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Emerging challenges, mechanisms, and therapeutic
opportunities in cell death

Regulated cell death pathways play fundamental roles in development, tissue homeostasis, immunity, and
disease, and have emerged as promising targets for therapeutic intervention. In this Cell Chemical Biology
special issue on cell death mechanisms, this Voices article brings together researchers from across the field
to address the following questions: which recent advances in cell death research excite you most, what key
challenges remain, and what are the next big questions in the field?
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The cell death numbers game

For several decades, apoptosis was the only known form of regulated cell death. The
discovery of necroptosis and pyroptosis unleashed a torrent of further investigation,
and additional new cell death mechanisms continue to be reported to this day at an
accelerating pace. How many distinct cell death mechanisms exist? The number of
different ways that cells die normally, during development or as a homeostatic process,
is almost certainly smaller than the number of “abnormal” mechanisms that can be un-
leashed in a cell, perhaps by one or more orders of magnitude. This distinction is impor-
tant because it tells us something about the signals that cells have evolved to sense and
respond to, such as death ligands or viral infection, and also about those stresses that
cells never normally experience and therefore have no means to defend against. In the
realm of cancer therapy, one hope is that new drugs could trigger abnormal cell death
mechanisms that are more immunogenic and able to evade resistance to apoptosis.
However, this remains to be established, and meanwhile the boundaries between
normal and abnormal cell death are continually shifting. For example, whereas ferrop-
tosis was once counted as an abnormal mechanism of cell death, it is now understood
to be active during normal development and homeostatic tumor suppression. Why cells
have evolved such diverse mechanisms to eliminate cells is of great interest, extending
the study of cell death into new and increasingly theoretical realms.

A non-cell-autonomous, phylogenetically anchored view of cell death

As a physician scientist, | seek to understand the central mechanisms that define the
frontier between adaptive and maladaptive responses to external perturbations
because this shifting boundary ultimately determines the fine line between health and
disease. Maladaptive responses arising from stressed or dying cells represent a funda-
mental engine of pathogenesis, which explains my enduring fascination with cell stress
and cell death pathways. Yet, cell death cannot be interpreted as a purely cell-autono-
mous event because its origin and its consequences depend on a supracellular
ecosystem composed of interacting cells, dynamic ion fluxes, metabolites, cytokines,
neuroendocrine signals, and long-distance communication through lymphatic,
vascular, and neural networks. Whether cellular injury leads to recovery, inflammation,
immune activation, containment, or propagation therefore reflects collective behavior
rather than isolated fate. The central experimental challenge is to navigate between
oversimplified reductionist models, such as monolayer cultures or even elegant
three-dimensional systems, and the opposite extreme of comprehensive spatially
resolved multi-omics approaches that generate massive descriptive datasets in which
mechanistic hypotheses risk drowning in statistical noise. Progress requires the delib-
erate construction of technologically sophisticated experimental platforms that permit
precise questions within controllable conditions while preserving essential features of
in vivo complexity. Because evolution has built biological systems upon ancient
conserved molecular cores, focusing on these durable pathways may reveal organizing
principles that still govern the physiological regulation and pathological derailment of
stress responses and cell death across human tissues and disease contexts. Thus,
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phylogenetic considerations may help illuminate the apparent chaos, allowing us to
trace coherent paths through the jungle of biological complexity.

Have we reached peak apoptosis?

With many of its key regulators and mechanisms already identified, apoptosis is often
viewed as a mature field. Yet, some of its most important biological and therapeutic
questions remain unresolved. Future breakthroughs will depend on addressing these
questions through technological advances, some of which are only now beginning to
mature.

BAX and BAK remain the final frontier in apoptosis research and translation. The
exact nature of the mitochondrial pores formed by these executioner proteins is still
incompletely understood, and we remain far from fully grasping the dynamic choreog-
raphy that transforms inactive monomers into membrane-disrupting oligomers.
Advances in structural biology, microscopy, and live-cell imaging are now providing
unprecedented opportunities to directly observe these processes in real time.

Targeting the key proteins of the apoptotic pathway for therapeutic purpose remains
achallenge, though the first-in-class BCL-2 inhibitor venetoclax validated the approach
and confirmed “BH3-mimetics” as a powerful new class of anti-cancer agents.
However, small molecules targeting the related proteins BCL-XL and MCL1, arguably
even more compelling therapeutic targets, continue to face major on-target toxicities
in the clinic.

A particularly tantalizing therapeutic challenge is the direct targeting of BAX and BAK
themselves, either to activate or inhibit apoptosis. While the large conformational
changes undergone by these proteins make rational drug design difficult, the thera-
peutic potential is enormous: activators could lead to entirely new anti-cancer thera-
pies, while inhibitors may transform the treatment of conditions driven by aberrant
cell death, including acute tissue injury and neurodegeneration.

In addition to new molecules targeting these proteins, the next breakthrough relies on
optimized delivery. Understanding which modalities, including antibody-drug conju-
gates, nanoparticles, degraders, or others, can selectively direct these potent agents
to diseased cells while sparing normal tissues will be critical.

Far from reaching “peak apoptosis,” the field may instead be entering its most trans-
formative phase with major translational opportunities still to be realized.

Turning up the heat or putting out the fire

Pathogens and sterile signs of intracellular danger trigger an inflammatory cell death
called pyroptosis (“fiery death”). Pyroptosis is mediated by cytosolic gasdermin
proteins (named because of their expression in the skin, gastrointestinal tract, and other
mucosal sites) that are cleaved and activated to form membrane pores that usually Kill
the cell when dangers are sensed. Pyroptosis is arguably the most inflammatory
pathway in the body. Cytokines and chemokines secreted from pyroptotic cells set
the tone for the ensuing immune response by recruiting immune cells to sites of infec-
tion, tissue damage, and organismal threat and activating them to eliminate the danger.
There are now hints that the gasdermins may also contribute to tissue repair. The under-
lying mechanism behind pyroptosis was discovered 10 years ago and was shown to
play a critical role that can be protective or pathogenic or both in many serious and
poorly treated diseases including sepsis, cytokine storm, vascular leak, infection,
atherosclerosis, neurodegenerative diseases, and cancer. While the regulation of py-
roptosis is beginning to be understood, there is still much that we don’t know. What
transcription factors, proteases, and post-translational pathways activate the five
human gasdermin family members? What proinflammatory or possibly regulatory
anti-inflammatory molecules are released from dying cells? How is the pathway turned
off? How do infectious organisms and cancer manipulate the pathway, and in which
clinical situations does it play a central role in immune protection or pathogenesis?
Because acute or chronic inflammation critically affects virtually every disease, under-
standing pyroptosis provides attractive therapeutic targets to suppress inflammation or
potentially activate it in settings like cancer where the immune response is inadequate.



Cell Chemical Biology

John Silke
The Walter and Eliza Hall Institute of Medical
Research, University of Melbourne, Australia

¢? CellPress

Currently, there are approved biologics that suppress the inflammatory IL-1 family cyto-
kines that are activated and secreted during pyroptosis. In addition, nonspecific
cysteine-reactive drugs that inactivate gasdermin D pore formation have been identi-
fied, and inhibitors of the most important sensor, NLRP3, are under development. Still,
compounds that specifically target the gasdermins or the inflammatory caspases that
activate them could be more promising, effective anti-inflammatory agents.

Media vita in morte sumus

I love this Latin chant, which Wikipedia tells us translates as “in the midst of life, we are
in death,” because it captures the fundamental aspect of cell death that is too often
overlooked. That is, that all cells are mortal and therefore cell death is an absolutely
essential function of living organisms, needed not just to prevent pathogens from
running riot or transformed cells developing into tumors, or even as a requirement of
embryonic development, but mainly, by quantity, for normal homeostatic turnover. All
these very different deaths have in common that they are genetically programmed,
and inherent in these programs, with the exception of developmental cell death, is
the principle that the dead cells need to be replaced. Thus, while research careers
may be made defining the mechanisms of new, and old, cell death pathways, the ulti-
mate challenge, in my opinion, is to determine how these separate pathways influence
the response of the resident tissue. In other words, what is the physiological relevance
and impact of these different cell deaths? The challenges on the way to this level of
understanding are that there are many ways to die, not all of them programmed, and
that all cell deaths are usually very difficult to detect in vivo, precisely because nature
abhors a dead cell and rapidly disposes of it. One entry point, and opportunity, is to
obtain a better understanding of why many vertebrates, and indeed mammals, function
perfectly well without some of our favorite death pathways when they suffer the same
ills in the midst of life that us poor humans do.

DECLARATION OF INTERESTS

S.J.D. holds patents related to ferroptosis inhibitors. G.L. is an employee of WEHI, which receives
research, milestone, and royalty payments in relation to venetoclax (ABT-199). G.L. has received research
funding from Servier and holds stock options in FireflyBio (USA), a company for which G.L. also served as
scientific advisory board member. G.L.’s other committee memberships include scientific advisory board
for TernarX (Australia, non remunerated). G.L.’s patents include US 62/443,082, US8,952,157, US2009/
68496, US2009/68400, US2007/084873, US2009/044680. J.L. is a cofounder and advisor of and has
financial interests in Ventus Therapeutics.

Cell Chemical Biology 33, July 16, 2026 891




	Emerging challenges, mechanisms, and therapeutic opportunities in cell death
	The cell death numbers game
	A non-cell-autonomous, phylogenetically anchored view of cell death
	Have we reached peak apoptosis?
	Turning up the heat or putting out the fire
	Media vita in morte sumus
	Declaration of interests


