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Abstract

Toll-like receptors (TLRs) have been established to play an essential role in the activation of innate immunity by recognizing spe-
cific patterns of microbial components. TLR signaling pathways arise from intracytoplasmic TIR domains, which are conserved
among all TLRs. Recent accumulating evidence has demonstrated that TIR domain-containing adaptors, such as MyD88,
TIRAP, and TRIF, modulate TLR signaling pathways. MyD88 is essential for the induction of inflammatory cytokines triggered by
all TLRs. TIRAP is specifically involved in the MyD88-dependent pathway via TLR2 and TLR4, whereas TRIF is implicated in
the TLR3- and TLR4-mediated MyD88-independent pathway. Thus, TIR domain-containing adaptors provide specificity of TLR
signaling.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Toll receptor was originally identified inDrosophila as an
essential receptor for the establishment of the dorso-ventral
pattern in developing embryos[1]. In 1996, Hoffmann and
colleagues demonstrated that Toll-mutant flies were highly
susceptible to fungal infection[2]. This study made us
aware that the immune system, particularly the innate im-
mune system, has a skilful means of detecting invasion by
microorganisms. Subsequently, mammalian homologues of
Toll receptor were identified one after another, and desig-
nated as Toll-like receptors (TLRs). Functional analysis of
mammalian TLRs has revealed that they recognize specific
patterns of microbial components that are conserved among
pathogens, but are not found in mammals. In signaling path-
ways via TLRs, a common adaptor, MyD88, was first charac-
terized as an essential component for the activation of innate
immunity by all the TLRs. However, accumulating evidence
indicates that individual TLRs exhibit specific responses.
Furthermore, they have their own signaling molecules to
manifest these specific responses. In this review, we will
focus on the recent advances in our understanding of the
mechanism of TLR-mediated signaling pathways.
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2. Toll-like receptors

A mammalian homologue ofDrosophila Toll receptor
(now termed TLR4) was shown to induce the expression
of genes involved in inflammatory responses[3]. In addi-
tion, a mutation in theTlr4 gene was identified in mouse
strains that were hyporesponsive to lipopolysaccharide[4].
Since then, Toll receptors in mammals have been a major
focus in the immunology field. First, several proteins that
are structurally similar to TLR4 were identified and named
TLRs [5]. The TLR family now consists of 10 members
(TLR1–TLR10). The cytoplasmic portion of TLRs shows
high similarity to that of the interleukin (IL)-1 receptor
family, and is now called the Toll/IL-1 receptor (TIR) do-
main. Despite of this similarity, the extracellular portions
of both types of receptors are structurally unrelated. The
IL-1 receptors possess an Ig-like domain, whereas TLRs
bear leucine-rich repeats (LRRs) in the extracellular do-
main. Genetic approaches have mainly been conducted
to analyze the physiological function of TLRs, and have
revealed essential roles for TLRs in the recognition of
pathogens. Each TLR has been shown to recognize spe-
cific components of pathogens, thus demonstrating that the
mammalian immune system detects invasion by pathogens
via the recognition of microbial components by TLRs
(Fig. 1).
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Fig. 1. TLRs and their ligands. TLR1–TLR7 and TLR9 have been characterized to recognize microbial components. TLR2 is essential for the recognition
of microbial lipopeptides. TLR1 and TLR6 associate with TLR2, and discriminate subtle differences between triacyl- and diacyl lipopeptides, respectively.
TLR4 recognizes LPS. TLR9 is the CpG DNA receptor, whereas TLR3 is implicated in the recognition of viral dsRNA. TLR5 is a receptor for flagellin.
Thus, the TLR family discriminates between specific patterns of microbial components.

3. Signaling pathways via TLRs

The activation of TLR signaling pathways originates
from the cytoplasmic TIR domains. A crucial role for the
TIR domain was first revealed in the C3H/HeJ mouse strain,
which had a point mutation that resulted in an amino acid
change of the cytoplasmic proline residue at position 712
to histidine[4,6]. This proline residue in the TIR domain
is conserved among all TLRs, except for TLR3, and its
substitution to histidine caused a dominant negative effect
on TLR-mediated signaling[6,7]. In the signaling pathway
downstream of the TIR domain, a TIR domain-containing
adaptor, MyD88, was first characterized to play a cru-
cial role. In addition, recent accumulating evidence indi-
cates that TLR signaling pathways consist, at least, of a
MyD88-dependent pathway that is common to all TLRs,
and a MyD88-independent pathway that is peculiar to the
TLR3- and TLR4 signaling pathways[8].

4. MyD88-dependent pathway

MyD88 possesses the TIR domain in the C-terminal por-
tion, and a death domain in the N-terminal portion. MyD88
associates with the TIR domain of TLRs. Upon stimulation,
MyD88 recruits IL-1 receptor-associated kinase (IRAK) to
TLRs through interaction of the death domains of both
molecules. IRAK is activated by phosphorylation and then
associates with TRAF6, leading to the activation of two dis-
tinct signaling pathways, and finally to the activation of JNK
and NF-�B (Fig. 2).

4.1. MyD88

MyD88 knockout mice showed no responses to the TLR4
ligand LPS in terms of macrophage production of inflamma-
tory mediators, B cell proliferation, or endotoxin shock[9].
The cellular responses to the TLR2 ligands peptidoglycan

and lipoproteins were abolished in MyD88 knockout mice
[10,11]. Furthermore, cells from MyD88 knockout mice
showed no responses to the TLR9 ligand CpG DNA and
the TLR7 ligand imidazoquinoline[12–14]. Finally, MyD88
knockout mice did not produce any IL-6 in response to the
TLR5 ligand flagellin[15]. These findings demonstrated that
the TIR domain-containing adaptor MyD88 is essential for
the inflammatory responses mediated by all the TLR family
members.

An alternatively spliced variant of MyD88, MyD88s,
which lacks the intermediate domain, has been shown to
be induced by LPS stimulation and to inhibit LPS-induced
NF-�B activation through inhibition of IRAK activity
[16,17]. Thus, MyD88s may negatively regulate the inflam-
matory responses triggered by LPS.

4.2. IRAK

IRAK was originally identified as a serine/threonine ki-
nase associated with the IL-1 receptor, which also harbors
the TIR domain[18]. Four members of the IRAK family
have been identified so far: IRAK-1, IRAK-2, IRAK-M, and
IRAK-4. IRAK proteins consist of an N-terminal death do-
main, which is responsible for interaction with MyD88, and
a central kinase domain. IRAK-1 and IRAK-4 harbor a criti-
cal aspartate residue in the kinase domain, but this residue is
not conserved in IRAK-2 or IRAK-M, which causes them to
be catalytically inactive[19]. The importance of the IRAK
family members in TLR-mediated signaling pathways was
first demonstrated in IRAK-1 knockout mice, which showed
defective LPS-induced responses[20]. IRAK-1 knockout
mice showed defective LPS responses, however, this impair-
ment was only partial. In contrast, IRAK-4 knockout mice
showed almost complete impairment in the response to mi-
crobial components that stimulate TLR2, TLR3, TLR4, and
TLR9 [21]. A biochemical study revealed that IRAK-4 acts
upstream of, and phosphorylates, IRAK-1 upon stimulation
[22]. Thus, IRAK-4 is a central mediator of TLR signal-
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Fig. 2. TLR-mediated MyD88-dependent signaling pathway. MyD88 binds to the cytoplasmic portion of TLRs through interaction between individual
TIR domains. Upon stimulation, IRAK-4, IRAK-1, and TRAF6 are recruited to the receptor, which induces association of IRAK-1 and MyD88 via the
death domains. IRAK-4 then phosphorylates IRAK-1. Phosphorylated IRAK-1, together with TRAF6, dissociates from the receptor and then TRAF6
interacts with TAK1, TAB1, and TAB2. The complex of TRAF6, TAK1, TAB1, and TAB2 further forms a larger complex with Ubc13 and Uev1A, which
induces the activation of TAK1. Activated TAK1 phosphorylates the IKK complex, consisting of IKK�, IKK �, and NEMO/IKK�, and MAP kinases,
such as JNK, and thereby induces the activation of the transcription factors NF-�B and AP-1, respectively.

ing by activating IRAK-1. In sharp contrast to mice lacking
IRAK-1 and IRAK-4, IRAK-M knockout mice showed in-
creased production of inflammatory cytokines in response
to the TLR ligands and exaggerated inflammatory response
to bacterial infection, demonstrating that IRAK-M plays a
negative inhibitory role in the TLR signaling pathway[23].

4.3. TRAF6 and downstream molecules

TRAF6 is a member of the tumor necrosis factor recep-
tor (TNFR)-associated factor (TRAF) family that mediates
cytokine signaling pathways[24]. TRAF proteins consist
of two C-terminal TRAF domains (TRAF-N and TRAF-C),
which are responsible for interaction with TRAF proteins
and other signaling molecules, N-terminal RING finger, and
zinc finger domains. Among the TRAF family members,
TRAF6 has been shown to be involved in the TLR sig-
naling pathway in addition to signaling pathways via the
OPGL receptor and CD40[25,26]. Upon stimulation of
TLRs, TRAF6 is recruited to the receptor complex, and acti-
vated by IRAK-1 that binds to the TRAF domain of TRAF6.
Then, the IRAK-1/TRAF6 complex dissociates from the re-
ceptor and associates with TGF-�-activated kinase 1 (TAK1)
and TAK1-binding proteins, TAB1 and TAB2, at the mem-
brane portion. IRAK-1 stays in the membrane and is de-
graded, whereas the complex of TRAF6, TAK1, TAB1, and

TAB2 moves into the cytoplasm, where it forms a large
complex with other proteins, such as the E2 ligases Ubc13
and Uev1A[27]. The Ubc13 and Uev1A complex has been
shown to catalyze the synthesis of a Lys 63-linked polyubiq-
uitin chain of TRAF6 and thereby induce TRAF6-mediated
activation of TAK1 and finally of NF-�B [28].

4.4. Other molecules

In addition to the molecules described above, several
other molecules have been implicated in the TLR-mediated
signaling pathway. Toll-interacting protein (Tollip) was first
identified in an analysis of IL-1 signaling[29]. Tollip is
present in a complex with IRAK-1. Upon stimulation with
IL-1, the Tollip-IRAK-1 complex is recruited to the IL-1
receptor complex. IRAK-1 is then phosphorylated, which
leads to the rapid dissociation of IRAK-1 from Tollip,
thereby inducing activation of TRAF6. Subsequently, Tollip
has been shown to negatively regulate the TLR-mediated
signaling pathway[30,31]. Overexpression of Tollip inhib-
ited activation of NF-�B in response to IL-1, the TLR2 and
TLR4 ligands. However, it remains unclear how Tollip is
physiologically involved in TLR signaling.

Pellino was originally identified inDrosophila as a
molecule that associates with Pelle, aDrosophila homo-
logue of IRAK. In mammals, two Pellino homologues,
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Pellino-1 and Pellino-2, have been identified. Both Pellino-1
and Pellino-2 have been shown to interact with IRAK-1
in response to IL-1 stimulation[32,33]. Ectopic expres-
sion of the Pellino-2 antisense construct inhibited IL-1- or
LPS-induced activation of the NF-�B-dependent promoter,
indicating that Pellino-2 is involved in the IL-1 and TLR4
signaling pathways. Thus, several molecules that may mod-
ulate TLR signaling have been identified.

5. MyD88-independent pathway

As described above, MyD88 knockout mice did not
show any production of inflammatory cytokines, such as
TNF-� and IL-12, in response to any of the TLR ligands.
Furthermore, activation of NF-�B and JNK in response
to the TLR2, TLR7, and TLR9 ligands was not observed
in MyD88 knockout mice. However, in the case of TLR4
stimulation, LPS-induced activation of NF-�B and JNK was
observed with delayed kinetics, even in MyD88 knockout
cells, although these cells did not produce any inflam-
matory cytokines in response to LPS[9]. In an attempt
to assess the role of LPS-induced signal activation in a
MyD88-independent manner, a subtraction analysis was
performed using mRNA extracted from non-stimulated
and LPS-stimulated MyD88 knockout macrophages[34].
This analysis revealed that IFN-inducible genes, such as
IP-10 and GARG16, were induced in response to LPS in
MyD88 knockout cells. Subsequent studies clearly demon-
strated that there is a MyD88-independent pathway as well
as a MyD88-dependent pathway in TLR signaling. In the
MyD88-independent pathway, LPS stimulation leads to
activation of the transcription factor IRF-3, and thereby in-
duces IFN-�. IFN-�, in turn, activates Stat1, leading to the
induction of several IFN-inducible genes[35–37].

In addition to the TLR4 ligand, the TLR3 ligand dsRNA
has been shown to induce activation of NF-�B in MyD88
knockout cells[38]. Virus and viral-derived dsRNA are po-
tent activators of IRF-3, which leads to the initial phase of
IFN-� induction [39–41]. Thus, the TLR3 ligand dsRNA
also activates the MyD88-independent signaling pathway,
in which IRF-3 plays a key role. Recently, two independent
groups identified kinases responsible for the activation of
IRF-3. Hiscott and colleagues tried to identify molecules
that interact with IRF-3 by two-hybrid screening, and found
that IRF-3 was associated with I�B kinases (IKKs)[42].
IKKs are composed of IKK� and IKK�, both of which
phosphorylate Ser32 and Ser36 of I�B�, thereby inducing
NF-�B activation. In addition, there are two noncanonical
IKKs, TANK-binding kinase 1 (TBK1) and IKKε/IKK i,
which have distinct kinase activities compared with the
canonical IKK� and IKK�. They analyzed whether these
four IKKs could phosphorylate IRF-3 using an in vitro ki-
nase assay, and found that TBK1 and IKKε/IKK i induced
IRF-3 phosphorylation. RNAi-mediated ablation of TBK1
and IKKε/IKK i resulted in inhibition of virus-induced phos-

phorylation of IRF-3. Maniatis and colleagues also found
that overexpression of TBK1 and IKKε/IKK i led to acti-
vation of IRF-3 and induction of IFN-� [43]. They also
showed that reduced expression of TBK1 and IKKε/IKK i
by RNAi led to impaired induction of IFN-� in response to
virus and dsRNA. Thus, TBK1 and IKKε/IKK i have been
shown to be critical regulators of IRF-3 activation, leading
to the induction of IFN-� in response to the TLR3 ligand.
At present, it remains unclear whether these noncanonical
IKKs are involved in TLR4-mediated IRF-3 activation.
Although TBK1 knockout mice have been characterized,
involvement of TBK1 in the MyD88-independent path-
way has not been analyzed in these mice[44]. Studies
with TBK1 and IKKε/IKK i knockout mice will clarify
the involvement of these IKKs in the MyD88-independent
pathway.

6. TIR domain-containing adaptors

During analysis of the MyD88-independent pathway, two
TIR domain-containing adaptors, TIR domain-containing
adaptor protein (TIRAP)/MyD88-adaptor-like (Mal) and
TIR domain-containing adaptor inducing IFN-� (TRIF)/TIR
domain-containing adaptor molecule (TICAM-1), were
identified [45–48]. Analysis of these two adaptors indi-
cated that TIR domain-containing adaptors regulate the
TLR-mediated signaling pathways by providing specificity
for individual TLR signaling cascades (Fig. 3).

6.1. TIRAP/Mal

Database search analyses led to the identification of
a second TIR domain-containing molecule, which was
named TIRAP or Mal[45,46]. TIRAP/Mal harbors the
TIR domain in the C-terminus. Initialin vitro studies in-
dicated that TIRAP/Mal specifically interacts with TLR4,
and is involved in the TLR4-mediated MyD88-independent
signaling pathway. However, generation of TIRAP/Mal
knockout mice revealed an unexpected role of TIRAP/Mal
in TLR signaling [49,50]. Similarly to MyD88 knockout
macrophages, TIRAP/Mal knockout macrophages showed
impaired inflammatory cytokine production and delayed ac-
tivation of JNK and NF-�B in response to the TLR4 ligand.
However, TLR4 ligand-induced activation of IRF-3 and ex-
pression of IFN-inducible genes was normally observed in
TIRAP/Mal knockout macrophages. Even in mice lacking
both MyD88 and TIRAP/Mal, the TLR4 ligand-induced
expression of IFN-inducible genes was not impaired. Thus,
TIRAP/Mal is critically involved in the MyD88-dependent
pathway, but not in the MyD88-independent pathway, via
TLR4. TIRAP/Mal knockout mice showed normal re-
sponses to the TLR3, TLR5, TLR7, and TLR9 ligands,
but were defective in TLR2 ligand-induced inflamma-
tory cytokine production. Taken together, these studies
clearly established that TIRAP/Mal is essential for the
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Fig. 3. TIR domain-containing adaptors and TLR signaling. MyD88 is an essential TIR domain-containing adaptor for the induction of inflammatory
cytokines via all the TLRs. TIRAP/Mal is a second TIR domain-containing adaptor that specifically mediates the MyD88-dependent pathway via TLR2
and TLR4. In the TLR4- and TLR3-mediated signaling pathways, a MyD88-independent pathway exists that leads to activation of IRF-3 via TBK1 and
IKK ε/IKK i. The TIR domain-containing adaptor TRIF mediates this MyD88-independent pathway.

MyD88-dependent signaling pathway via TLR2 and TLR4,
but not for MyD88-independent signaling.

6.2. TRIF

A third TIR domain-containing adaptor, TRIF/TICAM-1
was identified by a database search and as a TLR3-associated
molecule by two-hybrid screening[47,48]. Unlike MyD88
and TIRAP/Mal, TRIF is a large protein consisting of 712
amino acids in humans. Overexpression of TRIF as well
as MyD88 and TIRAP caused activation of the NF-�B-
dependent promoter in 293 cells. Furthermore, overexpres-
sion of TRIF, but not MyD88 or TIRAP, induced activation
of the IFN-� promoter. Dominant negative TRIF inhibited
the TLR3 ligand-induced activation of the IFN-� promoter,
and RNAi-mediated knockdown of TRIF caused impairment
in the TLR3 ligand-induced IFN-� expression. Thus, these
in vitro studies indicated that TRIF is involved in the TLR3-
mediated MyD88-independent pathway.

Most recently, TRIF knockout mice have been generated.
In TRIF knockout mice, TLR3-mediated expression of IFN-
� and IFN-inducible genes was impaired[51]. Furthermore,
TRIF knockout mice displayed defective expression of IFN-
inducible genes in response to the TLR4 ligand. A study
of random germline mutagenesis in mice, using the alkylat-
ing agentN-ethyl-N-nitrosourea (ENU), also revealed that
TRIF-mutant mice were defective in the TLR3- and TLR4-
mediated responses[52]. Thus, TRIF has been demonstrated
to be essential for the TLR3- and TLR4-mediated MyD88-

independent pathway. These studies clearly established that
TIR domain-containing adaptors provide specificity for in-
dividual TLR-mediated signaling pathways. In addition to
the impaired MyD88-independent pathway, TRIF knock-
out mice displayed defective TLR4-mediated inflammatory
cytokine production, although activation of the MyD88-
dependent pathway, such as IRAK-1 phosphorylation and
early phase of NF-�B activation, was not impaired. There-
fore, the TLR4 signaling pathway is likely to require ac-
tivation of both the MyD88-dependent and -independent
pathways to induce inflammatory cytokines.

6.3. Other TIR domain-containing adaptors

In addition to MyD88, TIRAP, and TRIF, a fourth TIR
domain-containing adaptor, TIRP, has recently been identi-
fied [53]. Human TIRP protein consists of 235 amino acids,
and the TIR domain was located in the middle portion of
the protein. Although TIRP has been shown to be involved
in the IL-1 receptor-mediated signaling pathway, it remains
unclear whether TIRP mediates the TLR signaling pathway.
In addition, there is another TIR domain-containing adap-
tor, SARM. This molecule is a large protein consisting of
about 700 amino acids, and the TIR domain is located in
the C-terminal portion. At present, we do not know whether
this molecule is involved in the TLR-mediated signaling
pathway. Generation of knockout mice of all of these adap-
tors will provide definite evidence of their roles in TLR
signaling.
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7. Future prospects

Since the discovery of TLRs in mammals, rapid progress
has been made on our understanding of the molecular
mechanisms of innate immunity. Individual TLRs recognize
their specific microbial components and activate signaling
pathways. The TLR signaling pathways also have their own
cascades for exhibiting their specific responses, which are
characterized by several TIR domain-containing adaptors.
Elucidation of the physiological roles of these adaptors will
provide important clues for understanding how individual
TLRs induce their specific innate immune responses.

Acknowledgements

We thank M. Hashimoto for excellent secretarial assis-
tance. This work was supported by grants from the Special
Coordination Funds of the Ministry of Education, Culture,
Sports, Science and Technology, and the Japan Research
Foundation for Clinical Pharmacology.

References

[1] Hashimoto C, Hudson KL, Anderson KV. The Toll gene of
Drosophila, required for dorsal-ventral embryonic polarity, appears
to encode a transmembrane protein. Cell 1988;52:269–79.

[2] Lemaitre B, Nicolas E, Michaut L, Reichhart J-M, Hoffmann JA. The
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the
potent antifungal response inDrosophila adults. Cell 1996;86:973–
83.

[3] Medzhitov R, Preston-Hurlburt P, Janeway Jr CA. A human homo-
logue of theDrosophila Toll protein signals activation of adaptive
immunity. Nature 1997;388:394–7.

[4] Poltorak A, He X, Smirnova I, Liu MY, Huffel CV, Du X, et
al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice:
mutation inTlr4 gene. Science 1998;282:2085–8.

[5] Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF. A family
of human receptors structurally related toDrosophila Toll. Proc Natl
Acad Sci USA 1998;95:588–93.

[6] Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y,
et al. Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are
hyporesponsive to lipopolysaccharide: evidence for TLR4 as theLps
gene product. J Immunol 1999;162:3749–52.

[7] Underhill DM, Ozinsky A, Hajjar AM, Stevens A, Wilson CB,
Bassetti M, et al. The Toll-like receptor 2 is recruited to
macrophage phagosomes and discriminates between pathogens. Na-
ture 1999;401:811–5.

[8] Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins
linking innate and acquired immunity. Nat Immunol 2001;2:675–80.

[9] Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. Unresponsiveness
of MyD88-deficient mice to endotoxin. Immunity 1999;11:115–22.

[10] Takeuchi O, Takeda K, Hoshino K, Adachi O, Ogawa T, Akira
S. Cellular responses to bacterial cell wall components are me-
diated through MyD88-dependent signaling cascades. Int Immunol
2000;12:113–7.

[11] Takeuchi O, Kaufmann A, Grote K, Kawai T, Hoshino K, Morr
M, et al. Cutting edge: preferentially theR-stereoisomer of the My-
coplasmal lipopeptide macrophage-activating lipopeptide-2 activates
immune cells through a Toll-like receptor 2- and MyD88-dependent
signaling pathway. J Immunol 2000;164:554–7.

[12] Hacker H, Vabulas RM, Takeuchi O, Hoshino K, Akira S, Wagner H.
Immune cell activation by bacterial CpG-DNA through myeloid dif-
ferentiation marker 88 and tumor necrosis factor receptor-associated
factor (TRAF)6. J Exp Med 2000;192:595–600.

[13] Schnare M, Holt AC, Takeda K, Akira S, Medzhitov R. Recognition
of CpG DNA is mediated by signaling pathways dependent on the
adaptor protein MyD88. Curr Biol 2000;10:1139–42.

[14] Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo S, Hoshino K,
et al. Small antiviral compounds activate immune cells via TLR7
MyD88-dependent signalling pathway. Nat Immunol 2002;3:196–
200.

[15] Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR,
et al. The innate immune response to bacterial flagellin is mediated
by Toll-like receptor-5. Nature 2001;410:1099–103.

[16] Janssens S, Burns K, Tschopp J, Beyaert R. Regulation of interleukin-
1 and lipopolysaccharide-induced NF-�B activation by alternative
splicing of MyD88. Curr Biol 2002;12:467–71.

[17] Burns K, Janssens S, Brissoni B, Olivos N, Beyaert R, Tschopp J.
Inhibition of IL-1 receptor/Toll-like receptor signaling through the
alternatively spliced, short form of MyD88 is due to its failure to
recruit IRAK-4. J Exp Med 2003;197:263–8.

[18] Cao Z, Henzel WJ, Gao X. Irak: a kinase associated with the
interleukin-1 receptor. Science 1996;271:1128–31.

[19] Janssens S, Beyaert R. Functional diversity and regulation of different
interleukin-1 receptor-associated kinase (IRAK) family members.
Mol Cell 2003;11:293–302.

[20] Swantek JL, Tsen MF, Cobb MH, Thomas JA. IL-1 receptor-
associated kinase modulates host responsiveness to endotoxin. J Im-
munol 2000;164:4301–6.

[21] Suzuki N, Suzuki S, Duncan GS, Millar DG, Wada T, Mirtsos C, et al.
Severe impairment of interleukin-1 and Toll-like receptor signalling
in mice lacking IRAK-4. Nature 2002;416:750–6.

[22] Li S, Strelow A, Fontana EJ, Wesche H. IRAK-4: a novel member
of the IRAK family with the properties of an IRAK-kinase. Proc
Natl Acad Sci USA 2002;99:5567–72.

[23] Kobayashi K, Hernandez LD, Galan JE, Janeway Jr CA, Medzhitov
R, Flavell RA. IRAK-M is a negative regulator of Toll-like receptor
signaling. Cell 2002;110:191–202.

[24] Arch RH, Gedrich RW, Thompson CB. Tumor necrosis fac-
tor receptor-associated factors (TRAFs)—a family of adapter pro-
teins that regulates life and death. Genes Dev 1998;12:2821–
30.

[25] Lomaga MA, Yeh WC, Sarosi I, Duncan GS, Furlonger C, Ho A, et al.
TRAF6 deficiency results in osteopetrosis and defective interleukin-
1, CD40, and LPS signaling. Genes Dev 1999;13:1015–24.

[26] Naito A, Azuma S, Tanaka S, Miyazaki T, Takaki S, Takatsu K,
et al. Severe osteopetrosis, defective interleukin-1 signalling and
lymph node organogenesis in TRAF6-deficient mice. Genes Cells
1999;4:353–62.

[27] Deng L, Wang C, Spencer E, Yang L, Braun A, You J, et al. Acti-
vation of the IÉ� B kinase complex by TRAF6 requires a dimeric
ubiquitin-conjugating enzyme complex and a unique polyubiquitin
chain. Cell 2000;103:351–61.

[28] Wang C, Deng L, Hong M, Akkaraju GR, Inoue J-I, Chen ZJ.
TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature
2001;412:346–51.

[29] Burns K, Clatworthy J, Martin L, Martinon F, Plumpton C, Maschera
B, et al. Tollip, a new component of the IL-1RI pathway, links IRAK
to the IL-1 receptor. Nat Cell Biol 2000;2:346–51.

[30] Bulut Y, Faure E, Thomas L, Equils O, Arditi M. Cooperation of Toll-
like receptor 2 and 6 for cellular activation by soluble tuberculosis
factor andBorrelia burgdorferi outer surface protein A lipoprotein:
role of Toll-interacting protein and IL-1 receptor signaling molecules
in Toll-like receptor 2 signaling. J Immunol 2002;167:987–94.

[31] Zhang G, Ghosh S. Negative regulation of toll-like receptor-mediated
signaling by Tollip. J Biol Chem 2002;77:7059–65.



K. Takeda, S. Akira / Seminars in Immunology 16 (2004) 3–9 9

[32] Yu KY, Kwon HJ, Norman DA, Vig E, Goebl MG, Harrington MA.
Cutting edge: mouse Pellino-2 modulates IL-1 and lipopolysaccharide
signaling. J Immunol 2002;169:4075–8.

[33] Jiang Z, Johnson HJ, Nie H, Qin J, Bird TA, Li X. Pellino 1 is
required for interleukin-1 (IL-1)-mediated signaling through its in-
teraction with the IL-1 receptor-associated kinase 4 (IRAK4)-IRAK-
tumor necrosis factor receptor-associated factor 6 (TRAF6) complex.
J Biol Chem 2003;278:10952–6.

[34] Kawai T, Takeuchi O, Fujita T, Inoue J, Muhlradt PF, Sato S, et
al. Lipopolysaccharide stimulates the MyD88-independent pathway
and results in activation of IRF-3 and the expression of a subset of
LPS-inducible genes. J Immunol 2001;167:5887–94.

[35] Doyle SE, Vaidya SA, O’Connell R, Dadgostar H, Dempsey PW,
Wu T-T, et al. IRF3 mediates a TLR3/TLR4-specific antiviral gene
program. Immunity 2002;17:251–63.

[36] Toshchakov V, Jones BW, Perera PY, Thomas K, Cody MJ, Zhang
S, et al. TLR4, but not TLR2, mediates IFN-�-induced STAT1�/
�-dependent gene expression in macrophages. Nat Immunol 2002;3:
392–8.

[37] Hoshino K, Kaisho T, Iwabe T, Takeuchi O, Akira S. Differential
involvement of IFN-� in Toll-like receptor-stimulated dendritic cell
activation. Int Immunol 2002;14:1225–31.

[38] Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of
double-stranded RNA and activation of NF-�B by Toll-like receptor
3. Nature 2001;413:732–8.

[39] Weaver BK, Kumar KP, Reich NC. Interferon regulatory factor 3 and
CREB-binding protein/p300 are subunits of double-stranded RNA-
activated transcription factor DRAF1. Mol Cell Biol 1998;18:1359–
68.

[40] Yoneyama M, Suhara W, Fukuhara Y, Fukuda M, Nishida E, Fujita
T. Direct triggering of the type I interferon system by virus infection:
activation of a transcription factor complex containing IRF-3 and
CBP/p300. EMBO J 1998;17:1087–95.

[41] Sato M, Suemori H, Hata N, Asagiri M, Ogasawara K, Nakao K,
et al. Distinct and essential roles of transcription factors IRF-3 and
IRF-7 in response to viruses for IFN-�/� gene induction. Immunity
2000;13:539–48.

[42] Sharma S, tenOever BR, Grandvaux N, Zhou GP, Lin R, Hiscott J.
Triggering the interferon antiviral response through an IKK-related
pathway. Science 2003;300:1148–51.

[43] Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golen-
bock DT, et al. IKKε and TBK1 are essential components of the
IRF3 signaling pathway. Nat Immunol 2003;4:491–6.

[44] Bonnard M, Mirtsos C, Suzuki S, Graham K, Huang J, Ng M,
et al. Deficiency of T2K leads to apoptotic liver degeneration and
impaired NF-�B-dependent gene transcription. EMBO J 2000;19:
4976–85.

[45] Horng T, Barton GM, Medzhitov R. TIRAP: an adapter molecule in
the Toll signaling pathway. Nat Immunol 2001;2:835–41.

[46] Fitzgerald KA, Palsson-McDermott EM, Bowie AG, Jefferies C,
Mansell AS, Brady G, et al. Mal (MyD88-adaptor-like) is required
for Toll-like receptor-4 signal transduction. Nature 2001;413:78–83.

[47] Yamamoto M, Sato S, Mori K, Hoshino K, Takeuchi O, Takeda K,
et al. Cutting edge: a novel Toll/IL-1 receptor domain-containing
adapter that preferentially activates the IFN-� promoter in the Toll-
like receptor signaling. J Immunol 2002;169:6668–72.

[48] Oshiumi H, Matsumoto M, Funami K, Akazawa T, Seya T. TICAM-1,
an adaptor molecule that participates in Toll-like receptor 3-mediated
interferon-� induction. Nat Immunol 2003;4:161–7.

[49] Horng T, Barton GM, Flavell RA, Medzhitov R. The adaptor
molecule TIRAP provides signalling specificity for Toll-like recep-
tors. Nature 2002;420:329–33.

[50] Yamamoto M, Sato S, Hemmi H, Sanjo H, Uematsu S, Kaisho T,
et al. Essential role of TIRAP/Mal for activation of the signaling
cascade shared by TLR2 and TLR4. Nature 2002;420:324–9.

[51] Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H,
et al. Role of adaptor TRIF in the MyD88-independent Toll-like
receptor signaling pathway. Science 2003;301:640–3.

[52] Hoebe K, Du X, Georgel P, Janssen E, Tabeta K, Kim SO, et al.
Identification of Lps2 as a key transducer of MyD88-independent
TIR signalling. Nature 2003;424:743–8.

[53] Bin LH, Xu LG, Shu HB. TIRP: a novel TIR domain-containing
adapter protein involved in Toll/interleukin-1 receptor signaling. J
Biol Chem 2003;278:24526–32.


	TLR signaling pathways
	Introduction
	Toll-like receptors
	Signaling pathways via TLRs
	MyD88-dependent pathway
	MyD88
	IRAK
	TRAF6 and downstream molecules
	Other molecules

	MyD88-independent pathway
	TIR domain-containing adaptors
	TIRAP/Mal
	TRIF
	Other TIR domain-containing adaptors

	Future prospects
	Acknowledgements
	References


