumorigenesis.'?®
(5) Finally, even though blocking apoptosis is broadly accepted
to promote tumorigenesis, it was found that aberrant apoptosis
can also drive tumorigenesis. Preventing the apoptosis of differ-
entiated hematopoietic cells in the low-dose y-radiation-induced
thymic T lymphoma model, for example, by genetic deletion
of pro-apoptotic PUMA (critical for DNA damage-induced
apoptosis driven by the tumor suppressor p53'%?) ablates tumor-
igenesis.'**"'?®> Moreover, intestinal epithelial cell-specific dele-
tion of the Mcl-1 gene leads to the formation of intestinal cancers
(that have escaped Mcl-1 gene deletion).'?® The explanation for
these findings is that apoptotic death of large numbers of differ-
entiated cells mobilizes stem/progenitor cells, a phenomenon
known as apoptosis-induced proliferation (AiP). Their rapid pro-
liferation, to meet the needs of the depleted tissue, entails the
risk of acquiring lesions during DNA replication that may be
oncogenic, thus driving tumorigenesis. This scenario may under-
lie the development of liver cancer driven by hepatitis virus infec-
tion and the so-called “secondary cancers” in patients who had
undergone cytotoxic therapy for a previous cancer. Therefore,
we must now carefully evaluate not only whether inhibition of
the more recently described RCD processes can promote
tumorigenesis but also, conversely, test whether their excess in-
duction may also promote cancer development.

NECROPTOSIS

Necroptosis is a regulated necrotic cell death mediated by
RIPK1, RIPK3, and mixed lineage kinase domain-like protein
(MLKL)."®” Necroptosis was first discovered as TNF-mediated
necrosis with caspase inhibition'?%'2° and, therefore, was pro-
posed to be a “backup” cell death pathway when death recep-
tor-induced apoptosis is inhibited. '*° The execution of necropto-
sis in the TNF>TNFR1 signaling pathway involves the activation
of RIPK1 kinase, which promotes its binding to RIPK3 to form a
necrosome in a RHIM-domain-dependent manner. Activated
RIPKS3, in turn, mediates the phosphorylation of MLKL and the
execution of necroptosis by disrupting the integrity of the plasma
membrane.’®'"'%° The expression of another RHIM-containing
protein, Z-DNA-binding protein 1 (ZBP1) (also known as DAI/
DLM-1), but not RIPK1, is induced during tumor development
and can interact with RIPK3 in a RHIM-dependent manner to
promote tumor necrosis.'®” The discovery that RIPK3 expres-
sion is often epigenetically silenced in cancers by hypermethyla-
tion of its promoter'®® may indicate that RIPK3 and necroptosis
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Figure 2. Induction of necroptosis and pyropto-
sis

(A) Similar to TNF (TNFR1), FASL (FAS), TRAIL
(TRAILR1/DR5, TRAILR2/DR6), and TL1A (DR3) can
induce necroptosis when caspase-8 is inhibited, and
this form of cell death requires the kinase activities of
RIPK1 and RIPK3. TNFR1-driven survival and cell death
pathways include NF-kB activation, apoptosis, sec-
ondary necrosis, pyroptosis, and necroptosis. The
outcome of TNFR1 engagement, cell survival (receptor-
associated complex 1) (1) or cell death (2) through
apoptosis (complex lla and complex llb) (3) (4) or nec-
roptosis (complex lic or necrosome) (5) depends on the
engagement of kinase-active RIPK1 (RIPK1*), the
expression levels of RIPK3, and the activity or inactivity
of caspase-8. (1) When TNF binds TNFR1, a plasma
membrane-associated complex | (TNFR1-TRADD-
RIPK1) forms, in which RIPK1 acts as a scaffold main-
tained in a pro-survival state through ubiquitylation and
trans-phosphorylation (red “P”). K63-linked ubig-
uitylation by IAP1/2 creates a platform for recruiting the
TAB1/TAB2/TAK1 complex, activating MAPK pathways
that promote survival and inflammatory gene expres-
sion. M1-linked linear ubiquitylation by HOIL1/HOIP/
SHARPIN (the LUBAC complex) recruits the NEMO/
IKKo/IKKpB and TBK1 complexes (NEMO/TANK1/NAP1/
TBK1/IKKe), supporting NF-kB-dependent survival and
inflammation. The scaffold function of RIPK1 is regu-
lated by multiple trans-phosphorylation events (red “P”)
mediated by IKK, TBK1, and related kinases. (2)
Disruption of complex | survival signaling leads to the
formation of a cytosolic complex Il, which includes
complex lla, complex llb, and the necrosome (some-
times referred to as complex llc). (3) When translation is
inhibited, such as with cycloheximide or defects in NF-
kB signaling, complex lla forms and induces apoptosis
via FADD and caspase-8. (4) Pharmacological inhibition
of IAPs, IKK, or TAK1 destabilizes RIPK1 in complex |
and triggers the assembly of a cytotoxic complex Il that
requires RIPK1 kinase activity to induce apoptosis or
necroptosis. In complex lIb, RIPK1 becomes activated
and undergoes auto-phosphorylation (green “P”),
enabling RIPK1* kinase-driven apoptosis through FADD
and caspase-8. Activated caspase-8 can directly cleave
and activate the effector caspases, caspase-3 and
caspase-7, leading to the same terminal apoptotic
events described for the intrinsic pathway (Figure 1).
During Yersinia infection, TNF-mediated caspase-8
activation can also trigger pyroptosis involving GSDMD
(see B). (5) In complex Il, caspase-8 functions as a
checkpoint controlling RIPK1* levels through proteolytic
cleavage. When caspase-8 is inhibited, active
RIPK1* accumulates. The RHIM domain in RIPK1* (blue
stripe) promotes homotypic recruitment and auto-
phosphorylation of RIPK3*. Activated RIPK3 forms large
necrosome complexes, structurally reminiscent of f-
amyloid assemblies, where MLKL interacts either with
non-activated RIPK3 (MLKL-RIPK3 dimers in humans)
or in a transient “kiss-and-run” mode (with monomeric
MLKL in mice), ultimately resulting in phosphorylation of
MLKL (MLKL*). Phosphorylation triggers MLKL’s tran-
sition from a closed to an open conformation, driving its
oligomerization (tetramers in humans and trimers in
mice), membrane recruitment, insertion, and higher-
order oligomer assembly. (6) Ligands for TLR3 and TLR4
recruit the RHIM-containing adaptor TRIF, which acti-
vates RIPK3* and initiates necrosome formation and
MLKL activation. The nucleic acid sensor ZBP1 directly
recruits and activates RIPK3 in response to Z-RNA, Z-
DNA, and mtDNA. (7) MLKL* induces cellular swelling
(oncosis) and PMR independently of NINJ1 but involving
SIGLEC12.

(B) Pyroptosis is induced by DAMPs, PAMPs, crystals, amyloid fibers, and by decreases in intracellular potassium caused by efflux through the TWIK2 passive
K* channel. There are two main classes of inflammasomes: canonical and non-canonical. Inflammatory caspases (caspase-1 and caspase-11 in mouse; and

(legend continued on next page)
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could be involved as a tumor suppression mechanism during
cancer development. Similar to inhibiting apoptosis, there might
also be a selection pressure to favor cancer cells silencing RIPK3
gene expression but not RIPK1 gene expression.'*®'% The latter
observation may indicate that RIPK3 and RIPK1 play opposing
roles in cancer development (Figures 1 and 2A).
Necroptosis is highly inflammatory for multiple reasons.
Necrotic cell death can lead to the release of intracellular con-
tents that act as DAMPs, triggering inflammasome activation
and promoting inflammation. The activation of RIPK1 kinase
can mediate the transcriptional induction of pro-inflammatory
cytokines by promoting chromatin remodeling.'*" The preserva-
tion of RIPK1 expression in cancer cells is consistent with the
notion that inflammation can play a pro-tumorigenic role in can-
cer development. Since RIPK1 activation is enhanced by RIPK3
deficiency,’" the loss of RIPK3 in cancer cells may enhance
RIPK1-mediated inflammation, driving tumorigenesis. Chronic
activation of RIPK1 is linked to inflammatory diseases, and
cancer cells can exploit RIPK1 to enhance their survival, TNF
production, and immune evasion.>® This is primarily due to
RIPK1’s scaffolding function, which activates nuclear factor kB
(NF-xB) signaling and promotes the expression of NF-kB-driven
anti-apoptotic genes, such as those encoding BCL-XL and
cFLIP."*? Moreover, sustained RIPK1-driven NF-kxB activity can
also trigger an immunosuppressive chemokine program, leading
to reduced intra-tumoral infiltration of natural killer (NK) cells and
CD8" T cells. This results in lower levels of TNF superfamily li-
gands in the TME, thereby contributing to resistance against
ICB therapies. Additionally, RIPK1’s scaffolding role can lead
to sub-lethal activation of caspase-8, which then cleaves and in-
activates key regulators of necroptosis, including RIPK3, CYLD
(cylindromatosis lysine 63 deubiquitinase), and RIPK1 itself.'**
Following necrosome assembly, RIPK3 phosphorylates MLKL
(p-MLKL) within its pseudokinase domain (PsKD),'** triggering
MLKL'’s dissociation from RIPK3 and a structural transformation.
This change leads to the dimerization of the MLKL C-terminal
PsKDs, followed by tetramer formation. These tetramers are
then trafficked to the plasma membrane, where the positively
charged residues on the exposed N-terminal 4 helical bundle
domain interact with phosphatidylinositol phosphates in the in-
ner leaflet of the plasma membrane.'** %" Inositolhexaphos-
phate (IP6) binding further propagates the active conformation
of MLKL by displacing the auto-inhibitory brace region between
the 4HBD and the PskD."*® Once a threshold concentration of
MLKL accumulates at the plasma membrane, it is thought to
form ion-conducting channels through a mechanism that re-
mains incompletely understood. This may involve interactions
with membrane proteins, such as Siglec-12, leading to osmotic
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imbalance, cell swelling, and ultimately plasma membrane
rupture.®® 142159 However, in contrast to the frequent silencing
of the RIPK3 gene in many cancer cell types,'®® MLKL gene
silencing has not been reported in cancers to date.'®' This
may indicate that MLKL has additional non-necroptotic func-
tions conducive to tumorigenesis or that MLKL-mediated nec-
roptosis does not exert a critical tumor-suppressive function.
Interestingly, MLKL has been implicated in receptor internaliza-
tion and degradation,’®" endosomal trafficking, extracellular
vesicle formation associated with the ESCRT-IIl system,’*%'%°
autophagy, '** lysosomal regulation,®® and nuclear signaling,
in line with the presence of MLKL in the membranes of mitochon-
dria, lysosomes, endosomes, endoplasmic reticulum, and in the
nucleus.'®® However, the precise role of MLKL in cancer remains
poorly understood, and it is still unclear whether these non-nec-
roptotic functions contribute to tumor development or metas-
tasis.’®" It must be noted that mice lacking MLKL develop nor-
mally, are viable after birth, and are not cancer-prone. This
indicates that both the well-established role of MLKL in necrop-
totic cell killing and its additional reported roles independent of
necroptosis are unlikely to be essential for preventing cancer
(Figure 2A). Thus, the silencing of RIPK3 but not MLKL in cancers
may reflect that loss of an unrelated necroptosis function of the
RIPK3 kinase promotes tumorigenesis.

RIPK1 serves as a critical regulator of cell fate in both non-
transformed and cancer cells, acting as a bifurcation point be-
tween cell survival and programmed cell death via apoptosis or
necroptosis, respectively. Its scaffold function, independent of
its kinase activity, promotes cell survival by activating mitogen-
activated protein kinase (MAPK) and NF-«kB signaling pathways,
which drive the expression of pro-survival genes, thereby
enabling cancer cells to evade cell death.’”” Moreover,
RIPK1’s scaffold function has been shown to inhibit necroptosis
downstream of Toll-like receptors 3 and 4 (TLR3/4)'°® and the
cytosolic DNA sensor ZBP1,"%%"%C further reinforcing its role in
maintaining cell survival and preventing cell death and inflamma-
tion. Targeting the scaffold function by a RIPK1-specific
PROTAC degrader boosts the immunostimulatory and anti-tu-
mor activity of radiotherapy (RT) and ICB while suppressing
skin inflammation.’®®

Adenosine deaminase acting on RNA 1 (ADAR1) is another
cancer-immunity-related modulator of necroptosis. ADAR1
performs A-to-l nucleotide editing by converting adenosine to
inosine in double-stranded RNA (dsRNA). This editing process
reduces the formation of immunogenic RNAs.*® While ADAR1
plays a critical role in preventing severe inflammatory diseases,”®
ADAR1 expression has also emerged as a critical determinant
for resistance to ICB.'®""'®? Inhibition of ADAR1 results in

155

caspase-1, caspase-4, and caspase-5 in humans) eventually proteolytically activate GSDMD. (1) Canonical inflammasome-induced pyroptosis couples cytokine
induction (e.g., pro-IL-1p) with cell death induction and GSDMD pore activation. Canonical inflammasome sensors—including NLRP3, AIM2, NLRC4, NLRP1,
PYRIN, and RIG-I—recruit and activate procaspase-1 via the adaptor ASC. Caspase-1 then cleaves and activates GSDMD and pro-IL-1p, leading to pyroptosis.
Potassium efflux through TWIK2 and ATP influx via P2X7 promote canonical inflammasome formation. (2) In the non-canonical pathway, cytosolic Gram-negative
bacteria or LPS molecules directly activate caspase-11 (or caspase-4/-5 in humans). Caspase-11/-4/-5 subsequently cleave and activate GSDMD.
During Yersinia infection, TNF-mediated caspase-8 activation can also induce pyroptosis through GSDMD activation. This process is negatively regulated by
cFLIP,. (3) Pro-IL-18 mRNA is transcriptionally induced by TLRs, TNFR1, IL-1R1, and IFNAR in a process known as “priming.” GSDMD pores mediate the release
of IL-1, IL-18, and IL-33 (the latter does not require proteolytic activation and is even inhibited by caspase-1-mediated cleavage). (4) Other gasdermins are also
implicated in pyroptosis: splice variants of GSDMA, granzyme B-mediated activation of GSDME, and caspase-8-mediated activation of GSDMC. (5) Pyroptosis is
associated with cellular swelling (oncosis), which is sensed by NINJ1, resulting in PMR.
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Z-RNA accumulation and the activation of the Z-RNA sensor
ZBP1, which, in turn, promotes RIPK3-mediated necropto-
sis. 621637165 Thys, ZBP1/RIPK3-mediated necroptotic ICD
might serve as a target to enhance the efficacy of cancer immu-
notherapies. %5157

Necroptosis has been described as a potent ICD modality,
resulting from a tripartite interaction among antigenicity, adju-
vanticity, and inflammation,®”"'%8 impacting the cancer-immu-
nity cycle (Figure 3). A comparison between apoptotic and nec-
roptotic cell death in the same cellular context led to the
conclusion that the latter is superior in immunogenicity.'®%"""
The enhanced tumor antigenicity of necroptosis might be
caused by lysosomal membrane permeabilization (LMP) and
concomitant release of cathepsins occurring during necropto-
sis,®® possibly elicited by MLKL-mediated lysosomal rupture.®®
Necroptotic cells were shown to activate adaptive immunity by
providing both antigens and inflammatory stimuli to DCs, which,
in turn, stimulate CD8* T cells and anti-tumor immunity.'”"'"2
The induction of necroptosis, as a form of ICD, has been pro-
posed as a strategy to promote anti-tumor immunity by
providing both antigens and inflammatory signals to activate
CD8* T cells.®® Activation and maturation of DCs and conse-
quent CD8* T cell cross-priming can be achieved by interacting
with necroptotic cells in a RIPK1 and NF-xB signaling-depen-
dent manner to initiate an immune response. The release of
DAMPs by dying cells alone appears insufficient' "> (Figure 3).

Given its immunogenic nature, several pharmacological strate-
gies are being developed to drive malignant cells into necroptosis.
Caspase-8 serves as a critical checkpoint in regulating RIPK1-
dependent necroptosis,'”® supporting the rationale for using
caspase-8 inhibitors to promote immunogenic necroptosis.'”
Most therapeutic caspase inhibitors, such as Emricasan, target
multiple caspases, thereby impacting processes in addition to
necroptosis.'’* For example, extensive MOMP during apoptosis
eventually results in mitochondrial inner membrane permeabiliza-
tion (MIMP), leading to the release of mtDNA.""® This mtDNA ac-
tivates the cGAS-STING pathway, resulting in interferon (IFN)-f
production and the induction of IFN-stimulated genes (ISGs),
including the necroptosis-inducing sensor ZBP1.'”® Importantly,
the cGAS-STING pathway is negatively regulated during
apoptosis by executioner caspase-3, -7, (and -6) -mediated acti-
vation of the DNase CAD (caspase-activated DNase).'”""'"®
Therefore, the use of caspase inhibitors not only promotes mtDNA
release by unleashing necroptosis but also lifts the caspase-
dependent suppression of cGAS-STING signaling.'”® These in-
sights underscore the potential of caspase inhibition to enhance
ICD, thereby stimulating anti-tumor immunity.

Inhibitor of apoptosis proteins (IAPs) are E3 ligases that regulate
the ubiquitylation of the RIPK1 scaffold within the TNFR1-associ-
ated complex | at the plasma membrane, promoting pro-survival
and pro-inflammatory signaling.'®'®" SMAC mimetics were
developed based on the IAP-binding motif (IBM) of the mitochon-
dria-released pro-apoptotic protein SMAC/DIABLO.'®? These
compounds bind to IAPs, triggering K48-linked autoubiquitylation
and proteasomal degradation.’®® Combinations of SMAC mi-
metics (e.g., BV6, Birinapant, LCL-161, and Tolinapant) with
broad-spectrum caspase inhibitors (e.g., ZVAD-fmk and Emrica-
san) are widely used to deplete IAPs and activate RIPK1, resulting
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in RIPK3/MLKL-mediated necroptosis.>*'®? In preclinical studies,
co-administration of Birinapant and Emricasan induced TNF/
TNFR1-dependent necroptosis in AML cells, both in vivo in mice
and in patient-derived samples.'®* The efficacy appears to
depend on endogenous TNF production, either autocrine by the
AML cells or paracrine from the TME.'®* This tumoricidal function
of TNF recalls early clinical approaches during which TNF com-
bined with melphalan was used for isolated limb perfusion in the
treatment of soft-tissue sarcoma, aiming to avoid TNF-mediated
systemic inflammatory response syndrome (SIRS). > Administra-
tion of SMAC mimetics, alone or in combination with caspase in-
hibitors, may harness this potent anti-cancer activity by leveraging
elevated TNF levels in an inflammatory TME without causing un-
wanted TNF-induced systemic toxicity. Other members of the
TNF family, such as TRAIL, have also been investigated for their
cytotoxic potential in combination with SMAC mimetics (Birina-
pant), for example, in glioblastoma.'®® Furthermore, several
chemotherapeutic agents, when combined with SMAC mimetics
and caspase inhibitors, can drive cells toward necroptosis® (re-
viewed in Eggermont et al.'®).

Necroptosis signaling also occurs downstream of the TLR3-
TRIF-RIPK3 and ZBP1-RIPK3 axes, and combinations of
agonists targeting these pathways are being explored therapeuti-
cally to induce ICD. Several dsRNA stabilizers (Hiltonol, BO-112,
Ampligen, and Riboxxol) and mimetics (ARNAX) have been devel-
oped® (reviewed in Maelfait and Rehwinkel'®"). Similarly, curaxin
CBL0137, a DNA-intercalating agent, has been shown to stabilize
z-DNA formation, thereby inducing ZBP1-mediated necropto-
sis."®? Direct ZBP1 agonists are currently under development.'®”
Targeting ADAR1 with a small molecule (ZYS-1) enhances the
anti-tumor effect ofimmunotherapy of prostate cancer.'®® Howev-
er, the mechanism of action of ZYS-1 has been questioned as it did
not reduce A-to-l base editing by recombinant ADAR1."%° Other
upstream agonists of ZBP1 include STING activators, which drive
IFN-p-mediated induction of ZBP1 as well as lymphoma/leukemia
cell intrinsic apoptosis through IFN-regulatory factor 3 (IRF3)-
mediated induction of PUMA, NOXA, and BIM."®° These agonists
may also amplify the detection of z-nucleic acids generated by
oxidative stress during chemotherapy.'®

Finally, the scaffolding function of RIPK1, which mediates pro-
survival signaling in many cancer cell types, can also be targeted
to stimulate cell death. Recent studies have demonstrated that
RIPK1-specific PROTACs synergize with immunostimulatory
therapies, such as RT and ICB. Mechanistically, the depletion
of RIPK1 sensitizes cancer cells to RT-induced cell death medi-
ated by TNF and IFNs, thereby promoting ICD, triggering durable
anti-tumor immune responses, and mitigating RIPK1-associated
inflammation in the skin.'® The latter is a profound side effect of
many immunotherapies.'®® Collectively, these examples of
direct and indirect therapeutic targeting of necroptosis illustrate
a dual benefit: the direct killing of (apoptosis-resistant) tumor
cells while also activating the patient’s immune system to recog-
nize and attack cancer.

Considerations and open questions targeting
necroptosis in cancer cells

A primary mechanism underlying necroptosis resistance in can-
cer cells is the hypermethylation-mediated silencing of the
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Figure 3. Interaction between cancer cell death
and the cancer immunity cycle

Different cell death modalities exert differential effects
on the TME. Apoptotic cancer cells are efficiently
phagocytosed by TAMs and DCs (efferocytosis),
thereby inducing an immunosuppressive cytokine pro-
file in the phagocytosing cell. The secretome of ferrop-
totic dying cancer cells contains high levels of oxidized
phospholipids (oxPLs) and PGE,, which negatively
affect antigen cross-presentation. Infammasome-
driven pyroptosis is associated with high levels of IL-
1B production, as well as with the release of chemo-
kines, cytokines, IFNs, and small DAMPs, which are
also released during secondary necrosis of apoptotic
cells and necroptosis. Phagocytosis of dying cells by
TAMs and DCs is required for the presentation of tumor-
associated antigens (TAAs). The combination and bal-
ance of different cell death modalities and their inter-
action with the various cell types in the TME determine
the outcome of cancer cell death as tolerogenic (high
antigenicity, low adjuvanticity, and low inflammation),
inflammatory (low antigenicity, high adjuvanticity, and
high inflammation), or immunogenic (high antigenicity,
high adjuvanticity, and high inflammation). ICD requires
this “triforce” cooperation of antigenicity, adjuvanticity,
and inflammation in the cancer-immunity cycle to un-
leash a potent anti-tumor response. The * symbol rep-
resents an active enzyme (protease or kinase).
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RIPK3 promoter, documented in several cancer cell lines and
patient-derived samples.’®® This epigenetic modification pre-
vents effective engagement of necroptosis as a backup cell
death pathway when apoptosis is impaired. In contrast, MLKL,
encoding the terminal executioner of necroptosis, generally
does not exhibit widespread promoter hypermethylation in can-
cer, with a few exceptions, such as early-stage pancreatic
adenocarcinoma,'® colon carcinoma,’®® and cervical squa-
mous carcinoma,'°® where the loss of MLKL expression corre-
lates with a poor prognosis. This observation opens the possibil-
ity of exploring alternative activation mechanisms for MLKL
independent of RIPK3 and of transcriptional IFN-mediated upre-
gulation of MLKL during immune-stimulatory treatments, such
as STING and TLR agonists, as well as RT.”%"%” MLKL reinforces
the cGAS-STING pathway by releasing mtDNA upon necropto-
sis induction.'®® Further research is needed to clarify how
RIPK3 is so broadly counterselected in cancer, and whether its
loss is driven solely by its role in necroptosis or by other
RIPK3-dependent processes, including apoptosis, '°*°° pyrop-
tosis,?°" in which RIPK3 can also act as a signaling hub, and/or in
driving the expression of certain cytokines and chemokines.?%

Second, the caspase-8-mediated checkpoint requires the use
of caspase inhibitors to sensitize cells to necroptotic death.
Interestingly, in many cancers, caspase-8 is silenced, mutated,
or functionally inhibited,°® which may confer an intrinsic predis-
position toward necroptosis, provided that RIPK3 and MLKL are
expressed. Pharmacological inhibition of caspase-8 can
enhance necroptosis sensitivity, as illustrated by studies using
Emricasan.'®* To cope with such a situation of the absence of
necroptosis mediators, the inducibility of necroptotic compo-
nents by IFNs and inflammatory conditions'®” opens the possi-
bility for sequential treatment strategies: first applying cellular
stress or IFN-inducing therapies (e.g., chemotherapy, RT,
STING agonists, and TLR agonists), followed by necroptosis-
sensitizing regimens involving caspase inhibitors. Such an
approach would require personalized monitoring of the tumor’s
initial and post-treatment status, including expression levels of
RIPK3, MLKL, caspase-8, and ISGs.

Moreover, the caspase-8-mediated checkpoint represents a
central regulatory node whose requirement varies across up-
stream signaling contexts. In TNF/TNFR1-driven necroptosis,
caspase-8 functions as an obligate brake'®%?°*: within cytosolic
complex Il, active caspase-8 continuously cleaves and inacti-
vates RIPK1'®° and CYLD,? thereby dismantling nascent ne-
crosome assembly. Consequently, pharmacological inhibition
of caspase-8 using Emricasan in AML'®* is required to allow
the accumulation of sufficient kinase-active RIPK1 and the sub-
sequent activation of RIPK3/MLKL.

By contrast, in TLR3/4-TRIF-driven necroptosis, necroptotic
signaling is triggered as soon as TRIF directly recruits RIPK3 via
RHIM-domain homotypic interactions.'®®?% In this setting,
RIPK1’s scaffolding function (rather than caspase-8 per se) primar-
ily restrains necroptosis, which is consistent with the demon-
strated sensitizing effect of RIPK1-specific PROTAC degradation
on TLR-driven necroptotic killing.'®> Similarly, ZBP1-RIPK3
signaling is similarly less constrained by caspase-8 activity, such
as that induced by ADAR1 loss leading to interferonopathy'®® or
by IFN-B-induced ZBP1 upregulation following STING activa-
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tion, '%?7'%% which can trigger RIPK3-mediated necroptosis without

obligate caspase-8 inhibition,?°”*°® although caspase-8 retains
the capacity to dampen signaling flux through this axis. Notably,
both downstream TLR3/4 signaling and ZBP1 upregulation involve
IFN-p, a cytokine that sensitizes cells to necroptosis by inducing
MLKL expression,'®” whereas TNFR1-induced sensitization to
necroptosis requires inhibition of caspase-8.

Collectively, this hierarchy of obligate dependence on
caspase-8 inhibition during TNFR1 signaling, and of context-
dependent modulation by caspase-8 during TLR/TRIF or ZBP1
activation, has direct therapeutic implications.?°® In cancers in
which caspase-8 is silenced or functionally impaired, an intrinsic
predisposition toward necroptosis may exist, pending whether
RIPK3 and MLKL are expressed or can be induced. Sequential
treatment strategies that first apply IFN-inducing therapies
(e.g., chemo-RT, STING agonists, or TLR agonists) to upregulate
necroptotic component expression, followed by caspase-8 in-
hibitor-based necroptosis sensitization, may exploit this
pathway hierarchy. However, such approaches will require
personalized monitoring of RIPK3, MLKL, caspase-8, and ISG
expression levels.

Personalized monitoring predicting cell death modality based
solely on transcriptional profiles is highly challenging because of
the pleiotropy and interconnectivity of apoptotic and necroptotic
pathways.*>?'% (Figure 4) A more demanding approach would
involve immunohistochemical (IHC) detection of pathway-spe-
cific activation markers (e.g., caspase-3 and -7 proteolytic cleav-
age for apoptosis and p-MLKL for necroptosis). Notably, nec-
roptosis should be inferred only when p-MLKL is present in the
absence of caspase-3/-7 activation, as mixed phenotypes or
sequential activation of apoptosis and necroptosis can occur un-
der certain stress conditions.

A notable concern is how to prevent overshooting by necrop-
tosis-based strategies, as conditions that promote necroptotic
ICD can also trigger systemic inflammation and autoimmune re-
actions. One potential mitigation strategy may be the use of tu-
mor-targeted delivery systems, such as nanoparticles, to mini-
mize off-target effects on healthy tissues.>'" Another potential
concern is tumor lysis syndrome, which can lead to SIRS and
must be clinically managed.?' In the long run, chronic exposure
to necroptosis-inducing drugs could increase the risk of autoim-
mune complications, similar to the limitations observed with im-
mune checkpoint inhibitors.'®® These considerations highlight
the need for carefully controlled dosing, targeted delivery, and
monitoring of systemic immune responses during necroptosis-
based therapies.

Finally, as with any cancer therapy, the cellular stress associ-
ated with necroptosis-inducing strategies may inadvertently
create a microenvironment that favors adaptation and progres-
sion of the existing tumor or lay the seeds for a secondary clon-
ally unrelated cancer emerging years later. From the tumor’s
perspective, suppressing anti-tumor T cell immunity is critical
for survival and metastasis.’'® The formation of a necrotic core
within solid tumors is generally associated with a poor prog-
nosis.”’* Paradoxically, necroptosis has been implicated in
generating these necrotic regions under hypoxic and nutrient-
deprived conditions. In mouse breast cancer models, the pres-
ence of a necrotic core correlates with increased metastasis.?’*

Cell 189, April 16, 2026 2333




¢? CellPress Cell

OPEN ACCESS

Interconnectivity of cell death pathways
Necroptosis
ey C? mammaa
,’GSDME‘\ q ) ), MLKL A
~ ‘ IFN-p  TLR4/3 DDR [ .
’ \ ’
sl FADD —» Casp-8* y \ 7 ~-
N P IRGs TRIF (TRADD) e
- RIPK1*—> Casp-8* ' i FADD -
T MOMP —» Casp-9* ZBP1 RIPK1G) RIPK1°[X) Casp-8*
necrosis Q RIPK3* l l
PS exposure RIPK1 RIPK1* RIPK1*
ATP/metabolites «—— PANX1 cx: Casp-3/7* RIPK3* RIPK3* MLKL*
GSDME mitDNA
MOMP/
cxaa MIMP mtROS
IFN-B IRF3 IRF3 IFN-B
Cytokines <— NF-xB oy CGAS/STING .~——> mtDNA =—, cGAS/STING R NF-xB —> Cytokines
Chemokines MAPK MAPK Chemokines
Lipid metabolism mtDNA, DAMPs, PAMPs,
ASCL4 MBOAT1/2 Energy metabolism crystals, fibers, ...
o o0 0 X%
@ -
Autophagy % “ =
Mitophagy ““
MUFA/PUFA ratio RIPK3 0 Inflammasomes 0 Casp-8 @
GSH «—SLC7A11
NOX—> O} 1 GPX4 ﬂ
POR—H,0, 01@ B /;o
HMOX-1/LIP —>Fe?* l GCH1 Casp-1*/11*/4*/5* Casp-1*/4*/5* —> IL-1p
LTS \ Y
.7 Lpo q !/ 1 ' ,GSDME®
1 Casp-3* X@) GSDMD §) X Casp-8* \
[ ] | - o
o ] LPO (oxPL) l vy !
N 4HNE, MDA y o
S GSDME S~
Ferroptosis Pyroptosis

Figure 4. Interconnectivity of cell death pathways

Cell death-inducing drugs and radiotherapy engage distinct cell death pathways, clockwise, arranged in the four quarters of the circle: apoptosis, necroptosis,
pyroptosis, and ferroptosis. The engagement of extrinsic apoptosis (FADD — caspase-8* and kinase-active RIPK1* — caspase-8*) and intrinsic apoptosis
(MOMP — caspase-9*) results in the activation of the executioner caspases, caspase-3/-7*, leading to the proteolytic activation of substrates that mediate some
typical features of apoptosis (PS exposure and active PANX1 channels) and secondary necrosis (GSDME pores) with profound intercellular consequences.
Necroptosis is induced by engaging four RHIM-domain-containing proteins: the IFN-p-inducible nucleic acid sensor ZBP1, the TRIF adapter, RIPK1*, and
RIPK3*. Recognition of z-shaped nucleic acids (e.g., mitDNA) by ZBP1, poly-IC, and LPS by TLR3 — TRIF and TLR4 — TRIF, respectively, and death domain
receptor ligands by DDRs results in the recruitment and activation of RIPK3* (ZBP1) or RIPK1*/RIPK3 (TLRs and DDRs). Pyroptosis is executed by the proteolytic
activation of GSDMD by inflammatory caspases following the engagement of the canonical (caspase-1*) and non-canonical inflammasome (caspase-4*/-5*/-
11%). In the mouse, only caspase-1* (canonical inflammasome) can proteolytically activate pro-IL-1p, whereas in humans, both caspase-1* (canonical in-
flammasome) and caspase-4*/-5* (non-canonical inflammasome) generate active IL-1p. Ferroptosis is executed by the generation of LPO that is positively
controlled by an increase in the PUFA/MUFA ratio (ACSL4), the generation of superoxide anion (NOX), hydrogen peroxide (POR), and free ferrous ions (HMOX-1
and LIP). The various cell death pathways are interconnected, and these interactions can affect the outcome of cell death in individual cancer cells or in a
population of cancer cells. A common denominator of cell death-inducing drugs is their association with the generation of cellular stress (central circle in the
scheme), which results in adaptive responses that alter lipid and energy metabolism, evoke MOMP/MIMP mtDNA-mediated activation of the cGAS/STING
pathway, increase mtROS production, and induce autophagy and mitophagy. These stress-induced adaptive processes affect cell death versus cell survival
(e.g., proliferation arrest and cell senescence) outcomes and the production of chemokines, cytokines, and IFN-B. During necroptosis, RIPK1* activation is kept in
check by caspase-8*, while RIPK1 as a scaffold competes with RIPK3* recruitment and activation during ZBP1- and TLR3/4/TRIF-induced necroptosis. The
executioner caspases, caspase-3*/-7* negatively regulate cGAS/STING by proteolytic activation of the DNase CAD removing cytosolic DNA, and they also
proteolytically inactivate GSDMD. This dampens IFN-f responses and GSDMD-mediated pyroptosis.

Thus, therapeutic induction of necroptosis may exacerbate
necrotic core formation and, within this niche, dampen CD8"*
T cell activity, potentially promoting the survival of circulating tu-
mor cells. Consequently, engaging the necroptosis machinery
could have unintended consequences, possibly accelerating
tumorigenesis and metastasis rather than preventing them.

PYROPTOSIS

Pyroptosis is an inflammatory form of cell death characterized by
cell swelling, rupture, and the release of numerous pro-inflam-
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matory factors. Pyroptosis functions as an alarm to recruit and
activate immune cells, bridging cell death with innate and adap-
tive immune responses. Recent studies show that pyroptosis
plays multifaceted roles in cancer and anti-cancer immunity.
Harnessing a pyroptotic program for the direct killing of tumor
cells or the induction of effective anti-tumor immunity is
emerging as a potential direct cancer cell-killing strategy and,
possibly more promisingly, as a cancer immunotherapy
(Figure 3).

Pyroptosis was first observed in macrophages upon exposure
to bacterial toxins or infections.”'*'” Pyroptosis, named from



Cell

the Greek “pyro” (fire) and “ptosis” (falling),”'® was initially

defined as a caspase-1-dependent, pro-inflammatory form of
cell death,”'® but it was subsequently flooded and misconcep-
tualized by the increased interest in apoptosis in the 1990s.
Characterizations of inflammasome pathways established py-
roptosis as the downstream innate effector mechanism.?%2%?
A paradigm shift occurred in 2015 when gasdermin D
(GSDMD) was identified as the executioner of pyroptosis.?2%224
The N-terminal domain of GSDMD or other gasdermins is suffi-
cient to induce pyroptosis owing to their intrinsic pore-forming
activity,?*°??® |eading to the definition of pyroptosis as gasder-
min-mediated programmed necrotic cell death.?° Humans har-
bor six paralogous genes: GSDMA, GSDMB, GSDMC, GSDMD,
GSDME, and DFNB59 (also known as PJVK). Except for
DFNB59,?%° a loss-of-function mutation associated with deaf-
ness, all gasdermins adopt a conserved two-domain architec-
ture, consisting of a pore-forming domain and a C-terminal inhib-
itory domain.??*~?*® Gasdermin activation is typically triggered
by proteolytic cleavage within the interdomain linker. The thus-
liberated N-terminal domain binds cell membranes and forms a
large oligomeric pore.®'=2%% The pores disrupt the osmotic po-
tential, causing the cell to swell and lyse, and meanwhile it serves
as a gate to release pro-inflammatory factors, including inter-
leukin (IL)-1p as well as IL-18 in the case of macro-
phages®?*??*?3* (Figure 2B).

In response to pathogens or danger signals,?*>?°¢ inflamma-
some-activated caspase-1 (human and mouse) or caspases-
4/-5 (human)/-11 (mouse) recognize an exosite in the C-terminal
domain of GSDMD and cleave the interdomain linker.?*” GSDME
is instead cleaved and activated by the executioner caspases-3
and -7 in response to “apoptotic” stimuli, switching non-inflam-
matory apoptosis to secondary necrosis, later also coined as py-
roptosis.?**2%° Critical to such a switch is the presence or the
expression level of GSDME in cells; indeed, numerous reports
have demonstrated a high and functional expression of
GSDME in vivo in various cell types, including skin, lung, and in-
testinal epithelia, as well as neurons. Several GSDMs are proteo-
lyzed by granzymes, a family of serine proteases produced by
cytotoxic T lymphocytes and NK cells.?*® Granzyme A directly
processes GSDMB, whereas granzyme B can process GSDME
directly or indirectly via the executioner caspases-3 and
-7.2412%2 Thus, pyroptosis is an effector mechanism in cellular
immunity if target cells express appropriate gasdermins. For
GSDMC, recent studies suggest that mast cell-derived mast
cell protease 1 (MCPT1) or lysosomal cathepsin S may mediate
its proteolytic activation during helminth infection. In this
context, GSDMC pores support IL-33 release from intestinal
epithelial cells, thereby promoting anti-helminth type Il immu-
nity.>**?** Caspase-8 has also been reported to activate human
GSDMC.?*>?%6 However, it is yet to be established whether
these proteases directly recognize and cleave GSDMC in the
biochemical sense. No endogenous mammalian enzymes are
known to cleave GSDMA. Streptococcus pyogenes-derived
SpeB is the only reported protease capable of processing this
gasdermin, thereby initiating a pyroptosis-mediated antibacte-
rial defense.>*"?48

In anti-tumor immunity, the immune system deploys pyropto-
sis both directly, through cytotoxic effector cells, and indirectly,
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via inflammasome activation in innate immune cells.?*? In the
former scenario, GSDMB expression is upregulated by IFN-y
and TNF-a released from tumor-infiltrating CD8* T cells and
other immune cells, positively amplifying the tumoricidal
effect.>’’ Granzyme B activates caspase-3 most efficiently,
which mediates pyroptotic killing of GSDME-positive cancer
cells.>* Perforin-induced plasma membrane lysis as well as
death receptor ligand>death receptor (FASL>FAS)-induced
apoptosis, was long thought to dominate the lymphocyte-medi-
ated killing of target cells. However, gasdermin-mediated pyrop-
totic killing of cancer cells releasing various pro-inflammatory
factors and danger signals to further stimulate anti-tumor immu-
nity is now increasingly appreciated as an additional mechanism
underlying the CTL- and NK-induced killing of malignant target
cells.>*>*°° Moreover, in the TME, DCs and macrophages sense
tumor-derived signals via NLRP3 inflammasome and undergo
GSDMD-mediated pore formation or pyroptosis, which amplifies
the inflammation that facilitates the recruitment of cytotoxic lym-
phocytes.?®'2%2

Pyroptosis in the TME has several immunostimulatory effects.
Plasma membrane rupture of malignant cells allows the release
of tumor antigens, facilitating antigen presentation by DCs and
priming tumor-specific CD8" T cells by antigen cross-presenta-
tion.?>® Pyroptotic bursts promote the recruitment of additional
immune cells through chemokines and danger signals, thereby
converting “cold” into “hot” tumors that are more responsive
to immune checkpoint inhibitor therapy.®%>* Inflammasome acti-
vation of gasdermins in tumor-associated immune cells triggers
the release of mature IL-1 and IL-18. IL-1p initiates and am-
plifies local inflammatory cascades, while IL-18 promotes Th1
T cell polarization and induces IFN-y production by NK cells
and T cells, collectively remodeling the TME toward tumor
clearance.”*

Pyroptosis imposes pressure on tumorigenesis, and evasion
of pyroptosis is associated with the grade of malignancy. One
major mechanism for the evasion of pyroptosis is transcriptional
or epigenetic silencing of gasdermin genes. In various cancers,
including breast, gastric, and colorectal tumors, the promoter
of the GSDME gene is hypermethylated, leading to transcrip-
tional repression and reduced GSDME protein expression.”*>~
28 The DNA methyltransferase inhibitor decitabine restores
GSDME expression and can thereby sensitize certain cancer
cells to undergo pyroptosis.”*° Therefore, decitabine enhances
the efficacy of chemotherapy, in which pyroptosis-driven im-
mune responses may play a key role.”*> GSDMB features alter-
native mRNA splicing, generating multiple isoforms with variable
pore-forming capacities.***?°°"252 Among them, isoforms 3 and
4 retain robust pyroptotic potential, whereas isoforms 1 and 2
lack residues that are essential for pore formation and therefore
cannot mediate pyroptosis. The relative expression of GSDMB
isoforms, which varies widely across cancer cells, determines
their susceptibility to granzyme A-mediated lymphocyte killing.
Thus, malignant cells tend to express more of the pyroptosis-
incompetent isoforms of GSDMB to evade anti-tumor immu-
nity>*® (Figure 2B).

While pyroptosis generally inhibits tumor growth, sustained
low-level pyroptotic signaling within the TME leads to chronic
inflammation that may promote tumorigenesis, particularly
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during the early stages of neoplasia.?****® For instance, IL-1p
was reported to drive mesenchymal and epithelial carcinogen-
esis and metastasis by orchestrating a local inflammatory milieu
in concert with other factors.?®* IL-1p reportedly promotes he-
matological malignancies, such as multiple myeloma,”®® and
contributes to angiogenesis to support solid tumor progres-
sion.?®%?%” Studies in mouse models indicate that IL-1p supports
the development and immunosuppressive function of myeloid-
derived suppressor cells (MDSCs), thus dampening effective
anti-tumor immunity.”°®*’° However, it must be noted that
mature IL-1p release is only linked to canonical inflammasome-
activated pyroptosis.”?*

Considerations and open questions targeting pyroptosis
in cancer cells
Inducing pyroptosis in tumor cells or the TME may represent a
promising strategy for cancer therapy. Studies in syngeneic
mouse models show that enforced expression of GSDMB or
GSDME in tumor cells can induce effective anti-tumor
immunity.?*"2492"" Mechanistically, it was suggested that gas-
dermin activation in tumors promotes tumor cell phagocytosis
by tumor-associated macrophages (TAMs) and thereby in-
creases the abundance and functionality of tumor-infiltrating
NK cells and CD8* T cells.?>*° Moreover, treatment with inhibitors
of mutant BRAF or MEK was reported to activate GSDME-
dependent pyroptosis to boost anti-tumor immunity in
GSDME-expressing melanoma.?’? It must, however, be noted
that these agents have also been shown to induce apoptosis in
melanoma cells through the induction of the BH3-only proteins
BIM and PUMA.?”® Hence, pyroptosis may be secondary to
apoptosis. Another study showed that pharmacological activa-
tion of the CARD8 inflammasome in human myeloid cells triggers
GSDMD-mediated pyroptosis, offering a potential therapeutic
avenue for AML.?’* Recently, a small-molecule agonist for
GSDMD was identified, which modifies Cys191 to activate full-
length GSDMD.?”® This compound effectively stimulates anti-tu-
mor immunity in mice by inducing tumor cell pyroptosis.

However, some tumors lack sufficient gasdermin expression
to trigger pyroptosis, especially since GSDME expression is
silenced in many tumors.?’® Thus, nanoparticle-mediated deliv-
ery of active gasdermins is being developed to induce tumor cell
pyroptosis. In a pioneering study, the cancer-imaging small-
molecule probe phenylalanine trifluoroborate was exploited to
release active GSDMA3 from the nanoparticle conjugates. This
efficiently cleared tumors in mice through CD8* T cell-mediated
anti-tumor immunity.?”" This provides a preclinical proof of
concept for exploiting gasdermin activation in cancer immuno-
therapy. Similar nanomaterial-based approaches, as well as
oncolytic virus-mediated delivery of activated gasdermins, are
being developed.?’’25°

While pharmacologically activating gasdermins holds thera-
peutic promise, safety must be carefully evaluated. Aberrant
activation of gasdermins in normal tissues can cause excessive
inflammation and tissue damage.”*° Thus, targeted pyroptosis in
tumors but not in normal tissues must be a critical factor in devel-
oping gasdermin activation-based cancer immunotherapies.
Notably, granzyme B released from CAR-T cells was reported
to activate GSDME in B lymphoma cells, contributing to cytokine

2336 Cell 189, April 16, 2026

Cell

release syndrome.?®' Thus, even the activation of gasdermins
selectively in the malignant cells may cause severe toxicity that
needs to be avoided or mitigated to make such proposed strate-
gies tolerable.

Pyroptosis was initially regarded as an innate immune mecha-
nism in myeloid cells. The identification of gasdermins has revo-
lutionized our understanding of pyroptosis. The wide expression
of gasdermins and their distinct activation mechanisms suggest
the potential for pyroptosis in diverse cell types, including tumor
cells. As in the cases of other forms of programmed cell death,
there is a shortage of universal and reliable methods or tools to
detect GSDM activation and pyroptosis in vivo. This direction
of research efforts is of utmost importance for future studies to
reveal and analyze the immunological functions of pyroptosis,
including in the cases of cancer development and anti-cancer
therapy. Despite the established anti-tumor effect, the precise
mechanisms by which pyroptosis enhances anti-tumor immunity
remain poorly defined. How pyroptosis promotes tumor-specific
antigen presentation, modulates the TME, and orchestrates the
recruitment of distinct immune cells requires further investiga-
tion. To be able to answer these questions, there is a need for
systemic and accurate profiling the cytosolic substances and
molecules in relevant cell types that can be released upon
pore formation by specific GSDMs. Tumors often silence or
downregulate gasdermin expression to evade immune clear-
ance, but the mechanisms underlying this are not well under-
stood. Various approaches have been developed to harness
pyroptosis as a strategy to eliminate tumors and stimulate tu-
mor-specific immune responses. However, therapeutic induc-
tion of pyroptosis requires the selective targeting of malignant
cells while minimizing collateral damage to normal tissues. Over-
coming these challenges is a prerequisite for successful clinical
translation.

FERROPTOSIS

Ferroptosis is an RCD program characterized by iron-depen-
dent, chain-propagating phospholipid peroxidation that ulti-
mately leads to the loss of membrane integrity.”®> Unlike
apoptosis, pyroptosis, or necroptosis, ferroptosis does not rely
on canonical upstream “activation signals.” Instead, it is contin-
uously suppressed in living cells by metabolic surveillance sys-
tems that restrain the uncontrolled generation of peroxidized
lipids.?®® When these safeguards are compromised by “cellular
sabotage”'??®** —as detailed below—for instance, by limiting
cystine import, depleting glutathione (GSH), inhibiting gluta-
thione peroxidase 4 (GPX4), or disabling parallel antioxidant cir-
cuits, such as the ferroptosis suppressor protein-1 (FSP1), cells
trespass a lethal redox threshold and succumb to lethal lipid
damage?®® —ferroptosis. This positions ferroptosis at the inter-
section of several hallmarks of cancer, including deregulated
metabolism, oxidative stress adaptation, and immune
evasion,***® designating ferroptosis a metabolic cell death mo-
dality.'®®" Notably, some of these features have proposed fer-
roptosis as a promising therapeutic opportunity in apoptosis-re-
fractory malignancies**“%-?%° (Figure 5).

Ferroptosis is driven by the oxidative damage of polyunsatu-
rated fatty acid (PUFA)-containing phospholipids, whereby iron
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Figure 5. Induction of necroptosis and pyroptosis

(A) The x. -GSH-GPX4 system prevents ferroptosis caused by phospholipid peroxidation by reducing phospholipid hydroperoxides to their corresponding

alcohols.
(B) The anti-ferroptotic role of the CoQ-FSP1 axis depends on its capacity to con

vert ubiquinone (CoQ) and VK into their hydroquinone forms, ubiquinol (CoQ-H2)

and VK-H2. These reduced compounds inhibit excessive lipid peroxidation by neutralizing radicals in lipid bilayers.
(C) GCHA1, responsible for producing BH4, plays a key role in the anti-ferroptotic function of the GCH1-BH4-DHFR pathway. BH4 functions as an RTA and can be

regenerated by DHFR.

(D) The presence of lipophilic, naturally occurring RTAs such as squalene and 7-dehydrocholesterol (7-DHC), which are intermediates in the mevalonate pathway,

affects cellular susceptibility to ferroptosis. Blocking HMG-CoA, the main enzym
potentially making cells more prone to ferroptosis.

converts these (phospho-)lipidhydroperoxides into lipid radicals
that trigger self-amplifying radical chain reactions.?®’**® This
can occur via lipoxygenase enzymes or non-enzymatic reactive
oxygen species (ROS)-driven reactions, with both pathways
contributing, depending on the cell type. PUFA-phosphatidyl-
ethanolamines are particularly vulnerable substrates, and oxida-
tive damage may begin in the ER*®*° or lysosome®®° before
spreading to the plasma membrane. At the plasma membrane,
lipid oxidation increases membrane tension, opening stretch-
sensitive Piezo1 and TRP ion channels.?°"*° The resulting ion
imbalance, exacerbated by impaired Na‘*/K* ATPase activity,
leads to water influx, cell swelling, and eventual membrane

e in this pathway, often with statins, can lower the levels of 7-DHC and squalene,

rupture. While large polymer molecules can temporarily seal
the small pores that form, they cannot prevent rupture indefi-
nitely once oxidative damage reaches a critical level.?9%2%
Many cancer cells critically depend on the system x; -GSH-
GPX4 axis to neutralize peroxidized phospholipids to evade fer-
roptosis.??® The role of GPX4 (formerly known as phospholipid hy-
droperoxide glutathione peroxidase [PHGPx]) in oxidative cell
death was initially identified through studies that tested nutrient de-
pendencies in Burkitt lymphoma cells.?®® Strikingly, the same
screening strategy, focused on cysteine essentiality and cell death
outcomes, also uncovered a protein first hypothesized as a “puta-
tive NADH oxidase,” later renamed apoptosis-inducing factor
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mitochondria-associated 2 (AIFM2) and ultimately designated
FSP1.2%5297 Dependency on these systems is heightened in tu-
mors with oncogenic RAS signaling, mesenchymal plasticity, or
elevated PUFA content in membranes, all of which dictate ferrop-
tosis sensitivity.>® These insights catalyzed the development of
now widely used small molecules and a successful campaign to
interrogate this unique cell death modality. The first relatively se-
lective molecules (e.g., erastin or RAS-selective lethal 3 [RSL-3])
for targeting the cystine-glutamate antiporter system x.~ and
GPX4, respectively) were named after RAS, owing to the unique
vulnerability of RAS mutant cancer cell lines to these agents.?%2%°
Today, many genotypically distinct tumors, including those that
are therapy-resistant and especially those that have lost apoptotic
competence, are recognized as harboring a more or less pro-
nounced non-oncogenic addiction to GPX4. This positions ferrop-
tosis induction as an attractive strategy for overcoming the resis-
tance of cancer cells to other forms of cell death.?®®

In terms of its immunogenicity, ferroptotic cells release
DAMPs and oxidized lipid species, leukotrienes, prostaglandins,
and aldehydes such as 4-hydroxynonenal (4-HNE), respectively.
This is predicted to shape the TME.*°° Ferroptosis in tumor cells
can elicit pro-inflammatory responses that may synergize with
ICB.®" Yet, ferroptosis occurring in CD8* T cells or antigen-pre-
senting cells can theoretically impair anti-tumor immunity,3°? re-
flecting a contextual dichotomy of ferroptosis in cancer immunity
(Figure 3).

Metastasis imposes a specific ferroptosis-related vulnera-
bility: EMT-associated transcription factors (e.g., zinc finger
E-box binding homeobox 1 [ZEB1]) and a PUFA-rich membrane
composition sensitize mesenchymal tumor cells to ferropto-
sis.** Notably, metastatic progression often selects for clones
that upregulate FSP1, GPX4, or antioxidant systems (some of
them driven by nuclear factor erythroid 2-related factor 2
[NRF2]) to counteract this sensitivity, revealing ferroptosis
evasion strategies during dissemination and colonization of
distant tissues by malignant cells.

Conceptually, the ferroptotic process appears readily
amenable to therapeutic intervention, although the gateway to
clinical testing remains a major challenge. Pharmacological
GPX4 inhibitors (e.g., RSL3, ML162, and ML210), SLC7A11 in-
hibitors (e.g., erastin and its metabolically more stable deriva-
tives), as well as FSP1 inhibitors (e.g., iFSP1, icFSP1, viFSP1,
and FSEN1), have shown preclinical efficacy in inducing ferrop-
tosis in various cancers.*®*% Still, concerns regarding the
toxicity of targeting ferroptosis surveillance systems in healthy
cells persist, as illustrated by the occurrence of early-onset de-
mentia in hereditary GPX4 deficiency, termed spondylometa-
physeal dysplasia, Sedaghatian type.*°” A combination of fer-
roptosis inducers with y-radiation,”> immune checkpoint
inhibitors,®°® or metabolic modulators may circumvent therapy
resistance, though the current evidence remains limited.*® Suc-
cessful ferroptosis-targeted therapies will need to account for tu-
mor subtype, cellular redox status, plasma membrane composi-
tion, and immune cell sensitivity to minimize collateral damage to
anti-tumor immunity.

Three major cooperating systems keep ferroptosis in chec
(1) the system x. -GSH-GPX4 axis, where SLC7A11-dependent
cystine import fuels GSH synthesis enabling GPX4 to reduce phos-
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pholipid hydroperoxides (PL-OOH) to inert alcohoals; (2) the FSP1-
NAD(P)H-ubiquinone (CoQ;)/vitamin K (VK) axis,?%%29"*1° which
regenerates radical-trapping antioxidants (RTAs) (ubiquinol and
VK-H,) in membranes; and (3) the GTP cyclohydrolase 1 (GCH1)-
tetrahydrobiopterin  (BH4)-dihydrofolate reductase (DHFR)
pathway, which supplies the endogenous RTA BH4 and regener-
ates it.>'"*'? Each node is pharmacologically addressable, and
dual-axis inhibition can be synergistic, highlighting shared robust-
ness in lipid peroxide control. Statins lower mevalonate-derived
lipophilic RTAs (i.e., squalene and 7-dehydrocholesterol), skewing
membranes toward peroxidation, whereas withaferin A,°'® RSL3/
ML210, imidazole ketone erastin (IKE), and GSH synthesis
blockers, such as L-buthionine sulfoximine (BSO), may breach fer-
roptosis defenses in complementary approaches. Collectively,
these findings indicate that ferroptosis sensitivity is not a binary
phenotype (“1-0") but a tunable property of iron-redox-lipid meta-
bolism (“1-10”) (Figure 5).

Iron handling further shapes this landscape. Labile Fe(ll) acceler-
ates radical formation via Fenton chemistry and enhances the
auto-oxidation of PUFA-rich phospholipids.®'* Cancer cells typi-
cally display an “iron addiction,” upregulating their uptake (e.g.,
transferrin receptor [TFRC] and CD44-hyaluronan-dependent
endocytosis®'®) and mobilization (ferritinophagy via nuclear recep-
tor coactivator 4 [NCOA4]*'®). This increases the propensity of
cells to undergo ferroptosis while becoming increasingly reliant
on anti-ferroptotic pathways as a trade-off for growth and plas-
ticity.®'” Although iron chelators can inhibit ferroptosis at least in
cultured cells, their effectiveness in vivo remains questionable,
underscoring the need for refined maps of iron trafficking path-
ways within tumor environments.*'* Alternatively, mobilizing iron,
for instance, that is stored in lysosomes can effectively induce fer-
roptosis, and this may represent a promising therapeutic strategy
in particularly hard-to-target metastasizing cancer cells.*'®

Notably, ferroptosis is tightly integrated with oncogenic
signaling and the transcriptional redox circuitries that tumors
exploit. Hyperactivation of the KEAP1-NRF2 axis, a common
genetic abnormality in lung adenocarcinoma, drives broad anti-
oxidant and iron-handling programs, upregulates lipid detoxi-
fying and modifying enzymes (e.g., aldo-keto reductase family
1 member C1 [AKR1C family] and stearoyl coenzyme A [CoA]
reductase-1 [SCD1]), and elevates FSP1 expression.®'9 522
These adaptations raise the threshold of cells to undergo ferrop-
tosis and cause resistance to y-irradiation and oxidation thera-
pies. There is genetic and pharmacologic evidence that simulta-
neously targeting NRF2 pathway components (e.g., SCD1) and
FSP1 can re-sensitize these cancer cells to ferroptosis-inducing
agents.

High-risk neuroblastoma displays a distinct ferroptosis-linked
transcriptional program. MYCN gene amplification with resultant
MYCN overexpression drives iron uptake through TFRC, labile
iron levels, and lipid peroxidation stress while tightening reliance
on cystine uptake and GPX4.%2%*?* Limiting cysteine availability
(via system x.~ blockade or its degradation via cyst(e)inase) or
directly suppressing GPX4 expression or activity disrupts this
redox balance and triggers ferroptosis, leading to tumor regres-
sion in preclinical models. The biology of the trace element sele-
nium is pivotal here. GPX4 is a selenoenzyme,*® and dedicated
selenium uptake and processing by the SELENOP-LRP8 axis®**
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and PRDX6 as an intracellular selenide carrier®°°2¢ sustain

GPX4 activity. Disrupting selenium delivery or selenoprotein syn-
thesis disables GPX4-dependent defenses against ferroptosis in
cancer cells, although tissue-specific safety windows must be
carefully considered.

Membrane composition governs ferroptosis competence.
PUFA-rich phospholipid bilayers (especially ACSL4-**' and
LPCAT3-routed species®*) are the prime substrates for peroxida-
tion, whereas monounsaturated fatty acids (MUFAs) and certain
sterol-pathway intermediates act as embedded RTAs.****%° Can-
cer cells can exploit this chemistry in both directions. For example,
the accumulation of squalene or 7-dehydrocholesterol can buffer
radicals to blunt ferroptosis, whereas peroxisome-derived PUFA-
ether lipids heighten sensitivity. Oncotype-specific lipidomes
(e.g., KRAS-mutant lung cancer, reliant on FASN and Lands cycle
remodeling of membranes®® and CDKN2A-deleted glioblas-
toma,**” which sequesters oxidizable PUFAs into lipid droplets)
reveal cellular processes and pathways that can be targeted by
GPX4 inhibition or metabolic co-targeting. Hypoxia adds yet
another layer in metabolic targeting: HIF-2a can enrich ferropto-
sis-prone lipid states in clear-cell renal carcinomas,®*®**° sensi-
tizing them to GPX4 blockade, whereas HIF-1a enhances lactate
and cystine metabolism that oppose ferroptosis.**° This indicates
the need for context-matched HIF modulation in conjunction with
the inducers of ferroptosis.

Beyond endogenous lipids, vitamins also regulate ferroptosis
in vivo.**"**? Viitamins E and K function as bona fide naturally
occurring RTAs: VKORC1L1 reduces VK to its protective hydro-
quinone, and p53-dependent repression of VKORC1L1 can
diminish this protective layer.>*® Warfarin-mediated inhibition
of VK cycling, or combining IKE with dehydroascorbic acid,***
exemplifies drug repurposing and redox-cofactor re-routing
that may push resistant tumors across the ferroptosis threshold
in preclinical models. These pharmacological interventions rein-
force that in vivo ferroptosis hinges on micronutrient fluxes and
compartmentalized antioxidant pools as much as on genetic
cues, necessitating caution when extrapolating from in vitro
systems.?%®

329-331

Considerations and open questions targeting
ferroptosis in cancer cells
Whether ferroptosis is “immunogenic” may also have nuanced,
phase-dependent answers.®*® Early ferroptotic states can
impede DC maturation, antigen cross-presentation, and the effi-
cacy of immunogenic apoptotic vaccines. This indicates that
indiscriminate ferroptosis in tumor cells may dampen adaptive
priming in the cancer immune cycle.*®> Conversely, activated
CD8" T cells (e.g., during ICB) can promote tumor cell ferroptosis
through IFN-y-mediated repression of system x.~ and ACSL4-
coupled arachidonate metabolism,*°'*% possibly linking cyto-
toxic immune responses to ferroptotic killing of cancer cells.
Yet, similar chemistry can injure T cells: oxidized lipid uptake
via CD36 fosters T cell lipid peroxidation and dysfunction.*7-3
Moreover, broad GPX4 inhibition risks collateral damage to
effector T cells, even as selective GPX4 loss in T4 cells can
de-repress anti-tumor responses.**°

These push-pull dynamics extend to innate compartments: fer-
roptotic cancer cells also release lipid mediators, such as PGE,.
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This suppresses the recruitment of cDC1 and NK cells.**°

Conversely, PMN-MDSCs undergoing ferroptosis can shed
oxygenated lipids that dampen T cell responses. This can be
reversed by inhibiting ferroptosis in myeloid cell subsets,**" albeit
at very early stages of tumor growth. These accelerators and
brakes on ferroptosis, along with the differential sensitivity of im-
mune and cancer cells to ferroptosis, may also prevent unwanted
autoimmunity during anti-cancer responses. The spatiotemporal
precision of ferroptosis, which cell types die, when, and in which
niche, will therefore be critical for combining ferroptosis induction
with immunotherapy®*® and possibly other types of anti-cancer
therapy, such as the induction of apoptosis using BH3 mimetic
drugs.**?

Two difficult-to-treat tumor states repeatedly emerge as
ferroptosis-vulnerable. First, epithelial-mesenchymal transition
and hematogenous spread elevate membrane PUFA content
(via ZEB1-ACSL4/FADS2/ELOVL5 programs)®*°°**>® and oxida-
tive burden, creating GPX4 addiction. Lymphatic transit partly
protects against ferroptosis due to the MUFA- and GSH-enriched
lymph. This allows metastatic preconditioned clones to gain fer-
roptosis resistance before entering the bloodstream, an effect
that can be counteracted by throttling system x.~ or GPX4 in
circulating or colonizing malignant cells.****** Second, DTP cells,
which evade apoptosis during targeted therapy or chemotherapy,
activate an ATF4-linked stress program, remodel lipids, and thus
become exquisitely dependent on GPX4.%'%2286514 Because
drug tolerance is in theory, reversible and precedes overt clinical
resistance, timed ferroptosis induction during minimal residual
disease may extinguish relapse-initiating reservoirs of malignant
cells.*®

Despite a robust mechanistic understanding, bringing ferrop-
tosis to the clinic remains ambitious. The key bottlenecks include
(1) pharmacology, the potent, selective, bioavailable GPX4 or
FSP1 inhibitors and drug-like system x.~ modulators that
achieve intra-tumoral exposure without triggering intolerable
peroxidation in normal tissues; (2) biomarkers, the dynamic
readouts of lipid peroxidation (e.g., oxidized phospholipid
species), activity of ferroptosis surveillance (SLC7A11, GPX4,
FSP1, and GCH1/BH4), lipidome composition (PUFA/MUFA bal-
ance and ePL content), selenium handling, and KEAP1-NRF2
wiring; (3) therapeutic window, the organ specific vulnerabilities
(e.g., kidney, brain, liver, heart, and hematopoietic niches) that
constrain dosing, and immune-compartment sensitivities that
must be respected to preserve anti-tumor immunity; and (4)
systems context, the microbiome-derived metabolites (e.g.,
IDA-AHR-ALDH1A3°°°**%) and hypoxia/vascular gradients that
modulate ferroptosis thresholds in vivo. Looking forward,
“rational drug combinations” may help overcome these chal-
lenges. For instance, ICB combined with ferroptosis-sensitizing
redox or lipid interventions; RT with FSP1 or SCD1 inhibition in
NRF2-high tumors; or DTP-targeted GPX4 inhibition in DTP cells
paired with lineage-specific protectants. Crucially, the success
of such approaches will rely on biomarker-informed patient se-
lection and appropriate clinical trial design.

A clinical view on cell death induction in cancer therapy

We discussed how cancer cells avoid the activation of pro-
grammed cell death pathways and how they secure their
continued survival despite the presence of cell death-inducing
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Figure 6. Swiss Army knife

This schematic uses a Swiss Army knife analogy to illustrate how mammalian
cells deploy a modular set of RCD programs that can be selectively activated
depending on context, stress, and genetic wiring. Different blades or tools
represent major death pathways, including apoptosis, necroptosis, py-
roptosis, and ferroptosis, each designed for specific biological challenges and
immune responses. Additionally, these tools may also indicate alternative or
backup pathways that can become active when the primary programs are
blocked. In cancer therapy, selectively inhibiting anti-apoptotic BCL-2 family
members (e.g., BCL-2 inhibition in CLL or in some AML cases) can be effective
but may leave other blades accessible, allowing cancer cells to escape by
switching to non-apoptotic death or survival strategies. Conversely, combi-
nation or context-aware methods that target multiple “tools” of the knife might
overcome resistance by forcing malignant cells to also activate otherwise
hidden death pathways. Overall, the figure emphasizes RCD as a versatile,
adaptable system, much like a Swiss Army knife, whose full potential is real-
ized only when its modular design is understood and used strategically.

factors.®®” Based on the hypothesis that tumor cells require
ongoing protection from cell death induction, (re-)activation of
cell death, either by inducing pro-death cues or by releasing
the brake on cell death pathways, seemed to be a straightfor-
ward therapeutic strategy (Figure 6).

Indeed, the hallmark evasion of cell death, proposed nearly a
quarter of a century ago,® has demonstrated its clinical relevance
most strikingly in the remarkable, though unfortunately rare, suc-
cess story of CLL treatment.®® In CLL, apoptosis induction by ven-
etoclax, a first-in-class protein-protein interface inhibitor of pro-
survival BCL-2,%"*°® has demonstrated clinical efficacy and has
accordingly entered first-line therapy. Yet, venetoclax is not suffi-
ciently active as a single agent over extended periods to serve as a
first-line standard. Current treatment algorithms in CLL rely on one
or two combination partners in combination with venetoclax to
achieve deep and durable remissions.** This illustrates three
key points: (1) CLL depends on the continuous blockade of mito-
chondrial apoptosis®®; (2) cell death induction as a therapeutic
principle represents a clinical reality; and (3) resistance to single-
agent venetoclax occurs frequently and is highly heterogeneous
from a molecular point of view,*%%-2%2

Despite the success of developing a small molecule with oral
bioavailability and a tolerable toxicity profile, the clinical reality
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in cancer subtypes other than CLL has proven more complex
than initially anticipated. To date, the success seen in CLL has
not been replicated in other hematopoietic cancers and certainly
not in any epithelial cancer, let alone in sarcoma. The closest
success story to CLL stems from AML.°®* In AML, venetoclax
is indicated in combination with hypomethylating agents,
such as 5-azacitidine, for newly diagnosed adult patients ineli-
gible for intensive chemotherapy. Randomized data from the
VIALE-A study showed that venetoclax plus azacytidine signifi-
cantly prolonged overall survival, from 9.6 to 14.7 months.®’ First
and foremost, these data illustrate that incorporating venetoclax
into AML therapy has improved outcomes and is now part of
standard clinical practice. However, a median extension of over-
all survival by 155 days in AML patients cannot be considered a
transformative breakthrough,®” especially given the relevant
grade 3/4 toxicities observed in up to 40% of AML patients
across multiple studies.*®°

In younger and fit patients with intermediate/adverse-risk
AML, two independent trials showed that hypomethylating
agents plus venetoclax as first-line treatment improved clinical
outcomes such as event-free survival, transplant rates, and
toxicity compared with intensive chemotherapy (NCT0517773
and NCT04801797).%° If validated clinically in specific genetic
risk groups of AML, challenging the paradigm of intensive induc-
tion chemotherapy for transplant-eligible AML patients will
represent a substantial improvement. However, possibly due
to a confounding cross-over effect, overall survival has not
reached statistical significance in either trial to date, pending
full publication and further analysis®®® (Fathi et al., abs25-8236
ASH 2025).

BCL-2 inhibition has been shown to induce apoptosis in pre-
clinical studies in myelodysplastic syndrome (MDS) patient sam-
ples.®®”%%8 However, the recent phase 3 VERONA study, which
randomized newly diagnosed intermediate/high-risk MDS pa-
tients to venetoclax plus azacitidine versus placebo plus azaciti-
dine (NCT04401748), failed to achieve an overall survival
benefit.**® While complementary clinical readouts, such as re-
ductions of bone marrow blasts or transfusion independence,
represent important clinical improvements, we should acknowl!-
edge that BCL-2 inhibition alone represents a valuable but only
partially effective avenue in myeloid cancers.

There is substantial activity in testing apoptosis pathway acti-
vation beyond BCL-2 inhibition in hematopoietic cancers,
including the development of MCL-1 inhibitors. Several small-
molecule MCL-1 inhibitors are available and are currently in
phase 1/2 clinical trials for relapsed/refractory hematologic can-
cers (e.g., NCT02675452, NCT02992483, NCT02979366,
NCT04629443, and NCT04178902). However, their develop-
ment has been hampered by cardiac toxicities.®”° "2 Targeting
of BCL-XL represents another approach to induce mitochondrial
apoptosis. Since BCL-XL plays a critical role in platelet survival,
inhibiting its pro-survival function poses a clinical challenge due
to imminent thrombocytopenia.®”**"* Recent advances in BCL-
XL-directed protein degrader technology raise the possibility
that anti-tumor activity may be dissociated from thrombocyto-
penia in solid or hematopoietic cancers.®>”>*"¢

In contrast to hematopoietic cancers, outcomes reported for
apoptosis induction in epithelial tumors or sarcomas have
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been less encouraging. Solid tumors remain an experimental
space for targeted apoptosis activation with only marginal sig-
nals of clinical benefit. One representative completed random-
ized phase 2 study in a solid tumor is the VERONICA trial on es-
trogen/progesterone receptor-positive and HER2-negative
metastatic breast cancer patients, which reported negative re-
sults overall.®’” Ongoing phase 1/2 and 1b/2 studies in breast
cancer (NCT03900884), small cell lung cancer (NCT04543916),
and non-small cell lung cancer (NCT04274907), among many
others, are primarily assessing combination strategies, but
none have reported convincing phase 2 efficacy signals to
date. Testing of MCL-1 inhibition in solid cancers is also pro-
gressing in phase 1 (NCT04837677 and NCT05006794), with
additional data expected soon.

Given that our current clinical reality remains somewhat
removed from the prospect of broadly applying cell death-
inducing therapies across diverse cancer types or even across
multiple cell death pathways, it may be prudent to recalibrate
our expectations for this therapeutic approach. Apoptosis re-
mains the best-studied programmed cell death pathway®’®
and is the only one for which pharmaceutical-grade compounds
have been approved by national medicine agencies such as the
FDA and EMA. However, despite the remarkable sensitivity of
malignant hematopoietic cells from both the lymphoid®”®=#"
and the myeloid compartments®®?=%* to mitochondrial
apoptosis in vitro, ex vivo, or in mouse models, many encour-
aging preclinical results from the laboratory have not yet trans-
lated to the patient’s bedside as anticipated.

Clinical medicine rarely follows simple rules such as “patient is
anemic = give iron,” or in the context of cell death, “BCL-2 is over-
expressed = give venetoclax.” This is exemplified in the case of
follicular lymphoma, where malignant cells harboring the chromo-
somal translocation 1(14;18)(q32;921) exhibit aberrant BCL-2
overexpression,®®® yet fail to achieve durable responses to the
single-agent BCL-2 inhibitor venetoclax®®® and treatment combi-
nations have yielded substantial toxicity,*®” unfortunately.

From the original hallmarks of cancer publication® to the
recent summaries emphasizing the complexity of cancer cell
biology,® the difficulty of defining one specific yet critical
signaling pathway as the Achilles heel of cancer cell survival
has been widely acknowledged. Still, the field may have been
overly ambitious in assuming that applying leverage on one
signaling pathway (apoptosis) would be sufficient to extend the
overall survival of patients across diverse cancer types. Clinical
relapse samples from venetoclax-treated CLL patients show
that tumor cells can develop heterogeneous forms of resistance
mechanisms.*®°=*%® The resistant clones arise through muta-
tions in BCL-2 itself that prevent drug binding,*®® or by outgrowth
of pre-existing or newly selected clones harboring alternative
resistance alterations, such as upregulation of non-targeted
pro-survival BCL-2 family members (e.g., MCL-1 and BCL-XL)
or TP53 mutations in CLL.3%%:3%9

Tumor burden and clonal heterogeneity impact the develop-
ment of resistance to any therapy, and cell death-inducing
agents are no exception.”*?°*°? Given the multitude of potential
resistance mechanisms to venetoclax or other death-inducing
agents, combinatorial treatment strategies are likely required
to address tumor complexity. Evidence from CLL, arguably the
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“poster child” of cell death therapy, supports this principle.
Reducing CLL clone size and heterogeneity is achieved by
combining venetoclax with compounds, such as Bruton’s tyro-
sine kinase inhibitors or anti-CD20 antibodies.**® Not surpris-
ingly, the response rates of these combinations are superior to
those for venetoclax monotherapy, reinforcing the need to pair
cell death-inducing agents with complementary treatment mo-
dalities.*?39"

The concept of apoptosis-independent killing of leukemia, such
as AML, has been based on the finding that RIPK3-mediated cell
death serves as a leukemia-suppressive mechanism in AML,3%
and that leukemic cells readily undergo cell death and inflamma-
tion-induced differentiation in response to TNFR1-dependent sig-
nals if either TRAF2 is missing®®® or IAPs are inhibited.'8*4%°
Accordingly, clAP1, clAP2, and/or XIAP inhibitors have been
developed.

Oral SMAC mimetics, such as xevinapant, are small-molecule
antagonists of clAP1/2 and XIAP.“°" The anticipated clinical util-
ity was based, at least in part, on the central roles of clAP1/2 and
XIAP in TNF receptor 1-mediated induction of cell death upon in-
hibition of either of these proteins.*?>“°® |n addition, preclinical
evidence suggested that necroptosis-inducing treatments might
alert and engage the immune system as tumor cells die.*® A
phase 2 trial of IAP inhibition combined with radio-chemotherapy
in squamous cell carcinoma of the head and neck reported im-
provements in the primary endpoint of loco-regional control as
well as progression-free and overall survival.***“°> However,
the subsequent phase 3 trial failed to demonstrate any improve-
ment in survival outcomes.“°® While there is still substantial pre-
clinical evidence for targeting IAP in cancer, as discussed above,
further translational research is needed to identify responsive
cancer entities, optimal drug combinations, and the most sensi-
tive patient subgroups.

Overall, the clinical implementation of compounds that specif-
ically activate a defined programmed cell death signaling
pathway, unlike chemo- or RT, remains currently restricted to rela-
tively low-prevalence hematopoietic cancers, such as CLL and
AML. Although the clinical development of therapies targeting
apoptosis, necroptosis, and emerging modalities such as ferrop-
tosis or pyroptosis is ongoing, achieving major breakthroughs in
the near future may remain challenging. Because the evasion of
cell death in cancer is a highly complex, dynamically evolving pro-
cess involving longitudinal adaptation programs, it is unlikely that
a single “silver bullet” will overcome this hallmark. Accordingly, a
more detailed mechanistic understanding of emerging cell death
modalities, more precise biomarker strategies, and the systematic
testing of cell death-inducing agents as a treatment combination
will be essential for expanding the therapeutic reach of cell
death-based treatments across cancer entities.

CONCLUDING REMARKS: THE COMING 25 YEARS FOR
CELL DEATH RESEARCH IN CANCER

We argue that over the next 25 years, cell death research is
poised to transform cancer therapy by enabling the context-spe-
cific targeting of tumor cell vulnerabilities, including metastasis,
drug persistence, metabolic adaptations, and cellular plasticity,
through a deeper mechanistic understanding and the
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therapeutic manipulation of all RCD pathways. As the field con-
tinues to expand beyond apoptosis to fully encompass necrop-
tosis, pyroptosis, and ferroptosis, these RCD modalities will be
leveraged to counteract resistance to cell death, one of the
“founding” hallmarks of cancer. Importantly, apoptosis and
non-apoptotic pathways closely intersect with the other core
hallmarks of cancer, such as deregulated metabolism, immune
evasion, and tumor-promoting inflammation, possibly pinpoint-
ing “synthetic lethality” for therapeutic intervention*®” (Figure 6).
Advances in high-throughput technologies, including single-
cell profiling, spatial omics, and in vivo CRISPR screening, will
illuminate cell type- and lineage-specific dependencies on cell
death suppressive mechanisms, even within rare subpopula-
tions like therapy-resistant persister cells and immune-evasive
niches. These insights, coupled with rational drug design, will
foster next-generation combination therapies that not only erad-
icate tumor cells but also potentially collaborate with anti-tumor
immunity. Ultimately, the incorporation of cell death biology into
systems oncology and personalized medicine*®® will redefine
therapeutic strategy, shifting the paradigm from broadly cyto-
toxic approaches toward precisely targeted induction of cell
death, tailored to the evolving biology of each patient’s tumor.
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