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NOD-like receptors in autoimmune diseases
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Autoimmune diseases are chronic immune diseases characterized by dysregulation of immune system, which ultimately results in a
disruption in self-antigen tolerance. Cumulative data show that nucleotide-binding and oligomerization domain (NOD)-like
receptors (NLRs) play essential roles in various autoimmune diseases, such as inflammatory bowel disease (IBD), rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), psoriasis, multiple sclerosis (MS), etc. NLR proteins, consisting of a C-terminal leucine-rich
repeat (LRR), a central nucleotide-binding domain, and an N-terminal effector domain, form a group of pattern recognition
receptors (PRRs) that mediate the immune response by specifically recognizing cellular pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) and triggering numerous signaling pathways, including RIP2 kinase,
caspase-1, nuclear factor kappa B (NF-kB), mitogen-activated protein kinase (MAPK) and so on. Based on their N-terminal domain,
NLRs are divided into five subfamilies: NLRA, NLRB, NLRC, NLRP, and NLRXT1. In this review, we briefly describe the structures and
signaling pathways of NLRs, summarize the recent progress on NLR signaling in the occurrence and development of autoimmune
diseases, as well as highlight numerous natural products and synthetic compounds targeting NLRs for the treatment of

autoimmune diseases.
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INTRODUCTION

The immune system is mainly composed of the innate immune
system and adaptive immune system. The innate immune system,
which plays a pivotal role in the first line of host defense against
infection, activates the host immune response by recognizing
pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) through the pattern
recognition receptors (PRRs), while the adaptive immune system
mainly recognizes protein antigens through lymphocyte receptors
[1, 21. Interestingly, some PRRs are also expressed and function in
adaptive immune cells, such as regulating antigen presentation
[3]. Currently, PRRs involved in the innate immune response are
mainly divided into two categories: transmembrane proteins, such
as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), and
cytoplasmic proteins, including retinoic acid-inducible gene (RIG)-
I-like receptors (RLRs), and NOD-like receptors (NLRs) [4, 5I.
Activation of these receptors induces the activation of different
transcription factors and the synthesis of different cytokines,
interferons, and chemokines, which exert differential effects
depending on their properties [6, 7].

The most well-characterized PRRs are TLRs and NLRs. NLRs are a
family of evolutionarily conserved innate immune receptors that
were initially shown to respond to intracellular pathogens
(bacterial wall components, toxins, uric acids, damaged mem-
brane, and others) and endogenous byproducts of tissue injury.
Recently, certain observations have shown that NLRs also play
important roles in distinct biological processes such as the

regulation of antigen presentation [8], inflammatory reactions
[9], embryo development [10], and cell death [11].

Autoimmune diseases are chronic immune diseases characterized
by the dysregulation of the immune system, which ultimately results
in the dysregulation of tolerance to self-antigens. The overall
prevalence of autoimmune diseases is ~3%-5% in the general
population. Although the precise mechanisms of autoimmune
diseases remain unknown, many factors are believed to contribute
to their pathogenesis, including genetic susceptibility, immunologic,
and environmental factors [12, 13]. Cumulative evidence has shown
that aberrant activation of innate immune signaling is involved in the
occurrence and development of autoimmune diseases, and NLRs
play essential roles in various autoimmune diseases, including
inflammatory bowel disease (IBD) [9], rheumatoid arthritis (RA) [14],
systemic lupus erythematosus (SLE) [15], psoriasis [16], multiple
sclerosis (MS) [17], type 1 diabetes (T1D) [18], autoimmune thyroiditis
(AIT) [19], and autoimmune hepatitis (AIH) [20]. In this review, we
summarize recent research advances on NLR signaling and discuss
the potential roles of NLRs in the pathogenesis of chronic and
idiopathic inflammatory disorders, which may provide novel targets
for the prevention and/or treatment of autoimmune diseases.

THE NLR FAMILY AND CANONICAL SIGNALING MECHANISMS
The structure of NLRs

NLRs, which are PRRs, are distributed in the cytosol and play
important roles in activating host responses against pathogen
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Protein structures of each NLR subfamily. Human NLRs are divided into five subfamilies: NLRA, NLRB, NLRC, NLRP, and NLRX. All NLRs

except NLRP10 contain an N-terminal effector domain, a central NACHT domain and a C-terminal LRR domain. CARD caspase recruitment
domain, AD acidic transactivation domain, NACHT, NAIP (neuronal apoptosis inhibitor protein), CIITA (MHC class 2 transcription activator),
HET-E (incompatibility locus protein from Podospora anserina) and TP1 (telomerase-associated protein); BIR baculoviral inhibitory repeat-like
domain, PYD pyrin domain, FIIND function to find domain, X unidentified, MTS mitochondria-localization sequence, LRR leucine-rich repeat

infection and cellular stress as intracellular sensors of PAMPs and
DAMPs. All NLR proteins contain a C-terminal leucine-rich repeat
(LRR), except NLRP10, a centrally located nucleotide-binding
domain known as the NACHT domain (named for neuronal
apoptosis inhibitor protein (NAIP), major histocompatibility com-
plex (MHC) class Il transcription activator (CIITA), incompatibility
locus protein from Podospora anserina (HET-E) and telomerase-
associated protein 1 (TP1)) that facilitates self-oligomerization and
adenosine triphosphate (ATP)-dependent NLR activation, and an
N-terminal effector domain (Fig. 1). The LRR domain is similar to
the extracellular domain of TLRs, which is responsible for
recognizing molecular patterns, including the corresponding
components of PAMPs/DAMPs. The characteristic NACHT domain
is involved in ATPase activity and control oligomerization. The N-
terminal effector domain, which is the most distinguished
component of NLRs, binds with various adaptor molecules and
downstream effectors to mediate signal transduction and can be
divided into five subfamilies according to unique functional
characteristics: NLRA, NLRB, NLRC, NLRP, and NLRX1 (Fig. 1).

NLRA. The NLRA subfamily has an N-terminal acidic activation
domain and composed of a single member, CIITA, the activation of
which is dynamically regulated by a series of posttranslational
modifications, such as acetylation, phosphorylation and ubiquiti-
nation [21]. The cell lineage-specific mechanisms that control
CIITA transcription are responsible for positively regulating the
expression of MHCII in different populations of antigen-presenting
cells (APCs) [22] (Fig. 2).

NLRB. NLRB has an N-terminal baculoviral inhibition of apoptosis
repeat (BIR) domain and is likewise composed of only one
member, the NAIP, which is largely recognized for its role in host
defense and cell survival. NAIP inhibits the activities of caspase-3,
caspase-7, and caspase-9, as well as the autocleavage of pro-
caspase-9 and the cleavage of pro-caspase-3 by caspase-9,
exerting anti-apoptosis effects via multiple signals [23].

NLRC. NLRC, the second-largest subfamily of NLRs, harbors an N-
terminal caspase activation and recruitment domain (CARD) and
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consists of five members (NLRC1-5). The members of this family
can interact with other CARD-containing adaptor proteins. NOD1
(NLRC1) and NOD2 (NLRC2) are considered essential NLRs and are
the two primary members of the NLRC subfamily [24]. These
proteins can act on the downstream serine/threonine kinase RIP2,
resulting in the activation of nuclear factor kappa B (NF-kB).
Conversely, NLRP2 and NLRP4 negatively regulate the NF-kB
signaling pathway by inhibiting the expression of tumor necrosis
factor (TNF) receptor-associated factor 6 (TRAF6) [25] (Fig. 2).

NLRP. The NLRP subfamily is the largest subfamily of NLRs and is
distinguished by the presence of a pyrin domain (PYD), which is a
conserved sequence motif found in over 20 human proteins.
Instead of being involved in the transcriptional activation of
inflammatory mediators, NLRPs participate in pyroptosis and are
components of the inflammasomes that regulate caspase-1
activation. NLRPs consist of 14 members (NLRP1-14) and can
sense both pathogen-associated and sterile activators. Pathogen-
associated activators include different PAMPs derived from
bacteria (peptidoglycan (PGN), RNA, DNA, anthrax lethal toxin
(anthrax LT), flagellin, and muramyl dipeptide (MDP)), viruses
(protein and RNA) and fungi (zymosan, mannan, and hyphae)
[26]. In addition, sterile factors that activate inflammasomes
include autogenous DAMPs (monosodium urate (MSU)/calcium
pyrophosphate dihydrate (CPPD) crystals, hyaluronan, amyloid §,
and cholesterol crystals) and environmental factors (alloy
particles, silica, asbestos, alum, ultraviolet radiation, and skin
irritants) [27].

NLRX. NLRX1, the only described member of the NLRX subfamily,
is characterized by an N-terminal mitochondrial-addressing
sequence that allows targeting to the mitochondrial matrix (Fig. 1).
NLRX1 is present in the mitochondrial matrix and widely exerts a
negative effect on antiviral immune responses in an
inflammasome-independent manner, such as by negatively
regulating the mitochondrial antiviral signaling protein (MAVS)-
mediated signaling pathway during hepatitis C virus infection and
typically regulating the NF-kB signaling pathway by inhibiting the
binding of TRAF6 to the inhibitor of NF-kB kinase (IKK) [28].
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Fig. 2 Schematic representation of typical NLR signaling pathways. Classic NLR signaling pathways are mainly composed of four parts:
signal transduction, autophagy, transcriptional activation, and inflammasome activation. NOD1 and NOD2 recognize the bacterial
peptidoglycans iE-DAP and MDP, respectively. Then, the NOD1/2 multimers are activated by homophilic CARD-CARD interactions to recruit
the serine/threonine kinase RIP2 and form NOD signalosomes, which activate the NF-kB and MAPK signaling pathways. Autophagosomes
deliver pathogens to lysosomes for degradation via the essential autophagic adapter proteins ATG5, ATG12 and ATG16L1, and ATG16L1
negatively regulates NOD/RIP2 signaling. NLRP2 and NLRP4 also negatively regulate activation of the NF-kB pathway by modifying TRAF6.
IFN-y stimulates CIITA and NLRC5 activation. Self-assembled CIITA and NLRC5 subsequently activate the transcription of MHCII and MHCI,
respectively. Activated NLRP1, NLRP3, NLRC4, and AIM2 inflammasomes recruit ASCs, followed by the activation of caspase-1, as well as the
secretion of IL-1p and IL-18. In addition, the activation of caspase-1 also triggers pyroptosis

Canonical signaling mechanisms of NLRs

The signaling mechanisms of the NLR family are relatively
conserved. When a PAMP is recognized by the LRR domain of
an NLR, conformational changes in the NLR occur, which causes
ADP/GDP and ATP/GTP to exchange and assemble to form a
polymer scaffold, thus triggering downstream signal transduction.

NOD1 and NOD?2 signaling. NOD1 and NOD2 have been shown
to be critical receptors involved in the cytoplasmic recognition of
minimal peptidoglycan motifs from bacterial pathogens. Specifi-
cally, NOD1 recognizes y-D-glutamyl-meso-diaminopimelic acid
(iE-DAP), which is primarily found in gram-negative bacteria,
whereas NOD2 is activated by MDP, a common peptidoglycan
motif in both gram-positive and gram-negative bacteria [29, 30].
Upon specific binding to the ligand, the NACHT domain
oligomerizes and initiates the recruitment of interacting proteins,
leading to the activation of homotypic CARD and the formation of
a signalosome including CARD and the CARD-containing kinase
RIPK2 (also called RIP2/RICK) [31, 32]. Afterward, RIPK2 induces the
activation of the NF-kB and mitogen-activated protein kinase
(MAPK) signaling pathways through IKK and transforming growth
factor-B (TGF-P)-activated kinase 1 (TAK1), thus promoting the
transcription of proinflammatory genes [33]. In addition, NOD2
induces autophagy to remove pathogens by recruiting Atg5,
Atg12 and Atgl16L1 to the plasma membrane at the site of
bacterial entry [34] (Fig. 2).

Signaling involving inflammasome assembly. The inflammasome
is an oligomeric protein complex that consists of three parts: an
NLR molecule (recognition of DAMP/PAMP), an effector molecule
(cleavage of pro-interleukin (IL)-IB or pro-IL-18) and coupling
molecules. The structures of all inflammasomes are roughly the
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same, and the only difference lies in the diversity of NLR molecules
[35]. Among the NLR family, several members participate in the
formation of inflammasomes, including NLRC4, NLRP1, NLRP3,
NLRP2, NLRP6, NLRP7, and NLRP12. The roles of the remaining
identified NLRs in inflammasome formation have not yet been
reported [26]. These NLRs are essential activators that play crucial
roles in regulating inflammasome activity upon detecting infec-
tion or cell damage.

The NLRP3 inflammasome has been one of the most widely
studied inflammasomes in recent years. In response to PAMPs/
DAMPs, dimerized NLRP3 molecules polymerize the two PYD
effector domains and activate apoptosis-associated speck-like
protein containing a CARD (ASC) through a homophilic
CARD-CARD interaction, which links activated inflammasome
sensors to the effector molecule pro-caspase-1 and promotes
the autocatalytic activation of caspase-1 via the recruitment of
pro-caspase-1 [36]. Thus, the duplex of NLRP3, ASC (PYD + CARD)
and the effector complex (CARD + caspase-1) collectively form a
structure called the inflammasome [37]. The main function of
caspase-1 is to cleave two inactive cytokine precursors, pro-IL-13
and pro-IL-18, into active IL-13 and IL-18, respectively [38]. In some
cases, caspase-1 can also cleave gasdermin D at Asp276 and
Asp275 to generate an N-terminal cleavage product that triggers a
particular type of inflammatory death known as pyroptosis [39]. In
addition, it has been reported that some activators, such as
lipopolysaccharide (LPS) and ATP, can induce mitochondrial
dysfunction and the release of mitochondrial reactive oxygen
species (mtROS) and oxidized mitochondrial DNA (mtDNA),
activating the NLRP3 inflammasome [40]. Most NLRP3 stimuli
induce K* efflux, which is necessary and sufficient for NLRP3
activation [41]. However, activation of the NLRP3 inflammasome
needs to be tightly controlled. NEK7, a serine/threonine kinase
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» NLRP12, NLRC3 and NLRX1 are protective

Celiac Disease

» Hyperactivation of NLRP3 inflammasome
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Autoimmune Hepatitis
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Systemic Lupus Erythematosus
> Significantly increased expression of NOD2
> SNPs in CIITA and NLRP1 associate with
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Fig. 3 The effect of NLRs on autoimmune diseases. NLRs are involved in the development of multiple autoimmune diseases, including IBD,
RA, SLE, psoriasis, MS, and T1D. Abnormal expression of NLRs and excessive inflammasome activation drive the pathogenesis of autoimmune

diseases

required for mitotic spindle formation, is indispensable for NLRP3
inflammasome activation [42]. A recent study has shown that the
centrosomal Spata2/CYLD/polo-like kinase 4 (PLK4) signaling axis
suppresses NLRP3 inflammasome activation by PLK4-mediated
NEK7 phosphorylation, thus inhibiting inflammasome overactiva-
tion. In addition, the association between NLRP3 and ASC is also
attenuated by silencing B-catenin, the master regulator of the
canonical Wnt/B-catenin signaling pathway [43]. Similar to NLRP3,
both NLRP1 and NLRC4 have also been shown to assemble
inflammasomes via similar mechanisms [44, 45] (Fig. 2).

NLRS IN AUTOIMMUNE DISEASES

Autoimmune diseases are chronic immune diseases characterized
by inappropriate immune responses to the body’'s own cells,
tissues, or organs. Although numerous progressive treatment
strategies can ameliorate the progression of these diseases,
autoimmune diseases are still incurable, and the long-term
prognoses are unsatisfactory. Therefore, it is urgent to explore
novel, individualized therapeutic targets. Accumulating evidence
has shown that NLRs are involved in the pathogenesis and
development of multiple autoimmune diseases (Fig. 3, Table 1).

IBD

IBD is a chronic inflammatory disorder of the gastrointestinal tract
that is characterized by complicated and relapsing inflammation
and includes ulcerative colitis (UC) and Crohn'’s disease (CD). Host
genes, the environment, and other factors lead to an imbalance in
the mucosal immune response to the commensal intestinal
microbiota, and innate immunity plays a direct role in the
pathogenesis of this disease.

NOD1 and NOD2 are expressed throughout the intestinal
epithelium and in various intestinal immune cells, such as T cells, B
cells, and monocytes, and can induce the NF-kB, MAPK, and
interferon (IFN) signaling pathways [46]. NOD1/2 signaling in the
context of maintaining intestinal homeostasis under different
conditions is complicated. On the one hand, intestinal intrae-
pithelial lymphocytes (IELs) are mainly distributed in the intestinal
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epithelial cell layer and play a protective role in IBD. Jiang et al.
reported that IELs were reduced significantly in Nod2 ™'~ mice, and
the recognition of gut microbiota by NOD2 was important in
maintaining the homeostasis of IELs [47]. Furthermore, Nod1~'~;
Nod2™'~ mice had increased paracellular permeability, decreased
E-cadherin expression and increased susceptibility to dextran
sulfate sodium (DSS) based on the effects of commensal and
probiotic bacteria [48]. On the other hand, NOD2 signaling
promoted hyperresponsive macrophages and colitis in IL-10-
deficient mice, and the loss of Nod2 in IL-107'~ mice resulted in
significant amelioration of chronic colitis [49]. In addition, Nod2
deletion in SAMP mice, a murine model of spontaneous ileitis,
decreased the severity of chronic ileitis by reducing Th2 cytokine
production and Th2 transcription factor activation [50].

Members of the NLRP subfamily are also closely related to the
course of IBD. Among them, NLRP3 has regularly been a research
focus. In 2017, Lazaridis et al. reported for the first time that the
NLRP3 inflammasome is more highly activated in CD patients than
in healthy controls [51]. In 2018, Ranson et al. demonstrated that
the expression of NLRP3 was upregulated in active UC and CD
[52]. Activation of the NLRP3 inflammasome is a key step in the
initiation of IBD, leading to tissue damage and clinical manifesta-
tions. Recently, a study by Chen et al. showed that NEK7, an
important component of the NLRP3 inflammasome in macro-
phages, interacted with NLRP3 to affect IBD via pyroptosis [53].
However, NLRP3 also exhibits protective effects in mucosal
immunity. When the integrity of the intestinal epithelium is
impaired, activation of the NLRP3 inflammasome can promote the
repair and regeneration of the intestinal mucosa. Nlrp3~/~ mice
were found to be more susceptible to DSS- and 2,4,6-trinitroben-
zenesulfonic acid (TNBS)-induced experimental colitis [54]. More
interestingly, a study unexpectedly revealed that hyperactive
NLRP3 inflammasomes remodeled the gut microbiota and
neutralized intestinal inflammation by inducing the production
of regulatory T cells (Tregs) in Nirp3"%°®" mutant mice [55]. In
addition, Nilrp1b~~ mice exhibited significant increases in
morbidity, inflammation, and colitis-associated tumorigenesis
[56]. In contrast, a recent study by Tye et al. reported that the
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Table 1. NLRs in autoimmune diseases
Diseases NLRs Tissues Cells Effect References
IBD NOD2 Intestine |IELs Protection [47, 48]
NOD2 Intestine / Aggravation [49, 50]
NLRP1 Intestine Intestinal epithelial cells Protection [56]
NLRP1 Intestine / Aggravation [57]
NLRP3 Intestine Macrophages, neutrophils Aggravation [51-53]
NLRP3 Intestine Macrophages, neutrophils Protection [54, 55]
NLRP6 Intestine Intestinal epithelial cells Protection [58]
RA CIITA Serum PBMCs Aggravation [59]
NOD1 Synovium Synovial fibroblasts Aggravation [60]
NOD2 Serum, synovium PBMCs, FLSs Aggravation [61, 62]
NLRC5 Synovium FLSs Aggravation [63]
NLRP1 Serum PBMCs, granulocytes Protection [67]
NLRP2 Serum PBMCs Aggravation [68]
NLRP3 Serum PBMCs, T cells, monocytes Aggravation [64-66]
NLRP6 Synovium FLSs Protection [69]
NLRP12 LN, spleen T cells Protection [70]
SLE CIITA Serum PBMCs Aggravation [87]
NOD2 Serum PBMCs Aggravation [72]
NLRP1 Serum PBMCs Aggravation [74]
NLRP1 Serum PBMCs Protection [78]
NLRP3 Kidney PBMCs, macrophages, podocytes Aggravation [75-77]
NLRP3 Serum PBMCs Protection [78]
Psoriasis NOD2 Epidermis / Aggravation [16]
NLRP3 Serum PBMCs Aggravation [83]
MS CIITA Serum PBMCs Aggravation [86]
NOD1 Spinal cords Dendritic cells Aggravation [84]
NOD2 Corpus callosum OPCs Aggravation [85]
NLRC3 / DCs Protection [95]
NLRP1 Serum PBMCs Aggravation [88]
NLRP3 Spinal cords, cerebral cortices Microglia, astrocytes Aggravation [89-91]
NLRP3 / T cells Protection [93]
NLRP12 Spinal cords T cells Protection [94]
NLRX1 / Microglia, astrocytes Protection [96]
T1D CIITA Serum PBMCs Aggravation [98]
NOD2 Pancreatic LN DCs, macrophages Aggravation [18, 97]
NLRP3 Pancreatic islets Hematopoietic cells, nonhematopoietic cells Protection [99]
AIT NLRC4 Thyroid Thyroid follicular cells Aggravation [19]
NLRP1 Thyroid Thyroid follicular cells Aggravation [19]
NLRP3 Thyroid Thyroid follicular cells Aggravation [19]
AlH NLRP3 Liver Primary hepatocytes, nonparenchymal liver cells Aggravation [20]
Vitiligo NLRP1 Skin / Aggravation [100]
NLRP3 Skin Keratinocytes Aggravation [101]
KD NLRP3 / HUVECs Aggravation [102]
Celiac disease CIITA Small intestine Intestinal epithelial cells Aggravation [104]
NLRP3 Small intestine / Aggravation [103]

IELs intestinal intraepithelial lymphocytes, PBMCs peripheral blood mononuclear cells, DCs dendritic cells, FLSs fibroblast-like synoviocytes, LN lymph node,
OPCs oligodendrocyte precursor cells, HUVECs human umbilical vein endothelial cells

NLRP1 inflammasome was a key negative regulator of butyrate-
producing protective commensal bacteria and exacerbated DSS-
induced colitis by limiting the production of Clostridiales in the
gastrointestinal tract [57]. The NLRP6 inflammasome also plays a
role in maintaining homeostasis between the microflora and the
host in the digestive tract [58]. Overall, it is critical to clarify the
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exact mechanisms of inflammasomes for the effective treatment
of IBD.

RA

RA is a chronic inflammatory arthropathy that is characterized by
synovitis and irreversible joint injury. The exact cause of RA is not
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clear yet. As the master regulator of MHCII gene expression, the
CIITA locus is a strong autoimmune risk factor that regulates the
expression of two major risk loci, DRB1 and DQB1. Notably,
Ronninger et al. showed that a single-nucleotide polymorphism
(SNP) in the CIITA promoter, rs3087456 (-168 A/G), is involved in
RA in Scandinavian populations [59]. NLRC subfamily members
NOD1 and NOD2 have also been correlated with RA. NOD1 can
promote the production of inflammatory mediators in the synovial
tissue of RA patients [60]. Franca et al. observed that NOD2/
RIP2 signaling was upregulated in peripheral blood mononuclear
cells (PBMCs) isolated from RA patients after stimulation with MDP
[61]. Similarly, proinflammatory cytokine and NF-kB levels in
fibroblast-like synoviocytes (FLSs) in RA can be reduced by
downregulating NOD2 expression [62]. In addition, transient
transfection with siRNA against NLRC5 can significantly reduce
the level of proinflammatory cytokines (TNF-a and IL-6) and inhibit
the proliferation of FLSs in the synovial tissues (STs) of rats with
adjuvant-induced arthritis by suppressing activation of the NF-kB
signaling pathway; thus, NLRC5 may be a candidate therapeutic
target for RA treatment [63].

Recently, increasing evidence has suggested that the NLRP3
inflammasome participates in the pathogenesis of RA. Jenko et al.
demonstrated that the interaction between NLRP3 rs35829419
and CARDS8 rs2043211 facilitated RA susceptibility and that the
latter promoted early-stage and long-term disease activity [64]. A
study showed that arthritic symptoms and cartilage erosion in
collagen-induced arthritis (CIA) mice could be effectively attenu-
ated by treatment with a selective NLRP3 inhibitor, suggesting
that NLRP3 is associated with the susceptibility and disease
activity of RA [14]. Knockdown of NLRP3 can inhibit Th17 cell
differentiation and alleviate RA, implied that the NLRP3 inflamma-
some contributes to the pathogenesis of this disease by
promoting Th17 cell differentiation [65]. A new study in 2020
proposed that allosteric enhancement of calcium-sensing receptor
signaling led to the exacerbation of RA by driving NLRP3
inflammasome activation [66]. Other members of the NLRP
subfamily also participate in the pathological process of arthritis.
The NLRP1 inflammasome has been reported to play a protective
role in RA inflammation by reducing the activation of caspase-1
[67]. Moreover, further analysis has revealed that NLRP2 rs703468
and rs2217659, which are located on chromosome 19q13.42, are
prominently associated with RA [68]. NLRP6, which mediates the
interaction between TAK1-binding protein 2/3 and tripartite motif
38 in RA-FLSs in response to TNF-a, may also be a potential
therapeutic target for RA [69]. NLRP12 has emerged as a negative
regulator of inflammation. Prado et al. demonstrated that NLRP12
controlled the severity of RA by acting as a checkpoint inhibitor of
Th17 cell differentiation [70].

SLE

SLE is a chronic autoimmune disease characterized by the
abnormal accumulation of autoreactive T lymphocytes and the
production of autoantibodies against self-antigens that eventually
lead to a wide spectrum of clinical manifestations involving
multiple systems and organs.

NOD?2 is expressed in many types of immune cells, including
dendritic cells, macrophages, T lymphocytes, and B lymphocytes
[71-73]. Compared to those of IBD and RA, studies exploring the
expression and function of NOD2 in SLE are very limited. Yu et al.
reported that NOD2 expression in monocytes and plasmacytoid
dendritic cells in SLE patients was significantly increased
compared to that in healthy controls. Bacterial exposure increased
the expression of NOD2 in monocytes, which resulted in the
production of proinflammatory cytokines by PBMCs and exacer-
bated SLE conditions [72]. However, the detailed cellular
regulatory mechanisms of NOD2 activation and the differential
functions of NOD2 in other immune cell types in SLE need to be
clarified.
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Recent evidence suggests the critical role of inflammasomes in
the predisposition of an individual to SLE. Pontillo et al. analyzed 14
SNPs in 7 inflammasome genes (NLRP1, NLRP3, NLRC4, AIM2, CARDS,
CASP1, and IL1B) and first demonstrated that the NLRPT rs2670660
SNP and the NLRP1 rs12150220-rs2670660 A-G haplotype increased
the risk of SLE, especially the development of nephritis, rash and
arthritis [74]. A study by Kahlenberg et al. reported that NLRP3 was
an important intracellular sensor in SLE. Neutrophil extracellular
traps (NETs) and cathelicidin LL-37-mediated NLRP3 inflammasome
activation was enhanced in lupus macrophages, and induced
inflammatory responses by stimulating IL-1B and IL-18 secretion
[75]. Moreover, the binding of self double-stranded DNA (dsDNA)
and anti-dsDNA antibodies also activated the NLRP3 inflammasome
by inducing ROS synthesis and K" efflux, which induced IL-1B
production and the Th17 cell response [76]. In addition, NLRP3 is
activated in podocytes, contributing to the pathogenesis of
podocyte injury and the development of proteinuria in patients
with lupus nephritis (LN) [77]. In lupus-prone NZM2328 and MRL/Ipr
mice, IgG induced both RIP3-dependent necroptosis and NLRP3
inflammasome pathway activation in a podocyte cell line during LN
[15]. Conversely, Yang et al. surprisingly showed that the expression
of NLRP3/NLRP1 inflammasomes was significantly downregulated
in PBMCs from patients with SLE [78]. These conflicting results may
be due to the direct inhibitory effect of NLRP3/NLRP1 inflamma-
somes by the overactivation of T cells, as well as the increased
serum levels of IFN-l in SLE patients.

Psoriasis
Psoriasis is one of the most common skin inflammatory diseases,
with a global incidence of ~1-3%. This disease is characterized by
hyperproliferation and abnormal differentiation of epidermal
keratinocytes, accompanied by the infiltration of immune cells in
the skin.

Since epidermal thickening is one of the most important
features of psoriasis, Tervaniemi et al. focused on the psoriatic
epidermis and assayed the transcriptomes of split-thickness skin
grafts utilizing RNA 5-end sequencing. The researchers high-
lighted the pivotal role of NLR signaling pathways and demon-
strated that the NLR signaling genes NOD2, PYCARD, CARD6, and
IFI16 were upregulated in the psoriatic epidermis [16]. Likewise,
integrative methylome and transcriptome analysis also revealed
that NLR signaling was a key biological pathway for psoriasis in
the Chinese Han population [79].

Mutations of the CARD14 gene, which is one of the members of
the CARD family, have been associated with several psoriasis
clinical phenotypes, including psoriasis vulgaris, pustular psoriasis
and pityriasis rubra pilaris. In 2012, Jordan et al. established that
psoriasis susceptibility locus 2 (PSORS2) was due to gain-of-
function mutations in the CARD14 gene, where the ¢349G>A
and c413 A> C substitutions led to enhanced NF-kB activation
and upregulated psoriasis-associated genes in keratinocytes [80].
Further research identified 15 additional rare missense variants
within CARD14 in psoriasis cases compared to healthy controls
[81]. Recent studies reported that gain-of-function mutations in
CARD14 resulted in spontaneous psoriasis-like skin inflammation
through enhanced keratinocyte responses to IL-17A. Hyperactiva-
tion of CARD14 alone was sufficient to drive IL-23/IL-17-mediated
psoriasis in vivo [82]. In addition, it is well recognized that
inflammasomes also participate in the pathogenesis of psoriasis.
Carlstrom et al. demonstrated that certain polymorphisms in
NLRP3 rs10733113 and CARDS8 rs2043211 are associated with
psoriasis susceptibility [83].

MS

MS is the most common demyelinating disease of the central
nervous system (CNS), especially the optic nerve, spinal cord, and
brainstem, and is characterized by multiple lesions, remission, and
recurrence of the disease.
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Accumulating evidence supports the correlations between
NOD1/2-mediated pathways and the development of experimen-
tal autoimmune encephalomyelitis (EAE), which is an ideal animal
model to explore the pathogenesis of MS. APCs invade the CNS
upon activation by cytosolic PGNs through NOD1 and NOD2,
which mediate the recruitment and phosphorylation of RIP2,
increasing the activity of neuronal nitric oxide synthase (NOS) and
the accumulation of nitric oxide (NO) in oligodendrocyte precursor
cells and causing the neuroinflammation that drives EAE
pathogenesis [84, 85]. In addition, CIITA polymorphism -168A/G
(rs3087456) not only participates in RA but also influences the
severity of MS in combination with CIITA + 1614G/C (rs4774), a
missense variant connected to SLE susceptibility [86, 87].

Indeed, increasing evidence suggests that the activation of
inflammasomes also correlates with the severity of MS. Maver
et al. observed that a potentially pathogenic homozygous
missense variant in NLRP1 (Gly587Ser) promoted the production
of proinflammatory cytokines, as well as the global activation of
NLRP1-mediated signaling pathways in MS [88]. Gris et al. also
demonstrated that the NLRP3 inflammasome played a critical role
during EAE development by mediating Th1 and Th17 responses.
NIrp3~'~ mice exhibited improved spinal cord histology and
reduced disease severity through the reduced production of IFN-y
and IL-17 [89]. In 2020, Malhotra et al. noted that the NLRP3
inflammasome was a prognostic factor and therapeutic target in
patients with primary progressive MS [90]. Inhibition of the NLRP3
inflammasome prevents cognitive deficits by suppressing the
transformation of astrocytes to the neurotoxic A1 phenotype [91].

Interestingly, several studies have suggested that NLRs have
dual roles in MS onset and progression [92]. The gain-of-function
of NLRP3 in CD4™ T cells can ameliorate EAE by promoting Th2
and Treg differentiation [93]. In a recent study, NLRP12 was
reported to decrease IFN-y and IL-2 production by suppressing T-
cell proliferation and the Th1 response while promoting the Th2
response in T-cell-mediated EAE, suggesting that NLRP12 exerts
an anti-inflammatory effect on MS by regulating the Th1/Th2
balance [94]. In addition, NLRC3 exerts a negative effect by
regulating the p38 signaling pathway in APCs; in particular,
vaccination with NLRC3-overexpressing dendritic cells ameliorated
the pathogenesis of EAE [95]. NLRX1 also plays a crucial role in
controlling the early stages of CNS inflammation by intrinsically
inhibiting the autoreactive T-cell response and protecting against
the activation of innate immune cells in the CNS [96].

Other autoimmune diseases

NLRs also play an important role in other relatively rare
autoimmune diseases. T1D, formerly known as insulin-
dependent diabetes, is an autoimmune disease characterized by
insufficient insulin levels in the body, which destroys pancreatic 8
cells. It has been shown that NOD2 participates in T1D by inducing
Th1 and Th17 cells in the pancreatic lymph nodes through a
mechanism that is potentially mediated by the gut microbiota.
Nonobese diabetic mice that are deficient in Nod2 are protected
from T1D development [18, 97]. Two SNPs, rs3087456 and
rs11074932, in CIITA have also been reported to be associated
with susceptibility to T1D [98]. Analogously, NLRP3 ablation
reduces pancreatic B cell impairment by reducing the expression
of the chemokines CCL5 and CXCL10, demonstrating that NLRP3
deficiency contributes to the improvements in T1D [99]. In
addition, inflammasomes also correlate with the pathogenesis of
AIT, a representative organ-specific autoimmune disorder accom-
panied by mild albuminuria and nephrotic syndrome, and AIT
patients exhibit prominently increased expression of AIM2, ASC,
NLRC4, NLRP1, NLRP3, caspase-1, pro-IL-13, and pro-IL-18 [19]. AIH
is a chronic progressive liver inflammatory disease characterized
by elevated serum transaminase, high y-globulinemia and positive
autoantibodies and can rapidly deteriorate into liver cirrhosis and
liver failure. Luan et al. found that NLRP3-dependent IL-1
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promoted the pathogenesis of AlH; in particular, NLRP3 ™'~ and
caspase-1~'~ mice were protected from hepatitis and exhibited
decreased levels of serum aminotransferase/aspartate transami-
nase, suggesting potential therapeutic strategies for AIH [20].
Vitiligo is a common acquired pigmented dermatosis that is
characterized by localized or generalized complete depigmenta-
tion of the skin and mucosa. Increased expression of NLRP1 and IL-
1B has been observed in the perilesional skin of patients with
active vitiligo [100]. Li et al. also showed that NLRP3 inflamma-
some activation induced by oxidative stress in keratinocytes
promoted the cutaneous T-cell response [101]. In addition, NLRP3-
dependent endothelial cell pyroptosis plays a significant role in
coronary endothelial damage in Kawasaki disease (KD), a kind of
acute febrile and eruptive pediatric disease with systemic
vasculitis [102]. Celiac disease is a chronic autoimmune disorder
induced by intolerance to gluten peptides that develops in
genetically susceptible individuals. The p31-43 peptide from a-
gliadin participates in the pathogenesis of celiac disease at an
early stage by inducing NLRP3-dependent mucosal damage [103].
Moreover, over 25 defense-related genes, including CIITA, are
significantly upregulated in intestinal epithelial cells in patients
with active celiac disease [104].

NLRS IN AUTOIMMUNE DISEASES TREATMENT

NLRCs in autoimmune disease therapy

The NLRC family is the second-largest subfamily of NLRs, of which
NOD1 and NOD2 are two primary members and can directly
activate multiple inflammatory pathways that result in cytokine
production by binding to the CARD domain of RIP2 kinase.
Theoretically, antagonists of NOD1 or NOD2 could have applica-
tions in several acute and chronic autoimmune diseases. However,
since there is no way to measure a compound’s direct binding
capacity to either NOD1 or NOD2, several groups have recently
explored the effect of inhibiting the common NOD1 and
NOD?2 signaling kinase RIP2, a multidomain, dual specificity and
tractable downstream kinase that is ubiquitously expressed
(Table 2).

Early kinase inhibitors such as p38 inhibitors also effectively
inhibit the activity of RIP2 kinase. Hollenbach et al. reported that
SB203580 ameliorated DSS-induced experimental colitis by
inhibiting the p38/MAPK and NOD2/RIP2/NF-kB signaling path-
ways [105]. GSK583, a selective 4-aminoquinoline-based next-
generation RIP2 inhibitor, effectively blocked the downstream
signaling of NOD2 and exhibited a robust ability to modulate
inflammatory responses in the intestinal mucosa of IBD patients
[106]. In addition, a recent study indicated that 2E7, a monoclonal
antibody against bacterial PGN subunits, suppressed the devel-
opment of autoimmune arthritis and EAE by blocking NOD2-
mediated pathways [107]. Conversely, MIS416, a novel and
myeloid-directed microparticle derived from Propionibacterium
acnes, downregulated inflammatory T-cell activity via negative
feedback pathways induced by the activation of TLR9 and NOD2,
thus reducing EAE disease severity [108]. A phase 1/2 clinical trial
of MIS416 was completed in 2012, but it was disappointing that
the development of MIS416 was terminated in June 2017 because
it was not beneficial as a treatment for secondary progressive
multiple sclerosis (SPMS).

NLRC5 has also been proven to be a candidate therapeutic
target for autoimmune disease treatment. In RA, NLRC5 is
overexpressed in synovial tissues and cells, accompanied by the
overexpression of inflammatory cytokines and the hyperprolifera-
tion of FLSs [63]. It has been reported that the overexpression of
long noncoding RNA Fer-1-like protein 4 (FER1L4), a tumor
suppressor in various cancers, can decrease the expression of
NLRC5 and inflammatory cytokines in STs and FLSs, suggesting
that FER1L4 regulates RA by targeting NLRC5. Coincidently,
another long noncoding RNA, maternally expressed gene 3
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(MEG3), had an analogous pathway. Treatment with the methyla-
tion inhibitor 5-aza-2-deoxycytidine (5-azadC) inhibited hyper-
methylation of the FER1L4 and MEG3 promoters, as well as the
expression of NLRC5 in CFA-induced synovial tissues and cells
[109, 110].

NLRPs in autoimmune diseases therapy

Based on studies focusing on the effects of NLRPs on autoimmune
diseases, many approaches have been developed to target the
regulation of NLRPs, of which NLRP3 is the best-studied and most
well-characterized member of the NLRP subfamily (Table 2).

NLRPs in IBD therapy. Although the precise pathogenic mechan-
ism of IBD is unknown, recent studies have revealed that
uncontrolled activation of the NLRP3 inflammasome plays a major
role in the pathogenesis of IBD, and the secretion of mature IL-13
and IL-18 is associated with exacerbated colitis. To date, many
NLRP3 inhibitors have been implemented as pharmacological
agents in the treatment of IBD.

It has been reported that many flavonoids have significant
immunomodulatory effects. Wogonoside is a glucuronide meta-
bolite of the bioactive flavonoid wogonin that can significantly
ameliorate DSS-induced colitis. The underlying mechanisms of the
protective effect are attributed to the inhibition of NF-«kB
activation and NLRP3 inflammasome formation by suppressing
caspase-1 activity in the colon [111]. Natural products with similar
mechanisms include alpinetin [112], oroxylin A [113], and naringin
[114].

mtROS and mtDNA derived from damaged mitochondria play
pivotal roles in the initiation and regulation of NLRP3 inflamma-
some activation. Asiatic acid is a natural triterpenoid compound
extracted from the Chinese herb Centella asiatica. Guo et al.
reported that asiatic acid suppressed NLRP3 inflammasome
activation by inhibiting mtROS generation and preventing
mitochondrial membrane potential collapse, which ameliorated
DSS-induced experimental colitis in mice [115]. Dimethyl fumarate
is a first-line drug for patients with relapsing MS that can dose-
dependently achieve significant amelioration of colonic patholo-
gical damage in DSS-induced mice. The underlying mechanisms
involve inhibiting the NLRP3 inflammasome by activating Nrf2,
which decreases mtROS generation and mtDNA release [116].

In addition, microRNAs (miRNAs) are emerging as important
regulators in the maintenance of intestinal homeostasis. Neu-
decker et al. discovered that miR-223 restrained pathological
intestinal inflammation by controlling myeloid-specific NLRP3
inflammasome activity. DSS-induced colitis is exacerbated in miR-
223" mice compared to wild-type mice, and nanoparticle delivery
of a miR-223 mimetic attenuates intestinal inflammation [117].
MCC950, a potent, highly specific and well-characterized small
molecule inhibitor, effectively inhibits both canonical and
noncanonical activation of the NLRP3 inflammasome. MCC950
treatment significantly ameliorates the disease activity index of
the Winnie spontaneous chronic colitis mouse model, which
mimics UC, accompanied by decreased release of proinflamma-
tory cytokines, chemokines, and NO in colonic explants [118].

Wang et al. indicated that in addition to targeting NLRP3,
secoisolariciresinol diglucoside (SDG) ameliorated DSS-induced
colitis by inhibiting NLRP1 inflammasome activation and partly
disrupting NF-kB activation [119]. More interestingly, apigenin, a
widely distributed dietary flavone, modulates the composition of
the gut microbiota through NLRP6 signaling to protect mice from
DSS-induced acute colitis [120].

NLRPs in RA therapy. Traditional Chinese medicine has been
widely used to treat arthritis for thousands of years. Taraxasterol,
one of the bioactive components of Taraxacum officinale, exerts
protective effects on IL-1B-induced human RA-FLSs and CIA mice
by modulating the NF-kB and NLRP3 inflammasome signaling
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pathways [121]. Similarly, the Curculigo orchioides extract curcu-
ligoside A is a considerable therapeutic compound for alleviating
RA progression by maintaining the oxidant/antioxidant balance
and downregulating the expression of NF-kB and NLRP3 [122].
Other synthetic inhibitors also play potential preventive or
therapeutic roles in RA. Methotrexate, which is usually used as
an initial cancer therapy that inhibits dihydrofolate reductase,
exhibits satisfactory effects on RA by attenuating the activation of
NF-kB and NLRP3/caspase-1 proinflammatory pathways, as well as
regulating related metabolic networks [123].

NLRPs in SLE therapy. Blocking NLRP3 activity has yielded fruitful
results in SLE. Activation of the NLRP3 inflammasome requires
2 signals: a priming signal through PRRs that activates the NF-«kB
or AP-1 pathways to upregulate the expression of NLRP3 and
other inflammasome components and an activating signal that
promotes NLRP3 oligomerization to assemble the inflammasome
complex [124]. Icariin significantly attenuates renal disease in
MRL/Ipr mice by inhibiting NF-kB activation and TNF-a production,
leading to reductions in the formation of the NLRP3 inflamma-
some and the production of IL-1( [125]. Similarly, sophocarpine is
a quinolizidine alkaloid that is widely used in traditional Chinese
medicine and suppresses NLRP3 inflammasome activation by
inhibiting the NF-kB pathway, thereby attenuating murine LN
[126]. Other NLRP3 signaling inhibitors, such as piperine [127],
curcumin [128], and procyanidin B2 [129], have also been shown
to be effective in the treatment of SLE.

Some botanical and synthetic inhibitors that target oxidative
stress, including ROS production and mitochondrial alterations,
may also have potential preventive or therapeutic effects on SLE.
Bonomini et al. demonstrated that melatonin supplementation
protected against renal injury by enhancing the Nrf2 antioxidant
signaling pathway and decreasing renal NLRP3 inflammasome
activation in chronic pristane-induced LN [130]. Additionally,
baicalein is a flavonoid derived from the roots of the traditional
Chinese herbal medicine Scutellaria baicalensis Georgi that reduces
proteinuria and improves renal function through NLRP3 inflam-
masome inhibition by inducing Nrf2/HO-1 signaling [131].

Autophagy is an essential cellular mechanism by which cellular
material including damaged organelles, aggregated and misfolded
proteins is delivered to lysosomes for degradation, thus negatively
regulates the NLRP3 inflammasome activation and the innate
immune response [132]. Therefore, targeting autophagy, which
affects the activation of NLRP3, can also be used for SLE treatment.
Lin et al. reported that a major absorbable intestinal bacterial
metabolite of ginsenosides, M1, exerted therapeutic effects on a
mouse model of accelerated and severe lupus nephritis (ASLN) by
activating the sirtuin3/autophagy axis and inhibiting NLRP3
inflammasome activation [133]. Additionally, miRNAs that regulate
target gene expression are still a research hotspot at present. Let-
7f-5p, a novel inflammation-related MiRNA, directly ameliorates
inflammation by repressing NLRP3 expression in bone marrow-
derived mesenchymal stem cells from SLE patients [134].

NLRPs in psoriasis therapy. Irrera et al. reported that psoriasis-like
lesions and epithelial thickness were reduced in the skin of
NLRP3™~ mice compared with the skin of wild-type mice
challenged with imiquimod (IMQ). BAY 11-7082 significantly
ameliorated psoriasis-like dermatitis by inhibiting both the NF-
kB and NLRP3 inflammasome pathways [135]. Deng et al.
discovered that cycloastragenol, an active triterpenoid saponin
component, selectively modulated the function of macrophages
by suppressing NLRP3 inflammasome complex assembly and
NLRP3 inflammasome-mediated pyroptosis, thus improving IMQ-
induced psoriasiform dermatitis [136]. Datura Metel L. has been
confirmed to have a marked therapeutic effect on psoriasis,
decreasing the mRNA expression levels of IKKa, NF-kB, ASC,
NLRP3, and caspase-1, as well as the production of the
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proinflammatory cytokines IL-1f3, IL-6, TNF-a, monocyte chemo-
tactic protein 1 (MCP-1) and IFN-y [137]. Apart from conventional
therapy, some novel treatment strategies have been developed.
Since miRNA155 expression levels are markedly elevated during
the pathology of psoriasis and may be dependent on NLRP3
inflammasome activation, Luo et al. proposed silencing miRNA155
to treat the disease [138].

NLRPs in MS therapy. The star molecule MCC950 is a potent and
selective NLRP3 inflammasome inhibitor that ameliorates the
severity of EAE by blocking activation of the NLRP3 inflammasome
[139]. MCC950 in combination with rapamycin exerts improved
efficacy in MS [140]. The hydroxyl-sulfonamide analog JC-171 has
been reported to modify the NLRP3/ASC interaction stimulated by
LPS/ATP and attenuate the progression of EAE [141]. Similarly, the
selective NLRP3 inhibitor OLT1177 significantly decreases the levels
of TNF-q, IL-6, and IL-1$3 in the spinal cord in EAE mice [142]. In
addition, prednisone has been shown to exert protective effects on
demyelinating diseases by inhibiting NLRP3 and relevant inflam-
matory cytokines and chemokines [143]. Bai et al. have demon-
strated that tetramethylpyrazine might be a promising candidate
for MS treatment by reducing NLRP3 inflammasome expression
and modulating the Th1/Th17/Th2 response [144]. Recently, Koo
et al. suggested that the LRR domain of the NLRX1 protein reduced
the number of infiltrating T cells producing inflammatory
cytokines. A fusion protein of the LRR and the blood-brain barrier
(BBB)-permeable peptide dNP2 could regulate CNS inflammation
and significantly ameliorate EAE disease severity [145].

NLRPs in other autoimmune diseases therapy. Recently, Wu et al.
showed that low-methoxyl pectin (LMP) decreased activation of
the NLRP3 inflammasome by increasing cecal bacterial species to
augment the production of short-chain fatty acids, thus reshaping
the pancreatic immune environment in T1D [146]. In addition,
ginsenoside Rg1 has been shown to be a promising drug to
prevent the development of streptozotocin-induced T1D by
attenuating the functions of NLRP3 in the mouse liver and
pancreas, as well as inhibiting the secretion of IL-13 and IL-18 [147].
At present, there are still no effective treatment for AlH, and the
disease survival rate can only be improved by a combination of
corticosteroids and azathioprine. In 2017, Chen et al. reported that
miR223-containing exosomes derived from bone marrow stem
cells (BMSCs) exhibited protective effects on AIH by down-
regulating the expression of NLRP3 and caspase-1 [148] (Table 2).

Other NLR subfamilies in autoimmune diseases therapy

Recently, CIITA and NLRX1 have been shown to participate in the
pathogenesis of autoimmune diseases. As a consequence, some
compounds and active ingredients targeting these proteins
directly have been developed. Midura-Kiela et al. showed that
curcumin exerted protective effects on colonic epithelial cells by
suppressing the IFN-y-induced transcription of MHCIl and CIITA
[149]. In 2019, Liu et al. showed that the ERP selective agonist
diarylpropionitrile abrogated CIITA expression and inhibited IFN-y
regulatory factor 1 (IRF-1) translocation into the nucleus,
ameliorating the inflammatory response and symptoms in an
EAE model [150]. In addition, Leber and colleagues demonstrated
that NX-13, which specifically targets the binding pocket of NLRX1
in the colon, decreased the differentiation of CD4" T cells into Th1
and Th17 subsets, as well as the overexpression of proinflamma-
tory cytokines, thus attenuating the severity of IBD [151] (Table 2).
In 2020, NX-13 was approved to enter a phase | clinical trial for the
treatment of IBD.

PERSPECTIVES
Accumulating evidence shows that NLRs play key roles in the
development and functions of immune cells through multiple
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canonical immunomodulatory mechanisms. For example, NOD1
and NOD2 are two primary members of the NLRC subfamily and
act on the downstream serine/threonine kinase RIP2, resulting in
the activation of various signaling cascades, including the MAPK
and NF-kB pathways. Other NLRs, such as NLRP1, NLRP3, NLRC4,
and NLRC6, have been reported to regulate the secretion of
proinflammatory cytokines through the formation of inflamma-
somes. However, in recent years, many studies in the field of NLRs
have shown that the functions of these proteins may be more
diverse than originally thought. In addition, the biochemical
processes that regulate the activation and downstream functions
of NLRs need to be further investigated.

To date, the functions of NLRs have been controversial, with
protective and harmful effects on a variety of autoimmune
diseases. For example, NOD2 is a critical regulator of immune
homeostasis, as mutations in NOD2 are associated with several
autoinflammatory diseases. Napier et al. reported that
NOD2 suppressed arthritis in SKG mice and that Nod2 ™/~ SKG
mice had a worsened form of arthritis through augmented Th17
responses [152]. However, other experiments showed that NOD2/
RIP2 signaling was upregulated in the immune cells of RA patients,
and inhibiting the NOD2/RIP2 signaling pathway could reduce the
proliferation and inflammation of FLSs [61]. Similarly, inflamma-
somes consisting of NLRs, the adapter protein ASC, and the
effector molecule pro-caspase-1 are highlighted in the current
research. Increasing evidence has shown that the hyperactivation
of inflammasomes plays a pathological role in colitis. However,
Hirota et al. found that Nirp3~'~ mice had increased susceptibility
to experimental colitis, accompanied by a reduction in colonic
antimicrobial secretions and the production of a unique intestinal
microbiota, which confirmed an essential role for the NLRP3
inflammasome in the regulation of intestinal homeostasis [54]. A
recent report by Yao et al. also suggested that balanced
inflammasome activity was critical for maintaining intestinal
homeostasis [55]. Collectively, there is an urgent need to further
explore the exact mechanisms of NLR signaling pathways in
complex in vivo conditions to find appropriate inhibitors.

Considerable compounds targeting NLRs have been developed
and validated in cellular and animal models of autoimmune
diseases, and various botanicals with fewer side effects than
conventional drugs have attracted the attention of many
researchers. However, the nonspecific effects of these compounds
have limited their clinical potential. Broad anti-inflammatory
activity might cause unwanted immunosuppression and increase
the risk of infection. In addition, agents that act on the upstream
of NLRs, such as K' efflux, or on the downstream, such as IL-1B
production, also have other unavoidable biological consequences.

Fortunately, a few compounds with high selectivity and
specificity have been identified, including MCC950, NX-13, JC-
171, and OLT1177, all of which have shown strong inhibitory
activity on NLR signaling pathways and beneficial effects on
experimental mouse models of NLR-related autoimmune diseases.
There are currently no NLR-related drugs on the market, and we
ought to focus on investigating whether the protective effects of
these drugs observed in cellular and animal models could be
replicated in human clinical trials. In addition, drugs targeting
NLRs in the treatment of autoimmune diseases mainly focus on
the NOD1, NOD2, and NLRP3 signaling pathways, but other rarely
studied members of the NLR family, such CIITA and NLRX, also
widely participate in the pathogenesis of diseases. These findings
prompt us to discover and develop a greater variety of NLR
inhibitors for the treatment of autoimmune diseases.
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