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Abstract The innate immune system relies on its capa-

bility to detect invading microbes, tissue damage, or stress

via evolutionarily conserved receptors. The nucleotide-

binding domain leucine-rich repeat (NLR)-containing

family of pattern recognition receptors includes several

proteins that drive inflammation in response to a wide

variety of molecular patterns. In particular, the NLRs that

participate in the formation of a molecular scaffold termed

the ‘‘inflammasome’’ have been intensively studied in past

years. Inflammasome activation by multiple types of tissue

damage or by pathogen-associated signatures results in the

autocatalytic cleavage of caspase-1 and ultimately leads to

the processing and thus secretion of pro-inflammatory

cytokines, most importantly interleukin (IL)-1b and IL-18.

Here, we review the current knowledge of mechanisms

leading to the activation of inflammasomes. In particular,

we focus on the controversial molecular mechanisms that

regulate NLRP3 signaling and highlight recent advance-

ments in DNA sensing by the inflammasome receptor

AIM2.

Keywords NLR � NLRP3 � AIM2 � Caspase-1 �
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Introduction

In recent years, considerable progress has been made in our

understanding of how microbial pathogens are sensed by

the innate immune pathways that form the first line of

defense. In addition, much research has been conducted on

how these pathways translate into the signal transduction

and transcription of antimicrobial effector molecules and

also on the mechanisms that license and promote adaptive

immune responses. A limited number of well-conserved

microbial structures, which are known as pathogen-asso-

ciated molecular patterns (PAMPs), are recognized by

germline-encoded pattern recognition receptors (PRRs),

which can be found both in ‘‘classical’’ immune and non-

immune cells. Interestingly, some of these receptors are

also able to sense various endogenous signals that arise

during tissue or cell damage. These signals are commonly

referred to as danger-associated molecular patterns

(DAMPs).

Our innate immune system has evolved at least four

major PRR families that cooperatively operate to recognize

microbial pathogens or endogenous danger signals: the

toll-like receptor system (TLRs), the RIG-I-like receptors

(RLRs), the C-type lectin receptors (CLRs), and the

nucleotide-binding domain leucine-rich repeats (NLRs).

As TLRs were the first family of PRRs identified, this

group of receptors has been studied the most intensively.

TLRs are localized on the cell surface and endosomal

compartments and are able to sense a plethora of PAMPs

and DAMPs of different physiochemical natures. These

include peptides, lipopeptides, glycopeptides, glycolipids,

and nucleic acids. On the other hand, cell-membrane-

associated CLRs recognize a rather specific repertoire of

glycopeptides and polysaccharides. Unlike TLRs and

CLRs, RLRs and NLRs are cytosolic proteins that survey
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for the presence of intracellular microbial molecules or

danger signals. The RLRs RIG-I and MDA-5 sense viral

RNA and induce an antiviral response via their shared

mitochondrial adaptor protein MAVS. Moreover, the two

CARD-containing NLRs, NOD1 and NOD2, recognize

glycopeptides and signal via their common adaptor mole-

cule RIP2K. While all these PRRs have signal pathways

that converge in the transcription of cytokines, chemokines,

or proteins involved in antigen presentation and processing, a

prominent subgroup of NLRs instead triggers the activation

of pro-inflammatory cytokines such as interleukin (IL)-1b
through a proteolytic process that is controlled by caspase-1.

For PRRs involved in caspase-1 activation in particular,

emerging evidence reveals that these sensors, which were

initially identified to specifically recognize a broad variety of

foreign molecules, also sense endogenous molecules of

similar structure under certain conditions. For instance,

during tissue damage, cells or nuclei lose their structural

integrity, and endogenous DAMPs that are sequestered

under normal conditions, such as lipids, proteins, or nucleic

acids, gain access to cytosolic innate immune receptors. Here

we review these caspase-1-activating proteolytic platforms,

the so-called inflammasomes.

The NLR family

In the human system, 22 NLR genes have been identified

so far (Fig. 1). NLRs display a tripartite structural orga-

nization consisting of C-terminal leucine-rich repeats

(LRRs), a central NACHT domain (NACHT stands for

domain present in NAIP, CIITA, HET-E, and TP-1), which

is commonly associated with an additional domain that is

known as NACHT-associated domain (NAD), and an

N-terminal effector domain that initiates signaling. In NLR

proteins, the NACHT domain and its associated domain

NAD are often summarized as nucleotide-binding domains

(NBD).

LRR domains are very diverse and found in many pro-

teins with a wide variety of different cell biological

functions [1]. Despite these functional differences, LRR

domains share a common structural framework consisting

of a motif of 20–30 amino acids with a characteristic

sequence pattern rich in the hydrophobic amino acid leu-

cine that makes them suitable for protein–protein

interactions. The architecture of the LRR domain also

appears to be well suited for ligand binding [1]. In analogy

to TLRs that sense PAMPs via their LRR domain, LRRs in

NLRs are believed to be potential ligand-binding domains

that directly detect microbial products or intermediate

signaling molecules in the cytosol. Nevertheless, a clear

receptor-ligand interaction has not been demonstrated for

any NLR yet.

The NBD domain shares similarity with the NB-ARC

motif of the apoptotic mediator apoptotic protease-acti-

vating factor 1 (APAF1) and belongs to the signal

transduction ATPases with numerous domains (STAND)

family of NTPase domains. Like other NTPase domains,

NACHT domains are thought to oligomerize upon activa-

tion in the presence of ATP. The NACHT domain seems to

be a pivotal module involved in the activation of NLR

proteins, since mutations in the ATP-binding region

(Walker’s A box) or the Mg-binding region (Walker’s B

box) abrogate signaling [2].

NLR subfamilies differ in the N-terminal effector

domains, which they require for signal transduction. The
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Fig. 1 Members of the human

NLR family. The known human

NLR proteins are depicted and

grouped according to their

N-terminal domains. Grouping

NLRs according to their

N-terminal domain, five distinct

families can be identified:

NLRA [A stands for AD (acidic

activation domain)], NLRB

[B stands for BIR (baculovirus

inhibitor of apoptosis) domain],

NLRC [C stands for CARD

(caspase recruitment domain)],

NLRP (P stands for pyrin

domain), and NLRX (X stands

for domain with no strong

homology to the N-terminal

domain of any other NLR

subfamily member)
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majority of NLRs harbor a death-fold domain (DD) at their

N terminus, which can be either a caspase recruitment

domain (CARD) or a pyrin (PYD) domain. Based on

similarity interactions, death-fold domains usually form

dimers or multimers with other members of the same

subfamily. An interaction across the subfamilies is very

uncommon, which is somewhat surprising given the

structural similarities among the different subfamilies. For

NLRs, an N-terminal PYD recruits a PYD-containing

molecule and an N-terminal CARD recruits a CARD-

containing molecule to bridge NLRs to other signaling or

effector proteins. In addition to NLRs with an N-terminal

CARD or PYD domain, there are also NLRs with an

N-terminal BIR (baculovirus inhibitor of apoptosis)

domain, an N-terminal acidic activation domain (AD), or a

further, undefined domain. Based on the molecular structure

of the N-terminal domain, a recent nomenclature committee

has distinguished the following NLR subfamily designa-

tions [3]: NLRA (NLRs with an acidic activation domain),

NLRBs (NLR with a BIR domain), NLRCs (NLRs with a

CARD domain), NLRPs (NLRs with a pyrin domain), and

NLRXs (NLR family with no strong homology to the

N-terminal domain of any other NLR subfamily member).

Whereas the two intensively studied NLRCs, NOD1 and

NOD2, initiate NF-jB signaling and lead to the transcrip-

tion of pro-inflammatory genes, several NLRCs and

NLRPs are involved in the posttranslational activation of

inflammatory caspases. A central paradigm to both cas-

pase-1 activation and NF-jB activation by NLRs is the

assembly of oligomeric complexes. These large molecular

platforms activate their effectors via proximity-induced

autoactivation. In allusion to the word ‘‘inflammation’’ and

the Greek suffix ‘‘soma’’ meaning body, the high-molecu-

lar-weight complexes activating caspase-1 were termed

‘‘inflammasomes’’ [4]. Within the NLR family, we distin-

guish the NLRP1 inflammasome that assembles in response

to MDP [5] and anthrax lethal toxin [6], the flagellin-

sensing NLRC4 inflammasome [7], and the NLRP3 in-

flammasome, which is engaged by various diverse stimuli

such as crystalline material, pore-forming toxins, bacteria,

and viruses [8, 9]. Recently, we and others described the

protein AIM2, which does not belong in the group of the

NLR family, yet also forms an inflammasome in response

to cytosolic DNA [10–13] (Fig. 2).

Inflammasomes activate interleukin-1b

Caspases are generally thought to be apoptotic initiators or

effectors. A subclass of caspases, known as the inflam-

matory caspases, is also involved in pro-inflammatory

responses. Caspase-1 is the prime example of this sub-

family. The inflammasome functions to convert inactive

pro-caspase-1 to active caspase-1, which then cleaves

inactive cytokine precursors to a secreted and active form.

The known substrates that are processed by caspase-1 are

the precursors of IL-1b, IL-18, IL-33, and IL-1F7 [14].

It is generally assumed that the respective inflamma-

some components oligomerize upon engagement of a direct

or indirect ligand to recruit pro-caspase-1 via homotypic

CARD–CARD interactions. The inflammasome initiators

NLRP1, NLRP3, and AIM2 harbor an N-terminal PYD

domain through which they cannot activate caspase-1

directly. Instead, they recruit the adaptor molecule
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Fig. 2 Known inflammasomes.

The four known inflammasomes

are depicted. NLRP1, NLRP3,

and AIM2 all indirectly recruit

and thereby activate caspase-1

through the bridging molecule

ASC. IPAF has been shown to

activate caspase-1 independent

of ASC, yet there are several

reports that stress the

requirement for ASC in this

process. Apart from this

controversy, the exact role of

NOD2 and caspase-5 in the

NLRP1 inflammasome has to be

elucidated and the interaction of

NAIP5 with NLRC4 also needs

additional clarification
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apoptosis-associated speck-like protein (ASC) via their

PYD domain. The CARD domain of ASC then in turn

interacts with the CARD of pro-caspase-1 (Fig. 2). The

formation of an inflammasome initiates proximity-induced

autoactivation through autoproteolytic cleavage of the 45

kDa pro-enzyme of caspase-1 into active fragments. Active

caspase-1 is an oligomeric enzyme of two subunits, 10 kDa

(p10) and 20 kDa (p20), forming tetramers in solution. The

cysteine protease caspase-1 was formerly known as IL-1b
converting enzyme (ICE) due to its ability to process the 33

kDa inactive precursor of interleukin-1b (pro-IL-1b) to the

carboxyl-terminal active fragment by proteolytic process-

ing between the amino acid residues Asp116 and Ala117

[15]. Bioactive interleukin-1b is best known as endogenous

pyrogen because of its ability to cause fever in experi-

mental settings. Moreover, it has been shown to fulfill

multiple functions in mediating inflammatory responses,

e.g., by directly activating lymphocytes and epithelial cells.

IL-1b is also a potent inducer of intercellular and endo-

thelial adhesion molecule expression and thus promotes the

infiltration of inflammatory and immunocompetent cells

from the circulation into the extravascular space. IL-1b
production has also been closely linked to a special type of

cell death known as pyroptosis [16].

Due to the detrimental effects caused by overproduction

of bioactive IL-1b, its activation and secretion are regu-

lated by a tightly controlled process. Three steps are

involved to avoid the accidental release of IL-1b. First,

unlike caspase-1, which is constitutively expressed in

resting cells, expression of IL-1b precursor mRNA needs

to be induced by NF-jB-activating pathways. Although

nearly all microbes induce IL-1b via TLR, CLR, or RLR

ligands, IL-1b can additionally induce expression of itself

via activating MyD88 through IL-1R binding. Second,

inactive proIL-1b that accumulates in the cytosol is pro-

teolytically processed by the inflammasome, which itself is

tightly regulated. Third, IL-1b lacks a secretory signal

peptide and does not take the classical exocytotic route of

secretion. In fact, the nonclassical secretion pathway uti-

lized by IL-1b is only partially understood. However, a

process by which phospholipase C and A2 control exter-

nalization by specialized secretory lysosomes [17] as well

as shedding of plasma membrane microvesicles [18] and

direct release via transporters or multivesicular bodies

containing exosomes have all been reported [19].

Caspase-1 can also cleave other members of the IL-1

family, namely IL-18 and IL-33. Unlike IL-1b, IL-18 is

constitutively expressed in human PBMCs and other cell

types and thus does not require a priming process for

precursor induction [20]. Cleaved IL-18 activates NK cells

and is a potent interferon gamma-inducing cytokine [21].

IL-33 binds to the orphan receptor T1/ST2 and drives Th2

responses [22]. In addition to its role in activating cell

surface receptors, IL-33 acts as an ‘‘intracellular cytokine’’

by binding to nuclear DNA to regulate gene transcription

[23], and in contrast to IL-1b and IL-18, IL-33 is not

activated but inactivated through a proteolytic process

involving caspase-1 [24–26]. Lastly, the cytokine IL-1F7

has been reported to be an anti-inflammatory member of

the IL-1 family. It is structurally related to IL-18 but lacks

true agonist activity. Inhibition of innate immune responses

by IL-1F7 may be due to direct interactions with IL-18BP

or IL-1Ra. However, it is still unclear whether cleavage of

IL-1F7 plays a role in its in vivo function [14].

The NLRP1 inflammasome

Human NLRP1 differs from other NLRPs in its domain

architecture. In addition to the N-terminal PYD and the

centrally located NACHT and LRR domain, it also has a

C-terminal extension consisting of a domain with unknown

function (FIIND) and a CARD domain. The other known

NLRPs do not have a comparable C-terminal extension

(Fig. 2). The composition of two signal transduction

domains (PYD and CARD) suggests that human NLRP1

may have multiple signaling roles, and it is worth noting

that murine NLRP1 lacks the N-terminal PYD. In addition,

unlike humans, who have a single NLRP1 gene, mice have

several paralogs located on chromosome 11 (NLRP1a,

NLRP1b, NLRP1c), and moreover five different strain-

specific alleles exist for NLRP1b [6]. It was even hypoth-

esized that NLRP1 could have a different role in mouse and

man and that murine NLRP1 could rather fulfill CARD8

(CARDINAL)-like functions in mice [27]. The regulatory

CARD-containing protein CARD8 shares high homology

with the CARD of caspase-1 and the C-terminal region of

NLRP1 [28], yet CARD8 is not present in the mouse

genome. CARD8 has initially been shown to interact with

NLRP3 thereby facilitating its inflammasome formation

[29, 30], however, recent studies indicated that it might be

dispensable for NLRP3 inflammasome activation [9].

NLRP1 was the first NLR family member characterized

with respect to inflammasome assembly and caspase-1

activation. It was identified to be the central component of

an inducible high-molecular-weight complex of approxi-

mately 700 kDa triggering caspase-1 activation. The term

‘‘inflammasome,’’ which had previously only been used for

the NLRP1 multiprotein complex, was subsequently

broadened for the description of further caspase-1 recruit-

ment platforms. The human NLRP1 inflammasome was

initially described to comprise NLRP1, ASC, caspase-1,

and caspase-5. The NLRP1–caspase-5 interaction induces

processing of caspase-5, whereas the adaptor molecule

ASC is required to mediate interaction and subsequent

processing of caspase-1 [4]. In recent work, the elicitors for
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NLRP1 signaling have been suggested to be the peptido-

glycan component muramyl dipeptide (MDP) of bacterial

cell walls and anthrax lethal factor (LF) of the Bacillus

anthracis lethal toxin (LeTx) [5, 6].

The molecular mechanism of NLRP1 activation was

mainly elucidated by Reed and colleagues employing cell-

free human in vitro reconstitution models [5]. They defined

the minimal protein components for NLRP1 inflammasome

assembly as NLRP1 and caspase-1, which interact via

CARD–CARD interactions. MDP-dependent NLRP1 acti-

vation was sufficient for caspase-1 cleavage, but robust

NLRP1 inflammasome activation required the addition of

small amounts of the adaptor molecule ASC. A two-step

mechanism was suggested for NLRP1 activation. First,

MDP binds to or alters the LRR of NLRP1 to induce a

conformational change, which in turn allows subsequent

binding of NTPs and self oligomerization via the NACHT

domain [5]. This model is supported by previous reports

stating that deletion of LRRs renders NLRP1 able to bind

ATP and constitutively active [4]. Oligomers of NLRP1

form double ring structure in dimensions with striking

similarity to the central hub of the APAF-1 apoptosome

suggesting that APAF-1 and NLRP1 organize in a similar

higher order structure by using their oligomerization

domain as a central hub [5]. The anti-apoptotic proteins

BCL-2 and BCL-xl directly bind and potently inhibit

NLRP1 inflammasome activation and subsequent caspase-

1 cleavage, possibly by inhibition of ATP binding. The

inhibitory effect could be mapped to a 10-mer loop peptide,

which binds to and inhibits NLRP1 with high affinity.

Moreover, MDP-mediated IL-1b production was elevated

in mice deficient for BCL-2, providing evidence that the

inhibitory effect may also account for the murine system

[31, 32]. Even though the bacterial cell wall component

MDP strongly activates caspase-1, direct binding of MDP

to NLRP1 was not sufficiently demonstrated and raises the

possibility that MDP-triggered NLRP1 activation may be

indirect. In fact, recent work suggests a surprising role for

NOD2 (NLRC2)—another NLR member—in the assembly

of the NLRP1 inflammasome in response to both MDP and

anthrax lethal toxin [33]. NOD2 serves as an intracellular

sensor for MDP and contains two N-terminal CARDs and

initiates activation of NF-jB and MAPK kinases via RIP2

[34]. Even though in a cell-free system NLRP1 is sufficient

to activate caspase-1 in response to MDP, NOD2 is needed

for in vivo sensing of both MDP and LT. It was shown in

this study that NOD2 could directly interact with caspase-1

and NLRP1 but not with NLRP3. It seems that NOD2

could generate both signals required for secretion of bio-

active IL-1b, NF-jB-dependent induction of pro-IL-1b
expression and second, binding and activation of caspase-1

through its N-terminal CARD to process the pro-cytokine

to its active form [33, 35].

The second well-characterized stimulus for NLRP1 is

cytosolic anthrax lethal factor derived from the spore-

forming bacterium B. anthracis, the causative agent of

anthrax disease. B. anthracis secretes lethal toxin (LT),

which is composed of two protein subunits, protective

antigen (PA) and lethal factor (LF). LF can be transported

into the cytosol of many cell types by PA. In mouse

macrophages, LF causes rapid necrosis that is central to the

pathology of systemic B. anthracis infections. LF is a

Zn2?-dependent endoprotease, cleaving the N terminus of

MAPK kinases to alter signaling pathways. Inbred mouse

strains display variable sensitivity to LT-induced macro-

phage necrosis [36]. Genetic studies have mapped this trait

difference to variations in the polymorphic gene NLRP1b

on chromosome 11. Moreover, the NLRP1 paralog

NLRP1b has been identified to be the primary mediator of

mouse macrophage susceptibility for LT. It has been

reported that LT induced macrophage death does indeed

require caspase-1, which is activated in susceptible but not

resistant macrophages after in vitro treatment with LT

[6, 37]. Furthermore, activation of caspase-1 by LT

requires binding, uptake, and endosome acidification to

mediate translocation of LF into the host’s cytosol. Cata-

lytically active LF cleaves cytosolic substrates by a

mechanism involving proteasome activity and Ca2? ion

flux. Catalytically inactive mutant LF, which shares a

structure virtually identical with active LF, fails to activate

caspase-1, making a model of direct recognition of LF as a

ligand for NLRP1 unlikely. LF may instead cleave addi-

tional, as yet unknown targets, leading to the degradation

of NLRP1 inhibitors or the production of activating factors

that trigger NLRP1 inflammasome activation [38–40].

Undoubtedly, further work is needed to elucidate the

exact function of NLRP1 and NOD2 in response to anthrax

lethal toxin and MDP. It is currently unclear whether MDP

and anthrax LF are sensed directly by NLRP1 or together

with NOD2. Up to now, the role of MDP in NLRP1

inflammasome activation has been exclusively addressed in

human cells by loss of function experiments, whereas the

requirement of NOD2 has been concluded from mouse

studies [33]. Thus, it cannot be formally excluded that

NLRP1 may be an actual MDP receptor. Another issue that

needs to be clarified is the exact role of ASC in the NLRP1

inflammasome. Since murine NLRP1 lacks an N-terminal

PYD, a direct interaction of murine ASC and NLRP1

seems to be unlikely.

Interestingly, DNA sequence variants in the human

genomic NLRP1 region confer risk of several autoimmune

diseases, such as generalized vitiligo, vitiligo-associated

type I diabetes, and Addison’s disease [41, 42]. General-

ized vitiligo is a multifactorial disease in which loss of

melanocytes results in spotty depigmentation of skin, hair,

and mucous membranes. Serum levels of IL-1b are
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elevated in patients with generalized vitiligo demonstrating

the involvement of the IL-1b-processing pathway in the

pathogenesis of this disease [43]. A single nucleotide

polymorphism (SNP) in the coding region of NLRP1 has

provided evidence of an association with vitiligo. The

leucine to histidine substitution at amino acid 155 is

located between the N-terminal PYD and the NACHT

domain of human NLRP1. Even though this region does

not code for a known motif, it is highly conserved sug-

gesting that this region is critical for protein function and in

fact, it has been implicated as a region for NOD2–NLRP1

interaction [44]. Other disease-linked SNPs are located in

the promoter region and could affect transcription-factor-

binding sites [41, 42].

The NLRC4 inflammasome

NLRC4 (also known as IPAF, Card12) has been shown to

regulate caspase-1 activation and IL-1b processing in

response to infection with various gram-negative bacteria.

Activation of NLRC4 pathways is closely related to the

subsequent cell death of infected cells. NLRC4 contains an

N-terminal CARD, a central NBD, and a C-terminal LRR

domain. The deletion of the LRR domain of NLRC4 results

in a constitutively active form of the molecule suggesting

that NLRC4 activation occurs in a similar manner to other

NLRs that also gain activity upon deletion of their LRR.

NLRC4 was shown to associate directly and specifically

with the CARD domain of pro-caspase-1 through CARD–

CARD interactions [45]. Nevertheless, some studies have

demonstrated that ASC is functionally involved in NLRC4-

mediated caspase-1 activation, which makes the require-

ment of ASC a subject of controversy [46]. ASC may

stabilize or facilitate caspase-1 recruitment to NLRC4.

Alternatively, NLRC4 may cooperate with a yet-to-be-

defined PYD-containing NLRP protein to recruit ASC

via PYD–PYD interaction, which in turn interacts with

caspase-1.

NLRC4-deficient macrophages show a markedly

reduced activation of caspase-1, release of bioactive IL-1b,

and pyroptosis after infection with the gram-negative

bacteria Salmonella typhimurium [46], Legionella pneu-

mophila [47], Shigella flexneri [48], and Pseudomonas

aeruginosa [49]. These bacteria have in common that they

possess either a type III (T3SS) or type IV secretion sys-

tem. It was initially found that S. typhimurium and

L. pneumophila strains deficient in flagellin were defective

in their ability to activate caspase-1 in macrophages

[47, 50]. In addition, delivery of purified flagellin into the

host cell cytosol was capable of activating caspase-1 in an

NLRC4-dependent manner. Notably, caspase-1 activation

by means of NLRC4 is independent of TLR5 [7]. These

results led to the presumption that flagellin is the primary

PAMP activating NLRC4.

Polymers of the protein flagellin are structural com-

pounds of flagella, a structure anchored to the bacterial

cell wall that enables bacterial motility. Flagellin is the

prime example of a PAMP activating host innate immune

responses since it is an evolutionarily conserved element

and vital for mobile bacteria in their natural environment.

However, only flagellin from specific bacteria induces

inflammasome activation via NLRC4. Flagellin of Esch-

erichia coli fails to trigger cytosolic inflammasome

activation, even if delivered to the host cytosol [51]. Thus

the ability of NLRC4 to distinguish different sources of

flagellin might be a host strategy to distinguish pathogenic

from commensal bacteria. In addition, the expression of

flagellin alone is not sufficient to trigger NLRC4 acti-

vation. A specific virulence factor transport system is

additionally needed for cytosolic delivery. Salmonella

requires SipB, a translocase of the salmonella SPI1 T3SS,

to induce IL-1b secretion in infected cells. SipB is a

component of the transmembrane pore inserted into the

eukaryotic cell membrane that delivers proteins to the

eukaryotic cell cytosol. The flagellated gram-positive

bacterium Listeria monocytogenes, on the other hand, can

also trigger NLRC4 activation, even though these bacteria

do not express a secretion system. In this case, flagellin

can gain access to the cytosol and thus NLRC4 when

Listeria escape the phagolysosome to replicate in the

cytosol [52].

L. pneumophila is unique amongst flagellated bacteria

activating NLRC4 in that NAIP5 in addition to NLRC4 is

critically involved in susceptibility to caspase-1 cleavage.

NAIP5 and NLRC4 interact physically, and a C-terminal

region of Legionella flagellin spanning 35 amino acids was

identified to specifically activate this inflammasome. Of

note, NAIP5 was dispensable if full-length flagellin from

Legionella was delivered to the cytosol. These conflicting

results were discussed to be due to overexpression artifacts,

since flagellin-dependent activation of the inflammasome is

strictly dependent on NAIP5 after natural L. pneumophila

infection [53]. Other reports suggest that NAIP5 may have

additional functions beyond its interaction with NLRC4.

NAIP5 signaling may render macrophages permissive to

L. pneumophila infection. Nunez and colleagues proposed

an essential role for NAIP5 signaling to promote phago-

some–lysosome fusion. The restriction of Legionella

growth within macrophages and different bacterial loads of

macrophages could explain the results seen with NAIP5-

deficient cells regarding flagellin-dependent activation of

caspase-1 [54].

The NLRC4 inflammasome can also be activated inde-

pendent of flagellin, yet this still requires a functional SPI1

T3SS [50]. The nonflagellated bacterium S. flexneri is
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capable of activating caspase-1 in an NLRC4-dependent

manner [48]. In addition, the P. aeruginosa mutant PAK

(Delta) fliC, which is deficient in flagellin, is still capable

of activating caspase-1 in an NLRC4-dependent manner

[55]. Yet it should be mentioned that other groups did not

observe caspase-1 activation upon infection with P. aeru-

ginosa deficient in flagellin [49, 56]. A recent publication

can explain many of these puzzling findings. Miao et al.

showed that NLRC4 can indeed detect the basal body rod

component of the T3SS apparatus (rod protein) of several

gram-negative bacteria. These rod proteins share a

sequence motif that is similar to the C-terminal part of

flagellin and essential for the detection by NLRC4 [57]. In

summary, these data imply that NLRC4 senses not only

cytosolic flagellin but also conserved structural features of

virulence factors shared by gram-negative pathogens.

Although it has been sufficiently demonstrated that

bacterial flagellin triggers activation of caspase-1 via

NLRC4, the molecular mechanism rendering NLRC4

active is rather ambiguous. One possibility is direct binding

of flagellin to NLRC4. Binding to NLRC4 might also

require the cooperation of a yet-to-be-defined host factor,

possibly another NLR or NLRC4 might simply act as a

signaling adaptor downstream of the flagellin recognition

machinery. Finally, flagellin itself may not be recognized

by NLRC4, but instead may induce a cellular response

factor that is sensed by NLRC4. So far there is no proof for

direct interaction of NLRC4 and flagellin [7]. Since the

interaction may only be transient, this does not formally

exclude that NLRC4 is an actual receptor.

The NLRP3 inflammasome

The NLRP3 inflammasome has received particular atten-

tion due to its diverse and prominent function in sterile

inflammatory responses, antimicrobial responses, adju-

vanticity, and hereditary autoinflammatory syndromes [58].

NLRP3 is the most extensively studied NLR family

member and thought to be a general sensor of DAMP

signals. NLRP3 (also known as NALP3, cryopyrin,

PYPAF1) contains an N-terminal PYD, a central NBD, and

a C-terminal LRR domain. NLRP3 recruits the bridging

molecule ASC via homotypic PYD–PYD interactions to

activate NF-jB [59] and caspase-1 [29, 30]. The oligo-

merization of NLRP3 in response to a stimulus requires

binding of ATP to the central nucleotide-binding element

[2]. In addition, CARD8 has been implicated as a facilitator

of NLRP3 inflammasome assembly.

NLRP3 activation can be triggered in response to a

broad number of diverse stimuli including those of

microbial origin (bacteria and viruses), endogenous origin

(endogenous danger signals), and exogenous nonmicrobial

origin (crystalline particles). It is still unclear whether these

stimuli converge in a common pathway to activate NLRP3.

Stimuli activating NLRP3

Microbes that can activate the NLRP3 pathway include

Sendai virus [60], influenza A virus [9, 61, 62], adenovi-

ruses [63], Staphylococcus aureus [64], L. monocytogenes,

[52, 64, 65] E. coli, Mycobacterium marinum, S. flexneri,

Neisseria gonorrhoe [66], and Candida albicans [67–69].

In several studies, NLRP3 inflammasome activation by

bacteria could be pinpointed to a specific pore-forming

toxin by either showing that the respective purified pore-

forming toxins activate NLRP3 or by showing that bacteria

deficient for specific pore-forming toxins lost their ability

to activate NLRP3 (Table 1). Moreover, for influenza A

virus, it could be demonstrated that the virus-encoded M2

ion channel protein was responsible for NLRP3 inflam-

masome activation [70]. Nevertheless, it remains still

unclear for many of the live microbes whether inflamma-

some activation is caused by a single PAMP, a combination

of multiple pathogenicity factors, or damaging side effects

caused by the mode of infection.

A high concentration of extracellular ATP, one of the

first activators described to induce NLRP3 inflammasome

formation, is ascribed to the group of endogenous DAMPs.

The ubiquitous energy source ATP is found at high intra-

cellular levels. On the contrary, the concentration is low in

the extracellular space due to the ubiquitous activity of

ATPases. A low level of extracellular ATP correlates with

the presence of live cells, and transient increases are

physiologically used for signaling, best known in the ner-

vous system. However, a large increase in extracellular

ATP is often seen during cell death. Binding of extracel-

lular ATP to the purinergic receptor P2X7 leads to NLRP3

activation via ion flux effects mediated by the P2X7-

receptor-associated hemi-channel pannexin-1 [71]. While

this is an appealing model of necrotic cell sensing by the

NLRP3 inflammasome, it is notable that in vitro high ATP

concentrations in the millimolar range are required to

activate NLRP3. Even though ATP can be measured in the

extracellular space during cell death, the levels that are

found here are far lower.

Nevertheless, a common denominator of extracellular

ATP and bacterial toxins activating NLRP3 is the ability to

form membrane pores that induce damage of membrane

integrity or cause perturbation of the intracellular ion

concentration. An involvement of potassium ion fluxes in

NLRP3 activation in response to ATP and pore-forming

toxins is supported by the fact that high extracellular

potassium levels that decrease the concentration gradient

between the extra- and intracellular compartment prevent

NLRP3 activation [72].
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Phagosomal material (crystals, crystalline material,

particles, protein aggregates) is another class of stimuli

activating NLRP3. The first crystal-induced inflammatory

diseases linked to the NLRP3 inflammasome were gout and

pseudogout. The demonstration of NLRP3 activation and

IL-1b release by monosodium urate (MSU) crystals and

calcium pyrophosphate dehydrate (CPPD) crystals was a

milestone in inflammasome research [73]. Uric acid, which

is normally soluble under physiologic conditions, precipi-

tates in the joints of patients with hyperuricemia to form

MSU crystals. Although it has been known for a long time

that IL-1b is activated in monocytes by MSU crystals in

vitro, IL-1b was only recently identified as the pivotal

cytokine in gouty inflammation [74].

In analogy to the effect caused by gouty crystals, sub-

sequent studies have described several other environmental

pollutants consisting of inorganic crystalline material and

also endogenous aggregates that trigger NLRP3 activation.

Inhalation of crystalline silica and asbestos is known to

cause pneumonitis and the progressive pulmonary fibrotic

disorders silicosis and asbestosis, respectively. This pro-

cess was shown to occur in an NLRP3-dependent manner.

Macrophages deficient in components of the NLRP3

inflammasome were incapable of secreting the pro-

inflammatory cytokines IL-1b and IL-18 in response to

silica or asbestos fibers [75–77]. A similar mechanism

seems to be engaged by aluminum salts that are commonly

used as adjuvants in vaccines [75, 78, 79]. Alum, the most

commonly used adjuvant, triggers caspase-1 cleavage via

NLRP3. Whether general engagement of NLRP3 is the

crucial step used by adjuvants for the induction of an

adaptive immune response is somewhat controversial and

discussed separately in this review.

Sensing of crystalline particles by NLRP3 seems to be a

general phenomenon and not restricted to exogenous

inorganic material. For example, malarial hemozoin is also

sensed by NLRP3 due to its particulate nature. Hemozoin

is an insoluble heme crystal formed by Plasmodium spp.

to protect themselves from oxidative damage that results

from the presence of free heme [80]. However, whether

processing of pro-inflammatory cytokines by the inflam-

masome is critically involved in animal models of

experimental malaria is controversial [80–82]. It has also

been hypothesized that inflammasome activation by

hemozoin could be indirect via the release of uric acid

[83].

In addition to particles formed by pathogens, endoge-

nous peptide aggregates can cause NLRP3 activation.

Table 1 Defined molecular

structures activating

inflammasome pathways

For clarity, only studies that

have reported a molecularly

defined activating signal in a

loss-of-function or knock-out

experiment for the respective

inflammasome component were

considered. In this regard,

NLRP3-activating signals that

are only defined for their

priming component (signal I)

but not their activating

component (signal II) are not

listed

Inflammasome Stimulus Reference

NLRP1 Anthrax lethal toxin [6]

MDP [32]

NLRP3 Pore-forming agents

Listerolysin O [64]

Streptolysin [136]

Nigericin [64]

Maitotoxin [137]

Saponin [116]

Hemolysins [138]

Ion channels or their activators

P2X7/ATP [64]

Influenza virus M2 channel protein [70]

Phagocytosed materials (crystals, crystalline material, particles, protein aggregates)

Monosodium uric acid crystals [73]

Asbestos fibers [76]

Silica [75, 76]

Aluminum salts [75, 78, 116]

Hemozoin crystals [80, 82]

Cholesterol crystals [99]

Poly lactide-co-glycolide and polystyrene microparticles [139]

Amyloid beta [84]

Hyaluronan [140]

NLRC4 Flagellin [7]

Components of the T3SS [57]

AIM2 Double-stranded DNA [10–13, 130, 131]
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Accumulation of extracellular amyloid-beta in senile pla-

ques is a morphologic feature occurring in the pathogenesis

of Alzheimer’s disease. These fibrillar aggregates are

sensed by microglia cells via NLRP3 in the central nervous

system and lead to the secretion of pro-inflammatory

cytokines, nitric oxide, and to subsequent cell death of

neuronal bystander cells [84]. Elevated levels of IL-1b
were found in brain tissue sections of patients suffering

from Alzheimer’s disease [85]. Further animal studies are

required to address whether inflammasome activation plays

a role under more physiologic conditions in the patho-

genesis and progression of Alzheimer’s disease (for an

overview of NLRP3 activating structures, see Table 1).

The NLRP3 inflammasome is tightly regulated

by a transcriptional step

Numerous microbial components, in particular LPS, single-

stranded RNA, double-stranded RNA, peptidoglycans,

and CpG DNA, have been reported to activate the NLRP3

inflammasome [86, 87]. A direct entry via pores and

cytosolic recognition was favored for those stimuli [86],

yet it remained unclear how one sensor could bind to all the

reported ligands given the differences in their structure and

shape. However, two recent studies have indicated that the

spectrum of ligands activating NLRP3 is much less broad

from a mechanistic point of view [8, 88]. Comprehensive

studies using macrophages deficient in TLRs, TLR adaptor

proteins, and NLRs showed that the contribution to

inflammasome activation of ligands described above is

strictly dependent on TLRs and TLR signaling. These

TLR-engaging PAMPs lead to an enhanced transcription of

NLRP3 via the transcription factor NF-jB. The level of

NLRP3 expression is critical for inflammasome activation

by NLRP3-activating stimuli, and normal baseline

expression is not sufficient for caspase-1 cleavage in

unprimed macrophages. However, macrophages that are

modified by retroviral gene transfer to constitutively

express elevated levels of NLRP3 do not require a priming

step via TLRs or NF-jB-activating cytokine receptors for

caspase-1 cleavage in response to ATP or nigericin [8].

Therefore, it makes sense to categorize stimuli involved in

NLRP3 activation as NLRP3 ‘‘primers’’ and NLRP3

‘‘activators’’ (Fig. 3). Stimuli priming NLRP3 include all

ligands for TLRs, RLRs, NLRs, and cytokine receptors that

lead to enhanced NLRP3 expression. Actual NLRP3 acti-

vators induce caspase-1 cleavage in a rapid process that is

independent of de novo transcription. At this point, at least

three technically distinct pathways have been implicated as

NLRP3 activators: K?-efflux-inducing stimuli (e.g., pore-

forming toxins, ion channels), stimuli inducing lysosomal

disintegration (e.g., crystals, protein aggregates, bacteria,

viruses) or ROS-inducing stimuli.

The fact that priming is a necessary step for NLRP3 in-

flammasome assembly suggests that macrophages need to

acquire a signal that indicates either the presence of infection

(via activation of pattern recognition receptors by microbial

products) or the presence of other stimulated cells (via the

presence of pro-inflammatory cytokines) to commit to sense

danger signals in their immediate environment via the acti-

vation of the NLRP3 inflammasome. This dual stimulation

requirement may operate to prevent accidental or uncon-

trolled NLRP3 activation, which can have devastating

consequences for the host. Priming, as a critical necessity for

NLRP3 inflammasome activation, has been overlooked for a

long time. This is due to the fact that priming stimuli were

usually included in NLRP3 studies to induce pro-IL-1b pro-

duction, which is often studied as a read out for NLRP3

activation instead of caspase-1. However, pro-IL-1b and

NLRP3 expression are not necessarily linked, and NLRP3

activation also exerts biological effects in the absence of

caspase-1 or pro-IL-1b. This implies that dissecting pro-IL-1b
from NLRP3 priming is not only important from a mecha-

nistic point of view but also relevant with regard to the various

biological outcomes downstream of NLRP3 activation.

Another paradigm that has been confusing the field is

the observation that TLR stimulation is known to induce

secretion of bioactive IL-1b in human PBMCs or mono-

cytes without the need of a second exogenous NLRP3

stimulus such as ATP. Thus, it was hypothesized that the

dual step mechanism of NLRP3 activation described above

does not account for the human system. However, two

observations argue against this theory: Firstly, extracellular

release of ATP—a potent NLRP3 activator—is observed in

human monocytes upon TLR stimulation and may explain

the ability of TLR ligands to induce IL-1b maturation in

the presumed absence of a second stimulus [89, 90]. Sec-

ondly, a very low concentration of TLR ligands that is still

sufficient to induce pro-IL-1b does not lead to NLRP3

activation and IL-1b release [8]. Hence, the requirement of

two signals for inflammasome activation is also applicable

to human PBMCs.

In summary, macrophages need to acquire a licensing

signal provided by transcriptionally active signaling

receptors that enables them to respond to NLRP3 activa-

tors. The licensing or priming step via NF-jB activation

induces the expression of both pro-IL-1b and NLRP3. Live

bacteria often provide both signals required for IL-1b
secretion, induction of IL-1b and NLRP3 via NF-jB-acti-

vating PAMPs, and NLRP3 activation via bacterial toxins

or ion channels.

Molecular mechanism of NLRP3 activation

As already mentioned above, the actual event leading to

NLRP3 activation remains elusive. It has been shown that
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potassium efflux is required for NLRP3 activation after

various stimuli [72, 91]. These observations stem from

experiments in which high extracelluar potassium con-

centrations are used to inhibit its efflux from cells.

However, additional studies have indicated that not only

NLRP3, but also NLRP1 [39], NLRC4 [92], and AIM2

[63, 93] are sensitive to high, albeit different, extracellular

potassium concentrations. Therefore, it remains unclear

whether potassium efflux alone represents a NLRP3-acti-

vating stimulus itself or whether low intracellular

potassium acts as an additional requirement for inflam-

masome assembly per se. It is possible that formation of

the NLRP3 inflammasome is highly favored at low intra-

cellular potassium concentrations, which may be required,

yet not be sufficient for activation.

Because of the C-terminal LRR, NLRP3 was implicated

in a model where it directly senses a ligand by functioning

as a cytosolic receptor. LRRs are utilized by other recep-

tors to directly bind microbial products. The ligand-

receptor interaction could result in a conformational

change allowing the recruitment of ASC. Since NLRP3 is

activated by a broad range of stimuli—and it seems unli-

kely that one sensor could bind to all the diverse

activators—this hypothesis was abandoned to favor a

model where NLRP3 detects an intermediate signaling

molecule induced by NLRP3 activators. Another theory

deals with a posttranslational modification of NLRP3

induced by an upstream event leading to activation. It is

even possible that NLRP3 is solely a signaling protein

downstream of the actual receptor or employs other co-

receptors such as NLRC4 to cooperatively sense its

ligands. In favor of the latter hypothesis, the production of

reactive oxygen species (ROS) has been suggested to act as

a common event upstream of NLRP3 induced by extra-

cellular ATP, MSU crystals, asbestos, and silica [76]. It is

well known that phagocytosis of particulate matter in

macrophages results in generation of reactive oxygen

species (ROS) [94], and ATP-induced inflammasome

inactive NLRP3

pro-caspase-1ASC

ATP

P2X7

K+K+

K+

de novo transcription of pro-IL-1β and NLRP3

pro-IL-1βpro-IL-1β

caspase-1

assembled
NLRP3
inflammasome
complex

bioactive IL-1β

IL-1β

II. ACTIVATION step

TLRs IL-1R TNFR

Pore forming toxins

Lysosomal damage

ROS production

Potassium efflux
cathepsins

I. PRIMING step

Fig. 3 The NLRP3 inflammasome. NLRP3 expression is the limiting

factor in cells that can principally respond to NLRP3 activation.

Stimulation of PRRs or cytokine receptors leads to the upregulation of

NLRP3 expression and also induces pro-IL-1b expression (priming

step). The activation of NLRP3 itself is distinct from this initial

priming step. Three presumably distinct pathways have been postu-

lated that can lead to the activation of NLRP3 (activation step). Efflux

of potassium, which is initiated by pore-forming toxins, membrane

disruption, or ligand-triggered channels, leads to NLRP3 inflamma-

some assembly by a yet-unknown mechanism. On the other hand, it

has been shown that lysosomal disintegration, which leads to the

leakage of lysosomal enzymes into the cytosol, can also trigger

NLRP3 activation. The lysosomal protease cathepsin B plays a major

role in this pathway, yet the direct link between cathepsins and

NLRP3 activation hasn’t been elucidated. Lastly, it has been

demonstrated that production of reactive oxygen species (ROS),

which can be triggered by numerous means, leads to the indirect

activation of NLRP3 through the release of TXNIP from thioredoxin.

TXNIP can then bind to NLRP3
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activation has been linked to ROS, as well [95]. ROS

production is catalyzed by the family of NADPH oxidases

(NOX) that include the membrane-bound NOX2 system,

which is predominant in phagocytes, but also the NOX1,

NOX3, NOX4, NOX5, DUOX1, and DUOX2 complexes.

[96]. In addition, ROS can also derive from other cellular

sources, such as mitochondria or xanthine oxidase. ROS

inhibition by N-acetyl-L-cysteine (NAC) and (2R,4R)-4-

aminopyrrolidine-2,4,-dicarboxylate (APDC) can reduce

the amount of IL-1b secretion after stimulation with ATP

and crystals [72, 76, 95]. Even H2O2 is sufficient to trigger

the processing of caspase-1 through activation of NLRP3.

Furthermore, ROS production and NLRP3 activation is

reduced upon treatment with diphenylene iodonium and

apocynin, which inhibit the NADPH oxidase. The knock

down of the NADPH oxidase subunit p22phox, which is

critically required for the activity of NOX1–4, also

diminishes IL-1b secretion [76]. In line with a model

predicting NLRP3 inflammasome activation by NADPH

oxidase-produced ROS, RNAi-mediated knock down of the

ROS-detoxifying protein thioredoxin (TRX) in macro-

phages shows increased IL-1b secretion upon NLRP3

activation [76]. In addition, Tschopp and colleagues have

demonstrated a direct interaction between NLRP3 and

thioredoxin-interacting protein (TXNIP), a protein linked

to insulin resistance. Inflammasome activators such as uric

acid crystals induce the dissociation of TXNIP from thio-

redoxin in a ROS-sensitive manner and allow binding of

TXNIP to NLRP3. TXNIP deficiency incompletely

impaired activation of the NLRP3 inflammasome for

crystals and ATP, and mice deficient for TXNIP have a

reduced influx of neutrophils after intraperitoneal injection

of MSU [97].

However, macrophages from mice deficient for NOX2

(also known as gp91phox) respond normally to ATP or

crystals [75], although mice deficient in this subunit lack

phagocyte superoxide production and are hypersusceptible

to various pathogens [98]. In addition, macrophages from

chronic granulomatous disease (CGD) patients deficient in

any of the phagocyte oxidase subunits p22phox, p47phox,

or gp91phox respond normally to established NLRP3

ligands. In fact, these patients even display symptoms of

sterile inflammation while they are defective in ROS pro-

duction. In line with these observations, it was recently

reported that ROS negatively regulates caspase-1 activity.

In this respect, it was shown that mice deficient in the

reactive superoxide species detoxifying enzyme SOD1

display a markedly decreased caspase-1 activity. The rea-

son for these contradictory results is currently still

unknown, yet it is possible that differences in species or the

experimental systems account for these stark contrasts.

Partially conflicting with this model, where ROS

induced by NLRP3 activators release TXNIP from

thioredoxin to bind and activate NLRP3, an alternative

hypothesis favors a mechanism in which lysosomal rupture

in response to crystals activates NLRP3. NLRP3 activation

by particles requires binding and uptake by phagocytosis.

Macrophages rapidly engulf crystals into intracellular

compartments, a process inhibited by the actin-destabiliz-

ing drug cytochalasin D. Crystal uptake then leads to

lysosomal swelling and destabilization resulting in the

leakage of lysosomal contents into the cytosol. Lysosomes

contain a plethora of proteolytic enzymes, many of which

are activated by acidification of lysosomal pathways, and

blocking the H?-ATPase system, which is required for

acidification of lysosomal compartments by bafilomycin A,

inhibits NLRP3 activation upon crystal treatment whereas

stimulation with ATP proceeds normally. Inhibition of the

lysosomal protease cathepsin B as well as cathepsin B

deficiency leads to greatly reduced caspase-1 activation in

response to silica or MSU crystals [75, 84, 99]. This sug-

gests a pivotal function for lysosomes in crystal-mediated

NLRP3 activation. Moreover, a crystal-independent

induction of lysosomal damage by the molecule Leu-Leu-

OMe, which is converted into a membrane-disrupting

compound by a lysosomal peptidase, can trigger the

NLRP3 inflammasome. Of note, cathepsin B inhibition

only down-modulates NLRP3 activators that require

phagocytosis, whereas stimuli that activate from the cell

surface (e.g., ATP) are not affected.

These data suggest a common mechanism of crystal-

induced activation of the NLRP3 inflammasome whereby

lysosomal perturbation, not the crystal structure itself, is

sensed. According to this model, particles such as silica,

MSU, or amyloid-beta induce lysosomal damage and

leakage, which is perceived as an endogenous danger

signal by the innate immune system. Cathepsin B may

gain access to the cytosol to induce the cleavage of a

yet-unidentified substrate, which in turn leads to NLRP3

activation [75, 84]. It seems likely that other lysosomal

proteases are involved as well because cathepsin B-defi-

cient macrophages still display NLRP3 activation triggered

by phagosomal activators, when stimulated at very high

concentrations [84, 99]. In this regard, the potent inhibition

of NLRP3 activation by pharmacological inhibition of

cathepsin B using CA-074-Me implies that other enzymes

might be targeted by this small molecule as well.

While these theories for different modes of NLRP3

inflammasome activation are seemingly different for crys-

tal-induced NLRP3 activation, they are not mutually

exclusive. It is possible that ROS generation contributes to

lysosomal destabilization. On the other hand, the release of

lysosomal protease could influence ROS production.

Moreover, neither hypothesis can fully explain the general

need for lowering the intracellular potassium levels for the

activation of NLRP3 and other inflammasome pathways.
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Further studies are needed to address how these particular

aspects of NLRP3 activation integrate into an overall

picture.

Hereditary NLRP3-associated syndromes

Hereditary or de novo mutations in the coding region of

NLRP3 are responsible for a group of disorders known as

cryopyrin-associated periodic syndromes (CAPS, also

known as cryopyrinopathies). These hereditary periodic

fever syndromes differ in the severity of symptoms and

encompass a spectrum from mild to severe disease. Patients

with familial cold autoinflammatory syndrome (FCAS),

Muckle-Wells syndrome (MWS), and neonatal-onset mul-

tisystem inflammatory disease (NOMID, also known as

chronic infantile neurologic cutaneous articular syndrome)

present with cold-induced fevers, urticaria-like rash, con-

stitutional syndromes, arthritis, aseptic meningitis, and

other types of localized inflammation [100]. The gene and

protein product responsible for these symptoms was ini-

tially denoted as CIAS1 or cryopyrin because of its role in

cold-induced fevers. These mutations were discovered long

before the molecular function of cryopyrin was known in

any detail [58, 101, 102]. However, in the current nomen-

clature, the structurally derived name NLRP3 has now

replaced the functionally descriptive name cryopyrin [3].

PBMCs of mutation-positive MWS and NOMID patients

secrete higher levels of IL-1b in response to LPS compared

with healthy controls [103], suggesting that these mutations

lead to constitutively activated NLRP3 molecules. Indeed,

the genomic sequence coding for the NACHT domain of

NLRP3 has been confirmed to be the major locus of CAPS-

associated mutations, and some disease-associated NLRP3

variants exhibit increased oligomerization of ASC, thereby

facilitating caspase-1 activation [104]. Sequence variants

may confer ATP binding to the ATP-binding motif of

NLRP3 independent of stimulation by exogenous PAMPs

or DAMPs, rendering the molecule autoactive, and disease-

associated forms of NLRP3 still require nucleotide binding

for its activation [2].

However, approximately one-third of patients with classic

presentation lack mutations in the coding region of NLRP3.

Sequence variants in the promoter region were found in a

portion of these mutation-negative patients, possibly leading

to enhanced gene transcription [105]. In addition, a single

nucleotide polymorphism in the 30 UTR of NLRP3 has been

shown to be linked to disease [106]. Thus, these data also

provide a genetic indication that the expression level of

NLRP3 is a critical determinant of NLRP3 inflammasome

activity. This is in line with the finding that NLRP3 critically

requires priming for its activation.

Therapies based on the current understanding of NLRP3

mechanisms are remarkably effective. Even treatment of

the most severe cryopyrinopathy, NOMID, with interleu-

kin-1 receptor antagonist anakinra markedly improves

clinical and laboratory manifestations. Of note, the therapy

responsiveness of patients with NOMID is independent of

the prevalence of NLRP3 mutations [107]. The afore-

mentioned findings were recently verified by the use of

NLRP3 CAPS mutant knock-in mouse strains. Mice bear-

ing the mutant allele have poor growth and systemic

inflammation similar to human CAPS patients and dem-

onstrate early mortality that is primarily mediated by

myeloid cells. The disease phenotype requires the inflam-

masome components ASC and caspase-1 but is only

partially dependent on IL-1b and independent of adaptive

immune responses.

Role of NLRP3 in endotoxic shock

Mice treated with high doses of lipopolysaccharides (LPS)

produce a plethora of pro-inflammatory cytokines accom-

panied by high lethality—a phenomenon also known as

endotoxic shock. Many genetically modified mouse models

lacking key molecules involved in LPS-mediated signaling

are protected from endotoxic shock, and, interestingly,

ASC-deficient and caspase-1 deficient mice have also been

shown to have an increased resistance to high levels of

LPS, possibly mediated by a decreased production of IL-18

and IL-1b [108, 109]. In contrast to ASC-deficient mice, no

significantly enhanced survival was observed for NLRP3-

deficient mice treated with high dose LPS, despite reduced

serum levels of IL-1b. However, the protection from

endotoxic shock was partial for low doses of LPS [64, 110].

Hence, NLRP3 seems to play a partial role in protection

from endotoxic shock, although to a far lesser degree than

ASC and caspase-1. Another ASC-interacting pyrin-

domain-containing protein could account for the partial

phenotype observed in NLRP3-deficient mice.

NLRP3 and adaptive immune responses

For almost one century, aluminum hydroxide (alum) has

been the only vaccine adjuvant approved worldwide.

Despite the fact that it has been injected in billions of

people, the molecular mechanisms responsible for its

induction of adaptive immune responses are still not fully

understood [111]. It is well known that alum absorption

increases antigen uptake by dendritic cells [112]. However,

in addition to functioning as an antigen delivery system,

alum also has immunostimulatory activity in vivo and leads

to recruitment of monocytes to the site of injection. Sub-

sequently, dendritic cell migration into lymph nodes and

the spleen is implicated in priming and expansion of anti-

gen-specific immunity [113]. Notably, the strong alum-

induced Th2 response is independent of TLR signaling
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[114, 115]. Recently, several reports have demonstrated

that aluminum hydroxide is sensed by the NLRP3 inflam-

masome in vitro in analogy to other crystalline particles

[75, 78, 79, 116–118].

While several reports agree on the molecular mecha-

nism of NLRP3 activation in vitro, there is conflicting data

on the contribution of NLRP3 activation to alum adju-

vanticity in vivo. Li et al. [116] and Eisenbarth et al. [78]

show that the NLRP3 inflammasome components NLRP3,

ASC, and caspase-1 are required for the induction of a

robust antibody response after subcutaneous administra-

tion of the model antigen ovalbumin together with alum.

In contrast, Franchi et al. [118] demonstrate that NLRP3 is

not essentially required for an alum-induced antibody

response to intraperitoneally administered human serum

albumin. Of note, these studies differ in many variables

including vaccine formulation, choice of the model anti-

gen, route of administration, immunization schedule, and

also in the methods applied for measuring adaptive

immune responses. Consequently, it is difficult to compare

these data. Additional discrepancies may be due to the

multiple mechanisms of action employed by alum. On the

one hand, it functions as an antigen delivery tool, and, on

the other hand, it accounts for NLRP3 immunostimulation.

One can speculate that antigens that may be contaminated

by immunostimulatory agents such as TLR agonists might

require only the antigen delivery function of alum to

induce efficient adaptive responses. In contrast, alum-

induced responses for antigens that are internalized well

by antigen-presenting cells but are poorly immunogenic

may preferentially rely on NLRP3-dependent alum

adjuvanticity.

While these early studies mostly focused on an immune

response upon immediate treatment with stimuli activating

NLRP3, an increasing number of investigators have begun

to study the role of NLRP3 in the induction of adaptive

responses in settings that are much more complex. Ghir-

inghelli et al. reported that activation of the NLRP3

inflammasome within dendritic cells is decisive for the

immune response against dying tumor cells upon treatment

with oxaliplatin. Anticancer chemotherapy of immune-

sensitive thymomas was inefficient in mice deficient for the

purinergic receptor P2X7, NLRP3, or caspase-1, and

priming of tumor-specific T cells of tumor-draining lymph

nodes relied on inflammasome components. In this model,

chemotherapeutic drugs induce the release of ATP from

dying tumor cells, which in turn activates NLRP3 through

engaging the P2X7 receptor [119]. Another study shed

light on the down-modulation of inflammasome activation

in vivo, which is essential to prevent deleterious effects.

NLRP3 activation in macrophages seems to be suppressed

by effector and memory T cells by a process that requires

cell-to-cell contact [120].

The AIM2 inflammasome

Prokaryotic viral and microbial DNA trigger a number of

innate immune pathways that result in the production of

type-I interferons and pro-inflammatory cytokines including

bioactive IL-1b and IL-18. Unmethylated CpG sequences

present in prokaryotic DNA are recognized in endolysoso-

mal compartments via TLR9 [121], but once foreign DNA

gains access to the cytosol, additional signaling pathways

are engaged. Double-stranded DNA transcribed by RNA

polymerase III can be sensed indirectly via RIG-I [122]. In

addition, the protein DAI has been reported to recognize

cytosolic DNA [123], but other as-yet-unidentified path-

ways also seem to be operational [124] (for a review see

[125]). These signaling pathways lead to NF-jB and inter-

feron regulatory factor (IRF) activation and thus

transcription of pro-inflammatory cytokines. Tschopp and

colleagues [63] demonstrated that the transfection of bac-

terial, viral, mammalian, or synthetic DNA additionally

triggers the cleavage of caspase-1 and processing of IL-1b in

an ASC-dependent manner, yet independent of TLR9,

NLRC4, and NLRP3. These results suggested the existence

of an additional inflammasome sensor that requires ASC.

We and several other groups described the missing DNA

sensor to be AIM2, a protein containing the HIN200 and

pyrin domains [10–13].

In the murine system, the HIN200 protein family con-

sists of at least nine structurally related members that are

all localized to chromosome 1 location 1H3. In contrast,

the human system harbors only four homologous genes

(MNDA, IFI16, AIM2, and IFIX) that are located on

human chromosome 1 location 1q22 [126]. The common

denominator of this group of proteins is the so-called

HIN200 domain, whose name is an acronym for hemato-

poietic expression, IFN-inducible, nuclear localization and

length of 200 amino acid domains. In the human system, all

HIN200 proteins contain an N-terminal pyrin domain,

whereas in the murine system, the member p202 lacks a

pyrin domain. Grouping the HIN200 proteins due to their

sequence similarity in their HIN200 and pyrin domains

reveals that AIM2 is special with regards to its pyrin and

HIN200 domain sequence [127]. Both in the human and in

the murine system, the pyrin and the HIN domains of

AIM2 show the most distant homology to other pyrin or

HIN200 domains of the PYHIN family. In addition, among

the human HIN200 proteins, AIM2 is the only member

lacking a nuclear localization domain. Indeed, AIM2

turned out to be the only member of the human HIN200

proteins that localizes to the cytosol, and only the PYD of

AIM2 interacts with the PYD of ASC [12]. The HIN200

domain of AIM2 preferentially binds double-stranded

DNA, and activated AIM2 recruits the adaptor molecule

ASC via PYD–PYD interactions (Fig. 4). ASC in turn
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induces autocatalytic cleavage of caspase-1 through

CARD–CARD interactions [12].

AIM2 seems to recognize cytosolic dsDNA—inde-

pendent of species specificity—including DNA from

mammalian cells [12, 63]. It is therefore tempting to

speculate that AIM2 might participate in autoinflamma-

tory immune responses involving cytosolic DNA. Indeed,

HIN200 proteins fall within susceptibility loci for SLE in

humans and in mice [128]. Autoinflammatory diseases

such as SLE have been linked to missensing of self DNA,

and patients with systemic lupus erythematodes develop

autoantibodies against double-stranded DNA that form

immune complexes. Interestingly, these patients display

IFN-a- but also IL-1b-inducible gene signatures, which

allows one to speculate that AIM2 is being activated

[129].

AIM2

dsDNA

IL-1β

pro-IL-1

active
caspase1

caspase1

ASC

AIM2
Inflammasome

Pyroptosis

Lysosome

endogenous
DNA

microbial
DNA

?

β

Fig. 4 The AIM2

inflammasome. AIM2 directly

binds to its ligand, which is

double-stranded DNA.

Following ligand binding,

AIM2 recruits ASC and thereby

leads to caspase-1 activation.

Various exogenous triggers of

the AIM2 inflammasome have

been identified: vaccinia virus

(depicted), mouse

cytomegalovirus,

L. monocytogenes, and

F. tularensis. At the same time,

it is tempting to speculate

whether DNA of endogenous

origin can also lead to AIM2

activation. This could, for

example, include DNA antibody

complexes found in

autoimmune disease or DNA

released from phagocytosed

apoptotic cells
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The relevance of DNA recognition via AIM2 in innate

immune responses against pathogens is demonstrated by the

fact that inflammasome activation by vaccinia virus mainly

relies on AIM2 [12]. Furthermore, AIM2 is also involved

in the host response against additional DNA viruses and

also bacteria such as Francisella tularensis [130, 131],

L. monocytogenes [131, 132], and mouse cytomegalovirus

(mCMV) [131] that gain access to the cytosol.

The in vivo function of AIM2 in the recognition of

exogenous DNA ligands has been demonstrated by the fact

that AIM2 largely contributes to the clearance of F. tu-

larensis and murine cytomegalovirus infections. Whether

AIM2 also contributes in the detection of endogenous DNA

ligands awaits in-depth characterization in mice deficient

for AIM2.

Currently, the AIM2 inflammasome is exceptional

among inflammasomes in that a well-defined ligand has

been identified and direct ligand binding has been dem-

onstrated [12]. A second aspect making the AIM2

inflammasome unique is that it provides the first example

of inflammasome assembly by proteins outside the NLR

family. AIM2 lacks a NACHT domain, which is required

for oligomerization of NLRs. Homodimerization or mul-

timerization are widely believed to be essential for the

recruitment of ASC, so one can speculate that binding of

multiple AIM2 proteins to a single molecule of dsDNA

could lead to a process mimicking proximity interactions

via domains known for dimerization. This hypothesis is

further supported by experiments demonstrating a length

dependency for DNA ligands that trigger inflammasome

assembly. Short double-stranded DNA fails to activate the

AIM2 inflammasome [10]. In addition, it was also reported

that p202 can self-associate via a sequence stretch that is

conserved among the HIN200 family members [133].

The precise role of HIN200 proteins other than AIM2 in

inflammatory responses has not been characterized in

detail. Roberts et al. [10] described murine p202 as nega-

tively regulating the AIM2 inflammasome, and caspase-1

cleavage was enhanced after RNAi-mediated knock down

of p202. While p202 binds to double-stranded DNA and

contains two HIN domains, it lacks a PYD domain, and,

due to the missing signal transduction domain, it is not able

to recruit the adaptor molecule ASC. Whether this poten-

tially inhibiting mechanism is also operational in response

to pathogens needs to be determined, as well as its possible

presence in humans, since a human HIN200 protein lacking

a pyrin domain has not yet been described.

Concluding remarks

Knowledge about how inflammasomes are regulated and

etiologically linked with autoinflammatory disorders and

metabolic diseases such as gout or pseudogout has already

led to a broadened and successful use of IL-1b-targeting

drugs. Studies with the interleukin-1 receptor antagonist

anakinra have underscored the potential benefit of new

therapies that neutralize inflammasome-induced over-

whelming innate immune responses [14]. In general,

applying the knowledge of the molecular basis of a disease

has often led to a more rational and sophisticated drug

design. Despite remarkable progress in the NLR field, there

are still numerous aspects of inflammasome activation that

need to be understood for drug development. In particular,

the upstream mechanisms leading to NLRP3 activation are

rather unclear. Other challenging open questions include

unraveling the role of poorly characterized NLRPs, such as

NLRP2 or NLRP4-14 and the PYD-containing protein

pyrin (alternatively named MEFV). No activators have

been identified for these proteins, but some were shown to

assemble inflammasomes [134, 135]. On the other hand,

cytosolic sensors other than NLRPs might induce the

assembly of inflammasomes. In analogy to the DNA

receptor AIM2, the cytosolic helicase RIG-I was recently

shown to initiate ASC-dependent caspase-1 activation in

response to cytosolic RNA. Whether this MAVS-inde-

pendent RIG-I signal transduction requires an additional

bridging protein to interact with ASC still needs to be

determined [93].

Even as the nature of molecular events leading to the

activation of established inflammasomes is becoming more

and more evident, their precise role in in vivo settings and

disease models and their interplay with other pathways

such as TLR signaling still need to be resolved in the

future.
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