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The discovery of Toll-like receptors (TLRs) as components that recognize conserved structures in pathogens has 

greatly advanced understanding of how the body senses pathogen invasion, triggers innate immune responses and 

primes antigen-specific adaptive immunity. Although TLRs are critical for host defense, it has become apparent that 

loss of negative regulation of TLR signaling, as well as recognition of self molecules by TLRs, are strongly associated 

with the pathogenesis of inflammatory and autoimmune diseases. Furthermore, it is now clear that the interaction 

between TLRs and recently identified cytosolic innate immune sensors is crucial for mounting effective immune 

responses. Here we describe the recent advances that have been made by research into the role of TLR biology in 

host defense and disease.

During the past decade, there has been rapid progress in the understand-

ing of innate immune recognition of microbial components and its critical 

role in host defense against infection. The early concept of innate immu-

nity was that it nonspecifically recognized microbes; however, the discov-

ery of Toll-like receptors (TLRs) in the mid-1990s showed that pathogen 

recognition by the innate immune system is instead actually specific, rely-

ing on germline-encoded pattern-recognition receptors (PRRs) that have 

evolved to detect components of foreign pathogens referred to as patho-

gen-associated molecular patterns (PAMPs)1,2. TLRs are type I trans-

membrane proteins with ectodomains containing leucine-rich repeats 

that mediate the recognition of PAMPs; transmembrane domains; and 

intracellular Toll–interleukin 1 (IL-1) receptor (TIR) domains required for 

downstream signal transduction. So far, 10 and 12 functional TLRs have 

been identified in humans and mice, respectively, with TLR1–TLR9 being 

conserved in both species. Mouse TLR10 is not functional because of a 

retrovirus insertion, and TLR11, TLR12 and TLR13 have been lost from 

the human genome. Studies of mice deficient in each TLR have demon-

strated that each TLR has a distinct function in terms of PAMP recogni-

tion and immune responses3. Elucidation of the crystal structure of several 

TLR ectodomains has provided structural insights suggesting that several 

PAMPs act as ‘ligands’ for TLRs4. PAMPs recognized by TLRs include 

lipids, lipoproteins, proteins and nucleic acids derived from a wide range 

of microbes such as bacteria, viruses, parasites and fungi3. The recognition 

of PAMPs by TLRs occurs in various cellular compartments, including 

the plasma membrane, endosomes, lysosomes and endolysosomes3. The 

proper cellular localization of TLRs is thought to be important for ligand 

accessibility, the maintenance of tolerance to self molecules such as nucleic 

acids and downstream signal transduction.

TLR signaling pathways were intensively studied after the discovery 

of the TIR domain–containing adaptor molecule MyD88. The subse-

quent identification of additional TIR domain–containing adaptors has 

shown that individual TLRs selectively recruit distinct adaptor molecules, 

providing specific immunological responses tailored to the infecting 

microbes3. Studies have indicated that there are cell type–specific signal-

ing pathways that define their immunological properties. For example, 

plasmacytoid dendritic cells (pDCs) and inflammatory monocytes have 

unique signaling pathways that govern antiviral responses that are prob-

ably absent in other cell types5,6. Recently, much attention in the field of 

TLR signaling has focused on post-transcriptional modifications, the 

spatial regulation of signaling molecules and the characterization of TLR 

target genes.

After the discovery of TLRs, several classes of cytosolic PRRs, including 

RIG-I-like receptors (RLRs) and Nod-like receptors (NLRs), were identi-

fied. The RLR family consists of three members, RIG-I, Mda5 and LGP2, 

that detect RNA viruses7. The NLR family consists of more than 20 mem-

bers, and several respond to the various PAMPs, non-PAMP particles 

and cellular stresses to trigger proinflammatory responses, including the 

secretion of IL-1β8,9. In addition, cells express as-yet-unidentified PRRs 

that recognize double-stranded (dsDNA) and induce the production 

of type I interferon10,11. These PRRs are expressed by many cell types, 

including nonimmune cells, and in some cases recognize PAMPs shared 

with TLRs. These PRRs, in concert with TLRs, have a critical role in both 

innate and adaptive immune responses.
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Although TLRs are essential for protective immunity against infection, 

inappropriate TLR responses contribute to acute and chronic inflam-

mation, as well as to systemic autoimmune diseases. Indeed, mice with 

defects in the negative regulation of TLR-mediated responses develop 

these diseases. More importantly, there is growing evidence to indicate 

that endogenous molecules produced by dying cells, or in certain patho-

logical conditions, stimulate TLRs, resulting in the development or accel-

eration of inflammatory and autoimmune diseases.

In this Review, we survey the present knowledge of the structural biol-

ogy, cell biology and signaling of TLRs. We then describe the contribu-

tions of TLRs and cytosolic PRRs to adaptive immune responses and, 

finally, discuss recent progress in TLR-mediated recognition of endog-

enous molecules and their roles in immune diseases.

Structure and ligands for cell surface TLRs

TLRs are largely divided into two subgroups depending on their cellular 

localization and respective PAMP ligands. One group is composed of 

TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11, which are expressed on cell 

surfaces and recognize mainly microbial membrane components such as 

lipids, lipoproteins and proteins; the other group is composed of TLR3, 

TLR7, TLR8 and TLR9, which are expressed exclusively in intracellular 

vesicles such as the endoplasmic reticulum (ER), endosomes, lysosomes 

and endolysosomes, where they recognize microbial nucleic acids.

TLR4, a founding member of the TLR family, was identified as the 

long-sought receptor that responds to bacterial lipopolysaccharide (LPS), 

a component of the outer membrane of Gram-negative bacteria that 

can cause septic shock3. TLR4 forms a complex with MD2 on the cell 

surface, and together they serve as the main LPS-binding component12. A 

structural study of TLR4-MD2 in complex with LPS has shown that five 

of the six lipid chains of LPS bind the hydrophobic pocket of MD2, and 

the remaining lipid chain that is exposed to the surface on MD2 associ-

ates with TLR4 (refs. 13,14; Fig. 1). The phosphate groups also interact 

with the positively charged residues of TLR4. The resultant formation 

of a receptor multimer composed of two copies of the TLR4-MD2-LPS 

complex initiates signal transduction by recruiting intracellular adaptor 

molecules. Additional proteins such as LPS-binding protein (LBP) and 

CD14 are also involved in LPS binding12. LBP is a soluble plasma pro-

tein that binds LPS, and CD14 is a glycosylphosphatidylinositol-linked, 

leucine-rich repeat–containing protein that binds LBP and delivers LPS-

LBP to the TLR4-MD2 complex. In addition to binding LPS, TLR4 is 

involved in the recognition of respiratory syncytial virus fusion proteins, 

mouse mammary tumor virus envelope proteins, Streptococcus pneu-

moniae pneumolysin and the plant-derived cytostatic drug paclitaxel3, 

although structural insights into the interaction between TLR4 and these 

ligands have not yet been provided.

TLR2 is involved in the recognition of a wide range of PAMPs derived 

from bacteria, fungi, parasites and viruses3. These include lipopeptides 

from bacteria, peptidoglycan and lipoteichoic acid from Gram-positive 

bacteria, lipoarabinomannan from mycobacteria, zymosan from fungi, 

tGPI-mucin from Trypanosoma cruzi and the hemagglutinin protein 

from measles virus. TLR2 generally forms heterodimers with TLR1 or 

TLR6. Specifically, the TLR2-TLR1 heterodimer recognizes triacylated 

lipopeptides from Gram-negative bacteria and mycoplasma, whereas the 

TLR2-TLR6 heterodimer recognizes diacylated lipopeptides from Gram-

positive bacteria and mycoplasma. Studies have provided structural 

insights into the mechanisms by which these heterodimers discriminate 

the structures of lipoproteins15,16. TLR2-TLR1 and TLR2-TLR6 heterodi-

mers share an m-shaped structure (Fig. 1). In the TLR2-TLR1–ligand 

complex, two of the three lipid chains of Pam3CSK4 (a triacylated lipo-

peptide) interact with TLR2, whereas the third chain binds the hydro-

phobic channel of TLR1. Thus, recognition of the triacylated lipopeptide 

is facilitated. However, the hydrophobic channel is absent from TLR6, 

so the TLR2-TLR6 heterodimer does not recognize triacylated lipopep-

tides. Together, the different lipid-binding pockets of TLR1 and TLR6 are 

responsible for the discrimination between lipoproteins. Moreover, TLR2 

has the ability to act together with other coreceptors on the cell surface 

Figure 1  PAMP recognition 

by cell surface TLRs. TLR4 in 

complex with MD2 engages LPS. 

Five of the six lipid chains of LPS 

bind MD2 and the remaining 

lipid chain associates with TLR4. 

The formation of a receptor 

multimer composed of two copies 

of the TLR4-MD2-LPS complex 

initially transmits signals for the 

early-phase activation of NF-κB 

by recruiting the TIR domain–

containing adaptors TIRAP (Mal) 

and MyD88 (MyD88-dependent 

pathway). The TLR4-MD2-LPS 

complex is then internalized and 

retained in the endosome, where 

it triggers signal transduction 

by recruiting TRAM and TRIF, 

which leads to the activation of 

IRF3 and late-phase NF-κB for 

the induction of type I interferon 

(TRIF-dependent pathway). 

Both early- and late-phase 

activation of NF-κB is required 

for the induction of inflammatory 

cytokines. TLR2-TLR1 and 

TLR2-TLR6 heterodimers 

recognize triacylated and diacylated lipopeptide, respectively. Two of the three lipid chains of the triacylated lipopeptide interact with TLR2, and the third 

chain binds the hydrophobic channel of TLR1 (absent from TLR6). TLR2-TLR1 and TLR2-TLR6 induce NF-κB activation through recruitment of TIRAP and 

MyD88. TLR5 recognizes flagellin and activates NF-κB through MyD88.
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that assist PAMP recognition. These include CD36, which acts together 

with the TLR2-TLR6 heterodimer to mediate the sensing of some but 

not all TLR2 agonists17, and dectin-1, a C-type lectin that binds fungus 

β-glucan and induces its internalization18. Although it was believed that 

TLR2 agonists induce mainly the production of inflammatory cytokines 

and not type I interferon by macrophages and dendritic cells (DCs), it can 

trigger the production of type I interferon by inflammatory monocytes 

in response to infection with vaccinia virus6, which suggests a cell type–

specific role for TLR2 in antiviral responses. It seems that nucleic acids, 

which are usually the trigger for the production of type I interferon, do 

not participate in the activation of TLR2.

TLR5 recognizes the flagellin protein component of bacterial flagella3 

(Fig. 1). CD11c+CD11b+ lamina propria DCs in the small intestine have 

high TLR5 expression19. Lamina propria DCs are unique in promot-

ing the differentiation of IL-17-producing helper T cells (TH17 cells) 

and T helper type 1 (TH1) cells, as well as the differentiation of naive 

B cells into immunoglobulin A–producing plasma cells in response to 

flagellin19. Furthermore, lamina propria DCs are able to produce retinoic 

acids, which facilitate these humoral and cellular immune responses. The 

kidney and bladder have high expression of mouse TLR11, which is a 

relative of TLR5. TLR11 is thought to recognize uropathogenic bacterial 

components, as TLR11-deficient mice are susceptible to infection with 

these bacteria20. TLR11 also recognizes the profilin-like molecule derived 

from Toxoplasma gondii21.

Structure and ligands for nucleic acid–sensing TLRs

TLR3 was originally identified as recognizing a synthetic analog of dou-

ble-stranded RNA (dsRNA), polyinosinic-polycytidylic acid (poly(I:C)), 

which mimics viral infection and induces antiviral immune responses 

by promoting the production of both type I interferon and inflamma-

tory cytokines. The recognition mechanism was elucidated by struc-

tural analysis of the human TLR3 ectodomain bound to dsRNA22,23 

(Fig. 2). The TLR3 ectodomain has a large horseshoe-like shape that 

probably functions to increase its surface area and facilitate dsRNA 

recognition. The dsRNA binds to two different sites at the N and C ter-

mini on the lateral side of the convex surface of the TLR3 ectodomain, 

which provides enough stability to allow TLR3 to form a homodimer 

via the C-terminal region. In addition to recognizing poly(I:C), TLR3 

recognizes the genomic RNA of reoviruses, dsRNA produced during 

the replication of single-stranded RNA (ssRNA), viruses, including 

respiratory syncytial virus, encephalomyocarditis virus and West Nile 

virus, and certain small interfering RNAs3,24. TLR3 triggers antiviral 

immune responses through the production of type I interferon and 

inflammatory cytokines, which suggests that TLR3 has an essential role 

in preventing virus infection. Consistent with that, TLR3-deficient mice 

are susceptible to lethal infection with murine cytomegalovirus25, and 

TLR3 deficiency in humans is associated with susceptibility to herpes 

simplex virus type 1 (HSV-1)26.

TLR7, originally identified as recognizing imidazoquinoline derivatives 

such as imiquimod and resiquimod (R-848) and guanine analogs such as 

loxoribine (which have antiviral and antitumor properties), recognizes 

ssRNA derived from RNA viruses such as vesicular stomatitis virus, influ-

enza A virus and human immunodeficiency virus3,5 (Fig. 2). TLR7 also 

recognizes synthetic poly(U) RNA and certain small interfering RNAs27. 

There is high expression of TLR7 on pDCs that are able to produce large 

amounts of type I interferon after virus infection, and cytokine induc-

tion by pDCs in response to RNA viruses is totally dependent on TLR7 

(refs. 3,5), which suggests that TLR7 serves as the sensor of infection 

with ssRNA viruses. Moreover, TLR7 expressed on conventional DCs 

(cDCs) senses RNA species from bacteria such as group B Streptococcus 

and induces type I interferon28.

TLR7-mediated recognition of RNA viruses by pDCs occurs in a 

replication-independent manner. Viruses are internalized and recruited 

to the endolysosomes, where TLR7-mediated recognition of ssRNA and 

the initiation of antiviral responses are triggered. Moreover, TLR7 also 

senses replicating vesicular stomatitis virus that enters the cytoplasm via 

autophagy, a process for the lysosomal degradation of cellular proteins that 

involves the formation of double-membrane vesicles called autophago-

somes (Fig. 2). The pDCs that lack autophagy-related protein Atg5, which 

fail to induce autophagosome formation, show defects in the production 

of interferon-α after infection with vesicular stomatitis virus29. Moreover, 

pDCs show constitutive autophagosome formation. These findings sug-

gest that pDC autophagy is important for the delivery of cytosolic viral 

replication intermediates to the lysosome, where TLR7 participates in their 

recognition and the subsequent initiation of antiviral responses.

TLR8 is phylogenetically most similar to TLR7. Human TLR8 mediates 

the recognition of R-848 and viral ssRNA. In contrast to mice that lack 

TLR7, mice that lack TLR8 respond normally to these agonists3,5. TLR8 

is expressed in various tissues, with its highest expression in monocytes, 

and is upregulated after bacterial infection.

TLR9 recognizes unmethylated 2′-deoxyribo(cytidine-phosphate-

guanosine) (CpG) DNA motifs that are frequently present in bacteria 

and viruses but are rare in mammalian cells (Fig. 2). Synthetic CpG 

oligodeoxynucleotides function as TLR9 ligands and directly activate 

DCs, macrophages and B cells, and drive strong TH1 responses3. The 

sugar backbone of DNA, 2′-deoxyribose, is important for TLR9 recogni-

tion when the DNA oligonucleotide has a phosphodiester backbone. In 

contrast, the CpG motif is indispensable in the case of unnatural phos-

phorothionate backbones30. There is high expression of TLR9 by pDCs, 

and it serves as a sensor of DNA virus infection (for example, murine 

cytomegalovirus, HSV-1 and HSV-2)3,5. In addition to recognizing DNA, 

TLR9 directly recognizes the insoluble crystal hemozoin, which is gener-

ated as a byproduct of the detoxification process after digestion of host 

hemoglobin by Plasmodium falciparum31.

Cellular localization of nucleic acid–sensing TLRs

As mentioned above, nucleic acid–sensing TLRs localize to various intra-

cellular compartments. The finding that blockade of endolysosome acidi-

fication prevents TLR7- and TLR9-induced responses suggests that the 

delivery of internalized nucleic acids to the endolysosomes is pivotal to 

interaction with these TLRs. TLR9 and TLR7 are exclusively sequestered 

in the ER in unstimulated cells and rapidly traffic to endolysosomes 

after ligand stimulation32 (Fig. 2). This translocation is regulated by the 

ER-localizing protein UNC93B1, a 12 membrane–spanning protein (Fig. 

2). Triple D (3d) mice bearing a single missense mutation in the gene 

encoding UNC93B1 have defects in cytokine production and upregula-

tion of costimulatory molecules in response to TLR7 and TLR9 ligands, 

as well as TLR3 ligands, and are highly susceptible to viral and bacterial 

infection33. It is reported that UNC93B1 deficiency is responsible for 

HSV-1 encephalitis in human patients34. Cells derived from these patients 

are hyporesponsive to agonists for TLR3, TLR7 and TLR9 but have intact 

responses to the agonists for other extracellular TLRs. UNC93B1 spe-

cifically binds to the transmembrane regions of TLR3, TLR7 and TLR9 

in the ER, and TLR7 and TLR9 do not exit the ER in DCs with the 3d 

mutation32,35. Together these results suggest that UNC93B1 assists in 

the delivery of both TLR7 and TLR9 from the ER to the endolysosome, 

which is a prerequisite for the induction of immune responses by these 

TLRs. Trafficking of TLRs is also regulated by two other proteins resid-

ing in the ER: PRAT4A and gp96. PRAT4A associates with TLR4 and 

TLR9 and is required for the trafficking of TLR4 and TLR9 to the plasma 

membrane and endolysosme, respectively36. Responses to agonists for 

TLR2, TLR4 and TLR9 are abrogated in PRAT4A-deficient cells, whereas 
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TLR3-mediated responses are intact in these cells37, which indicates that 

the trafficking of TLR3 and TLR9 is regulated differently. Macrophages 

deficient in gp96, a member of the ER-resident heat-shock protein 90 

family, have defects in cytokine induction in response to agonists for 

TLR1, TLR2, TLR4, TLR5, TLR7 and TLR9. Furthermore, gp96 has been 

shown to bind TLR9. These findings suggest that gp96 functions as a 

general chaperone for most TLRs, unlike PRAT4, which regulates traf-

ficking of certain TLRs only38.

TLR9 is known to be proteolytically cleaved by intracellular proteases 

in endolysosomes, which generates a functional receptor that mediates 

ligand recognition and initiates signal transduction (Fig. 2). The pro-

teases that potentially mediate TLR9 cleavage include cathepsins, such as 

cathepsin B, cathepsin S, cathepsin L, cathepsin H and cathepsin K, and 

asparaginyl endopeptidase39–43. However, controversy still exists as to the 

functional cleavage of TLR9. The deletion of specific leucine-rich repeats 

in the N-terminal region renders TLR9 unresponsive to its ligand, and 

the positively charged N-terminal region of TLR9 is proposed to mediate 

binding to CpG DNA, which suggests the importance of the full-length 

structure in TLR9 activation44.

TIR domain–containing adaptors in TLR signaling

Individual TLRs trigger specific biological responses. For example, TLR3 

and TLR4 generate both type I interferon and inflammatory cytokine 

responses, whereas cell surface TLR1-TLR2, TLR2-TLR6 and TLR5 

induce mainly inflammatory cytokines (Figs. 1 and 2). These differ-

ences are explained by the discovery of TIR domain–containing adaptor 

molecules, including MyD88, TIRAP (Mal), TRIF and TRAM, which 

are recruited by distinct TLRs and activate distinct signaling pathways 

(Figs. 1 and 2). MyD88, the first identified member of this TIR family, 

is universally used by all TLRs except TLR3, and activates the transcrip-

tion factor NF-κB and mitogen-activated protein kinases (MAPKs) to 

induce inflammatory cytokines3. In contrast, TRIF is used by TLR3 and 

TLR4 and induces alternative pathways that lead to activation of the 

transcription factors IRF3 and NF-κB and the consequent induction of 

type I interferon and inflammatory cytokines. TRAM and TIRAP func-

tion as sorting adaptors that recruit TRIF to TLR4 and MyD88 to TLR2 

and TLR4, respectively. Thus, TLR signaling pathways can be largely 

classified as either MyD88-dependent pathways, which drive the induc-

tion of inflammatory cytokines, or TRIF-dependent pathways, which are 

Figure 2  PAMP recognition by intracellular TLRs. TLR3 recognizes dsRNA derived from viruses or virus-infected cells; dsRNA binds to N- and C-terminal 

sites on the lateral side of the convex surface of the TLR3 ectodomain, which facilitates the formation of a homodimer via the C-terminal region. TLR3 

activates the TRIF-dependent pathway to induce type I interferon and inflammatory cytokines. In pDCs, TLR7 recognizes ssRNA derived from ssRNA viruses 

in endolysosomes and activates NF-κB and IRF7 via MyD88 to induce inflammatory cytokines and type I interferon, respectively. In addition, autophagy is 

involved in delivering ssRNA to TLR7-expressing vesicles. TLR9 recognizes DNA derived from both DNA viruses and bacteria. Proteolytic cleavage of TLR9 by 

cellular proteases is required for downstream signal transduction. TLR9 recruits MyD88 to activate NF-κB and IRF7 in pDCs. TLR3, TLR7 and TLR9 localize 

mainly to the ER in the steady state and traffic to the endolysosomes, where they engage with their ligands. UNC93B1 interacts with these TLRs in the ER 

and is essential for this trafficking.
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responsible for the induction of type I interferon as well as inflammatory 

cytokines3.

TLR4 is the only TLR that uses all four adaptors and activates both the 

MyD88- and TRIF-dependent pathways (Fig. 1). TLR4 initially recruits 

TIRAP at the plasma membrane and subsequently facilitates the recruit-

ment of MyD88 to trigger the initial activation of NF-κB and MAPK45. 

TLR4 subsequently undergoes dynamin-dependent endocytosis and is 

trafficked to the endosome, where it forms a signaling complex with 

TRAM and TRIF, rather than TIRAP and MyD88, to initiate the TRIF-

dependent pathway that leads to IRF3 activation as well as the late-phase 

activation of NF-κB and MAPK46–48. Thus, TLR4 activates the MyD88-

dependent pathway earlier than the TRIF-dependent pathway. Notably, 

activation of both the MyD88- and TRIF-dependent pathways is neces-

sary for the induction of inflammatory cytokines via TLR4 signaling, 

which is in contrast to other TLRs, for which activation of either the 

MyD88- or the TRIF-dependent pathway is sufficient for the induction 

of inflammatory cytokines. It is still a mystery why activation of either 

pathway alone is insufficient for the induction of inflammatory cytokines 

via TLR4 signaling.

The MyD88-dependent pathway

After the engagement of TLRs by their cognate PAMPs, MyD88 recruits 

the IL-1 receptor–associated kinases IRAK4, IRAK1, IRAK2 and IRAK-M 

(Fig. 3). IRAK4 is activated initially and has an essential role in the acti-

vation of NF-κB and MAPK downstream of MyD88 (ref. 3). IRAK1 

and IRAK2 are activated sequentially, and activation of both kinases is 

required for robust activation of NF-κB and MAPK49. IRAK activation 

results in an interaction with TRAF6, an E3 ligase that catalyzes the syn-

thesis of polyubiquitin linked to Lys63 (K63) on target proteins, including 

TRAF6 itself and IRAK1, in conjunction with the dimeric E2 ubiquitin-

conjugating enzymes Ubc13 and Uev1A. The K63-linked polyubiquitin 

chains then bind to the novel zinc finger–type ubiquitin-binding domain 

of TAB2 and TAB3, the regulatory components of the kinase TAK1 com-

plex, to activate TAK1. The K63-linked polyubiquitin chains also bind to 

the ubiquitin-binding domain of NEMO, an essential regulatory compo-

nent of the IKK complex required for NF-κB activation. Thus, the K63 

polyubiquitin chains might be responsible for recruiting TAK1 to form a 

complex with IKK, thus allowing TAK1 to phosphorylate IKKβ through 

its close proximity to the IKK complex, which leads to NF-κB activa-

tion via phosphorylation and subsequent degradation of IκB proteins50. 

However, Ubc13-deficient cells show intact NF-κB activation in response 

to TLR agonists, despite the defective K63-linked polyubiquitination of 

NEMO, which suggests that a K63-linked ubiquitination-independent 

mechanism exists in NEMO-mediated NF-κB activation51. Head-to-tail 

linear polyubiquitination of NEMO by the linear ubiquitin-chain assem-

bly complex (which consists of HOIL-1L and HOIP) has been shown to 

be an important process for IKK activation52–54.

TAK1 simultaneously activates the MAPKs Erk1, Erk2, p38 and Jnk 

by inducing the phosphorylation (rather than ubiquitination) of MAPK 

kinases, which then activate various transcription factors, including AP-1, 

as well as influencing translation. Despite having normal NF-κB activa-

tion, Ubc13-deficient cells show impaired MAPK activation51. However, 

the direct target of Ubc13 that is responsible for MAPK activation remains 

unidentified.

Activation of the MyD88-dependent pathway results in the induc-

tion of many genes, and some of these have critical roles in modu-

lating NF-κB-dependent transcription (Fig. 3). These include the 

IκB protein IκBζ, which functions as an inducible coactivator for 

the NF-κB p50 subunit to facilitate IL-6 and IL-12p40 induction55;  

C/EBPδ, which acts together with NF-κB to maximize IL-6 produc-

tion56; IκB-NS, which suppresses the induction of both IL-6 and 

tumor necrosis factor (TNF) by modulating the DNA-binding activity 

of the NF-κB p65 subunit57; and ATF3, which restricts NF-κB activity 

by recruiting histone deacetylase58.

The TRIF-dependent pathway

The TRIF-dependent pathway culminates in the activation of both 

IRF3 and NF-κB24 (Fig. 3). TRIF recruits TRAF6 and activates TAK1 

for NF-κB activation, most probably through ubiquitination-dependent 

mechanisms similar to those of the MyD88-dependent pathway. TRIF 

also recruits the adaptor RIP1 through the distinct RIP homotypic inter-

action motif. RIP1 undergoes K63-linked polyubiquitination after stimu-

lation by TLR3 agonists, and this modification is required for NF-κB 

activation. The adaptor TRADD binds RIP1, and TRADD-deficient cells 

show impaired RIP1 ubiquitination with concomitant loss of NF-κB 

activation59,60, which suggests involvement of TRADD in RIP1 activa-

tion downstream of TLR3. Pellino-1 is a member of the Pellino family 

of RING-like domain–containing E3 ubiquitin ligases, and Pellino-1 

deficiency causes loss of RIP1 ubiquitination and NF-κB activation in 

response to TLR3 agonists, despite normal MyD88-dependent NF-κB 

activation61. Collectively, TRIF forms a multiprotein signaling complex 

along with TRAF6, TRADD, Pellino-1 and RIP1 for the activation of 

TAK1, which in turn activates the NF-κB and MAPK pathways.

In addition to leading to NF-κB activation, the TRIF-dependent path-

way leads to IRF3 activation and interferon-β transcription (Fig. 3). TRIF 

recruits a signaling complex involving the noncanonical IKKs TBK1 and 

IKKi (IKKε), which catalyze the phosphorylation of IRF3 and induce its 

nuclear translocation62. The activation of TBK1-IKKi by TRIF requires 

TRAF3. TRAF3 deficiency impairs interferon-β induction by TLR3, as 

well as by TLR7, TLR9 and RLRs, which indicates a general role for TRAF3 

in interferon-β induction by various nucleic acid–sensing PRRs63,64.

TRAF3 is also incorporated into the MyD88 complex during TLR4 

signaling. However, this exposes TRAF3 to K48-linked ubiquitination 

and degradation via cIAP1 and cIAP2, which are both components 

of the MyD88 signaling complex but not the TRIF signaling complex. 

TRAF3 degradation results in translocation of the membrane-proximal 

signaling complex to the cytoplasm, which leads to TAK1 activation65. 

These findings suggest that TRAF3 promotes IRF3 activation as well as 

inhibiting the MyD88-dependent pathway. The differences in regulation 

of the MyD88- and TRIF-dependent pathways by a single molecule has 

also been reported in studies of NRDP1, a RING-containing E3 ligase 

that interacts with and potentiates TBK1 activation through K63-linked 

ubiquitination, for which Ubc13 is required66. At the same time, it inhib-

its activation of the MyD88-dependent pathway through its interaction 

with and degradation of MyD88. Balanced production of inflammatory 

cytokines and type I interferon by these molecules might have key roles 

in controlling tumor cell growth and autoimmune diseases.

TLR7 and TLR9 signaling in pDCs

The TLR7 and TLR9 signaling pathways in pDCs have been extensively 

investigated to elucidate their potential to induce the production of type 

I interferon after viral infection. The TLR7 and TLR9 signaling pathways 

in pDCs are unique in that they both require MyD88 for the induction 

of type I interferon (Fig. 3). In this context, IRF7, which is constitutively 

expressed by pDCs, binds MyD88 and forms a multiprotein signaling 

complex with IRAK4, TRAF6, TRAF3, IRAK1 and IKKα24 (Fig. 3). In this 

complex, IRF7 becomes phosphorylated by IRAK1 and/or IKKα, dissoci-

ates from the complex and translocates into the nucleus. In addition to 

requiring phosphorylation, IRF7 activation probably requires TRAF6- 

and Ubc13-dependent ubiquitination. Whereas IRAK1, IKKα and TRAF3 

are specifically involved in the activation of IRF7, MyD88, IRAK4 and 

TRAF6 are critical for the activation of both IRF7 and NF-κB.
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Additional components that control the production of type I interferon 

by pDCs have also been identified (Fig. 3). A precursor of osteopontin, 

OPNi is a TLR9-inducible protein that is sequestered in the cytoplasm 

and functions as a component of the MyD88-IRF7 complex in pDCs67. 

Pharmacological inhibition of phosphoinositol 3-OH kinase (PI(3)

K) abrogates the nuclear translocation of IRF7. Moreover, inhibition 

of mTOR and p70S6K, both of which are downstream targets of PI(3)

K, disrupts the interaction between TLR9 and MyD88, which results in 

impaired nuclear translocation of IRF7 and induction of type I inter-

feron68. These findings suggest that the PI(3)K-mTOR pathway acceler-

ates the production of type I interferon by pDCs during viral infection. 

IRF5 is incorporated into the MyD88 complex and controls the induction 

of IL-6 and IL-12p40 (ref. 69). The MyD88-IRF5 pathway is also used by 

many TLRs in other cell types, such as macrophages and cDCs. IRF8-null 

pDCs show loss of TLR9-mediated induction of both type I interferon 

and inflammatory cytokines, with less NF-κB activation, which suggests 

the possibility that IRF8, in cooperation with NF-κB, controls cytokine 

induction70.

Retention of the CpG-TLR9 signaling complex in the endosome is 

also an important mechanism used by pDCs to control antiviral innate 

Figure 3  Overview of TLR signaling pathways. TLR-mediated responses are controlled mainly by the MyD88-dependent pathway, which is used by all TLRs 

except TLR3, and the TRIF-dependent pathway, which is used by TLR3 and TLR4. TRAM and TIRAP are sorting adaptors used by TLR4 and TLR2-TLR4, 

respectively. In cDCs and macrophages, MyD88 recruits IRAK4, IRAK1, IRAK2 and TRAF6 and induces inflammatory responses by activating NF-κB, 

MAPK and IRF5. TRAF6 activates TAK1 in complex with TAB2 and TAB3 and activates the IKK complex consisting of NEMO and IKKαβ, which catalyze 

IκB proteins for phosphorylation. NF-κB induces C/EBPδ, IκBζ, IκB-NS, Zc3h12a, ATF3 and tristeraprolin (TTP), which influence the genes encoding IL-6, 

IL-12p40 or TNF. TRIF recruits TRAF6, TRADD and TRAF3. TRADD interacts with Pellino-1 and RIP1. RIP1 and TRAF6 cooperatively activate TAK1, which 

leads to activation of MAPK and NF-κB. TRAF3 activates the kinases TBK1 and IKKi, which phosphorylate and activate IRF3, the last of which controls 

transcription of type I interferon. Nrdp1 is involved in TBK1-IKKi activation. The TRIF-dependent pathway leads to inflammasome activation during TLR4 

signaling. In pDCs, TLR7 and TLR9 recruit MyD88 along with IRAK4 and TRAF6, which activate IRF5 and NF-κB for inflammatory cytokine induction and 

IRF7 for type I interferon induction. For IRF7 activation, IRAK1- and IKKα-dependent phosphorylation is required, and TRAF3 is located upstream of these 

kinases. OPNi is involved in IRF7 activation, and IRF8 facilitates NF-κB activation. The PI(3)K-mTOR-p70S6K axis enhances the TLR7 and TLR9 signaling 

pathways. IRF1 is involved in the induction of type I interferon by TLR7 and TLR9 in cDCs rather than pDCs. Among the many negative regulators of TLRs 

that have been identified, TANK (which suppresses TRAF6), A20 (which suppresses TRAF6 and RIP1), ATG16A (which suppresses inflammasome activation) 

and SHP-1 (which suppresses IRAK1 and IRAK2) are reported to be indispensable for preventing inflammatory diseases caused by enhanced or prolonged 

TLR signaling. Yellow, TLRs; green, stimulators; pink, negative regulators; blue, target genes.
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immune responses. The A (D)-type CpG oligodeoxynucleotide, which 

contains a single CpG motif and a poly(G) tail on a phosphorothioate-

phosphodiester backbone, is able to induce the secretion of type I inter-

feron by pDCs. It is stably retained in the early endosomes in pDCs along 

with TLR9, MyD88 and IRF7 (ref. 71). In contrast, the B (K)-type CpG 

oligodeoxynucleotide, which contains multiple CpG motifs on a phos-

phothioate backbone and can induce both IL-12 production by cDCs and 

B cell activation, is rapidly transferred to late endosomes or lysosomes, 

which results in less activation of IRF7.

Negative regulators of TLR signaling

The negative regulation of TLR-induced responses is important for sup-

pressing inflammation and deleterious immune responses. So far, many 

negative regulators that suppress TLR signaling pathways at multiple 

levels have been identified. These include splice variants for adaptors or 

their related proteins72,73, ubiquitin ligases74,75, deubiquitinases76, tran-

scriptional regulators and microRNAs77,78. Here we focus on the nega-

tive regulators of TLR-mediated immune responses, whose disruption 

or mutation results in persistent inflammation in vivo.

TANK binds TBK1 and IKKi and has been linked to the activation 

of both NF-κB and IRF3. TANK-deficient mice spontaneously develop 

autoimmune glomerular nephritis, which is suppressed by treatment with 

antibiotics or deficiency in MyD88 or IL-6 (ref. 79). Despite having intact 

induction of type I interferon, TANK-deficient macrophages and B cells 

show more NF-κB activation and IL-6 production in response to TLR 

ligands. TANK-deficient cells also show enhanced TRAF6 ubiquitination. 

Therefore, TANK acts as a negative regulator of TRAF6 ubiquitination 

in both macrophages and B cells (Fig. 3).

Mutations in the gene encoding the autophagy-related molecule 

Atg16L1 have been linked to Crohn’s disease80. Atg16L1-deficient mice 

are highly susceptible to dextran sulfate sodium–induced acute coli-

tis, which is blocked by treatment with antibodies to IL-1β and IL-18 

(ref. 81). Moreover, macrophages derived from these mice show more 

activation of caspase-1 and production of IL-1β and IL-18 in response 

to LPS. Overactivation of caspase-1 by LPS in the absence of Atg16L1 

requires TRIF, which suggests that Atg16L1 negatively regulates the TRIF-

dependent pathways that lead to caspase-1 activation (Fig. 3). Moreover, 

intestinal Paneth cells derived from Atg16L1-deficient mice show higher 

expression of genes involved in responses to intestinal injury82. Atg16L1 

is thus essential for the suppression of intestinal inflammation.

TLR stimulation rapidly induces the regulatory protein Zc3h12a, 

which contains a CCCH-type zinc-finger domain and an RNase domain. 

Zc3h12a targets the 3′ untranslated regions of IL-6 mRNA and IL-12p40 

mRNA for degradation via its RNase activity. Zc3h12a-deficient mac-

rophages consistently produce remarkably large amounts of IL-6 and 

IL-12p40 but normal amounts of TNF in response to TLR agonists, and 

mice deficient in Zc3h112a have higher serum immunoglobulin lev-

els and autoantibody production83. Together these results suggest that 

Zc3h12a negatively regulates TLR-induced inflammatory responses by 

affecting mRNA stability and prevents autoimmunity (Fig. 3). Another 

zinc-finger protein, tristeraprolin (Xfp36), prevents the development of 

autoimmune arthritis. Tristeraprolin binds AU-rich elements in the 3′ 
untranslated region of TNF mRNA and removes the poly(A) tail by dead-

enylation, which leads to degradation84 (Fig. 3). Therefore, these zinc-

finger proteins control mRNA stability through different mechanisms.

A20 is a protein induced during TLR stimulation that has two enzy-

matic activities, acting as an E3 ubiquitin ligase and a deubiquitinase. In 

vitro analyses have shown that A20 restricts NF-κB activation by modu-

lating RIP1 and TRAF6 (Fig. 3). A20-deficient mice die prematurely due 

to the spontaneous development of multiorgan inflammation and severe 

cachexia, which indicates that A20 has anti-inflammatory properties in 

vivo. Deficiency in both A20 and MyD88 rescues the mice from prema-

ture death and diminishes the inflammation in these mice85. Also, the 

administration of antibiotics prevents cachexia. Thus, A20 might inhibit 

TLR signaling induced by commensal bacteria.

Mice bearing mutations in the gene encoding the tyrosine phosphatase 

SHP-1 develop inflammatory lesions associated with aberrant mac-

rophage activation in response to TLR stimulation86. MyD88 deficiency 

suppresses this inflammation, which suggests that SHP-1 negatively regu-

lates the MyD88-dependent pathway. It has also been reported that SHP-1 

suppresses the function of both IRAK1 and IRAK2 (ref. 87; Fig. 3).

Non-TLR cytosolic PRRs in PAMP recognition

The innate immune system recognizes cytoplasmic PAMPs through 

RLRs, NLRs and an unidentified dsDNA sensor. RLRs (RIG-I, Mda5 and 

LGP2) are RNA helicases that detect viral RNA species and signal through 

the adaptor molecule IPS-1, thus inducing antiviral responses7,24. NLRs 

represent a large family of PRRs that respond to various stimuli, including 

PAMPs, non-PAMP particles and cellular stresses8,9. Among the NLRs, 

Nod1 and Nod2 recognize the degradation products of bacterial cell-

wall components, and NLRP3 (NALP3) responds to various stimuli to 

form the inflammasome complex, which promotes the release of IL-1β 

and IL-18 via caspase-1. Furthermore, cells respond to pathogen-derived 

dsDNA and incompletely digested self dsDNA by triggering the induction 

of type I interferon through unidentified pathways, although STING and 

TBK1 are essential components in dsDNA-triggering signaling10,11,88. 

DAI (ZBP1-DLM1) has been identified as a putative cytosolic sensor for 

dsDNA that augments the production of type I interferon in response to 

dsDNA89. However, the induction of type I interferon by stimulation with 

dsDNA is intact in DAI-deficient mice, which suggests redundancy90. 

AIM2, which contains a pyrin and HIN-200 DNA-binding domain, binds 

dsDNA and forms an inflammasome with ASC to trigger IL-1β produc-

tion91. AIM2 is required for caspase-1-dependent IL-1β production but 

is dispensable for the induction of type I interferon in response to dsDNA 

stimulation, infection with vaccinia virus (a dsDNA virus) and the fac-

ultative intracellular Gram-negative bacteria Francisella tularensis that 

delivers DNA to the host cytoplasm92,93. Moreover, AIM2-deficient mice 

are more susceptible to lethal infection with F. tularensis than are control 

mice, probably because of their defects in IL-1β production. Therefore, 

AIM2 is a crucial component involved in dsDNA-induced production of 

IL-1β rather than type I interferon. The phosphatase Eya was identified 

as a molecule that interacts with STING and IPS-1 and enhances the 

promoter of the gene encoding interferon-β during dsDNA and RLR 

signaling, although the physiological function of Eya protein remains 

unclear94. These classes of cytosolic PRRs are expressed by many cells, 

including immune and non-immune cells such as fibroblasts and epi-

thelial cells, and recognize PAMPs shared with TLRs. Both the specific 

and overlapping roles of these PRRs have been studied in the context of 

adaptive immune responses during infection.

Among PRRs, TLRs are expressed mainly on antigen-presenting 

cells such as DCs and macrophages, as well as on B cells, and many TLR 

agonists trigger both antibody responses and TH1 and TH17 responses. 

Several lines of evidence indicate the essential role of TLRs in shaping 

adaptive immunity. An in vivo model of infection with influenza A virus, 

which is sensed by TLR7 in pDCs and by RIG-I in other cells, shows 

that TLR7, rather than RIG-I, is required for mounting B cell and CD4+ 

T cell responses95. TLR7 has been shown to be critical for protective 

immunity in a vaccine model. Moreover, TLR7, rather than RIG-I, is 

required for the differentiation of CD8+ T cells after infection with lym-

phocytic choriomeningitis virus96. These data collectively suggest that 

TLR7 contributes to the induction of effective antiviral adaptive immune 

responses. However, TLRs are insufficient for the robust induction of 
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virus recognition and cytokine pro-

duction. Indeed, a study evaluating 

the adjuvant effects of poly(I:C) in 

mice deficient in TLR3 and/or Mda5 

signaling components has shown 

that antigen-specific antibody pro-

duction and the differentiation of 

CD4+ and CD8+ T cells is regulated 

via both TLR3- and Mda5-mediated 

pathways102. Furthermore, a study 

has shown that recognition of 

poly(I:C) by Mda5 in DCs, mono-

cytes and stromal cells, with conse-

quent induction of type I interferon, 

is required for TH1 responses in a 

mouse model for a human immu-

nodeficiency virus Gag protein 

vaccine103. This suggests that PRR 

signaling in both APCs and non-

APCs, and the interaction between 

them, are sufficient for mounting a 

robust adaptive immune response. 

The critical role of non-APCs in the 

establishment of adaptive immu-

nity has also been demonstrated 

by the study of DNA vaccines that 

incorporate plasmids with anti-

genic sequences and other elements 

that potentiate innate immune 

responses. The optimal induction 

of B cell and T cell responses does 

not require TLR9, RLR or DAI but 

does require TBK1 and STING88,90. 

Notably, cell-transfer experiments 

have demonstrated that responses to 

dsDNA in both hematopoietic and 

nonhematopoietic cells are required 

for the adjuvanticity of DNA vac-

cines in vivo90.

Endogenous ligands for cell surface TLRs

It is becoming increasingly evident that, in addition to responding to 

PAMPs, TLRs respond to endogenous host molecules and trigger inflam-

matory responses. Most of these are produced as a result of cell death 

and injury or by tumor cells, and they include degradation products of 

the extracellular matrix (ECM), heat-shock proteins and high-mobility 

group box 1 (HMGB1) proteins, which act as stimulators for cell surface 

TLRs (Fig. 4). Furthermore, chromatin-DNA and ribonucleoprotein 

complexes released by dying cells and immune complex–containing self 

antigens, all of which contain self nucleotides, can stimulate intracellular 

TLR7 and TLR9 and lead to the development of systemic autoimmune 

disease (Fig. 4).

As a result of injury or inflammation, ECM components are cleaved 

by cellular proteases and are released outside cells. Some of the released 

components reportedly activate TLR2 or TLR4 or both (Fig. 4). These 

include biglycan104, hyaluronic acid105, versican106, extradomain A of 

fibronectin107 and surfactant protein A108. Biglycan is known to induce 

the production of inflammatory cytokines and chemokines, and this 

induction is totally abolished by deficiency in both TLR2 and TLR4.  

Biglycan-deficient mice are very resistant to zymosan- and LPS-induced 

shock and are associated with lower TNF concentrations and the infiltra-

adaptive immunity, because CD8+ T cell responses to influenza A viruses 

do not require TLR7 or RLRs. Influenza A viruses are able to activate the 

NLRP3 inflammasome to trigger IL-1β production, and this pathway is 

required for the shaping of adaptive immunity97–99. Although several 

mechanisms have been proposed to trigger activation of the NLRP3 

inflammasome8,9, it has been shown that influenza A virus–induced acti-

vation of the NLRP3 inflammasome is unique in that the virus-encoded 

M2 ion channel is responsible for triggering this activation100.

Although the relative contributions of cytosolic PRRs to the shaping of 

adaptive immunity remain unclear, it has been suggested that cytosolic 

signaling by PRRs in non–antigen presenting cells (non-APCs) is involved 

in facilitating DC-mediated adaptive immune responses. Poly(I:C) is used 

as a vaccine adjuvant and is recognized by TLR3 and Mda5. There is high 

expression of TLR3 by CD8α+ DCs, which have high phagocytic activ-

ity for apoptotic virus-infected cells. TLR3-deficient DCs fail to mount 

CD8+ T cell responses when they engulf either dsRNA-loaded cells or 

virus-infected cells101. Thus, TLR3 recognition of dsRNA delivered from 

virus-infected cells in DCs triggers DC maturation and the presentation 

of viral antigen on major histocompatibility complex class I molecules, 

which stimulates CD8+ T cell responses (Fig. 2). This process, referred 

to as ‘cross-priming’, can be facilitated by type I interferon and other 

cytokines released by initially infected cells in which Mda5 is involved in 

Figure 4  Endogenous agonists for TLRs and immune diseases. Endogenous molecules released by dying cells, 

such as HMGB1, heat-shock proteins (Hsp) and ECM components, are recognized by TLR2, TLR4 or TLR2-TLR4. 

Amyloid-β and oxidized LDL (Ox-LDL) are both sensed by TLR4-TLR6 along with the coreceptor CD36. Oxidized 

(Ox-) phospholipids generated after infection and the antimicrobial peptide β-defensin 2 are recognized by TLR4. 

Recognition of these endogenous molecules by cell surface TLRs leads to inflammation as well as repair responses. 

Self DNA and RNA in complex with LL37 are internalized into early endosomes and are recognized by TLR9 and 

TLR7, respectively. The HMGB1–self DNA complex is internalized via RAGE and is recognized by TLR9. Immune 

complexes containing self nucleic acids are internalized via Fc receptors, such as FcγRIIa, and stimulate TLR7 

and TLR9. Self DNA incompletely digested during apoptosis is probably sensed by an intracellular DNA sensor that 

activates TBK1. The recognition of self nucleic acids by TLR7, TLR9 and an as-yet-undefined DNA sensor leads to 

the induction of type I interferon and promotes autoimmune and/or inflammatory diseases.
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for avoiding contact with extracellular self nucleic acids116. In addition, 

proteolytic maturation of TLR9 (and possibly TLR7) is important 

for preventing inappropriate recognition of self DNA by TLR9 leak-

ing to the cell surface. It is possible these safeguards are destroyed in 

inflammatory and autoimmune conditions. For example, when self-

derived nucleic acids form complexes with endogenous proteins, they 

might become resistant to nucleases and gain access to the endosomal 

TLRs, which in turn promote and maintain autoimmune processes. 

Furthermore, the finding that trafficking of TLR7 and TLR9 from the 

ER to endolysosomes is induced by LPS in addition to their ligands 

suggests the possibility that inflammation could actually increase the 

accessibility of nucleic acids to TLR7 and TLR9 (ref. 32).

In systemic lupus erythematosus, there is a higher concentration of 

antibodies to self nucleic acids or nucleoproteins. Serum from patients 

with systemic lupus erythematosus promotes pDCs to produce type 

I interferon, and the concentration of type I interferon correlates 

with disease severity117. Self nucleic acids or nucleoproteins bound 

to autoantibodies are internalized via FcγRIIa receptors on DCs and 

are delivered to TLR7- and TLR9-containing vesicles, which leads to 

the production of type I interferon118,119 (Fig. 4). Moreover, these 

immune complexes bind to B cell antigen receptors and are inter-

nalized for the activation of these TLRs120, which contributes to the 

activation of autoreactive B cells. Cooperative activation of DCs and 

B cells is, therefore, important for the progression and perpetuation 

of autoimmune diseases.

HMGB1 can bind to both pathogen and self DNA. These HMGB1-

DNA complexes bind to the receptor RAGE and are delivered into 

early endosomes for TLR9 recognition, which results in the activation 

of pDCs and B cells121 (Fig. 4). LL37 (cathelicidin) is an antimicrobial 

peptide produced by neutrophils and keratinocytes, and skin lesions 

of psoriasis have high LL37 expression. LL37 forms aggregates with 

self DNA and RNA released by necrotic cells, and these aggregates 

are endocytosed and retained in the early endosomes of pDCs, where 

they activate TLR9 and TLR7, respectively122,123. Duplication of Tlr7 

is found in mice that are hyper-reactive to TLR7 ligands124,125. These 

mice develop nephritis along with the production of antibodies to 

RNA-containing autoantigens. Tetramethylpentadecane (pristane) is 

an isoprenoid alkane found in plants that induces a lupus-like disease 

in mice when injected into the peritoneal cavity. The ensuing autoan-

tibody production requires interferon signaling. The source of type 

I interferon production in this case is immature monocytes rather 

than pDCs, and TLR7, but not RLRs, is indispensable for this126. The 

U1 small nuclear ribonucleoprotein serves to activate TLR7 in this 

model, although Fc receptors are dispensable for the production of 

type I interferon.

Although TLR7 and TLR9 are similar in terms of expression, local-

ization, signaling pathways and target-gene expression, their roles 

in the pathogenesis of autoimmune disease in mice are distinct127. 

TLR7 deficiency results in a smaller amount of autoantibodies to 

RNA-associated antigens in MRL lpr/lpr mice that develop systemic 

autoimmune diseases such as systemic lupus erythematosus. However, 

TLR9 deficiency has the opposite effect. This suggests that the TLR9-

mediated pathway limits TLR7 responses.

It seems that autoimmune diseases are also caused by inappropriate 

clearance of self nucleic acids. Mutations in the gene encoding serum 

DNase I are associated with a lupus-like syndrome in both mice and 

humans128,129. Mice deficient in lysosomal DNase II accumulate incom-

pletely digested DNA in macrophages, have higher concentrations of 

type I interferon and TNF and develop autoimmune symptoms such 

as chronic polyarthritis130. Notably, increases in type I interferon can 

occur in the absence of DNase II and independently of TLRs. Mutations 

tion of mononuclear cells into the lungs104, which suggests a role for 

the biglycan-TLR2-TLR4 pathways in the enhancement of bacteria-

induced lung injury. Hyaluronic acid fragments, which accumulate and 

are released after lung injury, can stimulate macrophages to produce 

chemokines through TLR2 and TLR4. In a mouse model of noninfec-

tious lung injury in which hyaluronic acid participates, mice doubly 

deficient in TLR2 and TLR4 show lower survival associated with less 

recruitment of inflammatory cells, enhanced epithelial cell apoptosis 

and more tissue injury, which suggests that TLR2-TLR4-mediated 

recognition of hyaluronic acid promotes inflammation and repair 

responses105. Extradomain A and surfactant protein A may also be 

recognized by TLR4 (refs. 107,108).

In addition to ECM components, other cellular components such 

as HMGB1 and heat-shock proteins serve as ligands for TLRs (Fig. 4). 

HMGB1, a nuclear non-histone protein that is released by necrotic 

cells or during inflammation, is a proinflammatory mediator in septic 

shock and ischemic reperfusion models and is recognized by TLR2, 

TLR4 and/or TLR9 (ref. 109). Neutralizing antibodies to HMGB1 

inhibit damage in a hepatic ischemic reperfusion model, and TLR4-

deficient mice show less damage in this model110. That finding suggests 

that TLR4 responds to endogenous molecules and mediates inflam-

matory responses in a noninfectious situation. The role of the cyto-

plasmic HMGB proteins HMGB1, HMGB2 and HMGB3 as universal 

sentinels for nucleic acids that activate TLRs, RLRs and DNA sensors 

has been demonstrated111. Heat-shock proteins, including Hsp60, 

Hsp70, Hsp22 and gp96, have also been linked to the activation of 

macrophages and DC to induce proinflammatory mediators through 

TLR2, TLR4 or TLR2-TLR4, although it is still unclear whether or not 

this effect is due to the contamination of these recombinant protein 

preparations by Escherichia coli products112.

TLRs also participate in inflammatory responses in certain patho-

logical conditions. In noninfectious inflammatory diseases such as 

atherosclerosis and Alzheimer’s disease, oxidized low-density lipopro-

tein and amyloid-β, respectively, trigger sterile inflammation and are 

recognized in a manner dependent on TLR4 and TLR6 (ref. 113; Fig. 

4). This recognition is probably achieved via a TLR4-TLR6 heterodi-

mer in cooperation with the scavenger receptor CD36. Versican, an 

ECM proteoglycan that accumulates in tumor cells, stimulates tumor-

infiltrating myeloid cells (via TLR2, TLR6 and CD14) to produce TNF, 

which accelerates tumor-cell metastasis106. There is a direct interaction 

between TLR2 and versican. Thus, recognition of versican by TLR2 

and the consequent inflammatory environment can support tumor-

cell survival.

Infection is also a trigger for the release of endogenous molecules 

that are recognized by TLRs (Fig. 4). The antimicrobial peptide 

β-defensin 2, which directly neutralizes invading microbes and is 

produced in response to infection in mucosal tissue and skin, activates 

immature DCs via TLR4 to induce the upregulation of costimulatory 

molecules, which leads to the induction of effective adaptive immune 

responses114. TLR4- and TRIF-deficient mice are protected from the 

acute lung injury caused by the administration of inactivated H5N1 

avian influenza virus115. This virus triggers production of the oxidized 

phospholipids that are responsible for acute lung injury through the 

TLR4-TRIF axis. Thus, the response to oxidative stress via the TLR4 

pathway is the key to controlling acute lung injury.

Inappropriate TLR-mediated recognition of self nucleic acids

Self-derived nucleic acids do not activate innate immune responses 

under normal conditions. Self nucleic acids are properly degraded by 

serum nucleases before being recognized by TLRs in the endolyso-

somes. The intracellular localization of TLR7 and TLR9 is important 
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in the gene encoding the repair exonuclease TREX1 are found in Aicardi-

Goutières syndrome, which is characterized by a fatal encephalopathy 

associated with greater production of type I interferon131,132. Loss 

of TREX1 in cells results in the accumulation of DNA derived from 

retro elements, which are responsible for the induction of interferon 

responses133. Mice with mutations in the gene encoding the endonu-

clease FEN1 also have more undigested DNA in apoptotic cells and are 

predisposed to autoimmunity, chronic inflammation and cancer134. 

Moreover, mutations in the gene encoding SAMHD1, a component of 

RNase H2, are also associated with Aicardi-Goutières syndrome and 

have been linked to the negative regulation of antiviral innate immune 

responses135. Although much less is known about the mechanisms by 

which these inappropriate nucleic acids cause autoimmunity, cytosolic 

PRRs for nucleic acids are probably involved (Fig. 4).

Future perspectives

During the past decade, there has been tremendous progress in under-

standing of the roles of TLRs in pathogen recognition and host defense. 

Structural analyses of several TLRs have elucidated the mechanisms of 

PAMP recognition by TLR homo- or heterodimers, and many signaling 

molecules involved in the activation of NF-κB, AP-1 and IRF proteins 

have been identified and characterized in detail. The present focus of 

many investigations is to understand the complex regulation of TLR sig-

naling, including post-transcriptional regulation such as ubiquitination, 

phosphorylation and mRNA stability, and the spatial and temporal regu-

lation of the TLRs and their signaling complexes. Moreover, the finding 

that loss of negative regulation is directly linked to inflammatory diseases 

suggests that pharmacological suppression of TLR responses would be a 

useful tool for treating these diseases.

The finding that there is activation of TLR signaling during tissue 

damage in several disease situations in the absence of infection suggests 

that endogenous molecules serve as TLR agonists, although it is unclear 

whether this response is biologically important for maintenance of 

homeostasis, such as tissue repair, or whether this recognition is simply 

accidental. It is noteworthy that microbial infection triggers the produc-

tion of modified endogenous molecules (such as HMGB1, oxidized phos-

pholipids, β-defensin 2 and nucleic acids) that are recognized by TLRs or 

other cytosolic PRRs. This may suggest that these endogenous molecules, 

along with PAMPs, act as adjuvants to activate innate immune programs 

via TLRs and/or other PRRs, and have key roles in facilitating adap-

tive immunity against infecting microbes. Moreover, it has been become 

apparent that cytosolic PRR signaling in nonimmune cells has a role in 

promoting or boosting DC maturation and the subsequent activation of 

antigen-specific T cells. Therefore, the use of PAMPs and/or endogenous 

agonists that stimulate both immune and non-immune cells will be a 

helpful tool in the design of effective vaccine adjuvants.

Understanding the complexity of the transcriptional networks that 

operate during TLR activation and define the subsequent immune 

response is a major focus of present research. The tools of systems biol-

ogy are useful here, as this approach has successfully predicted that 

several transcription factors, such as ATF3 and C/EBPδ, are regulators 

of IL-6 transcription, and this has been verified in knockout cells56,58. 

Moreover, comprehensive analyses aimed at understanding the com-

plex TLR transcriptional networks using small interfering RNA have 

only just begun136. Given that TLR signaling is distinct for individual 

TLRs, as well as for different cell types, and that microbial pathogens 

contain multiple PAMPs, the accumulation of knowledge regarding the 

gene-expression profiles of many cell types after stimulation with each 

TLR agonist or pathogen will be required. For full understanding of the 

cooperative roles of the various PRRs in host defense against infection, 

a combination of in vitro, in vivo and in silico approaches is needed.
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	The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors
	Figure 1  PAMP recognition by cell surface TLRs. TLR4 in complex with MD2 engages LPS. Five of the six lipid chains of LPS bind MD2 and the remaining lipid chain associates with TLR4. The formation of a receptor multimer composed of two copies of the TLR4-MD2-LPS complex initially transmits signals for the early-phase activation of NF-κB by recruiting the TIR domain–containing adaptors TIRAP (Mal) and MyD88 (MyD88-dependent pathway). The TLR4-MD2-LPS complex is then internalized and retained in the endosome, where it triggers signal transduction by recruiting TRAM and TRIF, which leads to the activation of IRF3 and late-phase NF-κB for the induction of type I interferon (TRIF-dependent pathway). Both early- and late-phase activation of NF-κB is required for the induction of inflammatory cytokines. TLR2-TLR1 and TLR2-TLR6 heterodimers recognize triacylated and diacylated lipopeptide, respectively. Two of the three lipid chains of the triacylated lipopeptide interact with TLR2, and the third chain binds the hydrophobic channel of TLR1 (absent from TLR6). TLR2-TLR1 and TLR2-TLR6 induce NF-κB activation through recruitment of TIRAP and MyD88. TLR5 recognizes flagellin and activates NF-κB through MyD88.
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	Figure 2  PAMP recognition by intracellular TLRs. TLR3 recognizes dsRNA derived from viruses or virus-infected cells; dsRNA binds to N- and C-terminal sites on the lateral side of the convex surface of the TLR3 ectodomain, which facilitates the formation of a homodimer via the C-terminal region. TLR3 activates the TRIF-dependent pathway to induce type I interferon and inflammatory cytokines. In pDCs, TLR7 recognizes ssRNA derived from ssRNA viruses in endolysosomes and activates NF-κB and IRF7 via MyD88 to induce inflammatory cytokines and type I interferon, respectively. In addition, autophagy is involved in delivering ssRNA to TLR7-expressing vesicles. TLR9 recognizes DNA derived from both DNA viruses and bacteria. Proteolytic cleavage of TLR9 by cellular proteases is required for downstream signal transduction. TLR9 recruits MyD88 to activate NF-κB and IRF7 in pDCs. TLR3, TLR7 and TLR9 localize mainly to the ER in the steady state and traffic to the endolysosomes, where they engage with their ligands. UNC93B1 interacts with these TLRs in the ER and is essential for this trafficking.
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	Figure 3  Overview of TLR signaling pathways. TLR-mediated responses are controlled mainly by the MyD88-dependent pathway, which is used by all TLRs except TLR3, and the TRIF-dependent pathway, which is used by TLR3 and TLR4. TRAM and TIRAP are sorting adaptors used by TLR4 and TLR2-TLR4, respectively. In cDCs and macrophages, MyD88 recruits IRAK4, IRAK1, IRAK2 and TRAF6 and induces inflammatory responses by activating NF-κB, MAPK and IRF5. TRAF6 activates TAK1 in complex with TAB2 and TAB3 and activates the IKK complex consisting of NEMO and IKKαβ, which catalyze IκB proteins for phosphorylation. NF-κB induces C/EBPδ, IκBζ, IκB-NS, Zc3h12a, ATF3 and tristeraprolin (TTP), which influence the genes encoding IL-6, IL-12p40 or TNF. TRIF recruits TRAF6, TRADD and TRAF3. TRADD interacts with Pellino-1 and RIP1. RIP1 and TRAF6 cooperatively activate TAK1, which leads to activation of MAPK and NF-κB. TRAF3 activates the kinases TBK1 and IKKi, which phosphorylate and activate IRF3, the last of which controls transcription of type I interferon. Nrdp1 is involved in TBK1-IKKi activation. The TRIF-dependent pathway leads to inflammasome activation during TLR4 signaling. In pDCs, TLR7 and TLR9 recruit MyD88 along with IRAK4 and TRAF6, which activate IRF5 and NF-κB for inflammatory cytokine induction and IRF7 for type I interferon induction. For IRF7 activation, IRAK1- and IKKα-dependent phosphorylation is required, and TRAF3 is located upstream of these kinases. OPNi is involved in IRF7 activation, and IRF8 facilitates NF-κB activation. The PI(3)K-mTOR-p70S6K axis enhances the TLR7 and TLR9 signaling pathways. IRF1 is involved in the induction of type I interferon by TLR7 and TLR9 in cDCs rather than pDCs. Among the many negative regulators of TLRs that have been identified, TANK (which suppresses TRAF6), A20 (which suppresses TRAF6 and RIP1), ATG16A (which suppresses inflammasome activation) and SHP-1 (which suppresses IRAK1 and IRAK2) are reported to be indispensable for preventing inflammatory diseases caused by enhanced or prolonged TLR signaling. Yellow, TLRs; green, stimulators; pink, negative regulators; blue, target genes.
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	Figure 4  Endogenous agonists for TLRs and immune diseases. Endogenous molecules released by dying cells, such as HMGB1, heat-shock proteins (Hsp) and ECM components, are recognized by TLR2, TLR4 or TLR2-TLR4. Amyloid-β and oxidized LDL (Ox-LDL) are both sensed by TLR4-TLR6 along with the coreceptor CD36. Oxidized (Ox-) phospholipids generated after infection and the antimicrobial peptide β-defensin 2 are recognized by TLR4. Recognition of these endogenous molecules by cell surface TLRs leads to inflammation as well as repair responses. Self DNA and RNA in complex with LL37 are internalized into early endosomes and are recognized by TLR9 and TLR7, respectively. The HMGB1–self DNA complex is internalized via RAGE and is recognized by TLR9. Immune complexes containing self nucleic acids are internalized via Fc receptors, such as FcγRIIa, and stimulate TLR7 and TLR9. Self DNA incompletely digested during apoptosis is probably sensed by an intracellular DNA sensor that activates TBK1. The recognition of self nucleic acids by TLR7, TLR9 and an as-yet-undefined DNA sensor leads to the induction of type I interferon and promotes autoimmune and/or inflammatory diseases.
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