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INTRODUCTION face, or resident in intracellular compartments (48). The Toll-

Vertebrate immunity can be broadly categorized into adap-
tive and innate immunity (28). Adaptive immune responses are
mediated by clonally distributed B and T lymphocytes and are
characterized by specificity and memory. Recognition relies on
the generation of a random and highly diverse repertoire of
antigen receptors, the T- and B-cell receptors, followed by
clonal selection and expansion of receptors with relevant spec-
ificities. This mechanism accounts for the generation of immu-
nological memory, an important advantage, but has the main
limitation that specific clones need to expand and differentiate
into effector cells before they can participate in host defense.
Therefore, adaptive immune responses are typically delayed
for 4 to 7 days (28).

To control the infection during the first days, our body relies
on the evolutionarily ancient and more universal innate im-
mune system. Its main functions include opsonization, activa-
tion of complement and coagulation cascades, phagocytosis,
activation of proinflammatory signaling cascades, and apopto-
sis (for a review, see reference 48). The innate immune system
also has an important function in activation and shaping of the
adaptive immune response through the induction of costimu-
latory molecules and cytokines (49). In contrast to the clono-
typic receptors, expressed by B and T lymphocytes, the innate
immune system uses nonclonal sets of recognition molecules,
called pattern recognition receptors. Pattern recognition re-
ceptors bind conserved molecular structures found in large
groups of pathogens, termed pathogen-associated molecular
patterns (49). There are various groups of pattern recognition
receptors, which can be secreted, expressed om the cell sur-

* Corresponding author. Mailing address: Department of Molecular
Biomedical Research, Unit for Molecular Signal Transduction in In-
flammation, Ghent University — VIB, Technologiepark 927, B-9052
Ghent, Belgium Phone: 32 93313770. Fax: 32 93313609. E-mail:
rudi.beyaert@dmbr.Ugent.be.

637

like receptors (TLRs) are one of the most important pattern
recognition receptor families and are the main topic of this
review.

TLR FAMILY CHARACTERISTICS

The first member of the TLR family identified was a Dro-
sophila protein implicated in dorsoventral patterning during
embryonal development (19). Gay and Keith (13) were the first
to realize that the intracellular domain of Drosophila Toll
showed striking similarities to the intracellular domain of the
mammalian interleukin-1 (IL-1) receptor, and Lemaitre et al.
(40) demonstrated that Drosophila Toll was also involved in
the immune response of the adult fly. Different human homo-
logues of Drosophila Toll were identified and shown to induce
activation of the transcription factor nuclear factor-kB (NF-
kB) upon overexpression, revealing that TLRs and IL-1 recep-
tors trigger similar signal transduction cascades (50, 67). In
1998, Poltorak et al. (61) discovered by positional cloning that
the Ips gene in the lipopolysaccharide (LPS)-nonresponsive
mouse strain CH3/HeJ encoded a murine member of the TLR
family, providing the first clue of a function as pattern recog-
nition receptors for mammalian TLRs.

TLRs are evolutionarily conserved proteins (the oldest TLR
identified so far is expressed in Caenorhabditis elegans [66]),
characterized by an extracellular leucine-rich repeat domain
and an intracellular Toll/IL-1 receptor-like (TIR) domain (50).
Leucine-rich repeats are found in both cytoplasmic and trans-
membrane proteins and are involved in ligand recognition and
signal transduction (35). How leucine-rich repeats mediate
ligand recognition is still puzzling, especially as it was demon-
strated that 7 out of 10 leucine-rich repeat motifs of the CD14
receptor, a transmembrane protein implicated in LPS recog-
nition, could be deleted without affecting LPS binding (30).
Furthermore, each TLR can recognize the most diverse li-
gands, lacking any structural similarity, making it hard to con-
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ceive how one motif can interact with all these molecules (see
below).

The intracellular domain of the TLRs, the TIR domain, is a
conserved protein-protein interaction module which is also
found in a number of transmembrane and cytoplasmic proteins
in plants, worms, arthropods, and even bacteria. Interestingly,
all these TIR-containing proteins seem to have a function in
host defense, making the TIR domain one of the earliest sig-
naling motifs to evolve (4). The region of homology is confined
to three conserved boxes containing amino acids crucial for
signaling (69). An extending loop in box 2, encompassing an
RDx¢,¢,G motif (where x represents any amino acid and ¢
represents a hydrophobic residue) mediates interaction with
the downstream adaptor protein MyD88 (84). The LPS! non-
responder phenotype of CH3/He]J mice results from a
Pro—His mutation at the ¢, position in this loop in the TIR
domain of TLR4, which impairs interaction with the adaptor
signaling protein MyD88, resulting in abrogation of the LPS
response (84). The ¢, proline residue is conserved in all TLRs
except TLR3 (33), where it is replaced with another hydropho-
bic residue.

TLR SIGNALING

At present, significant efforts are focused on characterizing
the complex signal transduction cascades that are activated by
TLRs. The transcription factor NF-«kB is a pivotal regulator of
the inducible expression of key proinflammatory mediators
that contribute to an immune response. NF-kB is a hetero- or
homodimeric transcription factor which binds to the promoter
of a wide range of different target genes (for a review, see
reference 16). NF-kB dimers are kept inactive through seques-
tering in the cytoplasm via binding to IkB proteins, which mask
their nuclear localization signal and prevent their nuclear
translocation. TLR signaling cascades lead to the phosphory-
lation of IkB, which targets this protein for ubiquitination and
proteasomal degradation, leading to the release of NF-xB
dimers. Inducible phosphorylation of IkB is mediated primar-
ily by the IkB kinase complex, a large multisubunit complex
consisting of at least two catalytic subunits and a regulatory
subunit. Induction of NF-kB-dependent gene expression is
central to the development of a strong proinflammatory re-
sponse. Many of the genes activated by NF-«kB are themselves
upstream activators of NF-kB, further amplifying the host de-
fense response to microbial challenge. Proinflammatory gene
expression by TLRs is also regulated by activation of mitogen-
activated protein kinases, leading to the phosphorylation of
multiple proteins, including several transcription factors.

TLRs rely on the recruitment and activation of intracellular
adaptor molecules and kinases to transduce their signals (Fig.
1). For example, the TIR domain of the adaptor molecule
MyDS88 associates with the TIR domain of all TLRs and is
required in most cases for signaling to NF-kB/mitogen-acti-
vated protein kinase pathways (for a review, see reference 29).
MyDS88 recruits IL-1 receptor-associated kinase, which then
induces activation of tumor necrosis factor receptor-associated
factor 6 and finally NF-kB and mitogen-activated protein ki-
nases. Although MyDS88 is a universal adaptor protein for all
TLRs, recent studies revealed the existence of at least three
other adaptor proteins, some of which can be used in a TLR-
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specific way, indicating that the signaling pathways through
individual TLRs might differ from each other and thereby
result in different biological responses (for a review, see refer-
ence 57).

LIGAND RECOGNITION BY TLRS
Pathogen-Associated Molecular Patterns

TLRs, like other pattern recognition receptors, recognize
so-called pathogen-associated molecular patterns, which are
conserved motifs that are unique to microorganisms and are
essential for their metabolism and thus survival (49). This has
three major advantages. First, pathogen-associated molecular
patterns are produced only by microbes and not by host cells,
enabling the innate immune system to distinguish between self
and nonself. Second, as pathogen-associated molecular pat-
terns are essential for microbial survival, mutations in or loss of
patterns can be lethal, and therefore these patterns are not
subject to high mutation rates. And third, pathogen-associated
molecular patterns are invariant between microorganisms of a
given class, which implies that only a limited number of germ
line-encoded pattern recognition receptors are needed to de-
tect the presence of a microbial infection (49).

TLRs Implicated in Recognition of Pathogens

Ten different TLRs which mediate recognition of diverse
classes of pathogens have been identified in humans (9, 11, 12,
50, 67, 73) (for an overview of the most important ligands, see
Fig. 2). Many of the TLR ligands were identified through
screening of large numbers of known pathogen-associated mo-
lecular patterns in human embryonal kidney HEK293T cells
transiently transfected with one of the TLRs. HEK293T cells
provide a valuable transfection model for these studies as they
almost completely lack expression of any of the TLRs (24).
More recently, gene disruption studies of the different TLR
genes confirmed most of the results obtained in HEK293T
cells. However, impurities in the commercially available patho-
gen-associated molecular pattern preparations have been
shown to be a problem for the correct interpretation of the
data. Thus, there has been confusion if TLR2 is also implicated
in LPS signaling, as HEK293T cells overexpressing TLR2 in-
duced NF-kB signaling upon LPS triggering (85), although
TLR2-negative cells were still responsive to LPS (71). Repu-
rification of the commercially available LPS preparations elim-
inated LPS signaling through TLR2, showing that TLR2 was
probably responding to the lipoprotein contaminants and not
to LPS itself (23).

From all these data, it is now clear that one group of patho-
gens is not exclusively recognized by one TLR (e.g., both TLR2
and TLR4 recognize gram-positive organism-derived patho-
gen-associated molecular patterns) and that one TLR can re-
spond to many structurally unrelated ligands, which are often
derived from different groups of pathogens (e.g., TLR4 recog-
nizes both viral components and gram-negative LPS). In con-
trast, other TLRs, like TLR3, -5, and -9, seem to be more
ligand specific and at least up to now, appear to recognize only
one type of ligand (Fig. 2) (48).

Most TLR ligands identified so far are conserved microbial
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FIG. 1. Short overview of a TLR signaling cascade. TLR signaling relies on the function of the adaptor protein MyD88, which presumably acts
in conjunction with other TLR-specific adaptor proteins, such as Tollip and Mal. These adaptor proteins are necessary for the recruitment and
activation of different IL-1 receptor-associated kinase family proteins, which further transmit the signal. This leads to activation of the IkB kinase
complex and mitogen-activated protein kinases (c-Jun N-terminal kinase/p38), which induce NF-kB and AP-1-dependent gene transcription,
respectively. IKK, IkB kinase complex; IRAK, IL-1 receptor-associated kinase; JNK, c-Jun N-terminal kinase; MKK, mitogen-activated protein

kinase kinase; P, phosphate; Ub, ubiquitin.

products which signal the presence of an infection. TLR7 and
TLRS8 have been shown to recognize synthetic antiviral com-
pounds with strong immunostimulatory capacity belonging to
the group of imidazoquinolines (21, 31). The natural ligands of
TLR7 and TLRS8 remain to be identified, however. Finally,
TLRs also recognize host-derived ligands such as the extra
domain A of the extracellular matrix protein fibronectin and
heat shock proteins (55, 56). Extracellular matrix proteins are
often proteolyticly cleaved during infection to facilitate access

of macrophages and other immune effector cells to the site of
infection. The extra domain A (EDA) of fibronectin is encoded
by an alternatively spliced exon, which is induced only upon
tissue injury. Heat shock proteins are normally expressed in the
cytoplasm and thus are not available for recognition by cell
surface receptors but can be released by necrotic cells during
tissue injury or viral infection (55). In this way, fragments of
fibronectin containing the EDA region or heat shock proteins
alert TLRs of an abnormal situation, e.g., tissue injury. Acti-
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FIG. 2. Ligand specificities of TLRs. Ten different mammalian TLRs have been described, but as yet no function is known for TLR8 and TLR10
(see the text). TLR1 and TLR6 do not signal as separate entities but act in cooperation with TLR2. TLR4 acts in a complex with several other
molecules, such as CD14 and MD-2. TLR3, TLRS, and TLR9 exhibit the narrowest ligand specificity. No natural ligands have been described yet
for TLR7. LPS, lipopolysaccharide; RSV, respiratory syncytial virus; EDA, extra domain A; HSP60, heat shock protein 60; dsRNA, double-

stranded RNA. References are indicated.

vation of TLRs by endogenous ligands implies that they do not
distinguish between self and nonself, as defined before (49),
but rather sense the presence of danger, which can be either
nonself or harmful self (46).

Drosophila TLRs Are Not True Pattern Recognition
Receptors

The insect immune defense involves the induction of differ-
ent antimicrobial peptides in the fat body, the functional equiv-
alent of the mammalian liver (for a review, see reference 26).
Interestingly, insects are able to mount an adapted response by
the specific induction of a subset of peptides which are only
active against the invading pathogen (41). Two major pathways
regulate the Drosophila innate immune response (Fig. 3).

The Toll pathway is activated upon fungal or gram-positive
infection and results in induction of the antimicrobial peptide
drosomycin, while the immune deficiency pathway is induced
upon gram-negative challenge and leads to induction of the
antibacterial peptide diptericin (39, 41). This implies the exis-
tence of pattern recognition receptors in Drosophila melano-
gaster, obvious candidates being nine different Toll transmem-
brane receptors, which were described recently (58, 75).
However, the actual ligand for Toll, the most studied TLR in
D. melanogaster, does not appear to be a microbially derived

pathogen-associated molecular pattern but rather a fragment
of a host-derived growth factor named Spétzle (Fig. 3A) (26).
A loss-of-function mutation in a blood serine protease inhibi-
tor (encoded by the necrotic gene) is sufficient to activate the
Toll pathway, showing that Spétzle is activated by a proteolytic
cascade, similar to the complement activation pathway in
mammals, and that the actual pathogen recognition must occur
upstream of Toll (42). Recent genetic studies identified perse-
phone (psh) as one of the upstream proteases (44). Interest-
ingly, psh mutants exhibited a normal drosomycin induction in
response to gram-positive challenge, indicating that different
protease cascades are activated in response to different patho-
gens (44).

Meanwhile, two different bona fide pattern recognition re-
ceptors have been identified in D. melanogaster, both belonging
to the large family of peptidoglycan recognition proteins
(PGRPs) (17, 51). PGRP-SA is a soluble member of this fam-
ily, and flies with a loss-of-function mutation in this gene show
an impaired response to gram-positive but not fungal or gram-
negative infections (51) (Fig. 3A). Activation of PGRP-SA
results in cleavage of Spitzle, indicating that PGRP-SA acts
upstream of the serine protease cascade needed to activate
Toll (51). PGRP-SA itself has no protease activity, but might
activate, through conformational changes, associated proteases

(51).
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FIG. 3. (A) Drosophila Toll pathway. Drosophila Toll controls dorsoventral axis formation during development and the antifungal and
anti-gram-positive organism immune response in the adult fly. In both cases, triggering relies on binding of a host-derived protein, named Spétzle,
which is produced as a zymogen that is activated through a serine protease cascade. This proteolytic cascade involves different proteases, both in
development and in response to fungal or bacterial challenge. In the Drosophila immune response, the protease cascade is activated by upstream
pattern recognition receptors, such as soluble PGRP-SA, which circulates in the hemolymph and recognizes gram-positive pathogen-associated
molecular patterns. The pattern recognition receptor responsible for fungal detection has not been characterized yet but may be another member
of the PGRP family. Triggering of Toll leads to the recruitment of two adaptor proteins, a MyD88 homolog, Drosophila MyD88 (dMyD88), and
tube, a protein with no known homolog in vertebrates. They further transmit the signal to other signaling intermediates and eventually induce the
activation of the NF-kB homologue Dif. (B) Drosophila immune deficiency pathway. The immune deficiency (imd) pathway regulates the
gram-negative organism immune response in D. melanogaster and was named after one of its intracellular signaling molecules, imd, as the upstream
receptor has long been unknown. Recent studies led to the identification of PGRP-LC as the putative gram-negative pattern recognition receptor.
PGRP-LC lacks intracellular signaling motifs and might act in concert with a coreceptor or might trigger a protease cascade, which then leads to
generation of a ligand for the immune deficiency receptor, analogous to the Toll pathway. Triggering of the immune deficiency receptor induces
a signaling cascade which leads to activation of the NF-«kB-like transcription factor Relish.
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PGRP-LC is a transmembrane receptor, identified by three
different groups as the long-sought gram-negative receptor
upstream of the immune deficiency pathway (Fig. 3B) (10, 17,
63). However, PGRP-LC lacks any recognizable signaling mo-
tifs in its intracellular domain, suggesting that PGRP-LC might
act in concert with another coreceptor to activate signaling.
Alternatively, analogous to the Toll pathway, PGRP-LC might
activate a proteolytic cascade which generates a ligand for a
receptor of the Toll family (although none of the TLRs could
activate diptericin upon overexpression [75]). In conclusion,
Drosophila TLRs are not true pattern recognition receptors
but rather bind endogenous ligands, generated through a pro-
teolytic cascade in response to an infection. Actual pattern
recognition in D. melanogaster is presumably mediated by the
large family of PGRP proteins, whose versatility parallels the
versatility of mammalian TLRs.

Do Mammalian TLRs Recognize Microbial Ligands
Directly?

It has been speculated for a while that, analogous to the
Drosophila Toll system, mammalian TLRs are activated by a
host-derived protein, generated through a proteolytic cascade
and that they do not recognize pathogen-associated molecular
patterns directly (for a review, see reference 8). Arguments in
support of this hypothesis were the fact that direct binding
between TLRs and pathogen-associated molecular patterns
has never been demonstrated biochemically, that several of the
proteases upstream of Drosophila Toll are conserved through-
out evolution and have been implicated in the LPS induced
blood clotting cascade in the horseshoe crab, and that some
reports have shown that LPS/TLR4 signaling can be inhibited
by extracellular protease inhibitors (45), although others have
doubted this (6).

Two groups elegantly showed that TLR4 directly recognizes
lipid A, the active moiety of LPS (43, 62). Lipid IVa is a partial
structure of lipid A which acts as an agonist of proinflamma-
tory responses in mouse cells and as an antagonist in human
cells. Transfection of mouse TLR4 into human cells gives them
the ability to detect lipid IVa as an agonist, while transfection
of human TLR4 into hamster CHO cells has the opposite
result (43). This demonstrates that the response to lipid A is
determined only by the origin of the introduced TLR, and not
by that of the host cells, making this hard to reconcile with the
Drosophila model of an upstream proteolytic cascade. Simi-
larly, it has been demonstrated that human and murine TLR9
optimally respond to different CpG sequences and that this
sequence specificity is determined solely by the origin of the
TLRO receptor, as transfection of murine TLR9 into a human
cell line is sufficient to make the human cells respond to mu-
rine CpG motifs (7). Finally, in vitro binding and cosedimen-
tation assays showed that the extracellular domain of TLR2
binds peptidoglycan, being the first biochemical demonstration
of a direct interaction between TLRs and their ligands (27).
The affinity was not as high as expected but could be increased
when other factors such as soluble CD14 were included in the
binding assay (27).
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LPS Recognition by the TLR4 Complex: Is TLR4 the Sole
LPS Receptor?

TLR4 does not need to heterodimerize with other TLRs to
function but forms a complex with several other proteins on
the cell surface which are needed for LPS recognition. LPS is
bound in the serum by LPS binding protein, which transfers
LPS to CD14 molecules (82, 83). CD14 is a glycosylphosphati-
dylinositol-anchored membrane protein (but also exists in a
soluble form) which binds LPS binding protein complexes with
high affinity, but lacks an intracellular domain to signal (82).
Therefore, it has long been proposed that CD14 functions in a
complex with another membrane receptor to transmit LPS
signals (77). At the time TIr4 was identified as the long-sought
Lps gene, responsible for defective LPS responses in CH3/Hel
mice (61), and the confirmation that Tlr4 '~ mice are hypore-
sponsive to LPS (25), it was presumed that CD14 complexes
with TLR4 to form a functional LPS receptor complex. How-
ever, 4 years after its discovery, physical interaction between
CD14 and TLR4 remains to be demonstrated, and biochemical
evidence showing direct LPS binding to TLR4 has not been
published yet (although genetic evidence strongly suggests that
TLR4 binds LPS directly; see above). Furthermore, overex-
pression of TLR4 (with or without CD14) in HEK293T cells is
not sufficient to confer LPS responsiveness on these cells, in-
dicating the need for additional components (34).

One of the first additional components discovered in LPS
signaling was MD-2, a homolog of MD-1, which is a B-cell-
specific secretory protein that remains tethered to the mem-
brane via interaction with RP105, a B-cell-specific leucine-rich
repeat-containing molecule (52). As TLRs also express
leucine-rich repeats in their extracellular domain, Miyake and
colleagues reasoned that additional MD molecules might be
necessary to interact with TLRs, leading to the identification of
MD-2 (68). MD-2 and TLR4 interact physically on the mem-
brane, and coexpression of MD-2 with TLR4 in HEK293T
cells confers LPS responsiveness on these cells (68). MD-2
knockout mice do not respond to LPS and exhibit an impaired
intracellular distribution of TLR4, showing that interaction
with MD-2 is essential for proper targeting of TLR4 to the
plasma membrane (54). Interestingly, B cells deficient in RP-
105 or MD-1 show an impaired LPS response, indicating that
in B cells both TLR4/MD-2 and RP105/MD-1 clusters are
needed for an intact LPS response (54).

Biophysical approaches used to study intramolecular inter-
actions revealed that LPS is associated with non-TLR-related
molecules as well, ranging from integrins such as CD11b/CD18
to chemokine receptors, scavenger receptors, and many others
(60, 76). Many of these receptors are clustered upon LPS
triggering in lipid rafts, suggesting the formation of supramo-
lecular LPS activation clusters. These could vary according to
the cell type and the activation state of the cell (76). Finally,
several reports suggest that LPS is not recognized as a free
monomer but in the context of its packing in a membrane.
ES5531 is a synthetic LPS antagonist that resembles LPS but
blocks its action in cells. Inversion of all 13 chiral centers of
E5531 yields a mirror image, which was found to be an equally
active antagonist. This observation argues against the recogni-
tion of LPS by a stoichiometric interaction with a stereospecific
binding site in a receptor (reviewed in reference 81). In con-
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TABLE 1. Cell- and stimulus-specific expression patterns of human TLRs"

Receptor Cell type (reference) Regulation
TLR1 Ubiquitous (63) No significant regulation except for downregulation in T
cells after exposure to PHA (53)
TLR2 Restricted expression, undetectable in lymphoid cells, Induced by LPS (53, 85)
expressed in PMLs, DCs, and monocytes (53)
TLR3 Expressed on DC and NK cells (24, 53) Absent in precursor monocytes, induced by differentiation,
decreased upon maturation (53)
TLR4 Expressed in a variety of cell types, such as Expression enhanced by proinflammatory cytokines and
macrophages, DCs, ECs, not in lymphocytes (48, 53) bacterial products, downregulated by anti-inflammatory
cytokines (53)
TLR5 Expressed in monocytes, immature DCs, epithelial, No significant modulation by cytokines or LPS (24, 53)
NK, and T cells (14, 24, 56)
TLR6 High expression in B cells, lower in monocytes and Not induced by proinflammatory cytokines or LPS (24)
NK cells (24)
TLR7 B cells, plasmacytoid precursor DC (24, 32) Highly induced by IL-6, moderately by other cytokines (86)
TLRS Monocytes, low in NK and T cells (24, 32) Highly induced by gamma interferon and LPS, moderately
by other cytokines (85)
TLR9 Plasmacytoid precursor DCs, B-cells, macrophages, Induced by gamma interferon and LPS (3, 36)
PMLs, NK cells, and microglial cells (3, 32)
TLR10 B cells, low in plasmacytoid precursor DCs (24) No significant modulation by cytokines or LPS (86)

¢ Abbreviations: DC, dendritic cell; EC, endothelial cell; PML, polymorphonuclear leukocytes; NK, natural killer cell; PHA, phytohemagglutinin. References are

indicated.

clusion, the molecular mechanism for LPS recognition still
remains elusive but seems to be more complicated than ini-
tially anticipated.

Heterodimerization of TLRs Extends the Spectrum of
Ligands Recognized

Although dimerization of some TLRs, such as TLR4 or
TLRS, is sufficient for cytokine induction in a macrophage cell
line; others, such as TLR1 and TLR6, do not induce NF-«B
upon overexpression, indicating that they cannot signal as ho-
modimers (20, 59). Coimmunoprecipitation studies revealed
that TLR1 and TLR6 can pair with TLR2 and that this inter-
action is needed for cytokine production (59). Studies in
TLR1-, TLR2-, and TLR6-deficient mice demonstrated that
TLR2~/~ mice were impaired in their response to both myco-
plasmal and bacterial lipoproteins, while TLR1~/~ and
TLR6 '~ mice were specifically deficient in one of the two
responses (72, 74). This shows that the unusual broad ligand
specificity of TLR2 can be partially attributed to the fact that
this receptor forms heterodimers with (at least) two other
TLRs, which enable TLR2 to recognize different ligands.

TLR cooperation not only extends the spectrum of ligands
but also modulates the response to specific ligands. Thus,
TLR1 coexpression inhibits the TLR2-mediated response to
phenol-soluble modulin, while coexpression with TLR6 en-
hances the TLR2 response (18). TLR1 also associates with
TLR4 and inhibits its signaling in endothelial cells (70), sug-
gesting that overall, TLR1 may have a more regulatory role

through interaction with different TLRs and modulation of
their function.

REGULATION OF TLR EXPRESSION

Several reports suggest that TLR expression is regulated in
both a cell type- and stimulus-dependent fashion. Generally,
cell surface expression of TLRs is rather low, varying in mono-
cytes from a few hundred to a few thousand molecules per cell
(for comparison, there are approximately 3 X 10° molecules of
the adhesion molecule CD44 per cell) (79).

According to their cellular expression pattern, TLRs can be
categorized as either ubiquitous (TLR1), restricted (TLR2,
TLR4, and TLRS), or specific (TLR3) (Table 1). TLR3 shows
the most restricted expression pattern, as it is predominantly
detected in immature dendritic cells (53), although a recent
report by Zarember et al. (86) showed a broader expression
pattern. TLR1 shows the most ubiquitous expression pattern,
reflecting its possible role as regulator of TLR-mediated sig-
naling (70). There are numerous data on stimulus-dependent
up- and downregulation of TLRs; the most relevant data are
summarized in Table 1. Interestingly, expression of TLRs de-
clines with age, which is a possible explanation for the in-
creased susceptibility of elderly people to infections (65). Fur-
thermore, TLR expression is extremely variable among
individuals; e.g., TLR expression appears to be much higher in
farmer’s children than in non-farmer’s children (38), which
might again correlate with individual differences in pathogen
susceptibility, although different polymorphisms at the locus of
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TLRs might contribute more to altered host immune responses
to pathogens (5).

More and more promoter studies of 7lr genes are being
published, aimed at identifying the gene-regulatory elements
that control cell type specificity and inducibility of TLR gene
transcription in humans and mice. Interestingly, it has been
noted that there are substantial differences between the 5’
untranslated regions of TLR promoters in mice and humans,
possibly indicative of a high selective pressure on these genes
during evolution to adapt to a rapidly changing microbial en-
vironment (64).

TLRs also exhibit specific subcellular expression patterns,
reflecting the fact that they recognize different microbial li-
gands, which gain access to the cell at different subcellular
sites. Thus, CpG DNA and LPS were shown to activate their
respective TLRs in distinct cellular compartments in macro-
phages (1). This was demonstrated by the use of green fluo-
rescent protein-MyD88 constructs, which were recruited to the
plasma membrane upon LPS triggering and to the lysosomes
upon CpG triggering, correlating well with the subcellular ex-
pression of TLR4 and TLRY, respectively. Inhibition of endo-
cytosis interfered with CpG but not LPS signaling, possibly
indicative of the fact that bacterial cell walls must be destroyed
in order to liberate DNA, a process which takes place in ma-
ture, acid endosomes, while bacterial cell wall LPS is freely
accessible to cell surface-expressed TLR4.

TLR2 has been demonstrated to be recruited to yeast-
loaded phagosomes (78). Phagosome expression of TLR2 and
probably also other TLRs presumably enables them to sample
the contents of vacuoles for different pathogen-associated mo-
lecular patterns, which are internalized by other pattern rec-
ognition receptors, like the mannose receptor (78). Finally,
Gewirtz et al. showed that localized expression of TLRS, the
TLR responsible for flagellin recognition (Fig. 2), in epithelial
cells of the gastrointestinal tract contributes to the differential
response to commensal and pathogenic bacteria (14). The in-
testinal epithelium is highly polarized, with two distinct com-
partments: the apical surface, facing the lumen, and the baso-
lateral surface, facing the underlying lamina propria. It has
been known for a long time that commensal bacteria present in
the lumen of the gut do not trigger inflammatory responses,
while pathogenic bacteria do. Flagellin is a conserved protein
that forms bacterial flagella and is produced by both commen-
sal and pathogenic bacteria. Flagellin only induces an immune
response when it is in contact with the basolateral membrane
of the gastrointestinal epithelial barrier, not when it is secreted
in the lumen (15). This could be attributed to the fact that
pathogenic but not commensal bacteria translocate flagellin
across epithelia (15), which triggers activation of TLRS, which
is expressed exclusively at the basolateral surface (14).

CONCLUDING REMARKS

The identification of mammalian TLRs has truly revolution-
ized the field of microbial pathogenesis and human immunol-
ogy. We are just beginning to understand the complexities of
this evolutionarily conserved system and the essential role it
plays in innate immunity. As the basic understanding of mi-
crobially induced TLR signaling reaches a critical level, novel
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therapies that can effectively improve the outcome of sepsis
may arise.

There are at least three strategies for interfering with TLR
signaling, with the specific goal of reducing the consequences
of their biological effects. The first is the generation of specific
soluble TLRs to bind and neutralize their respective microbial
ligands. The second is the development of small antagonistic
molecules or antibodies that interfere with the extracellular
domain of TLRs. This strategy awaits the elucidation of the
structure of a TLR with its specific ligand. The third is the
generation of small molecules that interfere with the intracel-
lular domain of TLRs and prevent its interaction with distal
intracellular signaling molecules (e.g., MyDS88). Although
there are reasons to be optimistic, the main problem remains
the relatively late presentation of patients to the intensive care
unit. Also, intervention may neutralize beneficial components
of the host defense. However, if we are able to define the
genetic basis of susceptibility to infection, tools will become
available that might help identify patients at high risk for fatal
septic shock. Such knowledge could then be used to improve
established therapies.
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