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The innate immune system regulates initial responses to pathogen invasion through

a set of conserved pattern recognition receptors (PRR). The best-characterized PRRs
the Toll-like receptors, which regulate not only the initial pathogen defense

ponse, but also adaptive immune responses. Thus, insight into the function of

Rs has major implications for our understanding of the physiology of vaccination

d the pathophysiology of human disease. Recent advances in our understanding of

ew class of pattern recognition receptors–NOD-like receptors (NLR)–have sim-

rly provided insight into both innate and adaptive immunity. In particular, the NLR

rp3 (also known as Nalp3 or Cias1) forms an intracellular multimolecular complex

th active caspase-1, called an inflammasome, creating a platform for regulating

retion of interleukin-1 (IL-1) family members. Given the important role of IL-1 in

ammatory diseases, from gout to rheumatoid arthritis, the importance of under-

nding the regulation of such a cytokine cannot be underestimated. In this review,

address new evidence supporting a role for adaptive immune activation by

ently identified NLR agonists, with a particular focus on Nlrp3. Basic questions in

r understanding of Nlrp3 inflammasome activation are also presented.
Introduction

The immune system of mammals can

be divided into two arms that act

together to provide both immediate

and long-term immunity to pathogens.
The former has been termed the innate immune system and is

composed of phagocytes, complement, antimicrobial peptides,

etc and the latter is called the adaptive immune system and

consists of T- and B-lymphocytes. This latter branch of

immunity provides long-term protection with exquisite antigen

specificity; however, adaptive immunity is unbiased a priori,

meaning T- and B-cell receptors can collectively recognize any

antigen–whether non-self (pathogen-associated) or self. Thus

lymphocyte activation must be tightly regulated and it was not

until major advances in our understanding of the more primitive
School of Medicine,
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innate branch of immunity that immunologists recognized the

fundamental principle of innate–adaptive crosstalk in immune

regulation (Iwasaki & Medzhitov, 2004; Medzhitov & Janeway,

1999).
The players of the innate–adaptive crosstalk

A central tenet of T-cell priming is dendritic cell (DC)

maturation. DCs function as sentinels at sites of invasion and

are uniquely programmed to respond to perturbations of

homeostasis with a maturation profile that limits bystander

activation and targets naı̈ve T-cells circulating through the

draining lymph nodes. This activation state tightly regulates

antigen phagocytosis and presentation (‘signal 1’) as well as the

expression of necessary co-stimulatory molecules such as B7

family members (‘signal 2’), thus licensing antigen-specific

naı̈ve T-cells for priming rather than tolerance. Critical to this
EMBO Mol Med 1, 92–98 www.embomolmed.org
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‘two signal model’ of T-cell activation is the cue to the antigen-

presenting cell (APC) to engage in this program of maturation.

Over the past decade, we have come to understand that the

innate immune system provides this fundamental cue and

thereby regulates the generation of adaptive immunity. There-

fore, understanding how the innate immune system is activated

is a pre-requisite to manipulate (both positively and negatively)

long-lived adaptive immune responses.

A large number of germline-encoded pattern recognition

receptors (PRRs) exist, which recognize repetitive motifs of

potential pathogens such as lipopolysaccharide (LPS) of Gram-

negative bacteria. These receptors are central to the rapid innate

immune response and include endocytic PRRs (e.g., macro-

phage mannose receptor) and secreted PRRs (e.g., mannose
Glossary

Adaptive immune system (or acquired immunity)
A branch of the immune system composed of lymphocytes with

antigen-specific receptors that, upon activation, use multiple effector

mechanisms to respond to antigen challenge. This branch of the

immune system is classically distinguished from the innate immune

system by its ability to collectively respond to any antigen, the

exquisite specificity of the receptor for its target, and the generation

of long-lived memory.

Adjuvant
Derived from the latin word to help (adjuvare). In this case, it refers to

a material used to help initiate an immune response to an antigen.

Antigen
Any molecule that can be specifically recognized by the randomly-

generated T- and B-cell receptors. Historically, ‘antigen’ referred to

molecules that generated, and could be recognized by, antibodies.

Bystander activation
Priming of T-cells that have a T-cell receptor not specific for the target

antigen due to its proximity to a site of inflammation. This term can

apply to other cell types as well.

Complete freund’s adjuvant (CFA)
A water-in-oil emulsion with dead mycobacteria. CFA was originally

described by J. Freund in 1942 to induce a potent immune response.

This adjuvant is not used in humans due to toxicity.

Innate immune system
A branch of the immune system composed of cells, such as dendritic

cells, macrophages, neutrophils and NK cells, with germline-encoded

receptors specific for markers of host perturbation (e.g., infection,

damage or loss of expression of self molecules). Triggering of these

receptors results in a rapid but short-lived inflammatory response. In

addition to the cellular component, complement proteins and barriers

such as the skin are constituents of the innate branch of immunity.

Pattern recognition receptor (PRR)
Patterns of the innate immune system that are not randomly

generated (i.e., germline) that recognize makers of pathogens or cell

stress/damage.

T-Cell priming (or sensitization)
Activation of naı̈ve T-lymphocytes to cognate antigen under im-

munogenic conditions.

Th1
A CD4þ helper T-cell that produces the cytokines IFN-g and IL-2.

Th2
A CD4þ helper T-cell that produces the cytokines IL4, IL-5 and IL-13.
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binding lectin). However, an additional group of PRRs that have

direct effects on adaptive immunity are the signalling PRRs,

which can be divided into three subgroups: the Toll-like

receptors (TLR), RIG-I-like receptors (RLRs) and NOD-like

receptors (NLRs). There are now a total of 10 TLRs in humans

(TLR 1–10) and 12 TLRs in mice (TLR 1–9 and 11–13). TLRs

recognize conserved microbial molecules expressed across a

wide range of pathogens (pathogen-associated molecular

patterns; PAMPs) thereby making them potent sensors of

infection and endowing them with the ability to distinguish self

from non-self molecules. Many of these TLR agonists have been

used as adjuvants in animal models for decades, prior to any

understanding of their mechanism of action. The RLRs are a

recently discovered group of intracellular sensors of viral RNA

(Pichlmair & Reis e Sousa, 2007). The NLR (NOD-like receptor or

nucleotide-binding domain, leucine-rich repeat (LRR) contain-

ing) family is an evolutionarily conserved group of proteins with

structural homology to the plant disease resistance (R) proteins.

Our understanding of this latter group of PRRs has rapidly

evolved and will be focus of this review.
NLRs and the inflammasome

TLRs are membrane-bound proteins with the majority expressed

on the cell surface; in contrast, the NLRs are cytosolic counter-

parts of TLRs and sense both microbial products that gain access

to the cell interior (e.g., intracellular flagellin) and host molecules

released during states of cell stress or damage (e.g., extracellular

ATP) (Martinon, 2008; Miao et al, 2006; Sutterwala & Flavell,

2009). These markers of cell damage have been called, by some,

‘danger signals’ or danger-associated molecular patterns

(DAMPS), which distinguish this latter class of innate agonists

from PAMPs by their derivation from ‘self’ molecules. Regardless

of the nomenclature, it is clear that the innate immune system is

capable of sensing both pathogen-derived motifs directly and the

markers of cell damage inflicted on the host by pathogens.

Therefore, the NLRs can act as a second line of defense to detect

potential pathogens capable of evading cell surface PRRs and

might induce distinct, but overlapping, effector responses.

Unlike the TLRs, NLRs are intricately linked not only to the

induction of pro-inflammatory responses but also to the

apoptosis with pro-inflammatory aspects (Ting et al, 2008b).

Apoptosis is a program of cell death that has traditionally been

thought of as ‘silent’ to the immune system. In contrast, NLR-

induced forms of apoptosis–pyroptosis (caspase-1 and ASC

dimerization-dependent) and pyronecrosis (ASC-dependent but

caspase-1-independent)–are inflammatory and share features

with necrosis (Fernandes-Alnemri et al, 2007; Fink & Cookson,

2006; Willingham et al, 2007). Determination of cell fate upon

activation of NLRs, such as the secretion of pro-inflammatory

cytokines or cell death, is thought to be influenced by the

strength and duration of the NLR signal; however, the

mechanistic details of these pathways remain to be elucidated.

NLRs contain an N-terminal effector domain, a central

nucleotide-binding domain and a C-terminal leucine-rich repeat

(LRR) domain. The first NLRs described were nucleotide-binding
� 2009 EMBO Molecular Medicine 93
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oligomerization domain (Nod1) and Nod2, which recognize

different muropeptides of peptidoglycan from Gram-positive and

Gram-negative bacteria (Carneiro et al, 2007). There are now

more than 20 described NLRs, which fall into four main

subclasses based on their variable N-terminal domain, accord-

ingly: (1) acidic transactivation domain/NLRA family; (2)

baculoviral inhibitory repeat (BIR)-like domain/NLRB family;

(3) caspase-recruitment domain (CARD)/NLRC family; and (4)

pyrin domain/NLRP family. One NLR member, Nlrx1, is an

independent member without N-terminal homology to any of the

described families. Unfortunately, as multiple groups indepen-

dently described the NLRs, many of the well-characterized NLRs

havemultiple names. Recently, a consortium of investigatorsmet

to standardize the NLR nomenclature (Ting et al, 2008a); the new

terminology for the NLR members and families will be used in

this review, but for reference, a table with the more commonly

used names has been included (Table I). For a majority of these

NLRs, their triggers and physiologic function remain unknown.

The term ‘inflammasome’ was coined in 2002 to describe a

multi-protein complex formed in the cell cytosol upon stimulation

and is composed of an NLR, an adaptor protein ASC (Apoptosis-

associated speck-like protein containing a CARD) and the active

form of caspase-1 (Martinon et al, 2002). Through the proteolytic

action of caspase-1, thismolecular platform cleaves a large cohort

of proteins without traditional signal peptides resulting in their

secretion. Thus far, only Nlrp1, Nlrp3 and Nlrc4 inflammasomes

have been identified. Specific to the immune function of the

inflammasome is its ability to transform pro-IL-1b, pro-IL-33 and

pro-IL-18 into their mature, active forms resulting in their

secretion and the potent inflammatory response associated with
Table I. Murine NOD-like receptor members with selected synonyms and ago

Family Members Commonly used alternatives

NLRA CIIta C2ta

NLRB Naip1 Birc1a; Naip-rs1

Naip2 Birc1b; Naip-rs6

Naip3 Birc1c; Naip-rs5

Naip4 Birc1d; Naip-rs2

Naip5 Birc1e; Naip-rs3

Naip6 Birc1f; Naip-rs4

Naip7 Birc1g; Naip-rs4B

NLRC Nod1 Card4

Nod2 Card15

Nlrc3 CLR16.2

Nlrc4 Ipaf; Card12; Clan

Nlrc5

NLRP Nlrp1a-c Nalp1a-c

Nlrp2 Nalp2; Pypaf2; Nbs1; Pan1

Nlrp3 Nalp3; Cias1; Pypaf1; Mmig1; Cryo

Nlrp4a-g Nalp4a-g

Nlrp5 Nalp5; Mater; Op1

Nlrp6 Nalp6

Nlrp9a-c Nalp9a-c

Nlrp10 Nalp10; Pynod

Nlrp12 Nalp12

Nlrp14 Nalp14; GC-LRR; Nalp-iota

aNlrp1b

� 2009 EMBO Molecular Medicine
these cytokines. The specificity of the immune response is

determined by the NLR member incorporated into the inflamma-

some; however, prior to NLR agonist signalling, most studies in

vitro have found the need for an initial, or ‘first’ signal, to induce

pro-cytokine formation and to allow inflammasome activation. In

a majority of cases, the first signal is provided by LPS, a TLR

agonist, suggesting PRR cooperation is necessary to prevent

inappropriate NLR activation by ubiquitously present self-

molecules. It is not clear whether the same rule applies in vivo,

as will be discussed later in this section.

The Nlrp3 inflammasome has been most thoroughly char-

acterized and is activated by several chemically and structurally

diverse triggers (Kanneganti et al, 2006; Mariathasan et al, 2006;

Martinon et al, 2006; Sutterwala et al, 2006), includingmarkers of

cell damage (e.g., ATP), multiple microbial toxins that disrupt the

cell membrane (e.g., Listeria’s LLO and Aeromonas’ aerolysin)

and phagocytosed insoluble crystals (for review see Dostert et al,

2008a;Martinon, 2008). A feature common to all of these agonists

is induction of potassium efflux from the cell (Petrilli et al, 2007),

an indicator of cell membrane disruption as potassium flows

down its concentration gradient. Consistent with the model that

NLRs provide a second line of defense, sensing membrane

disruption is a sensitive method of detecting pathogens that have

evaded cell surface or endocytic PRRs and have gained access to

the cytosol; yet how potassium flux activates Nlrp3 remains

unknown. Extracellular ATP is the best-studied stimulus of the

Nlrp3 inflammasome and is thought to act as an indicator of local

cell death; it is the only agonist with a known cell surface receptor

(P2X7R) and a clear mechanism of inducing potassium efflux

(opening of nonselective pannexin-1 channels) (Pelegrin &
nists

Selected agonists

IFN-g

Legionella, Flagellin

Meso-DAP (PGN from Gm-, Some Gmþ, Mycobacterium)

MDP (PGN from Gmþ, Gm-, Mycobacterium)

Pseudomonas, Salmonella, Legionella, Shigella

Anthrax Lethal Toxina

pyrin Pore-forming toxins, ATP, Crystals, Chemical Sensitizers

EMBO Mol Med 1, 92–98 www.embomolmed.org
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Surprenant, 2006). For the remaining Nlrp3 agonists, specific

receptors have not been identified.

What any NLR within an inflammasome directly senses

remains unknown; some have proposed that NLRs bind directly

to PAMPs resulting in activation (Franchi et al, 2006) and, indeed,

NLRs contain an LRR much like the proposed ligand-binding

recognition site within TLRs. However, definitive evidence of this

interaction is still missing. To complicate matters, the large

numbers of chemically distinct crystals that have recently been

shown to activate the Nlrp3 inflammasome do not contain known

PAMPs or DAMPs. Rather, it is thought that they induce release of

markers of cellular stress from the stimulated cell upon their

endocytosis, thereby signalling damage through inflammasome

activation. Recent work has attempted to define the pathway

between endocytosis of crystals such as silica and aluminium

hydroxide and Nlrp3 activation. Some groups have observed a

requirement for the production of reactive oxygen species

through NADPH oxidase while others have identified a

destabilization pathway of lysosomes, whose content is released

into the cytosol (Cassel et al, 2008; Dostert et al, 2008b;Halle et al,

2008; Hornung et al, 2008). In particular, inhibition of cathepsin

B, a lysosomal enzyme that requires an acidic environment for

activation, blocks many of the Nlrp3-mediated inflammasome

functions through an as yet unclear mechanism (Fujisawa et al,

2007; Hornung et al, 2008; Willingham et al, 2007). These

intermediaries are attractive candidates in the pathway towards

NLR activation as they signal disruption of cell integrity.

However, what directly activates Nlrp3 still remains a mystery.

Another outstanding question in Nlrp3 function is whether the

two-signal model of inflammasome activation described in vitro

applies to in vivo activation. Of note, some in vitromodels, such as

stimulation of the PMA-treated human monocyte cell line THP-1

or cycloheximide-treatedmacrophages, appear to require only the

second (NLR) signal for IL-1b production (and in one case,

independently of caspase-1) (Dostert et al, 2008b; Maelfait et al,

2008; Pan et al, 2007). Yet these treatments prior to NLR

activation likely provide a surrogate signal in place of the standard

LPS stimulus in untreated phagocytes in vitro. The relationship of

these alternate first signals in vitro to in vivo inflammasome

activation is not clear. Regardless, many of the known in vitro

Nlrp3 agonists can be administered alone, in vivo, and induce an

inflammatory profile consistent with inflammasome activation.

Whether a surrogate signal initiates the in vivo response and

transcription of IL-1 family cytokines remains unknown.
The inflammasome in chronic inflammation

The potent role of NLRP3 in chronic inflammatory responseswas

initially identified in a group of disorders called systemic

autoinflammatory syndromes, characterized by periodic fevers

and localized inflammation, and were linked to activating

mutations in NLRP3 (Church et al, 2008). More recently, triggers

of the Nlrp3 inflammasome have emerged, providing a

mechanistic understanding for chronic inflammatory conditions

with previously unknown etiologies. The first was the realization

that uric acid crystals induce Nlrp3-mediated IL-1b activation
www.embomolmed.org EMBO Mol Med 1, 92–98
and likely result in the inflamed joints of patients with gout (and

similarly calcium pyrophosphate dihydrate crystals in pseudog-

out) (Martinon et al, 2006). Silica and asbestos crystals were

subsequently demonstrated to induce Nlrp3-dependent caspase-

1 activation; in the absence of any one of the Nlrp3

inflammasome components, the macrophage-driven pulmonary

inflammation of silicosis and asbestosis was attenuated in

animal models of these diseases (Cassel et al, 2008; Dostert et al,

2008b). Nlrp3 activation has also been linked to the activation of

microglia by fibrillar amyloid-b in senile plaques of alzheimer’s

disease (Halle et al, 2008). In these conditions, it appears that

Nlrp3 stimulation results in a chronic state of (innate)

inflammation, IL-1b production and, in some cases, fibrosis.
The inflammasome in adaptive immune responses

Returning to the central role of the innate–adaptive immune

system crosstalk, a logical extension of the studies of

inflammasome-mediated innate immune responses described

above is to ask whether Nlrp3 can provide instruction to the

adaptive immune system as do the TLRs and if so, is the

resultant adaptive immune response similar in nature? Pre-

cedent exists for NLR instruction of adaptive immunity. Nod2

has been shown to mediate the adjuvant effect of muramyl

dipeptide (MDP) when administered intra-peritoneally with a

protein antigen (Kobayashi et al, 2005). Further, lymphocyte

responses to antigen priming with the common adjuvant, CFA,

were severely diminished in Nod1 KO mice (Fritz et al, 2007).

Two groups have also demonstrated that contact hypersensi-

tivity (T-cell mediated immune response to allergens) with the

skin contact allergens trinitrophenylchloride (TNP-Cl) or

dinitrofluorobenzene (DNFB) were severely attenuated in

inflammasome-deficient mice due to a defect in lymphocyte

sensitization (Sutterwala et al, 2006; Watanabe et al, 2008). The

first identified crystal agonist of the Nlrp3 inflammasome, uric

acid, was shown to induce cytotoxic T-cell priming when used

as an adjuvant (Shi et al, 2003). All of these studies suggest that

Nlrp3 activation is capable of providing the requisite signals

necessary to instruct long-lived adaptive immune responses and

therefore, might be a useful target in vaccination.

The most commonly used adjuvant in human vaccines is

aluminium hydroxide (‘alum’), a suspension of insoluble crystals

that adsorbs antigens and has been used over many decades to

induce effective and safe immune responses. Given the need for

innate immune system instruction of adaptive immune cells and

given the potent adjuvant activity of alum, it seemed likely that

alum exerted its effect by triggering a PRR. However, a number of

earlier studies found no role for TLRs in alum-induced immunity

(Gavin et al, 2006; Piggott et al, 2005; Schnare et al, 2001).

Therefore, whether alum followed the canon of innate immune

system-instructed adaptive immunity remained in question.

Indeed the historical explanation of its adjuvant effect relied on a

‘depot’ theory in which particulate antigen adsorbed to alumwas

slowly released to APCs. However, how this was immunosti-

mulatory was not clear. Five recent reports have now described

activation of the Nlrp3 inflammasome by various forms of
� 2009 EMBO Molecular Medicine 95
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T cell

APC

IL-1R

Signal 2?

Signal 1

Alum

TCR

Inflammasome

NLRP3

ASC

Caspase-1

IL-1β
IL-18
IL-33

Antigen

?

?

?

MHC II

Figure 1. Proposed model of adaptive immune system activation by

inflammasome stimulation with the adjuvant aluminium hydroxide. Alum

and antigen are phagocytosed by an APC and, through an unknown

mechanism, activate the Nlrp3 inflammasome, resulting in secretion of the

pro-inflammatory cytokines IL-1b, IL-18 and IL-33 and potentially other

immune modulatory molecules. In conjunction with antigen recognition on

the APC by the T-cell receptor (TCR), IL-1 receptor (IL-1R) stimulation (or

another inflammasome-dependent signal) provides ‘signal 2’ for CD4þ T-cell

priming, the first step in generation of adaptive immunity.

Pending issues

What is the ligand or ligands that directly activate Nlrp3?

For other NLR family members without known triggers, what do they
recognize?

What is the first signal for inflammasome priming in vivo?

What signal determines caspase-1-regulated cell death versus
cytokine secretion?

Which cells respond to Nlrp3 inflammasome triggers in vivo?

What products of Nlrp3 inflammasome activation regulate T-cell
priming and polarization?

What role does the MyD88-independent signalling pathway have in
the response to IL-1, IL-18 or IL-33?

How do other inflammasomes affect the adaptive immune response?

How can Nlrp3 activation be harnessed in future adjuvant
development?

Do other adjuvants activate the Nlrp3 inflammasome?

96
aluminium adjuvants (Eisenbarth et al, 2008; Franchi & Nunez,

2008; Hornung et al, 2008; Kool et al, 2008; Li et al, 2008). In all

studies, alum adjuvants activated APCs in vitro leading to

caspase-1 activation and IL-1b secretion in an Nlrp3-dependent

manner. Alum triggers the same signalling pathway as all known

insoluble Nlrp3 agonists to activate the Nlrp3 inflammasome

(e.g., potassium efflux and particle endocytosis with possible

lysosomal disruption). Further, we and two other groups

confirmed that in the absence of this NLR activation, the adaptive

immune response was impaired upon antigen priming. Interest-

ingly, one group did not find a difference in antigen priming in

Nlrp3-deficient mice possibly due to differences in the sensitiza-

tion models (Franchi & Nunez, 2008). It was further shown by Li

et al that other commonly studied particulate adjuvants such as

Quil A and chitosan could also induce Nlrp3-dependent IL-1b

secretion (Li et al, 2008). Kool et al then provided evidence that

DC maturation was decreased in the absence of inflammasome-

induced IL-1b secretion upon immunization with alum (Kool et

al, 2008). This latter finding returns us to the initial unifying

hypothesis of innate immune system control of T-lymphocyte

priming through cues delivered to the DC. Summing up, these

studies broaden our understanding of the potential repertoire of

innate immune system receptors that regulate activation versus

tolerance of the adaptive immune system.

While these findings define a role for the inflammasome in

adjuvant control of immunity, they raise a number of key

questions. First, how does the Nlrp3 inflammasome control

adaptive immunity? IL-1 has long been known to promote the

initiation of immune responses and has direct effects on

lymphocyte activation (Curtsinger et al, 1999; Dinarello, 2002;

Greenbaum et al, 1988; Kurt-Jones et al, 1987). It is tempting to

speculate that activation of IL-1 family members by the

inflammasome directly regulates initiation of antigen-specific

inflammation (Fig 1). However, there are reasons to question

whether IL-1 is the intermediary between NLR activation and

lymphocyte responses. One major issue that has not yet been

resolved is the IL-1 receptor’s requirement for the adaptor

protein MyD88. This molecule is an adaptor for most TLRs and is

also known to transmit signals from the IL-1, IL-18 and IL-33

receptors, yet MyD88 has repeatedly been shown to be

dispensable for alum’s initiation of immunity (Adachi et al,

1998; Gavin et al, 2006; Piggott et al, 2005; Schnare et al, 2001).

Two alternatives exist to explain this paradox: (1) IL-1 family

cytokines are dispensable in Nlrp3-initiated adaptive immune

responses; or (2) IL-1 family cytokines are required, but can

signal through MyD88-indpendent signalling pathways. Evi-

dence supporting both possibilities exists. Two studies recently

described a large cohort of secreted molecules putatively cleaved

by caspase-1 (Keller et al, 2008; Lamkanfi et al, 2008). It is

plausible that caspase-1-dependent secretion of one or more of

these proteins transmits the activation signal from the NLR to the

adaptive immune system. Alternatively, other studies identified

a MyD88-independent signalling pathway involving PI3K and

AKT downstream of the IL-1 receptor (Cahill & Rogers, 2008;

Davis et al, 2006). Identification of the signals induced by the

inflammasome to the adaptive immune cells will likely shed light

on many crucial pathways in the control of immunity.
� 2009 EMBO Molecular Medicine
A second question raised, in particular by the studies on alum-

induced Nlrp3 stimulation, is whether NLR activation induces a

qualitatively different adaptive immune response when compared

with other innate immune receptors. Triggering of TLRs is

typically thought to induce a strong Th1-biased helper T-cell
EMBO Mol Med 1, 92–98 www.embomolmed.org
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response in mice, especially given the potent induction of pro-Th1

differentiation cytokines such as IL-12. In contrast, alum

immunization with antigen results in a strong Th2 skewed

immune responses in mice, including the induction of IgE and

IgG1 antibody isotypes. Thus, alum immunization is used in the

study of asthma and allergy in animals, despite the questionable

relevance of this adjuvant to the mechanism of allergen

sensitization in humans (Eisenbarth, 2008). Therefore, one could

suggest that NLR, in contrast to TLR, activation promotes Th2

immunity to deal with (large and ‘insoluble’) parasites. However,

there is ample evidence to suggest that not all Nlrp3 triggers induce

Th2 responses including uric acid-induced CD8þ T cell responses

(Cassel et al, 2008; Shi et al, 2003). And conversely, not all Th2

responses require Nlrp3 activation; we have preliminary evidence

that other Th2-skewed models of inflammation in mice are intact

in Nlrp3-deficient animals. Further, the immune response to alum

in humans is not clearly Th2-biased. In fact, alum has actually

been used to desensitize allergic patients to their offending allergen

(Francis & Durham, 2004). It is not clear why alum can be used

both to sensitize and desensitize the human immune system, and

it could be that another inflammasome-independent pathway is

preferentially harnessed during allergen desensitization, but

nevertheless, the Nlrp3 inflammasome should probably not be

considered a preferentially Th2-inducing pathway.

While alum-triggered NLR activation might not be Th2-

biased, it certainly does induce an inflammatory profile distinct

from that of TLR activation. Many TLR agonists can incite an

overwhelming and toxic inflammatory response. Nlrp3 activa-

tion in humans has not thus far been shown to induce the same

response. For example, uric acid activation of Nlrp3 in gout

induces a potent but local reaction and clearly the response to

aluminium adjuvants during immunization is mild and well

tolerated. In contrast, systemic exposure to LPS or other TLR

ligands can induce massive cytokine production in conditions

such as septic shock. Therefore, there is a qualitative difference

in the innate immune response generated by Nlrp3 stimulation,

perhaps to reflect the distinct nature of the triggers (i.e.,

infection vs. host damage). These immediate differences in the

immune response might translate into an adaptive response

with an altered character, although currently this is only

speculation. Despite this difference, it is important to recognize

that the previously established rules of innate–adaptive cross-

talk can be applied to this emerging class of PRRs, the NLRs,

which have an apparently unique sentinel role in the immune

system.
CONCLUSIONS

The recent pace of discovery in the NLR field has been

astounding; however, several key questions regarding the

inflammasome have been highlighted in this review (see

Pending Issues box). There is a great potential for applying

these discoveries to our comprehension of both basic immune

physiology and disease pathology. An exciting application

derived from these studies is in the development of new vaccine

adjuvants, where TLR-based adjuvants have thus far proven to
www.embomolmed.org EMBO Mol Med 1, 92–98
be too toxic and a molecular understanding of how to target and

modulate adaptive immunity has been challenging. Although

alum will likely prove to have multiple immunostimulatory

properties; NLR-based activation appears to be an effective

alternate strategy in the innate–adaptive paradigm to generate

immunity–one that can be built upon to tailor a new generation

of adjuvants.
Acknowledgements
The authors would like to thank O. Colegio and A. Williams for

helpful discussion and review of this manuscript.

The authors declare that they have no conflict of interest.

References
Adachi, O Kawai, T Takeda, K Matsumoto, M Tsutsui, H Sakagami, M Nakanishi,

K Akira S (1998) Targeted disruption of the MyD88 gene results in loss of

IL-1- and IL-18-mediated function. Immunity 9: 143-150

Cahill, CM Rogers JT (2008) Interleukin (IL) 1 beta induction of IL-6 is mediated

by a novel phosphatidylinositol 3-kinase-dependent AKT/IkappaB kinase

alpha pathway targeting activator protein-1. J Biol Chem 283:

25900-25912

Carneiro, LA Travassos, LH Girardin SE (2007) Nod-like receptors in innate

immunity and inflammatory diseases. Ann Med 39: 581-593

Cassel, SL Eisenbarth, SC Iyer, SS Sadler, JJ Colegio, OR Tephly, LA Carter,

AB Rothman, PB Flavell, RA Sutterwala FS (2008) The Nalp3 inflammasome

is essential for the development of silicosis. Proc Natl Acad Sci U S A 105:

9035-9040

Church, LD Cook, GP McDermott MF (2008) Primer: inflammasomes and

interleukin 1beta in inflammatory disorders. Nat Clin Pract Rheumatol 4:

34-42

Curtsinger, JM Schmidt, CS Mondino, A Lins, DC Kedl, RM Jenkins, MK Mescher

MF (1999) Inflammatory cytokines provide a third signal for activation of

naive CD4þ and CD8þ T-cells. J Immunol 162: 3256-3262

Davis, CN Mann, E Behrens, MM Gaidarova, S Rebek, M Rebek, J, Jr., Bartfai

T (2006) MyD88-dependent and -independent signaling by IL-1 in neurons

probed by bifunctional Toll/IL-1 receptor domain/BB-loop mimetics. Proc

Natl Acad Sci U S A 103: 2953-2958

Dinarello CA (2002) The IL-1 family and inflammatory diseases. Clin Exp

Rheumatol 20 (5 Suppl 27): S1-S13

Dostert, C Meylan, E Tschopp J (2008a) Intracellular pattern-recognition

receptors. Adv Drug Deliv Rev 60: 830-840

Dostert, C Petrilli, V Van Bruggen, R Steele, C Mossman, BT Tschopp J (2008b)

Innate immune activation through Nalp3 inflammasome sensing of

asbestos and silica. Science 320: 674-677

Eisenbarth SC (2008) Use and limitations of alum-based models of allergy.

Clin Exp Allergy 38: 1572-1575

Eisenbarth, SC Colegio, OR O’Connor, W Sutterwala, FS Flavell RA (2008)

Crucial role for the Nalp3 inflammasome in the immunostimulatory

properties of aluminium adjuvants. Nature 453: 1122-1126

Fernandes-Alnemri, T Wu, J Yu, JW Datta, P Miller, B Jankowski, W Rosenberg, S

Zhang, J Alnemri ES (2007) The pyroptosome: a supramolecular assembly of

ASC dimers mediating inflammatory cell death via caspase-1 activation.

Cell Death Differ 14: 1590-1604

Fink, SL Cookson BT (2006) Caspase-1-dependent pore formation during

pyroptosis leads to osmotic lysis of infected host macrophages. Cell

Microbiol 8: 1812-1825

Franchi, L Amer, A Body-Malapel, M Kanneganti, TD Ozoren, N Jagirdar,

R Inohara, N Vandenabeele, P Bertin, J Coyle A, et al (2006) Cytosolic flagellin

requires Ipaf for activation of caspase-1 and interleukin 1beta in

salmonella-infected macrophages. Nat Immunol 7: 576-582
� 2009 EMBO Molecular Medicine 97



In Focus
Adaptive Immunity and the Inflammasome

98
Franchi, L Nunez G (2008) The Nlrp3 inflammasome is critical for aluminium

hydroxide-mediated IL-1beta secretion but dispensable for adjuvant

activity. Eur J Immunol 38: 2085-2089

Francis, JN Durham SR (2004) Adjuvants for allergen immunotherapy:

experimental results and clinical perspectives. Curr Opin Allergy Clin

Immunol 4: 543-548

Fritz, JH Le Bourhis, L Sellge, G Magalhaes, JG Fsihi, H Kufer, TA Collins, C Viala,

J Ferrero, RL Girardin SE, et al (2007) Nod1-mediated innate immune

recognition of peptidoglycan contributes to the onset of adaptive

immunity. Immunity 26: 445-459

Fujisawa, A Kambe, N Saito, M Nishikomori, R Tanizaki, H Kanazawa, N Adachi,

S Heike, T Sagara, J Suda T, et al (2007) Disease-associated mutations in

CIAS1 induce cathepsin B-dependent rapid cell death of human THP-1

monocytic cells. Blood 109: 2903-2911

Gavin, AL Hoebe, K Duong, B Ota, T Martin, C Beutler, B Nemazee D (2006)

Adjuvant-enhanced antibody responses in the absence of toll-like receptor

signaling. Science 314: 1936-1938

Greenbaum, LA Horowitz, JB Woods, A Pasqualini, T Reich, EP Bottomly K

(1988) Autocrine growth of CD4þ T-cells. Differential effects of IL-1 on

helper and inflammatory T-cells. J Immunol 140: 1555-1560

Halle, A Hornung, V Petzold, GC Stewart, CR Monks, BG Reinheckel, T

Fitzgerald, KA Latz, E Moore, KJ Golenbock DT (2008) The NALP3

inflammasome is involved in the innate immune response to amyloid-beta.

Nat Immunol 9: 857-865

Hornung, V Bauernfeind, F Halle, A Samstad, EO Kono, H Rock, KL Fitzgerald, KA

Latz E (2008) Silica crystals and aluminum salts activate the NALP3

inflammasome through phagosomal destabilization. Nat Immunol 9:

847-856

Iwasaki, A Medzhitov R (2004) Toll-like receptor control of the adaptive

immune responses. Nat Immunol 5: 987-995

Kanneganti, TD Ozoren, N Body-Malapel, M Amer, A Park, JH Franchi,

L Whitfield, J Barchet, W Colonna, M Vandenabeele P, et al (2006) Bacterial

RNA and small antiviral compounds activate caspase-1 through cryopyrin/

Nalp3. Nature 440: 233-236

Keller, M Ruegg, A Werner, S Beer HD (2008) Active caspase-1 is a regulator of

unconventional protein secretion. Cell 132: 818-831

Kobayashi, KS Chamaillard, M Ogura, Y Henegariu, O Inohara, N Nunez,

G Flavell RA (2005) Nod2-dependent regulation of innate and adaptive

immunity in the intestinal tract. Science 307: 731-734

Kool, M Petrilli, V De Smedt, T Rolaz, A Hammad, H van Nimwegen, M Bergen,

IM Castillo, R Lambrecht, BN Tschopp J (2008) Cutting edge: alum adjuvant

stimulates inflammatory dendritic cells through activation of the NALP3

inflammasome. J Immunol 181: 3755-3759

Kurt-Jones, EA Hamberg, S Ohara, J Paul, WE Abbas AK (1987) Heterogeneity of

helper/inducer T lymphocytes. I. Lymphokine production and lymphokine

responsiveness. J Exp Med 166: 1774-1787

Lamkanfi, M Kanneganti, TD Van Damme, P Vanden Berghe, T Vanoverberghe,

I Vandekerckhove, J Vandenabeele, P Gevaert, K Nunez G (2008) Targeted

peptidecentric proteomics reveals caspase-7 as a substrate of the caspase-1

inflammasomes. Mol Cell Proteomics 7: 2350-2363

Li, H Willingham, SB Ting, JP Re F (2008) Cutting edge: inflammasome

activation by alum and alum’s adjuvant effect are mediated by NLRP3.

J Immunol 181: 17-21

Maelfait, J Vercammen, E Janssens, S Schotte, P Haegman, M Magez, S Beyaert

R (2008) Stimulation of Toll-like receptor 3 and 4 induces interleukin-1beta

maturation by caspase-8. J Exp Med 205: 1967-1973
� 2009 EMBO Molecular Medicine
Mariathasan, S Weiss, DS Newton, K McBride, J O’Rourke, K Roose-Girma,

M Lee, WP Weinrauch, Y Monack, DM Dixit VM (2006) Cryopyrin activates

the inflammasome in response to toxins and ATP. Nature 440: 228-232

Martinon F (2008) Detection of immune danger signals by NALP3. J Leukoc

Biol 83: 507-511

Martinon, F Burns, K Tschopp J (2002) The inflammasome: a molecular

platform triggering activation of inflammatory caspases and processing of

proIL-beta. Mol Cell 10: 417-426

Martinon, F Petrilli, V Mayor, A Tardivel, A Tschopp J (2006) Gout-associated

uric acid crystals activate the NALP3 inflammasome. Nature 440:

237-241

Medzhitov, R Janeway CA, Jr (1999) Innate immune induction of the adaptive

immune response. Cold Spring Harb Symp Quant Biol 64: 429-435

Miao, EA Alpuche-Aranda, CM Dors, M Clark, AE Bader, MW Miller, SI Aderem

A (2006) Cytoplasmic flagellin activates caspase-1 and secretion of

interleukin 1beta via Ipaf. Nat Immunol 7: 569-575

Pan, Q Mathison, J Fearns, C Kravchenko, VV Da Silva Correia, J Hoffman,

HM Kobayashi, KS Bertin, J Grant, EP Coyle AJ, et al (2007) MDP-induced

interleukin-1beta processing requires Nod2 and CIAS1/NALP3. J Leukoc Biol

82: 177-183

Pelegrin, P Surprenant A (2006) Pannexin-1 mediates large pore formation

and interleukin-1beta release by the ATP-gated P2X7 receptor. Embo J 25:

5071-5082

Petrilli, V Papin, S Dostert, C Mayor, A Martinon, F Tschopp J (2007) Activation

of the NALP3 inflammasome is triggered by low intracellular potassium

concentration. Cell Death Differ 14: 1583-1589

Pichlmair, A Reis e Sousa C (2007) Innate recognition of viruses. Immunity 27:

370-383

Piggott, DA Eisenbarth, SC Xu, L Constant, SL Huleatt, JW Herrick, CA Bottomly

K (2005) MyD88-dependent induction of allergic Th2 responses to

intranasal antigen. J Clin Invest 115: 459-467

Schnare, M Barton, GM Holt, AC Takeda, K Akira, S Medzhitov R (2001) Toll-like

receptors control activation of adaptive immune responses. Nat Immunol 2:

947-950

Shi, Y Evans, JE Rock KL (2003) Molecular identification of a danger signal that

alerts the immune system to dying cells. Nature 425: 516-521

Sutterwala, FS Flavell RA (2009) NLRC4/IPAF: a CARD carrying member of the

NLR family. Clin Immunol 130: 2-6

Sutterwala, FS Ogura, Y Szczepanik, M Lara-Tejero, M Lichtenberger, GS Grant,

EP Bertin, J Coyle, AJ Galan, JE Askenase PW, et al (2006) Critical role for

NALP3/CIAS1/Cryopyrin in innate and adaptive immunity through its

regulation of caspase-1. Immunity 24: 317-327

Ting, JP Lovering, RC Alnemri, ES Bertin, J Boss, JM Davis, BK Flavell, RA Girardin,

SE Godzik, A Harton JA, et al (2008a) The NLR gene family: a standard

nomenclature. Immunity 28: 285-287

Ting, JP Willingham, SB Bergstralh DT (2008b) NLRs at the intersection of cell

death and immunity. Nat Rev Immunol 8: 372-379

Watanabe, H Gehrke, S Contassot, E Roques, S Tschopp, J Friedmann, PS

French, LE Gaide O (2008) Danger signaling through the inflammasome acts

as a master switch between tolerance and sensitization. J Immunol 180:

5826-5832

Willingham, SB Bergstralh, DT O’Connor, W Morrison, AC Taxman, DJ Duncan,

JA Barnoy, S Venkatesan, MM Flavell, RA Deshmukh M, et al (2007) Microbial

pathogen-induced necrotic cell death mediated by the inflammasome

components CIAS1/cryopyrin/NLRP3 and ASC. Cell Host Microbe 2:

147-159
EMBO Mol Med 1, 92–98 www.embomolmed.org


