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MINIREVIEW

Toll Receptors: a Central Element in Innate Immune Responses
Thierry Vasselon* and Patricia A. Detmers

Merck Research Laboratories, Rahway, New Jersey

Innate immunity is an evolutionarily ancient system that
provides multicellular organisms with immediately available
defense mechanisms against a wide variety of pathogens with-
out requiring prior exposure. Hallmarks of innate immune
responses include the ability to (i) recognize structures that are
present in large groups of microorganisms and are distinct
from self, (ii) activate effector mechanisms that will destroy
within hours most microorganisms encountered in life, and (iii)
activate and orientate an adaptive immune response that,
through clonal expansion of lymphocytes, will be aimed spe-
cifically at persistent microorganisms (25, 45, 65).

Recognition of microbial determinants by elements of the
innate immune system sets in motion early humoral and cel-
lular mechanisms for defense against pathogens. The rapid
inflammatory reaction that follows infection is principally me-
diated by monocytes, neutrophils, and endothelial cells and can
be reproduced in vitro in the absence of components of the
adaptive immune response. Bacterial products directly elicit
the upregulation of adhesion molecules on vascular endothe-
lial cells, contributing to the recruitment of leukocytes to the
focus of infection. �2 integrins are also upregulated on neu-
trophils in response to bacterial products, and they participate
in both trafficking of leukocytes into infected tissue and helping
to dispose of the offending organisms. In addition, the activa-
tion of leukocytes that occurs upon ligation of adhesion-pro-
moting receptors stimulates the production of reactive oxygen
intermediates that contribute to the clearance of bacteria from
tissues. Bacterial products also induce the synthesis and release
of proinflammatory cytokines, such as tumor necrosis factor
(TNF) and interleukin-1 (IL-1), that amplify the response to
infection. Innate immune recognition induces secretion of ef-
fector cytokines, such as IL-12, that control CD4-T-cell differ-
entiation, upregulation of costimulatory molecules on antigen-
presenting cells that are necessary for T-cell activation, and
signals that are necessary for B-cell proliferation. Thus, the
innate response to microbial challenge controls and instructs
the adaptive immune response.

The Toll family of receptors, a family that is conserved
throughout evolution from flies to humans, plays a central role
in the initiation of cellular innate immune responses. The Toll
family of receptors provides us with the long sought transmem-
brane molecules linking the extracellular compartment, where

contact with and recognition of microbial pathogens occurs,
and the intracellular compartment, where signaling cascades
leading to cellular responses are initiated. In this review, we
will particularly focus on the molecular mechanisms that allow
Toll receptors to transduce a signal.

THE TOLL FAMILY OF RECEPTORS

Toll and its mammalian homologs are type I transmembrane
proteins, with an ectodomain consisting of leucine-rich repeats
(LRRs) and one or two cysteine-rich regions. The intracellular
domain of Toll-related receptors contains a Toll/IL-1 receptor
(TIR) domain, based on homology of the region with a similar
intracellular domain of the IL-1 receptor (IL-1R). As de-
scribed below, the TIR domain in mammalian Toll-related
receptors provides the initial internal scaffold for the interac-
tion of the members of a well-defined signaling cascade.

The first member of the family to be identified was named
Toll, in which mutations disrupted the establishment of dorso-
ventral polarity in Drosophila melanogaster embryos (10, 33).
Toll also participates in innate immune responses of adult
Drosophila, as flies with mutations in Toll have a dramatically
reduced ability to activate expression of an antifungal peptide
and to survive fungal infection (55). A mutation in 18-Wheeler,
another Drosophila Toll-related receptor, rendered Drosophila
larvae more susceptible to bacterial infection (119), confirming
the role for this type of receptor in host defense. Searches in
the Drosophila genome have revealed the existence of seven
additional Toll-related genes (toll-3 to toll-9), but the role of
these additional receptors in innate immune responses remains
to be defined. To date, only Toll-5 has been characterized as a
participant in the antifungal immunity of Drosophila. Expres-
sion in insect cells of a chimeric construct in which the trun-
cated ectodomain from Toll was fused to the transmembrane
and intracellular domains of Toll-5 activates the promoter for
drosomycin, an antifungal peptide (109). Similar experiments
expressing chimeric 18-Wheeler in S2 cells failed to detect
activity of the attacin promoter, suggesting that 18-Wheeler is
not sufficient to promote production of antibacterial peptides.

Following the discovery of a role for Toll in Drosophila host
defense, Medzhitov et al. reported the cloning of human Toll
and showed that a constitutively activated construct of human
Toll transfected into human cell lines induced the activation of
NF-�B and the expression of genes controlled by NF-�B. The
constitutively active human Toll also induced the expression of
the costimulatory molecule B7.1 that is required for activation
of naïve T cells (66). The search for other members of the
family led to the identification over the past 3 years of nine
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more human Toll-related proteins (16, 22, 96, 108). The 10
human Toll-related proteins characterized so far are referred
to as Toll-like receptors (TLRs) 1 to 10, with human Toll
renamed TLR4. In the mouse, so far only TLRs 1 to 9 have
been identified. The Toll family of proteins appears to be
conserved throughout evolution, since proteins homologous to
Toll have now been described not only in Drosophila but also
in a variety of organisms, including plants (21, 118). In addi-
tion, three other proteins, RP105, Nod1, and Nod2, which will
be discussed below, share structural and functional homology
with members of the Toll family.

SPECIFICITY OF TLRS TOWARD MICROBES

The first observations for a direct role of TLRs in mediating
innate immune responses to microbes came from two studies
showing that expression of human TLR2 endowed an other-
wise unresponsive human cell line with the ability to activate
NF-�B in response to lipopolysaccharide (LPS; endotoxin) (50,
122). TLR2 has since been shown to confer responsiveness to
a wide variety of gram-positive bacterial cell wall components
as well as to lipoproteins that are found in gram-positive and
gram-negative bacteria and Mycoplasma spp. (12, 37, 59, 63,
100, 106, 111, 123) (see Table 1). TLR2 also enables responses
to yeast particles (87). In mice, TLR2 is necessary for in vivo
responses to cell walls from several gram-positive bacteria and
to preparations of peptidoglycan (PGN) (105). TLR2-deficient
mice are also highly susceptible to infection by Staphylococcus
aureus (104), illustrating the importance of this receptor in
mounting a defense against infection. Surprisingly, given the
initial link between TLR2 and responses to LPS, TLR2-defi-
cient mice and cell lines from Chinese hamsters that are defi-
cient for TLR2 respond normally to LPS (35, 105). However,
LPS preparations from Escherichia coli and Salmonella lose
their ability to induce TLR2-dependent responses after re-
moval of contaminant proteins by multiple phenol extractions
(38), suggesting that the lipopeptides rather than the LPS are
responsible for cellular activation via TLR2. It is possible,
however, that some types of LPS can activate TLR2. In the
studies mentioned above, all of the forms of LPS tested were
from Enterobacteriaceae. The structure of lipid A, a moiety that
possesses most of the biological activities of LPS and anchors
LPS to the external membrane of gram-negative bacteria, is
well known and conserved across species (94, 95). Recently,
LPS was isolated from Leptospira interrogans, a spirochete that
produces an atypical LPS differing from gram-negative LPS in
several biochemical, physical, and biological properties (115).
L. interrogans LPS induced cytokine secretion in a macro-
phage-like cell line, and this was inhibited by anti-TLR2 anti-
bodies. Moreover, TLR2-deficient mice did not respond to
leptospiral LPS (115). As is the case with many studies using
purified LPS, the possibility remains that a non-LPS contam-
inant copurified with L. interrogans LPS and that the contam-
inant activated the cells through TLR2. However, if confirmed,
these studies suggest that LPS from other organisms, with as
yet unknown structural properties, could trigger an innate im-
mune response through TLR2.

A strong indication that TLR4 is critical for in vivo re-
sponses to LPS came from mapping the receptor to the nar-
rowly defined lps locus on chromosome 4 of mice. This locus

was long associated with hyporesponsiveness to LPS and sus-
ceptibility to gram-negative infection in C3H/HeJ and C57BL/
10ScCr mice, and a mutation in TLR4 was identified in both of
these strains (91, 93). The importance of TLR4 for responses
to LPS and gram-negative bacteria was later confirmed by the
observation that targeted disruption of the TLR4 gene renders
mice unresponsive to LPS and that this defect can be reversed
in macrophages derived from TLR4-deficient mice by reintro-
ducing a wild-type copy of the gene (40). Hyporesponsiveness
to LPS in a small group of humans is also linked to a missense
mutation in TLR4 (9). Given the importance of TLR4 for
responses to LPS in vivo, it was surprising that transfection of
HEK293 cells with human TLR4 does not confer the ability to
respond to LPS but does constitutively activate NF-�B (50).
This apparent contradiction was resolved by the discovery that
coexpression with MD-2, a soluble protein tethered to the cell
surface through its physical association with human TLR4,
allowed activation of NF-�B by TLR4 in response to LPS to
levels well above those observed in the absence of bacterial
agonists (101). Recently, a Chinese hamster ovary cell line
defective in responses to LPS was identified as having a point
mutation in MD-2, further supporting the importance of this
protein for TLR4-mediated responses to endotoxin (99). Hu-
man TLR4 thus associates with MD-2 to form a complex that
is responsive to LPS, and the same is true for the murine TLR4
and MD-2 (3, 101).

DNA from a variety of organisms, including bacteria and
yeast, contains motifs that are rare among mammals and are
recognized as foreign, eliciting responses associated with host
defense (1). TLR9 was recently demonstrated to be necessary
for both in vitro and in vivo responses to foreign DNA (36).
Akira and coworkers challenged macrophages, dendritic cells,
and B cells from TLR9-deficient mice with CpG DNA and
found that they failed to respond. Further, the TLR9-deficient
animals themselves were resistant to toxic shock elicited by
CpG DNA (36). While these results clearly indicate that TLR9
is required for responses to CpG oligonucleotides, further
studies will be required to determine to what extent TLR9
contributes to host defense against infection or the varied
immunomodulatory activities attributed to CpG DNA, includ-
ing its ability to act as an adjuvant in eliciting an adaptive
immune response skewed toward antibody production and
Th1-type cytokines (15, 90).

While a great deal of work has been concentrated on the
important roles of TLR4 and TLR2 in responses to pathogenic
challenge, the functions of other TLRs are still under investi-
gation. When TLR5 is transfected into CHO cells, it confers
the ability to activate NF-�B in response to bacterial flagellin
(34), thus implicating TLR5 in initiating or enhancing re-
sponses to flagellated bacteria. An increasing number of ob-
servations suggest that TLR1 and -6 may either interact with
TLR2 or at least influence responses mediated primarily by
TLR2. Expression of TLR1 enhances TLR2-dependent NF-�B
activation in response to soluble factors from Neisseria menin-
gitidis (120). In addition, the TLR2-dependent NF-�B activa-
tion in response to phenol soluble modulin (PSM) is inhibited
by the coexpression of TLR1 (32). Expression of a dominant-
negative construct of TLR6 inhibits TLR2-dependent NF-�B
activation in response to PGN and PSM but not to Pam3CSK4

lipopeptide (32, 87). Macrophages from TLR6-deficient mice
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respond to PGN just as well as wild-type cells but are deficient
in their response to macrophage-activating lipopeptide 2
(MALP-2) (107). Even if some of these observations are ap-
parently contradictory, taken together they suggest that TLR6
may contribute positively to the ability of TLR2 to recognize or
respond to certain bacterial components.

The intriguing results for TLR1 and -6 and TLR2 contribute
to the growing notion that different TLRs could combine to
recognize foreign agonists. Such combinations could alter not
only the specificity of the determinants recognized but also the
nature and intensity of the signals generated. Nine TLRs form-
ing either homo- or heterodimers give rise to 29, or more than
500, possible combinations. Studies with RP105, a protein with
structural homology to the extracellular domain of TLRs (see
below), suggest that TLRs could potentially associate into
complexes larger than dimers, thus opening up the possibility
for a very large combinatorial repertoire. This might, in turn,
allow specific responses to a large number of structurally dis-
tinct bacterial agonists. To date, the main observations sup-
porting the idea for an association between TLRs are the
functional studies in which TLR1 and -6 are expressed with
TLR2 and an additional report of coimmunoprecipitation of
TLR2 and TLR6 that suggests a physical association between
TLR2 and TLR6 in the absence of bacterial components (87).
All of these observations have been made using transfected cell
lines that overexpress the receptors examined, and they will
need to be confirmed in primary cells.

There is also evidence that TLRs can be activated by non-
bacterial products, such as taxol (48, 62), heat shock protein 60
(84), or the extracellular domain A of fibronectin (85), as well
as by oxidative stress (29). A summary of the specificity of
TLRs for both bacterial products and nonbacterial products is
provided in Table 1.

TOLL PROTEINS AND RECOGNITION

One model for the initiation of signaling by TLRs in re-
sponse to microbial products is based on studies in Drosophila.
Recognition of fungal determinants occurs upstream of Dro-
sophila Toll and induces a proteolytic cascade, resulting in the
maturation of an endogenous peptidic ligand for Toll. Genetic
and biochemical studies suggest that a ligand for Drosophila
Toll is a proteolytic fragment of the protein Spätzle comprising
the C-terminal 106 amino acid residues (18, 76). Mutants that
do not express Spätzle cannot activate the Toll pathway and
are defective in their development (76) and immune response
(55). During Drosophila development, Spätzle is cleaved by the
protease Easter, which is itself activated by the protease Snake,
but neither Easter nor Snake are required for activation of the
Toll pathway during the immune response (55). Serine pro-
teases seem to be critical, however, since a loss-of-function
mutation in the gene encoding the blood serine protease in-
hibitor Spn43Ac leads to the constitutive cleavage of Spätzle
and activation of the Toll-mediated antifungal defense (57).

Parallels can be drawn between the protease cascade in
Drosophila and the clotting cascade induced in response to LPS
in a primitive arthropod, Limulus, the horseshoe crab. Both of
the Drosophila serine proteases, Easter and Snake, display
structural similarities to proteases from the Limulus clotting
cascade (102), and several protease inhibitors that fall into the

same class as Spn43Ac can specifically inhibit the proteases of
the clotting cascade (57). Finally, while Spätzle does not dis-
play significant primary structural homology with Limulus co-
agulogen, or incidentally with any mammalian proteins identi-
fied or sequenced to date, sequence analyses do predict that
the core disulfide bond arrangement of the cleaved Spätzle is
highly similar to that of coagulogen and vertebrate nerve
growth factor (18, 74). While the parallels between events
upstream of Toll and the Limulus clotting cascade are intrigu-
ing, there is to date little support for this model with regard to
activation of TLRs in mammalian cells.

A second model has therefore been proposed in which rec-
ognition of microbial products would occur upon their binding
directly to TLRs or a protein associated with TLRs. Two stud-
ies support the idea that TLR4 itself is sufficient to confer the
ability to recognize LPS. Both took advantage of the species-
specific pharmacology of one or two lipid A analogues,
Rhodobacter spheroides lipid A (RSLA) and lipid IVa. Both
compounds display LPS mimetic activity in the hamster but act
as antagonists of LPS in human cells, while in the mouse lipid
IVa is an agonist and RSLA is an antagonist (19, 30). Cells that
heterologously express TLR4 from different species reacted to
lipid A analogues with the pharmacological specificity corre-
sponding to the species from which the TLR4 transgene orig-
inated (58, 92), suggesting that TLR4 itself confers recognition
of the structures and implying that the receptor must make
physical contact to do so.

Another approach that has been pursued is to demonstrate
physical proximity of molecules putatively involved in recogni-
tion of bacterial agonists. Many attempts to identify a receptor
for LPS using an iodinated, cross-linkable derivative of LPS
have been made, and this approach has yielded equivocal re-
sults in the past. A recent study with such a probe has, how-
ever, demonstrated that LPS interacts with TLR4 and MD-2
(17).

The role of MD-2 in recognition of bacterial LPS is less
clear. Transfection of MD-2 in 293 cells expressing ectopic
TLR2 confers the ability to activate NF-�B in response to LPS
preparations that have been reextracted with phenol and hence
contain a lower amount of contaminating lipopeptides (23).
This would support a model whereby MD-2 determines reac-
tivity toward LPS. However, in this study, expression of MD-2
also induced a dramatic increase in expression of TLR2 and
enhanced responses to gram-positive bacteria and PGN that
do not depend on MD-2. Ectopic expression of MD-2 could
thus render the cells more sensitive to agonists without altering
the specificity of the reaction.

TLRS AND INTRACELLULAR SIGNALING

Bacterial products, including LPS, induce intracellular sig-
naling that results in activation of transcription factors, such as
NF-�B and AP-1, and modulation of cytokine production. In
the first demonstration that the intracellular portion of human
TLRs could activate signaling pathways involved in innate im-
mune responses, the extracellular domain of CD4 was used to
replace that of TLR4, presumably causing constitutive dimer-
ization of the TLR4 TIR domains (66). Expression of the
chimeric receptors in Jurkat cells induced NF-�B activation
and cytokine secretion (66). Since this initial experiment, a
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variety of studies have demonstrated that TLR2, -5, -6, and -9
are also capable of activating NF-�B when they are expressed
in transfected cells (34, 36, 50, 66, 108, 122). In addition,
TLR2, -4, -6, and -9 have been shown to activate AP-1 (29, 36,
77, 108).

Characterization of a major signaling pathway linking TLRs
to NF-�B has advanced rapidly, based on the homology of the
TLR intracellular domains with that of IL-1R. Upon binding
IL-1, the IL-1R associates with IL-1R accessory protein (IL-
1RacP) (31, 41, 117), and their corresponding cytoplasmic por-
tions cooperate (13, 116) to form an active signaling complex
that includes the adapter protein MyD88 and IL-1R activated

kinase (IRAK). MyD88, a previously described myeloid differ-
entiation marker, has a modular structure with a carboxy-
terminal TIR domain that interacts with the TIR domains of
IL-1R and IL-1RAcP via homophilic interaction and an ami-
no-terminal death domain module that recruits IRAK to the
signaling complex by its own death domain (13, 14, 116).
IRAK, a member of the family of serine/threonine innate im-
munity kinases (52), autophosphorylates and binds to TRAF6,
an adapter molecule necessary for NF-�B activation by IL-1
and LPS (60). This in turn leads to the activation of the I�B
kinase (IKK) complex and the phosphorylation of I�B. Deg-
radation of phosphorylated I�B by the proteasome then allows

TABLE 1. Agonists reported to activate TLRs

Agonist TLRs Necessity
in vivob

Activity
in vitro References

Bacterial products
LPS

E. coli, Salmonella spp. (all gram-negative
bacteria tested so far except one)

TLR4/MD2 � Activates 91, 93, 99, 101, 105

TLR4 plus RP105/MD1 (B cells) � Activates 81
L. interrogans TLR2 Activates 115

Lipoproteins, lipopeptides TLR2 Activates
Borrelia burgdorferi 37
Treponema pallidum 59
Mycobacterium fermentans 80, 106
Mycobacterium tuberculosis 12

Lipopeptides
Synthetic Pam3CSK4 TLR2 Activates 6
MALP2 TLR2 plus TLR6 Activates 107

PGN TLR2 � Activates 68, 100, 105, 123
TLR6 Facilitates 87

AraLAMa TLR2 Activates 64
PSM 32

TLR2 Activates
TLR6 Facilitates
TLR1 Inhibits

Lipoteichoic acids TLR2 (human) Activates 86, 100
TLR4 (mouse) � 105

CpG DNA TLR9 � Activates 36
Flagellin TLR5 � Activates 34

Bacteria and extracts
E. coli, Salmonellae TLR4 � Activates 40
S. aureus, Clostridium diphteriae, Neisserria

coeliaca
TLR2 � Activates 59, 105

N. meningitidis TLR2 Activates 120
TLR1 Facilitates

Micrococcus luteus TLR2 Activates 114
Listeria monocytogenes TLR2 � Activates 28
Mycobacteriae

M. avium TLR2 Activates 59, 63
M. tuberculosis TLR2 and TLR4 Activates 12, 64, 111
M. bovis TLR2 Activates 64

Treponema 98
T. maltophilum TLR2 Activates
T. brennaborense TLR2 and TLR4 Activates

Nonbacterial products
Yeast TLR2 Activates 110
Respiratory syncytial virus TLR4 � Activates 53
Hsp60 TLR4 Activates 84
Extracellular domain A TLR4 Activates 85
Oxidative stress TLR2 Activates 29
Taxol TLR4/MD2 Activates 48

a AraLAM, arabinolipoarabinomannan.
b Plus signs indicate that the TLR is necessary in vivo.
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NF-�B to translocate to the nucleus. The IKKs are thought to
be activated by a MAP kinase kinase kinase. Candidates for
this kinase include NF-�B inducing kinase (NIK), which can
bind directly to TRAF6 (61), and MEKK-1, which would be
bridged to TRAF6 through evolutionarily conserved signaling
intermediate in Toll (ECSIT) pathways (51).

Similarly, the initial step in TLR-mediated signaling is
thought to involve the association of the intracellular domains
of at least two TLR molecules (121), although, as discussed
earlier, the nature of the ligands that induce this association is
not completely clear. The majority of the work on the signaling
cascade downstream of TLRs has been done with dominant-
negative constructs of the components of the IL-1R signaling
system. Using this method, it has been suggested that there is
very nearly identity between the two pathways leading to
NF-�B activation, with MyD88, IRAK, TRAF6, NIK, ECSIT,
and components of the IKK complex required for the translo-
cation of NF-�B to the nucleus induced by TLRs (50, 67, 77,
114). MyD88 is also required for activation of AP-1 by consti-
tutively active CD4-TLR4 (67, 77). However, downstream of
MyD88, the AP-1 activation pathway requires further elucida-
tion. In addition, recent work indicates the existence of signal-
ing pathways from TLRs that do not depend on MyD88 (4),
suggesting that a multiplicity of pathways originates from TLR,
with some convergent on NF-�B and others generating differ-
ent endpoint effectors.

Other proteins are likely to be involved in the signaling
pathway for activation of NF-�B. For example, a melanoma
cell line deficient in the actin-binding protein filamin fails to
activate NF-�B in response to TNF or when it is transfected
with constitutively active TLR4 or TRAF6 (56). The defect
appears to be caused by the lack of filamin, as reintroduction
of filamin restores NF-�B activation by TNF and constitutively
active TLR4 or TRAF6. Physical interaction of filamin with
Drosophila Toll and Tube (24), a protein that carries out func-
tions partially analogous to the adapter protein MyD88, and
with human TRAF2 (56), MKK-4 (SEK-1), an upstream reg-
ulator of AP-1, and p38 (62) has been observed either in yeast
two-hybrid assays or through coimmunoprecipitation. In light
of these results, Leonardi and colleagues (56) have proposed
that filamin provides a scaffold upon which a TRAF-dependent
signaling complex can assemble for the activation of NF-�B.

While a great deal of effort has been expended on elucidat-
ing the signaling mechanisms shared with IL-1R that lead to
transcriptional regulation in response to bacterial products,
less has been done on the role of TLRs in mediating the
activation of p38. Activation of p38 is a hallmark response to
lipopolysaccharide and other bacterial products, and the ki-
nase can regulate cytokine production both transcriptionally
and at a posttranscriptional level (54). In addition, p38 MAP
kinase activity is required for cellular processes that do not
require de novo protein synthesis but nonetheless contribute to
responses to pathogens, such as the upregulation of integrin-
mediated adhesion by neutrophils and enhancement of their
ability to produce reactive oxygen intermediates (20, 79). We
have recently demonstrated that TLR2 functions in activating
p38 and its downstream effectors in response to TLR2-specific
effectors (112). It remains to be demonstrated whether other
TLRs can mediate p38 activation in response to other stimuli.
Monocytes from a MyD88-deficient mouse are still able to

activate p38 in response to LPS (47), although they do so more
slowly than wild-type cells, raising the possibility that TLRs can
engage an as yet uncharacterized pathway to activate p38.
Small GTP-binding proteins of the Ras superfamily have been
shown to activate p38, and toxins that act on these proteins
inhibit p38 activation by IL-1 (69, 88). A recent study demon-
strated that TLR2 can regulate the transcriptional activity of
NF-�B in the nucleus through a Rac1/PI3K/Akt-dependent
pathway (8), suggesting the possibility that TLR2 may also
utilize small GTP-binding proteins to activate p38.

A link between TLR2 and apoptosis has been suggested by
observing that a bacterial lipopeptide induced apoptosis of 293
cells when the cells were transfected with TLR2 (6). Apoptosis
could be inhibited by MyD88, Fas-associated death domain
protein, and caspase-8 dominant-negative constructs (7), sug-
gesting that TLR2 may directly activate caspase pathways. The
relevance of such a response in controlling the innate immune
response remains to be assessed.

It is likely that as more intracellular signaling pathways in-
volving TLRs are identified, differences will arise between the
various receptors. The sequence conservation among TIR in-
tracellular domains for TLRs is generally in the range of 20 to
30%, and the length of these domains is also quite variable.
Despite the low sequence homology, the change of one single
conserved residue of the TIR in TLR2, -4, and -6 (Pro to His)
makes these proteins either inactive or active as dominant-
negative mutants (32, 91, 93, 110). In TLR2, the Pro681-to-His
change does not have a global effect on the structure of the
protein but is sufficient to render TLR2 unable to activate
NF-�B and to prevent the TIR domain from interacting with
the adapter MyD88 (121). However, the low sequence homol-
ogy among TLRs could well account for differences in effi-
ciency of signaling between the receptors for a given pathway
or for differences in the pathways initiated by different recep-
tors. Analysis via X-ray crystallography of two closely related
TIRs, from TLR1 and TLR2, having 50% amino acid identity,
shows a similar structural backbone but significant differences
in the loop structures between the main structural elements
(121). The residues appearing on certain loops are quite dif-
ferent for these two TIRs, and these may contribute to impor-
tant functional differences.

MOLECULES STRUCTURALLY AND FUNCTIONALLY
RELATED TO TLRS

Three proteins, RP105, Nod1, and Nod2, are structurally
related to TLRs and have been suggested to play a role in
responses to LPS. Like TLRs, RP105 is a type I transmem-
brane protein with an ectodomain consisting of LRRs and one
cysteine-rich region (73, 97). In addition, like TLR4, RP105
associates through its ectodomain with a soluble protein ho-
mologous to MD-2, MD-1 (70, 71). However, the short intra-
cellular domain of RP105 does not contain a TIR domain and
shares no homology with those of TLRs. RP105 is expressed
primarily on mature peripheral B cells (72), in contrast to
TLR4, which is not abundantly expressed on this cell type (2).
The observation that mice deficient in either RP105 or TLR4
fail to mount a full B-cell proliferative and humoral response
to LPS (81, 91, 93) has led to the hypothesis that RP105
cooperates with TLR4 on B cells to enable responses to LPS.
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Supporting this hypothesis, Ogata and colleagues have shown
that cells expressing RP105 and MD-1 activate NF-�B in re-
sponse to LPS through TLR4 in the absence of MD-2 (81).
While no direct interaction between RP105 and TLR4 has
been demonstrated, the results suggest the possibility that
TLRs can associate with heterodimeric complexes containing
proteins other than true TLRs.

Nod1 and Nod2 are both cytosolic proteins that could act as
intracellular functional equivalents of TLRs. Nod1 and -2 were
recently shown to endow 293 cells with the ability to activate
NF-�B in response to LPS independently of TLR4, MyD88,
and TRAF6 (44). Transfection with Nod2 also enabled the
cells to respond to PGN, while transfection with Nod1 did not
(44), suggesting that the proteins may confer a specificity to the
response. Nod1 and -2 are composed of one and two N-termi-
nal caspase recruitment domains (CARD), respectively, a cen-
tral nucleotide binding domain, and multiple LRRs at the C
terminus (11, 43, 83). The LRR domains have a regulatory
function on the activity of the CARD (44, 83) and are neces-
sary for the activation of NF-�B in response to LPS (44). The
CARD is the effector domain that, upon dimerization, associ-
ates with the CARD of the protein kinase RIP-like interacting
CLARP kinase (RICK) that in turn activates NF-�B (44, 83).
Nod family members may thus function as proteins that acti-
vate innate immune responses to a wide array of products from
pathogens. It is worth noting that BLAST searches of public
databases indicate that the human genome contains at least 20
Nod-like genes (44). The mechanisms by which exogenously
added bacterial agonists such as LPS would reach the cytosol,
be recognized, and induce activities via Nod proteins are not
well understood. Such a system could, however, be useful for
sensing intracellular pathogens. A recent study demonstrated
that LPS either microinjected or presented inside the cell by
the invasive pathogen Shigella flexneri can stimulate NF-�B
activation (89), supporting the idea that an intracellular system
for recognizing LPS may exist. In addition, mutations in human
Nod2 have been linked with susceptibility to Crohn’s disease
(42, 82), an inflammatory bowel disease thought to be due to
an abnormal inflammatory response to enteric microflora (26).

CONCLUSION AND PERSPECTIVES

In the 4 years that have followed the discovery of the first
human TLR, characterization of the biological activities of
TLRs has shown them to be important components of the
innate immune system in mammals. They provide a family of
transmembrane proteins that transduce an intracellular signal
following recognition of microbial determinants in extracellu-
lar compartments. TLRs are activated by chemically diverse
microbial products such as the following: TLR4 by LPS, TLR9
by bacterial DNA, TLR2 by a variety of gram-positive cell wall
products, and TLR5 by flagellin. In addition, TLR1 and -6 may
combine with TLR2 to mediate responses to some microbial
products (32, 87, 107). The specific expression of TLR3 in
dendritic cells and its downregulation in cells stimulated by
bacterial products suggest a role for this receptor in maturation
of these cells. TLR3 has also recently been shown to activate
NF-�B in response to double-stranded RNA (5). The mecha-
nisms of interaction of bacterial agonists with TLRs are not yet
clearly understood, but TLR4 appears to play a direct role in

recognition of LPS (58, 92), and a recent review mentioning
data not yet published suggests a direct role for TLR9 in
recognition of oligodeoxynucleotides (113). With the exception
of S. aureus (104), little is known on the role of TLRs in
resistance to infectious agents. We can nevertheless predict
that as TLR-deficient mice and blocking antibodies become
more widely available their role will be tested in animal models
of infectious challenge.

Our understanding of the intracellular signaling pathways
activated by TLRs has greatly advanced. Different TLRs have
been shown to activate similar pathways. For example, TLR2,
-4, -5, -6, and -9 are capable of activating NF-�B. The obser-
vation that maturation of dendritic cells induced by CpG DNA
and TLR9 requires MyD88, while that induced by LPS and
TLR4 does not (46), suggests that two TLRs may utilize dif-
ferent pathways to elicit a similar response. Very recently, a
TIR domain-containing adapter protein was characterized that
may play a role in LPS-induced maturation of dendritic cells
(27, 39). A dominant-negative form of this protein inhibited
NF-�B activation and dendritic cell maturation activated by
TLR4 or LPS but did not inhibit responses of IL1R1 or to the
TLR9 agonist CpG DNA (27, 39). It is thus likely that differ-
ences in the signaling cascades initiated by the intracellular
domains of different TLRs will be found, given their primary
structural differences. The cellular expression pattern of TLRs
may influence not only the ability of a given cell type to re-
spond to a particular agonist but also the kind of response
promoted by the agonist. While a preliminary view of cellular
expression has emerged (78), it is incomplete, and more infor-
mation is likely to be forthcoming.

The elucidation of the role and specificity of TLRs has also
been advanced by a better understanding of the chemical struc-
ture of bacterial agonists. Most bacterial agonists are also vital
structural components for the bacteria themselves. For exam-
ple, the lipid A moiety of LPS is not only able to elicit biolog-
ical responses in mammalian cells but also serves as a structure
essential for the integrity of the outer membrane of gram-
negative bacteria. The structure of lipid A and other agonists is
consequently conserved, and they thus represent good targets
for innate immune responses. Some variations in the structure
of lipid A are, however, possible, and they result in altered
biological activity. Canonical lipid A from Enterobacteriaceae
which contains six fatty acids is recognized by TLR4 as an
agonist, but lipid A from R. spheroides, with four fatty acids, is
an antagonist for TLR4. Further, lipid A from L. interrogans
may be an agonist for TLR2. Similarly, lipoteichoic acids from
various species, strains, or preparations have been shown to
have differences in immunostimulatory activities, and these
appear to correlate with their lipophilicity and pathogenicity
(49, 75, 103). It is thus possible that some pathogenic bacteria
have developed ways to interact with TLRs and escape the
innate immune response. Since all TLRs may not be equivalent
for stimulating and orienting the adaptive immune response,
tampering with TLRs may allow bacteria to also act on the
adaptive immune response. Better characterization of the
chemical structure of bacterial agonists will help define the
structural requirements for activation or inhibition of TLRs.
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