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Abstract

NLR (nucleotide-binding domain, leucine-rich repeat containing) proteins have rapidly emerged
as central regulators of immunity and inflammation with demonstrated relevance to human
diseases. Much attention has focused on the ability of several NLRsto activate the inflammasome
complex and drive proteolytic processing of inflammatory cytokines; however, NLRs aso
regulate important inflammasome-independent functions in the immune system. In this review, we
will discuss severa of these functions, including the regulation of canonical and non-canonical
NF-xB activation, MAP kinase activation, cytokine and chemokine production, antimicrobial
reactive oxygen species production, type | interferon production, and RNase L activity. We will
also explore the mechanistic basis of these functions and present current challengesin the field.

The genomic mining of evolutionarily conserved gene families with structural similarity has
led to the discovery of alarge gene family (NLRS) encoding proteins with a characteristic
arrangement of nucleotide binding domain (NBD) and leucine rich region (LRR) in both
plants and animals. NLRs share structural similarity with a subgroup of plants disease
resistance (R) genes, which confer resistance to infection caused by fungal, viral, parasitic
and insect pathogens by inducing cell death of infected cells (1). Among animals, NLR
proteins are found in species ranging from sea urchin to human (2). The most prominent
function of NLRsistheintracellular sensing of structures shared by classes of microbes and
endogenous molecul es associated with inflammation, known as pathogen-associated
molecular patterns (PAMPs) and damaged-associated molecular patterns (DAMPs),
respectively. The precise mechanism by which this*sensing” occurs, however, remains a
major challengein thefield (2). NLR proteins also have functions outside of the innate
immune system, such as the regulation of major histocompatibility complex (MHC) genesto
affect adaptive immunity, or the regulation of cell death. This review will primarily focus on
the role of non-inflammasome NLRs in innate immunity because data are converging to
indicate that these NLRs can be categorized into functional subgroups which regulate other
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crucial innate immune pathways such as canonical and noncanonical NF-xB, MAPK, type |
interferon, cytokines and chemokines.

An underlying reason for the intense attention paid to NLRs is their association with genetic
immunologic disorders in humans. For example, mutationsin the class I1, major
histocompatability complex, transactivator (CIITA), the master activator of MHC class 1
gene transcription, result in immunodeficiency. Mutations in NOD?2 are associated with
susceptibility to Crohn's disease (atype of inflammatory bowel disease) and Blau syndrome
(agranulomatous inflammatory disorder). Mutations in the NLRP3 gene predispose patients
to avariety of autoinflammatory disorders. Association of NLRs with asthma, vitiligo
(disease characterized by patchy depigmentation of skin) and urticaria skin rash has also
been shown. Thus, NLRs are important determinants of human inflammatory disorders and
an in depth understanding of their molecular mechanisms of action is crucial to understand
their basic biology and also to devel op targeted therapies.

activation of NOD1 and NOD2 regulate immunity in the host?

NOD21 and NOD2 were two of the first characterized members of the NLR family. Shortly
after their identification, it was recognized that several polymorphisms encoding non-
conservative amino acids or frameshift mutations in the leucine rich repeat of NOD2 were
found in some familia cases of Crohn's disease. A different polymorphism in the nucleotide
binding domain of NOD2 was found to associate Blau syndrome (3). Despite years of
intensive research, however, the mechanism by which variant NOD2 proteins lead to the
enhanced inflammation associated with Crohn's diseases remains enigmatic. There are at
least three working models. Thefirst posits that NOD2 is a positive regulator of immune
defense and defective NOD2 cannot contain pathogen infection (4). Indeed, several Crohn's
disease-associated NOD2 mutations confer impaired activation of the transcription factor
nuclear factor kappa B (NF-«xB), whereas Blau syndrome-associated mutations lead to
constitutive NF-xB activation (5). Nod2-deficient mice show areduction in the level of
antimicrobial a-defensinsin Paneth cells of the intestine (4), consistent with samples from
ileal Crohn's disease patients indicating an association between the NOD2 variant genotype
and reduced a-defensin (6). However the association of NOD2 mutation with a-defensin
was not found by all (7). The second model suggests that NOD2 is protective against
Crohn's disease because it negatively regulates Toll like receptor (TLR)-mediated responses
to the intestinal bacterial flora. This model is supported by the analysis of a second Nod2-
deficient mouse, which showed increased T helper 1-associated cytokine production and
NF-xB activation in response to a TLR2 agonist (8). In support of this, TLR2 ligand
administration in control but not Nod2-deficient mice greatly reduced TLR2-induced
inflammatory responses. TLR2 ligand delivery also reduced chemically-induced colitisin a
NOD-dependent fashion. Remarkably, reintroduction of wildtype NOD2 into Nod2-deficient
mice led to resistance to colitis (9). A third model hypothesizes that Crohn's-associated
NOD2 variants cause increased inflammatory response, because the replacement of Nod2
with a disease variant form resulted in an elevated inflammatory responses, including
enhanced interleukin (IL)-1p secretion and NF-«xB activation in mice (10). Monocytes from
Crohn's disease patients homozygous for this alele, however, actually demonstrate impaired
IL-1p secretion (11), suggesting there may be context-dependent, species-specific
differences. Finally, recent work suggests that a different Crohn's disease associated
mutation in NOD2 leads to a novel interaction between the mutant NOD2 and
heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1). Thisinteraction resultsin
inhibition of hnRNP A1-mediated production of the anti-inflammatory cytokine, IL-10 (12).
Interestingly, the interaction between mutant NOD2 and hnRNP A1 was observed only with
human NOD2 and the human IL-10 promoter but not the murine counterparts. The
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contribution of this novel inhibitory effect of disease associated NOD2 to Crohn's disease
pathogenesis remains to be determined.

Early studies sought to identify the PAMPs responsible for activating NOD1 and NOD2.
NOD1 and NOD2 respond to bacterial peptidoglycan-derived molecul es meso-
diaminopimelic acid (DAP) and muramyl dipeptide (MDP), respectively (3, 13). NOD1 can
also be activated by meso-lanthionine, another peptidoglycan-associated diamino-amino
acid. N-glycolylated MDP, which is made by mycobacteria and actinomycetes, is
substantially more potent in its ability to elicit NOD2-dependent activation of NF-xB than
N-acylated MDP, generated by typical gram-positive and gram-negative bacteria (14). Thus,
NOD1 and NOD2 are activated in response to a number of peptidoglycan-derived moieties
stemming from a broad range of bacterial sources. Although NLR proteins are now
frequently referred to as receptors, it is important to note that neither NOD1 nor NOD2 has
been shown to directly interact with their activating peptidoglycans in a manner consistent
with a pattern recognition receptor. The LRR domains of these proteins are required to
confer responsiveness to their respective stimuli, leading some to suggest that these domains
either bind directly to the cognate peptidoglycan components or to other intracellular
protein(s) that act as an intermediate between these bacterial products and NOD1 or NOD2.

Similar to other NLR molecules, NOD2 signals by acting as a scaffold for the assembly of
large multicomponent signaling complexes (Fig. 1). NOD2 induces multiple effector
pathways that are involved in the host response to pathogenic bacteria. The best
characterized effector signaling pathway of NOD?2 leads to activation of NF-xB through
interactions with the receptor interacting protein-2 (RIP2, also known as RICK or
CARDIAK), a serine/threonine kinase (3). After MDP isinternalized by phagocytosis or
bacteria invasion of the cytoplasm, intracellular NOD2 trandocates to the plasma
membrane (15). There, it associates with RIP2, through the homotypic interactions of
caspase activation and recruitment domains (CARD), thereby allowing membrane
tranglocation of RIP2. Rather than inducing NF-kB activation through RIP2 mediated
phosphorylation of 1xB kinase, the NOD2-RIP2 complex activates the 1«B kinase complex
through K63-linked polyubiquitination of itsy subunit (also known as NEMO). Thisis
achieved through the recruitment of the ubiquitin ligases clAP1 and 2 to the signaling
complex (16). In parallél to the activation of NF-xB, the NOD2-RIP2 complex also
stimulates the mitogen activated protein kinases (MAPK) p38 and JNK. The molecular
mechanisms that regulate the formation of a membrane-bound, RIP2-NOD2 complex are not
fully determined, however numerous cellular proteins have been implicated in NOD2
signaling . The mechanism by which these multiple factors interact to regulate NOD2
signaling during physiologic responses to infection and under pathologic conditions such as
Crohn's disease require further investigation (17).

MDP-mediated activation of NOD2-RIP2 complex is known to modulate both innate and
adaptive immune responses by activating expression of numerous cytokines and
chemokines. NOD?2 control of cytokine expression is mediated largely through its ability to
activate NF-xB and p38 MAPK-dependent signaling. Several studies, however, suggest that
NOD2 has arole in caspase-1 activation and subsequent IL-1a processing in response to
MDP. One study carried out in cellsisolated from NOD2-deficient mice suggests that MDP
induces caspase-1 activation and IL-1a processing through the NOD2 and ASC/NLRP3
inflammasome (18) , although another found MDP activation of caspase-1 is independent of
NOD2 (19). These discrepancies are likely due to the distinct inflammasome activation
protocols used. Thereis also evidence that indicates NLRP1 activates caspase-1 in an MDP
responsive fashion (20, 21). NOD2 has been reported to associate with NLRP1 and
cooperate in caspase-1 activation in response to MDP (21). This heterotypic NLR:NLR
interaction isinteresting because in vitro cell-free reconstitution of MDP-stimulated NLRP1
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inflammasome formation represents the only evidence that any NLR protein actually
directly senses a PAMP. Verification of such afinding in the presence or absence of purified
NOD2 would be crucial in assessing if NLRP1 might be the (or one of the) cellular proteins
required to confer MDP- responsiveness on NOD2 because direct binding of MBP by NOD2
has yet to be observed.

Besides regulating cytokine production, signaling through NOD2 also induces host
antimicrobial responsesin both immune and epithelial cells. Most of the NOD2-induced
antimicrobial responses require NF-xB and MAPK activation, which regulates expression of
antimicrobial peptidesincluding a defensins, 3 defensins, and cryptidins (4). NOD2 also
associates with the NAD(P)H oxidase family member DUOX2 (22). Microbicidal reactive
oxygen species (ROS) production by DUOX?2 appears to be regulated through MDP-NOD2
signaling. These results indicate that recognition of MDP by NOD2 induces multiple
effector responses to enhance intercellular communication through cytokine, chemokine and
defensin production, and antimicrobial function by ROS production. These new
observations present the pressing challenge of defining if these disparate actions of NOD2
are mediated by a single multifunctional complex or by distinct biochemical complexes

How do NLRs affect the mito-signalosome?

Besides the biochemical complexes defined above, recent reports have found a new linkage
between NLRs and a newly defined multimeric complex that is located in the mitochondria,
which together regulates the production of antiviral type | interferon (IFN) and
inflammatory cytokines. The mitochondria have been typically associated with pivotal roles
in oxidative phosphorylation, ATP generation, ROS production, cell survival, programmed
cell death and autophagy; however, recent evidence suggests that mitochondria can act as
central platforms for innate antiviral responses. This function centers on the MAV S/IPS-1/
VISA/Cardif protein, which is an immune-activating adaptor for type | IFN production that
islocated in the mitochondria (23-26). Functional and physical associations of MAV Swith
NLR proteins have been demonstrated, and are proposed to regulate type | IFN and other
inflammatory cytokines. This complex, which also includes helicases that directly bind to
viral single stranded RNA, double stranded viral RNA intermediates, RNasel -cleaved host
RNA and other regulatory proteinsis referred to in this review as the mito-signalosome.

MAVS isubiquitously expressed and its elimination dramatically ablates type | IFN
production in response to specific signals (Fig. 2). Some cell types are heavily dependent on
MAVSfor thetype | IFN response caused by RNA viruses, yet MAV S-independent, Toll
like receptor-dependent machinery isimportant for type | IFN production in other cell types
(25, 27). MAV S activates the transcription factor interferon response factor (IRF)-3 and NF-
kB. NF-xB, in turn, drives increased production of type | IFN and pro-inflammatory
cytokineslike IL-6. MAV'S can also induce apoptosis in response to some viral infections;
however, certain viral proteins such as those from SARS-coronavirus and hepatitis C virus
can antagonize this function (28).

A key pathway by which MAV S regulates inflammation is through its interaction with the
RIGI-like family of pathogen recognition receptors (RLRs). Two of the RLR family
members, retinoic-acid-inducible protein | (RIG-1) and melanoma-differentiation-associated
gene 5 (MDA-5) share a conserved domain structure consisting of two N-terminal CARD
domains and a DExD/H-box helicase domain; however, they exhibit distinct preferences for
the molecular features of RNA ligands and RNA viruses (29). RIG-I binds to short dsRNA
and 5’-triphosphate-bearing ssRNA whereas MDAS recognizes long dsRNA (30)

Given the substantial impact of type | IFN production, it is not surprising that MAVSis
subjected to meticul ous checks-and-balances by negative regulators. One such negative
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regulator isthe NLR protein, NLRX1 (31). NLRX1 isan unusua NLR member inthat it is
located at the mitochondria and contains a mitochondrial targeting sequence at its amino
terminus; however its precise mitochondrial location isin dispute (31, 32). Furthermore, it
contains an N-terminal effector domain that bears similarity to both Pyrin and CARD
domains but cannot be categorized as either. Finally, the sequences encoding the central
nucleotide binding domain is split into two exons at the genomic level and the encoded
domain lacks a Walker A motif that isrequired for ATP binding found in other NLRs.
Instead of direct microbial sensing, NLRX1 interacts with MAV S to prevent its binding to
RIG-I, thus compromising the activation of NF-xB and IRF3 in response to cytosolic RNA
and leading to the inhibition of type | IFN and proinflammatory cytokine production (31).
Overexpression studies also suggest that NLRX1 might positively regulate the production of
ROS from mitochondriain response to an intracellular bacterial pathogen, although
verification with a non-overexpression system is necessary (33). Further delineation of the
physiologic function of NLRX1 would be aided by generation of NIrx1-deficient mice.

Similar to NLRX1, five other proteins, including Atg5-Atg12 conjugate, gC1gR, Mfn2,
PSMA7 and PCBP2, have recently been identified in the mito-signalosome negative
regulatory module (34-38). Reduction of protein expression by RNA interference resultsin
enhanced type | IFN production in response to certain RNA viruses. These proteins,
however, are unlikely to be functionally redundant because they regulate mito-signalosome
activation via distinct mechanisms, including molecular steric hindrance, autophagy and
post-transcriptional destabilization of MAVS. Interestingly, MAV Sresidesin a high-
molecular weight complex in the quiescent state and a substantial fraction of MAVS
migrates into lower molecular weight fractions after stimulation, suggesting it is released
from a negative regulatory complex which precludes signal transduction at baseline (37).
NLRX1 and several negative regulators of MAVS are proposed to work by steric hindrance.
For example, NLRX1 inhibits Sendai virus-induced homotypic CARD:CARD interactions
between RIG-I and MAV'S (31). Atg5-Atg12 conjugate-mediated inhibition of MAV'S
signaling acts by a similar mechanism (35). In contrast, Mfn2 interacts with the C-terminal
and transmembrane region of MAV S rather than the N-terminal CARD domain (37),
although it is unclear whether Mfn2 can sterically preclude upstream RLR engagement by
MAVS. These findings are also compatible with the possibility that binding of inhibitory
factors induces conformational changesin MAV S that reduce its affinity for RLRs.
Furthermore, MAV S activity is also attenuated by its association with the proteosome
subunit, PMSA7 (34), and the ubiquitin ligase, AlP4, via PCBP2 (38). Whether these are
connected to the NLR pathway has not been investigated.

Besides NLRX1, arecent report demonstrated that interaction between MAV S and NOD2
regulatestype |l IFN (Fig. 2). Over-expression of NOD2 but not other NLRs such as NOD1,
NLRC4, NAIP or NLRC3 provides HEK 293 cells the capability to activate IRF3 in
response to single stranded RNA or infection with the single stranded RNA virus,
respiratory syncytial virus (RSV) (39). Interestingly, endogenous expression of NOD2 was
also shown to be induced by single stranded RNA treatment or RSV infection. Depletion of
NOD2 ablated type | interferon production in these cells. Furthermore, immunoprecipitation
of NOD2 led to the recovery of RSV-specific RNA, which was substantiated in a cell-free
system. Thus this study suggests that NOD2 can positively regulate type | IFN by direct or
indirect association with viral single stranded RNA. Patients with NOD2 polymorphisms
that lead to altered NOD2 function, however, are not known to have difficulties with viral
infection. This could be a species-specific differencein that the anti-viral role of NOD2 is
specific to mice or that the disease-associated NOD2 variants are not affected in their anti-
viral function. Aswith MDP, however, it is still premature to define NOD2 as a bona fide
pattern recognition receptor for single stranded RNA because immunoprecipitation is likely
to pull down NOD2-interacting proteins. MAV S associates with both NOD2 and RIG-1/
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MDA-5, thusit is possible that the recovery of RSV-specific RNA isthe result of co-
immunoprecipitation of RIG-I.

NOD2 also has been found to interact with 2'-5' oligoadenylate synthase type 2 (OAS2), a
known RNA binding protein (40). Binding of double stranded RNA to OAS2 resultsin the
generation of 2'-5'- adenosine oligomers, which activate intracellular RNase L. RNase L
then destroys viral RNA and impairs further viral production in the infected cell by
degrading cellular RNASs (41). RNase L-generated RNA species can also activate RLRs,
thus endowing the mitosignal osome with a positive feedback mechanism. These data
suggest that the association with OAS2 links NOD2-mediated type | IFN production to
RNase L activation, which synergistically amplify host antiviral responses (40). It is
intriguing to consider that the induction of type | IFN and RNase L activation by NOD2 in
response to viral infection might parallel the bifurcated signaling and antimicrobial response
seen during NOD?2 activation by bacterially-derived MDP (Fig. 1). It will be of great interest
to assess if NOD2 can hind RNA in the absence of accessory molecules such as RIG-1 or
OAS2 because evidence of direct binding would establish the structural basis for the
classification of NOD?2 as a pattern recognition receptor.

How does NLR affect the non-canonical NF-kB pathway?

One of the first pyrin-encoding NLR genes to be identified was NLRP12 (also known as
Monarch-1 or Pypaf7) (42-44). The expression of this geneis restricted to the myeloid-
monocytic compartment, thusimplicating arole in immunity. Early work using over-
expression of NLRP12 demonstrated it can activate NF-xB, and furthermore, the
introduction of NLRP12, pro-I1L 1B, pro-caspase-1 and the common inflammasome adaptor,
ASC/Pycard into 293T cells can activate caspase-1 with a corresponding increasein IL-15
production (43). Thus, NLRP12 exhibits properties of an inflammasome NLR; however,
gene silencing by short hairpin RNAs or gene deletion has not verified an affect of NLRP12
on IL-1f production. One possible explanation for these opposing resultsis that the specific
activator of the NLRP12-dependent inflammasome was not used in these experiments.

In contrast to its proinflammatory role in inflammasome activation, NLRP12 has also been
shown to impede activation of the non-canonical NF-xB pathway downstream of the tumor
necrosis factor receptor (TNFR) pathway (42). Activation of NF-xB can occur through two
distinct mechanisms, referred to as the canonical and non-canonical pathways (42, 45).
Whereas the canonical pathway istriggered rapidly after cell stimulation, the non-canonical
pathway exhibits much slower kinetics and is entirely dependent upon the NF-xB-inducing
kinase (NIK), which is not required for canonical NF-«xB activation. NIK associates with
p100 subunit of NF-xB and induces its cleavage to its active form, p52, which causes the
expression of adistinct subset of inflammatory genes. NLRP12 downregulates the function
of several important moleculesinvolved in TNFR signaling, including NIK, RIP1, TNF
Receptor Associated Factor (TRAF) 2 and TRAF6 in human cell lines. Furthermore, both
over-expression and small interfering RNA approaches show that NLRP12 reduces the level
of NIK by a proteosome-dependent pathway, athough the precise mechanism is unknown.
Besides NLRP12, NOD2 may aso regulate NIK function (46, 47). Thisis supported by
several observations: when over-expressed, NIK can associate with NOD2, NOD2 and MDP
can enhance p100 processing, and NIK is required for MDP-induced transcription of the
chemokine, CXCL13. NIK function isonly partially attenuated in macrophages lacking
NOD2, suggesting that there might be redundant regulation of NIK by other proteins,
including other NLRs.
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What are the major challenges in the NLR field?

This review summarizes the noninflammasome immune functions of NLRs. In total, studies
of NLRs show that they interface with major regulatory pathways that impact the immune
system, including caspase activation, cytokine, chemokine and defensin production,
canonical and non-canonical NF-xB pathways, MAPK, antimicrobial ROS, interferon
production, RNase L activity, MHC expression and various forms of cell death (Fig. 3). A
major challenge is to assess how NLRs function outside of the immune system because
many NLRs have broad tissue distribution and they participate in signaling pathways that
are broadly employed throughout the organism. Such fields of research include
developmental and reproductive biology, metabolism and cancer, where connections with
NLRs are less-developed but ripe for exploration.

Another challengeisto further understand the in vivo function of both well-studied and
understudied NLRs in immune and non-immune systems. Thiswill require that we
understand the cellular and tissue distribution of the endogenous, not just over-expressed,
NLRs. It aso requires that we understand dynamic changesin their sub-cellular localization
upon activation with the appropriate agonists. This has not been addressed for most NLRs
because of the lack of good antibodies specific for endogenous NLRs,.

A third challenge is to determine which NLRs can undergo homo- and hetero-typic
association with other NLRs. Such interactions have long been proposed (2) but their
significance might be unappreciated. The functional and physical interactions of NOD2 with
NLRP1 or NLRP3 are prime examples where MDP stimulation of the inflammasomeis
achieved (18, 21). Thusthe potentia heterotypic association of 22 NLRs should
exponentially expand repertoire of biologic functions ascribed to NLRs not only in the
immune system, but more broadly in all organs and tissues. A natural extension of such a
model isthat each NLR isnot in atidy functional group, but rather has multiple functions.
Multiple functions could be executed by partnering with other NLRs and participating in
large functional complexes, which depending on the stimulatory signal, would be distinct in
their composition and function (Fig. 3).

Thisleads to afourth challenge, which isto decipher how a single NLR mediates distinct
functions. For example, several NLRs participate in both caspase-1 activation and the
induction of cell death. NOD2 affects not only RIP2, NF-xB, MAPK and NIK, but also the
mitosignalosome. Are these distinct functions achieved by its participation in the same or
different signalosomes? Does NOD2 partner with different adaptors and NLR proteins?

A fifth challenge, which is fundamental to our understanding of NLRs, is: are NLRs simply
components of large signaling complexes, or are they co-receptors for pattern recognition
receptors or even true pattern recognition receptors? Or is it combination of these
possibilities? As presented in this review, there is abundant evidence that each NLR isa
component of alarge signaling complex. In the case of NLRP3, an inflammasome-activating
NLR, it isdifficult to envision how a single molecule might be the receptor for the multitude
of PAMPswith divergent chemical compositions that can activate this inflammasome. In
other cases where the function appears highly restricted, however, a receptor-ligand function
seems to be a greater possibility.

This leads to sixth challenge that when met, will help resolve the mechanism of action of
NLRs: what is the structure of NLR proteins? A resolution of the protein structure of each
NLR protein will help to resolve the mechanism by which NLRs interact with other proteins
within a signalosome and a so whether NLRs directly bind to PAMPs. NLRs are notoriously
difficult to purify, and thus resolving their full-length structure will be a major technical
hurdle, whereas solving the structure of individual domainsis more feasible. Although these
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are challenging issues to resolve, considering the rapid pace of NLR research, much
progressis likely to be accomplished in the near future.
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Fig. 1.

NOD?2 signaling bifurcatesinto antibacterial and antiviral effector arms. A model of NOD2
signaling is presented in which NOD?2 is bound to the chaperonin and ubiquitin ligase pair,
HSP90 and SGT in the basal state (Complex A). Thisisthought to hold the inactive NOD2
in asignaling competent form (48). Upon stimulation with MDP, NOD2 bindsto RIP2, and
activates NF-xB and MAPK (p38 and JNK) through recruitment of several intracellular
proteins, including clAP1 and clAP2 (Complex B). Thisleadsto in the induction of
chemokines, cytokines and defensins, which mediate the antimicrobial responses. Similarly,
viral infection can activate NOD2, leading to its transl ocation to the mitochondria,
association with MAV'S, and the induction of the antiviral cytokine, type | interferon
(Complex C). Double stranded RNA, and possibly single stranded RNA, induces OAS-2 to
interact with NOD2. NOD2 then stimulates the production of -5 oligoadenylate synthase
type 2, which activates antiviral responses including RNaseL activation (Complex C). RIG-I
is depicted because it is the PRR that bindsto viral nucleic acids, while TBK and IKK-elies
downstream of MAV Sto activate IRF-3.
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Fig. 2.

NLR proteins and regulation of the mito-signalosome. In the quiescent state (Complex A),
the CARD:CARD homotypic interaction between MAV S and RIG-I is prevented by MAVS
association with NLRX1, Atg5-Atgl2 conjugate, perhaps by steric hindrance. Mfn2
interacts with the C-terminus and the transmembrane region of MAV Sto abolish its
immune-activating function. The three regulatory proteins target different regions of MAVS
to execute the “molecular brake”. In the presence of cytosolic 5'-triphosphate single stranded
RNA or double stranded RNA, these brakes are rel eased, which renders the assembly of the
active form of mitosignalosome (Complex B), in which MAV Sinteracts with NOD2 and
RLRs, such as RIG-I, which directly interact with viral nucleic acid to trigger type | IFN
production.
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Fig. 3.

NLR proteins signal through different multi-component signalosomes. NLR signaling
modulesinclude the CIITA transcriptosome, the caspase-1 activating inflammasomes, the
interferon/cytokine inducing mito-signalosome, the NF-kB/MAPK activating NOD1/2
complex (referred to asthe NODosome), and the NIK pathway. This figure depicts the
concept that one NLR can serve multiple functions, while multiple NLRs can also serve
similar functions.
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