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NOD-like Receptors (NLRs)
and Inflammasomes

In mammals, germ-line encoded pattern recognition receptors (PRRs) detect the presence
of pathogens through recognition of pathogen-associated molecular patterns (PAMPs) or
endogenous danger signals through the sensing of danger-associated molecular patterns
(DAMPs). The innate immune system comprises several classes of PRRs that allow the early
detection of pathogens at the site of infection. The membrane-bound toll-like receptors
(TLRs) and C-type lectin receptors (CTRs) detect PAMPs in extracellular milieu and endo-
somal compartments. TRLs and CTRs cooperate with PRRs sensing the presence of cytosolic
nucleic acids, like RNA-sensing RIG-I (retinoic acid-inducible gene I)-like receptors (RLRs;
RLHs) or DNA-sensing AIM2, among others. Another set of intracellular sensing PRRs are
the NOD-like receptors (NLRs; nucleotide-binding domain leucine-rich repeat containing
receptors), which not only recognize PAMPs but also DAMPs.
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FIGURE 1: Overview on PAMPs and DAMPs recognized by NLRs.
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NOD-like Receptors [NLRs]

The intracellular NLRs organize signaling complexes such as inflammasomes and NOD signalosomes. The NLRs have
been first identified due to their homology with the plant R proteins, a large family of proteins involved in resistance
to phytopathogens. In human, the NLR family consists of 22 members (see FIGURE 2).
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Each NLR contains three characteristic domains:

« An N-terminal effector domain responsible for signal
transduction and activation of the inflammatory re-
sponse. To date, four different N-terminal domains have
been identified: acidic transactivation domain, caspase
activation and recruitment domain (CARD), pyrin do-
main (PYD), and baculoviral inhibitor of apoptosis pro-
tein (IAP) repeat (BIR) domain.

« A central nucleotide binding and oligomerization
(NACHT; NBD; NOD) domain that shares similarities with
the NB-ARC motif of the apoptotic mediator APAF1.

« A C-terminal leucine-rich repeat (LRR) domain respon-
sible for ligand sensing and autoinhibition.

Based on the containing N-terminal effector, a unified
standard nomenclature for the NLR gene family was pro-
posed recently (see TABLE 1).
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Approved
Symbol

CIITA

NAIP
NOD1

NOD2

NLRC3
NLRC4
NLRC5
NLRP1
NLRP2
NLRP3
NLRP4
NLRP5
NLRP6
NLRP7
NLRP8
NLRP9
NLRP10
NLRP11
NLRP12
NLRP13
NLRP14
NLRX1

Approved Name

class Il, major histocompatibility complex,

transactivator

NLR family, apoptosis inhibitory protein

nucleotide-binding oligomerization domain

containing 1

nucleotide-binding oligomerization domain

containing 2

NLR family, CARD domain containing 3
NLR family, CARD domain containing 4
NLR family, CARD domain containing 5
NLR family, pyrin domain containing 1
NLR family, pyrin domain containing 2
NLR family, pyrin domain containing 3
NLR family, pyrin domain containing 4
NLR family, pyrin domain containing 5
NLR family, pyrin domain containing 6
NLR family, pyrin domain containing 7
NLR family, pyrin domain containing 8
NLR family, pyrin domain containing 9
NLR family, pyrin domain containing 10
NLR family, pyrin domain containing 11
NLR family, pyrin domain containing 12
NLR family, pyrin domain containing 13
NLR family, pyrin domain containing 14
NLR family member X1

TABLE 1: New standard nomenclature for the human NLR family members.
Adapted from: The NLR gene family: a standard nomenclature: J.P. Ting, et al.; Immunity 28, 285 (2008)
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Alternative Names

NLRA; MHC2TA; C2TA

NLRB1; BIRC1; CLR5.1
NLRC1; CARD4; CLR7.1

NLRC2; CARD15; CD; BLAU; IBD1; PSORAST; CLR16.3

NOD3; CLR16.2

IPAF; CARD12; CLAN; CLR2.1

NOD4; NOD27; CLR16.1

NALP1; DEFCAP; NAC; CARD7; CLR17.1
NALP2; PYPAF2; NBS1; PAN1; CLR19.9
NALP3: CIAS1; PYPAF1; Cryopyrin; CLR1.1
NALP4; PYPAF4; PAN2; RNH2; CLR19.5
NALP5; PYPAF8; MATER; PAN11; CLR19.8
NALPG6; PYPAF5; PAN3; CLR11.4

NALP7; PYPAF3; NOD12; PAN7; CLR19.4
NALPS8; PAN4; NOD16; CLR19.2

NALP9; NOD6; PAN12; CLR19.1

NALP10; PAN5; NODS8; PYNOD; CLR11.1
NALP11; PYPAF6; NOD17; PAN10; CLR19.6
NALP12; PYPAF7; Monarch1; RNO2; PAN6; CLR19.3
NALP13; NOD14; PAN13; CLR19.7
NALP14; NOD5; PANS; CLR11.2

NOD5; NOD9; CLR11.3
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NOD Signalosomes

NOD1 (CARD4; NLRC1) and NOD2 (CARD15; NLRC2) are
both cytosolic pattern recognition molecules (PRRs) of the
NLR (NOD-like receptor) family. Whereas NOD1 is widely
expressed by many cell types, the expression of NOD2 is
restricted to macrophages, dendritic cells, Paneth cells, ke-
ratinocytes and epithelial cells of the oral cavity, intestine
and lung. NOD1 and NOD?2 are both implicated in sensing
the presence of bacterial peptidoglycan (PGN) fragments.
NOD1 senses meso-diaminopimelic acid (meso-DAP)-con-
taining PGN fragments, which are present in most Gram-
negative bacteria and certain Gram-positive ones, like the
Bacillus species. Interestingly, the dipeptide y-D-glutamyl-
meso-DAP (iE-DAP) was shown to be sufficient for NOD1
activation. NOD2 however, seems to be a general sensor
which becomes activated by muramyl dipeptide (MDP),
the minimal motif common to nearly all Gram-positive as
well as Gram-negative bacteria.

Upon activation, NOD1 and NOD?2 initiate a pro-inflam-
matory response through the recruitment of the recep-

tor interacting protein 2 (RIP2; RICK; CARDIAK). Binding
of K63-ubiquitinated RIP2 leads to the direct binding to
NEMO (IKKy), which then gets ubiquinated and degrad-
ed in a proteasome-dependent manner. Ultimately, this
leads to the activation of the catalytic subunits IKKa and
IKKB. The activated IKK complex phosphorylates the in-
hibitor IxB, leading to its proteasomal degradation and
allowing NF-kB to translocate into the nucleus and exert-
ing its function. Additionally, K63-polyubiquitinated RIP2
recruits TAK1, which is also essential for IKK complex ac-
tivation. Furthermore, NOD1 and NOD2 mediated MAPK
activation is also dependent on RIP2 and TAK1.

Both, NOD1 and NOD?2 are key receptors in epithelial cells
where they control infections via the gastrointestinal sys-
tem. Mutations in NOD1 have been reported to confer sus-
ceptibility to several inflammatory disorders including in-
flammatory bowel disease, atopic eczema and asthma.
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FIGURE 4: Danger signals or bacterial compounds as activators of inflammasomes and NODs.
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Inflammasomes - Caspase-1 Activation Scaffolds

An inflammasome represents a high molecular weight
complex that activates inflammatory caspases and acti-
vates cytokines of the IL-1 family. Several inflammasomes
have been described and were so far defined by the NLR
protein that they contain - the NLRP1 (NALP1) inflamma-
some, the NLRP3 (NALP3) inflammasome and the IPAF
(NLRC4) inflammasome. Interestingly, the AIM2 (absent
in melanoma 2) inflammasome, which has been described
recently, does not contain any member of the NLR family.
Inflammasomes can be activated through multiple signals
including live bacteria, microbial toxins, xeno-compounds,
PAMPs and DAMPs (for an overview see page 1). It is sug-
gested that the LRR domains of NLRP3 mediate autore-
pression, probably by SGT1 and HSP90 chaperones that
maintain NLRP3 in an inactive, but signal-competent state.
Upon sensing of their respective ligands, NLRP1 or NLRP3
oligomerize via the NACHT domain, what leads to PYD
clustering and to the recruitment of the adapter protein
ASC (apoptosis-associated speck-like protein containing
a CARD) due to homotypic PYD-PYD interactions. In the
case of AIM2, oligomerization is likely mediated by clus-
tering upon multiple binding sites within dsDNA and not
by a central oligomerization domain like NACHT. However,
AIM2 oligomerization also leads to the recruitment of ASC
via homotypic PYD-PYD interactions. ASC contains an N-
terminal PYD domain and a C-terminal CARD domain that
allows the recruitment of inflammatory caspases through
homotypic CARD-CARD interactions. Thus inflammatory

caspases are brought into close proximity what permits
autoactivation and formation of the active caspase. In
case of procaspase-1, a p10/p20 tetramer is formed after
autocleavage. In addition to caspase-1, NLRP1 can also re-
cruit caspase-5 to the complex but the role of caspase-5
is still under debate. Contrary to NLRP1, NLRP3 and AIM2,
IPAF does not recruit an adapter molecule but directly in-
teracts with procaspase-1 via its CARD domain(see FIG-
URE 4). However, depending on the IPAF stimulus, maxi-
mal caspase-1 activation downstream of IPAF can require
ASC or NAIP.

The assembly of the different inflammasomes elicits a com-
mon downstream cascade, namely the activation of in-
flammatory caspases. These include caspase-1, -4 and -5
in human and caspase-1,-11 and -12 in mouse. However,
caspase-1 appears to be the most dominant inflammatory
caspase associated with inflammasomes. The inflammato-
ry caspases all have a CARD domain followed by a domain
containing the catalytic residue cysteine and are called
inflammatory caspases because their main substrates are
cytokines (such as pro-IL-1B, pro-IL-18 and eventually pro-
IL-33) which are cleaved to their active and secreted form.
In addition, inflammasome activation can lead to host cell
death in certain cell types, known as pyroptosis. Pyroptosis
is thought to be important in restricting the intracellular
replication of invasive pathogens.

Inflammasomes - Activity Regulation

Even though mechanisms that regulate inflammasome ac-
tivity remain elusive, various proteins were identified that
may interfere with inflammasome activation and inflam-
masome dependent inflammatory caspase processing. In
general, two subtypes of inflammasome regulators can
be distinguished - those containing a CARD domain and

those with a PYD domain. Such proteins encompass not
only host derived inflammasome regulators, but also vari-
ous bacterial virulence factors inhibiting caspase-1 activa-
tion and viral PYD proteins.
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Inflammasomes - Therapeutic Implications

As IL-1P and other cytokines are key players in the inflam-
matory response, it is tempting to speculate that IL-16, in-
flammatory caspases and inflammasomes play an impor-
tant role in several diseases (see FIGURE 5). Indeed, some
human hereditary or acquired diseases have been linked
to elevated IL-1B, some of which can be treated by antag-
onists against IL-1 or its receptor. A number of diseases,
known as cryopyrin-associated periodic syndroms (CAPS),
have been directly linked to NLRP3 mutations.

Furthermore, gout, an autoinflammatory disease charac-
terized by severe joint inflammation, is associated with the
deposition of MSU crystals in joints, among other charac-
teristics. As MSU is a potent NLRP3 inflammasome ago-
nist, it is believed inflammasome-regulated IL-1p3 exerts a
pathogenic role in gout. Furthermore, IL-1 secretion by
the NLRP3 inflammasome is triggered by high extracellu-
lar glucose in b-cells. Elevated IL-1p is a risk factor for the
development of Type 2 Diabetes Mellitus (T2DM) and con-
tributes to insulin resistance.

Thus by functioning as a sensor for metabolic stress, like
in the form of monosodium urate (MSU) or hyperglycemia,
the NLRP3 inflammasome likely contributes to the patho-
genesis of gout or T2DM, respectively.

In addition, several inflammasome regulators have a sig-
nificant relevance in diseases. In patients with FMF (familial
Mediterranean fever), pyrin was shown to be mutated. EI-
evated IL-1p levels in the autoinflammatory disease PAPA
(pyogenic arthritis, pyoderma gangrenosum, and acne)
are associated with mutations in PSTPIP1, a pyrin inter-
acting protein. Together, this indicates the importance of
pyrin and inflammasome regulators in autoinflammato-
ry diseases and may allow novel entry points for disease
treatment.
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Detailed View on the Inflammasomes
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The anti-apoptotic proteins Bcl-2 and Bcl-X, were recently
shown to bind and inhibit NLRP1. Bcl-2 and Bcl-X, inhib-
it ATP binding to NLRP1, what is required for oligomer-
ization and furthermore, Bcl-X, was shown to suppress
NLRP1 oligomerization. Thus inflammatory caspases are
not brought into close proximity what negatively interferes
with caspase-1 autoactivation and subsequent process-
ing of pro-inflammatory cytokines. In addition to those
potential NLRP1 activity regulators, K* efflux appears to
be essential for NLRP1 activation.

NLRP3/NALP3 Inflammasome
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Even though the exact mechanism of NLRP3/NALP3 inflam-
masome activation is still under debate, three models are
favored among researchers:

1) The NLRP3 inflammasome agonist, extracellular ATP, binds
to its receptor P2X7 what triggers K+ efflux and pannexin-1
membrane pore formation. The latter may enable the entry
of extracellular factors, which can be direct NLRP3 activa-
tors. It is also suggested that NLRP3 may senses the K+ ef-
flux or membrane integrity.

2) Phagocytosed crystalline or particulate NLRP3 ligands,
such as MSU, alum, silica and asbestos, can cause lysosomal
destabilization and rupture due to mechanical insult what
leads to the release of lysosomal content into the cytosol. As
this pathway is sensitive to the cathepsin B inhibitor CA-074-
Me, it was suggested that cathepsin B, a lysosomal protease,
is involved in the activation of a direct NLRP3 ligand. How-
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ever, no altered IL-1f secretion and caspase-1 cleavage in
response to NLRP3 ligands, like MSU or alum, was observed
in cathepsin B deficient macrophages. It is yet not known
how NLRP3 senses cytoplasmic lysosomal content.

3) The third model involves the production of reactive ox-
ygen species (ROS). All NLRP3 agonists tested lead to the
production of ROS and furthermore, ROS scavengers sup-
press NLRP3 activation. The cellular source of ROS is cur-
rently unknown and although ROS seems to be necessary
for NLRP3 inflammasome activation, it is not sufficient. In b-
cells, TXNIP (thioredoxin-interacting protein; VDUP1), which
is a ROS-sensitive NLRP3 ligand, was shown to be involved
in triggering NLRP3 activation.

Another important parameter in NLRP3 activation, as for
NLRP1, seems to be the cytoplasmic K* concentration. The
fact that macrophages cultured in high K* concentration
show a decreased NLRP3-dependent caspase-1 activation
likely implies that K+ efflux is necessary upstream of NLRP3
activation.

Priming of the NLRP3 Inflammasome

The most prominent function of the NLRP3 inflam-
masome is the processing and activation of pro-IL-
1B. Yet most cells do not express pro-1lI-1p and thus
prior synthesis of pro-ll-1B is required. This can be
achieved by stimulating receptors such as TLRs,
NODs or TNF-R that activate NF-xB and initiate pro-
IL-1B transcription. This process of pro-IL-1f induc-
tion is called priming (Signal 1). Priming also induces
NF-xB-dependent transcription of NLRP3.

An additional stimulus (Signal 2) results in the acti-
vation of the NLRP3 inflammasome and subsequent
initiation of downstream signaling. In the absence of
priming, NLRP3 inflammasome-dependent caspase-1
activation can also be observed, but IL-1p secretion
is absent.

FOR DETAILS SEE:

- Critical functions of priming and lysosomal damage for NLRP3 ac-
tivation: V. Hornung & E. Latz; Eur. J. Immunol. 40, 620 (2010)

- The inflammasomes: K. Schroder & J. Tschopp; Cell 140, 821
(2010)
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IPAF Inflammasome
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The IPAF inflammasome becomes activated by gram-neg-
ative bacteria possessing a functional T3SS or T4SS, like
S. typhimurium, S. flexneri, L. pneumophila, and P. aerugi-
nosa. Initially, cytosolic flagellin was shown to trigger the
IPAF inflammasome activity. However, as nonflagellated
bacteria like S. flexneri also induce IPAF inflammasome
activation, it is very likely that there exist other IPAF ago-
nists. As NLRP3, IPAF was shown to bind SGT1 and HSP90.
The inhibition of HSP90 by geldanamycin blocks the IPAF
activity, indicating that HSP90 is somehow crucial for IPAF
signaling.

Unlike NLRP1 and NLRP3, IPAF activation is not inhibited
by high extracellular K* concentration, indicating that IPAF
is not a sensor for ionic fluxes. However, no direct ligand
receptor interaction was observed to date.
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The HIN-200 family member, AIM2, acts as a sensor for cy-
tosolic bacterial, viral and host dsDNA and triggers an in-
flammatory response through the formation of the AIM2
inflammasome. It is suggested that AIM2 binds directly to
dsDNA via its C-terminal HIN-200 domain. As AIM2 recog-
nizes also host dsDNA it might be involved in autoimmune
diseases. The discovery of the AIM2 inflammasome is not
only remarkable because AIM2 is the first non-NLR fam-
ily member forming an inflammasome, but also because

AIM2 is the first inflammasome receptor shown to directly
interact with its ligand.

X

anti-NLRP3/NALP3 (mouse), mAb (Cryo-1) AG-20B-0006-C100 100pg
anti-NLRP3/NALP3, mAb (Cryo-2) AG-20B-0014-C100 100pg
anti-Asc (human), pAb (AL177) AG-25B-0006-C100 100pg
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