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THE INFLAMMASOME

Sensing and reacting to microbes through

the iInflammasomes

Luigi Franchi, Raul Mufoz-Planillo & Gabriel Nuiiez

Inflammasomes are multiprotein complexes that activate caspase-1, which leads to maturation of the proinflammatory cytokines
interleukin 1B (IL-1B) and IL-18 and the induction of pyroptosis. Members of the Nod-like receptor (NLR) family, including NLRP1,
NLRP3 and NLRC4, and the cytosolic receptor AIM2 are critical components of inflammasomes and link microbial and endogenous
danger signals to the activation of caspase-1. In response to microbial infection, activation of the inflammasomes contributes

to host protection by inducing immune responses that limit microbial invasion, but deregulated activation of inflammasomes is
associated with autoinflammatory syndromes and other pathologies. Thus, understanding inflammasome pathways may provide
insight into the mechanisms of host defense against microbes and the development of inflammatory disorders.

The innate immune system is the first line of defense against microbial
infection and is activated by the engagement of germline-encoded
pattern-recognition receptors (PRRs) in response to microbes'. PRRs
recognize the presence of unique microbial components called patho-
gen-associated molecular patterns or endogenous damage-associated
molecular patterns generated in the setting of cellular injury or tissue
damage?. In response to infection, PRR activation initiates signal-
transduction pathways that ultimately culminate in host defense
responses that eliminate microbial invasion. A major inflammatory
pathway is activation of the inflammasome, a multiprotein platform
that activates caspase-1 (ref. 3). Once activated, caspase-1 proteolyti-
cally cleaves the cytokine precursors pro-interleukin 1B (pro-IL-1)
and pro-IL-18; this is critical for release of the biologically active
forms (L-1P and IL-18) and triggers proinflammatory and antimicro-
bial responses®. Active caspase-1 can also cleave less-defined protein
substrates to regulate the induction of pyroptosis, autophagy and bac-
terial degradation through mechanisms that are poorly understood*.
So far, four inflammasomes have been identified; these are named
after the PRR that regulates their activity: NLRP1, NLRP3, NLRC4
and AIM2. Except for AIM2, these inflammasomes contain a PRR that
belongs to the Nod-like receptor (NLR) family. NLRs are intracellular
PRRs defined by a tripartite structure comprising the following: an
amino-terminal caspase-recruitment domain (CARD), pyrin domain,
acidic transactivating domain or baculovirus inhibitor repeat that
mediates downstream protein-protein interactions; a central
nucleotide-binding-and-oligomerization domain (Nod) that medi-
ates self-oligomerization; and carboxy-terminal leucine-rich repeats
(LRRs) that are thought to sense different microbial and endogenous
damage stimuli*. In this review, we focus on the activation, regulation
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and function of NLR inflammasomes with an emphasis on their inter-
action with microbes and their role in host defense.

NLRC4 inflammasome: microbe recognition and activation

NLRC4 is important for the activation of caspase-1 in macrophages
infected with pathogenic bacteria, including Salmonella enterica
serovar Typhimurium (S. enterica)>®, Legionella pneumophila’-® and
Pseudomonas aeruginosa'®!. The activation of caspase-1 by these
pathogenic bacteria requires a functional bacterial secretion system
that has been suggested as a link between bacterial pathogenicity and
NLRC4 activation®. These secretion systems, which include the type
IIT secretion system (T3SS) and type IV secretion system (T4SS), act
as molecular needle-like structures that inject effector proteins into
the cytosol of host cells and are critical for pathogen colonization.
Flagellin, the main component of the flagellum, is important for
activation of the NLRC4 inflammasome®®. Because the delivery of
purified flagellin to the macrophage cytosol triggers caspase-1 acti-
vation through NLRC4 (refs. 5,6), it had been thought that NLRC4
is activated in macrophages via the leakage of small amounts of
flagellin through a T3SS (for example, S. enterica and P. aeruginosa)
or T4SS (for example, L. pneumophila) during infection'?. However,
Shigella flexneri, an aflagellated pathogenic bacterium, also induces
activation of the NLRC4 inflammasome through the T3SS!3.
Furthermore, flagellin-deficient S. enterica and P. aeruginosa can
activate NLRC4 at high ratios of bacteria to macrophages, which
further suggests that factors other than flagellin can induce activa-
tion of the NLRC4 inflammasome!#1°. Initial insights into the flag-
ellin-independent pathway were provided by the observation that
proteins that form the basal body rod component of the T3SS, such
as PrgJ, can activate the NLRC4 inflammasome. PrgJ-like proteins
contain regions structurally homologous to the carboxy-terminal
portion of flagellin'4, which is a critical portion of flagellin that is
sufficient to trigger NLRC4 inflammasome activation®!®, However,
the contribution of T3SS rod proteins to activation of the NLRC4
inflammasome is difficult to evaluate because bacterial pathogens
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Figure 1 The NLRC4 inflammasome. Infection of macrophages with
various Gram-negative bacteria, including S. enterica, L. pneumophila
and P. aeruginosa, activates caspase-1 via NLRC4. A critical step is the
cytosolic delivery of flagellin or PrgJ-like proteins through bacterial T3SS
or T4SS. Flagellin is recognized by Naip5 or Naip6 (not shown here),
whereas Prgl-like proteins are recognized by Naip2. S. flexneri activates
the NLRC4 inflammasome independently of flagellin through an unknown
microbial product. Activation of caspase-1 via NLRC4 leads to the
processing and release of IL-1 and IL-18, the processing of caspase-7
and the induction of other cellular activities that are poorly understood.

without a functional secretion system are impaired in the secretion
of effector proteins and are therefore highly attenuated.

How does NLRC4 sense different structures such as flagellin and
PrgJ-like proteins? Initial studies have shown a link between NLRC4
and Naip5 (neuronal apoptosis inhibitor protein 5), another mem-
ber of the NLR family. Naip5 senses the carboxy-terminal region of
flagellin and is required for the activation of NLRC4 in response to
L. pneumophila'®. In contrast, Naip5 is dispensable for NLRC4 activa-
tion in response to S. enterica, P. aeruginosa or flagellin purified from
S. enterica'®. Those puzzling results have been clarified by the obser-
vation that distinct Naip proteins link flagellin and Prg]J-like proteins
to NLRC4. Whereas flagellin binds Naip5 and Naip6, PrgJ-like pro-
teins interact with Naip2 (refs. 17,18). Cprl, a subunit of the secre-
tion system of Chromobacterium violaceum, binds to human NAIP!7.
Results obtained by reconstitution of the NLRC4 inflammasome in
293 human embryonic kidney cells also suggest that Naip proteins
act upstream of NLRC4 to promote inflammasome activation!718,
Although the mechanism by which Naip proteins activate NLRC4
remains unclear, one model proposes that flagellin or PrgJ-like proteins
bind to the LRRs of Naip proteins to induce a conformational change
in the latter; this in turn induces the activation of NLRC4 (Fig. 1).
A better understanding of the link between Naip proteins and NLRC4
is needed to explain why Naip5 is essential for the activation of
caspase-1 in response to L. pneumophila but is dispensable in
S. enterica infection despite the fact that flagellin from both pathogens
binds to Naip5 (refs. 16-18). Because the amino terminus of flagellin
can inhibit the interaction of flagellin with Naip5, the differences in
the role of Naip5 in the recognition of L. pneumophila and S. enterica
could depend on other factors that regulate the exposure or confor-
mation of the carboxyl terminus, the portion of flagellin that is suf-
ficient for NLRC4 activation!®. Finally, S. enterica potently induces
caspase-1 activation in human cells??, but flagellin is not sensed by
human NAIPY7, which raises questions about the molecular mecha-
nism that induces caspase-1 activation in human cells.

Role of the NLRC4 inflammasome in host defense

The NLRC4 inflammasome regulates host defense by controlling
the release of IL-1f and IL-18, bacterial degradation and pyroptosis.
IL-1PB and IL-18 have an important role in the host defense response
to S. flexneri?!, but it is unknown whether the production of these
cytokines depends on NLRC4 in vivo. In the case of S. enterica
infection, caspase-1 and IL-18 both have a role in host defense?2:23,
NLRC4 does not have a role in host defense after orogastric infec-
tion in C57BL/6 mice?>?4, but it confers host protection to mice on
the BALB/c background (lethal factor; G.N., unpublished observa-
tions). It was initially observed that activators of the NLRC4 inflam-
masome induce pyroptosis, a form of caspase-1-dependent cell death
with features of both apoptosis and necrosis?’. Notably, S. enterica
represses expression of flagellin and T3SS during the systemic phase
of infection, and downregulation of these factors prevents activation
of the NLRC4 inflammasome?®. In fact, mutants of S. enterica?® or

_’% Pseudomonas

T3SS

%\W\\}\\%\gwmw \Wﬁ\imwm}i)iWW3(3f)f)f3(3()f)f)W)()(J(fﬁ(}f)ﬂ‘ﬁf)ﬁ(/ﬂ()()(///()%}/
ﬁ\\\\\“ Shigella M/’W%

) @

Salmonella
Legionella

PrgJ-like
Naip2

|~

NLRC4
inflammasome

Naip?

o Caspase-7 activation

N

Restriction
of bacterial
replication

Pyroptosis

L -
L ——
Lo -

Maturation of proinflammatory
cytokines (IL-1p, IL-18)

L. monocytogenes®”?8 that have enforced expression of flagellin cannot

evade detection by the NLRC4 inflammasome and are highly
attenuated. Furthermore, NLRC4 restricts S. enterica strains that
overexpress flagellin independently of IL-13 and IL-18 by promoting
the release of intracellular S. enterica from pyroptotic macrophages;
these bacteria are consequently engulfed and killed by neighboring
neutrophils?. However, the contribution of this protective mecha-
nism to host defense during physiological infection with wild-type
intracellular bacteria remains to be determined.

NLRC4 can also promote the degradation of pathogens inside
macrophages. This is exemplified by studies of L. pneumophila, a
Gram-negative intracellular bacterium that causes Legionnaires’ dis-
ease, an acute form of pneumonia. After infection, L. pneumophila
replicates in specialized vacuoles inside macrophages. Notably,
NLRC4-dependent activation of caspase-1 restricts the intracellular
growth of L. pneumophila at least in part by promoting the fusion of
bacteria-containing vacuoles with lysosomes®. The ability to restrict
L. pneumophila growth by NLRC4 requires expression of flagellin
and host caspase-7, a proteolytic substrate of caspase-1, but not
IL-1B and IL-18 (refs. 9,29). However, the mechanism by which
caspase-7 promotes the fusion of L. pneumophila—containing vacuoles
with lysosomes and bacterial degradation is unclear. Naip5 also has a
critical role in restricting the growth of L. pneumophila inside macro-
phages; this can be partially explained by a role of Naip5 in linking
cytosolic flagellin to NLRC4 activation®?%30, However, analysis of A/]
mice that express a mutant Naip5 protein that supports the replica-
tion of L. pneumophila and Naip5-null mice suggests that Naip5 may
also act independently of NLRC4 to regulate L. pneumophila replica-
tion!. Although both mutant mice show greater bacterial replication
than wild type do, the amino acids of Naip5 substituted in A/J mice
are not important for flagellin binding or activation of the NLRC4
inflammasome!”, which suggests that Naip5 has a role in restricting
bacterial replication that is distinct from its role in activating the
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NLRC4 inflammasome. In addition to promoting bacterial degrada-
tion, NLRC4 and Naip5 can control L. pneumophila growth through
the induction of pyroptosis, a phenotype evident under high mul-
tiplicity of infection®3°. Whereas macrophages deficient in Naip5,
NLRC4, caspase-1 or caspase-7 show a notable phenotype in regulat-
ing L. pneumophila replication in vitro, the role of the flagellin-Naip5-
NLRC4 signaling pathway in lung infection is more modest, which
suggests that other signaling pathways can compensate for inflamma-
some deficiency in vivo®?%32,

The NLRP1 inflammasome

The initial description of the inflammasome was based on the assembly
of the human NLRP1 inflammasome. Although the role of NLRP1 in
immune responses remains poorly understood, its relevance is under-
scored by the association of variations of the gene encoding NLRP1
with generalized vitiligo, vitiligo-associated type I diabetes, Addison’s
disease, rheumatoid arthritis and Alzheimer’s disease®. The domain
structure of human NLRP1 comprises an amino-terminal pyrin
domain, a centrally located Nod and LRRs, and carboxy-terminal
FIINDs (function-to-find domains) and CARDs. Thus, NLRP1 dif-
fers from other NLRs proteins by having two signal-transduction
domains; that is, a pyrin domain and CARD. Analysis of extracts of
the THP-1 human myeloid cell line with macrophage-like proper-
ties has shown that NLRP1 forms a multiprotein complex containing
the adaptor ASC, CARDS, caspase-5 and caspase-1 that has IL-1f3-
processing activity®3. Subsequently, reconstitution of the NLRP1
inflammasome with purified components has shown that the mini-
mal elements of the NLRP1 inflammasome are NLRP1, an NTP and
caspase-1 (ref. 34). The activity of the reconstituted NLRP1 inflam-
masome is induced by muramyl dipeptide (MDP), and on the basis
of those initial studies, caspase-1 has been proposed to be activated
through a two-step mechanism: first, microbial MDP binds NLRP1
and changes its conformation, which allows it to bind an NTP; this in
turn induces oligomerization of NLRP1 through its Nod, thus creating
a platform for caspase-1 activation. The adaptor ASC is not essential
for caspase-1 activation, probably because human NLRP1 can bind
to caspase-1 directly through a CARD-CARD interaction, but the
presence of ASC augments NLRP1-mediated caspase-1 activation*.
Consistent with those results, macrophages stimulated with MDP in
complex with titanium dioxide activate the NLRP1 inflammasome
in an ASC-independent manner®’. However, there is no direct evi-
dence that MDP binds to NLRP1. Notably, NLRP1 and CARDS are
proteolytically processed, but it is still unclear whether these events
are necessary for caspase-1 activation3°. Thus, further work is needed
to understand the activation of NLRP1 and the role of CARD8 and
caspase-5 in the function of the NLRP1 inflammasome.

Unlike humans, who have a single NLRPI gene, mice have three tan-
dem paralogs, Nirpla, NIrp1band NlrpIc-ps (also known as Nalp1a,
Nalplb and Nalplc, respectively). Furthermore, different strain-
specific alleles exist for Nlrp1b, and these genetic variants have led to
the identification of NLRP1b as the sensor of Bacillus anthracis lethal
toxin®’. Lethal toxin, a metalloproteinase, is a bipartite toxin that
consists of protective antigen and a pore-forming molecule that medi-
ates the translocation of lethal factor into the host cytosol, where it
activates caspase-1. Lethal toxin-induced caspase-1 activation, IL-13
production and pyroptosis require the susceptible Nlrp1b allele’”,
whereas ASC is required for lethal toxin-induced production of IL-1
but is dispensable for pyroptosis®®. In vivo experiments have shown
that the product of Nlrp1b allelic variation has a protective role in
B. anthracis infection and, consistent with a role for NLRP1b in acti-
vating the inflammasome, mice deficient in caspase-1 (Caspl~-) or
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IL-1B (I11b7'-) are more susceptible to B. anthracis infection®. Thus,
the host-protective response mediated via the NLRP1B inflamma-
some depends on the production of IL-1f rather than the induction
of pyroptosis. Although much progress has been made in elucidating
the recognition of B. anthracis via the NLRP1B inflammasome, the
mechanism by which lethal factor triggers activation of the NLRP1B
inflammasome remains elusive.

The NLRP3 inflammasome: mechanism of activation
Caspase-1 was initially identified as the protease responsible for the
maturation and release of IL-1 in response to ATP. Deeper under-
standing of this process was provided by the discovery that NLRP3
and ASC are required for the activation of caspase-1 in response to
ATP and certain bacterial pore-forming toxins®. Consistent with the
importance of NLRP3 in IL-1f production, NLRP3 gain-of-function
mutations lead to cryopyrin-associated periodic syndromes, which
are efficiently treated with inhibitors of IL-1B-mediated signaling?.
The NLRP3 inflammasome is activated by a plethora of microbial
stimuli, including MDP*%4!, bacterial RNA*2, the double-stranded
RNA analog poly(I:C)*?, lipopolysaccharide, microbial lipopeptide,
the imiquimod R-837 and the synthetic imidazoquinoline resiquimod
(R-848)*2. NLRP3 can also be activated by endogenous stimuli and
particulate matter, such as uric acid, cholesterol and hydroxyapatite
crystals, silica, aluminum salts, asbestos, malarial hemozoin, amyloid
deposits and fatty acids*. Given the chemical and structural diversity
of the NLRP3 activators, it has been hypothesized that NLRP3 does
not interact directly with its activators; instead, its activation is trig-
gered through an intermediate cellular signal elicited by all these stim-
uli. Evidence indicates that most, if not all, Toll-like receptor (TLR)
agonists and MDP do not directly activate the NLRP3 inflamma-
some. Instead, these microbial stimuli prime the activation of NLRP3
through the induction of NLRP3 expression in macrophages*3, a
prerequisite for inflammasome activation*>-#>, Consistent with that,
activation of the NLRP3 inflammasome by ATP, bacterial pore-forming
toxins and particulate matter requires prestimulation with TLR
agonists to induce NLRP3 expression**~46, Whereas the adaptor TRIF
has a minor role in the priming process in response to stimulation
with lipopolysaccharide?’, it has a major role in response to bacterial
RNA*8, Because NLRP3 induction is mediated by the transcription
factor NF-xB, endogenous cytokines such as tumor-necrosis factor
and IL-1f are also effective in inducing NLRP3 expression and pro-
moting caspase-1 activation in response to NLRP3 activators*®. Thus,
activation of the NLRP3 inflammasome requires two signals in mouse
macrophages. The first signal is provided by microbial or endogenous
molecules that activate NF-kB and induce NLRP3 expression (Fig. 2).
The second signal directly activates NLRP3 and is provided by ATP,
certain bacterial toxins or particulate matter (Fig. 2). The situation
may be different in human monocytes and microglia cells, in which
stimulation with TLR ligands induces the release of IL-1f without
exogenous stimulation with ATP#9-3!. However, stimulation of human
monocytes and microglia cells with TLR has been proposed to induce
the release of endogenous ATP that acts in an autocrine way to acti-
vate the ion channel P2X; (refs. 49-51). Notably, under conditions
in which the autophagic pathway is compromised, stimulation with
pathogen-associated molecular patterns induces activation of the
NLRP3 inflammasome®? and more production of pro-IL-1B>*34,
which suggests that autophagy has a role in controlling the produc-
tion of IL-1.

Several theories have been proposed for the identity of the cellular
signal responsible for NLRP3 activation, including a change in the
intracellular concentration of K* and Na®, the formation of a large
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Figure 2 The NLRP3 inflammasome. Activation
of caspase-1 via NLRP3 requires two signals.
Signal 1 is represented by microbial molecules

Signal 1 Priming

Signal 2 Activation

or endogenous cytokines and is required for the
upregulation of NLRP3 and pro-IL-1B. Signal 2
activates the NLRP3 inflammasome. Activation
by S. aureus, S. pyogenes, S. pneumoniae and
V. cholerae is mediated by pore-forming toxins.
Other bacterial toxins can also induce the
activation of the NLRP3 inflammasome, such
as cholera toxin (CT) or C. difficile toxins TcdA
and TcdB (not shown here); C. albicans induces
activation of the NLRP3 inflammasome through
the kinase Syk, although the mechanism
involved is unclear. Influenza virus can induce
the activation of the NLRP3 inflammasome,
but it is controversial whether this is due to a
pore-forming activity mediated by M protein or
to sensing of viral RNA species in the cytosol.
Cytosolic bacterial RNA induces activation of
the NLRP3 inflammasome. TNFR, receptor for Y
tumor-necrosis factor.

Microbial
Iigand

cyiokines

ROS?

NF-xB

pore in cell membranes, the release of cathep-
sins from damaged lysosomes, the production
of reactive oxygen species (ROS) and damage
in the mitochondria®. The involvement of K*
efflux in NLRP3 activation is supported by
the fact that some NLRP3 activators, includ-
ing ATP, the antibiotic nigericin and pore-forming toxins, results in
lower intracellular concentration of K*, and a high extracellular con-
centration of K* inhibits activation of the NLRP3 inflammasome>>,
However, there is no evidence that particulate matter triggers efflux of
K*. Furthermore, the interpretation of experiments in which extracel-
lular Na* is replaced with K* is complicated because extracellular Na*
is also reported to be required for NLRP3 activation independently
of K* efflux®’. Hence, it is difficult to discern whether the inhibi-
tory effect of isotonic medium with a high concentration of K* on
NLRP3 activation is due to the high concentration of K* or the low
concentration of Na*. Very high extracellular concentrations of K*
also block the activation of the NLRP1, NLRC4 and AIM2 inflam-
masomes>S. Therefore, further studies are required to clarify the role
of changes in cytosolic ionic concentrations in the activation of the
NLRP3 inflammasome.

Extracellular ATP activates NLRP3 through the opening of ATP-
gated P2X,. In contrast, bacterial pore-forming toxins activate NLRP3
independently of P2X (refs. 44,59). P2X, is unique among ion chan-
nels in that its activation not only opens a cation channel but also
leads to the opening of a larger pore permeable to molecules 900 Da
or greater in size. It has been suggested that the opening of a large pore
formed by the hemichannel pannexin-1 after P2X; stimulation is nec-
essary for NLRP3 activation independently of K* efflux®?. However,
no defect in NLRP3 activation or opening of the large pore in
pannexin-1-deficient macrophages stimulated with ATP and nigericin
has been found®!. Although those results suggest that pannexin-1
is not the molecular component of the large pore opened by ATP, it
is still unknown whether the opening of a large pore is required to
activate NLRP3.

The activation of NLRP3 by particulate matter requires endo-
cytosis, as pretreatment of macrophages with drugs that interfere with
cytoskeletal dynamics (such as colchicine and cytochalasin B) inhibit
the activation of NLRP3 by uric acid crystals, silica and aluminum
salts but not by ATP*. Furthermore, inhibitors of cathepsin B can
prevent the activation of caspase-1 induced by certain microbes®>%3,
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However, as cathepsin B-deficient mice have a modest or no defect in
the activation pf NLRP3 by particulate matter®, the observed impair-
ment of NLRP3 activation by the inhibitor of cathepsin B could be due
to off-target effects. Alternatively, given the considerable redundancy
among the members of the cathepsin family, several lysosomal pro-
teases may be able to trigger NLRP3 activation. Studies of mice with
genetic double deficiency could help clarify the role of cathepsins in
NLRP3 activation and the mechanism involved.

The production of ROS has also been suggested to act as a common
cellular signal upstream of NLRP3 triggered by ATP and particu-
late matter>. NLRP3 activation is blocked by ROS scavengers and
NAPDH-oxidase inhibitors®®. In line with those findings, thiore-
doxin-interaction protein has been proposed to bind and activate
NLRP3 after the production of ROS by NLRP3 activators®®. However,
those results were not independently confirmed in a different study®’.
Furthermore, another report has suggested that ROS inhibitors inter-
fere with NLRP3 priming rather than its activation®. ROS derived
from the mitochondria have been suggested to mediate activation of
the NLRP3 inflammasome in a study using inhibitors of the respira-
tory chain®. However, studies with chemical inhibitors, especially
at high concentrations, are prone to artifacts. The release of mito-
chondrial DNA induced by activators of the NLRP3 inflammasome
further amplifies caspase-1 activation®. Although none of the afore-
mentioned results provides a satisfactory explanation for the mecha-
nism of NLRP3 activation, a combination of several cellular signals
could be required for NLRP3 activation. Indeed, NLRP3 has been
proposed to integrate signals that indicate cellular damage or stress,
including membrane permeation, lysosomal damage, ROS production
and mitochondrial damage.

NLRP3 activation by microbes

Many bacterial pathogens activate the NLRP3 inflammasome through
the secretion of pore-forming toxins. Staphylococcus aureus o.-hemo-
lysin activates the NLRP3 inflammasome in combination with TLR2
stimulation by bacterial lipopeptides released during growth®.
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Analysis of isogenic single-, double- and triple-mutant S. aureus
strains defective in 0-, B- and y-hemolysins has shown that these have
a redundant role in NLRP3 activation*”>°. In vivo experiments with
an S. aureus subcutaneous abscess model have shown a critical role for
ASC and IL-1p signaling in neutrophil recruitment and control of the
infection’®7!. Similar to the redundant role of S. aureus hemolysins in
NLRP3 activation, Vibrio cholerae secrete the hemolysins HlyA and
MARTX to activate NLRP3 (ref. 72). Furthermore, in vivo studies of
mouse strains deficient in inflammasome components have shown
that caspase-1 and ASC have a protective role against V. cholerae, but
NLRP3 does not”2. These results suggest that multiple inflammasomes
contribute to host defense against V. cholerae in vivo.

Streptococcus pneumoniae, which colonizes the upper respiratory
tract, is a leading cause of pneumonia and meningitis and activates
NLRP3 through the secreted pore-forming toxin pneumolysin’>74, In
an S. pneumoniae lung-infection model”>74 NLRP3 elicits a protective
immune response, as Nlrp3~/~ mice have higher bacterial loads and
greater mortality than do wild-type mice. In contrast, Nlrp3~/~and ASC-
deficient (Pycard~'-) mice develop less brain inflammation and have a
better clinical outcome than that of wild-type mice in a pneumococcal
meningitis model”>. Blockade of caspase-1-mediated signaling with a
combined regimen of recombinant IL-1 receptor antagonist and IL-18-
binding protein leads to considerable amelioration of disease severity
and brain pathology, which suggests that interfering with inflammasome
activation might be a strategy for treating pneumococcal meningitis.

Several other bacterial toxins induce activation of the NLRP3
inflammasome, including cholera toxin B, adenylcyclase toxin’® and
Clostridium difficile toxins A and B”7. As these toxins have different
mechanisms of action, it remains unclear how they mediate activation
of the NLRP3 inflammasome. Such activation mediated by cholera
toxin B depends on caspase-11, but activation mediated by adenyl-
cyclase toxin, C. difficile toxin B or pore-forming toxins does not”°.
Notably, caspase-11 is dispensable for the activation of caspase-1 by
most stimuli that activate the NLRP3 inflammasome but has a role in
the induction of pyroptosis and release of damage-associated molecu-
lar patterns’®. Some T3SS effector proteins induce activation of the
NLRP3 inflammasome. For example, activation by the Yersinia pestis
subspecies Kim has been described for the effector protein Yop]’$, an
acetyltransferase that causes apoptosis through inactivation of kinases
such as MAPKs and IKKs”®. The role of NLRP3 in Y. pestis infection
in vivo, however, remains to be determined.

Several studies have reported a role for NLRP3 in the innate
immune response to viruses. Initial studies showed that the NLRP3
inflammasome can be activated in vitro by Sendai virus®, influenza
A virus®® and adenovirus®!. Influenza A virus activates NLRP3
through the proton-selective M2 channel®? and elicits a protective
inflammatory response®3-8°. However, there is conflicting evidence
about the contribution of NLRP3 to the control of viral burden, host
survival and the generation of adaptive immunity after influenza
infection®¥-8%. In an initial analysis®?, mice deficient in ASC, caspase-1
or the IL-1 receptor had more mortality accompanied by lower
immunoglobulin responses than wild-type mice had after infection
with influenza virus, but those deficient in NLRP3 did not. However,
in two subsequent studies®8%, Nlrp3~'~, Pycard~'~ and Casp1~/~ mice
had more mortality than wild-type mice but no defect in the gen-
eration of adaptive immunity to influenza®*. The reason for these
contradictory results is unclear.

Candida albicans, a fungus that can cause severe opportunistic
infections in immunocompromised hosts, can activate the NLRP3
inflammasome®. Experiments with C. albicans at various morpho-
logical stages®”-8 and mutants that cannot form hyphae have shown
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that the yeast form is a more potent activator of NLRP3 than is the
hyphal form; furthermore, the transition from yeast to hyphal form is
an important step in eliciting NLRP3 activation®’. Responsiveness to
C. albicans requires TLR2, the receptor for dectin-1, and the signaling
molecule Syk and its downstream adaptor CARD9 for the priming step,
whereas Syk is required for activation of the NLRP3 inflammasome but
CARD?Y is not3®38, In vivo experiments with TIr2-/~, dectin-1-deficient,
Nirp3~'=, Pycard~'~, Casp1~'~ and IL-1 receptor-deficient mice have
demonstrated a protective role for the NLRP3 inflammasome in a
model of disseminated candidiasis®8. Notably, both NLRP3 and
NLRC4 are required for host defense in a model of oral candidiasis®°.
However, the mechanism by which C. albicans activates the NLRC4
inflammasome is unclear.

Malaria is caused by Plasmodium parasites, which feed on eryth-
rocyte hemoglobin and use a heme-detoxification mechanism that
leads to the formation of dark-brown crystals called ‘hemozoin’ As
with other particulate matter, there is evidence that hemozoin crystals
activate the NLRP3 inflammasome after phagocytosis®. Whereas one
study found a modest but important role for NLRP3 in promoting
cerebral malaria®®, subsequent studies have found no evidence for
contribution of NLRP3, ASC, caspase-1, IL-1f3 or IL-18 in the devel-
opment of cerebral malaria®!, so the role of the NLRP3 inflammasome
in this disease remains controversial.

Redundancy in inflammasome activation

Bacterial infection can trigger the activation of several inflammasomes.
The clearest example is infection by the intracellullar pathogen
Listeria monocytogenes. Initial studies suggested that L. monocytogenes
induces activation of the NLRP3 inflammasome, whereas other studies
have found NLRP3 to be dispensable for the activation of caspase-1°2.
That apparent discrepancy has been reconciled by the observation that
L. monocytogenes can engage multiple inflammasomes and that the con-
tribution of each inflammasome (NLRP3, NLRC4 or AIM2) depends
in part on the experimental conditions of infection®3-%. Although
these results are controversial, it has been reported that Caspl~/~
and Pycard~~ mice are more susceptible than wild-type mice are to
L. monocytogenes infection?”°7%8. However, it is unclear whether a
particular inflammasome is dominant or whether multiple inflam-
masomes are redundantly activated in vivo. As with L. monocytogenes,
several inflammasomes can be activated, depending on the experi-
mental conditions, by other bacteria, including S. enterica>%** and
S. flexneri'®14%, as well as by fungi® (Table 1). However, except
for S. enterica, for these pathogens, the specific contribution of each
inflammasome to host defense in vivo remains largely unknown. Mice
deficient in both NLRC4 and NLRP3 (Nlrc4~/-Nlrp3~/~ mice) are
slightly more susceptible to infection with S. enterica than wild-type
mice are, but those deficient in either inflammasome alone are not;
this is correlated with a five- to ten-fold greater pathogen burden?.
Consistently, the phenotype of Nlrc4~/~Nlrp3~/~ mice is similar to
that of Casp1~/~ mice?>?4. The role of ASC in host defense against
infection with S. enterica is more complex. ASC comprises a pyrin
domain and a CARD and is thought to be an essential adaptor that
connects NLRP3 to caspase-1 (ref. 3). Experiments with mice defi-
cient in ASC have shown that ASC is necessary for the activation of
caspase-1 and the maturation of IL-1f after infection of mice with
S. enterica, P. aeruginosa or L. pneumophila®®. Notably, ASC is dis-
pensable for the induction of pyroptosis®!!38, which in these infec-
tion models depends on caspase-1 but not on caspase-11 (ref. 38).
Studies have shown that induction of pyroptosis does not require the
proteolytic maturation of caspase-1 and suggest that phagocytes can
assemble two different inflammasomes in response to infection with
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Table 1 Activation of inflammasomes by microbes

are features of pathogenic bacteria, can pro-
mote the delivery of microbial ligands to

Pathogen Microbial activator Inflammasome References
Bacterial the host cytosol. The presence of bacterial
Streptococcus pneumoniae Pneumolysin NLRP3 73,74 secretion systems and pore—formlng toxins
Klebsiella pneumonia Unknown NLRP3 101 is important for activation of the inflamma-
Bordetella pertussis CyaA NLRP3 102 some and production of IL-1p. For example,
Clostridium difficile TcdA and TedB NLRP3 77 activation of the NLRC4 inflammasome by
o ) ) @ 76 pathogenic bacteria requires a functional T3SS
Yersmlalspeues (Y. pestis KIM ‘ YopJ NLRP3, NLRC4 78,79 or T4SS92. Similarly, activation of the NLRP3
subspecies and Y. pseudotuberculosis) X
Staphylococcus aureus Hemolysins NLRP3 59 inflammasome by S. aureus, V. cholerae
Vibrio cholerae HIyA and MARTXy NLRP3 72 and Streptococcus pyogenes requires bacte-
Cholera toxin B 76 rial pore-forming toxins*%2. In contrast to
Escherichia coli RNA . NLRP3 or TRIF 48 peripheral tissues, the intestine is populated
::tar;llatbr:l?n?ntemtom NLRP3 103 with specialized resident phagocytes that are
Citrobacter rodentium Unknown NLRP3 76 hyporesponsive to microbial stimulation'%.
Streptococcus pyogenes Streptolysin O NLRP3 44 It will be important to determine whether the
Chlamydia pneumonia Unknown NLRP3 104,105 inflammasomes have a role in the discrimi-
Neisseria gonorrhea Unknown NLRP3 62 nation of pathogenic versus nonpathogenic
/Vllycoblacter/um tuberculosis Unknown . NLRP3, NLRC4 106-108 bacteria in the gut.
Listeria monocytogenes LLO, flagellin, NLRP3, NLRC4, AIM2 55,94,109-112
bacterial DNA 27 . .
Aeromonas hydrophila Aerolysin NLRP3, NLRC4 113 Conclusions and future perspectives
Salmonella typhimurium Flagellin, NLRC4 56,14 In the past decade, much progress has been
PrglJ NLRP3 24 made in elucidating the activation, regula-
Shigella flexneri Mxil? NLRC4 13,14 tion and function of the inflammasomes
] ? ] NLRP3 99 in response to microbes. Researchers have
Pseudomonas aeruginosa Flagellin NLRC4 10,11,15,114 . e . . .
Legionella pneumophila Flagellin NLRC4 (Naip5) 7-016,17,115116 \dentified the microbial sensors responsible
Bacillus anthracis Lethal toxin NLRPIrp1Bb 37,39,117 for the activation of caspase-1 and a role for
Franciscella tularensis Bacterial DNA AlM2 38,93,118 Naip proteins in promoting NLRC4 acti-
Fungal vation. Moreover, there is conclusive evi-
Candida albicans Unknown NLRC4, NLRP3 86-89 dence that the inflammasomes contribute
Aspergillus fumigatus Unknown NLRP3 119 to host defense against a variety of patho-
Viral gens. However, the molecular mechanism
Sendai virus Unknown NLRP3 80 by which Naip proteins activate NLRC4
Influenza A Viral M2, viral RNA? NLRP3 82,84,85 and different stimuli induce activation of
Adenovirus Unknown NLRP3 8l the NLRP3 inflammasome remains largely
Varicella zoster U,nknown NLRP3 120 unknown. Furthermore, little is known
Cytomegalovirus Viral double-stranded DNA AIM2 93 .
Vaccinia virus Viral double-stranded DNA AIM2 93,121 about the protein substrates cleaved by cas-
Herpes virus Unknown NLRP3 120 pase-1 and/or caspase-11 and their role in

S. enterica®®. One inflammasome containing NLRC4 and caspase-1 is
responsible for the induction of pyroptosis, whereas the other inflam-
masome, containing NLRC4, ASC and caspase-1, mediates the matu-
ration of IL-1 and IL-18 (ref. 38). These data suggest that microbial
infections can activate different NLRC4-containing inflammasomes
that exert different functions. More detailed analysis of the compo-
sition and biochemical properties of different protein complexes in
the NLRC4 inflammasome is needed to determine the relevance of
these findings.

Pathogen-specific recognition by the inflammasome

Commensal microorganisms abundant in the skin and intestines
continuously challenge the immune system without eliciting an
inflammatory response. TLRs detect microbial ligands present in
the extracellular environment and are activated by both commensal
and pathogenic bacteria. However, the keratinized epithelium of the
skin and the mucus layer of the gut form a physical barrier that prevents
noninvasive microbes from engaging TLRs. In contrast to TLRs, NLR
proteins sense the presence of microbial ligands in the cytosol. Thus,
members of this class of PRRs are ideal sensors of pathogenic bacteria
because bacterial secretion systems or pore-forming toxins, which

330

executing pyroptosis. Another unresolved
question is how inflammasomes and other

signaling pathways act together in vivo to orchestrate innate and adap-
tive immune responses. Clearly, much remains to be learned about
the inflammasomes and their role in microbial recognition and host

defense against microbes.
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