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Abstract

Microbial organisms express pathogen-associated molecular patterns (PAMPs) that can stimulate
expression of pro-inflammatory mediators following ligation of pathogen recognition receptors.
However, both commensal organisms and pathogens can express PAMPs. The immune system can
distinguish between commensals and pathogens in part through secretion of the key inflammatory
cytokines IL-1f and IL-18. A PAMP such as lipopolysaccharide can induce production of
intracellular pro-IL-1B and pro-IL-18, but not their secretion. A second “danger signal”, derived from
host-cell molecules that are released from stressed or infected cells, or detected as a PAMP that is
present in the cytosol, can stimulate assembly of an inflammasome that activates the protease
caspase-1. Caspase-1, in turn, is responsible for processing and secretion of the mature IL-1 and
IL-18. Many diverse ligands leading to inflammasome activation have been identified, but the cell
signaling pathways initiated by the ligands tend to converge on a small set of common mechanisms.

Introduction

Keeping the body free from invading pathogens is an intricate task that requires cooperation
between the innate and adaptive immune systems. The early response to infection is the
responsibility of the innate immune system, which exhibits a broad specificity to a wide array
of germline-encoded pathogen-associated molecular patterns (PAMPs) through different
pattern recognition receptors (PRRs). The PRRs include Toll - like receptors (TLRs),
nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs), retinoid acid-
inducible gene I (RIG-I)-like receptors (RLRs), and the C-type lectin receptors (CLRs) (1).

The two most-extensively studied PRRs are TLRs and NLRs, which exhibit significant
interplay (1). Some NLRs can detect PAMPs and stimulate expression of pro-inflammatory
genes (2—4), while other NLRs require the participation of other PRRs in order to promote
processing and secretion of the key proinflammatory cytokines, IL-1§ and IL-18 (5).

NLRs, a family of cytosolic receptors (also known as CATERPILLERs, NOD-LRRs or
NACHT-LRRs), are comprised of three domains which include an effector N-terminus domain,
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a central NOD or NACHT domain, and a C-terminus LRR motif. A total of 23 NLR members
have been identified in humans and are classified based on their N-terminal domain. CARD-
containing NLRCs (NLRC 1-5) and PYD-containing NLRPs (NLRP 1-14) play an important
role in inflammation, while the role of BIR-containing NAIPs is not well defined yet. NLRs
also exist in other organisms: mice possess 34 members, and plants contain a similar subset of
genes termed plant disease-resistance (R) genes (6).

Several members of the NLR gene family are involved in the assembly of a macromolecular
protein complex termed the ‘inflammasome” that leads to the activation of the cysteine
protease, caspase-1 (also known as interleukin-1 converting enzyme or ICE), which in turn
cleaves pro-IL-1p or pro-IL-18, resulting in secretion of the mature cytokines (7-9). NLRP3,
NLRP1 and NLRC4 are among the NLR members demonstrated to activate the inflammasome
in cells, while other NLR members have been shown to activate the inflammasome in a cell-
free system (Fig. 1). In this review, we will discuss the different types of inflammasomes and
focus on recent findings regarding their activation by pathogens and other triggers.

The NLRP3 Inflammasome

The NLRP3 inflammasome (also known as Nalp3, cryopyrin, PYPAF1, CIAS1, and CLR1.1),
is the most extensively studied inflammasome to date and is responsible for caspase-1
activation by a vast number of pathogens and other stimuli. NLRP3 inflammasome activation
usually requires two signals: the first signal, from PAMPs such as lipolysaccharide (LPS),
stimulates a TLR expressed on the cell surface or in an endosome and promotes the production
and intracellular accumulation of immature cytokines (10,11). The second signal, usually
derived from danger signals (DSs), also known as damage-associated molecular patterns
(DAMPs), such as host-derived ATP or uric acid crystals, ligates the danger signal receptor
(DSR) and results in processing and secretion of mature cytokines. Initially, DAMPs were
thought to be restricted to molecules of microbial origin, but recent work has expanded the
concept to include host-cell material released from dying, infected or other stressed cells,
including ATP, adenosine, uric acid, and the chromosomal protein, high mobility group box
1 (HMGB1) (12-17). Stimulation with any of these second signals leads to formation of a large
complex containing NLRP3, caspase-1, and the adaptor protein, ASC.

A rapidly increasing number of studies have demonstrated the activation of the NLRP3
inflammasome in response to microbial infections. Bacteria including S. aureus and L.
monocytogenes can activate the NLRP3 inflammasome by triggering K* efflux due to their
toxins listeriolysin O, and o-toxin, § -toxin or y-toxin (18). M. tuberculosis and M. marinum
use their ESX-1 secretion system to regulate secretion of IL-1f3 and IL-18 in a process that
requires the NLRP3 inflammasome (19). Interestingly a recent study showed that K.
pneumonia requires the NLRP3 inflammasome not only for caspase-1 dependent IL-1f
secretion, but also for inducing macrophage necrosis and release of HMGB1, independently
of caspase-1 (20). Extracellular HMGBI1 binds to its specific receptor, RAGE, inducing
secretion of TNFa from macrophages (21), which would thus allow the NLPR3 inflammasome
to affect secretion of inflammatory cytokines other than IL-1p and IL-18. Similarly, V.
gonorrhoeae infection of monocytes causes IL-1f production, pyronecrosis, and HMGB1
release in an NLRP3 dependent manner that requires the activity of the cysteine protease
cathepsin B (22). C. trachomatis, utilizing its type III secretion system, can stimulate NLRP3
inflammasome dependent caspase-1 activation by causing K" efflux-dependent and ROS
production in epithelial cells — moreover, caspase-1 was deemed crucial for chlamydial growth
and survival (23). As chlamydial infection also results in release of HMGBI1 from infected
epithelial cells (24), it is tempting to speculate that the NLRP3 inflammasome may amplify
the inflammatory response during chlamydial infection through HMGBI. In contrast, P.
gingivalis infection on its own can not activate an inflammasome: instead it induces synthesis
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of pro-IL-1p, which can be secreted following NLRP3-dependent activation in infected cells
that are treated with the danger signal ATP (25). Conversely, Mycobacterium tuberculosis
subverts the innate immune response by inhibiting NLPR3 inflammasome activation (26).

The NLRP3 inflammasome can also be activated by viruses such as the Sendai virus and
influenza A virus, whose infections can cause caspase-1 dependent IL-1f secretion (27,28).
Conversely, NLPR3 inflammasome activation by the influenza virus is also required for lung
tissue repair (29). Recently, Modified Vaccinia Virus Ankara (MVA), an attenuated poxvirus
used as a vector for AIDS vaccines, was shown to activate the NLRP3 inflammasome, leading
to secretion of IL-1f (30).

Furthermore, the fungus C. albicans, signaling through the tyrosine kinase Syk, causes NLRP3
inflammasome mediated caspase-1 activation and IL-1p secretion in a process triggered by
K* efflux and ROS production (31,32). The transition of Candida from the yeast to the
filamentous form (hyphae formation) is important for activation of the NLRP3 inflammasome
(33). Heat killed S. cerevisiae can also activate NLRP3 inflammasome (34).

Both abiotic and biological crystals can also activate the NLRP3 inflammasome. Thus,
asbestos, silica and amyloid-p fibrils induce NLRP3-dependent caspase-1 activation following
“frustrated phagocytosis” of the large crystals or lysosomal leakage (35-38). In this context,
NLRP3 could play both beneficial and deleterious roles, by inducing inflammation in response
to environmental particles or during Alzheimer’s disease. The ability of host cells to respond
to DAMPs through inflammasomes also explains the ability of alum, chitosan and QuilA/
saponin to behave as potent adjuvants (39,40).

More recently, hemozoin, a heme crystal produced by malaria causing parasite Plasmodium,
was shown to similarly activate NLRP3 inflammasome by acting as a danger signal through
the Lyn/Syk kinase pathway (41,42).

The NLRP3 inflammasome initially gave the impression of being rather promiscuous, as it
could be activated by a wide variety of stimuli, ranging from toxins, ATP and uric acid crystals.
However, these disaparate stimuli stimulate NLRP3 through a small number of shared
mechanisms (Fig. 2). Thus, the K* efflux is induced by microbial toxins (18,43),
imidazoquinoline derivatives (44), and infection by C. albicans or C. trachomatis (23,31—
33), and extracellular ATP (45,46). ATP can stimulate K* efflux due to the association of the
purinergic receptor, P2X5, with the recently-discovered hemichannel, pannexin-1 (47,48),
which allows formation of large non-selective pores in the membrane. Pannexin-1 in fact has
been shown to be necessary for ATP-induced IL-1p secretion (47,49).

ATP stimulation of macrophages can also induce formation of reactive oxygen species, which
lead to caspase-1 activation (50). The antioxydant N-acetylcysteine can inhibit both
ATPmediated caspase-1 activation and, interestingly, NLRP3 inflammation activation due to
treatment with ionophores such as nigericin (43,50).

Finally, destabilization of lysosomes by silica crystals, amyloid-f fibrils and alum salts has
been shown to activate the NLPR3 inflammasome (36,37). Rupture of lysosomes causes release
of the lysosomal protease, cathepsin B, which is somehow sensed by the NLRP3
inflammasome.

The NLRP1 Inflammasome

NLRP1 (also known as Nalpl, CARD7, NAC, DEFCAP, and CLR17.1) forms an
inflammasome containing caspase-1 and ASC. It is stimulated by the presence of cytosolic
muramyl-dipeptide (MDP), which results in activation of caspase-1 (51). Studies with a
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reconstituted NLRP1 inflammasome in a cell-free system demonstrated that caspase-1
activation occurs in a two-step mechanism whereby MDP triggers a conformational change in
NLRP1, allowing it to oligomerize into the inflammasome after binding nucleotides (52).

Separate studies on the NLRP1 inflammasome were carried out in mice, which possess three
NLRP1 paralogues (NLRP1a, NLRP1b and NLRP1c), compared to the sole NLRP1 gene in
humans. Susceptibility of macrophages to lethal toxin (LT), a metalloproteinase responsible
for B. anthracis pathogenesis, is mediated by an NLRP1b inflammasome through an unknown
mechanism (53). Transfection of fibroblasts with NLRP1b and caspase-1 conferred
susceptibility of these cells to anthrax LT (54).

The NLRC4 Inflammasome

The NLRC4 inflammasome (also known as IPAF, CARD12, CLAN, and CLR2.1) is activated
by some Gram-negative bacteria possessing type III or type IV secretion systems. These
bacteria include S. typhimurium, S. flexneri, P. aeruginosa and L. pneumophila (55-60). An
initial study showed that caspase-1 activation and subsequent IL-1f and IL-18 maturation in
response to S. typhimurium infection requires the assembly of the NLRC4 inflammasome
(56), and later work demonstrated that NLRC4 senses the presence of flagellin in the cytosol
aided by the type III secretion apparatus (61,62). Similarly, L. pneumophila utilizes its Dot-
Iem type IV secretion system to activate the NLRC4 inflammasome and caspase-1, which then
restricts growth of Legionella in macrophages (60). Flagellin from Legionella was shown to
be the trigger for assembly of the NLRC4 inflammasome (63). A recent study showed that L.
pneumophila can also induce caspase-1 activation independently of NLRC4, through a
pathway involving ASC and triggered by loss of intracellular K* (64).

Unlike Salmonella and Legionella, S. flexneri does not possess flagellin, yet is still capable of
activating the NLRC4 inflammasome through a process that requires an intact type Il secretion
system (59). Although initial studies showed that NLRC4 inflammasome activation following
P. aeruginosa infection requires flagellin and an intact type I1I secretion system (55,57), it was
also found that either the non-flagellated strain PA103AU or the flagellin-deficient mutant
strain PAKACfliC can also activate the NLRC4 inflammasome, leading to IL-1f secretion
(58). These results suggest the existence of a flagellin-independent mechanism for NLRC4
inflammasome assembly.

Inflammasome Activation by AIM2

Four recent studies have reported that cytoplasmic dsDNA is sensed by a PYHIN (pyrin and
HIN domain-containing protein) family member: AIM2 (absent in melanoma 2) (65-68).
Although it is not an NLR family member, AIM2, upon binding cytoplasmic dsDNA through
its carboxy terminal domain, oligomerizes and interacts with ASC through its amino terminal
pyrin domain. This interaction causes the formation of an ASC pyroptosome or AIM2
inflammasome which ultimately leads to activation of caspase-1 (66,67) and NF-kB (67).

Concluding Remarks

All the cases studied until now point to the importance of inflammasomes in the innate immune
response against infection or nonliving particles. There is a clear interplay between TLRs and
NLRs for optimal production of IL-1f and IL-18. Even though the flurry of recent reports have
clarified our comprehension of the mechanisms underlying inflammasome activation, many
unanswered questions remain.

The inflammasome complexes differ from each other with respect to their activating stimuli.
NLRCH4 is activated during infection with mostly flagellated bacteria (55-60), but the
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mechanisms through which non-flagellated bacteria activate NLRC4 remain unknown (58).
NLRC4 is hypothesized to directly or indirectly sense membrane damage caused by these
pathogens via their type III secretion system and not through any pathogen-derived molecules.
This might also be the case for F. tularensis, which requires ASC but not NLRC4 in order to
induce caspase-1-mediated cell death in macrophages (69).

NLRP1 in humans senses the presence of MDP, a subcomponent of peptidoglycan (51,52), but
its putative paralogue in mice, NLRP1b, exhibits a different ligand-specificity as it is activated
by LT during B. anthracis infection (53). Functional homologs of these NLR members may
be present in humans and mice, as the equivalent inflammasomes in the two species have not
been identified through sequence homology.

Until far, NLRP3 has been associated with the widest variety of stimuli, which makes it unlikely
that all these activators trigger inflammasome assembly by direct interaction with NLRP3.
Instead they appear to stimulate common signaling pathways that converge on NLRP3
activation. Some of the events leading to NLRP3 activation are K* efflux (18,43), ROS
production (43,50), and cathepsin B release from lysosomes (36,37).

The link between K* efflux and ROS production in NLRP3 activation also deserves more
attention. Results from at least two studies suggest that K* efflux precede ROS production: the
use of anti-oxydants prevents ionophore-induced NLRP3 activation (43), and blocking K*
efflux inhibits ROS production (23). Plasma membrane depolarization has been previously
shown to activate NADPH oxidase (70,71), suggesting a mechanism for ROS production in
cells subjected to danger signals that stimulate NLRP3 assembly.

The inflammasome field is expanding quickly, attracting some of the most talented researchers
in immunology and cell biology. Future studies will undoubtedly elucidate the functions of
remaining NLRs as well as the ultimate triggers responsible for their activation.
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Figure 1.

Both a pathogen recognition receptor (PRR) and Nod-like receptor (NLR) family member are
usually required for secretion of IL-1f. Binding of a pathogen-associated molecular patterns
(PAMP) to its PRR results in pro-IL-1p synthesis, but not always secretion of IL-1f. A second
signal, derived from an extracellular “danger signal” such as ATP or gout crystals, or an
intracellular PAMP such as muramyl-dipeptide (MDP) from peptidoglycan activate an
inflammasome consisting of caspase-1, the adaptor protein ASC, and a NLR family member
or AIM2. LT, lethal toxin from Bacillus anthracis; dsDNA, double-stranded DNA.
Inflammasome-dependent caspase-1 activation results in processing and secretion of the
mature IL-1p.
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Figure 2.

Diverse danger signals lead to NLRP3 inflammasome activation through common
mechanisms. Extracellular damage-associated molecular patterns (DAMPs) can lead to K+
efflux and then ROS production, or directly to ROS production. Large particles can also cause
lysosomal destabilization and release of enzymes such as cathepsin B. Either high ROS levels
or cytosolic cathepsin B can stimulate the NLRP3 inflammasome, leading to caspse-1
activation.
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