
Innate immunity to microbial pathogens relies on the 
specific host-receptor detection of pathogen- and danger-
derived molecular signatures (collectively referred to as 
pathogen-associated molecular patterns (PAMPs) and 
danger-associated molecular patterns (DAMPs), respec-
tively). The field of innate immunity research is currently 
experiencing a remarkable expansion due to the identifi-
cation of several families of these PAMP and DAMP 
sensors, which are collectively termed pattern recognition 
molecules1,2. The best-studied family of pattern recognition  
molecules is the Toll-like receptor (TLR) family, which 
in mammals encodes 10–12 membrane-spanning mol-
ecules with diverse specificities for PAMPs or DAMPs3. 
More recently, another family of pattern recognition 
molecules — named the nucleotide-binding and oligo-
merization domain (NOD)-like receptor (NLR) family  
— has received considerable attention.

In humans, the NLR family is composed of 22 intra-
cell ular pattern recognition molecules (FIG. 1) that share  
a central NACHT domain (domain present in NAIP, 
CIITA, HET-E and TP1) and a carboxy-terminal leucine-
rich repeat (LRR) region4–6. One subfamily of NLRs is  
composed of NOD1 and NOD2, which have an amino- 
terminal caspase recruitment domain (CARD) required 
to trigger nuclear factor-κB (NF-κB) signalling (FIG. 2). The 
NLR family, pyrin domain-containing (NLRP) proteins 
constitute another homogenous NLR subfamily, and  

current research suggests that they are essential for the 
induction and regulation of the caspase 1 inflammasome 
through their N-terminal pyrin domain7. Another 
important aspect of NLR biology is that a number of the 
genes that encode these proteins are mutated in human 
chronic inflammatory disorders, including Crohn’s disease 
(for NOD2), Muckle–Wells syndrome (for NLRP3), 
atopic disorders (for NOD1) and vitiligo (for NLRP1)5. 
This suggests that NLRs have a key role in linking host 
innate immunity to microbes and the regulation of 
inflammatory pathways8.

The PAMPs and DAMPs that are detected by some 
NLRs have recently been identified (TABLE 1). NOD1 and 
NOD2 sense peptidoglycan, a heterogeneous polymer 
found in the cell walls of bacteria. These two NLRs 
detect distinct entities within the peptidoglycan poly-
mer: whereas NOD2 detects muramyl dipeptide (MDP), 
which is a motif common to Gram-positive and Gram-
negative bacterial peptidoglycan9,10, NOD1 specifically 
detects diaminopimelic acid (DAP)-type peptidoglycan, 
which is found almost exclusively in Gram-negative bac-
teria11,12. NLRP3 (also known as NALP3 or cryopyrin) has 
been shown to detect a range of PAMPs (such as MDP,  
poly(I–C), double-stranded RNA from viruses, bacterial 
RNA and pore-forming toxins), as well as a number of 
DAMPs (such as extracellular ATP, uric acid, asbestos, 
silica, aluminium hydroxide and amyloid-β peptide),  
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Nuclear factor-κβ
A transcription factor activated 
by NLR or TLR signalling  
that mediates expression of 
cytokines and chemokines.

Inflammasome
A multi-protein complex that 
processes pro-caspase 1 into 
mature caspase 1.
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Abstract | Nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) are  
a family of intracellular sensors that have key roles in innate immunity and inflammation. 
Whereas some NLRs — including NOD1, NOD2, NAIP (NLR family, apoptosis inhibitory 
protein) and NLRC4 — detect conserved bacterial molecular signatures within the host 
cytosol, other members of this family sense ‘danger signals’, that is, xenocompounds or 
molecules that when recognized alert the immune system of hazardous environments, 
perhaps independently of a microbial trigger. In the past few years, remarkable progress 
has been made towards deciphering the role and the biology of NLRs, which has shown 
that these innate immune sensors have pivotal roles in providing immunity to infection, 
adjuvanticity and inflammation. Furthermore, several inflammatory disorders have been 
associated with mutations in human NLR genes. Here, we discuss the effect that research  
on NLRs will have on vaccination, treatment of chronic inflammatory disorders and acute 
bacterial infections.
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Crohn’s disease
A type of inflammatory bowel 
disease characterized by 
granulomatous inflammation  
in any region of the 
gastro intestinal tract  
(although most frequently 
occurring in the terminal ileum). 

Atopic disorders
Allergic hypersensitivity  
that can manifest as  
eczema, rhinitis, asthma or 
conjunctivitis, in which the 
affected organ does not come 
into direct contact with the 
allergen.

Muramyl dipeptide
(MDP). A component  
of peptidoglycan 
(N-acetylmuramyl-l-alanyl- 
d-isoglutamine) that is 
specifically detected by NOD2. 
Synthetic MDP is frequently 
used in experiments as a 
means to directly stimulate 
NOD2.

Vitiligo
A skin disorder that  
involves dysfunction of 
melanocytes, resulting  
in loss of pigmentation.

Hereditary periodic fever 
syndromes 
Rare heritable disorders  
that include Muckle–Wells 
syndrome, familial cold 
urticaria, and chronic infantile 
neurological cutaneous and 
articular syndrome. They are 
characterized by short and 
periodically occurring attacks 
of fever and severe localized 
inflammation that are not 
caused by infection.

which suggests the existence of a common stimulus,  
triggered downstream of all these PAMPs and/or DAMPs 
(see REFS 13,14 for recent reviews on this topic). It has 
been proposed that this common trigger could be stimu-
lated by reactive oxygen species or lysosomal damage15–17. 
The other recently identified molecular patterns that 
trigger NLRs include flagellin (sensed by NLR family, 
CARD domain-containing 4 (NLRC4; also known as 
IPAF) and NLR family, apoptosis inhibitory protein 
(NAIP))18,19 and the lethal toxin of Bacillus anthracis 

(sensed by NLRP1) (TABLE 1)20. Following detection of 
their specific PAMP or DAMP, NLRs trigger a number 
of signalling pathways that, overall, contribute to the 
host response to microbes and xenocompounds. several 
review articles have focused on NLRs and their biological 
function5,13,21. Indeed, this family of intracellular sensors 
is emerging as a crucial hub for the regulation of host 
responses to bacterial pathogens, inflammation and 
adaptive immunity.

In this Review, only the most extensively studied NLRs 
are discussed; however, research on other NLRs asso-
ciated with disease and inflammation, such as NLRP1 
(the mutation of which leads to vitiligo)22 and NLRP12 
(the mutation of which results in hereditary periodic fever 
syndromes)23, is still emerging. In addition, mutations in 
NOD2 have been associated with a growing number of 
malignant diseases, including early-onset breast cancer24–26, 
non-Hodgkin’s lymphoma27, melanoma28 and lung can-
cer26, and with negative outcomes following transplant  
surgery29,30; however, the molecular mechanisms under-
lying these associations are still unclear. Therefore, 
research in the field of NLRs has a broad clinical relevance. 
This article reviews literature in the field of NLR research 
that is pertinent to the development of improved vaccina-
tion strategies, the treatment of inflammatory disorders 
— for example, inflammatory bowel disease including 
Crohn’s disease, asthma, gout and rheumatoid arthritis — 
and possibly acute and chronic bacterial infections. The 
recent exciting discoveries in NLR research mean that 
this emerging area of investigation may have matured to 
a point at which transferring our fundamental knowledge 
to the development of clinical interventions is realistic and 
appropriate. Here, we highlight the therapeutic potential 
of targeting NLRs, their ligands or the pathways that 
they trigger.

The role of NLRs in adjuvanticity
Historically, vaccination has proved to be one of the most 
effective medical interventions, allowing for the control 
or eradication of major diseases. However, traditional 
vaccination strategies such as the use of live attenuated 
pathogens, whole inactivated organisms or inactivated 
toxins present certain limitations. For example, some 
pathogens are difficult or even impossible to grow in 
culture, live attenuated vaccines can cause disease in 
immune-compromised individuals by reverting to a 
more virulent strain, and whole inactivated vaccines often 
contain components that have unwanted side effects. 
Therefore, the optimization of vaccination strategies 
remains an area of intense clinical research.

One aspect of vaccine development concerns the 
immuno genic molecules and/or particles themselves: 
synthetic peptides, DNA and recombinant protein 
subunits are being tested in a number of vaccines. 
Although these compounds offer advantages, such as 
reduced toxicity, they are often poorly immunogenic 
when administered alone. This is particularly true for 
vaccines based on synthetic peptides or recombinant 
proteins. Consequently, another angle of investigation 
is to enhance the immune response to a specific antigen 
by developing improved vaccine adjuvants31,32 that are 

Figure 1 | The NoD-like receptor (NLr) family. 
Schematic representation of the 22 members of the 
nucleotide-binding and oligomerization domain 
(NOD)-like receptor (NLR) family as found in the human 
genome. Common to all NLRs is a central NACHT domain 
(domain present in NAIP, CIITA, HET-E and TP1) flanked on 
the carboxy-terminus by a leucine-rich repeat domain. 
NLRs can be divided into four subfamilies, mainly on the 
basis of their amino-terminal domain: (a) the sole member 
of the NLRA family, CIITA, is unique in that it acts as a 
transcription factor; (b) the NLRB subfamily consists of 
one member, NAIP (NLR family, apoptosis inhibitory 
protein), responsible for triggering interleukin 1β (IL-1β) 
secretion in response to intracellular flagellin; (c) 
members of the NLRP subfamily express an N-terminal 
pyrin domain and are crucial for the organization of IL-1β 
inflammasomes; (d) the NLRC/X subfamily members 
display either an N-terminal caspase recruitment domain 
(CARD), or an undefined domain that has no apparent 
homology with other proteins. 

R E V I E W S

466 | juNE 2009 | vOLuME 8  www.nature.com/reviews/drugdisc

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=58484&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=4671&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum


Nature Reviews | Drug Discovery

MSUCPPD

β-amyloid fibrils

UV radiation

Aluminium hydroxide

AsbestosSilica

ROS

Lysosomal 
damage

Lysosome

?

?

MDP PAM3CSK4

LPS LTA

K+

K+

Pannexin 1 P2XR

ATP

Dying cell

• Maitotoxin
• Valinomycin
• Nigericin
• Aerolysin

Microbes Stress and/or danger Xenogenous compounds

MDP MDP

Inflammasome

M-TriDAP

TLR

M-TriDAP

NOD1

• Inflammation
• Release of anti-microbial 
 peptides etc

Pro-IL-1β 
(also pro-IL-18 
and pro-IL-33)

IL-1β
(also IL-18 
and IL-33)

NOD2

ASC

Capsase 1

Cardinal

NLRP3

Capsase 1

• MYD88
• TRIF
• TIRAP
• TRAM

RIPK2

NF-κB
MAPKsType I

IFNs

• Fever
• TH cell polarization
• Dendritic-cell recruitment etc

MDP PAM3CSK4

LPS LTA

Figure 2 | Activation of nucleotide-binding and oligomerization domain (NoD)-like receptor (NLr) proteins NoD1, 
NoD2 and NLrP3. NOD1 and NOD2 detect the intracellular peptidoglycan fragments M-TriDAP (l-Ala-d-Glu-meso-
diaminopimelic acid) and MDP (muramyl dipeptide), respectively. Activation of NOD1 and NOD2 triggers the recruitment 
of the adaptor protein RIPK2 (receptor-interacting serine–threonine kinase 2; also known as RIP2), which activates 
downstream signalling, including nuclear factor-κB (NF-κB) and mitogen-activated protein kinases (MAPKs). NLR family, 
pyrin domain-containing 3 (NLRP3; also known as NALP3) is activated by many signals: microbes or bacterial toxins,  
end- or by-products of stress and danger signals (MSU (monosodium urate) and CPPD (calcium pyrophosphate dihydrate) 
crystals, β-amyloid fibrils and ultraviolet (UV) radiation) or xenogenous compounds (aluminium hydroxide, asbestos and 
silica). All these signals converge on activation of the NLRP3 inflammasome, composed of the proteins NLRP3, ASC  
(apoptosis-associated speck-like protein containing a caspase recruitment domain (CARD)), cardinal and caspase 1.  
The NLRP3 inflammasome in turn triggers the cleavage of pro-interleukin 1β (pro-IL-1β) into mature IL-1β. Caspase 1 also 
cleaves pro-IL-18 and pro-IL-33. It remains unclear how so many signals converge to the NLRP3 inflammasome, but it has 
been shown that common downstream signals might be the production of reactive oxygen species (ROS) or detection  
of damage to the lysosomal membrane. In addition, pannexin 1 may function as a channel to mediate entry of Toll-like 
receptor (TLR) ligands into the cytosol, which in turn may directly trigger activation of the NLRP3 inflammasome. Of note, 
K+ efflux has been shown to activate the NLRP3 inflammasome, through mechanisms that remain poorly defined. This K+ 
efflux can be a danger signal (for example, following extracellular ATP-dependent activation of purinergic receptors 
(P2XRs); this can occur when ATP is released from dying cells); similarly, K+ efflux can arise from bacterial infection or  
the action of toxins. TLRs act independently of NLR-dependent pathways, and trigger a number of signalling cascades 
following the engagement of the adaptor proteins MYD88 (myeloid differentiation primary response protein 88), TRIF (TIR 
domain-containing adaptor protein inducing interferon (IFN)-β; also known as TICAM1), TIRAP (TIR-domain-containing 
adaptor protein; also known as MAL) and TRAM (TRIF-related adaptor molecule; also known as TICAM2), including NF-κB, 
MAPKs and type I IFN responses. TLRs have a crucial role in the induction of pro-IL-1β, as well as pro-IL-18 and pro-IL-33. 
LPS, lipopolysaccharide; LTA, lipoteichoic acid; PAM3CSK4, palmitoyl-3-cysteine-serine-lysine-4; T

H
- cell, T helper cell.
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FK156 and FK565
Desmuramylpeptide (DMP) 
structures from peptidoglycan 
recognized by NOD1. FK156 
(d-lactyl-l-alanyl-g-d-glutamyl-l-
meso-diaminopimelyl-l-glycine) 
chemically mimics the 
structure that was originally 
purified from fermentation 

broths of Streptomyces  
strains. FK565 (heptanoyl-g- 
d-glutamyl-l-meso-diamino-
pimelyl-d-alanine) is one of  
the synthesized derivatives  
of FK156. Both FK156 and 
FK565 are synthetically 
produced and used to 
stimulate NOD1 in mice.

potent, safe and compatible with protein subunits and 
peptides33. Although vaccination is considered one of 
the most effective medical interventions, research into 
vaccine adjuvants has largely been an empirical exercise. 
In particular, the host sensors and the mechanisms of 
action of these compounds have not been fully charac-
terized. Now, the discovery of the role of NLRs in the 
action of certain adjuvants has provided new insight for 
vaccine development.

It is striking that throughout the twentieth century, 
long before the identification of NLRs (in the past  
decade), there had been extensive use of vaccination 
strategies involving molecules that are now known as 
NLR ligands. Two major classes of molecules that have 
been used as adjuvants illustrate this observation: bac-
terial cell wall preparations containing peptidoglycan  
(BOX 1), which are now known to trigger the activation of 
NOD1 and NOD2, and inorganic crystals such as alumin-
ium hydroxide (BOX 2), which have been recently shown 
to induce the activation of the NLRP3 inflammasome. 

These observations are particularly important with 
regard to the crosstalk between NLRs and TLRs that has 
been the subject of numerous investigations in recent 
years. Indeed, whereas TLR ligands are pyrogenic and 
crucial for the induction of inflammatory cytokines, 
NLR ligands have a poor capacity to trigger these path-
ways without a synergistic boost from TLR ligands 
in vitro34–37. Despite these apparently weak stimulatory 
properties, NOD1 (REFS 38,39), NOD2 (REFS 40,41) and 
NLRP3 (REFS 42–44) ligands are required for the action 
of some immune adjuvants. Therefore, the interaction 
between NLRs and TLRs seems to be more crucial for 
adaptive immunity than previously appreciated. Because 
of these observations, an interesting new area of inves-
tigation for vaccine and adjuvant development will be 
to use combinations of immunostimulatory agents that 
target the pathways of different receptors45.

NOD1 ligands. Research in the 1970s identified mono-
meric peptidoglycan subunits as minimal structures 
responsible for the adjuvanticity of complete Freund’s 
adjuvant (CFA), and peptides containing DAP were 
shown to have adjuvant activity38,46,47. Two synthetic 
derivatives of the peptides derived from DAP-containing 
peptidoglycan, namely FK156 and FK565, received the 
most attention. These peptides were shown to have activity  
against bacterial48,49 and viral50–52 challenges, as well 
as possessing antitumoral properties53–55 and acting as 
immune adjuvants38. Following the discovery of NOD1 
as the cellular sensor of DAP-containing peptides, the 
adjuvant capacity of these NOD1 agonists has been 
studied in more detail. It has been shown that FK156 in 
saline solution added to an ovalbumin (OvA) antigen 
elicits the priming of antigen-specific T cell and B cell 
immunity with a predominant T helper (TH2) polariza-
tion profile39. However, in the presence of TLR agonists 
(lipopolysaccharide (LPs) and pam3cys4), FK156 helped 
to increase TH1, TH2   and TH17 responses. Moreover, 
when the adjuvant CFA, which contains a mixture of 
NOD1, NOD2 and TLR ligands, was used in NOD1-
deficient mice, the induction of adaptive immunity to 
the antigen was suboptimal, showing that NOD1 has 
a central role in the adjuvant action of CFA. Finally, it 
was shown that, following immunization with FK156, 
non-haematopoietic cells provided essential signals to 
orchestrate the development of TH2 immunity. This pro-
vides evidence that dendritic cells are not solely respon-
sible for integrating microbial and antigen signals to 
instruct adaptive immune responses. Of note, it remains 
unknown how NOD1 activation in non-haematopoietic 
cells affects dendritic-cell function and the outcome of 
the response to a specific antigen.

NOD2 ligands. Before MDP was identified as a PAMP 
recognized by NOD2 (REFS 9,10), it had been identified 
as the minimum effective component of CFA in 1974  
(REF.  56) and was characterized as a general immuno-
stimulant capable of inducing non-specific immune 
responses to tumours and infections. MDP was sub-
sequently shown to have a wide range of physiological 
effects including pyrogenicity and somnogenicity, which 

Table 1 | PAMPs and DAMPs detected by NLRs

NLr PAMP or DAMP

NLRC4 Flagella18,19

Type III secretion198,199

Type IV secretion197

NAIP Flagella219 ,220

NLRP1 Anthrax lethal toxin20

Muramyl dipeptide102

Low K+ concentration221

NLRP3 ATP92

Nigericin92

Maitotoxin92

Viral RNA94

Muramyl dipeptide93

Imidazoquinoline95

Uric acid crystals96

Asbestos15

Silica17

Aluminum salts17,44; NLRP3  is required42,97,106 or not43  
for aluminium hydroxide-dependent adjuvanticity

Chitosan and Quil A97

Amyloid-β16

Low K+ concentration221

Poly(I–C) acid 94,202

Double-stranded RNA94

NOD1 Diaminopimelate-containing muramyl tripeptide mostly  
found in Gram-negative bacterial peptidoglycan11,12

NOD2 Muramyl dipeptide from Gram-positive and Gram-negative 
bacterial peptidoglycan9,10

DAMP, danger-associated molecular pattern; PAMP, pathogen-associated molecular pattern; 
NAIP, NLP family, apoptosis inhibitory protein; NLR, nucleotide-binding and oligomerization 
domain (NOD)-like receptor; NLRC4, NLR family, CARD domain-containing 4 (also known as 
IPAF); NLRP1, NLR family, pyrin domain-containing 1 (also known as NALP1).
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Murabutide
A muramyl dipeptide  
derivative (N-acetylmuramyl-l-
alanyl-d-isoglutamine-a-n-butyl 
ester) that is not pyrogenic  
but maintains its immuno -
stimulatory properties.

β-defensins 
Small antimicrobial cationic 
peptides that are produced 
primarily by epithelial cells  
to help prevent bacterial 
colonization of mucosal 
surfaces.

Muropeptides
Molecules derived from 
peptidoglycan that contain  
an N-acetyl-muramic acid 
sugar residue linked to short 
peptides, such as muramyl 
dipeptide and murabutide,  
but not FK156 or FK565.

probably depend on the ability of MDP to induce the 
secretion of pro-inflammatory cytokines, such as inter-
leukin 1β (IL-1β) and tumour necrosis factor (TNF). 
Despite extensive research on MDP, the molecule was 
found to be too pyrogenic and arthritogenic to be used 
as an adjuvant in humans. Therefore, efforts were focused 
on developing less pyrogenic derivatives of MDP that 
would still have immunomodulatory properties. The 
several non-toxic MDP derivatives that emerged from 
these efforts include the adamantylamine dipeptide 
(AdDP)57, L18-MDP58, MDP-Lys(L18)59, murabutide (an 
ester derivate)60, threonyl-MDP61 and glucosaminyl-
muramyl dipeptide62,63. More recently, it has been shown 
that the adjuvanticity of MDP is NOD2 dependent, since 
NOD2-deficient mice cannot mount a normal humoral 
response after immunization with MDP plus an anti-
gen40,41. In fact, depending on the administration context, 
the adjuvanticity of MDP changes64,65. In saline solution, 
MDP mainly enhances humoral responses40,41,66 but, when 
used in conjunction with lipophilic carrier systems such 
as liposomes, oil-in-water emulsions or some lipophilic 
derivatives, it induces a strong cellular immunity67.

In vitro studies have shown that MDP recognition by 
NOD2 results in the transcription of a large repertoire 
of genes, many of which are dependent on activation by 
NF-κB. NOD2 activation leads mainly to the production 
of pro-inflammatory cytokines (IL-1β, IL-6, TNF and 
IL-8) and chemokines (keratine-derived chemokine, 
regulated upon activation, normal T cells expressed and 
secreted (RANTEs; also known as CCL5) and CXC-
chemokine ligand 5 (CXCL5; also known as ENA-78))8, 
nitric oxide68 and antimicrobial peptides (β-defensin 2)35, 
and also leads to an increase in the expression of co-
stimulatory and adhesion molecules69–71. MDP also 
induces the production of superoxides, prostaglandins 
and collagenase72. In addition, MDP as well as other 
muropeptides (tripeptides and disaccharide tripeptides 
and tetrapeptides) have been shown to synergize with 
TLRs73 and increase the effect of immunomodulatory  
molecules such as cytokines (such as interferon-γ (IFNγ), 
IL-1β, IL-32 and granulocyte–macrophage colony-
stimulating factor (GM-CsF))74–77. All these factors are 

crucial for the recruitment and activation of effector 
cells as well as inflammatory processes that result in 
the establishment of an appropriate adaptive immune 
response, highlighting the therapeutic potential of 
NOD2 molecules. To date, the focus on MDP has been 
on its capacity to activate antigen-presenting cells, and 
it is seen as a molecular adjuvant that targets myeloid 
cells such as dendritic cells. However, unlike NOD1, it 
remains unknown whether the adjuvanticity of NOD2 
in vivo requires non-haematopoietic cells.

Different studies have demonstrated the potential 
effect of MDP administration. MDP alone or in combi-
nation with other agents confers resistance to viruses (for 
example, HIv78, sendai virus79, herpes simplex virus79–81, 
influenza virus82,83 and vaccinia virus80), bacteria84,85, 
fungi86 and tumours87–89. Finally, murabutide, another 
promising MDP derivative, has been identified as a mol-
ecule devoid of pyrogenic60 and somnogenic90 activities 
that could nevertheless suppress HIv type 1 (HIv-1) 
replication in macrophages91.

NLRP3. NLRP3 is an essential component of the inflam-
masome, a protein complex that promotes cleavage of 
pro-caspase 1 into its active form7. Active caspase 1 is 
an enzyme that activates various substrates including 
the cytokines IL-1β, IL-18 and IL-33 (FIG. 2). The current 
model predicts that the inflammasome regulates the 
release of IL-1β; this is because the production of mature 
IL-1β requires not only stimuli that activate NF-κB (such 
as LPs) for the expression of pro-IL-1β, but also a second 
signal from stimuli (such as NLRP3 activation) that lead 
to the formation of the inflammasome complex that 
activates caspase 1. In the laboratory context, in which 
pure NLR and TLR agonists are added directly to cells, 
these two signals are discrete; however, in the context of 
many microbial infections both of these signals would be 
simultaneously provided. Therefore, NLRP3 activation 
leads to direct activation and secretion of IL-1β as well as 
other cytokines, including IL-18 and IL-33. As IL-1β and 
IL-18 are key cytokines that act on numerous immune 
cells, this makes NLRP3 agonists useful components of 
vaccines and immunostimulators. 

Among others, NLRP3 responds to bacterial infection 
with Listeria monocytogenes and Staphylococcus aureus92, 
as well as to ATP92, nigericin92, maitotoxin92, MDP93, viral 
RNA94, imidazoquinoline95, uric acid crystals96, asbestos15, 
silica17 and amyloid-β16. NLRP3 also responds to alumin-
ium salts in vitro and in vivo; however, the role of NRLP3 
in aluminium hydroxide-dependent potentiation of anti-
body responses remains controversial (discussed below).  
It seems unlikely that a single molecule is capable of dis-
tinguishing such a diverse array of structurally distinct 
compounds. Instead, NLRP3 probably responds to a sec-
ondary danger signal that accompanies these compounds, 
such as an ionic flux13. However, how NLRP3 activation 
contributes to adjuvanticity is not fully understood.  
It is possible that the activation of NLRP3 as part of the 
inflammasome is a common event in response to several 
adjuvants or more generally to particulate compounds. For 
example, two other adjuvants, chitosan (a polysaccharide 
derived from chitin) and Quil A (a saponin extracted from 

 Box 1 | Peptidoglycan as an immune adjuvant

It has long been known that preparations of bacterial cell walls emulsified in mineral 
oil can potentiate host immune responses to a given antigen, and therefore act  
as adjuvants207,208. Later, it was shown that the peptidoglycan from bacterial cell  
walls was at least one of the active components that triggers these responses209.  
Although poorly immunogenic on its own (compared with lipopolysaccharide, for 
example), peptidoglycan can act as a very potent adjuvant, suggesting that these 
two responses could be functionally dissociated210. Unfortunately, peptidoglycan in 
traditional vaccines has too many side effects to be used in humans. As an example, 
the highly potent complete Freund’s adjuvant (CFA), elaborated in 1937 by Jules 
Freund, can cause abscess formation, inflammation, autoimmunity, pain, fever, 
amyloidosis, arthritis, hypersensitivity and in some cases permanent organ injury 
through granuloma formation31,211,212. Therefore, a major challenge is to retain 
adjuvant potency while minimizing toxicity. Promisingly, research in the past three 
decades has shown that minimal peptidoglycan subunits display adjuvanticity,  
but with reduced side effects56,209,213. We now know that these minimal building 
blocks are actually the ligands of nucleotide-binding and oligomerization domain 1 
(NOD1) and NOD2.
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Apoptosis-associated 
speck-like protein 
containing a CARD
A protein containing a 
carboxy-terminal caspase- 
activating and recruitment 
domain (CARD) and an 
amino-terminal pyrin domain 
that is required for the 
formation of inflammasomes 
with various nucleotide-binding 
and oligomerization domain 
(NOD)-like receptor (NLR) 
family members including 
NLRP1, NLRP3 and NLRC4.

the bark of Quillaja saponaria)97, as well as the particulate 
compounds silica17 and asbestos15, also stimulate NLRP3. 
In addition, extracellular ATP triggers NLRP3-dependent 
activation of caspase 1 through signalling by the purinergic 
P2X7

 receptor on antigen-presenting cells98,99. Extracellular 
ATP has also been shown to augment the delayed-type 
hypersensitivity response to 2,4-dinitrochlorobenzene or 
tumour antigens100, but the dependency on NLRP3 has 
not been investigated. The mechanism by which MDP 
could activate the inflammasome is unclear. For example, 
in vitro, MDP has been shown to induce caspase 1 activa-
tion and consequent IL-1β secretion through its activation 
of NOD2 and/or NLRP3 (REFS 93,101) or through NLRP1 
(REF. 102). In vivo, it has also been shown that MDP induces 
IL-1β production through either NOD2 or NLRP3 path-
ways103,104. some non-toxic derivatives of MDP with intact 
adjuvanticity have been shown to induce lower levels of 
IL-1β production than MDP in vivo105. It therefore seems 
that inflammasome stimulation and the adjuvant activity 
of MDP are separable. However, it is not clear whether 
this activation is truly through direct sensing of MDP by 
NLRP3 or whether MDP generates a secondary danger 
signal that is sensed by NLRP3. Further investigation is 
required to conclusively determine whether IL-1β secre-
tion and NLRP3 are required for mediating the adjuvant 
effects of MDP.

In vitro, all reports agree that aluminium hydroxide  
can directly activate NLRP3 to trigger the caspase  
1-dependent processing of pro-IL-1β. However, whether  
NLRP3 is required for the aluminium hydroxide-dependent  
potentiation of antibody responses in vivo remains con-
troversial. Mice  deficient in NLRP3, apoptosis-associated 
speck-like protein containing a CARD (AsC) or caspase 1 
present defective OvA-specific IgG1 antibodies after 
immunization with OvA plus aluminium hydroxide 
in an asthma model42. similarly, NLRP3-deficient mice  

develop defective OvA- or diphtheria toxin-specific IgE 
and IgG1 antibodies after intraperitoneal immunization 
with OvA plus aluminium hydroxide and diphtheria toxin 
plus aluminium hydroxide97. By contrast, the NLRP3 
knockout mice can mount a normal OvA-specific IgG1 
antibody response following intraperitoneal immuniza-
tion with OvA plus aluminium hydroxide. However, this 
study still found a defect in OvA-specific IgE antibodies  
with a concomitant increase in OvA-specific IgC2c, 
suggesting a switch from TH2- to TH1-type immunity106. 
Another study suggests that NLRP3-deficient mice are 
able to mount a normal IgG1 response following immu-
nization with aluminium hydroxide plus human serum 
albumin43; however, it does not report the human serum 
albumin-specific IgE level. 

Another report describes an alternative model of 
NLRP3 activation after aluminium hydroxide injection 
in vivo. The authors suggest that this adjuvant causes 
NLRP3 activation through the production of uric acid, 
which activates NLRP3 in antigen-presenting cells44. This 
last report is in accordance with the idea that the ability 
of aluminium hydroxide to induce a TH2-cell polarized 
immune response depends on its effects on dendritic 
cells107, and is further supported by the observation that 
exposing dendritic cells to this adjuvant in vitro polarizes 
T cells to a TH2-type profile108. Importantly, the molecu-
lar events that are responsible for the adjuvant action of 
aluminium hydroxide remain largely unknown. Indeed, 
IL-1β seems to be dispensable for adjuvanticity mediated 
by aluminium hydroxide, as IL-1 receptor-deficient mice 
develop normal pulmonary TH2-type allergic responses 
after immunization with this adjuvant plus OvA109. 
Finally, IL-18 has been shown to facilitate aluminium 
hydroxide-induced IL-4 production but not to participate 
in the production of OvA-specific IgG1 and IgE anti-
bodies110. Together, these partially conflicting reports 
of in vitro and in vivo observations suggest that, in an 
in vivo setting, aluminium hydroxide does not polarize 
T cell responses exclusively through dendritic cells, but 
also through other as yet undefined cell populations. The 
discovery of the key part played by NLRP3 in driving 
responses to aluminium hydroxide will provide a better 
understanding of the mode of action of this adjuvant.

NLRs and chronic inflammation
The association of NLRs with various chronic illnesses 
has received much attention, as insight into the function 
of these receptors is expected to lead to new therapeutic  
approaches. The diseases associated with NLRs are mostly 
chronic inflammatory disorders (TABLE 2), underscoring 
the importance of these receptors in regulating immune 
responses. Despite the seemingly straightforward impli-
cations of aberrant NLR activity on inflammation, the 
putative roles of NLRs in specific disease pathology 
are diverse and a complex picture is emerging. Multiple 
environmental and genetic factors probably work in com-
bination with different NLRs, which results in different 
disorders. Although many challenges remain, there is great  
potential for developing new strategies for combating  
chronic inflammation. In fact, as discussed below, the 
discovery of the role of NLRP3 in several diseases has led 

 Box 2 | Aluminium salts as immune adjuvants

Until recently, adjuvants that incorporate aluminium salts were the only adjuvants 
approved by the US Food and Drug Administration. The adjuvanticity of aluminium 
salts was discovered in 1926 by Glenny, who found that the aluminium hydroxide  
gel by-product of the diphtheria toxoid precipitate was more immunogenic than  
the purified toxoid214. Investigations have shown that aluminium salts increase the 
production of pro-inflammatory interleukin 1β (IL-1β), attract eosinophils, activate 
complement, increase antigen uptake and presentation by major histocompatibility 
complex (MHC) class II molecules, stimulate IL-4 production and improve lymphocyte 
retention in the lymph nodes. Aluminium salts typically induce a T helper 2 (T

H
2)-type 

immune polarization, characterized by the production of the immunoglobulin (Ig) 
classes IgG1 and IgE33. Despite the long use of aluminium salts as adjuvants,  
it remains unclear how aluminium hydroxide mediates its adjuvant effects. It has 
been suggested that aluminium hydroxide-adsorbed antigens persist longer at the 
site of injection, by creating a reservoir from which they are more readily taken up 
and processed by antigen-presenting cells33. However, several studies have shown 
that neither long exposure of the antigen nor its stable adsorption to aluminium 
hydroxide is necessary for aluminium hydroxide adjuvanticity215–217. Interestingly, 
responses to aluminium hydroxide have been shown to be independent of MYD88 
(myeloid differentiation primary response protein 88) and TRIF (TIR domain-containing 
adaptor protein inducing interferon-β)218. Recently, several reports have identified 
NLRP3 (nucleotide-binding and oligomerization domain (NOD)-like receptor family, 
pyrin domain-containing 3) as a crucial sensor mediating immune responses to 
aluminium hydroxide42–44.

R E V I E W S

470 | juNE 2009 | vOLuME 8  www.nature.com/reviews/drugdisc

© 2009 Macmillan Publishers Limited. All rights reserved



Muckle–Wells syndrome
A type of periodic fever 
syndrome that causes 
sensorineural deafness and 
recurrent hives, and which  
can lead to amyloidosis.

Familial cold urticaria
A type of hereditary periodic 
fever syndrome in which 
symptoms — such as a painful 
rash, fever, chills, joint pains and 
red eyes — develop 1–4 hours 
after a cold exposure.

Chronic infantile 
neurological cutaneous  
and articular syndrome
A type of periodic fever 
syndrome (also known as 
neonatal-onset multisystem 
inflammatory disease) 
characterized by uncontrolled 
inflammation beginning during 
infancy that affects multiple 
parts of the body: rashes, 
arthritis and chronic meningitis 
that ultimately leads to 
neurological damage.

to the development of new treatment regimens for several 
auto-inflammatory disorders. A better understanding of 
the role of NLRs in other chronic illnesses could help 
guide the development of drugs that complement existing 
therapies or that provide relief for individuals who do 
not respond well to existing treatments. Research in this 
field should also provide clues for strategies to prevent the 
onset of many of these illnesses.

NLRP3 mutations and autoinflammatory syndromes. 
NLRP3 was first described when mutations that cause 
Muckle–Wells syndrome and familial cold urticaria were 
mapped to the gene encoding this protein111. subsequent 
studies have also linked NLRP3 to chronic infantile neurolog-
ical cutaneous and articular syndrome (CINCA; also known 
as neonatal-onset multisystem inflammatory disease 
(NOMID))112,113. The mutations associated with these 
diseases seem to lead to deregulation of inflammasome 
formation that results in increased caspase 1 activation  
and IL-1β release114,115. Interestingly, individuals with the 
same NLRP3 mutation can be affected by familial cold 
urticaria, CINCA or Muckle–Wells syndrome, diseases 
that are mainly distinguished by the severity of their 
symptoms; this indicates that environmental or additional 
genetic factors probably have a role in mediating the dif-
ferent pathologies associated with these mutations116,117.  
The range of symptoms associated with mutations of 
NLRP3 could also be a result of the apparent capacity 
of this protein to respond to many different agonists, as 
discussed above.

Despite the potentially complex interactions between  
NLRP3 and environmental factors, a rather straight-
forward approach that involves the use of  anakinra  
(Kineret; Amgen) — a recombinant IL-1 receptor antago-
nist that is approved for the treatment of rheumatoid 
arthritis — has proved successful for treating diseases 
associated with mutations of NLRP3. Following the first 
reported successful treatment of two Muckle–Wells 
syndrome patients with anakinra118, several other trials of 
anakinra on Muckle–Wells syndrome patients reported 
improvements in clinical symptoms as well as reversal 
of hearing119–121 and vision loss122. Anakinra therapy has 
also proved successful for treating patients affected by 
familial cold urticaria123 or by CINCA124. The efficacy of 
anakinra for these disorders indicates that, despite differ-
ences in clinical manifestations, IL-1β overproduction is 
largely responsible for the pathology of these syndromes. 
Therefore, it seems reasonable to speculate that treatment 
of other diseases involving the NLRP3 inflammasome 
with anakinra could prove successful. In the case of gout 
this has proved to be true; NLRP3 has been implicated in 
driving the uric acid-induced inflammation associated 
with gout96 and it has been shown that a drug used to 
treat the disease, colchicine, inhibits the NLRP3 inflam-
masome125. Initial trials of anakinra to treat gout have also 
proved successful126,127, which suggests that NLRP3-driven 
IL-1β production has a key role in the pathogenesis of gout. 
Another long acting IL-1 receptor antagonist rilonacept 
(Arcalyst; Regeneron) is currently being tested to treat 
NLRP3-associated syndromes and has had promising ini-
tial results128,129. It will be interesting to see whether these 
drugs could be applied to other diseases that potentially 
involve NLRP3 such as ischaemia–reperfusion syndromes130, 
silicosis131 or Alzheimer’s disease16.

Discovery of the role of NLRP3 in Muckle–Wells 
syndrome, familial cold urticaria and CINCA has there-
fore helped direct the development of a new strategy for 
treating these diseases and is also applicable to other 
inflammatory disorders that involve NLRP3 activation. In 
the future, drugs could also be developed based on small 
molecules that target specific domains of NLRP3. For 
example, the nucleotide-binding and hydrolytic activity 
of NLRP3 could be targeted, as ATP hydrolysis is required  
for NLRP3-dependent IL-1β production132. Additionally, 
the pyrin domain in NLRP3 could be targeted as it seems 
to be required for inflammasome formation and sub-
sequent caspase 1 activation133–135. These drugs would 
have the added benefit of specifically targeting the over-
activation of NLRP3. Future applications could also 
involve screening for NLRP3 mutations in individuals who 
are at risk for auto-inflammatory syndromes, and estab-
lishing therapies that prevent the onset of clinical disease 
altogether. In addition, understanding how environmental 
factors determine the clinical outcomes of these disorders 
will assist in the development improved therapies.

NOD2 deficiency and Crohn’s disease. In 2001, two groups 
independently reported a frameshift mutation and two 
missense variants of NOD2 as the first genetic risk factors 
identified for Crohn’s disease136,137. subsequent studies 
have identified additional genes associated with Crohn’s  

Table 2 | Human NLR gene variations and inflammatory disorders

NLr Disease association

CIITA Bare lymphocyte syndrome222

Multiple sclerosis223

Systemic lupus erythematosis224

Addison’s disease225

NLRC4 Atopic dermatitis226

NLRP1 Vitiligo22

NLRP3 Muckle–Wells syndrome111

Familial cold urticaria111

Chronic infantile neurological cutaneous and articular syndrome112,113

Crohn’s disease163

NLRP5 Hypoparathyroidism in patients with autoimmune polyendocrine 
syndrome type 1 (REF. 227)

NLRP12 Hereditary periodic fever syndromes23

NOD1 Asthma180

Atopic dermatitis179,226

Inflammatory bowel disease228

NOD2 Crohn’s disease136,137

Blau syndrome184 ,185

Early-onset sarcoidosis186-188

CIITA, major histocompatibility complex class II, transactivator; NLR, nucleotide-binding and 
oligomerization domain (NOD)-like receptor; NLRC4, NLR family, CARD domain-containing 4 
(also known as IPAF); NLRP1, NLR family, pyrin domain-containing 1 (also known as NALP1).
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Anakinra
A recombinant, non- 
glycosylated version of human 
interleukin 1 (IL-1) receptor 
antagonist that blocks the 
biological activity of IL-1β and 
was originally approved for 
treating rheumatoid arthritis.

Rilonacept
A dimeric fusion protein 
consisting of the ligand-binding 
domains of human interleukin 1  
(IL-1) receptor and the IL-1 
receptor accessory protein 
attached to the human Fc 
chain. It acts as an IL-1  
trap by binding to IL-1 and 
preventing interaction with  
its receptors.

Ischaemia–reperfusion 
syndrome
Inflammation associated with 
different forms of ischaemia 
resulting from injury, stroke, 
surgery or other events that 
result in loss of blood flow to 
organs. Return of blood flow  
to affected organs is often 
followed by inflammation that 
is associated with elevated 
levels of interleukin 1β.

Silicosis
A chronic inflammation of the 
lungs caused by exposure to 
silica dust.

ATG16L1 
A gene involved in the process 
of autophagy, whereby cellular 
materials are recycled, that has  
been implicated in modulating 
bacterial infections.

Infliximab
A chimeric monoclonal 
antibody — containing  
a mouse derived Fab for 
specificity and a human  
Fc chain to minimize 
immunogenicity — that binds  
to tumour necrosis factor and 
neutralizes its biological activity.

Ulcerative colitis
An inflammatory bowel disease 
in which chronic inflammation 
of the colon leads to 
destruction of the epithelium 
and formation of ulcers.

disease including the gene encoding the IL-23 receptor138 
and the autophagy gene ATG16L1 (REFS  139,140); how-
ever, NOD2 mutations have been consistently found 
to have the highest disease-specific risk association. 
Before its association with Crohn’s disease, NOD2 had 
been described as a monocyte-restricted gene involved 
in NF-κB activation141. soon after its association with 
Crohn’s disease was discovered, NOD2 was reported 
to be an intracellular sensor of MDP9,10. In addition, 
although NOD2 tissue expression was initially thought 
to be restricted to monocytes and other myeloid lineage 
cells, subsequent studies found that, on stimulation of 
NF-κB, NOD2 expression could be induced in epithelial 
cells142–144. Although the implications of the expression 
pattern of NOD2 are not clear, these findings are in 
accordance with the observed increase in NOD2 expres-
sion in monocytes and epithelial cells from patients with 
Crohn’s disease145. These findings have spurred much 
research aiming to delineate the precise contribution of 
NOD2 in the development of Crohn’s disease, raising 
hopes for new insight into the aetiology of the disease 
and new therapies.

Many observations have emerged that could have 
implications for new treatment strategies for Crohn’s 
disease. For example, NOD2 mutations associated with 
the disease result in decreased NF-κB activation in 
response to stimulation with MDP10,146,147, and cells from 
people with mutations in the gene encoding NOD2 
secrete reduced amounts of cytokines in response to 
various stimuli10,148,149. Cells harbouring NOD2 mutations 
express reduced levels of pro-inflammatory cytokines 
such as IL-8, IL-1β and TNF in response to MDP150, 
TLR2 agonists151 or MDP in combination with TLR ago-
nists149,152,153. This is an unexpected finding as Crohn’s dis-
ease is generally associated with augmented expression 
of pro-inflammatory cytokines. The observed reduction 
in TNF is particularly surprising as therapy with the 
TNF-specific antibody infliximab (Remicade; Centocor) 
is effective in treating Crohn’s disease patients with NOD2 
mutations154,155, which indicates that TNF over-production 
still has a role in the pathogenesis of Crohn’s disease even 
when NOD2 is mutated. One possible explanation is 
that NOD2 mutations lead to a loss of tolerance to TLR 
agonists. Prior stimulation of normal cells with NOD2 
ligands results in decreased TNF secretion when the 
cells are re-stimulated with TLR agonists156,157. However, 
in NOD2-deficient cells, pre-stimulation with a NOD2 
agonist does not inhibit TLR activation when the cells 
are re-stimulated with LPs and instead leads to uninhib-
ited release of pro-inflammatory cytokines such as TNF. 
Other experiments involving Nod2 frameshift knock-in 
mice indicated that this mutation enhances inflammatory 
responses to MDP and increases IL-1β levels158. Although 
this finding is hard to reconcile with the aforementioned 
studies involving clinical samples, there is one report that 
dendritic cells from patients with the frameshift NOD2 
mutation express increased levels of IL-1β in response to 
MDP stimulation159. Therefore, there is controversy as to 
whether NOD2 mutations associated with Crohn’s disease 
are gain-of-function or loss-of-function mutations. It is 
possible that NOD2 activity is delicately balanced and 

that different mutations associated with Crohn’s disease 
could result in either loss-of-function or gain-of-function  
phenotypes that ultimately result in a disruption of 
intestinal homeostasis.

The observation that NOD2 mutations lead to 
increased IL-1β production is intriguing, especially as a 
decreased ratio of IL-1 receptor antagonist to IL-1β has 
been observed in the colonic mucosa of patients with 
Crohn’s disease160–162. However, the mechanism by which 
IL-1β could mediate the inflammation seen in the con-
dition is not clear. A recent study found that mutations 
in regulatory regions of NLRP3 are linked to Crohn’s 
disease163. These mutations appear to lower NLRP3 
expression and decrease IL-1β secretion in response to 
LPs, further supporting a role for deregulation of IL-1β 
production in Crohn’s disease. It is also important to 
note that there is a report of one patient with Crohn’s 
disease in which anakinra worsened the symptoms of the 
condition164, indicating that the situation is more compli-
cated than the overproduction of IL-1β seen in NLRP3-
associated syndromes. Another interesting observation 
is that mutations in NOD2 result in decreased expression 
of the anti-inflammatory cytokine IL-10 in cells from 
patients with Crohn’s disease stimulated with MDP 
and TLR agonists69,151,152. Therefore, it would seem that 
in Crohn’s disease the reduced IL-10 production that 
results from NOD2 deficiency could contribute to the 
inflammation that is characteristic of the condition. 
However, a recent study found that a mutation in IL-10 is 
associated with ulcerative colitis but not Crohn’s disease165. 
This may indicate that IL-10 deficiency does not directly 
contribute to the development of Crohn’s disease and 
may provide some explanation as to why clinical trials 
with recombinant IL-10 therapy have had little success 
in treating individuals with this condition166.

Nonetheless, it is still possible that NOD2-dependent 
IL-10 deficiency has a role in exacerbating inflammation 
in Crohn’s disease when combined with other genetic 
and environmental factors. As mentioned above, NOD2 
stimulation has also been directly implicated in driving 
the polarization of T cell responses. Therefore, a loss of 
NOD2 signalling could result in a cytokine imbalance 
that drives the TH1-type profile typical of Crohn’s disease. 
Finally, it is possible that impaired NOD2 function con-
tributes to a reduced function of the intestinal epithelial 
cell barrier. The direct role of NOD2 in barrier defence 
has been suggested by the observation that it is highly 
expressed by Paneth cells — specialized innate immune 
cells found in intestinal crypts that are essential for pro-
moting barrier integrity167–169. The ability of Paneth cells 
to secrete anti-microbial peptides known as α-defensins 
is decreased in individuals with NOD2 mutations170. In 
addition, the Paneth cells of NOD2-deficient mice secrete 
reduced amounts of cryptdin (the mouse equivalent of 
α-defensin), and this coincides with an increased suscep-
tibility to oral infection with Listeria monocytogenes41. 
However, the possible correlation of increased suscep-
tibility to infection with Crohn’s disease is controversial. 
One possible mechanism would be that that impaired 
function of the epithelial cell barrier allows for frequent 
breaches of the intestinal barrier by bacteria, which 
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ultimately leads to disturbances in the homeostasis of  
T cell responses to the normal flora. Another possibility 
is that reduced production of anti-microbial compounds 
changes the composition of the normal flora and pro-
motes the survival of bacterial species that are more 
prone to cause inflammation. It is important to note that 
a recent study has questioned the link between the NOD2 

frameshift mutation and α-defensin secretion171, and the 
contribution of NOD2 to the defence function of Paneth 
cells in the epithelial cell barrier remains controversial.

The examples listed above help illustrate the complex 
roles that NOD2 has in the development of Crohn’s disease. 
Its functions in maintenance of the epithelial cell barrier 
and the correct balance of cytokines probably contribute  

Table 3 | NLRs implicated in responses to microbes

NLr Microorganism Model 

CIITA Mycobacterium tuberculosis Mouse infection229

Hepatitis B virus Clinical study230,231 

NLRC4 Salmonella tiphimurium Murine macrophage infection18,19 

Shigella flexneri Murine macrophage infection196

Legionella pneumophila Primary and immortalized human cells232, primary murine 
macrophage233,234 and mouse infection197

Pseudomonas aeruginosa Mouse infection198,199

Listeria monocytogenes Mouse infection200

Anaplasma phagocytophilum Mouse infection235

NAIP5 Legionella pneumophila Murine macrophage infection236,237

Salmonella typhimurium Murine macrophage infection219

NLRP1 Bacillus anthracis Stimulation of murine macrophages with anthrax lethal toxin20

NLRP3 Adenovirus Human cell line and mouse infection202

Listeria monocytogenes Murine macrophage infection92

Staphylococcus aureus Murine macrophage infection92

Sendai virus Murine macrophage infection94

Influenza virus Murine macrophage infection94

NLRX1 Sendai virus Human cell line infection203 

Sindbis virus Human cell line infection203

Shigella flexneri Human cell line infection201

NOD1 Entero-invasive Escherichia coli Human cell line infection238

Helicobacter pylori Human cell line and mouse infection195, and clinical study191

Pseudomonas aeruginosa Human cell line and primary murine fibroblast infection239

Chlamydia muridarum Human cell line and mouse infection240

Chlamydia trachomatis Human cell line  and mouse infection240

Chlamydophila pneumoniae Human cell line infection241

Campylobacter jejuni Human cell line infection242

Haemophilus influenzae Mouse infection204

Listeria monocytogenes Mouse infection243

Shigella flexneri Human cell line infection244

Listeria monocytogenes Mouse infection41

NOD2 Bacillus anthracis Human cell line and mouse infection102

Streptococcus pneumoniae Human cell line infection245

Salmonella typhimurium Human cell line infection143

Mycobacterium tuberculosis Human cell line and clinical sample infections246, mouse 
infection247 and clinical study193

Mycobacterium paratuberculosis Human cell line and clinical sample infections248 

Yersinia pseudotuberculosis Mouse infection249

Adherent-invasive Escherichia coli Clinical sample infection250

CIITA, major histocompatibility complex class II transactivator; NAIP5, NLR family, apoptosis inhibitory protein 5; NLR, nucleotide- 
binding and oligomerization domain (NOD)-like receptor; NLRC4, NLR family, CARD domain-containing 4 (also known as IPAF); 
NLRP1, NLR family, pyrin domain-containing 1 (also known as NALP1).
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Blau syndrome
A rare autosomal dominant 
disorder characterized  
by granulomatous arthritis,  
iritis, cranial neuropathies  
and skin rash.

Early-onset sarcoidosis
A juvenile-onset systemic 
granulomatosis similar to  
Blau syndrome that affects 
mainly the skin, joints and eyes.

JUN N-terminal kinase
A mitogen-activated protein 
kinase that phosphorylates 
JUN in response to various 
stress stimuli including 
cytokines, and is involved in  
T cell activation and apoptosis.

to different aspects of chronic inflammation. Despite 
the multiple immune defects that result from NOD2 
dysfunction, many individuals who are homozygous for 
NOD2 mutations are asymptomatic. In fact, in some Asian 
populations such as the japanese172,173 and Chinese174,175 
there is no correlation between NOD2 genotype and the 
risk of developing Crohn’s disease. This indicates that 
NOD2 mutations must act together with other genetic 
and environmental factors to predispose individuals to 
develop chronic inflammation. For example, a variant 
of ATG16L1 has been identified that is associated with 
a modest increase in the risk of developing the disease. 
However, this variant of ATG16L1 is present in an indi-
vidual who is homozygous for a NOD2 mutation, the 
association with Crohn’s disease increases dramatically139. 
Therefore, it is important to consider the interaction of 
many environmental and genetic elements when designing 
new therapies.

Despite these challenges, targeting NOD2 function has 
potential for treating Crohn’s disease. As most patients 
with Crohn’s disease do not have NOD2 mutations, it 
may be feasible to stimulate NF-κB activation by admin-
istering MDP or other NOD2 agonists. stimulation of 
NOD2 could prevent the onset of an inflammatory ‘flare 
up’ by improving the function of the epithelial cell barrier 
through enhanced secretion of α-defensin, or improve 
the symptoms of the disease by boosting IL-10 produc-
tion and restoring the function of regulatory T cells. For 
example, polysaccharide A (PsA) from Bacteriodes fragilis  
suppresses inflammation by boosting IL-10 production176 
and is important for maintaining correct T cell polariza-
tion177,178. Therefore, PsA may be a candidate for treating 
Crohn’s disease and other inflammatory bowel diseases. 
Alternatively, compounds that antagonize NOD2 activa-
tion could be developed as means to attenuate episodes 
of inflammation in individuals in whom NOD2 over- 
activation has a role in mediating pathology. For example,  
small molecular compounds that target the caspase-
activating and recruitment domain (CARD) of NOD2 are 
good candidates for attenuating NOD2 signalling.

Atopic disease and over-activation of NOD1 and NOD2. 
Mutations in NOD1 have been associated with asthma 
and atopic eczema179,180. These mutations also correlate 
with decreased levels of IgE in patients, suggesting a direct 
role in pathology. similar to NOD2, NOD1 recognizes 
peptidoglycan and enhances TLR-mediated NF-κB activa-
tion181 (FIG. 2). However, unlike NOD2, NOD1 is expressed 
by most tissues182 and recognizes a meso-diaminopimelic 
acid (meso-DAP)-containing peptidoglycan fragment 
that is present in most Gram-negative bacteria and a sub-
set of Gram-positive bacteria11,12. These observations may  
partially account for the different pathologies associated 
with NOD1 and NOD2 mutations. The mechanisms 
by which NOD1 mutations lead to disease are not clear. 
However, one NOD1 mutation that is associated with 
asthma is thought to lead to changes in the levels of differ-
ent isoforms of NOD1. Truncated isoforms do not respond 
to NOD1 ligands183 and have been proposed to help silence 
NOD1 activation; therefore, NOD1 mutations involved in 
atopic diseases are thought to result in increased activation 

of NF-κB due to a lack of these regulatory isoforms. NOD2 
mutations that are thought to result in increased NF-κB 
activation are associated with Blau syndrome184 ,185 and early-
onset sarcoidosis186–188. The discovery of the apparent com-
mon aetiology of these diseases coincided with interest in 
using infliximab for treatment of many atopic diseases. so 
far there has been some success in treating Blau syndrome 
with infliximab189 and a study has shown that infliximab 
reduces inflammation in an acute asthma mouse model190. 
Another approach could be to use compounds that directly 
inhibit the activation of NF-κB to treat diseases associated 
with the over-activation of NOD1 and/or NOD2.

NLR agonists for treating acute infections
One of the main functions of NLRs is to help prevent 
microbial infection (TABLE 3). However, the association 
between NLR dysfunction and human disease is not 
always clear. For example, one study found a significant 
association between the presence of a polymorphism in 
NOD1 and susceptibility to gastritis and duodenal ulcers 
associated with Helicobacter pylori191; however, a second 
report failed to show a link between NOD1 polymor-
phisms and H. pylori-associated gastritis and ulcers192. 
Another report linked NOD2 polymorphisms with sus-
ceptibility to infection with Mycobacterium tuberculosis 
in an African American population193, but a different 
study found no evidence that NOD2 polymorphisms are 
associated with an increased frequency of M. tuberculosis 
infections in a south African population194. The disparity 
between these studies could perhaps be attributed to the 
different methodologies used or to the heterogeneity of 
the genetic background and environmental conditions 
of the individuals involved. Thus, human studies have 
sometimes failed to show an association between NLRs 
and susceptibility to infection. However, in more con-
trolled mouse or in vitro experiments, in which there is 
a more homogenous genetic background and greater 
control over environmental conditions, NLRs have been 
implicated in mediating inflammatory responses to a 
range of different bacteria. NOD1-knockout mice are 
more susceptible to infection with H. pylori195 and NOD2-
deficient mice are more susceptible to infection with 
Listeria monocytogenes41; NLRP1 is required for mediating  
anthrax lethal toxin-induced IL-1β production during 
Bacillus anthracis infection in mice102; NLRC4 is involved 
in sensing intracellular bacteria that possess flagella or 
type III secretion systems, including Salmonella tiphimu-
rium18,19, Shigella flexneri196, Legionella pneumophila197, 
Pseudomonas aeruginosa198,199 and L. monocytogenes200; a 
more recently discovered NLR family member, NLRX1, 
has been shown to potentiate the activation of NF-κB 
and JUN N-terminal kinase (jNK; also known as MAPK8) 
in response to S. flexneri infection201; and, as mentioned 
above, NLRP3 stimulates IL-1β production in response 
to infection with L. monocytogenes and Staphylococcus 
aureus92. Additionally, NLRs have been implicated in 
the response to viral infections: NLRP3 has been shown 
to induce IL-1β expression in response to sendai virus, 
influenza virus94 and adenovirus202, whereas NLRX1 is a 
potent inhibitor of NF-κB activation and IFNβ production 
in response to sendai virus and sindbis virus203.
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Myeloid differentiation 
primary response protein 88 
An adaptor protein for most 
Toll-like receptors that is 
required to activate gene 
transcription that is dependent 
on nuclear factor-κB.

The examples above underscore the important role of 
NLRs in the response to microbial infections. This raises 
the question of whether NLR agonists could provide a 
means to boost inflammatory responses to microbial 
pathogens. It has also been observed that co-infection 
of mice with Haemophilus influenzae and Streptococcus 
pneumoniae enhances neutrophil killing of S. pneumoniae 
through a mechanism that involves NOD1 activation by 
H. influenzae204. NOD1 agonists have also been shown to 
enhance the resistance of mice to various bacterial48 and 
viral infections50,52,205. Therefore, it is possible to boost 
innate immune responses to microbes using NOD1  
agonists. A new study found that individuals who are 
deficient in myeloid differentiation primary response  
protein 88 (MYD88), an adaptor protein required for 
TLR signalling (FIG. 2), are more susceptible to infections 
by pyogenic bacteria, presumably owing to constitutively 
weak inflammatory responses206. Could NLR activation 
provide an MYD88-independent means to boost NF-κB 
activation in these individuals? Conversely, could antago-
nism of NLR pathways help reduce excessive inflamma-
tion during infection? Many challenges remain before 
NLR agonists and/or antagonists can be used in a clinical 
setting to prevent and treat infection, such as determining  
the optimal dose, method of delivery and timing of 
administration of the drugs. Despite these challenges, 
harnessing the powerful stimulatory properties of NLRs 
has great potential to aid in the development of new 
strategies to fight infection.

Concluding remarks
Although the field of NLR research is relatively new, 
there have already been important advances that provide 
insight into vaccine and drug development (TIMELINE). 
For example, our understanding of the role of NOD1 
and NOD2 in regulating the polarization of the T cell 
response to adjuvants presents clues on how to improve 

vaccines that target stimulation of cellular or humoral 
immunity. The discovery of the association of NLRP3 
with several syndromes has led to therapy for diseases 
that previously had no effective treatment. The involve-
ment of NLRP3 inflammasome activation in disorders 
such as ischaemia–reperfusion syndromes130, silicosis131 
and Alzheimer’s disease16 suggests that anakinra may be 
an effective therapeutic strategy and is therefore a strong 
candidate for clinical trials. As mentioned above, NOD1 
agonists can prevent infection in animal models and 
consequently should be considered for certain clinical  
applications, such as the treatment of microbial infec-
tions that do not respond well to antibiotics. There is 
also interest in developing small-molecule antagonists 
that inhibit activation of NLRs by directly targeting 
specific receptor domains, such as the pyrin domain in 
NLRP3 or the CARD domains of NOD1 and NOD2, as 
such compounds would be of substantial clinical value.  
This interest has not yet evolved beyond the theoretical 
stage and many difficulties exist in developing such 
compounds. However, naturally occurring compounds 
such as PsA (from Bacteroides fragilis, which inhibits 
NF-κB activation) are readily available and could be 
tested in animal models and perhaps in clinical settings. 
With the advent of mass spectrometry-based proteome 
studies, screening large numbers of microbial products 
for candidates that interact with NLRs is now feasible. 
Therefore, like many existing drugs, the best drug candi-
dates for targeting NLR activity may come from natural 
sources such as commensal or pathogenic parasites, 
yeast, bacteria or viruses that have evolved mechanisms 
to manipulate NLR pathways. The steadily growing body 
of knowledge on NLRs will have a crucial impact on our 
understanding of the mechanisms of action of immune 
adjuvants, as well as the pathogenesiss of inflammatory 
disorders and infectious diseases, and will help direct the 
development of new drugs in the near future.

Timeline | Discoveries relating to NLR functions, disease association and therapeutic development

2001 2002 2003 2004 2005 2006 2007 2008

NLRP3 linked to CINCA 
syndrome112,113

First characterization of 
NLRP3 inflammasome7

NOD2 associated with 
CD136,137

NOD1 shown to mediate 
host response to Shigella 
flexneri infection244

NLRP3 linked to MWS 
and FCU111

NOD2 shown to 
respond to MDP9,10

MWS successfully 
treated with anakinra118

NOD1 shown to 
respond to DAP-type 
peptidoglycan11,12

NOD2-mediated cryptdin production 
shown to protect mice against Listeria 
species infection41

CINCA syndrome treated with anakinra124

Gout treated with anakinra126,127

FCU successfully treated with 
anakinra123

NOD1 implicated in protection 
of mice against Helicobacter 
pylori infection195

Uric acid crystals and K+ efflux shown 
to activate NLRP3 inflammasome96

NLRP1 implicated in response 
to anthrax lethal toxin20

NLRC4 shown to respond to 
bacterial flagellin18,19

NLRP3 implicated in aluminium 
hydroxide adjuvanticity42,43,97,106

Successful outcomes for 
rilonacept trials to treat NLRP3- 
associated syndromes128,129

CD, Crohn’s disease; CINCA, chronic infantile neurological, cutaneous, and articular; DAP, diaminopimelic acid; FCU, familial cold urticaria; MDP, muramyl dipeptide; 
MWS, Muckle–Wells syndrome; NLRC4, nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family, CARD domain-containing 4 (also known as 
IPAF); NLRP1, NLR family, pyrin domain-containing 1 (also known as NALP1). 
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