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Alarmins, Inflammasomes and Immunity

Najwane Saïd‑Sadier, David M. Ojcius

The elaboration of an effective immune response against pathogenic 
microbes such as viruses, intracellular bacteria or protozoan parasites 
relies on the recognition of microbial products called pathogen‑associated 
molecular patterns (PAMPs) by pattern recognition receptors (PRRs) 
such as Toll‑like receptors (TLRs). Ligation of the PRRs leads to synthesis 
and secretion of pro‑inflammatory cytokines and chemokines. Infected 
cells and other stressed cells also release host‑cell derived molecules, 
called damage‑associated molecular patterns (DAMPs, danger signals, 
or alarmins), which are generic markers for damage. DAMPs are 
recognized by specific receptors on both immune and nonimmune 
cells, which, depending on the target cell and the cellular context, 
can lead to cell differentiation or cell death, and either inflammation 
or inhibition of inflammation. Recent research has revealed that 
DAMPs and PAMPs synergize to permit secretion of pro‑inflammatory 
cytokines such as interleukin‑1b (IL‑1b): PAMPs stimulate synthesis 
of pro‑IL‑1b, but not its secretion; while DAMPs can stimulate assembly of an inflammasome 
containing, usually, a Nod‑like receptor (NLR) member, and activation of the protease caspase‑1, 
which cleaves pro‑IL‑1b into IL‑1b, allowing its secretion. Other NLR members do not participate in 
formation of inflammasomes but play other essential roles in regulation of the innate immune response. 
(Biomed J 2012;35:437-49)
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Pattern recognition receptors in innate 
immunity

The eradication of pathogenic microorganisms which are 
themselves constantly evolving relies on the develop-

ment of an adequate immune response to ensure survival 
of the host. Key to successful elimination of infection is 
the ability to initiate a robust innate immune response that 
coordinates removal of pathogens, toxins, or allergenic 
structures, while avoiding excessive damage to self‑tissues. 
Upon microbial sensing, the innate immune system initi-
ates the inflammatory response by secreting cytokines and 
chemokines responsible for recruiting immune cells to the 
site of infection and inducing the establishment of adaptive 
immunity.

Over the past decade the field of immunology has wit-

nessed tremendous advances in our understanding of micro-
bial clearance via the discovery of germ‑line‑encoded pattern 
recognition receptors (PRRs) and their downstream signaling 
pathways. PRRs are evolutionarily conserved receptors that 
detect relatively invariant molecular patterns found in most 
microorganisms of a given class called pathogen‑associated 
molecular patterns (PAMPs).[1] The best characterized PRRs 
are the Toll-like receptor (TLR) family members, which 
constitute at least 12 proteins expressed either on the plasma 
membrane or in endosomal/lysosomal organelles.[2]

TLRs are composed of a leucine‑rich repeat (LRR) do-
main that is usually involved in ligand binding and microbial 
sensing, and a cytoplasmic Toll/interleukin‑1 (IL‑1) recep-
tor (TIR) domain that interacts with TIR domain‑containing 
adaptor molecules such as myeloid differentiation‑primary 
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response gene 88 (MyD88).[3] The expression of TLRs is cell 
specific, assuring an adequate response depending on each 
cell type and the microbial challenges that they encounter.[4] 
Signaling through TLRs induces the activation of nuclear 
factor‑κB (NF‑κB), which subsequently translocates from 
the cytoplasm into the nucleus and drives the transcription of 
specific genes involved in inflammatory, cell survival, or cell 
proliferation responses.[5] Similarly, TLR3, through its adap-
tor protein TRIF, induces the activation of the transcription 
factor, interferon regulatory factor (IRF)‑3, required for the 
production of type I interferon (IFN) responses during viral 
infection.[6] Ligation of most TLRs and the related cytosolic 
receptors, the Nod‑like receptor (NLR) members Nod1 and 
Nod2, leads to synthesis of pro‑inflammatory cytokines and 
chemokines, and their secretion [Figure 1].

The immune response relies also on the contribution 
of non‑TLR PRR family members such as C‑type lectin 
receptors that recognize complex carbohydrates expressed 
on the cell surface of multiple pathogens, especially fungi, 
whose activation triggers endocytosis and phagocytosis of 
the pathogen as well as cell signaling pathways regulating 
the innate and adaptive immune system.[7] Some of these 
receptors, such as Dectin‑1, have been shown to cooperate 
with TLRs, particularly TLR2, to increase the production of 
pro‑inflammatory cytokines, indicating that different PRRs 
can synergize for better microbial control and effective host 
resistance.[8]

Recently, the characterization of a novel class of intra-
cellular PRRs has shed light on our understanding of host 
innate immunity as well as pathogenesis due to inflamma-
tion. These are the nucleotide binding and oligomerization 
domain NLRs, and retinoid acid inducible gene‑I (RIG)‑like 
receptors (RLRs), which are intracellular proteins that sur-
vey the cytoplasm for signs revealing the presence of not 
only pathogen‑encoded molecules, but also pathogen‑encod-
ed activities termed “patterns of pathogenesis”.[9,10] Studies 
focusing on RIG‑I have revealed its function in detecting 

viral PAMPs and subsequent production of antiviral cy-
tokines such as type I IFNs.[11] Until recently, TLR3 was 
the main receptor known to be involved in recognition of 
viral double stranded (ds) RNA and anti‑viral signaling via 
NF‑κB and IRF activation. The RIG‑I structure consists 
of two N‑terminal caspase recruitment domains (CARDs) 
followed by an RNA helicase domain. Upon activation by 
dsRNA, RIG‑1 interacts through its CARD domain with a 
CARD‑containing adaptor called CARD adaptor inducing 
IFN‑β (Cardif). As a result, this platform recruits appropri-
ate signaling intermediates, such as IkB kinases  (IKKs), 
to activate NF‑κB and IRF transcription factors in order to 
modulate anti‑viral responses.[10,12]

The NLR family members are emerging as regulators 
of immunity in response to a surprisingly broad variety of 
pathogens. Members of this family share a similar pattern 
of domain organization, which consists of an N‑terminal ef-
fector region such as CARD or a CARD‑related ‘X’ domain, 
pyrin (PYD) or baculovirus inhibitor repeat (BIR) involved 
in protein‑protein interactions, a central nucleotide‑binding 
domain (NBD) required for self oligomerization, and finally 
an array of C‑terminal LRR motifs which are believed to 
be involved in sensing microbial patterns and modulating 
NLR activity by folding back onto the NOD domain, thereby 
inhibiting spontaneous oligomerization.[13,14]

Yet the precise mechanisms whereby NLR LRRs 
sense their ligands are still unknown. Bioinformatic studies 
pointed out the presence of 23 NLR proteins in the human 
genome; however, their functions as well as their respective 
activators are still under investigation.[15]

Under most circumstances, when the host cell is con-
fronted with a pathogen that expresses a battery of different 
PAMPs, activation of different families of PRRs governs 
the combined immune response in order to successfully 
overcome the microbial challenge with minimal side effects 
to the host. The tissue distribution and subcellular localiza-
tion of the PRRs is a good example of the potential strategy 
that the host has developed in order to discriminate not only 
between pathogens and commensals, but also between a 
virulent organism and one that has lower disease‑causing 
potential.

DAMPs and PAMPs

Previous studies have suggested that innate immunity 
can discriminate between pathogenic microorganisms and 
commensals. But this raises the question of how the immune 
system interprets the microbial environment in order to dis-
criminate between a virulent microorganism from one that 
has lower infectious potential or none.[16] Interestingly, some 
PAMPs are sensed by the immune system only when they are 
present at specific locations, such as flagellin, dsRNA, and 
DNA, which have different effects depending on whether 

Figure 1: TLRs and the cytosolic proteins, Nod1 and Nod2, are 
“pattern recognition receptors” (PRRs) that recognize microbial 
products called “pathogen-associated molecular patterns” (PAMPs). 
As a result of PRR ligation by PAMPs, proinflammatory cytokines 
and chemokines are synthesized and secreted.
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they are present extracellularly or within an infected cell, 
indicating that the immune system initiates responses based 
not only on the identity of the PAMPs, but on where and 
under what cellular context they are presented. Besides the 
recognition of microbial PAMPs, the immune system senses 
other signals associated with infection, such as host compo-
nents released from infected or necrotic cells, which activate 
and amplify the immune response.[17] These observations 
show that the immune system provokes a robust response 
not only against foreign antigens but also against any sign 
that the host is encountering a dangerous situation, which 
is reflected by the release of host molecules from the cell.

During trauma or damage‑induced responses, many 
endogenous molecules such as DNA, ATP, uric acid, DNA 
binding proteins, and reactive oxygen species (ROS) can 
stimulate the immune response when released to the extra-
cellular milieu.[17,18] These molecules had been variously 
named damage‑associated molecular pattern  (DAMPs), 
alarmins, danger signals, or endogenous adjuvants in or-
der to identify these molecules as host‑derived molecules 
that signal tissue and cell damage [Table 1]. Cells of the 
innate immune system respond to these warning signals 
via specific receptors and appropriate signaling pathways 
and thus directly or indirectly promote adaptive immune 
responses.

During an infection in vivo, both PAMPs and DAMPs 
would likely synergize to stimulate a coordinated immune 
response to infection. PAMPs produced by the pathogen 
and released into the extracellular space should bind to 
TLRs and initiate secretion of cytokines. DAMPs released 
from infected or stressed host cells bind to specific DAMP 
receptors (DAMPRs), which, depending on the cell express-
ing the DAMPR and the cellular context, can stimulate cell 
differentiation, cell death, or secretion of inflammatory 
or anti‑inflammatory mediators  [Figure 2]. For example, 
ATP stimulates inflammation, while adenosine can inhibit 
inflammation following ligation of the receptor A2a.[19‑22]

Some of the DAMPs that have been extensively studied 
are discussed below.

High‑mobility group protein B1 (HMGB1)

This DAMP behaves as both an intracellular transcrip-
tional regulator and an extracellular cytokine/inflammatory 
mediator. HMGB1 is a nuclear protein that binds to nucleo-
somes and promotes DNA bending.[23] HMGB1 can be re-
leased into the extracellular space primarily by nonapoptotic 
dying cells, or after translocation into the cytoplasm when 
acetylated or ADP ribosylated. Once released into the extra-
cellular space, HMGB1 mediates endothelial cell activation, 
angiogenesis, stem cell migration, and recruitment and acti-
vation of innate immune effectors through TLR2, TLR4 and 
RAGE (a multi‑ligand receptor binding advanced glycation 
end product.[24‑30] Since it has potent extracellular functions, 
extracellular HMGB1 is neutralized by soluble RAGE and 

Table 1: Examples of well‑characterized DAMPs (danger signals or alarmins)

DAMPs Receptors Outcome of receptor ligation

Extracellular nucleotides 
(ATP, ADP, adenosine)

P1, P2X and P2Y receptors (ATP, ADP); A1, 
A2A, A2B and A3 receptors (adenosine)

Dendritic cell (DC) maturation, chemotaxis, secretion of 
cytokines (IL‑1β, IL‑18), inflammation

Extracellular heat shock 
proteins

CD14, CD91, scavenger
receptors, TLR4, TLR2, CD40

DC maturation, cytokine induction, DC migration to lymph 
nodes

Extracellular HMGB1 RAGE, TLR2, TLR4 Chemotaxis, cytokine induction, DC activation, neutrophil 
recruitment, inflammation, activation of immune cells

Uric acid crystals CD14, TLR2, TLR4 DC activation, cytokine induction, neutrophil recruitment, 
gout induction

Oxidative stress Intracellular redox‑sensitive proteins Cell death, release of endogenous DAMPs, inflammation
Laminin Integrins Neutrophil recruitment, chemotaxis
S100 proteins or 
calgranulins

RAGE Neutrophil recruitment, chemotaxis, cytokine secretion, 
apoptosis

Hyaluronan TLR2, TLR4, CD44 DC maturation, cytokine production, adjuvant activity

Figure 2: DAMPs (danger signals or alarmins) are released from 
stressed or infected cells. The extracel-lular DAMPs bind to specific 
danger signal receptors (DAMPRs), whose ligation can lead to cell 
differen-tiation, cell death, or secretion of proinflammatory cytokines. 
Depending on the DAMP and the target cell, ligation of DAMPRs such 
as the adenosine re-ceptor A2a can result in inhibition of inflammation.
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thrombomodulin. Furthermore, anti‑HMGB1‑neutralizing 
antibodies had been observed to occur physiologically.[31,32] 
Several articles have described a role for HMGB1 as a 
pro‑inflammatory agent whose secretion is regulated by 
NLRP3 and its adaptor, an apoptosis associated speck‑like 
protein containing a CARD domain (ASC).[33,34]

Reactive oxygen species (ROS)

ROS are highly reactive molecules originating from 
molecular oxygen that are involved in a broad variety of 
pathologies and aging. A major pool of ROS is produced 
during oxidative phosphorylation within mitochondria, 
where electrons are passed through a series of proteins until 
they reach their final destination on an oxygen molecule.[35] 
In phagocytic cells, microbial ingestion leads to NADPH 
oxidase activation, which generates ROS for the main pur-
pose of killing invading microbes. Besides the damaging 
properties of these oxidant molecules, several studies have 
highlighted their importance at lower concentrations as 
cell signaling molecules mediating tyrosine kinase recep-
tor signaling in specific cellular subdomains.[36] The role of 
ROS in secondary signaling, cross‑linking of the cell wall, 
DNA laddering, protein modification, and cell death is well 
known.[37] A more recent role for ROS has been described in 
activation of the NLRP3 inflammasome (see below). Most 
NLRP3 triggers that have been examined, including ATP, 
bacterial pore‑forming toxins, asbestos and silica, stimu-
late the generation of short‑lived ROS, and treatment with 
various ROS scavengers blocks NLRP3 activation.[38,39] The 
molecular mechanisms whereby ROS induce the activation 
of the NALP3 inflammasome are not fully understood but 
may involve a thioredoxin‑interacting protein  (TXNIP; 
also known as VDuP1) which associates with NALP3 in a 
ROS‑dependent manner.[40] Furthermore, an interesting study 
suggested that inhibition of autophagy, an evolutionarily 
conserved cellular process which promotes the turnover 
of damaged proteins and organelles, disturbs mitochon-
drial integrity, leading to an increase in mitochondrial ROS 
production and the release of mitochondrial DNA, which 
is responsible for activation NLRP3‑dependent caspase‑1 
activation.[41]

Adenosine triphosphate (ATP)

ATP is an important signaling molecule belonging to 
the purine family. It is produced by cellular respiration and 
is an indispensable factor for the proper function of a huge 
variety of enzymes and structural proteins.[42] Extracellular 
release of ATP takes place in healthy tissue under different 
circumstances, and is involved in triggering a variety of cel-
lular responses such as neurotransmission, vasodilatation, 
muscle contraction, and cell growth.[43,44] ATP mediates its 
effects through ligation of distinct cell‑surface purinergic 

receptors called P2Y  (G protein‑coupled receptors) and 
P2X  (ligand‑gated cation channels), which have distinct 
effector functions, and pharmacological and tissue distribu-
tion profiles.[43]

A substantial body of literature demonstrates the role of 
ATP as a proinfammatory immunomediator affecting differ-
ent immune cell functions. Thus, in healthy tissues, release 
of ATP is tightly controlled and its extracellular concentra-
tion is kept low by ubiquitous ecto‑ATP/ADPases (CD39).
[45] During tissue injury, trauma or cellular stress, the levels 
of extracellular ATP become elevated and are sensed as a 
potential threat to surrounding tissues. A growing body of 
evidence has shown the involvement of extracellular ATP in 
the recruitment and activation of neutrophils, macrophages 
and dendritic cells; for instance, ATP acts as a chemotactic 
agent for dendritic cells (DCs), promotes their maturation, 
and modulates their production of cytokines.[46,47] ATP can 
also stimulate monocyte and microglial cell migration, and 
has a profound impact on ROS and nitric oxide production 
and nitric oxide synthase expression.[48,49] Evidence based 
on in vitro and in vivo studies with P2X‑deficient mice con-
clusively identified extracellular ATP as a potent activator 
of NLRP3‑dependent IL‑1β release from macrophages.[50‑52] 
The same studies identified the purinergic receptor, P2X

7
, 

as the specific receptor responsible for NLRP3 activation. 
Thus, extracellular ATP triggers K+ efflux, inducing gradual 
recruitment of the pannexin‑1 pore and allowing extracel-
lular NLRP3 agonists to access the cytosol.[53] As many 
agonists and antagonists exist for P2X

7
 and new ones are 

being developed, further elucidation of the link between 
purinergic signaling and the inflammasome pathway should 
lead to the discovery of novel therapeutic drugs that could 
suppress inflammation‑related pathogenesis.

Inflammasomes and signalosomes

Keeping the body free from invading pathogens is an 
intricate task that requires cooperation between different 
PRRs. While responses to extracellular PAMPs are mediated 
by membrane bound receptors such as TLRs and C‑type 
lectin receptors, many NLRs are specialized for detection 
of PAMPs that had reached the cytosol or subcellular organ-
elles. Thus, several members of the NLR gene family are 
involved in the assembly of a macromolecular protein com-
plexes termed ‘inflammasomes” that lead to the activation of 
the inflammatory cysteine protease, caspase‑1 (also known 
as interleukin‑1 converting enzyme or ICE). Caspase‑1 in 
turn cleaves pro‑IL‑1β or pro‑IL‑18, resulting in secretion 
of the mature form of these cytokines [Figure 3].[54,55]

Secretion of IL‑1β generates fever, induces leukocyte 
migration to the site of infection, and activates adaptive im-
munity.[56] On the other hand, IL‑18 triggers T helper 1 (T

H1
) 

polarization in the presence of IL‑12, and a T
H2

 response 
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via the production of IL‑4, IL‑5 and IL‑10 when IL‑12 is 
lacking. Recent studies have shown that IL‑18 can synergize 
with IL‑23 in driving T

H17
 cell responses.[57‑59]

The current widely accepted model of inflammasome 
assembly proposes that NLRs sense directly or indirectly the 
presence of pathogens via their C‑terminal LRRs, causing 
the latter to unfold and exhibiting the NOD domains which 
become free to oligomerize. This exposes the N‑terminal ef-
fector domain responsible for the recruitment of the adaptors, 
and leads to initiation of cell signaling.[60] The bipartite adap-
tor protein ASC probably plays a key role in inflammasome 
assembly and caspase‑1 activation by bridging the NLRs 
proteins and caspase‑1. In fact, ASC contains both a CARD 
and PYD domain and is responsible of bringing the CARD 
of the procaspase‑1 to the PYD domain of the inflamma-
some‑forming proteins such as NLRP3 and NLRP1 through 
homotypic interactions, leading to procaspase‑1 autocleavage 
and formation of the active caspase‑1 p10/p20 tetramer.

However, it should be noted that an involvement for 
murine caspase‑11 (also known as caspase‑4) has recently 
been described for caspase‑1 activation and IL‑1b in macro-
phages infected with Escherichia coli, Citrobacter rodentium 
or Vibrio cholera.[61] As the caspase‑1‑deficient mouse lines 
used by all laboratories until now also lack caspase‑11, 
further studies will be needed to better define the respective 
roles of caspase‑1 and caspase‑11 in immune responses to 
different microbial infections.

Other NLR proteins such as NLRP1 and NLRC4 con-
tain a caspase recruitment domain (CARD) at their carboxyl 

and amino termini and can therefore interact directly with 
caspase‑1, forming an inflammasome and sometimes by-
passing the requirement for the adaptor ASC.[62,63]

Several studies showed that potent caspase‑1 activation 
and the production of IL‑1b and IL‑18 are markedly de-
creased in ASC‑deficient macrophages infected with different 
pathogens, or exposed to a variety of DAMPs and crystalline 
substances.[54,64,65] The exact mechanisms directing NLRC4 
inflammasome activation and the participation of ASC remain 
to be determined. It appears that maximal caspase‑1 activation 
by the NLRC4 inflammasome requires ASC, but NLRC4‑de-
pendent cell death is independent of ASC upon macrophage 
infection with S. flexneri[66,67] and P. aeruginosa.[65]

Listed below are the different inflammasomes and 
signalosomes that have been described until now, as well 
as the mechanisms leading to inflammasome activation and 
the role played by inflammasomes in regulating the inflam-
matory response.

The NLRP3 inflammasome

The NLRP3 (Nalp3) inflammasome is currently the best 
characterized inflammasome. It is composed of NLRP3, a 
CARD‑containing adaptor  (ASC), and caspase‑1. Several 
bacterial species including Staphylococcus aureus and Lis-
teria monocytogenes can activate the NLRP3 inflammasome 
by triggering K+ efflux due to their toxins, listeriolysin O, and 
α‑toxin, β‑toxin or γ‑toxin.[52] Mycobacterium tuberculosis 
and Mycobacterium marinum use their ESX‑1 secretion sys-
tem to regulate secretion of IL‑1β and IL‑18 in a process that 
requires the NLRP3 inflammasome.[68] On the other hand, 
Klebsiella pneumoniae requires the NLRP3 inflammasome 
not only for caspase‑1 dependent IL‑1β secretion, but also 
for inducing macrophage cell death. Similarly, Neisseria gon-
orrhoeae infection of monocytes causes IL‑1β production, 
pyronecrosis (a form of cell death involving caspase‑1), and 
HMGB1 release in an NLRP3‑dependent manner through 
a process triggered by the cysteine protease cathepsin B.[69] 
In contrast, Porphyromonas gingivalis infection of primary 
epithelial cells fails to activate an inflammasome on its own, 
but induces synthesis of pro‑IL‑1β; subsequent stimulation 
with a second signal such as extracellular ATP then allows 
NLRP3‑dependent cleavage and secretion of IL‑1β.[70] 
Conversely, M.  tuberculosis subverts the innate immune 
response by inhibiting NLRP3 inflammasome activation.[71] 
Chlamydia trachomatis stimulates NLRP3‑inflammasome 
dependent caspase‑1 activation through its type III secretion 
system, by causing K+ efflux‑dependent and ROS produc-
tion in epithelial cells. Caspase‑1 activation was shown to 
be crucial for chlamydial growth and survival,[72] and was 
required for IL‑1b secretion from monocytes or macrophages 
infected with C.  trachomatis or C. pneumoniae.[73‑75] The 
NLRP3 inflammasome can also be activated by viruses such 

Figure 3: Danger signals can activate an inflammasome containing 
an NLR, the adaptor protein ASC, and the protease caspase-1. An 
extracellular PAMP stimulates synthesis of pro-IL-1b, but not its 
secretion. Ligation of a DAMP receptor (DAMPR) with a DAMP 
such as extra-cellular ATP activates an inflammasome and caspase-1. 
Caspase-1 thus cleaves pro-IL-1b, allowing secretion of the mature 
cytokine. Different NLR inflammasomes detect different types of 
danger: the NLRP3 inflammasome is sensitive to extracellular ATP or 
toxins that damage the plasma membrane, while NLRC4 is activated 
by cytosolic flagellin.
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as the Sendai virus, adenovirus, and influenza A virus, whose 
infections trigger caspase‑1‑dependent IL‑1β secretion.[76,77] 
Recently, modified vaccinia virus Ankara  (MVA), an at-
tenuated poxvirus used as a vector for AIDS vaccines, was 
shown to activate the NLRP3 inflammasome, leading to 
secretion of IL‑1β.[78] Furthermore, the fungus Candida 
albicans, signaling through the tyrosine kinase Syk, causes 
NLRP3 inflammasome‑mediated caspase‑1 activation and 
IL‑1β secretion in a process triggered by K+ efflux and ROS 
production.[79,80] The transition of Candida from the yeast 
to the filamentous form  (hyphae formation) is important 
for activation of the NLRP3 inflammasome.[81] Heat‑killed 
Saccharomyces cerevisiae can also activate the NLRP3 in-
flammasome.[82] In contrast, the fungal pathogen, Aspergillus 
fumigatus, activates the NLRP3 inflammasome only after 
germination into a mycelium, which is a more threatening 
form to the host than the conidial stage of this fungus.[83] 
Moreover, both abiotic and biological crystals such as as-
bestos, silica and amyloid‑β fibrils can activate the NLRP3 
inflammasome through “frustrated phagocytosis” of the 
large components or lysosomal leakage.[84‑86] Destabilization 
of lysosomes by silica crystals, amyloid‑β fibrils and alum 
salts leads to release of the lysosomal protease, cathepsin 
B, which is somehow sensed by the NLRP3 inflamma-
some, inducing inflammasome assembly and activation.[85,86] 
More recently, hemozoin, a heme crystal produced by the 
malaria‑causing parasite, Plasmodium falciparum, was 
shown to activate the NLRP3 inflammasome through the 
Lyn/Syk kinase pathway.[39,87] Long‑term exposure to these 
crystals and other environmental irritants can induce aber-
rant NLRP3 activation, thus inducing inflammation.[65,88,89] 
Crystals can in fact cause autoinflammatory diseases such 
as gout, pseudogout, silicosis, and asbestosis. The NLRP3 
inflammasome can also be activated by host‑derived mol-
ecules, demonstrating that our immune system is not only 
capable of recognizing foreign particles but can also react to 
endogenous indicators of cellular danger such as extracellular 
ATP,[52] metabolic stress,[90] fibrillar amyloid‑b peptide in 
Alzheimer’s patients,[86] and hyaluronan, which is one of the 
chief components of the extracellular matrix that is released 
during tissue injury.[91]

Even though the NLRP3 inflammasome may give the 
impression of being promiscuous since it can be activated 
by a wide variety of stimuli, recent studies have shown that 
all NLRP3 inflammasome activators engage a small number 
of shared pathways such as K+ efflux through P2X

7
‑gated 

ion channel,[49,53] production of ROS from the plasma mem-
brane (NADPH oxidase) or mitochondria,[38,92‑94] or lysosomal 
damage or mitochondrial dysfunction, resulting in cytosolic 
release of lysosomal or mitochondrial contents.[74,85,86,94,95] 
Interestingly, release of oxidized DNA from mitochondria 
was recently identified as a trigger for NLRP3 inflammasome 

activation in cells undergoing apoptosis.[96] Since K+ efflux, 
ROS production, and perturbation of lysosomal stability can 
all lead to apoptosis, it is possible that many of the ligands 
that were previously identified as inducers of NLRP3 inflam-
masome activation may in fact exert their effect via apoptosis.

The NLRP1 inflammasome

Although less studied than NLRP3, the NLRP1 (Nalp1) 
inflammasome was the first inflammasome described.[97] 
It contains a CARD domain that can interact directly with 
procaspase‑1 and bypass the requirement for ASC. However, 
ASC inclusion in the complex has been described and shown 
to increase human NLRP1 inflammasome activity.[13] The hu-
man NLRP1 inflammasome is stimulated by the presence of 
cytosolic muramyl dipeptide (MDP, derived from peptidogly-
can), which results in activation of caspase‑1.[97] In a cell‑free 
system, activation of caspase‑1 was shown to occur through 
a two‑step mechanism whereby MDP triggers a conforma-
tional change in NLRP1, allowing it to oligomerize into the 
inflammasome after binding nucleotides.[13] Separate studies 
on the NLRP1 inflammasome were carried out in mice, which 
possess three NLRP1 paralogues (NLRP1a‑c) compared to 
the sole NLRP1 gene in humans, but they lack functional 
PYD domains and are therefore incapable of interacting with 
ASC.[63,98] Susceptibility of mouse macrophages to lethal 
toxin (LT), a metalloproteinase crucial for Bacillus anthracis 
pathogenesis, is mediated by the NLRP1b inflammasome.[98] 
Transfection of fibroblasts with NLRP1b and caspase‑1 con-
ferred susceptibility of these cells to anthrax LT.[99]

The NLRC4 inflammasome

The NLRC4  (Ipaf) inflammasome is activated by 
some Gram‑negative bacteria possessing type III or type IV 
secretion systems. These bacteria include Salmonella ty-
phimurium, Shigella flexneri, Pseudomonas aeruginosa and 
Legionella pneumophila.[64‑66,100‑102] An initial study showed 
that caspase‑1 activation and subsequent IL‑ 1β and IL‑18 
maturation in response to S. typhimurium infection requires 
the assembly of the NLRC4 inflammasome,[64] and later work 
demonstrated that NLRC4 senses the presence of flagellin 
in the cytosol.[103,104] Similarly, L. pneumophila utilizes its 
Dot‑Icm type IV secretion system to activate the NLRC4 
inflammasome and caspase‑1, which then restricts growth of 
Legionella in macrophages.[102] Flagellin from Legionella was 
shown to be the trigger for assembly of the NLRC4 inflam-
masome.[105] Unlike Salmonella and Legionella, S. flexneri 
does not possess flagellin, yet is still capable of activating 
the NLRC4 inflammasome through a process that requires 
an intact type III secretion system.[66] Although initial stud-
ies showed that NLRC4 inflammasome activation following 
P. aeruginosa infection requires flagellin and an intact type III 
secretion system,[100,101] it was also observed that either the 
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nonflagellated strain PA103ΔU or the flagellin‑deficient mu-
tant strain PAKΔfliC can also activate the NLRC4 inflamma-
some, leading to IL‑1β secretion.[65] These results suggested 
that NLRC4 could be activated via flagellin‑independent 
pathways.[66,106] In fact, it was recently shown that NLRC4 
could also be activated by the type III secretion apparatus, 
some of whose components are analogous to flagellin.[107,108] 
Unlike NLRP3, NLRC4 is not affected by K+ efflux and does 
not contain a PYD domain, but rather has a CARD domain 
capable of direct interaction with procaspase‑1, making ASC 
dispensable for NLRC4‑dependent caspase‑1 activation.[39,109]

The AIM2 inflammasome

AIM2 was identified as a PYHIN  (pyrin and HIN 
domain‑containing protein) family member “absent in mela-
noma 2” that assembles into an inflammasome and controls 
maturation and secretion of IL‑1β and IL‑18, whose proin-
flammatory activities direct host responses against cytosolic 
double‑stranded DNA (dsDNA) from virus, bacteria, or the 
host itself.[110‑113] AIM2 is the first non‑NLR discovered so far 
that can interact with ASC via homotypic PYD‑PYD interac-
tions, allowing the ASC CARD domain to recruit procas-
pase‑1 to the complex whereas its C‑terminal HIN domain 
recognizes and binds to dsDNA. Further characterization of 
the AIM2 inflammasome could contribute to design of new 
therapies since the aberrant presence of host DNA has been 
shown to induce pathological autoimmunity.[114]

The NLRP6 inflammasome

NLRP6  (Nalp6) possesses the structural motifs of 
molecular sensors and is recruited to ‘‘specks’’ formed 
in the cytosol by ASC oligomerization.[115,116] It has been 
known to activate caspase‑1,[115] but a role in immunity was 
not demonstrated until recently, when NLRP6 was found 
to regulate microbial ecology.[117] Thus, NLRP6‑deficient 
mice revealed an altered gut microbiota, with prominent 
changes in the representation of members of several bacterial 
phyla and reduced levels of IL‑18.[117] In addition, NLRP6 
plays an important role in suppressing inflammation and 
carcinogenesis by regulating tissue repair and preserving 
the integrity of the epithelial barrier.[118]

NOD signalosomes

The NLR members, Nod1 and Nod2, are cytosolic 
sensors of breakdown products of bacterial cell walls (me-
sodiaminopimelic acid and MDP, respectively), whose rec-
ognition leads to activation of the NF‑κB pathway through 
homophilic interactions with the CARD domain containing 
adaptor serine/threonine kinase, Rip2.[119,120] Previous stud-
ies had shown that overexpression of Nod1 and Nod2 leads 
to their auto‑oligomerization, resulting in exposure of their 

CARD domains, which recruit Rip2, triggering NF‑κB 
activation.[121,122] Recently, the CARD‑containing protein, 
CARD9, has been found to interact with Nod2 and Rip2, 
and thus to be involved in the activation of JNK and p38.[123] 
Importantly, mutations in the genes encoding Nod1 and Nod2 
are associated with autoinflammatory diseases: mutations in 
the LRR domains of Nod2 result in loss of bacterial sensing, 
leading to decreased tolerance toward commensal bacteria 
seen in Crohn’s disease;[124] and gain of function mutations 
in the NACHT domain of Nod2 are responsible for Blau 
syndrome, a rare autoinflammatory disorder affecting the 
eyes and joints.[125] A recent study suggested that Nod1 also 
plays a role in the activation of the type I IFN pathway, which 
plays a key role in pathogen clearance during Helicobacter 
pylori infection.[126] On the other hand, Nod2 is activated in 
response to infection with the protozoan parasite Toxoplasma 
gondii,[127] and Nod1 and Nod2 had been previously reported 
to sense infection by a large number of bacteria.[128‑134] Anoth-
er study revealed a key role for Nod2 in viral infection, since 
Nod2‑deficient mice are more susceptible to challenge with 
respiratory syncytial virus (RSV) than wild type mice, and 
show weakened IFN responses resulting in increased viral 
burden and death of the infected Nod2‑deficient animals.[135]

The function of the different inflammasomes and 
signalosomes in triggering inflammation in response to a 
large variety of pathogens is now well established. Indeed, 
the identification of the ligands and triggers for the inflam-
masome  [Table  2] and the role of the inflammasome in 
several diseases that had been previously linked to caspase‑1 
represent a tremendous advance in our understanding of 
the critical importance of NLR family members and their 
mutations in these disorders.

Immune function of other NLR family 
members

Possibly the best‑characterized member of the NLR 
family is class II, major histocompatibility complex (MHC), 
transactivator (CIITA), which regulates expression of MHC 
class  II molecules.[136] However, the functions of other 
recently‑described NLRs that are not known predominantly 
as inflammasome components have also been described.

Table 2: Main inflammasomes and triggers for their activation

Inflammasome Ligands or twriggers

NLRP1 Muramyldipeptide (MDP) from peptidoglycan, 
for human NLRP1; anthrax lethal toxin (LT), 
for the murine NLRP1b isoform

NLRP3 Bacteria or bacterial toxins that damage plasma 
membrane, pathogens that induce cytosolic 
ROS, some crystals, alum adjuvant

NLRC4 Flagellin, type III secretion apparatus
AIM2 dsDNA
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NLRC5

NLRC5 (Nalp5) is an NLR protein whose N‑terminal do-
main is most closely related to Nod1, Nod2, and the transcrip-
tion regulator for MHC class II genes, CIITA.[137,138] Recent 
publications have described conflicting roles for NLRC5. Ac-
cording to one view, NLRC5 is a negative regulator of type I 
IFN and NF‑κB pathways through interaction, respectively, 
with RIG‑I/MDA5 and IKKα/β,[137,139] and knock‑down of 
NLRC5 enhances innate and antiviral immunity. However, 
two other studies reported contradictory results: NLRC5 
was reported to be a positive regulator of the IFN pathway in 
epithelial cells and monocytes, and to be required for robust 
levels of IFN secretion, which potentiates the immune viral 
response.[140,141] A different role for NLRC5 was reported with 
regards to MHC class I gene expression.[138] Thus NLRC5 
could directly bind to the promoter region of MHC class I 
and associated genes and induce expression of MHC class I 
genes,[142] whereas another study described an opposite effect 
in other cell lines.[139] A separate study revealed a role for 
NLRC5 in inflammasome formation upon challenge with 
pathogens, PAMPs and DAMPs, by interacting directly with 
NLRP3 in order to regulate caspase‑1 activity.[143] Moreover, 
macrophages from NLRC5‑deficient mice produced normal 
levels of IFNγ, IL‑6, and TNFα after incubation with RNA 
viruses, DNA viruses, and bacteria,[144] implying that NLRC5 
was not necessary for cytokine induction during infection. 
Further understanding of the role of NLRC5 in innate and 
adaptive immunity awaits a deeper analysis of the immune 
response of NLRC5‑deficient mice.

NLRX1

NLRX1 is a newly characterized NLR protein that con-
tains a CARD‑related ‘X’ domain rather than a typical CARD 
domain. Its function as well as its subcellular localization is 
still a matter of debate. Recent articles reported that NLRX1 
is targeted to the mitochondria. In one case, NLRX1was lo-
cated within the mitochondrial matrix; but in the other, it was 
proposed that NLRX1 is attached to the outer mitochondrial 
membrane.[145‑147] Two different functions have been assigned 
to NLRX1: either suppressing MAVS‑dependent antiviral 
pathways, or promoting the generation of ROS through in-
teractions with a molecule of the respiratory chain complex 
III, called UQCRC2.[145‑147] Additional roles have recently 
been described in cell signaling pathways in the cytosol[148‑151] 
or efficiency of bacterial infection,[152] raising the possibility 
that the complete functions of this pleiotropic intracellular 
receptor have yet to be deciphered.

NLRP12

NLRP12 is expressed mainly in the myeloid 
lineage.[153] Several studies have revealed that NLRP12 is a 

negative regulator of TLR‑dependent NF‑κB activation by 
preventing hyper‑phosphorylation of the TLR adaptor IL‑1 
receptor associated kinase 1 (IRAK‑1) and increasing degra-
dation of the NF‑κB‑inducing kinase (NIK).[154,155] Activation 
of NLRP12 requires ATP binding to the NATCH domain, and 
mutations in this area have been associated with hereditary 
periodic fever syndromes resembling the autoinflammatory 
disorders caused by gain‑of‑function mutations in NLRP3.[156]  
In agreement with its anti‑inflammatory effect, NLRP12 
is downregulated following activation by TLR agonists, 
M. tuberculosis infection, or TNFα or IFNγ treatment.[155]

Concluding remarks

Despite substantial progress in understanding the 
activation, regulation and function of the different inflam-
masomes, many gaps remain in our understanding of this 
sophisticated danger and infection detection system. A full 
characterization is complicated by the abundance of NLRs 
and their adaptors and regulators, and the various pathogens 
and danger signals that trigger the innate immune system. 
Nonetheless, the production of mice that are deficient for 
different NLRs is already aiding in elucidating the roles and 
physiological functions of these receptors during infection 
and development of autoinflammatory diseases. As new 
research elucidates the role of the inflammasome in inflam-
mation, it is not surprising that many studies have focused on 
identifying its regulators and the evaluation of their physi-
ological importance. Based on sequence studies, regulators 
of inflammasomes are divided into two families: Those con-
taining a CARD domain, and those with a PYD domain. The 
PYD domains should interfere with PYD‑dependent interac-
tions between the NLRs and their adaptors, and the CARD 
domains will affect the recruitment of caspase‑1 to the 
inflammasome by modulating CARD‑CARD interactions. 
PYD‑containing regulators include Pyrin, POP1, POP2, and 
viral PYDs (vPYDs), whose mutations are correlated with 
excessive caspase‑1 activation and IL‑1b secretion, sug-
gesting that, by interacting with ASC, these regulators may 
decrease its recruitment to the appropriate inflamamsome.
[157,158] Moreover, several autoinflammatory disorders such as 
familial Mediterranean fever (FMF) and pyogenic arthritis, 
pyoderma gangrenosum, and acne (PAPA) syndromes have 
been described in patients who exhibit loss‑of‑function mu-
tations in, respectively, pyrin or pyrin‑interacting proteins, 
leading to inflammasome hyperactivation.[159,160] Overex-
pression or gene silencing of these regulators will help to 
clarify the synergism, feedback loops, and checkpoints that 
ultimately control inflammasome activation.

Taken together, these studies show that the host innate 
immune system, through the activation of NLR proteins, is 
able to respond to “patterns of pathogenesis”, i.e. signals 
related to the strategies that live pathogens use to invade 
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host cells, replicate intracellularly, and spread through tis-
sues. Regardless of the lessons that may be learned in the 
future, the discovery of the NLRs and elucidation of their 
function have already contributed critical information for 
understanding how an effective innate immune response is 
established.
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