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Abstract Due to the rapid increase of new information on

the multiple roles of Toll-like receptors (TLRs), this paper

reviews several main properties of TLRs and their ligands

and signaling pathways. The investigation of pathogen

infections in knockout mice suggests that specific TLRs

play a key role in the activation of immune responses.

Although the investigation of TLR biology is just begin-

ning, a number of important findings are emerging. This

review focuses on the following seven aspects of this

emerging field: (a) a history of TLR and ligand studies; (b)

the molecular basis of recognition by TLRs: TLR struc-

tures, pathogen-associated molecular pattern binding sites,

TLR locations and functional responses; (c) cell types in

TLR expression; (d) an overview of TLRs and their

ligands: expression and ligands of cell-surface TLRs and of

intracellular TLRs; (e) TLR-signaling pathways; (f) dis-

cussion: TLRs control of innate and adaptive systems; the

trafficking of intracellular TLRs to endolysosomes; inves-

tigation of TLRs in regulating microRNA; investigation of

crystal structure of TLRs with ligand binding; incidence of

infectious diseases associated with single nucleotide poly-

morphisms (SNPs) in TLR genes; risk of cancer related to

SNPs in TLR genes; TLR-ligand mediated anti-cancer

effects; and TLR-ligand induced chronic inflammation and

tumorigenesis; and (g) conclusions.
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Introduction

During the last 10 years, extensive investigation has

identified Toll-like receptors (TLRs) as a major class of

pattern-recognition receptors (PRRs) in Drosophila and

mammalians, including humans. Recognition of pathogen-

associated molecular patterns (PAMPs) through TLRs,

either alone or in heterodimerization with other TLR or

non-TLR receptors, triggers signals responsible for the

activation of innate and adaptive immune responses. Most

classes of TLRs are found in innate immune cells such as

polymorphonuclear neutrophils (PMN), monocytes/mac-

rophages, dendritic cells [1], NK cells [2], and mast cells

[3], where they trigger an immediate response against

pathogens. However, recent studies indicate that a number

of TLRs are widely expressed in T and B cells [1, 4–6] as

well as others, such as endothelial cells [7, 8], epithelial

cells [9], skin keratinocytes [10–12], fibroblasts [13] and

cancer cells [14, 15], showing that TLRs also directly

regulate innate and adaptive immunity, inflammation

reaction, inflammatory disease, cancer cells, and other cell

responses [1, 4–16].

There is increasing evidence to show that TLRs are

receptors for endogenous ligands and damaged tissue,

suggesting pathogen-derived molecules and products of

damaged tissue can be ligands to mediate inflammatory

responses in the host [17, 18].

The discovery and characterization of the TLR family

and their ligands have facilitated our understanding of

TLR function and host defense against infection, disease

and injury [19, 20]. Each TLR shows a differential
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expression pattern, extra- or intracellular localization and

signaling pathway, resulting in the pathogenesis of sepsis

and autoimmune disease [21]. Results of studies of the

ligands or agonists and antagonists for TLRs and inhibitors

of TLR-signaling molecules are currently being used in a

variety of therapeutic applications. Thus this review high-

lights recent advances related to TLR recognition of their

ligands and their signaling pathways, discussing the most

advanced data in TLR fields to provide a new under-

standing and a basis for new therapeutic targeting and

future considerations.

A history of TLRs and ligands

A century ago, Elie Metchnikoff was first to recognize that

organisms possess an inherent ability to detect foreign

matter through a cell-based defensive system. He observed

in lower organisms ‘‘phagocytes’’ (e.g. macrophages) that

could attack foreign substrates, ranging from carmine

granules and rose thorns to fungal spores. He pointed out

that a similar cell-based defensive system (e.g. white blood

cells) also exists in humans [22]. Metchnikoff received the

Nobel Prize in Medicine and Physiology in 1908 for his

work on the cellular theory of immunology. Two key

findings in innate immunity have promoted immunological

development in recent years [23]. One was the discovery in

1996 of the Drosophila transmembrane protein, Toll,

mediating recognition for fungal response and embryo

dorsal–ventral polarity formation [24, 25]. The other was

the discovery in 1998 of Toll-like receptor 4 (TLR4),

which was demonstrated to be the receptor for lipopoly-

saccharide (LPS) of Gram-negative bacteria in mice [26].

These discoveries showed that the pathogen-sensing

apparatuses in insects and mammals are closely related.

The molecular basis of recognition by TLRs

The protein Toll, German slang for ‘‘fantastic,’’ was first

derived from the Toll gene of Drosophila, a maternal-effect

gene that plays a central role in the establishment of dor-

sal–ventral patterning during embryonic development [24,

27]. At almost the same time, it was discovered that Toll

and the Toll-signaling pathways are instrumental in the

resistance of Drosophila to infection by several peptides

[25]. Two peptides are involved in mediating this resis-

tance. One is a powerful antifungal agent, drosomycin. The

other, attacin, is responsible for protection against Gram-

negative bacteria. The Toll protein acts as the receptor to

mediate production of drosomycin to respond to fungal

infection, whereas related receptor, the ‘‘18-wheeler,’’ is

related to production of attacin. Receptors and signaling

pathways quite similar to those of the Toll family in

Drosophila have been indentified in a variety of other

organisms ranging from plants to humans [28]. Owing to

these receptors’ similarity to the Drosophila Toll, they are

called Toll-like receptors, or TLRs. So far, 11 mammalian

and 13 murine TLRs have been identified [6, 20].

TLR family members are expressed differentially in a

variety of cells and tissues, including innate immune

response cells, specific T and B lymphocytes and other

non-immune cells. These receptors are localized both on

the cellular membrane and within different cellular com-

partments, where they recognize and respond to various

molecules related to a broad class of pathogens. Because

the recognition system of mammalian TLRs is based on a

strategy for a limited number of conserved microbial

molecules, TLRs derive from an evolutionarily ancient

germline encoded as and consisting of a ‘‘recognition’’

domain and a protein–protein-interacting region for acti-

vating downstream signalings [29]. The mechanism of

recognition is inherently different from that of the adaptive

immune system since varieties in the recognition of T and

B cell antigen receptors are based on the recombination of

V, D, and J gene segments [30]. Although the innate

immune system does not have the specificity of adaptive

immunity that is essential in triggering immunological

memory, it can distinguish self from non-self and other

danger signals. TLR receptors were first found on mono-

cytes/macrophages, neutrophils and dendritic cells, and

TLRs can recognize specific molecular structural motifs on

pathogens, called pathogen-associated molecular patterns,

or PAMPs. A number of investigations have demonstrated

that TLRs and their homologs play an important role in

initiating the innate immune response against pathogens in

organisms, including plants [31], insects and mammals

[32].

TLR ligands are varied, consisting of bacterial cell wall

components; bacterial genome DNA; viral, fungal and

parasitic products; and synthetic analogs of natural prod-

ucts. However, TLRs can also bind with autologous (self)

molecules such as heat shock proteins (HSPs), intercellular

matrix products, and mammalian genomic DNA, revealing

that the TLR immune system is concerned with damage

signals from injured tissue, including endogenous ligands

such as high mobility group box 1 protein (HMGB1), HSPs

(HSP22, HSP60, HSP70, HSP96), hyaluronan, type III

repeat extra domain of fibronectin, uric acid crystals,

mouse mammary tumor virus envelope proteins and

respiratory syncytial virus fusion protein, b-defensin and

plant ligands (paclitaxel) [17, 18, 33–36]. It is suggested

that TLRs recognize not only PAMPs, but also stress- or

damage-associated molecular patterns (DAMPs) [37]. The

key to understanding exactly how a TLR is able to dis-

criminate each ligand has been a frontier field.
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TLR structures

To understand the structural basis of ligand interaction,

analysis of TLRs and their interactions with ligands is

important. Studies of the crystal structure of TLR receptors

or complexes bound to their ligands have suggested that the

ligands bridge two TLR molecules, forming a dimer

between the ectodomains that have a similar overall

architecture and serve to dimerize the cytoplasmic TIR

(Toll/IL-1R) domains [38] or TIR (Toll/IL-1R and IL-18R)

domains [32].

All TLRs belong to the type I transmembrane glyco-

protein receptor family, with molecular weights ranging

from 90 to 115 kDa and containing 16–28 extracellular

leucine-rich repeat (LRR) domains [39]. The signal trans-

membrane a-helix portion and the conserved intracellular

domain are homologous to those of the human interleukin-

1 receptor (IL-1R) and human interleukin-18 receptor

(IL-18R) [40]. The presence of the LRR domain in plant

and animal proteins suggests an evolutionarily conserved

role as a molecular PRR. Both humans and mice express

TLR1 to TLR9. In addition, humans, but not mice, express

TLR10. In contrast, mice express TLR11, 12, and 13,

which humans lack [41]. TLRs are germline-encoded

receptors that recognize highly conserved motifs present in

microbes, including viruses, bacteria, fungi and protozoans,

referred to as PAMPs. Some TLRs (e.g. TLR1, TLR2,

TLR4, TLR5 and TLR6) are located on the cell surface,

whereas others (e.g. TLR3, TLR7, TLR8, TLR9) remain

sequestered in intracellular compartments. Clearly, TLRs

are distinguished by LRRs that deviate markedly in both

sequence and length from the TLR consensus [20, 42].

Each LRR contains 24–29 amino acids, the leucine-rich

sequence XLXXLXLXX, and another conserved sequence

XUXXUX4FXXLX, where X denotes any amino acid and

U a hydrophobic amino acid. The repeats comprise a

b-strand and an a-helix connected by loops [32].

The LRR domains of TLRs form a horseshoe-like

structure, and it is through this structure that their concave

surface is involved directly in the recognition of various

pathogen molecules. Binding of ligands to the extracellular

domains of TLRs causes rearrangement of the receptor

complexes and triggers the recruitment of specific adaptor

proteins to the intracellular TIR domains [43].

PAMP binding sites

Study shows that the potency of TLR ligands relies on their

ability to induce homo- or heterodimerization and confor-

mational change of the TLR [44]. It is widely believed that

most TLRs are homodimeric but others (TLR1/TLR2 and

TLR2/TLR6) are heterodimeric. Further, all TLRs are

single-spanning transmembrane proteins with ectodomains

largely composed of LRRs and cytoplasmic domains lar-

gely composed of a TIR (Toll/IL-1R or IL-18R) [40].

As mentioned above, some TLRs are clearly intracel-

lular, residing predominantly or entirely within the

endosomes. These include TLR3, TLR7, TLR8, and TLR9

[41]. The structure of a representative TLR9 has been

solved through X-ray crystallography, revealing that TLR9

is a dimeric protein composed of two horseshoe-shaped

subunits that stack together side by side. The repeats in

TLR ectodomains frequently contain insertions following

positions 10 and 15 in the TLR consensus sequence. At

those positions, they can interact with a larger PAMP or

with an accessory molecule, such as MD-2, an assistant

molecule of TLR4. Importantly, TLR9 recognizes and

responds to bacterial DNA and oligodeoxynucleotides

(ODNs) that contain the unmethylated CpG sequence.

Although TLR7 and TLR8 are highly homologous to

TLR9, their natural ligands have not yet been found [32].

As Fig. 1 indicates, the LRR of the TLR9 receptor contains

four insertions at position 10 (shown in red) that could

create bacterial DNA and an unmethylated CpG binding

site formed in the LRR loops [32].

Recent site-directed mutagenesis and reporter gene

experiments have indicated that the extracellular domain of

Fig. 1 A Toll-like receptor: All TLRs are integral membrane

glycoproteins with an N-terminal ectodomain and a signal trans-

membrane domain. The ectodomain of TLR7, TLR8 and TLR9 is

depicted, with the LRR solenoid shown with a gray molecular

surface, and the N- and C-terminal flanking regions shown in green
and purple. Insertions at position 10, indicated in red, might

contribute to the information of the PAMP binding site. The insert

at position 15, indicated in yellow, is expected to originate on the

convex face of the TLR. Also shown is a cartoon of the transmem-

brane domain (presumed to be a single a-helix) followed by a

molecular representation of the Toll-IL-1 and IL-18R (TIR) domain.

This figure is from [32]
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TLR9 contains 25 LRR motifs. LRR 2, 5, and 8 may be

receptors for CpG DNA activation in RAW264.7 cells [45].

TLR locations and functional responses

TLRs constitute critical components functioning to sense

the presence of pathogens and initiate inflammatory

responses. However, a pathogen can divide itself into

microbes that replicate outside of host cells and others that

replicate inside cells. Similarly, TLRs that recognize

PAMPs on extracellular microbes are expressed on the cell

surface, and those that recognize PAMPs on intracellular

microbes are expressed inside the cell. Based on the

specificity of PAMPs, correspondingly, TLRs can be

broadly divided into two groups. The first group is TLRs

expressed on the cell surface recognizing PAMPs on

extracellular pathogens. In humans, TLR1, TLR2, TLR4,

and TLR6 are out-membrane and respond mainly to bac-

terial surface-associated PAMPs. The second group, TLR3,

TLR7, TLR8 and TLR9, is found on the surfaces of

endosomes, where they bind mainly to the nuclear acid of

PAMPs from viruses and bacteria. Upon binding with their

cognates, TLRs activate their major signaling pathways.

The first group, for example TLR4-MD-2-CD14, mediates

the activation of the transcription factor NF-jB (nuclear

factor jB). The second group, such as TLR3, triggers

transcription factor IRF (IFN regulatory factor) to induce

type I IFN (IFN-a and IFN-b) gene expressions [46, 47].

TLRs 1, 2 and 6 are a phylogenetically related sub-

family. High sequence similarity and tandem arrangement

of TLR1 and TLR6 in the human genome show that these

two receptors arose from a recent gene duplication event

[48]. TLR2 demands either TLR1 or TLR6 as a co-receptor

for recognizing bacterial lipoproteins and lipopeptides.

These lipoproteins are anchored to the cell membrane via

conserved N-termini modified by a lipid chain and induce

strong pro-inflammatory signals by macrophages [49].

It has been demonstrated that TLR2 can form hetero-

dimers with TLR1 or TLR6, which recognize a wide

variety of acylated cell wall components, such as lipopro-

teins and lipopeptides derived from Gram-positive bacteria,

Gram-negative bacteria, mycoplasma, spirochetes and

fungi [50].

Because microbial ligands and an increasing number of

endogenous ligands can stimulate TLR activation, the

functions of TLRs include (1) distribution on endothelial

cells and epithelial cells and as the first line of defense at

skin (including vascular endothelial cells and keratino-

cytes) and mucosal sites such as the respiratory,

gastrointestinal and genitourinary tracts; (2) induction of

cellular surface adhesion molecule expression, such as

E-selectin and intercellular adhesion molecule 1 (ICAM1),

that are important for leukocyte rolling and adhesion, as

well as the secretion of chemokines, resulting in the

adhesion of leukocytes to endothelium; (3) increasing

phagocytosis of microorganisms by phagocyte cells, killing

through the LPS- or other ligand-induced intracellular

production of reactive oxygen and nitrogen intermediates;

(4) regulating the differentiation and maturation of immune

cells, and stimulating T and B cells to mediate adaptive

immune responses. (For example, TLRs can upregulate the

expression of co-stimulatory molecules CD80 and CD86

and production of IL-12, IL-23 and IL-27 to regulate the

differentiation and maintenance of T and B cells to pro-

mote a specific immune response.); and (5) playing a

critical role in tissue injury and tissue repair and regener-

ation, including liver regeneration and the protective

response to injury of the brain and spinal cord by a TLR-

dictated complex regulatory process of cell proliferation,

survival and apoptosis that involves angiogenesis and tis-

sue remodeling by the production of cyclooxygenases,

chemokines, VEGF and matrixmetalloproteinases, as well

as by the activation of mesenchymal stem cells (MSCs)

[18, 51–54].

Cell types in TLR expression

Accumulating evidence indicates that TLRs are expressed in

a variety of cell types, including immune and non-immune

cells. For example, macrophages and myeloid DC prefer-

entially express TLR2, TLR3, TLR4 and TLR 8, whereas

plasmacytoid dendritic cells (also called natural interferon

producing cells, IPC) express TLR 7 and TLR9 [55, 56].

To identify more accurately potential sites of action,

real-time quantitative PCR analyses of the expression of

TLRs in human and mouse tissues have been performed

[5, 57, 58]. These studies have demonstrated that TLRs

mainly express on all peripheral blood leukocytes,

including CD4? and CD8? T cells and B cell populations

and spleen tissue cells involved in immune function, but

also on other tissues, such as ovaries, prostate, pancreas,

placenta and testis [57].

In the past, non-immune cells have primarily been

considered as targets of immune cell activities. For

example, the importance of the barrier maintained by the

gut epithelium has long been known. Epithelial cells also

play additional key roles through TLR expression

responding to pathogenic molecules. Thus, epithelial cells

are more than just a barrier located at potential sites of

entry, such as the skin, respiratory, intestinal and genito-

urinary tracts [59, 60].

Interestingly, a receptor of innate immunity, TLR3, is

also predominantly expressed in brain, heart, lung and

muscle [61], suggesting that TLR3 may play a role in anti-

infection or anti-inflammatory reaction in these tissues. For
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example, TLR3 expresses in the central nervous system

(CNS), where control of herpes simplex virus (HSV-1)

spreading is required [62]. Also, TLR3 on neurons has been

found to be a potent negative regulator of axonal growth in

mammals [63], and inhibiting some human breast cell lines

after binding with its ligand [64]. In addition, the TLR3

ligand with type I interferon can directly mediate the

inhibition of proliferation and induce cell apoptosis in

human melanoma cell lines [65].

Recent study has identified that more primitive cord-

blood-derived MSCs express low RNA levels of TLR1,

TLR3, TLR5 and TLR9 and high levels of TLR4 and

TLR6. Stimulation of these MSCs with LPS or flagellin

mediates MSC differentiation and production of cytokine,

depending on the cell type that expresses them. TLR cell-

expression-pattern study has been suggested that TLR

networks regulate innate and adaptive immunity, but also

active, integrate and select cell differentiation [60, 63].

However, it has been reported that many cancer cells

express TLRs, suggesting that these cells also take TLRs

and ligands to mediate their signal response (see ‘‘TLR-

ligand induced tumorigenesis’’).

An overview of TLRs, their ligands and signalling

Expression and ligands of cell-surface TLRs

TLR2 recognizes PAMPs derived from various pathogens,

ranging from viruses, bacteria and fungi to parasites [50].

These ligands include tri-acyl lipopeptides from micropl-

asma; peptidoglycan (PGN) and lipoteichoic acid (LTA)

from Gram-positive bacteria; porin from Neisseria; lipo-

arabinomanan from mycobacteria; zymosan (containing

b-glycan, mannans, chitin, lipid and protein) from fungi;

and hemagglutinin protein from measles virus.

Figure 2 shows how TLR2 usually forms a heterodimer

with TLR1, TLR6 or non-TLR molecules such as CD36,

CD14 and dectin-1 to discriminate the molecular structure

of the ligands. For example, TLR1–TLR2 recognizes the

bacterial tri-acylated lipopeptide, whereas TLR2–TLR6

recognizes mycobacterial LTA and zymosan. The LPS

receptor TLR4 depends even more strongly on CD14 than

does the TLR2/TLR6 heterodimer. Without CD14, TLR4

cannot mobilize all of the adaptor proteins that it requires

for signaling activity (Fig. 2). It has been determined that

four adaptor proteins (MyD88, Mal, TRIF and TRAM) are

essential for signal transduction by many TLRs and for full

signaling by TLR4. If these proteins are absent, mice are

even more susceptible to infection [40]. In addition, indi-

vidual mutations of TLR also induce the compromising of

the immune response.

TLR4 was first demonstrated to be the receptor for LPS

of Gram-negative bacteria in mice in 1998 [26]. TLR4

mainly expresses on myeloid cells (such as monocytes/

macrophages, myeloid dendrite cells) and mast cells, NK

cells, T and B lymphocytes, endothelial, epithelial cells,

keratinocytes (Table 1) as well as fibroblasts [13], and

even tumor cells (Table 2). Ligands of human TLR4

include exogenous LPS, PTX (paclitaxel), and several

endogenous HSPs, fibronectin, heparin sulfate, and

HMGB1 (Table 1).

TLR5 is mainly expressed on the surface of monocytes

and epithelial cells. It is localized to the basolateral surface

Fig. 2 Shared and unique components of the TLR complex. Germ-

line mutations have proven the participation of CD14, CD36 and MD-

2 in signaling by TLR2 and TLR4 complexes. This figure is from

[40]. Current studies show that TLR1/TLR2 is activated by a ligand, a

synthetic diacylated lipopeptide, PAM2 CSK4 [66]. As indicated

above left, TLR2 can be homodimer or TLRX (candidates include

TLR11, TLR12, and TLR13 in mice) [40]. MALP-2 (a lipopeptide

from Maycoplasma fermentans) and LTA require CD36 for full

signaling efficacy. CD14 is partly required by all TLR1/TLR2 and

TLR2/TLR6 ligands. Ligand LPS are divided in two categories based

on the morphology of bacteria colonies: smooth or rough (S-LPS or

R-LPS, respectively). S-LPS contains O-polysaccharide chains which

are absent from R-LPS. Wild-type Gram-negative bacteria synthesize

S-LPS which needs CD14 to signal through TLR4 [44]. VSV-G
vesicular stomatitis virus glycoprotein G, MMTV-G mouse mammary

tumor virus surface glycoprotein
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of intestinal epithelial cells, where it is capable of recog-

nizing flagellin from bacteria that have invaded the

epithelia [67]. Flagellin is a 55 kDa monomeric component

of bacterial flagella [68]. A study on TLR5 knockout mice

highlighted redundancy within TLRs. It appears that TLR4

can function to induce an antimicrobial response in TLR5-

deficient mice challenged by Salmonella typhimurium and

Pseudomonas aeruginosa [69].

It has been shown that some bacteria, such as Helico-

bacter pylori and Campylobacter jejuni, are capable of

evading recognition by TLR5 by possessing flagellin with

no immune stimulatory properties. However, a recent study

indicated that TLR5 knockout mice are susceptible to E.

coli-induced urinary tract infection, indicating TLR5 is

host protection in the urinary tract [70].

TLR6 is described above and in Fig. 2. TLR6 is

required to form a heterodimer with TLR2 for ligand

recognition and NF-jB activation in mice and in humans.

For example, TLR6 mediates the recognition of diacy-

lated lipoproteins [or a synthetic diacylated lipopeptide,

macrophage-activating lipopeptide-2 (MALP-2)] from

mycoplasma, and PGN from Gram-positive bacteria that

require cooperation with TLR2. If TLR2 mutates (Cys 30

and Cys 36 in TLR2 were substituted with Ser), it cannot

Table 1 Human Toll-like receptors (TLRs) and their principal ligands

TLRs Major cell types Current recognized ligands

Exogenous Endogenous

TLR1 Myeloid cells, T and B cells, NK

cells, endothelial cells [7, 8],

epithelial cells, keratinocytes

[10]

Forms heterodimers with TLR2 for bacterial

tri-acyl lipopeptide, OSP of Borrelia spp.,

and other ligands

TLR2 Myeloid cells, T cells, B cells,

endothelial cells [7, 8],

epithelial cells, keratinocytes

[10]

Peptidoglycan from Gram-positive bacteria,

Mycoplasma lipopeptide LAM from

Mycobacteria BCG, LTA, GXM and other

fungal elements. LPS of leptospirosis and

other spirochetes

HSP60 [87], HSP70 [88], HSP96

[89], HMGB1

TLR3 Myeloid cells, T cells [90], NK

cells [91], endothelial cells

[7, 8], epithelial cells,

keratinocytes [10], neurons

Single-stranded viral RNA (ssRNA) and

double-strand-RNA (dsRNA)

Self dsRNA

TLR4 Myeloid cells, NK cells, mast

cells, T cells, endothelial cells

[7, 8], epithelial cells [92],

keratinocytes [10]

BCG, LPS, lipoteichoic acid, respiratory

syncytial virus, fibronectin, heparin sulfate,

fusion protein, PTX (paclitaxel)

HSP22 [36], HSP60, HSP70,

HSP96, HMGB1, b-defensin 2

(in humans?)

TLR5 Myeloid cells, T cells, NK cells,

endothelial cells [7–9],

epithelial cells, keratinocytes

[10]

Flagellin from Gram-positive or Gram-

negative bacteria

TLR6 Myeloid cells, T cells, B cells,

endothelial cells [7, 8],

epithelial cells, keratinocytes

[10]

Forms heterodimers with TLR2 for

Mycoplasma di-acyl-lipopeptides, a

peptidoglycan from Gram-positive bacteria

and Zymosan from fungal cell wall

TLR7 Myeloid cells, NK cells [91],

endothelial cell [8], T cells,

B cells

Single-strand RNA (ssRNA) compounds,

such as the imidazoquinolines

Self ssRNA

TLR8 Myeloid cells, NK cells [93],

endothelial cell [8]

Single-stranded RNA (ssRNA) Self ssRNA

TLR9 Myeloid cells, T cells, B cells, NK

cells [91], endothelial cells

[7, 8], epithelial cells,

keratinocytes [10]

Unmethylated CpG motifs found in microbial

DNA

Self DNA

TLR10 Myeloid cells, T cells, B cells,

endothelial cell [8], epithelial

cells

Unknown, may interact with TLR2

This data is mainly from Fluhr and Kaplan-Levy [31] and Hold and El-Omar [35] and Refs. [8, 94] with some data from this review

CpG cytidine-phosphate-quannosine, GXM glucuronoxylomannan, HSP heat shock protein, LAM lipoarabinomannan, LPS lipopolysaccharide,

LTA lipoteichoic acid, BCG Bacillus Calmette-Guerin, NK natural killer, OSP outer surface protein, HMGB1 high mobility group box1
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mediate a MALP-2-induced NF-jB activation in the

presence of TLR6 in human cells [71].

Human TLR10 is an orphan receptor that can be ho-

modimerized and heterodimerized with TLR1 and TLR2

[72]. TLR10 is expressed on myeloid cells, T cells, B cells,

endothelial cells and epithelial cells (Table 1). TLR10 may

potentially act as a TLR2 co-receptor [72].

TLR11 is functional only in mice because the human

TLR11 gene has a stop codon that prevents expression of

the full-length version of the open reading frame (ORF)

[73]. TLR11 knockout mice are highly susceptible to

infection by uropathogenic E. coli. TLR11 also responds to

profilin-like proteins from Toxoplasma gondii [74]. Human

TLR11 may be non-functional against uropathogenic

E. coli; instead, TLR5 may perform a function within the

urinary tract against uropathogenic E. coli [75].

Expression and ligands of intracellular TLRs

As described above, TLR3, TLR7, TLR8 and TLR9 are

expressed by intracellular compartments such as the

endosome, lysome or ER [76, 77]. These intracellular

TLRs act as sensors of foreign nucleic acids and trigger the

anti-viral immune response by producing type I IFN and

inflammatory cytokines.

TLR3 recognizes a synthetic analogue of double-strand

RNA (dsRNA), polyinosinic–polycytidylic acid (polyI:C)

(which structurally mimics dsRNA of viral origin), geno-

mic RNA purified from dsRNA viruses such as retrovirus,

and dsRNA produced in the course of replication of single-

strand RNA (ssRNA) viruses such as RSV, encephalo-

myocarditis virus (EMCV) and West Nile virus (WNV)

[78, 79]. TLR3-deficient mice died earlier than wild-type

mice following infection with murine cytomegalovirus

(MCMV). Accordingly, TLR3 deficiency is associated with

susceptibility to herpes simplex virus (HSV)-1 infection in

humans [62, 80]. TLR3 is also implicated in the recogni-

tion of small interfering RNA (siRNA) in a sequence-

independent manner and induces the production of IL-12

and IFN-c, which efficiently suppress angiogenesis in a

mouse model, suggesting that genetic siRNA might treat

angiogenic disorders, which affect 8% of the world’s

population [81]. It has been suggested that WNV crosses

the blood–brain barrier through TLR3, which can lead to

lethal encephalitis [79].

TLR7, TLR8 and TLR9, like TLR3, are all located

within the endosomal membrane. TLR7 has been reported

to play an important role in resistance to fluenza infection

[82]. In addition, TLR7 and TLR8 have been demonstrated

to recognize numerous ssRNA viruses for anti-viral

defensive responses through type I IFN and cytokine IL-12

and TNF and chemokine IP-10 production [83]. TLR7 and

TLR8 both confer responsiveness to the anti-viral com-

pound R848 [84].

TLR9 is the receptor for both bacterial and viral DNA,

in contrast with TLR3, TLR7 and TLR8 for detecting

RNA. As Fig. 1 indicates, TLR9 is a potent activator of

immune cells in the recognition of bacterial CpG. TLR9-

deficient mice did not show any response to CpG DNA

[85]. Experiments done by gene knockdown and gain of

function have demonstrated that TLR9 recognizes unme-

thylated CpG motifs commonly present in the genomes of

bacteria and viruses [85, 86]. However, in vertebrates, the

frequency of CpG motifs is severely suppressed and the

cytosine residues of the CpG motifs are highly methylated,

which leads to abrogation of immunostimulatory activity.

Synthetic ODNs containing unmethylated CpG motifs also

activate immune cells and elicit Th1-like immune respon-

ses. Therefore, CpG DNA is now expected to be useful as

an adjuvant for a variety of vaccines against infectious

disease, cancer and allergy [6, 20].

The ligands for mouse TLR12 and TLR13 are currently

unknown. Table 1 shows known human ligands, and TLRs

that are mainly expressed in immune cells, endothelial

cells, epithelial cells, keratinocytes and fibroblasts

(although not in Table 1). They play an important role in

Table 2 Toll-like receptors (TLRs) expressing in human cancer cells

TLRs Types of cancer cells

TLR1 Human head and neck squamous cell carcinoma

(HNSCC) cell lines [15]

TLR2 HNSCC cell lines [15], laryngeal carcinoma cells

[95]

TLR3 HNSCC cell lines [15], laryngeal carcinoma cells

[95], lung cancer cell lines [96], breast cancer cell

lines [64], melanoma cell lines [65]

TLR4 HNSCC and HNSCC cell lines [15], laryngeal

carcinoma cells [95], lung cancer cell lines [96],

breast carcinoma cell lines [96], ovarian cancer

(OvCa) cells and OvCa cell lines [14, 97], gastric

carcinoma cells [98], colorectal cancer (CRC)

cells [99], melanoma cell lines [100], prostate

cancer cell lines [101]

TLR5 HNSCC cell lines [15], gastric carcinoma cells [98],

colorectal cancer (CRC) cell line (DLD-1) [102]

TLR6 HNSCC cell lines [15]

TLR7 Hepatoma cell lines [103], chronic lymphocytic

leukemia (CLL) [104], basal cell carcinoma [105,

106]

TLR8 HNSCC cell lines [15]

TLR9 HNSCC cell lines [15], breast carcinoma cell lines

[96], gastric carcinoma cells [98], chronic

lymphocytic leukemia (CLL) [104], cervical

cancer cells [107], prostate cancer cells [101,

108], lung cancer cell lines [96], non-small-cell

lung cells and cell lines [109]

TLR10 HNSCC cell lines [15]
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normal and pathological inflammation reaction and tumor

environments. Recently, increased evidence indicates that

TLRs are also expressed in human cancer cells to mediate

cancer cell responses (Table 2).

TLR-signaling pathways: from TLR4 to other TLRs

Before the last two decades, little was known about signal

transduction by LPS-mediated modulation of murine peri-

toneal macrophages, including LPS-dependent production

of IL-12 and prostaglandins [110]. However, as a result of

the first demonstration of TLR family homology with the

Drosophila Toll protein [111] and evidence that the human

homologue of the Drosophila protein can induce NF-jB

signals for activation of both innate and adaptive immunity

[112], as well as the discovery of LPS sensitivity associated

with the TLR4 gene in mice [26], LPS- and other ligand-

mediated TLR-signaling, research has made tremendous

progress (Fig. 3).

LPS, potentiallythe most immunostimulatory glycolip-

ids, consist of the out-membrane of Gram-negative bacteria

recognized by the TLR4 and MD-2 receptor complexes

[113]. MD-2 is associated with the extracellular domain,

LRR of TLR4, triggering TLR4 clustering [113]. LPS also

binds another CD14 molecule existing in the serum or cell

surface to enhance LPS function [114]. However, the pre-

cise relationship between CD14 and TLR4 remains unclear

[82]. Currently, two main signaling pathways have been

identified by an alkylating agent, N-ethyl-N-nitrosourea

(ENU), that induces point mutations on haploid DNA

[82]. The first pathway requires two adaptor proteins,

myeloid differentiation factor 88 (MyD88) and TIR

domain-containing protein (TIRAP)/MyD88 adaptor-like

(Mal), recruiting the serine/thionine kinases (IRAK4, 1) to

trigger the activation of TRAK6/IKK complex and MAP-

KK, respectively, resulting in quick or early activation of

the transcription factor NF-jB and MAPK [17, 114]. The

second pathway needs TIR domain-containing adaptor

inducing interferon-b (TRIF)/TIR, domain-containing

adaptor molecule-1 (TICAM-1), and TRIF-related adaptor

molecule (TRAM)/TIR domain-containing adaptor mole-

cule-2 (TICAM-2) that induce late NF-jB activation and

LPS-mediated phosphorylation and dimerization of the

transcription factor interferon regulatory factors (IRF),

resulting in IFN-a and IFN-b production and activation of

acquired immunity [47, 114] (Fig. 3).

All TLRs belong to the class I transmembrane receptor

family [112, 115]. Ligand binding to its receptor results in

the formation of a homo- or heterodimer. TIR associates

with different adaptor proteins. Currently, four positive

adaptors—MyD88, Mal (TIRAP), TRIF (TICAM-1) and

TRAM (TICAM-2)—and one negative adaptor—SARM,

which blocks TRIF-dependent signaling—have been

demonstrated [43, 116].

The adaptor protein MyD88, which is recruited by the

Mal adaptor protein, is utilized by all kinds of TLR

receptors, but not by TLR3. However, TLR1, TLR2, TLR4

and TLR6 require using the TIRAP molecule as a linker

MD-2 MD-2

TIRAP/Mal
TRAMTRAM

TPAMMyD88

PKCεP

IRAK4,1

TAK1

TRIF

NF-κB

IKK complex MAPK
IRF3 IRF7

TLR4 CD14CD14

PI
3K

/A
kt

Inflammatory cytokines,

Chemokines

cPLA2

COX-2  et.al.

Transcription

Type 1 interferon IFN α/β

Transcription

(-)

TRAF6

Fig. 3 TLR4 signaling pathways in macrophages. Exposing macro-

phages to a TLR4 ligand, such as LPS, induces at least two pathways;

an MyD88 dependent cascade, recruiting the IRAK family of proteins

(IRAK1, 4 are active isoforms, but IRAK2 and IRAK-M are

negatively regulating isoforms controlled by PI3K/Akt [118, 119]),

that regulate TRAF6 and TAK1 leading to activation of NF-jB and

MAPKs and transcriptions of a number of genes, including pro-

inflammatory cytokines, chemokines, cytosolic PLA2, Cox-2, iNOS,

etc. The other is an MyD88 independent pathway, through TRAM,

TRIF TKB/1/IKKi, activate IRF3 and IRF7, which controls the gene

expression of type I IFNs. In addition, TRIF can also interact with

RIP1 (receptor-interacting protein, not shown in this figure) and

activate TAK1, inducing IKK complex and MAPK activation. LPS-

mediated activation of PKC, PI3K and phospholipases may involve

the activation of G protein coupled receptors [120]
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adaptor for contacting MyD88, resulting in a cascade along

the signaling pathway including IL-1 receptor associated

kinases (IRAKs) and TNF-receptor associated factor 6

(TRAF6). TRAF6 triggers the activation of transforming

growth factor b-activated kinases (TAKs), which initiate a

kinase cascade involved in activation of the IKKa/IKKb/

NEMO complex and phosphorylation of inhibitory protein

IjB. In turn, phosphorylated IjB dissociates from the

complex and is rapidly targeted for ubiquitination and

degradation by proteasomes, causing the activation of

transcription factor NF-jB, which translocates to the

nucleus [112], mediating a number of gene transcriptions

[117]. In addition, TAK1 activates IKK complex and MAP

kinases such as ERK1/2, JNK and p38MAPK, leading to

AP-1, c-Jun and c-fos activation to trigger inflammatory

cytokine gene transcriptions. Recent investigation indicates

that the MyD88-independent TRIF pathway mediates IRF3

and IRF7 activation and the subsequent induction of IFN-a
and IFN-b [17, 43, 46, 47]. A comprehensive figure

including all TLR signal pathways has been published [47].

Discussion

TLRs control the innate and adaptive systems

The immune system is divided into two parts, innate and

adaptive. The innate immune system is immediately

available to combat threats. There is no memory of the

same threat molecules upon the second or third exposure.

However, the innate immune system responds to the

common structures or ligands shared by a vast majority of

threats. These common PAMP structures are recognized by

TLRs. In addition to the cellular TLRs, an important part of

the innate immune system is the humoral complement

system that opsonizes and kills pathogens through the

PAMP recognition mechanism. Furthermore, highly con-

served soluble and membrane-bound proteins, collectively

called recognition receptors (PRRs), interact with PAMPs

to trigger innate immunity. Thus TLRs belong to one of the

PRRs. Research has shown that cytosolic PRRs, including

retinoic acid-inducible gene-1 (PIG-1)-like receptors

(RLRs) and nucleotide-binding oligomerization domain

(NOD)-like receptors (NLRs), also play a role in pathogen

recognition [19]. The adaptive immune response consists

of T and B lymphocytes. They are specific for particular

antigens and depend on clonal selection for foreign anti-

gens and antibody production that takes from 4 to 7 days to

ramp up to kill pathogens escaping from the innate immune

system [29, 30, 121, 122].

Recently, much research in microbiology and immu-

nology has revealed the pivotal role of TLRs in sensing

microbial infections and regulating the subsequent adaptive

immune system [20, 60]. Growing evidence shows that

TLRs are not only expressed on innate immune cells, but

also on T and B lymphocytes, indicating that TLRs play an

important role indirectly and directly in regulating T and B

lymphocytes [1, 6].

Additionally, much evidence has emphasized that TLRs

play a key role in resistance to microbes. Three aspects

show TLRs performing their remarkable function in

resistance to infection. One, TLR4 mutation causes

enhanced susceptibility to S. typhimurium [123] and E. coli

[124]. Two, TLR2 deletion causes enhanced susceptibility

to Staphylococcus aureus [125]. Three, TLR3 gene

knockout (Tlr3-/-) mice and TLR9 immunodeficiency

phenotype mice (TLR9 Tlr9CpG1/CpG1) expressed a signif-

icant immune impairment to cytomegalovirus infection in

vivo [125]. In short, the importance of TLRs in resistance

to microbes has been strongly identified.

The trafficking of intracellular TLRs to endolysosomes

Recent investigation shows that before intracellular TLRs

(TLR3, TLR7, TLR8 and TLR9) respond to viral infection,

all may need to interact with a 598 amino acid protein with

12 transmembrane domains, UNC-93B, located on the

endoplasmic reticulum (ER) [126]. This interaction regu-

lates the trafficking of intracellular TLRs to the

endolysosomes when stimulated with ssRNA or DNA [41]

(Fig. 4), indicating a role of the NC-93B protein in the

induction of intracellular TLRs to bind pathogen DNA and

RNA molecules.

A recent report has indicated that the ectodomain of

TLR9 must cleave proteolytically to generate a functional

TLR9. Although both the full-length and processed forms

of TLR9 can bind with the ligand, it is suggested that the

processed form is essential to lead to its signal activity

[127].

Furthermore, ER membrane accessory molecule UNC-

93B has been shown to play an important role in the

interaction between ER membrane trafficking and signal-

ing with TLR3, TLR7 and TLR9 [128]. It will be

interesting to know whether UNC-93B also works for

TLR8 and how the trafficking and recognizing of ligands

are controlled by ER membrane accessory molecules,

including PPAT4A and gp96, since these accessory mole-

cules could be promising treatment targets in infectious

diseases and immune disorders [129].

Investigation of TLRs in regulating microRNAs

(miRNAs)

The first miRNA4, Lin-4, was discovered as a regulator

that turns off lin14 gene expression, controlling the timing

of larval development in the nematode C. elegans. In 1997,
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Tam et al. found a new gene, BIC, which was transcrip-

tionally activated at a common retroviral integration site in

B cell lymphomas. The BIC gene, as a proto-oncogene,

lacks an extensive ORF, leading to short BIC RNA (about

1.7 kb spliced and polyadenylated) that can function as a

non-protein-coding RNA. By now, it is known that miR-

155 is processed from the BIC gene through a spliced and

polyadenylated BIC RNA [130–133]. Mice deficient for

bic/miR-155 have increased lung airway remodeling (such

as increased bronchiolar subepithelial collagen deposition

and increased cell mass of sub-bronchiolar myofibroblast)

and defective adaptive immunity, including BIC-deficient

CD4? T cells that are intrinsically biased toward Th2

differentiation [134]. In addition, miR-155 can also be

induced during the macrophage inflammatory response

[135].

Currently, one of most important aspects in TLR biol-

ogy is the study of miRNAs, a class of single-stranded,

non-coding small RNA consisting of approximately 22

nucleotides. Recently, miRNAs have been shown to pos-

sess a critical role in regulating gene function by directing

30UTR (the 30untranslated region) interaction of target

mRNA to repress the translation of specific target genes

[136, 137]. miRNA genes are encoded in genomic DNA

and arise mostly from intergenic regions or introns or

exons of miRNA-coding genes [138, 139]. By analyzing

the proximity of miRNA genes, research indicates that

many miRNA genes exist as clusters [140, 141]. miRNA

genes are transcribed by polymerase II or III into long

transcripts, called pri-miRNA (primary miRNA), which are

cleaved into an intermediate pre-miRNA (precursor miRNA)

by RNase III endonucleases (Drosha) in the nucleus,

creating an approximately 70-nucleotide-hairpin-shaped

pre-miRNA. Following export from the nucleus to the

cytosol, the pre-miRNA undergoes further processing by

Dicer (another RNase III enzyme), leading to the produc-

tion of a functional miRNA with about 22 nucleotides that

is incorporated into RISC (RNA-induced silencing com-

plex) and unwound into a mature single strand to mediate

translational repression and mRNA degradation. Over 700

human miRNAs have been cloned [142]; some are highly

conserved, and others are lineage specific [137].

As described above, most miRNAs control gene

expression by sequence-specific translational repression or

degradation of the target mRNA. However, under partic-

ular conditions, for example during cell cycle arrest, some

miRNAs can switch from repression to activation [143].

Recent reports further demonstrate that miRNAs play an

important role in immune cell development, differentiation

and response, including TLR-mediated inflammatory

responses [119, 144–146]. The expression of miRNAs

themselves is directly controlled by transcriptional factors

through both the NF-jB and MAPK signaling pathways.

LPS stimulation can up-regulate the expression of miRNAs

in human innate immune phagocytes, such as monocytes

and PMN, involving the induction of a number of miRNAs,

such as let-7e, miR-187, miR-9, miR-99b, miR-135a,

miR-132, miR-146a, miR-155, miR-222 [147], suggesting

these miRNAs are inducted by inflammatory stimuli and

play an important role in the immune system.

dsRNA DNAssRNA

TLR3 TLR7 TLR9

TLR3 TLR7 TLR9

  gp96PPAT4A   gp96   gp96PPAT4A

       UNC-93B        UNC-93B       UNC-93B

TLR7 TLR9 TLR3

Endoplasmic Reticulum (ER)

       UNC-93B

Fig. 4 Trafficking of intracellular TLRs to endolysosomes. UNC-

93B physically interacts with the transmembrane domain of intracel-

lular nucleotide-sensing TLR3, TLR7 and TLR9 in the endoplasmic

reticulum (ER). UNC-93B regulates the trafficking of TLR3, TLR7

and TLR9 to the endolysosomes, gp96 mediates all TLR maturation

and PPAT4A involves the trafficking of specific TLR7 and TLR9

upon stimulation with dsRNA, ssRNA and DNA, respectively

[41, 127–129]
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The induction of miR-155 is not only essential in

activated T and B cells, but also is crucial in the matu-

ration of macrophages and DCs and in antigen

presentation [134, 148]. Lu et al. [149] and Androulidaki

et al. [119] found that miR-155 represses the expression

of SOCS1/suppressor of cytokine signaling 1 in murine

Foxp3-dependent regulatory T (TR) cells and macro-

phages. Another study further indicates the miR-155

mediated repression of inositol phosphatase SHIP mRNA

expression in murine macrophage RAW264.7 cells in

response to LPS, suggesting that miRNAs not only are

novel regulators of gene expression, but also possess

distant target molecules within TLR-mediated signal

loops. For example, it has become increasingly clear that

Akt1 mediates cell survival, proliferation, and differenti-

ation, positively regulating let-7e (targeting TLR4) and

miR-181 (targeting TNSF11/TNF superfamily member

11) and negatively regulating miR-155 (targeting TNF-a,

PU.1, SOCS1/suppressor of cytokine signaling 1 and

SHIP1/Sac homology 2 containing inositol phosphatase-1)

and miR-125b (targeting TNF-a) to LPS. These results

have been identified through a PI3K/Akt1 signaling

pathway, since by using Akt1/- macrophages, LPS leads

to increased amounts of TLR4 and reduced amounts of

SOCS1 in macrophages. It further suggests that Akt1 acts

as a negative regulator controlling LPS response through

regulating the expression of miRNAs [119]. These find-

ings may have a significant role in the treatment of

inflammatory diseases and cancers.

Investigation of crystal structures of TLRs with ligand

binding

What is the most exciting progress being made among the

investigations of TLRs and their ligands? One answer

should be the study of the crystal structures of four TLR

complexes bound to their ligands. They are (1) TLR1/

TLR2 heterodimer bound to tri-acylated lipopeptide [150];

(2) TLR3 dimer complexed to dsRNA [38]; (3) TLR4-MD-

2-LPS complex, including the crystal structure of LPS

Lipid A, binding to human MD-2; and (4) CpG DNA

binding to N-terminal LRR of TLR9 [17, 45, 151–153].

These elegant results have given us the first high-resolution

view of LPS-TLR4-MD-2, showing the mechanisms for

innate recognition of pathogens, also reflected in investi-

gations involving the single nucleotide polymorphisms

(SNPs) in the human TLR4 molecule, such as common,

co-segregating missense mutations, Asp299Gly (or D299G,

a Gly substitution at Asp 299 due to a point mutation, an

A–G substitute, at nt 896 from the start codon of the TLR4

cDNA) and Thr399Ile (or T399I, an Ile substitution at

Thr399), affecting the extracellular domain for LPS bind-

ing [17, 154].

Incidence of infectious disease associated

with SNPs in TLRs

SNPs in TLRs have revealed a single nucleotide change

leading to a subtle distortion. It suggests that host genetic

factors are of key importance [155]. Alternatively, TLRs,

in particular TLR4, can respond to host endogenous mol-

ecules such as ox-LDL, Ab amyloid peptide and HSPs,

mediating tissue injury. Thus the investigation of SNP-

affected TLR function has been critical. For example, the

TLR4 gene residing on chromosome 9 in 9q32–q33 region

and its two SNPs encoding Asp299Gly and Thr399Ile

substitutions in the TLR4 ectodomain increase suscepti-

bility to infections [156]. People with C1625G in their

MD-2 promoter may have increased susceptibility to

infection, organ dysfunction and sepsis after major trauma

[157]. In addition, people with polymorphism (C558T) of

the Mal adaptor protein are linked to increased suscepti-

bility to meningeal tuberculosis [158]. Another recent

report also indicates that susceptibility to viral-mediated

pneumonia is significantly associated with T1237C poly-

morphism in the TLR9 gene [159].

Risk of cancer related to SNPs in TLRs

Chronic inflammation can induce most common cancers

(in about 15% of global cancer patients) [35]. The etiology

of inflammation involves multiple factors, including ROS

(reactive oxygen species) mediated non-specific DNA-

damage and specific activation of oncogenes through

hydroxyl ions as well as polymorphisms in TLRs genes. A

specific example of SNPs with cancer risk is H. pylori

infection and induction of gastric cancer. A recent report

identifies that defective signaling through the TLR4 may

result in an exaggerated inflammatory reaction with severe

tissue destruction in Asp299Gly people [160, 161].

Sequence variants in several TLR genes have been

linked to prostate cancer involving TLR4 and the TLR1–

TLR6–TLR10 gene cluster in Sweden. This report indi-

cates that the populations from Swedes having an SNP in

the 30UTR region of TLR4 (11381G/C) genotypes had a

39% increased risk of early-onset prostate cancer when

compared with a wild-type GG genotype [162]. Addition-

ally, polymorphisms in the TLR6–TLR1–TLR10 gene

cluster residing within a 54-kb region on 4p14 (TLR6 in

promoter -1401 A/G, promoter -673 C/T; TLR1 in pro-

moter -7202 A/G, promoter -6399 C/T, intron3 -833 C/T;

and TLR10 in promoter -3260 C/T, promoter -1692 C/T,

Exon2 -260 A/G, Exon3 720 A/G, Exon3 1104 A/C,

Exon3 2322 A/G) were associated with prostate cancer,

suggesting that sequence variants in TLR genes may dis-

rupt the inflammation, thereby contributing to the onset of

cancer [163].
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TLR-ligand mediated anti-cancer effects

Since the eighteenth and nineteenth centuries, microbes

have been known to possess anti-cancer properties [18,

164], suggesting a positive association between the infec-

tion and remission of malignant disease. That TLRs

express on immune cells and trigger immune or inflam-

matory responses has led to a huge body of effort in anti-

tumor therapy using TLR ligands. For example, Bacillus

Calmette-Guerin (BCG) has been used to treat bladder

cancer for three decades, and OK-432, a lyophilized pro-

duction of group A streptococcus, has been utilized to treat

uterine, cervical, gastric and oral squamous cell carcinoma

[18]. OK-432 induced IFN-c-mediated antitumor immune

response may utilize TLR4 signaling pathways [165, 166].

TLR7 ligand, imiquimod, molecular formula, C14-H16-N4,

also called R-837, S26308, is an immune response modi-

fication (IRM) licensed in 1997 by the US Food and Drug

Administration to treat human papilloma virus infection-

induced genital warts [105] and basal cell carcinoma of the

skin [105, 106].

In addition, increased reports indicate that ligands of

selected TLR7 (imidazoquinoline, S28690 and 852A) were

used to treat chronic lymphocytic leukemia (CLL) [167]

and tested in clinical phases I/II [168].

A TLR9 ligand, ODN containing unmethylated CpG

dinucleotide (CpG ODN), has been used in a phase I trial of

non-Hodgkin’s lymphoma (NHL) for anti-B cell malig-

nancies [169].

Cutaneous T cell lymphoma (CTCL) is a clonally

derived skin-invasive CD4? T cell lymphoma markedly

damaging the Th1-type cell immune response and reducing

the production of Th1-type cytokines IFN-c and IL-2. In

contrast, the production of the Th2-type cytokines IL-4,

IL-5 and IL-10 was increased. The TLR9 ligand CpG-A

(ODN2216) can stimulate PBMC-induced IFN-c produc-

tion in healthy volunteers, but not in CTCL patients.

However, following CpG-A stimulation with IL-15, the

production of IFN-c was significantly higher in both

healthy individuals and CTCL patients [170].

CpG ODN has also been used to treat renal cell carci-

noma, melanoma and non-small-cell lung cancer alone and

in combination with other agents in phase I and II clinical

trials [171].

Based on the principle that TLRs play a key role in

inducing adaptive immune responses through antigen-

present cells, DCs and macrophages, and a ‘danger signal,’

a nuclear protein—high-mobility group box 1 protein

(HMGB1)—from dying cancer cells can trigger an antigen-

specific immune response. HMGB1 can trigger an adaptive

immune response against different mouse cancer cell

models through TLR4 activation [172]. Very recently,

Krishnamachari et al. [173] further discussed several recent

and innovative strategies for co-delivering antigens and

CpG oligonucleotides for antigen-specific immune therapy.

Using HMGB1, an endogenous ligand or alarmin protein,

to mediate endogenous TLR2 activation leads to TLR2-

dependent brain tumor regression from within a microen-

vironment in mice [174].

TLR-ligand induced chronic inflammation

and tumorigenesis

Chronic inflammation and tumor-created

microenvironments

Inflammation plays a key role in preventing microbial

infection and tissue injury. However, chronic inflammation

is linked with tumorigenesis. For example, patients with

ulcerative colitis, a chronic colorectal inflammation, have

an increased (tenfold) possibility of developing colorectal

carcinoma. Additionally, patients with chronic hepatitis

and cirrhosis are at risk for development of liver cancer

[175].

With the release of endogenous molecules from injured

tissue, TLRs recognize these molecules, triggering an

inflammatory response to increase the risk of cancer [18].

Solid tumors are set up from an initially tumor-induced

microenvironment consisting of tumor cells, stromal cells

and migratory immune cells, including tumor-associated

macrophages (TAMs) and regulatory T cells (Treg) [176,

177]. The tumor-created microenvironment mediates a

complex interaction, including aborting the activation of

immune cells and promoting tumor growth and metastasis

[176, 177].

Macrophages can be regulated by a number of signals

from a tumor microenvironment. Under different condi-

tions, peripheral blood monocyte-derived macrophages can

be polarized into M1 and M2 phenotypes that refer to the

Th1/Th2 paradigm. Immune infiltration of host leukocytes

by neutrophils, TAMs, dendritic cells, eosinophils, mast

cells and lymphocytes is a remarkable phenomenon in

tumor development [178]. TAMs mainly show an IL-12low

and IL-10high phenotype including the expression (MR) and

scavenger receptor of mannose that probably can be con-

sidered an M2 phenotype [179].

Increasing evidence indicates that a large number of

myeloid macrophages are present in epithelial cancers,

mediating tumor development and spread, showing that a

variety of factors in the tumor microenvironment result in

TAM [177].

TLRs expressed on cancer cells and their signaling

Currently, a number of reports indicate that functional

TLRs are widely expressed on cancer cells or cancer cell
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lines in mice and humans [14, 15, 96, 166, 180] (Table 2).

Although we largely do not know why and how tumor

cells control or utilize TLR activation, the opposite effects

of the NF-jB protein in normal tissues and cancer

cells have been suggested. Normally, NF-jB activation of

acute inflammation can regulate a short term expression

of pro-inflammatory mediators as well as cell death

before infection is resolved or injured tissue is repaired.

In contrast, in cancers, chronic inflammatory-induced pre-

cancerous epithelial cells utilize NF-jB activation to

elevate expression of pro-inflammatory and cell-survival

genes, inhibiting the cell death pathways to promote the

growth of malignant cells [181]. A normal immune host

mediates an important NF-jB activation and cytokine and

chemokine production, forming an acute inflammatory

reaction beneficial against pathogens. However, if it is not

ordered and timely, it can result in cancer or other diseases

such as arthritis, heart attack and Alzheimer’s disease

[181].

Chen et al. [182] have drawn a link between TLRs,

inflammatory disease, and carcinogenesis, pointing out that

chronic inflammation mediated by TLR stimulation

through their exogenous or endogenous ligands can induce

precancerous cells, increasing neoplastic transformation of

normal cells, through active NF-jB pathways, into cancer

cells.

Tumor cells and cell lines utilize and devise a TLR4-

triggered MyD88/NF-jB and c-Jun signaling pathway to

mediate proliferation and growth, suggesting the tumor

cells have developed a mechanism by seizing or usurping

the host TLR-signaling pathway to proliferate and grow,

escaping host-mediated immune surveillance [14, 166,

183].

TLR expression on human cancer cells can enhance the

NF-jB cascade, leading to cell proliferation and pro-

apoptosis. For example, TLR4 expresses in human lung

cancer cells, HNSCC, ovarian cancer (OvCa) cells and

OvCa cell lines [14, 97], prostate cancer cell lines (where

TLR9 also expresses and up-regulates NF-jB activity)

[101] and colorectal cancer [183]. In particular, in OvCa

cells and OvCa cell lines, TLR4 signaling triggered NF-jB

and MyD88 signaling that was related OvCa progression

and chemoresistance, promoting immune escape [14, 183].

Furthermore, high expression of TLR4 and MyD88 protein

by colorectal cancer cells is associated with liver metastasis

and poor prognosis [183].

In addition, several cases have reported that TLR acti-

vation on cancer cells mediates positively to inhibit tumor

proliferation and apoptosis. The TLR3 ligand directly

mediates anti-human breast cancer cells, TLR5 can inhibit

human colorectal cancer cell lines and TLR7/8 and TLR9

ligands are used to treat CLL (Table 2). These inconsistent

results are not completely understood. On the one hand,

they reflect the complexity of TLRs in cancer cells, which

remains a target for future research. On the other hand, the

inconsistency may be due in part to the differences in cells,

TLRs and test conditions. However, chronic infection or

inflammatory disease mediated TLR abnormal expression,

aberrant response, oncogenesis and tumor microenviron-

ments may lead to cancer cells increasing NF-jB activity

and taking TLR4/MyD88 signaling to drive cancer growth

[94, 178, 183].

Thus, TLR-related tumors have been one of the impor-

tant aspects in TLR investigation. Currently, stimulating

‘‘good’’ inflammation in the tumor microenvironment has

been mentioned [184], indicating that TAMs can be mod-

ulated from a suppressive ‘‘alternative’’ phenotype

(requiring IjB kinase b-mediated NF-jB activation) to a

‘‘classical’’ phenotype (IL-12 high and IL-10 low). These

re-educated ‘‘classical macrophages’’ have been shown to

possess a capacity to kill cancer cells while TLR2/TLR4

were activated and NF-jB was inhibited [185, 186].

In addition, TLR7 and TLR8 ligands may also provide a

path for cancer immunotherapy in the tumor microenvi-

ronment [105].

With the use of curcumin (diferuloylmethane, also

called turmeric), it has been revealed that curcumin

potentiates the antitumor effect of BCG adjuvant through

inactivation of NF-jB and up-regulation of TRAIL (TNF-

related apoptosis-inducing ligand) receptors that mediate

anti-bladder cancer cells in mice [187, 188]. TRAIL, also

known as Apo2 ligand, is a type II transmembrane of the

TNF family that induces apoptosis in a variety of tumor

cells.

This review has summarized the growing body of evi-

dence showing that TLRs play a key role in host defense

against infection by recognizing and killing microbes. This

review has also discussed the crucial role of TLR-mediated

inflammation and cancer, showing that TLR inappropriate

regulation results in chronic inflammation and cancer.

Better knowledge of inflammation, cancer and tumor

microenvironments and new strategies against cancer cells

and tumor microenvironments may provide us new treat-

ments targeting inflammatory disease and cancer [17, 176,

189, 190].

Conclusions

This review describes the important aspects and advances

of TLR studies within the last two decades. Through sev-

eral exciting inroads of TLR biology, we are learning that

TLRs play diverse roles in the detection of invading

pathogens and the induction of innate and adaptive immune

responses that are necessary for the up-regulation of

cytokines, MHC molecules, including miRNA expression
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in macrophages and DCs, through complicated signal

pathways. This review article also describes the incidence

with which infections and cancers are linked to SNPs in

TLRs. Importantly, TLRs and TLR ligands as well as TLR

antagonism can be used distinctly as vaccine adjuvants or

targets for treatment of inflammatory diseases and cancers

[17]. Furthermore, several reports indicate that cancer cells

utilize TLR receptors or their signal pathways to escape

immune surveillance, which has become a new task for

TLR biology research.
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