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Abstract
Innate immunity serves as the first line of defense in the body’s immune sys-
tem against microbial infections. Pattern recognition receptors (PRRs), includ-
ing Toll-like receptors (TLRs), nucleotide-binding oligomerization domain-like
receptors (NLRs), and retinoic acid-inducible gene I-like receptors (RLRs), rec-
ognize distinct or overlapping microbial components, triggering corresponding
signal transduction to generate immune responses. In recent years, research on
PRRs related to innate immunity has achieved considerable progress, providing
therapeutic insights for immune-related diseases. This review summarizes the
characteristics of innate immunity-related PRRs and the interactions among
signaling pathways of different PRRs.
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Abstract: Innate immunity constitutes the first line of defense against micro-
bial infection. Pattern recognition receptors (PRRs) such as Toll-like recep-
tors (TLRs), nucleotide-binding oligomerization domain-like receptors (NLRs),
and RIG-I-like receptors (RLRs) recognize distinct yet overlapping microbial
components, triggering corresponding signal transduction pathways to gener-
ate immune responses. Recent research on innate immunity-related PRRs has
achieved significant advancement, providing new insights for treating immune-
related diseases. This review summarizes the characteristics of PRRs and the
interplay among different PRR signaling pathways.
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Innate immunity refers to the non-specific natural immune defense function
present at birth, also known as non-specific immunity. It serves as the first line
of defense for the immune system to distinguish self from foreign substances and
resist microbial infection. The host mounts extensive immune responses to block,
limit, or clear invading microorganisms, which is predicated on the recognition
of pathogen-associated molecular patterns (PAMPs) by pattern recognition re-
ceptors (PRRs) of the innate immune system. This receptor-ligand interaction
induces production of cytokines such as interleukins (IL), tumor necrosis fac-
tor (TNF), and interferons (IFN) to mediate anti-pathogen effects. Janeway
[1] first proposed the pattern recognition function of PRRs and clarified the
important biological significance of innate immunity. PRRs are expressed on
antigen-presenting cells, particularly dendritic cells (DCs), leading to activa-
tion of adaptive immune responses through effector signals. Currently, several
classes of PRRs have been identified with distinct characteristics, including Toll-
like receptors (TLRs), nucleotide-binding oligomerization domain-like receptors
(NLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), and ab-
sent in melanoma 2-like receptors (ALRs).

PRRs recognize complex microbial structures including polysaccharides, glycol-
ipids, lipoproteins, nucleotides, and nucleic acids. Through specific ligand recog-
nition domains—leucine-rich repeats, C-type lectin domains, and various nucleic
acid-binding domains—PRRs detect microbial target structures (Table 1 ) [2].
In addition to their structural and specific characteristics, PRRs exhibit tissue-
specific expression and localization to different cellular compartments such as
the plasma membrane, endosomes, lysosomes, and cytoplasm [3]. These differ-
ential expression patterns relate to two conventional recognition modes of the
innate immune system: intracellular recognition mediated by cytoplasmic sen-
sors in infected cells, where all cell types can express corresponding sensors upon
pathogen infection (e.g., viral nucleic acid sensors), and extracellular recognition
that does not require infected cells to express PRRs but rather relies on their
expression on the surface of specific pathogen surveillance cells such as epithelial
cells and myeloid cells [4].

Table 1 PRRs and PAMPs

Pattern
Recognition
Receptor

Adapter
Molecules

Ligand
(Structure)

Pathogen-Associated
Molecular Pattern

TLR1-TLR2 MyD88,
TIRAP

Triacyl
lipopeptide

Bacterial lipoproteins

TLR2-TLR6 MyD88,
TIRAP

Diacyl
lipopeptide

Mycoplasma lipoproteins
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Pattern
Recognition
Receptor

Adapter
Molecules

Ligand
(Structure)

Pathogen-Associated
Molecular Pattern

TLR2 (with
TLR1/6)

MyD88,
TIRAP

Lipoteichoic
acid,
GPI-mucin,
HA protein

Gram-positive bacteria

TLR3 TRIF,
TRAM

dsRNA Respiratory syncytial
virus

hTLR8 MyD88 ssRNA RNA viruses
mTLR11 MyD88 Profilin-like

molecule
Uropathogenic E. coli,
Toxoplasma gondii

NOD-1/NLRC1 RICK,
CARD9

iE-DAP Gram-negative bacteria

NOD-2/NLRC2 RICK,
CARD9

MDP Bacteria

NALP3/NLRP3 CARDINAL Uric acid,
calcium py-
rophosphate
dihydrate,
𝛽-amyloid

Bacteria, viruses, host

RIG-I IPS-1
(CARD)

5’-
triphosphate
ssRNA,
short
dsRNA

RNA viruses

MDA5 IPS-1 poly I:C,
long dsRNA

Viruses

Dectin-1 𝛽-glucan Fungi

NOD: nucleotide-binding oligomerization domain; RIG-I: retinoic acid-inducible
gene I; MDA5: melanoma differentiation-associated gene 5; LGP2: laboratory
of genetics and physiology 2; Dectin-1: dendritic cell-associated C-type lectin-
1; MyD88: myeloid differentiation factor 88; TIRAP: TIR domain-containing
adapter protein; TRIF: TIR domain-containing adapter molecule inducing IFN-
𝛽; TRAM: TRIF-related adapter molecule; RICK: RIP-like interacting CLARP
kinase; CARD: caspase recruitment domain; ASC: apoptosis-associated speck-
like protein; IPS-1: interferon-𝛽 promoter stimulator 1; Cardinal: an adapter
protein; LPS: lipopolysaccharide; CpG DNA: cytosine-phosphate-guanine motif;
poly I:C: polyinosinic-polycytidylic acid.

1.1 TLRs in Innate Immune Recognition

Research on TLRs initially involved the interleukin-1 receptor (IL-1R). IL-1
is a pleiotropic pro-inflammatory cytokine that in the 1980s was reported to
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participate in T cell activation, pyrogenicity, cartilage tissue degradation, and
acute phase response activation [5]. In 1988, IL-1R was cloned through gene
editing, but since its cytoplasmic region lacked recognizable motifs, the signal
transduction mechanism remained elusive. In 1991, this domain was found to
be homologous to the Drosophila cytoplasmic protein Toll [6]. Toll determines
the dorsal-ventral axis development in Drosophila embryos. Subsequent studies
revealed that highly similar Toll and IL-1R share amino acid sequences essential
for NF-�B signaling and are associated with antimicrobial peptide production,
thus initiating research on Toll-like receptors as innate immune receptors [7].

Lipopolysaccharide (LPS), a major component of endotoxin, has been exten-
sively studied as a Gram-negative pathogen component that causes bacterial
sepsis. Poltorak et al. [8] cloned the LPSd gene, work that later earned the
Nobel Prize in Physiology, while Qureshi et al. [9] confirmed that LPSd was
actually TLR4. Hoshino et al. [10] found that TLR4 knockout mice were unre-
sponsive to LPS, further confirming TLR4 as the LPS signaling receptor. Fol-
lowing TLR4 involvement in LPS recognition, other microbial components were
tested as potential TLR ligands. Ten human TLR genes and twelve mouse
TLR genes were identified, with knockout mouse models determining specific
ligands for various TLRs [11]. TLR2 recognizes bacterial lipopeptide structures,
forming heterodimers with TLR1 or TLR6 to recognize triacyl lipopeptides and
diacyl lipopeptides, respectively [12]. TLR5 recognizes flagellin from flagellated
bacteria [13], with further research demonstrating that TLR5 regulates both
innate and adaptive immune responses in the intestine [14]. Mouse TLR11 was
found to detect components of urinary tract infection bacteria [15] and, together
with TLR12, binds Toxoplasma gondii profilin-like molecules [16]. TLR13 also
recognizes bacterial rRNA [17].

TLRs recognize diverse ligands from bacteria, parasites, and viruses. TLR3 rec-
ognizes viral double-stranded RNA, mediating activation of NF-�B and type I
IFN signaling pathways [18]. TLR9 functions as a receptor for unmethylated
CpG DNA motifs, with subsequent studies revealing that plasmacytoid den-
dritic cell TLR9 also recognizes herpes virus DNA [19]. TLR7 senses the antivi-
ral chemical imiquimod and, along with TLR8, recognizes viral single-stranded
RNA [20]. Thus, the TLR receptor family can initiate innate immune and in-
flammatory responses upon sensing danger signals such as microbial infection
or tissue damage.

The Toll/IL-1 receptor homologous region (TIR) is the initiation point for
TLR signaling, capable of binding with IL-1R to activate NF-�B signaling path-
ways. Myeloid differentiation factor 88 (MyD88) was the first identified TLR
adapter molecule containing a TIR domain. The TIR domain interacts with
TIR-containing receptors to participate in MyD88 signal transduction. Addi-
tionally, MyD88 contains a death domain (DD) that recruits DD-containing
interleukin-1 receptor-associated kinases (IRAKs) through homotypic interac-
tions. IRAKs interact with TNF receptor-associated factor 6 (TRAF6), forming
a complex with TAB-3, TAB-2, and TAK-1 to activate mitogen-activated pro-
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tein kinase kinase (MKK) or inhibitor of NF-�B kinase (IKK) 𝛼/IKK𝛽/IKK𝛾,
triggering the mitogen-activated protein kinase (MAPK) c-Jun N-terminal ki-
nase (JUN) and p38 MAPK pathways as well as the NF-�B pathway, thereby
inducing pro-inflammatory cytokine production. In endosomes, this primarily
generates interferon-regulatory factors (IRFs) that induce type I IFN production
[21].

The second identified TIR adapter is MyD88-like adapter protein (MAL, also
known as TIRAP). Kawai et al. [22] stimulated MyD88 knockout mice with LPS
and found that type I IFN was induced through IRF3, with delayed NF-�B ac-
tivation downstream of TLR4, indicating MyD88-independent signaling could
activate TLR downstream signals. However, studies showed that MAL can-
not independently conduct MyD88-independent signal transduction but rather
serves as a bridge connecting MyD88 with TLR4 or TLR2 [23]. Oshiumi
et al. [24] demonstrated that TIR domain-containing adapter inducing IFN-
𝛽 (TRIF or TICAM1) could induce TLR3 pathways in MyD88 knockout mice,
also indicating the existence of MyD88-independent pathways and the role of
TRIF as a third class of TIR adapter molecule. Additionally, research identified
TRIF-related adapter molecule (TRAM or TICAM2) as a linker between TRIF
and TLR4 in the TLR4 pathway. In the phagosomal TLR4 signaling pathway,
TRAM connects TRIF with TLR4 to form a complex that transmits signals to
TRAF3 or TRAF6 precursor signalosomes to generate IRF3 or NF-�B, thereby
regulating transcriptional expression.

With ongoing research, TLRs are now widely applied in disease treatment, such
as TLR7 ligands for genital warts, vaccine formulations targeting TLR2 and
TLR4 pathways for tuberculosis, TLR7 and TLR9 inhibitors for potential sys-
temic lupus erythematosus treatment, and TLR2-blocking antibodies to effec-
tively limit ischemia-reperfusion injury.

1.2 NLRs in Innate Immune Recognition

The NLR family proteins are cytoplasmic PRRs that detect PAMPs and en-
dogenous molecules in the cytoplasm, playing important functions in innate
immunity. Structurally, NLRs consist of three domains: an N-terminal pro-
tein interaction domain such as a caspase activation and recruitment domain
(CARD), pyrin domain (PYD), or baculovirus IAP repeats domain (BIR); a
central nucleotide-binding oligomerization domain (NOD); and a C-terminal
leucine-rich repeat domain (LRR). NLRs can be divided into five subfamilies
based on their N-terminal structure: NLRA, NLRB, NLRC, NLRP, and NLRX.
Currently, 23 human NLR genes and 34 murine NLR genes have been reported,
though the physiological functions of most NLRs require further investigation
[25]. The most representative NLR family proteins are NOD1 and NOD2, which
recognize peptidoglycan (PGN) structures. NOD1 exists in Gram-negative bac-
teria and some Gram-positive bacteria, recognizing the PGN product meso-
diaminopimelic acid (iE-DAP); NOD2 exists in all Gram-positive and Gram-
negative bacteria, recognizing the PGN component muramyl dipeptide (MDP).
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NOD1 participates in recognizing various intracellular pathogenic microor-
ganisms such as Escherichia coli, Shigella flexneri, Pseudomonas, Chlamydia,
Haemophilus influenzae, and Helicobacter pylori; NOD2 participates in recog-
nizing Streptococcus pneumoniae and Mycobacterium tuberculosis [26]; Listeria
monocytogenes can activate both NOD1 and NOD2. When the C-terminal LRR
of NLRs recognizes PAMPs or danger-associated molecular patterns, conforma-
tional reorganization triggers NOD oligomerization, exposing the N-terminal
effector domain. Through homotypic interactions, the effector domains CARD
or PYD recruit corresponding effector molecules, bringing them into proximity
for activation and participation in multiple signaling pathways. For example,
NLR family proteins NOD1 and NOD2 interact with receptor-interacting
protein kinase 2 (RIPK2) to induce NF-�B and MAPK signals. Additionally,
NOD1 and NOD2 can induce autophagy by recruiting the autophagy-related
protein ATG16L1 to the plasma membrane [27]. During viral infection, NOD2
can bind mitochondrial antiviral signaling protein (MAVS) to induce type I
IFN production [28]. NLR family members NLRP1, NLRP3, and NLRC4 can
assemble large protein complexes to form inflammasomes that activate inflam-
matory caspase-1 to produce IL-1𝛽 and IL-18. For example, NLRP3 recruits
the adapter protein apoptosis-associated speck-like protein containing CARD
(ASC) through homotypic PYD interactions; ASC then binds pro-caspase-1
through homotypic CARD interactions, leading to caspase-1 activation and
production of pro-inflammatory cytokines IL-1𝛽 and IL-18, which amplify
antiviral innate immune responses. To maintain homeostasis mediated by
NLR family signaling, NLRX1 and NLRC5 proteins play important regulatory
roles, with studies showing they can inhibit NF-�B and type I IFN-mediated
signaling pathways [29]. The primary biological function of the NLR family
is to enhance the immune system’s ability to detect microbial infections and
mediate production of pro-inflammatory cytokines such as IL-1𝛽 to regulate
immune responses and inflammatory reactions.

1.3 RLRs in Innate Immune Recognition

Viral invasion of the cytoplasm during dsRNA production activates antiviral
signaling pathways. This response exists in the cytoplasm of all immune and
non-immune cells and, apart from some TLR family proteins, involves the RLR
protein family. RLRs have three members that recognize viral RNA in the
cytoplasm: retinoic acid-inducible gene I (RIG-I), melanoma differentiation-
associated gene 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2)
[30]. RIG-I, the typical RLR representative, has an N-terminal CARD that
interacts with other CARDs, a central RNA helicase domain, and a C-terminal
repressor domain (RD) that binds RNA. In resting cells, RIG-I exists in a
self-inhibited state; upon viral infection, RNA binding triggers conformational
changes that activate RIG-I, relieving self-inhibition and promoting CARD re-
cruitment of downstream signaling molecules. MDA5 also contains a CARD and
helicase domain, though whether it has RD function at the C-terminus remains
uncertain. LGP2 contains a helicase domain and RD but lacks a CARD. Stud-
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ies indicate that LGP2 negatively regulates virus-induced responses by binding
RIG-I through its RD to interfere with conformational association and inhibit
immune signaling [31].

In the cytoplasm, RIG-I primarily recognizes various ssRNA viruses including
paramyxoviruses, influenza A virus, vesicular stomatitis virus, and Japanese
encephalitis virus; MDA5 participates in recognizing other RNA viruses such
as picornavirus encephalomyocarditis virus and also recognizes polyinosinic-
polycytidylic acid (poly I:C). Upon viral invasion, RIG-I and MDA5 initially
interact with MAVS, activating signaling cascades through stimulator of inter-
feron genes (STING) and TANK-binding kinase 1 (TBK1) to induce type I IFN
expression. Additionally, MAVS signaling can activate activator protein 1 (AP-
1) through RIPK1 to generate innate immune responses [31]. Due to this specific
recognition, specific viral RNA ligands can be identified by infecting mice with
RIG-I or MDA5 knockout or double knockout [32]. RIG-I is activated by in
vitro transcribed RNA, while MDA5 is activated by synthetic poly I:C, confirm-
ing that RIG-I recognizes the 5’-triphosphate moiety of ssRNA. Furthermore,
RIG-I recognizes 21-27 nucleotide dsRNA, while MDA5 recognizes long-chain
dsRNA. Although LGP2 acts as a negative regulator, LGP2 knockout mice
show different response levels to different RNA viruses: type I IFN levels in-
crease after poly I:C and vesicular stomatitis virus infection but decrease after
encephalomyocarditis virus infection [33].

1.4 Other PRRs in Innate Immune Recognition

Currently, CLRs are a popular class of PRRs that recognize many different
microorganisms. All CLRs contain a C-type lectin-like domain (CTLD), ini-
tially identified as a double-loop domain that binds calcium and carbohydrates,
though later studies found CTLD-linked proteins could bind other ligand types.
Based on different structures, the CLR protein family can be divided into 17
subgroups [34], with dendritic cell-associated C-type lectin-1 (Dectin-1) and
Dectin-2 as typical representatives. Dectin-1 is expressed on DCs, macrophages,
neutrophils, and monocytes as a transmembrane protein containing an extracel-
lular irregular CTLD domain and an intracellular modified immunoreceptor
tyrosine-based activation motif (ITAM). Dectin-1 primarily recognizes fungal
𝛽-1,3-glucans; upon ligand binding, Dectin-1 promotes ligand uptake through
phagocytosis and initiates signaling cascades that regulate gene expression and
cytokine production, participating in defense against fungal infection. Addi-
tionally, Dectin-1 can recognize secretory IgA, mucins, and other microbial
𝛽-1,3-glucans [35]. Dectin-2, which connects to the ITAM-bearing molecule Fc
receptor 𝛾 (FcR𝛾) for signal transduction, lacks signaling function in its intracel-
lular portion—this represents a difference in ITAM usage between Dectin-1 and
Dectin-2, though downstream signal transmission is essentially similar. Dectin-
2 primarily recognizes fungal cell wall 𝛼-mannans [36] as well as Schistosoma
mansoni and Mycobacterium tuberculosis [35].

ALRs are a class of PRRs that recognize intracellular DNA, containing a pyrin
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and HIN domain-containing protein (PYHIN) interaction domain and a DNA-
binding HIN200 domain. Upon detection of intracellular DNA invasion, the
receptor absent in melanoma 2 (AIM2) interacts with the adapter ASC to
promote inflammasome formation, initiating innate immune responses that se-
crete pro-inflammatory cytokines IL-1𝛽 and IL-18 and rapidly trigger apopto-
sis with inflammatory symptoms [37]. Interferon-inducible protein 16 (IFI16),
another ALR family member, can recognize herpes simplex virus (HSV), cy-
tomegalovirus, Kaposi’s sarcoma herpesvirus (KSHV), and human immunod-
eficiency virus (HIV). IFI16 functions as a cytoplasmic sensor that, like other
DNA receptors, can activate STING or inflammasomes. Since viral DNA repli-
cation occurs in the nucleus, receptor recognition also occurs there. For ex-
ample, HSV and KSHV recognition occurs in the nucleus, but signals are ulti-
mately activated through cytoplasmic inflammasomes or STING; thus, ligand-
induced IFI16 translocation to cytoplasmic signaling sites is required to initiate
herpesvirus defense [38]. IFI16 plays an important role in recognizing foreign
DNA in both cytoplasmic and nuclear compartments; however, how IFI16 dis-
tinguishes self from foreign DNA in the nucleus requires further scientific inves-
tigation.

2 Interplay Among Different PRR Signaling Pathways
TLRs, NLRs, and RLRs interact closely during signal transduction to activate
innate immune defenses against pathogens (Figure 1 [Figure 1: see original
paper]). During inflammation, PRRs exhibit partial overlap and mutual com-
pensation in recognizing PAMPs across different species, tissues, cells, and or-
ganelles. While Gram-negative bacterial LPS is critical for TLR4 activation,
studies have also found that cytoplasmic caspase-4/5/11 can recognize LPS and
initiate innate immune signals [39]. Inhibitory phenomena exist between RLR
and TLR pathways: virus-stimulated IRF3 signaling induced by RLRs can in-
hibit bacteria-stimulated IRF5 signaling induced by TLRs through competitive
occupation of the IL-12b promoter, which molecularly explains the mechanism
of bacterial superinfection following viral infection [40]. TLR7 small molecule
agonists inhibit nucleic acid-mediated TLR3, TLR9, and RIG-I-dependent type
I IFN signaling by suppressing phosphorylation of signal transducer and activa-
tor of transcription (p-STAT1/2) and IRF9 complexes [41]. Additionally, RIG-
I plays a positive role in inflammasome formation and IL-1𝛽 secretion: upon
RNA virus stimulation, RIG-I interacts with adapter ASC to trigger caspase-
1-dependent inflammasome activation and IL-1𝛽 maturation [42]. Conversely,
NLRs regulate RLR-mediated type I IFN responses by targeting RIG-I and
MDA5 through NLRC5 to inhibit signaling molecules, or by disrupting RLR-
MAVS connections through NLRX1-MAVS interactions; NLRC3 can interfere
with STING-TBK1 interactions, and NLRP4 causes TBK1 degradation [31].
TLRs and NOD proteins are crucial for bacterial defense and also interact:
NOD1 and NOD2 agonists can synergize with TLR2, TLR3, TLR4, and TLR9
agonists to promote dendritic cell and basophil maturation, while NLRs also reg-
ulate TLR signaling through NLRX1 and NLRC3 interference with the TRAF6-
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NF-�B pathway, NLRC5 disruption of IKK𝛼 and IKK𝛽 phosphorylation, and
NLRP6 and NLRP12 targeting of MAPK and NF-�B activation [43]. These syn-
ergistic and antagonistic interactions among PRRs create complex cross-talk in
PRR signaling pathways, enabling more precise and rapid responses to microbial
invasion.

Figure 1 Interplay across TLRs, RLRs and NLRs signaling pathways

MyD88: myeloid differentiation factor 88; MAPK: mitogen-activated protein
kinase; LGP2: laboratory of genetics and physiology 2; RIG-I: retinoic acid-
inducible gene I; MDA5: melanoma differentiation-associated gene 5; MAVS:
mitochondrial antiviral signaling protein; STING: stimulator of interferon
genes; TBK1: TANK-binding kinase 1; TRIF: TIR domain-containing adapter
molecule inducing IFN-𝛽; TRAF3/6: TNF receptor-associated factor 3/6;
IRF: interferon regulatory factor; AP-1: activator protein 1; TIRAP: TIR
domain-containing adapter protein; IKK: inhibitor of NF-�B kinase; RIP2:
receptor-interacting protein 2; ASC: apoptosis-associated speck-like protein;
Caspase-1: cysteine-aspartic acid protease 1; Cytoplasm: cell cytoplasm;
Nucleus: cell nucleus.

The innate immune system employs multiple recognition mechanisms in differ-
ent cell types and subcellular structures. Each PRR signaling pathway plays an
indispensable role in pathogen elimination and immune tolerance maintenance,
as mutations in PRRs or their signaling molecules are closely associated with
many inflammatory diseases, immunodeficiencies, and autoimmune disorders. A
single PAMP can trigger recognition by multiple different PRRs under certain
circumstances, cooperatively inducing inflammatory responses and adaptive im-
munity. Therefore, better understanding of the complex interactions among
PRRs and the coordinated control between innate and adaptive immunity is
crucial for developing effective and quantitative therapeutic drugs for immune-
related diseases. These issues will also promote the development and theoretical
framework improvement of immunology.
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