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Preface

In the second half of the 20th century innate immune responses of cellular or hu-
moral type were treated like stepchildren by many immunologists: that is, somewhat
neglected. This disregard turned into an exciting research field over the past several
years and led to the identification of receptor families involved in the recognition
of microbes. This has resulted in a remarkable refinement of our understanding of
innate immunity as it relates to host defense. Additionally, it has led to the apprecia-
tion of the role of the innate immunity in “guiding” the development of the adaptive
immune system.

The Toll-like receptors represent an important family within the innate immune
system. Originally identified in Drosophila as Toll receptors, various homologous
Toll-like receptors (TLRs) have been identified in vertebrates. These receptors
recognize chemically diverse ligands such as lipoproteins, proteins, lipopolysaccha-
rides, nucleic acid, and nucleoside analogues and lead to the activation of immune
cells. The mechanisms of TLR-driven cellular activation are quite well understood;
however, information on the ligand-receptor interaction of the TLRs are scarce. A
great body of evidence suggests that TLR ligands, especially nucleic acid and its
analogues, have great pharmacological potential in the treatment of infectious dis-
eases and cancer.

This book reviews and highlights our recent understanding on the function and
ligands of TLRs, as well as their role in autoimmunity, dendritic cell activation and
target structures for therapeutic intervention.

Overall, recent research on TLRs has led to tremendous increase in our under-
standing of early steps in pathogen recognition and will presumably lead to potent
TLR-targeting therapeutics in the future.

Marburg, Germany Stefan Bauer
Bonn, Germany Gunther Hartmann
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Satoshi Uematsu and Shizuo Akira(�)
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Abstract The innate immune system is an evolutionally conserved host defense
mechanism against pathogens. Innate immune responses are initiated by pattern
recognition receptors (PRRs), which recognize microbial components that are es-
sential for the survival of the microorganism. PRRs are germline-encoded, non-
clonal, and expressed constitutively in the host. Different PRRs react with specific
ligands and lead to distinct antipathogen responses. Among them, Toll-like receptors
(TLRs) are capable of sensing organisms ranging from bacteria to fungi, protozoa,
and viruses, and they play a major role in innate immunity. Here, we review the
mechanism of pathogen recognition by TLRs.

1 Introduction

In mammals, host defenses sense pathogen invasion through PRRs. Toll-like recep-
tors are evolutionally conserved transmembrane proteins and play crucial roles as
PRRs. Recent molecular biological studies have clarified the function of TLRs

Shizuo Akira
Department of Host Defense, Research Institute for Microbial Diseases, Osaka University,
3-1 Yamada-oka, Suita Osaka 565-0851, Japan
sakira@biken.osaka-u.ac.jp
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in microbial infection. TLRs recognize specific components of microorganisms,
including fungi, protozoa, and viruses, and they induce innate immune responses.
Here, we summarize the current knowledge regarding TLR family members and
their ligands.

2 Innate Immunity

The mammalian immune system is divided into two types of immunity: innate and
adaptive. Adaptive immunity is characterized by specificity and develops by clonal
selection from a vast repertoire of lymphocytes bearing antigen-specific receptors
that are generated by gene rearrangement. This mechanism allows the host to gen-
erate immunological memory. However, it takes time for specific clones to expand
and differentiate into effector cells before they can serve for host defense. There-
fore, the primary adaptive immune system cannot induce immediate responses to
invasive pathogens. To induce immediate responses when it encounters a pathogen,
a host is equipped with innate, nonadaptive defenses that form preemptive barri-
ers against infectious diseases. Although the innate immune system was first de-
scribed by Elie Metchnikoff over a century ago, it has long been ignored: viewed as
merely a nonspecific response to simple phagocytose pathogens and as something
that presents antigens to the cells involved in acquired immunity (Brown, 2001).
However, in 1996, Hoffmann and colleagues demonstrated that the Drosophila pro-
tein Toll is required for flies to induce effective immune responses to Aspergillus
fumigatus (Lemaitre et al., 1996). This study made us aware that the innate immune
system functions as a pathogen detector. The targets of innate immune recogni-
tion are conserved molecular patterns of microorganisms. Therefore, the receptors
involved in innate immunity are called pattern-recognition receptors (Medzhitov
and Janeway, 1997). These molecular structures were originally called pathogen-
associated molecular patterns (PAMPs). However, it is more appropriate to desig-
nate them as microorganism-associated molecular patterns (MAMPs) since they are
found not only in pathogenic but also in nonpathogenic microorganisms. MAMPs
are generated by microbes and not by the host, suggesting that MAMPs are good
targets for innate immunity to discriminate between self and non-self. Further-
more, MAMPs are essential for microbial survival and are conserved structures
among a given class, which allows innate immunity to respond to microorgan-
isms with limited numbers of PRRs. There are many PRRs associated with op-
sonization, phagocytosis, complement and coagulation cascades, proinflammatory
signaling pathways, apoptosis, and so on. Among them, Toll receptors and the as-
sociated signaling pathways represent the most ancient host defense mechanism
found in insects, plants, and mammals (Akira, 2004). Studies of the fruit fly have
shown that the Toll family is one of the most crucial signaling receptors in innate
immunity.
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2.1 Immune Responses in Drosophila

Insects do not have counterparts of mammalian B and T cells and cannot induce
acquired immune responses based on producing antibodies to pathogenic organ-
isms. Nonetheless, insects can recognize the invasion of various microorganisms and
induce antimicrobial responses. Recent studies using a model organism, Drosophila
melanogaster, have shown that the induction of antimicrobial peptides, which are
important for survival after infection, depends on Toll and immune deficiency (Imd)
signaling pathways (Tanji and Ip, 2005). A transmembrane protein, Toll, origi-
nally identified as an essential component in dorsal-ventral embryonic development
(Wu and Anderson, 1997), is also involved in innate immune responses (Lemaitre
et al., 1996). Gram-positive bacterial peptidoglycan might bind directly to extra-
cellular peptidoglycan recognition protein (PGRP)-SD (Michel et al., 2001) and
SD (Bischoff et al., 2004), which then stimulate the Toll pathway. Another pattern
recognition protein, Gram-negative binding protein-1 (GNBP-1), is also involved
in the recognition of Gram-positive bacteria (Gobert et al., 2003; Pili-Floury et al.,
2004). Not only Gram-positive bacteria but also fungi stimulate the Toll pathway.
Fungi are recognized by a serine protease, Persephone, and a protease inhibitor,
Necrotic (Levashina et al., 1999; Ligoxygakis et al., 2002). All upstream cascades
lead to the cleavage of pro-Spätzle to Spätzle, and the binding of proteolytically
processed Spätzle to Toll induces the dimerization of Toll (Hu et al., 2004; Weber
et al., 2003). After activation of Toll, the adapter proteins MyD88 and Tube, and
a serine-threonine kinase, Pelle, are recruited to Toll (Sun et al., 2004). Then, acti-
vated Pelle acts on the Cactus, a Drosophila IκB. Dif and Dorsal are transcription
factors of the Rel protein family and are retained in the cytoplasm by Cactus. By
the stimulation of the Toll pathway, Cactus is degraded and Dorsal and Dif translo-
cate into the nucleus, leading to the induction of antimicropeptides (Brennan and
Anderson, 2004; Hoffmann, 2003; Hultmark, 2003).

The Imd pathway is responsible for the induction of antimicrobial peptides
in response to Gram-negative bacteria (Brennan and Anderson, 2004; Hoffmann,
2003; Hultmark, 2003; Lemaitre, 2004). Imd is an adapter protein for this pathway
(Georgel et al., 2001). Recent reports show that PGRP-LC (Choe et al., 2002; Gottar
et al., 2002) and PGRP-LE (Takehana et al., 2004), which have putative transmem-
brane domains, are the pattern recognition receptors in this pathway. There are at
least three branches downstream of Imd (Brennan and Anderson, 2004; Hoffmann,
2003; Hultmark, 2003; Lemaitre, 2004). First is TAK1, which induces the prote-
olytic cleavage of IKK, followed by activation of the transcription factor, Relish
(Lu et al., 2001; Rutschmann et al., 2000; Silverman et al., 2003; Silverman et al.,
2000; Stoven et al., 2003; Vidal et al., 2001). Second is the FADD-Dredd pathway
that also activates Relish (Balachandran et al., 2004; Chen et al., 1998; Elrod-
Erickson et al., 2000; Georgel et al., 2001; Hu and Yang, 2000; Leulier et al., 2000;
Leulier et al., 2002). Two new components, Sickie and Dnr-1, have been identified;
whereas Sickie positively regulates the Relish activation by Dredd, Dnr-1 inhibits
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Fig. 1 Toll and Imd pathways in the Drosophila innate immune response. The Toll pathway medi-
ates the response to fungal and Gr(+) bacterial infection, whereas the Imd pathway mediates the
response to Gr(−) bacterial infection. These pathways are similar to the signaling pathway of the
mammalian Toll-like receptor, and are essential for Drosophila to survive infection

this pathway (Foley and O’Farrell, 2004; Khush et al., 2002). Third is the JNK path-
way that is activated through TAK1. The JNK pathway induces immediate early
genes after septic shock, which is negatively regulated by Relish (Boutros et al.,
2002; Park et al., 2004).

As stated above, recent genetic and genomic analyses of D. melanogaster have
shown that insects have an evolutionally primitive recognition and signaling system
(Figure 1). Collectively, these analyses’ results provide important insights into the
mechanism of pathogen recognition and host responses in mammalian systems.

2.2 Toll-Like Receptors

A mammalian homologue of Toll receptor (now termed TLR4) was identified
through database searches and shown to induce expression of the genes involved
in inflammatory responses (Medzhitov et al., 1997). Subsequently, a mutation
in the tlr4 gene was identified in C3H/HeJ mice that were hyporesponsive to
lipopolysaccharide (LPS) (Poltorak et al., 1998). TLR4-deficient mice confirmed
LPS’s essential role in the LPS recognition (Hoshino et al., 1999). So far, 13
mammalian members of the TLR family have been identified (Akira, 2004). TLRs
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are type I integral member glycoproteins characterized by a cytoplasmic signal-
ing domain and extracellular domains. As the cytoplasmic domain of TLRs is
similar to that of the interleukin (IL)-1 receptor family, it is called the Toll/IL-
1 receptor (TIR) domain. However, the extracellular region of TLRs and IL-1R
are markedly different: Whereas IL-1R possesses an Ig-like domain, TLRs con-
tain leucine-rich repeats (LRR) (Akira, 2004). The LRR domains are composed of
19–25 tandem LRR motifs, each of which is 24–29 amino acids in length, con-
taining the motif XLXXLXLXX as well as other conserved amino acid residues
(XΦXXΦXXXXFXXLX; Φ = hydrophobic residue). Each LRR consists of a
β-strand and an α-helix connected by loops. The LRR domain of TLRs was sup-
posed to form a horseshoe structure with the ligand binding to the concave surface.
However, the three-dimensional structure of the human TLR3 LRR motifs suggested
that negatively charged dsRNA is more likely to bind to the outside convex surface
of TLR3. It is uncertain whether this model fits the other TLR family members.
Future crystallographic analysis of other TLRs will be necessary for elucidating the
ligand/receptor binding mechanism.

The TLR family is an important group of receptors through which innate
immunity recognizes invasive microorganisms. TLRs are key molecules for micro-
bial elimination, such as the recruitment of phagocytes to infected tissues and sub-
sequent microbial killing. Recent gene targeting studies have revealed that TLRs
sense organisms ranging from bacteria to fungi, protozoa, and viruses (Tables 1–4).

Table 1 TLRs and bacterial ligands

Bacterial component Species TLR usage

LPS Gram-negative bacteria TLR4
Diacyl lipopeptides Mycoplasma TLR2/TLR6
Triacyl lipopeptides Bacteria TLR2/TLR1
Peptidoglycans Gram-positive bacteria TLR2(?)
Lipoteichoic acid Gram-positive bacteria TLR2/TLR6
Phenol-soluble modulin Staphylococcus aureus TLR2
Glycolipids Treponema maltophilum TLR2
Atypical LPS Non-entero bacteria TLR2(?)
Flagellin Flagellated bacteria TLR5
CpG DNA Bacteria TLR9
Not determined Uropathogenic bacteria TLR11

Table 2 TLRs and fungal ligands

Fugal component Species TLR usage

Zymosan Saccharomyces cerevisiae TLR2/TLR6
Mannan Saccharomyces cerevisiae TLR4

Candida albicans
Phospholipomannan Candida alibicans TLR2
Glucuronoxylomannan Cryptococcus neoformans TLR4
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Table 3 TLRs and protozoan ligands

Protozoan component Species TLR usage

(GPI anchors)
GPI anchor Trypanosoma cruzi TLR2/TLR6
Glycoinositolphospholipids T. cruzi TLR4
LPG Leishmania major TLR2
Galbeta1, 4Manalpha-Po(4)- Leishmania donovani TLR2
containing phosphoglycans
GPI anchor Plasmodium falciprum TLR2,TLR4
Native GPI anchors Toxoplasma gondii TLR2, TLR4

(Non-GPI anchors)
Tc52 Trypanosoma cruzi TLR2
Genomic DNA Babesia bovis,

T. cruzi and T. brucei
TLR9

Hemozoin P. falciparum TLR9
Profilin-like protein T. gondii TLR11

Table 4 TLRs and viral ligands

TLRs (localization) Virus and components

(cell surface)
TLR2 envelope proteins of Measles virus, human cytomegalovirus

and herpes simplex virus type I
TLR4 F protein of respiratory syncytial virus (RSV)

Envelope protein of mouse mammary tumor virus (MMTV)

(endosome)
TLR3 Viral dsRNA, synthetic dsRNA (Poly(I:C))
TLR7/TLR8 ssRNA, synthetic imidazoquinoline derivatives

(anti-viral drugs)
TLR9 CpG DNA

3 Pathogen Recognition by TLR

3.1 Bacteria

Lipopolysaccharide is a cell wall component of Gram-negative bacteria and a strong
immunostimulant. As described above, TLR4 is essential for recognition of LPS,
which is composed of lipid A (endotoxin), core oligosaccharide, and O-antigen.
TLR4 recognizes lipid A of LPS. For LPS recognition, a complex formation of
TLR4, MD2, and CD14 on various cells, such as macrophages and dendritic
cells, is necessary (Shimazu et al., 1999). LPS is associated with an accessory
protein, LPS-binding protein (LBP) in serum, which converts oligomeric micelles
of LPS to monomers for delivery to CD14, which is a glycosyl phosphatidylinositol
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(GPI)-anchored, high-affinity membrane protein. CD14 concentrates LPS for bind-
ing to the TLR4/MD2 complex (Takeda et al., 2003).

TLR2 recognizes various bacterial components, such as lipoproteins/lipopeptides
and peptidoglycans from Gram-positive and Gram-negative bacteria, and lipotei-
choic acid from Gram-positive bacteria, a phenol-soluble modulin from Staphylo-
coccus aureus, and glycolipids from Treponema maltophilum (Takeda et al., 2003;
Takeuchi et al., 1999a). TLR2 is also reported to be involved in the recognition
of LPS from non-enterobacteria, including Leptospira interrogans, Porphyromonas
gingivalis, and Helicobacter pylori (Takeda and Akira, 2005). These are atypical
LPSs whose structures are different from typical LPSs of Gram-negative bacteria
(Netea et al., 2002b). However, a recent report has indicated that lipoproteins conta-
minated in LPS preparation from P. gingivalis stimulated TLR2 and that LPS from
P. gingivalis itself had poor TLR4 stimulation activity (Hashimoto et al., 2004).
There are also controversial reports regarding peptidoglycan recognition by TLR2.
Careful analyses are needed to ensure the exclusion of any possible contaminants.

TLR1 and TLR6 are structural relatives of TLR2 (Takeuchi et al., 1999b). TLR2
and TLR1 or TLR6 form a heterodimer that is involved in the discrimination of
subtle changes in the lipid portion of lipoproteins. TLR6-deficient macrophages do
not produce inflammatory cytokines in response to diacyl lipopeptides from my-
coplasma; however, they normally produce inflammatory cytokines in response to
triacyl lipopeptides derived from a variety of bacteria (Takeuchi et al., 2001). Con-
trarily, TLR1-deficient macrophages show normal responses to triacyl lipopeptides
but not to diacyl lipopeptides (Alexopoulou et al., 2002; Takeuchi et al., 2002).
These results suggest that TLR2 interacts not only physically but also functionally
with TLR1 and TLR6.

CD36 is a member of the class II scavenger family of proteins. A recent report
has shown that CD36 serves as a facilitator or co-receptor for diacyl lipopeptide
recognition through the TLR2/6 complex (Hoebe et al., 2005).

Bacterial flagellin is a structural protein that forms the major portion of flagella
that contribute to virulence through chemotaxis, adhesion to, and invasion of host
surfaces. TLR5 is responsible for the recognition of flagellin (Hayashi et al., 2001;
Uematsu et al., 2006). Unlike other TLRs, TLR5 is not expressed on conventional
dendritic cells or macrophages in mice (Uematsu et al., 2006). Gewirtz et al. re-
ported that TLR5 is expressed on the basolateral surface, but not the apical side
of intestinal epithelial cells, suggesting that flagellin is detected when bacteria
invade across the epithelium (Gewirtz et al., 2001). However, the expression of
TLR5 in mouse intestinal epithelial cells is not high (Uematsu et al., 2006). By
contrast, TLR5 is expressed mainly on intestinal CD11c+ lamina propria cells
(LPCs). CD11c+ LPCs detected pathogenic bacteria and secreted proinflammatory
cytokines in a TLR5-dependent way (Uematsu et al., 2006). A common stop codon
polymorphism in the ligand-binding domain of TLR5 (TLR5 392STOP SNP) is un-
able to mediate flagellin signaling and is associated with susceptibility to pneumo-
nia caused by Legionella pneumophila (Hawn et al., 2003). However, researchers in
Vietnam reported that TLR5 392STOP SNP is not associated with susceptibility to
typhoid fever (Dunstan et al., 2005). Although TLR5 initially induced host defenses
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against flagellated bacteria, TLR5-deficient mice were resistant to oral Salmonella
typhimurium infection. The transport of S. typhimurium from the intestinal tract to
the mesenteric lymph nodes (MLNs) was impaired in TLR5-deficient mice. These
results suggest that S. typhimurium utilizes TLR5 on CD11c+ LPCs for systemic
infection (Uematsu et al., 2006). α and ε Proteobacteria, including Helicobacter
pylori and Campylobacter jejuni, change the TLR5 recognition site of flagellin with-
out losing flagellar motility (Andersen-Nissen et al., 2005). This modification may
contribute to the persistence of these bacteria on mucosal surfaces.

Bacterial DNA is a potent stimulator of the host immune response. This immune
stimulation is mediated by unmethylated CpG motifs. In vertebrates, the frequency
of CpG motifs is severely reduced and the cytosine residues of CpG motifs are
highly methylated, which leads to abrogation of the immunostimulatory activity.
Analysis of TLR9-deficient mice showed that CpG DNA recognition is mediated
by TLR9 (Hemmi et al., 2000).

Mouse TLR11, a relative of TLR5, is expressed abundantly in the kidney and
bladder. TLR11-deficient mice are susceptible to uropathogenic bacterial infections,
indicating that TLR11 senses the component of uropathogenic bacteria. However,
the human Tlr11 gene appears to contain a stop codon that would prevent expression
of the protein (Zhang et al., 2004) (Table 1).

3.2 Fungi

TLRs have been implicated in the recognition of the fungal pathogens such as Can-
dida albicans, Aspergillus fumigatus, Cryptococcus neoformans and Pneumocys-
tis carinii (Netea et al., 2004; Takeda et al., 2003). Several components located
in the cell wall or cell surface of fungi have been identified as potential ligands.
Yeast zymosan, derived from Saccharomyces cerevisiae, activates TLR2/TLR6 het-
erodimers, whereas mannan, derived from S. cerevisiae and C. albicans, are detected
by TLR4. TLR4-deficient mice show increased susceptibility to disseminated can-
didasis due to the decreased release of chemokines and the impaired recruitment of
nutrophils to infected sites (Netea et al., 2002a).

Phospholipomannan, present on the cell surface of C. albicans, is also recognized
by TLR2, while TLR4 mainly interacts with glucuronoxylomannan, the major cap-
sular polysaccharide of C. neoformans (Netea et al., 2004).

Dectin-1 is a lectin family receptor for the fungal cell wall component, β-glucan,
which is a major component of zymosan (Brown et al., 2002). Dectin-1 has been
reported to functionally collaborate with TLR2 in response to yeast (Netea et al.,
2004). The Dectin-1-mediated signaling pathway uses spleen tyrosine kinase (Syk),
and interactions with Syk directly induce cellular responses such as the respira-
tory burst and IL-10 production. Destin-1 is also reported to collaborate with TLR2
and to induce proinflammatory responses such as the induction of TNF-α and IL-
12 (Gantner et al., 2003; Rogers et al., 2005; Underhill et al., 2005). Gross et al.
reported that Card9 is required to link Dectin-1/Syk activation to Bcl10-Malt1-
dependent NF-kB activation by zymosan (Gross et al., 2006). Recently, two groups
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generated Dectin-1-deficient mice (Saijo et al., 2007; Torok et al., 2004). When
stimulated with zymosan, IL-10 production was completely dependent on Dectin-
1. However, TNF-α production was not impaired in Dectin-1-deficient mice but
was dependent on TLR-mediated signaling pathway. When stimulated with purified
β-glucan, both IL-10 and TNF-α production was dependent on Dectin-1, though
the total amount of TNF-α production markedly decreased compared with zymosan
stimulation. Thus, Dectin-1 is the sole receptor for β-glucan, and most inflammatory
cytokine production by zymosan might be the result of TLR recognition of their lig-
ands, except for β-glucan contained in zymosan (Saijo et al., 2007). Experimental
infection models of disseminated candidasis in Dectin-1-deficient mice showed dif-
ferent phenotypes between the two research groups. Taylor et al. (2007) reported
that Dectin-1-deficient mice were more susceptible to C. albicans infection than
wild-type mice. These results were inconsistent with the study of Saijo et al. (2007),
who found Dectin-1-deficient mice and wild-type mice equally susceptible to can-
dida infection. Interestingly, Dectin-1-deficient mice were more susceptible than
wild-type mice to pneumocystis infection (Saijo et al., 2007). Further study is obvi-
ously necessary to clarify the in vivo function of Dectin-1.

3.3 Protozoa

3.3.1 Protozoan GPI Anchors

Several studies have shown that glycosylphosphatidylinositol (GPI) anchors (or
their fragments) from protozoan parasites activate cells of both lymphoid and
myeloid lineages (Camargo et al., 1997; de Veer et al., 2003; Debierre-Grockiego
et al., 2003; Magez et al., 1998; Schofield and Hackett, 1993). GPI moieties are
abundantly expressed by many protozoan parasites and function as anchors to the
surface of eukaryotic cells. GPI anchors consist of a glycan core and a lipid com-
ponent. GPI anchors are featured with variations in the carbohydrate branches, the
lipid inositol portion (glycerol versus ceramide), and the number, length, and degree
of saturation in the hydrocarbon chains (Gazzinelli and Denkers, 2006). Although
GPI anchors are expressed on mammarian cells, they do not initiate host immune re-
sponses. The expression levels of GPI anchors on mammarian cells are much lower
than those of protozoan parasites. Moreover, the structure of protozoan-derived GPI
anchors is different from mammarian-derived ones in the length of the glycan core
and lipid component. All these differences may determine the activation of host
immunity (Gazzinelli and Denkers, 2006).

TLRs sense GPI anchors of protozoa including Trypanosoma cruzi, Leishmania
spp., Toxoplasma gondii and Plasmodium falciparum. T. cruzi-derived GPI anchors
were shown to activate host cells through TLR2 (Campos et al., 2001). Also, recog-
nition of the GPI anchors requires a host cell surface molecule, CD14, which is
involved in the recognition of LPS by TLR4 (Campos et al., 2001). As mentioned
earlier, TLR2 functionally associates with either TLR2 or TLR6. TLR6-deficient
macrophages failed to respond to T. cruzi GPI anchors, suggesting that a complex
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of TLR2/TLR6/CD14 is involved in the recognition of these molecules (Ropert
and Gazzinelli, 2004). Glycoinositolphospholipids, a subset of free GPI anchors
of T. cruzi, also activated CHO cells transfected with TLRs. These molecules are
recognized by TLR4 and CD14 but not TLR2 (Oliveira et al., 2004). Thus, T. cruzi
contains two types of ligands that are recognized by TLR2/TLR6 or TLR4.

Leishmania major is an obligate intracellular eukaryotic pathogen of mononu-
clear phagocytes. Promastigotes invade target cells by receptor-mediated phagocy-
tosis, transform into nonmotile amastigotes, and establish in the phagolysosome.
Glycosylphosphatidylinositol-anchored lipophosphoglycan (LPG) is a virulence
factor and a major parasite molecule involved in this internalization process. LPG
from L. major has been shown to activate natural killer cells and macrophages
through TLR2 (Becker et al., 2003; de Veer et al., 2003). In addition, in vivo studies
in mice revealed an important role for TLR4 in the control of L. major infection, pos-
sibly through the regulation of inducible NO synthase expression. However, it is un-
clear which molecule of L. major is a ligand for TLR4 (Kropf et al., 2004). A recent
study of RNA interference showed that TLR3 and TLR2 are involved in the secre-
tion of NO and TNF-α induced by L. donovani promastigotes. TLR2-mediated re-
sponses are dependent on Galbeta1,4Manalpha-PO(4)-containing phosphoglycans,
whereas TLR3-mediated responses are independent of these glycoconjugates. TLR2
and TLR3 participated in the phagocytosis of L. donovani promastigotes and TLR3
plays a role in the leishmanicidal activity of the IFN-γ-primed macrophages.

GPI anchors of P. falciparum are the major factors that contribute to malaria
pathogenesis, doing so through their ability to induce proinflammatory responses.
P. falciparum GPIs are structurally distinct from those of T. cruzi; the former contain
a diacylated glycerol moiety and fatty acid acylation at C-2 of inositol, whereas the
latter have sn-1-alkyl-sn-2-acylglycerol and lack inositol acylation (Channe Gowda,
2002; Gerold et al., 1994; Naik et al., 2000). The proinflammatory responses to P.
falciparum GPIs by macrophages are mediated mainly through TLR2 and to a lesser
but still significant extent also through TLR4. Interestingly, P. falciparum GPIs are
degraded by macrophage surface phospholipase A2 and phospholipase D; in addi-
tion, intact GPIs and sn-2-lyso-GPIs are differentially recognized by TLR2/TLR1
and TLR2/TLR6 heterodimers (Krishnegowda et al., 2005).

Native GPI anchors purified from Toxoplasma gondii tachyzoites, as well as syn-
thetic fragments of the proposed structure of these GPI anchors, activate NF-κB and
induced TNF-α in a mouse macrophage cell line, and these responses also appeared
mediated through TLR2 and TLR4 (Gazzinelli and Denkers, 2006).

3.3.2 Other Protozoan TLR Ligand

Other protozoan molecules also serve as important mediators of proinflammatory
responses except for GPI anchors and their related molecules. The T. cruzi-released
protein Tc52 contains a tandemly repeated structure characteristic of GSTs, notably
of the θ group, and a set of small heat shock proteins, and it is a crucial factor for
parasite survival and virulence. Tc52 also plays a central role in innate and adaptive
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immunity through TLR2 on human and murine dendritic cells (DCs) (Ouaissi et al.,
2002).

TLR9, a receptor for unmethylated bacterial CpG DNA motifs, is also important
for resistance to protozoan parasite infections. DNA from the protozoan parasites
Babesia bovis, T. cruzi, and T. brucei activate macrophages and DCs, leading to the
induction of inflammatory responses (Brown and Corral, 2002; Harris et al., 2006;
Shoda et al., 2001). A recent study demonstrates that DNA from T. cruzi stimulates
cytokine production by APCs in a TLR9-dependent manner. T. cruzi-infected TLR9-
deficient mice show elevated parasitemia and decreased survival, suggesting that
TLR9 plays a crucial role for the protection to T. cruzi infection (Bafica et al., 2006).

Plasmodium parasites within erythrocytes digest host hemoglobin into a hy-
drophobic heme polymer, known as hemozoin (HZ) (Arese and Schwarzer, 1997;
Sullivan, 2002). Intracellular HZ is released into the bloodstream during schizont
rupture and is phagocytosed by myeloid cells resulting in the concentration of HZ
in the reticulo-endothelial system (Arese and Schwarzer, 1997). Several studies
have shown that HZ purified from P. falciparum activates macrophages to produce
proinflammatory cytokines, chemokines, and nitric oxide, and it enhances human
myeloid DC maturation (Coban et al., 2002; Sherry et al., 1995). A recent report
demonstrated that HZ purified from P. falciparum is a novel ligand for TLR9 (Coban
et al., 2005). Synthetic HZ, which is free of the other contaminants, also activated
innate immune responses in vivo in a TLR9-dependent manner (Coban et al., 2005).
This work is interesting as it provides the first evidence of a non-DNA ligand as
recognized by TLR9.

Cerebral malaria is a lethal complication of malaria caused by P. falciparum
in humans. Besides the high mortality rates, persistent neurocognitive deficits af-
ter recovery have become an increasing concern (Aikawa, 1988; Idro et al., 2005;
Miller et al., 2002). Plasmodium berghei ANKA (PbA) infection in mice is a good
experimental model of cerebral malaria (CM) (Engwerda et al., 2005; Good et al.,
2005; Schofield and Grau, 2005). Recently, the role of TLRs in the pathogen-
esis of cerebral malaria was investigated by using this PbA infection model. A
significant number of MyD88 (myeloid differentiation primary response gene 88;
adapter molecule of TLRs)-deficient mice compared with wild-type mice survived
CM caused by PbA infection. Although systemic parasitemia was comparable, se-
questration of parasite and HZ load in blood vessels in the brain was significantly
lower in MyD88-deficient mice than wild-type mice. Furthermore, brain-specific
pathological changes were associated with MyD88-dependent infiltration of CD8+,
CCR5+ T cells, and CD11c+ dendritic cells, including CD11c+, NK1.1+, and
B220+ cells, and up-regulation of genes such as Granzyme B, Lipocalin 2, Ccl3
and Ccr5. TLR2- and TLR9-deficient mice, but not TLR4-, TLR5-, and TLR7-
deficient mice, have decreased susceptibility to cerebral malaria, suggesting that
TLR2- and/or TLR9-mediated brain pathogenesis may play a critical role in CM, a
lethal complication during PbA infection (Coban et al., 2007).

A profilin-like protein of T. gondii (PFTG) is a relatively conserved molecule
in a number of apicomplexans. Profilins are small actin-binding proteins that in
other eukaryotic cells regulate actin polymerization. Mammalian cell profilins also
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interact with a number of different proteins and regulate a variety of biological
processes, such as membrane trafficking, receptor clustering, as well as small GT-
Pase and phosphoinositide signaling pathways. Thus, profilins are thought to play
critical roles in governing a number of motility-related functions for eukaryotic
cells. Although PFTG is a phylogenetical relative of profilin, the profilins in apicom-
plexan parasites are quite distinct from those present in mammals, plants, and other
microorganisms, including other protozoan species (Yarovinsky and Sher, 2006).
The exact function of PFTG is unclear but it seems to be involved in parasite motil-
ity and invasion of host cells (Gazzinelli and Denkers, 2006). Murine TLR11 senses
PFTG (Yarovinsky et al., 2005). TLR11-deficient mice showed increased suscepti-
bility to infection of T. gondii, whose phenotype is associated with decreased IL-12
production in vivo (Yarovinsky et al., 2005). In addition, PFTG is an immunodomi-
nant protein in the CD4+ T cell response to a soluble extract of the tachyzoite stage
of the parasite as well as to live T. gondii infection. The immunodominance of PFTG
depends on TLR11 both in vivo and in vitro (Yarovinsky et al., 2006). As TLR11 is
non-functional in humans, it would seem that PFTG does not activate human DCs
(Gazzinelli and Denkers, 2006).

3.4 Virus

3.4.1 Viral Protein

TLR4 recognizes not only bacterial components but also viral envelope proteins.
The fusion (F) protein from respiratory syncytial virus (RSV) is sensed by TLR4
(Kurt-Jones et al., 2000). C3H/HeJ mice were sensitive to RSV infection (Haynes
et al., 2001). The envelope protein of mouse mammary tumor virus (MMTV)
directly activates B cells via TLR4 (Rassa et al., 2002).

TLR2 has also been reported to be involved in the recognition of envelope pro-
teins of measles virus, human cytomegalovirus, and HSV-1 (Bieback et al., 2002;
Compton et al., 2003; Kurt-Jones et al., 2004).

3.4.2 Viral Nucleic Acid

Double-stranded (ds) RNA is generated during viral replication. TLR3 is involved
in the recognition of a synthetic analog of dsRNA, polyinosine-deoxycytidylic acid
(poly I:C), a potent inducer of type I interferons (IFNs) (Alexopoulou et al., 2001;
Yamamoto et al., 2003). Consistent with this result, TLR3-deficient mice were hy-
per susceptible to mouse cytomegalovirus (Tabeta et al., 2004). Contrarily, TLR3-
deficient mice showed more resistance to West Nile virus (WNV) infection. WNV
triggers inflammatory responses via TLR3, which results in a disruption of the blood
brain barrier, followed by enhanced brain infection (Wang et al., 2004). These find-
ings suggested that WNV utilizes TLR3 to efficiently enter the brain.
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Mouse splenic DCs are divided into CD11c high B220- and CD11c dull B220+
cells. The latter contain plasmacytoid DCs (pDCs), which induce large amounts
of IFN-α during viral infection. CpG DNA motifs are also found in genomes of
DNA viruses, such as Herpes simplex virus type 1 (HSV-1), HSV-2, and murine
cytomegalovirus (MCMV). Mouse pDCs produce IFN-α by recognizing CpG DNA
of HSV-2 via TLR9 (Lund et al., 2003). TLR9-deficient mice were also shown to be
susceptible to MCMV infection, suggesting that TLR9 induces anti-viral responses
by sensing CpG DNA of DNA virus (Krug et al., 2004a; Krug et al., 2004b; Tabeta
et al., 2004). However, in the case of macrophages, HSV-2-induced IFN-α produc-
tion is not dependent on TLRs. Mice lacking TLR9 or the adapter molecule MyD88
can still control HSV-1 infection (Hochrein et al., 2004). Thus, TLR9-mediated IFN-
α response to DNA virus is limited to pDCs, and the TLR-independent system plays
an important role in DNA viral infection.

TLR7 and TLR8 are structurally highly conserved proteins (Akira, 2004). The
synthetic imidazoquinoline-like molecules imiquimod (R-837) and resiquimod (R-
848) have potent antiviral activities and are used clinically for treatment of viral
infections. Analysis of TLR7-deficient mice showed that TLR7 recognizes these
synthetic compounds (Hemmi et al., 2002). Human TLR7 and TLR8, but not murine
TLR8, recognize imidazoquinoline compounds (Ito et al., 2002). Murine TLR7 has
also been shown to recognize guanosine analogs such as loxoribine, which has an-
tiviral and antitumor activities (Akira and Hemmi, 2003). Since all these compounds
are structurally similar to ribonucleic acids, TLR7 and human TLR8 are predicted
to recognize a nucleic acid-like structure of a virus. TLR7 and human TLR8 have
been shown to recognize guanosine- or uridine-rich single-stranded RNA (ssRNA)
from viruses such as human immunodeficiency virus (HIV), vesicular stomatitis
virus (VSV), and influenza virus (Diebold et al., 2004; Heil et al., 2004). Although
ssRNA is abundant in hosts, host-derived ssRNA is not usually detected by TLR7
or TLR8. As TLR7 and TLR8 are expressed in the endosome, host-derived ssRNA
is not delivered to the endosome and so is not recognized by TLR7 and TLR8.

Besides TLR7 and TLR8, TLR3 and TLR9 are exclusively expressed in endo-
somal compartments not on cell surfaces (Latz et al., 2004). After phagocytes
internalize viruses or virus-infected apoptotic cells, viral nucleic acids are released
in phagolysosomes and are recognized by TLRs. However, intracellular localization
of TLR9 is not required for ligand recognition but prevents recognition of self DNA.
Localization of nucleic acid-sensing TLRs is critical for discriminating between self
and non-self nucleic acids. Clarification of these mechanisms should lead to a com-
prehensive understanding of the immune system and so contribute to the develop-
ment of new therapies for infection and immune disorders.

4 Conclusion

The function of TLRs has been extensively clarified in recent decades. TLRs are
critically involved in bacterial infection as well as fungal, protozoan, and viral
infections. Some TLR ligands, especially nucleic acids, are synthesized in vitro and
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have already been applied to treatment of viral infections and allergic diseases. Also,
TLR-independent pathogen recognition has been demonstrated.

Acknowledgements We thank our colleagues in our lab for helpful discussions. This work is
supported in part by grants from the Special Coordination Funds of the Japanese Ministry of Edu-
cation, Culture, Sports, Science and Technology.

References

Akira Aikawa M (1988) Human cerebral malaria. Am J Trop Med Hyg 39: 3–10
S (2004) Toll receptor families: structure and function. Semin Immunol 16: 1–2
Akira S, Hemmi H (2003) Recognition of pathogen-associated molecular patterns by TLR family.

Immunol Lett 85: 85–95
Alexopoulou L, Holt AC, Medzhitov R, and Flavell RA (2001) Recognition of double-stranded

RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 413: 732–738
Alexopoulou L, Thomas V, Schnare M, Lobet Y, Anguita J, Schoen RT, Medzhitov R, Fikrig E,

and Flavell RA (2002) Hyporesponsiveness to vaccination with Borrelia burgdorferi OspA in
humans and in TLR1- and TLR2-deficient mice. Nat Med 8: 878–884

Andersen-Nissen E, Smith KD, Strobe KL, Barrett SL, Cookson BT, Logan SM, Aderem A (2005)
Evasion of Toll-like receptor 5 by flagellated bacteria. Proc Natl Acad Sci USA 102: 9247–9252

Arese P, Schwarzer E (1997) Malarial pigment (haemozoin): A very active ‘inert’ substance. Ann
Trop Med Parasitol 91: 501–516

Bafica A, Santiago HC, Goldszmid R, Ropert C, Gazzinelli RT, Sher A (2006) Cutting edge:
TLR9 and TLR2 signaling together account for MyD88-dependent control of parasitemia in
Trypanosoma cruzi infection. J Immunol 17: 3515–3519

Balachandran S, Thomas E, Barber GN (2004) A FADD-dependent innate immune mechanism in
mammalian cells. Nature 432: 401–405

Becker I, Salaiza N, Aguirre M, Delgado J, Carrillo-Carrasco N, Kobeh LG, Ruiz A, Cervantes R
Torres AP, Cabrera N, et al. (2003) Leishmania lipophosphoglycan (LPG) activates NK cells
through Toll-like receptor-2. Mol Biochem Parasitol 130: 65–74

Bieback K, Lien E, Klagge IM, Avota E, Schneider-Schaulies J, Duprex WP, Wagner H, Kirschning
CJ, Ter Meulen V, Schneider-Schaulies S (2002) Hemagglutinin protein of wild-type measles
virus activates Toll-like receptor 2 signaling. J Virol 76: 8729–8736

Bischoff V, Vignal C, Boneca IG, Michel T, Hoffmann JA, Royet J (2004) Function of the
Drosophila pattern-recognition receptor PGRP-SD in the detection of Gram-positive bacteria.
Nat Immunol 5: 1175–1180

Boutros M, Agaisse H, Perrimon N (2002) Sequential activation of signaling pathways during
innate immune responses in Drosophila. Dev Cell 3: 711–722

Brennan CA, Anderson KV (2004) Drosophila: The genetics of innate immune recognition and
response. Annu Rev Immunol 22: 457–483

Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-Pomares L, Wong SY,
Gordon S (2002) Dectin-1 is a major beta-glucan receptor on macrophages. J Exp Med 196:
407–412

Brown, P (2001) Cinderella goes to the ball. Nature 410: 1018–1020
Brown WC, Corral RS (2002) Stimulation of B lymphocytes, macrophages, and dendritic cells by

protozoan DNA Microbes Infect 4: 969–974
Camargo MM, Andrade AC, Almeida IC, Travassos LR, Gazzinelli RT (1997) Glycoconjugates

isolated from Trypanosoma cruzi but not from Leishmania species membranes trigger nitric ox-
ide synthesis as well as microbicidal activity in IFN-gamma-primed macrophages. J Immunol
159: 6131–6139



Toll-Like Receptors (TLRs) and Their Ligands 15

Campos MA, Almeida IC, Takeuchi O, Akira S, Valente EP, Procopio DO, Travassos LR, Smith
JA, Golenbock DT, Gazzinelli RT (2001) Activation of Toll-like receptor-2 by glycosylphos-
phatidylinositol anchors from a protozoan parasite. J Immunol 167: 416–423

Channe Gowda D (2002) Structure and activity of glycosylphosphatidylinositol anchors of Plas-
modium falciparum. Microbes Infect 4: 983–990

Chen P, Rodriguez A, Erskine R, Thach T, Abrams JM (1998) Dredd, a novel effector of the
apoptosis activators reaper, grim, and hid in Drosophila. Dev Biol 201: 202–216

Choe KM, Werner T, Stoven S, Hultmark D, Anderson KV (2002) Requirement for a peptido-
glycan recognition protein (PGRP) in Relish activation and antibacterial immune responses in
Drosophila. Science 296: 359–362

Coban C, Ishii KJ, Kawai T, Hemmi H, Sato S, Uematsu S, Yamamoto M, Takeuchi O, Itagaki S,
Kumar N, et al. (2005) Toll-like receptor 9 mediates innate immune activation by the malaria
pigment hemozoin. J Exp Med 201: 19–25

Coban C, Ishii KJ, Sullivan DJ, Kumar N (2002) Purified malaria pigment (hemozoin) enhances
dendritic cell maturation and modulates the isotype of antibodies induced by a DNA vaccine.
Infect Immun 70: 3939–3943

Coban C, Ishii KJ, Uematsu S, Arisue N, Sato S, Yamamoto M, Kawai T, Takeuchi O, Hisaeda H,
Horii T, Akira S (2007) Pathological role of Toll-like receptor signaling in cerebral malaria. Int
Immunol 19: 67–79

Compton T, Kurt-Jones EA, Boehme KW, Belko J, Latz E, Golenbock DT, Finberg RW (2003)
Human cytomegalovirus activates inflammatory cytokine responses via CD14 and Toll-like
receptor 2. J Virol 77: 4588–4596

de Veer MJ, Curtis JM, Baldwin TM, DiDonato JA, Sexton A, McConville MJ, Handman E,
Schofield L (2003) MyD88 is essential for clearance of Leishmania major: Possible role for
lipophosphoglycan and Toll-like receptor 2 signaling. Eur J Immunol 33: 2822–2831

Debierre-Grockiego F, Azzouz N, Schmidt J, Dubremetz, JF, Geyer H, Geyer R, Weingart R,
Schmidt RR, Schwarz RT (2003) Roles of glycosylphosphatidylinositols of Toxoplasma gondii.
Induction of tumor necrosis factor-alpha production in macrophages. J Biol Chem 278: 32987–
32993

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis E, Sousa C (2004) Innate antiviral responses by
means of TLR7-mediated recognition of single-stranded RNA Science 303: 1529–1531

Dunstan SJ, Hawn TR, Hue NT, Parry CP, Ho VA, Vinh H, Diep TS, House D, Wain J, Aderem A,
et al. (2005) Host susceptibility and clinical outcomes in Toll-like receptor 5-deficient patients
with typhoid fever in Vietnam. J Infect Dis 191: 1068–1071

Elrod-Erickson M, Mishra S, Schneider D (2000) Interactions between the cellular and humoral
immune responses in Drosophila. Curr Biol 10: 781–784

Engwerda C, Belnoue E, Gruner AC, Renia L (2005) Experimental models of cerebral malaria.
Curr Top Microbiol Immunol 297: 103–143

Foley E, O’Farrell PH (2004) Functional dissection of an innate immune response by a genome-
wide RNAi screen. PLoS Biol 2: E203

Gantner BN, Simmons RM, Canavera SJ, Akira S, Underhill DM (2003) Collaborative induction
of inflammatory responses by Dectin-1 and Toll-like receptor 2. J Exp Med 197: 1107–1117

Gazzinelli RT, Denkers EY (2006) Protozoan encounters with Toll-like receptor signalling path-
ways: implications for host parasitism. Nat Rev Immunol 6: 895–906

Georgel P, Naitza S, Kappler C, Ferrandon D, Zachary D, Swimmer C, Kopczynski C, Duyk G,
Reichhart JM, Hoffmann JA (2001) Drosophila immune deficiency (IMD) is a death domain
protein that activates antibacterial defense and can promote apoptosis. Dev Cell 1: 503–514

Gerold P, Dieckmann-Schuppert A, Schwarz RT (1994) Glycosylphosphatidylinositols synthesized
by asexual erythrocytic stages of the malarial parasite, Plasmodium falciparum. Candidates
for plasmodial glycosylphosphatidylinositol membrane anchor precursors and pathogenicity
factors. J Biol Chem 269: 2597–2606

Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL (2001) Cutting edge: bacterial flagellin
activates basolaterally expressed TLR5 to induce epithelial proinflammatory gene expression.
J Immunol 167: 1882–1885



16 S. Uematsu, S. Akira

Gobert V, Gottar M, Matskevich AA, Rutschmann S, Royet J, Belvin M, Hoffmann JA, Ferrandon
D (2003) Dual activation of the Drosophila toll pathway by two pattern recognition receptors.
Science 302: 2126–2130

Good MF, Xu H, Wykes M, Engwerda CR (2005) Development and regulation of cell-mediated
immune responses to the blood stages of malaria: implications for vaccine research. Annu Rev
Immunol 23: 69–99

Gottar M, Gobert V, Michel T, Belvin M, Duyk G, Hoffmann JA, Ferrandon D, Royet J (2002) The
Drosophila immune response against Gram-negative bacteria is mediated by a peptidoglycan
recognition protein. Nature 416: 640–644

Gross O, Gewies A, Finger K, Schafer M, Sparwasser T, Peschel C, Forster I, Ruland J (2006)
Card9 controls a non-TLR signalling pathway for innate anti-fungal immunity. Nature 442:
651–656

Harris TH, Cooney NM, Mansfield JM, Paulnock DM (2006) Signal transduction, gene transcrip-
tion, and cytokine production triggered in macrophages by exposure to trypanosome DNA In-
fect Immun 74: 4530–4537

Hashimoto M, Asai Y, Ogawa T (2004) Separation and structural analysis of lipoprotein in a
lipopolysaccharide preparation from Porphyromonas gingivalis. Int Immunol 16: 1431–1437

Hawn TR, Verbon A, Lettinga KD, Zhao LP, Li SS, Laws RJ, Skerrett SJ, Beutler B, Schroeder
L, Nachman A, et al. (2003) A common dominant TLR5 stop codon polymorphism abolishes
flagellin signaling and is associated with susceptibility to legionnaires’ disease. J Exp Med 198:
1563–1572

Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira S, Underhill DM,
Aderem A (2001) The innate immune response to bacterial flagellin is mediated by Toll-like
receptor 5. Nature 410: 1099–1103

Haynes LM, Moore DD, Kurt-Jones EA, Finberg RW, Anderson LJ, Tripp RA (2001) Involvement
of toll–like receptor 4 in innate immunity to respiratory syncytial virus. J Virol 75: 10730–
10737

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, Lipford G, Wagner H,
Bauer S (2004) Species-specific recognition of single-stranded RNA via Toll-like receptor 7
and 8. Science 303: 1526–1529

Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, Horiuchi T, Tomizawa H, Takeda
K, Akira S (2002) Small anti-viral compounds activate immune cells via the TLR7 MyD88-
dependent signaling pathway. Nat Immunol 3: 196–200

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsumoto M, Hoshino K, Wagner H,
Takeda K, Akira S (2000) A Toll-like receptor recognizes bacterial DNA Nature 408: 740–745

Hochrein H, Schlatter B, O’Keeffe M, Wagner C, Schmitz F, Schiemann M, Bauer S, Suter M,
Wagner H (2004) Herpes simplex virus type-1 induces IFN-alpha production via Toll-like re-
ceptor 9-dependent and -independent pathways. Proc Natl Acad Sci USA 101: 11416–11421

Hoebe K, Georgel P, Rutschmann S, Du X, Mudd S, Crozat K, Sovath S, Shamel L, Hartung T,
Zahringer U, Beutler B (2005) CD36 is a sensor of diacylglycerides. Nature 433: 523–527

Hoffmann JA (2003) The immune response of Drosophila. Nature 426: 33–38
Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, Takeda K, Akira S (1999) Cutting

edge: Toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive to lipopolysaccharide:
Evidence for TLR4 as the Lps gene product. J Immunol 162: 3749–3752

Hu S, Yang X (2000) dFADD, a novel death domain-containing adapter protein for the Drosophila
caspase DREDD J Biol Chem 275: 30761–30764

Hu X, Yagi Y, Tanji T, Zhou S, Ip YT (2004) Multimerization and interaction of Toll and Spätzle
in Drosophila. Proc Natl Acad Sci USA 101: 9369–9374

Hultmark D (2003) Drosophila immunity: paths and patterns. Curr Opin Immunol 15: 12–19
Idro R, Jenkins NE, Newton CR (2005) Pathogenesis, clinical features, and neurological outcome

of cerebral malaria. Lancet Neurol 4: 827–840
Ito T, Amakawa R, Kaisho T, Hemmi H, Tajima K, Uehira K, Ozaki Y, Tomizawa H, Akira S,

Fukuhara S (2002) Interferon-alpha and interleukin-12 are induced differentially by Toll-like
receptor 7 ligands in human blood dendritic cell subsets. J Exp Med 195: 1507–1512



Toll-Like Receptors (TLRs) and Their Ligands 17

Khush RS, Cornwell WD, Uram JN, Lemaitre B (2002) A ubiquitin-proteasome pathway represses
the Drosophila immune deficiency signaling cascade. Curr Biol 12: 1728–1737

Krishnegowda G, Hajjar AM, Zhu J, Douglass EJ, Uematsu S, Akira S, Woods AS, Gowda
DC (2005) Induction of proinflammatory responses in macrophages by the glycosylphos-
phatidylinositols of Plasmodium falciparum: cell signaling receptors, glycosylphosphatidyli-
nositol (GPI) structural requirement, and regulation of GPI activity. J Biol Chem 280: 8606–
8616

Kropf P, Freudenberg MA, Modolell M, Price HP, Herath S, Antoniazi S, Galanos C, Smith DF,
Muller I (2004) Toll-like receptor 4 contributes to efficient control of infection with the proto-
zoan parasite Leishmania major. Infect Immun 72: 1920–1928

Krug A, French AR, Barchet W Fischer, JA, Dzionek A, Pingel JT, Orihuela MM, Akira S,
Yokoyama WM, Colonna M (2004a) TLR9-dependent recognition of MCMV by IPC and DC
generates coordinated cytokine responses that activate antiviral NK cell function. Immunity 21:
107–119

Krug A, Luker GD, Barchet W, Leib DA, Akira S, Colonna M (2004b) Herpes simplex virus type
1 activates murine natural interferon–producing cells through Toll-like receptor 9. Blood 103:
1433–1437

Kurt-Jones EA, Chan M, Zhou S, Wang J, Reed G, Bronson R, Arnold MM, Knipe DM, Finberg
RW (2004) Herpes simplex virus 1 interaction with Toll-like receptor 2 contributes to lethal
encephalitis. Proc Natl Acad Sci USA 101: 1315–1320

Kurt-Jones EA, Popova L, Kwinn L, Haynes LM, Jones LP, Tripp RA, Walsh EE, Freeman MW,
Golenbock DT, Anderson LJ, Finberg RW (2000) Pattern recognition receptors TLR4 and
CD14 mediate response to respiratory syncytial virus. Nat Immunol 1: 398–401

Latz E, Schoenemeyer A, Visintin A, Fitzgerald KA, Monks BG, Knetter CF, Lien E, Nilsen NJ,
Espevik T, Golenbock DT (2004) TLR9 signals after translocating from the ER to CpG DNA
in the lysosome. Nat Immunol 5:190–198

Lemaitre B (2004) The road to Toll. Nat Rev Immunol 4: 521–527
Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA (1996) The dorsoventral regulatory

gene cassette Spätzle/Toll/Cactus controls the potent antifungal response in Drosophila adults.
Cell 86: 973–983

Leulier F, Rodriguez A, Khush RS, Abrams JM, Lemaitre B (2000) The Drosophila caspase Dredd
is required to resist Gram-negative bacterial infection. EMBO Rep 1: 353–358

Leulier F, Vidal S, Saigo K, Ueda R, Lemaitre B (2002) Inducible expression of double-stranded
RNA reveals a role for dFADD in the regulation of the antibacterial response in Drosophila
adults. Curr Biol 12: 996–1000

Levashina EA, Langley E, Green C, Gubb D, Ashburner M, Hoffmann JA, Reichhart JM (1999)
Constitutive activation of toll-mediated antifungal defense in serpin-deficient Drosophila. Sci-
ence 285: 1917–1919

Ligoxygakis P, Pelte N, Hoffmann JA, Reichhart JM (2002) Activation of Drosophila Toll during
fungal infection by a blood serine protease. Science 297: 114–116

Lu Y, Wu LP, Anderson KV (2001) The antibacterial arm of the Drosophila innate immune re-
sponse requires an IkappaB kinase. Genes Dev 15: 104–110

Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A (2003) Toll-like receptor 9-mediated recognition
of Herpes simplex virus-2 by plasmacytoid dendritic cells. J Exp Med 198: 513–520

Magez S, Stijlemans B, Radwanska M, Pays E, Ferguson MA, De Baetselier P (1998) The
glycosyl-inositol-phosphate and dimyristoylglycerol moieties of the glycosylphosphatidylinos-
itol anchor of the trypanosome variant-specific surface glycoprotein are distinct macrophage-
activating factors. J Immunol 160: 1949–1956

Medzhitov R, Janeway CJ (1997) Innate immunity: the virtues of a nonclonal system of recogni-
tion. Cell 91: 295–298

Medzhitov R, Preston-Hurlburt P, Janeway CJ (1997) A human homologue of the Drosophila Toll
protein signals activation of adaptive immunity. Nature 388: 394–397

Michel T, Reichhart JM, Hoffmann JA, Royet J (2001) Drosophila Toll is activated by Gram-
positive bacteria through a circulating peptidoglycan recognition protein. Nature 414: 756–759


