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BACKGROUND: Inflammatory lesions often
contain dead cells. Cell death in develop-
mental processes characteristically occurs by
apoptosis, a form of programmed cell death
in which dying cells are phagocytized before
undergoing membrane damage. In inflam-
mation, however, cell death is often necrotic,
where cellular constituents are released after
membrane rupture. The death of cells in in-
flammation was until recently thought to
result from other changes in the inflamed
tissue. This view has changed, however, owing
to several findings: that necrotic cell death
can be induced by biomolecules known to ini-
tiate inflammation [such as the cytokine tumor

necrosis factor (TNF) or the pathogen com-
ponent lipopolysaccharide (LPS)]; that it can
be dictated in a programmed manner by dis-
tinct sets of signaling mechanisms; and that
it yields release of some cellular components
capable of facilitating inflammation. It now
seems probable that necrotic cell death is not
always a consequence of inflammation, but is
sometimes rather its trigger. To confirm this
notion, we need reliable tools for detection of
programmed necrosis in vivo. Because pro-
grammed necrosis cannot be distinguished
morphologically from accidental cell death,
its identification in inflamed tissues must be
based on its distinctive molecular details.
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Effector mechanisms in lytic and nonlytic cell death (A) In apoptosis, caspases cleave substrate
proteins that orchestrate the cell-death process. (B) In necroptosis, protein kinases phos-
phorylate MLKL, thereby activating it. Phospho-MLKL then causes cell lysis. (C) In pyroptosis,
other caspases cleave and hence activate gasdermin-D (GSDMD), thus causing death. These
caspases also activate cytokines IL-18 and IL-18. In both necroptosis and pyroptosis, the cell
membrane ruptures, releasing cellular components that may trigger inflammation.
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ADVANCES: We now have quite detailed
knowledge of the mechanisms initiating
apoptotic cell death and those initiating two
forms of programmed necrosis—necroptosis
and pyroptosis. Apoptosis is triggered by pro-
teases of the caspase family. Necroptosis is
triggered by specific protein Kinases, most cru-
cially receptor-interacting protein kinase-3
(RIPK3). Pyroptosis is triggered by caspases
distinct from those mediating apoptosis, and
whose activation yields proteolytic activation
of the inflammatory cytokines interleukin-13
(IL-1B) and IL-18. All of these molecular ini-
tiators of death programs, however, also con-
tribute to the initiation of nondeadly cell
functions and are thus not specific markers
for death. Two proteins were recently found

to act further downstream
in the signaling pathways
Read the full article  1€ading to programmed
at http://dx.doi. necrosis. One, the pseu-
org/10.1126/ dokinase mixed lineage
science.aaf2154 kinase domain-like pro-

tein (MLKL), is crucial for
necroptosis. The other, gasdermin-D (GSDMD),
after cleavage by the pyroptosis-mediating
caspases, is a major player in their induction
of death. Mere expression of activated MLKL,
or of the N-terminal proteolytic fragment of
GSDMD, can trigger necrotic death. The finding
that MLKL and GSDMD play roles in necrop-
tosis and pyroptosis raises hopes that we are
approaching the identification of molecules
that exclusively serve these forms of death.

OUTLOOK: What are the parameters that can
reliably allow us to define a cause-effect relation-
ship between necrotic death and inflammation—
and more generally, to define the causal
relationships between any disease and its co-
occurring pathogenic events? In the case of cell
death, this question boils down to the need to
identify molecular events that contribute spe-
cifically enough to allow their use as definitive
molecular probes. The effectors of death—proteins
found to mediate deadly changes in the cell—
are likely to have that absolute specificity.
Whether MLKL and GSDMD are such death
effectors has yet to be established. Some studies
suggest that MLKL directly permeabilizes mem-
branes, whereas others suggest that it does not.
Regarding GSDMD, there is still no knowledge
of the mechanisms by which its N-terminal frag-
ment triggers death. Identifying death-effector
molecules will be of immense importance to
medicine. Such molecules will not only be the
best markers for detecting programmed necro-
sis, but will also serve as the optimal targets for
its pharmaceutical arrest in disease.
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Until recently, programmed cell death was conceived of as a single set of molecular
pathways. We now know of several distinct sets of death-inducing mechanisms that lead to
differing cell-death processes. In one of them—apoptosis—the dying cell affects others
minimally. In contrast, programmed necrotic cell death causes release of immunostimulatory
intracellular components after cell-membrane rupture. Defining the in vivo relevance of
necrotic death is hampered because the molecules initiating it [such as receptor-interacting
protein kinase—-1 (RIPK1), RIPK3, or caspase-1] also serve other functions. Proteins that
participate in late events in two forms of programmed necrosis [mixed lineage kinase
domain-like protein (MLKL) in necroptosis and gasdermin-D in pyroptosis] were recently
discovered, bringing us closer to identifying molecules that strictly serve in death mediation,
thereby providing probes for better assessing its role in inflammation.

hen I use a word...it means just
what I choose it to mean—neither
more nor less.” This declaration
from Lewis Carroll’s Through the
Looking Glass aptly describes a
common practice of scientists. By defining terms
and deciding what they stand for, they spur in-
terest in testing the validity of their hypotheses;
unlike Humpty Dumpty’s assertion, however, terms
defined by scientists often turn out to mean more
than initially conceived.

The term “programmed cell death” has made
a huge and persisting impact on cell death re-
search (I). However, recent developments in cell
death research have altered our view of what this
term means. Until recently, programmed cell death
was thought to occur only in one form, called
“apoptosis.” This form is characterized by in-
duced changes that yield death in a way that
minimizes its impact on neighboring living cells.
Recent findings have revealed, however, that
another form of death, “necrosis” or “oncosis,” can
also be dictated by defined molecular pathways.
Necrosis involves release of the dying cell’s intra-
cellular components, and the effects of this release
on neighboring cells can yield inflammation (2).

Based on the findings regarding apoptosis,
programmed cell death was initially viewed as a
set of mechanisms that act exclusively within the
dying cell and serve only to dictate its demise.
In programmed necrosis, the end of the plan of
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action toward death is believed to be not only
death induction but also induction of inflamma-
tion, another complex programmed process ca-
pable of causing death in other ways. Here, we
address the challenges faced in the study of
programmed necrosis in vivo and the attempts
to overcome them by harnessing the knowledge
gained ex vivo. While there are various pathways
by which necrosis can be “programmed,” we focus
here on those of necroptosis and pyroptosis.
(See glossary in Box 1.)

Possible roles of lytic and nonlytic
cell death in inflammation

Inflammation is a multicellular process that de-
stroys pathogens and promotes recovery from
injury through a variety of cooperating changes,
including cell death (2). Initially identified as a
pathological phenomenon, cell death is still often
described in pathology textbook chapters on tis-
sue damage. Indeed, some of the most harmful
consequences of infection and inflammation, in-
cluding the massive damage to tissues in necro-
tizing fasciitis (“flesh-eating” syndrome) and the
functional arrest of regions in the heart and brain
pursuant to infarct and stroke, can be ascribed
to massive cell death.

Various manifestations of the pathology of
inflammation are known to be mediated by cel-
lular functions that are potentially beneficial,
yet cause damage when induced in excess. Sim-
ilarly, when cell death in inflammation occurs in
a restricted manner, its role can be beneficial, as
in the elimination of injured or infected cells, which
are taken up by phagocytosis as they die (3, 4).

Phagocytic uptake of a dying infected cell, how-
ever, might not suffice to eradicate the path-
ogens that infected it, and might instead have
the opposite effect. Being able to survive and

replicate within cells, intracellular pathogens may
continue to survive in the cells that engulf them
and might thus exploit this uptake for their fur-
ther spread. This is particularly true of pathogens
that can withstand destructive activities within
professional phagocytes. Indeed, a variety of harm-
ful intracellular pathogens prosper in phagocytic
cells, including Mycobacterium tuberculosis, Shi-
gella flexnert, and others. In order for cell death to
assist in destroying such pathogens, these patho-
gens must permeate through the cell membrane
into the extracellular milieu, where they might be
unable to grow and/or be exposed to other defen-
sive mechanisms.

Lytic cell death can also contribute to defense
in another way. Various intracellular components,
once released from dying cells, can trigger inflam-
matory activities in other cells. By allowing the
release of such “damage associated molecular pat-
terns” (DAMPs), lytic cell death may self-amplify
or even initiate the inflammatory process.

Thus, depending on the role that cell death
might play in inflammation, it should optimally
occur in one of two ways. For eliminating intra-
cellular pathogens that resist destruction by in-
tracellular defense mechanisms, death of the cells
would preferably involve rupture of their mem-
branes. In contrast, death destined to eliminate
pathogens that are easily destroyed within pro-
fessional phagocytes, or facilitation of repair by
phagocytic uptake of malfunctioning cells, would
be better served without membrane rupture (non-
Iytic cell death), thus maximizing removal of
the cellular constituents and preventing DAMP-
mediated perpetuation of inflammation.

Cell death also plays a role in promoting adap-
tive immune responses to antigens associated
with the dying cells (e.g., produced by an infect-
ing organism or by cancer-associated mutations).
This “immunogenic cell death” is distinct from
inflammation per se (5). Immunogenic cell death
involves activation of dendritic cells and a pro-
cess of “cross-priming,” in which molecules in
the dying cell are processed and presented on
class I major histocompatibility complex (MHC)
molecules in the dendritic cell for recognition by
CDS8" T lymphocytes (6).

Apoptosis—a nonlytic form
of death mediated by proteases
of the caspase family

The characteristics of apoptotic cell death min-
imize disturbance of living cells by the dying
cells. This cell death program is prevalent in de-
velopment and tissue remodeling, processes not
associated with inflammation. When apoptosis
occurs in inflammatory lesions, it might actually
serve to terminate the inflammation. In apoptosis,
a group of structurally related proteases called
“effector” (or “executioner”) caspases (in humans,
caspase-3, -6, and -7) cleave specific target sites
in numerous cellular proteins. These caspases ini-
tiate multiple enzymatic and structural changes
that lead to the morphological and functional
changes characteristic of apoptosis. As expected
for a programmed process, the various molecular
pathways that are targeted for cleavage by the
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Box 1. Glossary of terms.

Apoptosis: a programmed form of nonlytic cell death resulting from the activation of effector

caspases via a variety of upstream signals

Caspases: cysteine-dependent aspartate-directed proteases that cleave numerous targets

in the cell after activation by upstream signals

Cross-priming: the process of uptake and presentation of antigen on class | MHC by
phagocytic cells such as dendritic cells in order to activate CD8 response

Damage associated molecular patterns (DAMPs): a series of intracellular components
released upon cellular damage that induce inflammatory activities in other cells

Effector caspase: a caspase activated via an initiator caspase that targets cellular proteins
for cleavage and orchestrates the process of apoptosis; also referred to as an executioner

caspase

IL-1B: an inflammatory cytokine produced in proform requiring caspase cleavage for maturation

and release

Immunogenic cell death: cell death that directly activates the immune response through
uptake of the dying cells and presentation of associated antigens to T lymphocytes
Inflammasome: a general term for macromolecular complexes acting as activation platforms

for caspase-1, -4, -5, or -11

Inflammation: a complex biological response involving production of cytokines to recruit
innate and adaptive immune cells in order to eliminate the initial insult, clear out damaged
tissue, and initiate the repair process through a variety of cooperating functional changes

Inflammatory caspases: caspases 1 and 11 in mouse and 1, 4, and 5 in human whose

activation leads to the processing of IL-1p

Initiator caspase: a regulatory caspase that requires the formation of a macromolecular
complex for activation, and functions to activate effector caspases

Koch postulates: a set of four criteria published by the German physician Robert Koch in
1890 designed to evaluate the causative link between a microbe and disease

Lytic cell death: cell death that results in the acute permeabilization of the plasma membrane

Necroptosis: programmed form of lytic cell death in which RIPK3 activation leads to
downstream activation of MLKL and the acute permeabilization of the plasma membrane

Nonlytic cell death: cell death in which cells are packaged for disposal by phagocytes,
generally preventing the release of intracellular contents

Phagocytosis: the process of a cell (i.e., macrophages, dendritic cells) ingesting cell fragments
or microorganisms, leading to the formation of a vacuole to degrade the engulfed components

Pleiotropy: the phenomenon in which something, such as a protein, plays more than one,
often opposing, role in cellular processes; for example, caspase-8 is necessary for death
receptor—-mediated apoptosis, but restrains necroptosis

Programmed cell death: originally referred specifically to cell death that is “programmed”
in development, but now taken to mean any cell death engaged by an active predestined

molecular mechanism

PRR: pattern recognition receptor; cellular proteins evolved to specifically bind components
of pathogens and to initiate signaling for defense

Pyroptosis: lytic form of cell death characterized by activation of inflammatory caspases
and usually associated with secretion of IL-18 and IL-18

effector caspases are evolutionarily conserved (7).
Some of these molecular pathways serve to safe-
guard against the release of DAMPs, limiting the
initiation of inflammation; other molecular fea-
tures actively suppress inflammatory activity by
leukocytes (8).

The ability of a wide range of different in-
ducers to activate the same apoptotic program
has been ascribed to the existence of molecular
hubs that convey activating signals to the ef-
fector caspases through some other members of
the caspase family defined as “initiator caspases.”
In the so-called “intrinsic cell death pathway,”
effects of intracellular death inducers converge,
mainly through the function of members of the
Bcl-2 protein family. The latter act to permeabilize
the outer membranes of the mitochondria, releas-
ing cytochrome c and other intermembrane space
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proteins. Cytochrome c triggers the oligomer-
ization of an adapter protein, APAF1, which
then binds and thereby activates the initiator
caspase, caspase-9 (9, 10).

In the extrinsic cell death pathway, signals
emanating from the receptors for tumor ne-
crosis factor (TNF) and from some other mem-
branous receptors converge to oligomerize the
adapter protein FADD/MORTI. This in turn
binds and thus activates another initiator caspase,
caspase-8 (II).

In both the intrinsic and the extrinsic cell
death pathways, the triggering of apoptotic
death occurs by imposed dimerization of the
initiator caspases within distinct signaling com-
plexes. Association of the caspases with their
adapter proteins in these complexes is mediated
by homotypic binding domains encompassing

one of four related “death-fold” motifs (72). Once
activated, caspase-8 and -9 proteolytically process
and activate effector caspases.

Necroptosis—a regulated, lytic cell
death involving specific kinases

The term “necrosis” (or “oncosis”) refers to all
forms of death that are characterized by swelling
of the cells and their organelles, followed by per-
meabilization of the cellular membranes. This is
the typical pattern of death of cells in response to
accidental damage, and also of the two forms of
programmed cell death described here—necroptosis
and pyroptosis. Whereas the morphologic fea-
tures of apoptosis, both in vivo and in cell culture,
distinguish it clearly from other forms of cell
death, there is currently no way to distinguish
necroptosis or pyroptosis from accidental ne-
crotic death merely by visual inspection of the
cells. Our knowledge of those forms of pro-
grammed death and their consequences is there-
fore largely restricted to information based on
identifying the molecules involved, either in vitro
or through the use of genetically modified ani-
mals in vivo.

The discovery of necroptosis can be traced
back to the seminal finding in 1965 that certain
leukocyte-produced cytokines, called lympho-
toxins, cytotoxins, or TNF, can trigger cell death
(13, 14). This death was initially reported to oc-
cur by apoptosis. By 1988 it had been clarified,
however, that in some cells, TNF also triggers
necrotic death (15).

The most upstream signaling activity required
for induction of necroptosis by a TNF ligand fam-
ily member is the protein kinase function of
receptor-interacting protein kinase-1 (RIPK1) (16, 17)
(Fig. 1). Several other biological stimuli trigger
necroptosis independently of RIPK1: the inter-
ferons (IFNs) exert necroptotic effects that de-
pend on the interferon-induced protein Kkinase
PKR (18, 19). Also, Toll-like receptor 3 (TLR3),
a membrane-anchored receptor for viral nucleic
acid, induces necroptosis via the adapter protein
TRIF (20). Some viruses can also trigger ne-
croptosis independently of RIPK1. The cell death
response to mouse cytomegalovirus (MCMYV)
infection, for example, employs the IFN-induced
protein DAI (21-23). Unlike RIPK1, neither TRIF
nor DAI possesses protein-kinase or any other en-
zymatic activity.

The protein kinase RIPK3 acts downstream
of RIPK1 in the necroptotic signaling pathway
(24-26). 1t is activated by associating with RIPK1,
TRIF or DAI with which it associates via a RIP
homotypic interacting motif, RHIM. Strong nega-
tive regulation of the initiation of signaling for
necroptosis is mediated by caspase-8 together with
a caspase-like molecule, c-FLIP;, (16, 27, 28), and by
the ubiquitin ligases cIAP1 and cIAP2 (29). The
last two mediate their effect by facilitating the
anchorage of K63-linked polyubiquitin chains to
RIPK1, thereby arresting the integration of RIPK1
into the signaling protein complex that initiates
necroptosis.

RIPK3 mediates necroptosis by binding mixed
lineage kinase domain-like protein (MLKL), a
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protein kinase homolog that, despite binding
adenosine 5°-triphosphate, is devoid of pro-
tein Kkinase activity (30, 31). RIPK3 phosphoryl-
ates MLKL, thereby imposing a conformational
change that negates a self-inhibitory effect of
the kinase-homologous C-terminal region in
MLKL. This allows the N-terminal coiled-coil
region to impose oligomerization of the MLKL
molecules and subsequent cell lysis (32-34).
Mere expression of the coiled-coil portion of
MILKL, or of MLKL mutants in which the coiled-
coil region is constitutively exposed, is toxic
to cells (33, 35, 36). MLKL is therefore current-
ly believed to be the major and perhaps the
only RIPK3 target that mediates this form of
death.

However, RIPK3 also participates in signaling
to other processes, including other forms of cell
death, independently of MLKL. Kinase-inactive
RIPK3 can signal, via RIPK1, to trigger caspase-
8-mediated apoptosis (37-39). Several metabolic
enzymes (24), as well as PGAMS5, a mitochon-
drial protein with serine-threonine phosphatase
activity (40), bind RIPK3 and contribute to in-
duction of reactive oxygen species (ROS) and
production of inflammatory cytokines. In addi-
tion, RIPK3 binds Ca®*-calmodulin-dependent
protein kinase (CaMKII) and activates it. In-
duction of necrotic death of cardiomyocytes
by oxidative stress appears to depend on the
RIPK3-mediated activation of CaMKII and on
the above metabolic enzymes. This death also
appears to involve the generation of ROS and
the function of cyclophilin-D—a key regulator
of the mitochondrial permeability transition
(MPT) pore—but not MLKL (4I). MPT-mediated
regulated necrosis is believed to occur by
mechanisms distinct from those mediating ne-
croptosis (42). In some cells, induction of ne-
croptosis can be suppressed by ROS scavengers
(43), suggesting a cell-specific requirement
for synergism of the two pathways in death
induction.

That necroptosis is induced by TNF, a ligand
for which almost all cells express receptors, might
appear to suggest that this form of death is ex-
erted in all cells. In reality, the situation is the
opposite; almost all cells are normally resistant
to the death-inducing activities of TNF. The cy-
totoxic activities of this cytokine are therefore
usually assessed either by the use of certain trans-
formed cell lines that are uniquely sensitive to
them or in the presence of drugs that sensitize
cells to those activities (inhibitors of caspase
action, or of the function of the ubiquitin ligases
cIAP1 and cIAP2, of RNA synthesis, or of protein
synthesis).

This strict dependence of necroptosis on sen-
sitizing mechanisms endows it with selectivity.
Infection of cells by certain viruses sensitizes
them to the cytotoxic activities of TNF and IFN
(44, 45). In the case of several of these viruses
and some bacteria, the form of death so enhanced
is necroptosis. One molecular effect through which
these pathogens facilitate necroptosis is preven-
tion of caspase action (and apoptosis) by caspase-
inhibitory proteins that they express (Fig. 1).
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There are also viruses that facilitate necroptosis
through the direct action of viral proteins that
mimic the function of signaling proteins in the
pathway.

On the basis of these observations, it is be-
lieved that necroptotic death has evolved to
serve as a second line of defense, to assure that
immune-mediated Killing of pathogen-infected
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Fig. 1. Initiation of necroptosis: distinct roles of inducing ligands and sensitizing factors. Activation

of the proteins that initiate signaling for necroptosis is controlled at two mechanistic levels. The first is
induction, mainly by extracellular host-derived ligands such as TNF. This induction does not affect
healthy cells because it is normally blocked by cellular inhibitory activities, such as that mediated by the
proteolytic function of the caspase-8/cFLIP, complex (upper panel). The second level is sensitization, by
pathogens and other agents that counteract the cellular inhibitory activities, allowing phosphorylation
and oligomerization of MLKL and hence triggering of necrotic cell death (lower panel). The figure also
depicts the various reported molecular consequences of MLKL activation. Those that might contribute
to the induction of cell death are marked in orange.
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cells occurs whenever the pathogen acts to block
signaling for caspase-mediated apoptotic death.
Some pathogens have further evolved to express
proteins that block the induction of necroptosis.
Conversely, some have usurped mechanisms
of necroptosis induction for their own benefit
[reviewed in (46)].

Pyroptosis—a pathogen-induced lytic
form of death, associated with
generation of inflammatory cytokines

Pyroptosis was discovered as a form of death
that is inflicted on cells upon their infection by
certain pathogens. It is usually associated with
secretion of IL-13 and IL-18, proinflammatory
cytokines generated by proteolyic processing of
precursors located within the cytoplasm. Sim-
ilarly to apoptosis, pyroptosis, as well as its ac-
companying generation of processed forms of
IL-1B and IL-18, is mediated by specific mem-
bers of the caspase family of cysteine proteases
(the “inflammatory caspases”). These caspases—
caspase-1 and -11 in mice and caspase-1 and two
orthologs of caspase-11 (caspase-4 and -5) in
humans—are structurally similar to the initiator
caspases that signal for apoptosis. As alluded to
in the term “pyroptosis” (“pyro” relating to fire
or fever), the effects of DAMPs released from the
dying cells, in combination with effects of the
mature forms of IL-1B and IL-18, are believed to
trigger inflammation. Such induced inflamma-
tion following rupture of the cellular membrane
can effectively facilitate destruction of intracel-
lular pathogens that have triggered the death
program upon their exposure to the extracellu-
lar milieu (47).

Whereas necroptosis occurs in a wide variety
of cell types, pyroptosis was observed mostly in
professional phagocytes—macrophages, mono-
cytes, and dendritic cells, where it contributes
to defense against pathogens (47)—although it
has also been reported in other cells. Similarly
to necroptosis, pyroptosis can be triggered by
intracellular pathogens—bacteria, viruses, and
nucleated parasites—and, like necroptosis, it is
facilitated by exposure of the cell to extracyto-
plasmic stimuli such as IFNs, TLR ligands, or
TNF. However, the way in which these two groups
of stimuli contribute to pyroptosis differs dia-
metrically from how they contribute to necroptosis.
In necroptosis, death signaling is usually initiated
by extracytoplasmic ligands, and is facilitated by
pathogens via the effects of pathogen-derived
proteins that release the inhibition of this sig-
naling by host-derived proteins. In contrast, extra-
cytoplasmic ligands like TNF or those of the TLRs
do not trigger signaling for pyroptosis, but only
“prime” the cell for death induction by facilitat-
ing synthesis of the proteins that signal it. The
actual triggering event is the recognition of intra-
cellular pathogen components by “pattern recog-
nition receptors” (PRRs), cellular proteins that
have evolved to specifically bind components of
pathogens, and consequently to initiate signaling
for defense (Fig. 2).

Caspase~4, -5, and -11 are themselves PRRs; they
are directly activated by Gram-negative bacteria
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in the cytoplasm within macromolecular signal-
ing complexes called “noncanonical inflamma-
somes.” This activation is mediated by binding
of the lipid-A portion of lipopolysaccharide (LPS)
to the caspases (48).

In the case of caspase-1, however, activation
by pathogen components (as well as by DAMPs)
occurs through the function of distinct proteins
with PRR activity. These proteins bind caspase-1
by death-fold associations within “canonical in-
flammasomes.” The currently known caspase-1-
activating PRRs belong to three protein families:
the NOD-like receptor (NLR) and the tripartite
motif-containing (TRIM) families that mediate
activation of caspase-1 by bacterial proteins such
as the flagellin of Legionella pneumophila and by
DAMPs, and the Pyrin and HIN domain (PYHIN;
also known as AIM2-like receptors, ALRs) fam-
ily of PRRs that mediate activation of caspase-1
by cytoplasmic or nuclear DNA of pathogens or
by misplaced host nucleic acids.

Some of the caspase-1-activating PRRs bind
caspase-1 directly. Others employ ASC (apoptosis-
associated speck-like protein containing a CARD),
an intermediate adapter protein that serves as
a means of signaling amplification. Upon ac-
tivation, ASC self-associates, forming in each
cell a single huge aggregate (“Spek”) that mas-
sively activates caspase-1 and also induces its
self-processing [reviewed in (49)].

The functional roles of caspase-1 and of caspase-4,
-5, and -11, although interrelated, are apparently
somewhat different. Whereas all of them cause
pyroptosis, the accompanying processing of IL-
1B and IL-18 appears to require caspase-1. The
processing of IL-18 and IL-18 by caspase-4, -5,
and -11 is indirectly mediated via activation of
caspase-1 by the inflammasome containing the
PRR NLRP3 (49).

Besides cleaving the precursors for IL-1f and
1L-18, the inflammatory caspases also cleave sev-
eral other proteins. This cleavage serves various
functions (50, 51). Recent studies revealed that
cleavage of gasdermin-D (GSDMD) by these cas-
pases contributes to death induction (52-54). The
N-terminal fragment of GSDMD generated by
this cleavage is by itself cytotoxic. Moreover, cells
deficient in GSDMD are fully resistant to the
induction of pyroptosis by caspase-11. They are
also less sensitive to the pyroptotic effect of
caspase-1, but are not fully resistant to it (52-54).

Identifying programmed
necrosis in inflamed tissues:
A chicken-and-egg conundrum

As mentioned above, inflammation is frequently
associated with cell death. This phenomenon has
attracted particular attention in situations where
cell death is a major pathological determinant—
for example, in the massive destruction of liver
tissue in acute hepatitis, the loss of lymphocytes
in septic shock, or damage to the heart muscle
as a result of infarct or to the brain as an out-
come of stroke. The identification of distinct sets
of mechanisms that dictate programmed death
raises hopes that drugs designed to target these
mechanisms will be therapeutic in such patho-

logical situations (42, 55). Moreover, the finding
that specific molecules control certain forms of
necrotic death that can initiate inflammation sug-
gests that drugs targeting these molecules might
allow arrest of some inflammatory processes.

To achieve such goals, however, we must first
find ways to identify those pathological situations
in which specific forms of programmed cell death
occur. We must then identify those situations in
which these death programs serve an initiating
role. Acquiring such knowledge is hampered,
however, by the lack of means to distinguish be-
tween necrotic death that was inflicted in a pro-
grammed and in a nonprogrammed manner.
Nonprogrammed necrotic death is likely to occur
in inflammation, which characteristically involves
isolation of the injured site. Restriction of the
access of nutrients and oxygen to the isolated cells
may suffice to cause their death. Mere dissociation
of cells through effects of extracellular digestive
enzymes generated by leukocytes may also re-
sult in death, because cells must constantly receive
survival signals from their neighbors and from
the extracellular matrix. Cells can be killed by
toxic compounds released by leukocytes, by ROS
produced by leukocytes, by complement proteins,
and by other agents generated at the site of
inflammation [reviewed in (2)].

In the absence of a reliable analytical tool to
distinguish necrotic death inflicted by any of
the above-mentioned causes from necrotic death
induced in a programmed manner, we will con-
tinue to encounter a chicken-and-egg conundrum.
‘We will be unable to tell whether the co-occurrence
of necrotic death and inflammation in a partic-
ular situation reflects an initiating role of the
death in the observed inflammation or elicita-
tion of this death by the inflammatory process.
Because the morphological analysis of cells that
die in the course of inflammation does not suf-
fice to permit this distinction, we must base it
on our mechanistic knowledge of programmed
necrotic processes. For this, however, we must
identify molecular parameters that are specific
enough to allow definitive identification of such
processes.

Rigorous definition of parameters is always re-
quired for specifying causal relationships between
disease and co-occurring, potentially pathogenic,
events. An example of such rigorous definition
is the set of “Koch postulates” formulated over a
century ago in an attempt to define the causal
roles of specific infectious agents in diseases.
Similar rigorous criteria must be applied to the
molecular probes used to identify distinct forms
of programmed cell death and establishing the
causal role of these death forms in inflamma-
tion (Table 1).

Are we approaching identification of
molecular probes specific to distinct
forms of programmed cell death?

Attempts over the years to define molecular probes
specific to programmed cell death have been
hampered by the fact that those same molecules
with important roles in death also contribute to
various functions of living cells (56).
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Fig. 2. Induction of pyroptosis: distinct roles of priming and triggering
stimuli and of “canonical” and “noncanonical” inflammasomes. Signal-
ing for pyroptosis is regulated on two mechanistic levels, as in the case of
necroptosis, but in a sort of inverse manner. The first level has to do with
effects of extracytoplasmic ligands like TNF and PAMPs that “prime” the cell
by activating genes encoding the signaling proteins. The second level is the
actual triggering of signaling by components of intracellular pathogens and by
DAMPs. This induction involves two distinct groups of signaling mechanisms.
Most of the agents that induce pyroptosis do so by binding specific PRRs
of the NLR, TRIM, or PYHIN families, thereby triggering the activation of
caspase-1 within macromolecular complexes called the “canonical inflam-
masomes.” Some of these inflammasomes also contain the protein ASC,

which, once activated, self-associates in a huge complex (“Spek”) that both
activates caspase-1 and facilitates its self-processing. In addition, intracellular
LPS triggers pyroptosis by directly binding caspase-11 (in the mouse) or
caspase-4 or -5 (in humans), activating these inflammatory caspases within
the so-called “noncanonical inflammasome.” The caspases cleave a variety of
target proteins that serve different functions. Their cleavage of GSDMD triggers
pyroptosis through a yet-unknown effect of the GSDMD N-terminal domain.
Other yet-unknown targets of caspase-1 also trigger pyroptotic death. Activation
of IL-1B and IL-18 in the course of pyroptosis is mediated by processing of the
precursors of these inflammatory cytokines by caspase-1. Caspase-11, -4,
and -5 are incapable of processing these precursors. However, they impose
this processing indirectly via activation of caspase-1.

The function of the protein kinase RIPK1 pro-
vides a typical example of the pleiotropic effects
of proteins serving proximal roles in signaling
pathways activated by TNF. A C-terminal death-
domain motif in RIPK1 mediates activation of
the extrinsic apoptotic pathway through associ-
ation with the adapter protein FADD/MORTIL
Another region within it (the “intermediate do-
main”) is targeted to ubiquitination, and then
initiates signaling for nuclear factor kB (NF-xB)
activation and hence induction of inflammatory
and death-inhibitory genes. It also blocks activa-
tion of the extrinsic apoptotic death pathway
through mechanisms independent of gene ac-
tivation. Association of the RHIM domain in
RIPK1 with a homologous region in RIPK3 has

SCIENCE sciencemag.org

a dual effect on necroptosis induction: It re-
stricts the spontaneous activation of RIPK3 and
hence its spontaneous initiation of necroptosis,
but is also required for necroptosis initiation by
TNF and by some other inducing agents (57).
This complexity of RIPK1 function is under-
scored in recent studies of immunogenic cell
death that occurs when cells undergo necropto-
sis. As discussed above, upon engulfment of a
dying cell by a dendritic cell, antigens asso-
ciated with the dying cell can be transferred to
the class I MHC of the dendritic cell by “cross-
priming,” a process important for activation of
antigen-specific T cells. Cells that have under-
gone necroptosis are particularly good at induc-
ing such cross-priming. One study (58) suggested,

however, that this process is dependent upon the
activation of NF-xB by RIPK1 and that necroptotic
cells that do not engage in such activation do
not cross-prime, even though they induce inflam-
matory effects in dendritic cells.

Pleiotropy has also been observed in the func-
tions of all other molecules found to participate
in the proximal events of programmed cell death
induction. The ubiquitin ligases cIAP1 and cIAP2
and the protease caspase-8, prominent negative
players in necroptosis initiation, each has a var-
iety of other functional roles. Such is also the case
with RIPK3; this protein Kkinase, apparently cru-
cial for the induction of necroptosis, also con-
tributes, independently of cell death, to a growing
number of other cellular activities (59-62).
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Table 1. Defining “Koch postulates”-like rigorous tests for identification of death-effector molecules and their causative roles in inflammation.

Criteria indicative
of a causative role

Criteria that are
indicative of

Criteria indicative of the identity of death-effector molecules
and their causative role in inflammation

of microbes in disease:

causative role

the Koch postulates

The case of MLKL

The case of GSDMD

Documentation of
co-occurrence

The microorganism is found in
abundance in all organisms
suffering from the disease,
but not in healthy organisms.

The molecule is generated
or activated in the dying
cell prior to death.

Phosphorylation and
membrane translocation
of MLKL co-occur with
necroptosis.

Caspase-mediated generation
of an N-terminal fragment
of GSDMD co-occurs
with pyroptosis.

Characterization of the The microorganism can be
isolated from a diseased
organism and grown in pure

potentially causative
element/effector

molecule culture.

(a) Functional studies of the
molecule demonstrate
cell-killing potential.

(b) Studies of the particular
form of death induced by
the molecule confirm the
potential induction of
inflammation by it.

(a) MLKL might be able to
form pores in membranes
or activate ion channels.

(b) The expected release of
DAMPs by necroptotic
cells can potentially initiate
inflammation.

(a) No “deadly feature” of
the GSDMD N-terminal
fragment as yet identified.

(b) The expected release of
DAMPs by pyroptotic
cells can potentially
initiate inflammation.
Generation of IL-1B
and IL-18

Documentation of
exclusive cause-and-
effect relationship

causes disease when

organism.

(b) The microorganism can be
re-isolated from the inoculated
diseased experimental host and
identified as identical to the
original specific causative

agent.

The caspases that serve crucial roles in the
induction and execution of apoptosis, as well as
those that induce pyroptosis, are also not death
specific. Restrained activation of the “apoptotic
caspases” contributes to induction of cell growth
and differentiation (63). Activation of the inflam-
matory caspase-1, besides inducing pyroptosis,
activates IL-1p and IL-18. It also has other func-
tions; for example, it triggers activation of the
sterol regulatory element-binding proteins
(SREBPs), transcription factors that up-regulate
lipogenic genes and thus promote cell survival,
probably by facilitating membrane repair (64).
Caspase4, -5, and -11 not only induce pyroptosis but
also trigger activation of IL-1f and IL-18 through
the NLRP3 inflammasome. Their reported ability
to cleave various other target proteins suggests
that they serve other functions as well (50, 65).

Among the nondeadly functions of the proteins
that signal for programmed necrotic death are
several that affect inflammation. Through such
effects, these proteins might therefore also inflict
necrotic cell death indirectly [e.g., (55, 66)].

aaf2154-6 1 APRIL 2016 « VOL 352 ISSUE 6281

(a) The cultured microorganism

introduced into a healthy

(a) Expression/activation of
the molecule alone suffices
to inflict death and consequent
inflammation.

(b) Ablation of the expression of
the molecule prevents cell
death and consequent
inflammation.

(c) The molecule can be shown
to be incapable of triggering
inflammation independently
of death.

Of the early components of the pathways lead-
ing to programmed cell death, none has been
found that is sufficiently specific to serve as a
probe for its identification. It might nevertheless
be possible to design such probes, based on our
knowledge of those later events that are the most
directly related to death. Recent developments in
elucidation of the mechanisms underlying nec-
roptosis and pyroptosis raise hopes that we are
nearing the identification of such “death-specific”
late events. MLKL, the last known component of
the necroptotic signaling pathway, might be an
effector molecule of death. The N-terminal coiled-
coil region in MLKI, whose oligomerization is nec-
essary and sufficient for induction of necroptosis,
can bind certain lipids. This may suggest that it
causes death by forming holes in the plasma mem-
brane (34-36, 67). Other reports suggest, however,
that MLKL affects cell function and viability by
association with intracellular membranes and
specific protein targets (32, 40, 68). Activated
MLKL molecules also translocate to the nucleus,
and contain a nuclear localization signal in the

(a) Mere expression or
mutational exposure
of the MLKL coiled-coil
domain triggers necroptosis
but has not yet been shown
to trigger inflammation.

(b) Knockout and knockdown (b) GSDMD knockout
of MLKL block induction of
necroptosis in vitro and
of some inflammatory
processes in vivo.

(c) MLKL seems also to have
nondeadly functions. Those
functions might yield
inflammation in vivo.

(a) Mere expression of the
GSDMD N-terminal
fragment triggers death
but has not yet been
shown to trigger
inflammation.

abolishes caspase-11-
mediated pyroptosis and
decreases caspase-1-
mediated pyroptosis.

(c) Generation of the
GSDMD N-terminal
fragment by caspase-11
triggers NLRP3-
inflammasome—-mediated
generation of inflammatory
cytokines, apparently
independently of death.

C-terminal part. The nuclear translocation occurs
independently of cell death and might contribute
to some nondeadly functions (69). MLKL has also
been reported to mediate activation of the in-
flammasome in dendritic cells, without any ap-
parent association with cell death (60) (Fig. 1).

The recent discovery of the central role of
GSDMD in pyroptosis has probably made a sim-
ilar contribution to our state of knowledge of
the mechanisms of programmed necrosis. There
are still major gaps in our knowledge of this
role. The biochemical activity of the caspase-
generated fragment of GSDMD that induces
death is unknown. It also seems that signaling for
pyroptosis is not the only functional consequence
of GSDMD cleavage, because cells deficient in
GSDMD also fail to display caspase-11-mediated
activation of IL-1f and IL-18 through the NLRP3
inflammasome (52). Besides, although GSDMD
deficiency prevents induction of pyroptosis via
caspase-11, it only partly decreases such induction
by caspase-1, implying that its role in pyroptotic
death is not absolute (52).

sciencemag.org SCIENCE

T20Z ‘TE 1Inbny Uo AriqiT Bulele UeolS eLoWR A e 610'80usios mmmy/sdiy woly papeojumod



RESEARCH | REVIEW

Box 2. Are MLKL and GSDMD the effector molecules in necroptosis and pyroptosis?

Table 1 summarizes the evidence pointing to MLKL and GSDMD as effectors of programmed
necrosis, as well as the evidence indicating that, as a consequence, they are potential inducers
of inflammation. Italic type indicates that the evidence is uncertain or lacking, or might argue

against the above notions.

With regard to their effector abilities: Activated MLKL can associate with membranes in cells
and form pores in artificial membranes, but it is not yet known whether the latter also occurs in
living cells. Some studies provide evidence that MLKL might also mediate cell death in other ways.

For GSDMD, as yet, no evidence of a potential effector function of its death-inducing N-terminal

fragment has been reported.

Also lacking is evidence that release of DAMPs in response to MLKL or GSDMD indeed yields
inflammation. Nor is there any in vivo evidence that activation of MLKL alone or expression of
its N-terminal fragment alone can initiate inflammation.

Concerning whether the functions of these two proteins are restricted to induction of necrotic
death or inflammation, there is some evidence that they can serve other, nondeadly functions

as well.

It has yet to be determined whether MLKL

and GSDMD are indeed the actual effector mol-
ecules in the induction of necroptosis and
pyroptosis (Table 1 and Box 2). However, the
knowledge acquired about these molecules has
undoubtedly brought us closer to identifying such
effectors, and hence to establishing reliable tools
for defining the in vivo relevance of programmed
necrotic cell death.
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Apoptosis, necrosis, and pyroptosis
The routes to cell death are many, and distinguishing which path a particular cell may have taken remains a challenge.
Wallach et al. review current understanding of how programmed necrotic cell death contributes to inflammation.
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