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NLRs at the intersection of cell death

The NLR (nucleotide-binding domain, leucine-rich
repeat containing) family of proteins (previously
known as CATERPILLERs, NODs or NACHT-LRRs;
see the HUGO Gene Nomenclature webpage on the
NLR family) is rapidly emerging as being crucial
to the regulation of immunity. Members of this fam-
ily are distinguished by their domain architecture
(FIG. 1), which consists of a variable N-terminal effector
domain, a central nucleotide-binding domain (NBD)
and C-terminal leucine-rich repeats (LRRs). More
than twenty such proteins have been identified in
humans, and marine organisms such as the sea urchin
Strongylocentrotus purpuratus have an even greater
complement, with more than 200 members predicted
from recent genomic analysis’. To date, work on NLR
proteins in animals has focused largely on their abil-
ity to mediate the initial immune response to patho-
genic insult, particularly with regard to inflammation.
However, a number of recently published papers show
that NLR proteins also link innate immunity and
cell-death signalling. Intriguingly, this signalling is
not confined to apoptosis, but instead extends to two
newly recognized cell-death programmes: pyroptosis
and pyronecrosis.

Clues to the cell-death-related functions of the NLR
proteins can be drawn from their structural relationship
with molecules that are known effectors of cell death, such
as the apoptotic mediator APAF1 (apoptotic-protease
activating factor 1) and the NBS-LRR (nucleotide-binding
site, leucine-rich repeats; also known as NB-LRR) plant
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Abstract | Inflammation is a crucial element of the host response to cellular insult. Pathogen-
induced inflammation includes a molecular pathway which proceeds through activation of
the protease caspase-1 to the release of the inflammatory cytokines interleukin-1 (IL-1) and
IL-18. Importantly, pathogens may also induce forms of cell death that have inherently
pro-inflammatory features. Here, we review recent evidence demonstrating that NLR
(nucleotide-binding domain, leucine-rich repeat containing) family proteins serve as a
common component of both caspase-1-activated apoptotic pathways and caspase-
independent necrotic pathways. Parallels are drawn between NLR protein function and the
activity of structurally similar proteins involved in cell death: the apoptotic mediator APAF1
(apoptotic-protease-activating factor 1) and the plant disease resistance NBS-LRR
(nucleotide-binding site leucine-rich repeats) proteins.

disease resistance proteins®. APAF1 has an important
role as a trigger protein for mitochondrial-dependent
apoptosis. Similar to the NLRs, APAF1 has an N-terminal
effector domain and a central NBD. APAF1 also contains
C-terminal repeats, although these differ from those of
the NLRs (FIC. 1). Members of the NLR family have an
even closer structural resemblance to the NBS-LRR sub-
set of plant resistance proteins, which are characterized
by a variable N-terminal domain, a central NBD and
C-terminal LRRs (FIG. 1). NBS-LRR proteins function in
part by helping to induce the hypersensitive response, a
form of programmed cell death with necrotic features®. In
this article, we discuss the emerging theme that mamma-
lian NLRs, similar to APAF1 and the NBS-LRR proteins,
also act in the regulation of cell death.

Several routes to cell death
Although cell death is known to have an important role
in the immune system, the majority of studies have
focused on the role of apoptosis in cell death. Emerging
evidence suggests that additional cell-death pathways are
crucial for the triggering of inflammation and immunity.
To begin to understand the contribution of cell death
to immunity, it is useful to highlight a number of key
differences between these types of cell death (TABLE 1).
Cell-death nomenclature is outlined in BOX 1.
Apoptosis is a programmed form of cell death, in
that it is a deliberate activity on the part of the cell and
requires specific molecular mediators, most importantly
the apoptotic caspases. Two caspase-dependent pathways,
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Membrane blebbing
Breakdown of the cytoskeleton
during apoptosis results in
‘blebbing’ or bubbling of the
plasma membrane. These
blebs eventually separate from
the cell to become apoptotic
bodies, which are small
membrane-enclosed packages
of cytoplasm. Apoptotic bodies
are ultimately engulfed by
phagocytic cells and their
contents are recycled.

the intrinsic and extrinsic pathways, regulate the final
stages of apoptosis. The intrinsic pathway relies on the
release of cytochrome ¢ from mitochondria to induce
formation of the apoptosome — a large protein com-
plex comprised of cytochrome c, pro-caspase-9, APAF1
and deoxyribonucleic ATP*. Several models have been
proposed concerning the mechanisms by which apop-
tosome formation results in caspase-9 activation®.
The currently favoured model suggests that proxim-
ity-induced homodimerization of pro-caspase-9 within
the apoptosome holoenzyme creates an active site that
allows caspase-9 to become an initiator caspase that in
turn cleaves and activates downstream effector caspases
(caspase-3, caspase-6 and caspase-7)°. The extrinsic
pathway of apoptosis begins on the cell surface, where
cell-death receptors — proteins that contain an intra-
cellular death domain (DD) — are activated by ligand
binding. Receptor-triggered intracellular events result
in the proteolytic activation of initiator caspase-8 and
caspase-10, leading to cleavage of effector caspases
(caspase-3, caspase-6 and caspase-7)°. Substrates of the
effector caspases include poly-ADP-ribose polymerase
(PARP), DNA-PK and other regulatory and structural
proteins that maintain cellular and genomic integrity’.
Cumulatively, the cleavage of these substrates leads to the
death and breakdown of the cell.

In contrast to apoptosis, necrosis has been considered
by some to be a passive, and therefore unprogrammed,
form of cell death. In general, apoptosis relies on the
protease activity of caspases, whereas necrosis is caspase
independent. Apoptosis is an energy expensive process,
whereas necrosis has been described as being the result
of a bioenergetic failure, meaning that the cell lacks
sufficient energy resources to maintain its metabolism.
This condition may be triggered by the loss of ion-pump
activity or overconsumption of ATP®. At the nuclear level,
necrosis is distinguished from apoptosis by the persist-
ence of the DNA content, which remains uncondensed.
Perhaps the most striking difference between these
forms of cell death is at the plasma membrane. Apoptosis
is a slow process marked by membrane blebbing and the
packaging of cellular material for recycling, but necrosis
is characterized by rapid loss of plasma membrane integ-
rity with the resultant release of cellular contents into the
extracellular medium?’.

This last feature is central to the importance of necro-
sis in an immune and inflammatory context. Predictably,
the release of cellular components has a drastic effect
on the local environment. Some of these components,
including uric acid, adenine phosphate, purine metabo-
lites and heat-shock proteins, become pro-inflam-
matory effectors®. Necrotic macrophages can release
pro-inflammatory cytokines such as tumour-necrosis
factor (TNF) and interleukin-1 (IL-1)'!', In addition,
significant attention has been paid to another protein
released from necrotic cells, the nuclear DNA-binding
protein HMGB1 (high-mobility group box 1 protein).
Once released, HMGB1 becomes an agonist for RAGE
(receptor for advanced glycation end-products) and for
the Toll-like receptors (TLRs) TLR2 and TLR4, which are
expressed by monocytes and some other cell types'>".
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Figure 1| NLR proteins are structurally similar to the
pro-apoptotic protein APAF1 and the plant cell-death
mediating NBS-LRR proteins. NLR (nucleotide binding,
leucine-rich repeat containing) proteins are defined by
three characteristics: an N-terminal effector domain, a
central NBD (nucleotide-binding domain) and C-terminal
repeats. When defined, NLR effector domains consist of
either a pyrin domain (PYR), caspase recruit domain
(CARD), baculovirus inhibitor of apoptosis repeat (BIR)
domains or a transactivation domain (AD). One NLR protein
has an undefined or uncharacterized effector domain (X).
APAF1 (apoptotic-protease activating factor 1) also has an
N-terminal effector CARD and a central NBD. However, its
C-terminal repeats differ from those of the NLRs. NBS-LRR
(nucleotide binding site, leucine-rich repeats) proteins are
characterized by a Toll/interleukin-1-receptor (TIR) or
coiled-coil (CC) N-terminal effector domains, a central
NBD and C-terminal LRRs.

Activation of these receptors results in the exacerbation
of inflammation in the microenvironment through the
induction of additional pro-inflammatory cytokines'*.
Recent work has identified two more forms of cell death,
pyroptosis and pyronecrosis, which appear to exploit
the pro-inflammatory features of necrosis within the
context of immunity. However, the extent to which each
resembles apoptosis and necrosis is different.
Pyroptosis is a cell-death pathway activated by
microbial pathogens, including Salmonella spp. and
Listeria spp.'>'°. Pyroptosis is similar to apoptosis in
that DNA damage occurs and the process is caspase
dependent'’. However pyroptosis does not rely on the
classical pro-apoptotic initiator and effector caspases
(caspases-3, caspase-8 and caspase-9), but rather on
caspase-1. In addition to its apoptotic qualities, pyrop-
tosis exhibits some of the same features as necrosis.
Similar to necrosis, pyroptosis is characterized by
plasma-membrane breakdown. Moreover, mito-
chondrial membrane integrity is maintained during
pyroptosis'®"”. Ongoing studies are aimed at identi-
fying additional molecular mediators of pyroptosis.
Very recent work has described the pyroptosome, a
large complex comprised of ASC (apoptosis-associated
speck-like protein containing a caspase-recruitment
domain (CARD); also known as PYCARD) dimers
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that assembles as a feature of this process'. ASC is a
common binding partner for the NLR family proteins.
Although it has been demonstrated that a large ASC
complex can assemble in vitro in the absence of NLR
proteins, it has also been suggested that NLR proteins
are required for pyroptosome formation in vivo's. From
an inflammation standpoint, the two outstanding fea-
tures of pyroptosis are the activation of caspase-1 and
the breakdown of the plasma membrane.

Two very recent studies have identified another NLR-
protein-dependent pathway of pro-inflammatory cell
death, termed pyronecrosis, which has primarily necrotic
features'**. This form of cell death is found in genetic
auto-inflammatory diseases involving mutations in
the NLRP3 (also known as CIAS1, NALP3, PYPAFI or
cryopyrin) gene and is also associated with microbial
pathogens such as Shigella flexneri'**. Unlike pyroptosis,
pyronecrosis is caspase independent; neither the activat-
ing cleavage of effector caspase-3 nor its substrate PARP
occur during pyronecrosis, and cell death proceeds in
the presence of caspase-1-specific inhibitors and pan-
caspase inhibitors'**. However, cell death is abrogated
in the presence of an inhibitor of the lysosomal pro-
tease cathepsin B, implicating lysosome activity in the
pathway'**. Additional hallmarks of apoptosis are not
observed. Pyronecrotic cells demonstrate neither DNA
fragmentation nor the loss of mitochondrial membrane
potential®. As determined by electron microscopy, the
morphological changes characteristic of pyronecrosis are
consistent with necrosis and include membrane degrada-
tion and uncondensed chromatin'*. Similar to classical
necrosis, pyronecrosis is accompanied by release of the

pro-inflammatory cytokine HMGBI1 (REF. 20). Recent
work suggests an intriguing connection between cell-
death pathways and the NLR proteins, which are early
mediators of inflammation in response to cellular insult.

NLR proteins, apoptosis and pyroptosis
Owing to their structural similarities, the pathway
involving the apoptotic mediator APAF1 has been used
as a model to understand NLR-protein function.
Whereas APAF1 activates a caspase-dependent pro-
gramme of cell death, several NLR proteins act to
promote a caspase-dependent programme of inflam-
mation. Research on the latter has mainly focused on
formation of protein complexes called inflammas-
omes?"?. Biochemical studies have identified a number
of inflammasomes, which promote inflammation by
activating caspase-1, resulting in the release of the pyro-
genic cytokines IL-1f and IL-18 from cells stimulated
with different factors®***. Although differing slightly in
their makeup, each inflammasome includes the IL-1B3-
converting enzyme pro-caspase-1, as well as one of four
NLR proteins: NLRP3, NLRP2, NLRC4 (also known
as IPAF or CLAN) or NLRP1 (also known as NALP1)
(FIC. 2). Given that over 20 mammalian NLR genes have
been recognized, it is likely that more NLR inflammas-
omes exist. A potential fifth inflammasome containing
the related molecule pyrin has already been identified®.
The inflammasome complexes appear to differ
from each other in respect to their activating stimuli.
The NLRC4 inflammasome is activated in response to
Salmonella typhimurium and Legionella pneumophila®-*.
NLRP1 is required for caspase-1 activation in response

Table 1| A comparison of cell death pathways

Cell-death
pathway

Physiological
consequence

* Non-
inflammatory
cell death

» Effects limited to
dying cell

Apoptosis

* Elicits substantial
inflammation

* Affects local
environment

Necrosis

e Elicits substantial
inflammation

* Affects local
environment

Pyroptosis

* Elicits substantial
inflammation

* Affects local
environment

Pyronecrosis

Morphological features

¢ Blebbing of plasma
membrane

* Recycling of cellular
contents

¢ Chromatin condensation

* Loss of plasma membrane

integrity

* Release of cellular contents
* No chromatin condensation

* Loss of plasma membrane

integrity

» Mitochondrial membrane

maintained

* No chromatin condensation

* Loss of plasma membrane

integrity

» Mitochondrial membrane

maintained

* No chromatin condensation

Biochemical features

¢ Caspase dependent

* PARP cleavage

* Mitochondrial
permeabilization

* DNA laddering

* HMGB1 maintained
in nucleus

e Caspase independent

* No PARP cleavage

* Mitochondrial
swelling

* HMGBI1 release from
nucleus

e Caspase-1 dependent
¢ ASC dimerization
into pyroptosomes

 Caspase independent
* Requires ASC

Activating factors Pathogenic Refs
stimuli
e Caspase-8 and ND 7,6,37
caspase-10 (extrinsic)
o APAF1 (intrinsic)
e Cytochrome ¢
e Caspase-9 (intrinsic)
» Caspase-3, caspase-6
and caspase-7
(effectors)
ND ND 8,9
* NLRC4 e Salmonellaspp. 15,16,18
* NAIPS e Shigella spp.
* NLRP1 e Listeria spp.
* ASC * Anthrax lethal
e Caspase-1 toxin
* NLRP3 e Shigella spp. 19,20,
* ASC * Nigericin (?) 32,34,35

e Cathepsin B

* Maitotoxin (?)

APAF1, apoptotic-protease-activating factor 1; ASC, apoptosis-associated speck-like protein containing a CARD; HMGB1, high-mobility group box 1 protein;
NAIP5, neuronal apoptosis inhibitory protein 5; ND, not determined; NLR, nucleotide-binding domain, leucine-rich-repeat-containing family; PARP, poly-ADP-

ribose polymerase.
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Nuclear condensation

A hallmark of apoptosis is
pyknosis, or the condensation
of chromatin into compact
spots along the nuclear
membrane. During pyknosis,
the nucleus itself may also
shrink.

Box 1| Cell death terminology

REVIEWS

At one time, cell death terminology could essentially be distilled down to two terms: apoptosis and necrosis. Apoptosis
was synonymous with programmed cell death, and necrosis was a catchall term for accidental death. However, recent
studies have identified molecular mediators of morphologically necrotic cell death, including PARP (poly-ADP-ribose
polymerase), and the kinase RIP (receptor interacting protein), demonstrating that adapted pathways may have been
disguised by their necrotic appearance®. Earlier use of the term ‘necrosis’ for all non-apoptotic cell death has largely
abated as a host of non-apoptotic programmes have emerged. NLR (nucleotide-binding domain, leucine-rich repeat
containing) family proteins, which are involved in the regulation of innate immunity, have been implicated in several of

these programmes: autophagy, pyroptosis and pyronecrosis.

Autophagy is a process whereby cellular components are collected and degraded in specific compartments called
autophagosomes. Although most commonly associated with cell death, autophagy might also have other consequences.
Recent work has demonstrated that the NLR protein NLRC4 can participate in autophagy in response to infection with
Shigella flexneri, but this process does not result in cell death®. Instead, it appears to protect cells from S. flexneri-induced

cell death®.

‘Pyroptosis’ and ‘pyronecrosis’ are two more recent additions to the terminology of cell death. A defining feature of
pyroptosis, a programme first shown to occur in macrophages infected with Salmonella typhimurium, is its dependence
on caspase activity'®. Importantly, pyroptosis does not rely on a traditional apoptotic effector (such as caspase-3), but
rather on caspase-1, which has long been known to be associated with inflammation through cytokine maturation®.
Given the importance of NLR inflammasomes to caspase-1 activation in response to pathogens, NLR proteins are likely
to emerge as key effectors of pyroptosis. Intriguingly, one of these proteins, NLRP3, has been shown to mediate an
alternative form of cell death in response to pathogens. Observed in macrophages infected with S. flexneri,
pyronecrosis is a caspase-independent but cathepsin-dependent cell-death pathway with the morphological

characteristics of necrosis?.

The importance of NLR proteins to other cell-death pathways remains to be determined. Although the list of terms
used to describe such pathways has expanded over the past decade, future work should continue to refine cell-death
terminology and improve classification. Although pyroptosis and pyronecrosis are stimulated by similar factors and have
similar outcomes, the reliance of pyroptosis but not pyronecrosis on caspase-1 activity represents no small difference
between them. Current work is focused on further sharpening the distinction between these two forms of death. One
more term, which may represent a difference between these pathways, merits discussion. ‘Oncosis’ has often been used
interchangeably with necrosis, but is more specifically used to describe non-apoptotic cell death resulting from the
swelling and bursting of the cell®. Caspase-1-dependent cellular swelling has been observed in pyroptotic cells, but has

yet to be reported as a feature of pyronecrosis®.

to anthrax lethal toxin®. To date, the NLRP3 inflam-
masome is associated with the widest range of stimuli,
including lipopolysaccharide (LPS) in the presence of
ATP, uric acid crystals, polyl:C (polyinosinic—polycyti-
dylic acid), bacterial and viral RNA and both Gram-
positive and Gram-negative bacteria®****. Although
the pathogen recognition steps that lead to inflamma-
some activation continue to be elucidated, recent work
has shown that cytosolic bacterial molecules can induce
NLRP3-mediated caspase-1 activity independently of
TLR signalling™®.

In some respects the inflammasomes resemble the
apoptosome, which includes APAF1 (FIC. 2). APAF1 is
composed of an N-terminal CARD, a central NBD and
C-terminal WD-40 repeats, and is thereby similar in
domain structure to the NLR proteins. It is thought to
be held inactive by intramolecular contact between its
C-terminal WD40 repeats and N-terminal regions until
cytochrome ¢ and dATP relieve this inactive conformation
and promote assembly of the apoptosome, leading to acti-
vation of pro-caspase-9 (REF. 37). The inflammasome NLR
proteins appear to act in an analogous manner, in that
intramolecular interaction mediated by the C-terminal
LRRs is proposed to hold these proteins in an inactive
formation until stimulation promotes inflammasome
assembly and activating cleavage of pro-caspase-1.

Two recent papers describe biochemical stages in
inflammasome activation***. Using purified components
of the NLRP1 inflammasome, Faustin et al. demonstrated

that assembly of this inflammasome complex required
the microbial product muramyl dipeptide (MDP) as
well as the presence of nucleotides®. Surprisingly, and in
contrast to the apoptosome, the NLRP1 inflammasome
exhibited little nucleotide specificity. However, this does
not appear to be the case for the NLRP3 inflammasome.
Duncan et al. showed that NLRP3 binds specifically to
ATP or dATP and acts as an ATPase. NLRP3-catalysed
nucleotide hydrolysis was shown to be vital for protein
function. It is required for NLRP3 self-association, inter-
action with the inflammasome adaptor protein ASC,
caspase-1 activation and IL-1 release®.

Although a comparison between inflammasome
and apoptosome activation may help to clarify steps
in the induction of inflammation, any similarities
found may also extend to function. Much attention
has been paid to the role of the NLR protein NAIP5
(neuronal apoptosis inhibitory protein 5) in determin-
ing susceptibility to L. pneumophila®. In addition to
inducing the release of IL-1f through the NLRC4 inflam-
masome, cytosolic L. pneumophila flagellin also activates a
caspase-1-dependent form of cell death in macrophages
that requires NAIP5 (REFS 40,41). One characteristic of this
cell-death pathway is nuclear condensation, which is typi-
cal of apoptosis®. Moreover, membrane blebbing, another
feature of apoptosis, was observed in NAIP5-expressing
HEK293 cells following infection with L. pneumophila®.
However, unlike classical apoptosis, L. pneumophila
flagellin-induced macrophage cell death has been reported
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Figure 2 | Comparison of APAF1 and NLRP3 cell-death pathways. a | Release of cytochrome ¢ from mitochondria
initiates apoptosome-dependent apoptosis. Cytochrome c induces a conformational change in APAF1 to relieve the
intramolecular interactions holding the molecule in an auto-inhibited state. Once activated, APAF1 (apoptotic-protease
activating factor 1) and cytochrome c undergo deoxyribonucleic-ATP-dependent oligomerization into a heptameric
wheel-like structure termed the apoptosome. Pro-caspase-9 molecules aggregate through homotypic interactions
between their CARDs (caspase recruitment domains) and those of APAF1. Subsequent homodimerization of pro-caspase-9
generates active caspase-9 molecules which cleave and activate the effector caspases caspase-3 and caspase-7 to induce
apoptotic cell death. b | Similarly, NLRP3 activation or disease-associated NLRP3 mutations might weaken putative
inhibitory intramolecular interactions between the NLRP3 nucleotide binding domain (NBD) and its C-terminal leucine
rich repeats (LRRs). Using the adaptors ASC (apoptosis-associated speck-like protein containing a CARD) and CARDINAL/
TUCAN, activated NLRP3 aggregates caspase-1 molecules through the formation of a macromolecular inflammasome
complex. Complex formation potentiates subsequent caspase-1 cleavage and activation. Based on studies of the NLRP1
inflammasome, the complex is probably comprised of 5-7 subunits, each with the ability to recruit pro-caspase-1
molecules®. Interleukin-1B (IL-1B) is activated by caspase-1-mediated cleavage of the inactive pro-IL-1[3 precursor
molecule. However, formation of the inflammasome is not the only function of NLRP3. Activated NLRP3 also initiates
pyronecrosis, a molecular pathway of necrotic cell death that is dependent on ASC and proceeds through cathepsin B.
This cell-death pathway does not rely on caspase-1 or IL-1B, and therefore is independent of inflammasome function. The
status of protein complex or oligomers required for this process has not been studied. The term ‘(d)ATP’ is used to reflect
that both dATP and ATP may be involved in regulating complex formation and activation.

to be independent of caspase-3 activity*’. Therefore, the
observed apoptotic features may instead be related to
pyroptosis. Notably, caspase-1- and NLRC4-dependent
cell death has been observed at time-points of less than
3 hours in S. flexneri-infected cells**. NLRC4 is also
required for cell death in macrophages infected with
S. typhimurium macrophages, which is mediated by bac-
terial flagellin®¥. Although features of the mechanism
remain to be determined, these results demonstrate that
an NLR protein is required to mediate an apoptosis-like
cell death induced by a bacterial component.

The above mentioned work suggests a pro-apoptotic
function for NLR proteins. Intriguingly, evidence sup-
porting a functional relationship between NLRs and anti-
apoptotic signalling factors has been provided in another
system. In a cell-free system, the NLRP1 inflammasome
is activated by the bacterial product MDP, resulting in
the maturation of IL-1f. This process is regulated by two
members of the anti-apoptotic BCL-2 (B-cell lymphoma
2) family of mitochondrial membrane proteins. Both
BCL-2 and BCL-X, bind to NLRP1 directly to suppress
its activity**. These data illustrate a surprising cross-talk
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Cryopyrin-associated
periodic syndrome

(CAPS). An autosomal
dominant condition arising
from mutations in NLRP3.
CAPS has only recently been
recognized as a single
condition, and represents a
range of disease severity that
was formerly thought to be
three distinct diseases: FCAS
(familial cold autoinflammatory
syndrome), Muckle-Wells
syndrome and CINCA/NOMID
(chronic infantile neurological
cutaneous articular syndrome /
neonatal onset multisystem
inflammatory disease). Patients
suffering from CAPS develop
spontaneous inflammation and
excessive release of the
cytokine IL-1B, and may also
suffer from arthralgia, deafness
and hives.

Knockdown

This term is used to describe
the decrease in mRNA or
protein expression that results
from RNA interference.

between inflammatory and anti-apoptotic signalling,
although the influence of this interaction on cell survival
or death has not yet been determined. Although the regu-
lation of inflammation is an unexpected role for BCL-2
family members, the interface between mitochondrial
membrane factors and innate immunity is not unprec-
edented. Recent work has established the mitochondrial
outer membrane as a critical staging area for antiviral
signalling through MAVS (mitochondrial antiviral signal-
ling protein; also known as IPS-1, VISA and CARDIE),
the RIG-I (retinoic-acid-inducible gene I)-like RNA
helicases and the NLR protein NLRX1 (REFS 45-47)

Additional work points to NLRP1 as a mediator
for toxin-induced cell death. Boyden and Dietrich dis-
sected mouse genetics to implicate NLRP1 as the pri-
mary mediator of mouse macrophage susceptibility to
the anthrax lethal toxin®. In cells expressing functional
NLRP1, anthrax lethal toxin elicited a form of cell death
that is caspase-1 dependent (therefore, suggestive of
pyroptosis). Without functional NLRP1, macrophages
do not undergo this form of cell death and fail to activate
caspase-1 in the presence of anthrax lethal toxin. These
findings suggest that NLRP1 mediates macrophage cell
death as a deliberate response to anthrax lethal toxin,
and raise the interesting possibility that anti-apoptotic
signalling factors may regulate NLRP1-induced death
as well as NLRP1 inflammasome activity.

NLR proteins, necrosis and pyronecrosis

The induction of necrotic cell death as a crucial compo-
nent of immunity is well established across phylogenic
kingdoms. The plant NBS-LRR disease resistance pro-
teins act in the defence against pathogens by helping to
mediate the hypersensitive response, a form of rapid
programmed cell death, and it has recently been shown
that the NLR family protein NLRP3 mediates a similar
pathway in monocytes'**. NLRP3 was first identified
through its association with two dominantly inherited
periodic fevers: FCAS (familial cold autoinflammatory
syndrome) and Muckle-Wells Syndrome***. It has since
been identified as the genetic locus for a third fever syn-
drome, CINCA/NOMID (chronic infantile neurological
cutaneous articular syndrome/neonatal onset multi-
system inflammatory disease)***!. These three diseases
are now considered to constitute a range of severity for
one single condition, cryopyrin-associated periodic syndrome
(CAPS), which is characterized by spontaneous inflam-
mation®?. This suggests that disease-associated variants
of NLRP3 may encode a hyperactive version of NLRP3
that promotes excessive production of IL-1f, a possibility
that is consistent with the gain-of-function phenotype
typically associated with dominant inheritance. Indeed,
following stimulation, monocytes isolated from patients
with NLRP3 mutations demonstrate hyperactivation of
IL-1P (REFS 23,53,54).

However, this is not the extent of the phenotypic
changes associated with mutant NLRP3. Peripheral
blood mononuclear cells isolated from patients with
NLRP3 mutations lose viability when exposed to LPS?%.
To identify more precisely the cellular consequences
of mutant NLRP3 expression, two groups developed
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constructs encoding known disease-associated variants
of NLRP3 (REFS 19,20). The expression of these variants
in the monocytic cell line THP-1 induced excessive
IL-1P release, as expected, but also an inflammatory
necrosis that we termed pyronecrosis®. Intriguingly,
pyronecrosis is not dependent on IL-1f signalling
or caspase-1, although it requires the presence of the
inflammasome component ASC and intact cathepsin
B! The binding of ATP to NLRP3 is also necessary
for this pathway to proceed*. Because NLRP3 and ASC
appear to act together in a function that is independent
of procaspase-1 activation, and hence independent of
the inflammasome, we suggest that these two factors
comprise an alternative complex to promote pyronecrosis
(FIG. 2). Cumulatively, these observations offer insight
into the consequence of NLRP3 hyperactivity. The
inherent function of the protein and its relationship to
pathogen resistance merit further consideration.

Necrosis has long been observed in monocytic cells
infected with intracellular bacteria or exposed to toxins.
Although in some cases pathogen-induced cell death
is almost certainly passive, the active and programmed
process of pyronecrosis might be a critical feature of mac-
rophage function. Notable among the necrosis-inducing
pathogens is the Gram-negative bacteria S. flexneri. At
early timepoints and/or low MOI (<10 MOI), macrophage
cell death induced by S. flexneri has long been recognized
as being caspase-1 dependent®. It has recently been dem-
onstrated that gene deletion of the NLR family member
NLRC4, but not the inflammasome component ASC,
also diminishes this process*. Cumulatively, these find-
ings are suggestive of pyroptosis. At later timepoints and
ahigher MOL S. flexneri induces caspase-1-independent
cell death in human monocyte-derived macrophages™°.
This phenomenon is characterized by morphologically
necrotic characteristics closely mirroring those of mutant
NLRP3-induced cell death. Through the use of knockout
and knockdown techniques, S. flexneri-induced necrotic
cell death was shown to be dependent on NLRP3 in
both mouse macrophages and in the human monocytic
cell line THP-1. Similar to mutant NLRP3-induced cell
death, this process also depends on ASC and requires the
protease cathepsin B*. It thereby appears that NLRC4
mediates S. flexneri-induced pyroptosis, while NLRP3
mediates pyronecrosis in response to the same bacteria.
These findings suggest the intriguing possibility that dif-
ferent NLR proteins mediate different forms of cell death
with distinct biologic outcome. Not only does rapid
cell death deny the pathogen an environment in which
to replicate, the process of necrosis is inherently pro-
inflammatory, leading to release of IL-1B and other factors
from surrounding cells. Thereby, pyronecrosis is likely to
contribute substantially to the disease state in patients
with CAPS, who suffer from spontaneous inflammation
characterized by IL-1B production.

In its more severe forms, CAPS is also characterized
by joint deformities and arthralgias®>. NLRP3 expression
is not limited to monocytic cells but also extends to oste-
oblasts, and the joint-related symptoms of CAPS are prob-
ably due to excessive NLRP3 activity in these cells. As with
S. flexneri in macrophages, wild-type NLRP3 appears to
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Figure 3 | Specificity of the NLR proteins involved in the induction of cell death. NLR
(nucleotide-binding domain, leucine-rich repeat containing)-mediated cell death appears
to be activated by specific microorganisms (left) or microbial products (right). In response
to Shigella flexneri infection of macrophages, NLRP3 mediates a caspase-1 independent
necrotic-like cell death called pyronecrosis. NLRP3 is also required for Salmonella
typhimurium-induced cell death in osteoblasts, and may be involved in cell death induced
by the toxins nigericin and maitotoxin. A caspase-1-dependent form of cell death called
pyroptosis is thought to be mediated by NLRP1 in response to anthrax lethal toxin, NAIP5
(neuronal apoptosis inhibitory protein 5) in response to Legionella pneumophila, and
NLRC4 in response to S. typhimurium. NLRC4 is also involved in S. flexneri at early time-
points and low MOI. BIR, baculovirus inhibitor of apoptosis repeat; CARD, caspase recruit
domain; FIIND, F interacting domain; LRR, leucine-rich repeat; NBD, nucleotide-binding

domain; PYR, pyrin domain.

also regulate pathogen-induced cell death in osteoblasts.
Though S. typhimurium activates the NLRC4 inflamma-
some in macrophages, mouse primary osteoblasts do not
express NLRC4. In these cells, NLRP3 is partly required
for maximal S. typhimurium-induced cell death®. This
finding suggests that pyronecrosis might contribute to
the joint-related symptoms of CAPS. Moreover, it demon-
strates an additional level of complexity to NLR-mediated
cell death. In the absence of NLRC4, NLRP3 assumes a
role in the response to S. typhimurium that it would not
otherwise have.

The induction of necrosis by S. flexneri, S. typhimu-
rium and other microbial pathogens may be mediated
through toxins. Some of these toxins have been exam-
ined directly with respect to caspase-1 activation and
cell death. Nigericin is a toxin produced by Streptomyces
hygroscopicus. This molecule functions as a potassium
ionophore and is a potent inducer of both IL-1 release
and necrosis in monocytes®*. As with pyronecrosis, both
functions are dependent on the activity of cathepsin B'.

Another potent toxin, maitotoxin, is produced by the
dinoflagellate Gambierdiscus toxicus. Maitotoxin has been
demonstrated to induce necrosis in a manner dependent
on the calcium-activated cysteine protease calpain and
also promotes IL-1f release by mouse macrophages®®.
Similar to S. flexneri, both nigericin and maitotoxin
activate the NLRP3 inflammasome®>**. Moreover, these
toxins also alter the levels of intracellular potassium®3*.
Although molecular mediators of nigericin and maito-
toxin continue to be identified, the work outlined above
indicates the participation of NLRP3 or another NLR
family protein in macrophage response to these toxins.

Concluding remarks

Emerging evidence reveals that some NLR proteins
contribute to the host-cell response to insult by not only
facilitating the maturation of IL-1f, but also by medi-
ating cell death (FIG. 3). Both processes have a strong
impact on immunity. IL-1f3 release is a well-established
signal for the onset of inflammation and initiation of
the adaptive immune response. The consequences of
pathogen-induced cell death in the context of immunity
have not been studied as thoroughly, although a pleth-
ora of reports have now shed light on this topic. One
obvious result is that invading bacteria are denied an
environment in which to replicate. However, cell-death
programmes which result in a loss of plasma-membrane
integrity can also exacerbate inflammation through the
discharge of such intracellular inflammatory cytokines
and factors such as IL-1, TNF and HMGBI.

Two such modes of cell death, pyroptosis and
pyronecrosis, have been recently identified. Alhough
there are significant differences between the two, such
as their differential dependence on caspase-1, they are
evidently both pathways which respond to pathogens by
promoting the inherently pro-inflammatory release of
cellular contents. NLR proteins have emerged as impor-
tant regulators of both these pathways. Future studies
should aim to find additional mediators of pyroptosis
and pyronecrosis. Recent work has described inhibitory
interaction of mitochondrial anti-apoptotic proteins
with the NLR family protein NLRP1. Accordingly, pro-
pyroptotic and pro-pyronecrotic factors may be found
within the pool of recognized pro-apoptotic cell-death
proteins. Given that the activity of the NLR proteins
extends beyond caspase-1 activation to cell death, it will
be interesting to determine whether known cell-death
regulatory factors contribute to this new role.
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