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SUMMARY

Cells of the innate immune system express a large repertoire of germ-line encoded cell-surface
glycoprotein receptors including Toll-like receptors (TLRs). TLRs recognize conserved motifs
on microbes and induce inflammatory signals. Evidence suggests that individual members of the
TLR family or other non-TLR surface antigens either physically or functionally interact with
each other and cumulative effects of these interactions instruct the nature and outcome of the

immune response to a particular pathogen.
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PATTERN RECOGNITION AND TOLL-LIKE
RECEPTOR (TLR) SIGNALLING PATHWAY:
INTRODUCTION AND BACKGROUND

One of the major differences between innate and adaptive
immune system is genetic, the latter relying on somatic
rearrangement of genes to give rise to tailor-made highly
specific antigen receptors. There is no theoretical limit to
the number of possible receptors for the infinite number of
antigen which the host could encounter during its lifetime.
On the other hand, cells of the innate immune system do
not rearrange their genes, but express a large repertoire of
germ line encoded cell surface glycoprotein receptors which
recognize conserved patterns unique to microbial surfaces
(pathogen-associated molecular patterns; PAMPs), allow-
ing these cells to distinguish dangerous non-self materials
from self-molecules. Hence, these molecules are often
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referred to as pattern recognition receptors (PRR).! His-
torically it is believed that the ability of the innate immune
system to recognize a great variety of pathogens is gen-
etically limited.

PRR include a family of non-phagocytic TLR, which act
as pathogen sensors, orchestrate inflammatory responses
and play a central role in overall recognition of PAMPs by
the innate immune system. On the other hand scavenger
receptors (SR), mannose receptors and f-glucan receptors
recognize ligands on microbial surfaces directly and mediate
the engulfment of particulates.>* Macrophages (M¢) also
express a range of opsonic phagocytic receptors (Fc and
complement receptors) that recognize antibody and com-
plement coated particles, respectively.>® Apart from PRRs,
innate immune cells express a large number of surface
antigens which control migration, adhesion, activation or
down modulation of the cells involved in innate immunity.
Integrins, immunoglobulin superfamily (IgSF), glycosyl-
phosphatidylinositol (GPI)-anchored proteins and G-pro-
tein coupled receptors are selected examples in this
category.”” The PRRs or other cell surface antigens are
usually shared to a varying degree by cells of the innate
immune system, which include polymorphonuclear phago-
cytes (PMN), monocytes/M ¢, dendritic cells, natural killer
cells and to some extent, epithelial or endothelial cells. All of
these cells have specialized functions, although they interact
and co-operate to mount an effective immune response
against pathogens. Therefore, the biology of receptor col-
laboration should be interpreted in the much wider context
of cellular co-operation in immune responses. In theory,
different receptors could cross-talk with one another to
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Table 1. Toll-like receptors and their ligands

Toll-like receptor Identified ligands

TLR-1/TLR-2 Tri-acyl lipopeptides (bacterial,
mycoplasmal), soluble factors

TLR-2 Peptidoglycan, lipopeptide, zymosan,
glycosylphosphoinositols, glycolipids,
LTA, LAM, porins, atypical LPS,
HSP70 (host)

TLR-3 ds RNA (viral)

TLR-4 LPS, Taxol (plant), fusion and envelope
proteins (viral), HSP60 (bacterial),
multiple host proteins

TLR-5 Flagellin

TLR-6/TLR-2 Di-acyl lipopeptide (mycoplasma)

TLR-7 Synthetic ligands: Imidazoquinoline,
Loxoribine, Bropirimine

TLR-8 sSRNA,”

TLR-9 Unmethylated CpG DNA

TLR-10 ?

TLR-11 Uropathogenic bacteria

Modified from *° and 7.

increase and diversify the recognition and overall handling
of microbial infection by the innate immune system, other-
wise limited by the central genetic bottleneck. Cells of the
innate immune system also communicate with one another
through soluble mediators like cytokines and chemokines,
but those interactions are beyond the scope of this review.

How PRRs convert the information gleaned from
recognition of a pathogen to an appropriate cellular
response has been a subject of intensive investigation. Two
principal classes of PRRs have been proposed: those that
mediate phagocytic uptake, and those that lead to activa-
tion of pro-inflammatory pathways.'® Most PRRs do not
possess the cytoplasmic motifs shown to activate pro-
inflammatory responses and only with the description of
TLRs did it become clearer how innate immune activation
occurred in response to PAMPs.'*'? The Toll receptors are
conserved from Drosophila to humans and there are nine
TLRs in mice and 10 in humans. Each TLR recognizes a
restricted subset or even a single molecule produced by
microbes (Table 1) and it is now accepted that the TLRs are
the principal membrane signalling molecules through which
mammals sense infection.'!

What is not clearly established is whether TLRs can
directly recognize their ligands as some studies suggest'* '
or whether an accessory molecule such as MD-2 or an
intermediary similar to Drosophila Spaetzle performs this
function.'*!7"!° The signalling pathways of the TLRs have
now been characterized in some detail; for recent reviews
see.''?® All TLRs, interleukin (IL)-1 receptor and other
TLR-IL-1R (TIR) domain-containing receptor with the
exception of TLR-3, share a common signalling pathway
that depends on the adaptor myeloid differentiation factor
88 (MyD88). TLR mediated pro-inflammatory cytokine
production in response to microbial recognition is critically
dependent on MyD88 and its downstream mediators
IRAK-4 and TRAF-6 that activate JNK and nuclear factor

(NF)-xB.?° The importance of this pathway to host defence
against a wide range of organisms was demonstrated when
it was shown that MyD88-deficient macrophages are
completely unresponsive to immunostimulatory compo-
nents including lipopolysaccharide (LPS), peptidoglycan,
lipoproteins, CpG DNA, flagellin, and imidazoquinolines,
suggesting an essential role of MyD8§ in mediating mul-
tiple inflammatory TLR responses.”” More recently TLR-4
and TLR-3-mediated MyD88-independent pathways
have been described®®?! but these remain poorly charac-
terized and mostly do not induce pro-inflammatory gene
expression.

An important unresolved question is how, given the
common MyD88-dependent signalling pathway shared by
almost all the TLRs, discriminatory signals are transmitted
from the TLR that has recognized its ligand to the cell
nucleus. In the first instance some TLRs show a high
degree of promiscuity making discrimination between
micro-organisms less precise. In the second instance all the
TLRs, with the exceptions of TLR-4 and TLR-2 that
additionally require the adaptor TIRAP, and TLR-3 that
senses viral RNA, signal exclusively through the Myd8§,
IRAK-4, TRAF-6 pathway to activate NF-xB and JNK.
The TLR-3 and TLR-4 signalling pathways are more
complex, also having an MyD88-independent pathway
that signals through the MyDS88 like molecule, Trif (a
protein encoded by the gene Lps2) to the transcription
factor IRF-3.'"?223 Furthermore, studies have shown or
suggested that TLR-independent sensing mechanisms exist
for the prototypical TLR-4 ligand, LPS, and that LPS or
its contaminants can also be recognized by multiple other
surface and intracellular proteins that are able to activate
the transcription factor NF-xkB in a TLR-independent
fashion.?*2® Other mechanisms that can modify immune
response have been described, for instance, transcription
factors not activated in the TLR-mediated signalling
pathway, such as members of the signal transducer and
activator of transcription (STAT) family, can be activated
by both bacterial infection and LPS stimulation of macr-
ophages, influencing expression of interferon (IFN)-regu-
lated genes.>”*®

Despite these reservations it is presently well accepted
that TLR-mediated signalling is the primary mechanism of
pathogen detection. A number of mechanisms have been
proposed by which TLRs might discriminate between
micro-organisms and these include: (i) TLR interactions
with other TLRs (homophilic or heterophilic); (ii)) TLR
interactions with other non-TLR innate receptors. Inter-
actions among non-TLR innate molecules are beyond the
scope of this review. Interactions could be either cis- or
trans-cellular, at the cell-surface or intracellular, con-
tact/close proximity dependent and simultaneous or con-
tact-independent and sequential. Such interactions could
augment, inhibit or synergize with the functions of either
participating partner. The aim of this review is to discuss
selected examples from the above categories to illustrate
principles of receptor collaboration and how such interac-
tions ultimately contribute to host defence and immune
pathology.
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Table 2. Receptors known to collaborate with Toll-like receptors

Class of the
Collaborating collaborating

Toll-like receptor innate molecules molecule Reference

TLR-4 CDl14 GPI-anchored 42
TLR-4 CR3 Integrins 74
TLR-2 Dectin-1 C-type lectin 44
TLR-3, -4, -9 SR-A, MARCO, SR 66
LOX-1
TLR-3, -4 LXR Nuclear receptor 68
TLR-4 MIP-2 receptor GPCR 69
TLR-4, -5, -9 SIGIRR IgSF 70
TLR-2, -4, -7,-9 A2R 71

SIMULTANEOUS HETEROPHILIC CIS
INTERACTIONS BETWEEN DIFFERENT TLRS

TLRs recognize a restricted subset or even a single molecule
produced by microbes, overlapping with other members of
the family and yet functioning as principal signalling mol-
ecules through which mammals distinguish large numbers
of micro-organisms. In a study using dominant negative
forms of receptors Ozinsky and colleagues proposed that
TLRs might discriminate between organisms by function-
ing in a combinatorial repertoire.”’ As shown in this study
both TLR-2 and TLR-6 are recruited within the phago-
some and in collaboration they recognize peptidoglycan, a
Gram-positive bacterial component. By contrast, TLR2
recognizes another bacterial component, lipopeptide, inde-
pendently of TLR-6. Moreover, unlike TLR-4, homo-
dimerization of the TLR-2 cytoplasmic tail does not induce
tumour necrosis factor-a (TNF-«), but TLR-2 could phys-
ically associate with TLR-6 or TLR-1 and the cytoplasmic
domain of TLR-2 could form heteromeric functional pairs
with TLR-6 and TLR-1, leading to cytokine induction. In a
follow up study the same group has shown that among
TLR-2, TLR-6 and TLR-1-transfected HEK.293 cells, only
TLR-2 responds to phenol-soluble modulin (PSM), a factor
secreted by Staphylococcus epidermidis. However, cotrans-
fection of TLR-6 or TLR-1 in TLR-2-expressing cells
enhances and inhibits TLR-2 mediated PSM response,
respectively.®® Transfection of dominant negative forms
of TLR-1, TLR-2 or TLR-6 in either TLR-2 or
TLR-2 + TLR-6 expressing cells showed that both
dominant negative TLR2 and TLR-6 blocked the response
in both cases to a varying degree. However, dominant
negative TLR-1 failed to block the TLR-2 and TLR-6
combined response confirming the specificity of this
heterophilic interaction between TLR2, TLR-6 and TLR-1.
Transfection of the chimaeric form of TLR-1 and TLR-6
containing the cytoplasmic tail of TLR-6 and TLR-1,
respectively, confirmed that the extracellular domain of
TLR-1 is sufficient to inhibit TLR-2 responses, but both
domains are needed for TLR-6 to enhance TLR-2 function.
In summary, TLRs recognize distinct sets of PAMPs either
alone or in collaboration with other members of the family
to form heterodimers. The nature of the ligand and the
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participating receptor partner determine the nature and
magnitude of the ultimate response.

SEQUENTIAL TRANSCELLULAR INTERACTION
BETWEEN TLR FAMILY MEMBERS

Functions of innate receptors are often studied in isolation
of the overall function of the cell types in which they are
expressed. The vascular endothelium is a multifunctional
cell monolayer involved in immune and inflammatory
processes and plays a critical role in PMN migration by
production of proinflammatory cytokines, chemokines or
adhesion molecules. In a recent study Fan ef al. discussed
the transcellular cross-talk between TLR-4 and TLR-2
pathways in the context of cell-cell interaction between
PMN and endothelial cells, resulting in PMN migration
and profound physiological consequences.’' In brief, this
study showed that LPS treatment induced TLR-2 in the
lung in vivo, or in cultured endothelial cells in vitro. LPS-
induced TLR-2 expression depended on TLR-4, MYD-88
and the NF-kB signalling pathway. Moreover, transcellu-
lar signalling of oxidant radicals from PMN (which also
depended on LPS-TLR-4 signalling) to endothelial cells
significantly amplified the LPS-TLR-4 mediated TLR-2
induction. TLR-2 up-regulation was significantly reduced
in neutropenic mice, and could be restored by wild-type
(WT) PMN, but not by gp91P"**“~ PMN. Similarly in a
coculture system WT PMN, but not gp91P"**~ PMN
enhanced LPS-TLR-4-dependent TLR-2 expression in
endothelial cells, confirming the role of the reduced nico-
tinamide adenine dinucleotide phosphate (NADPH) oxid-
ase system of PMN in this pathway. To study the
physiological consequences of TLR-2 induction in vivo,
they showed that sequential challenge with LPS and
peptidoglycan led to the sequential induction of TLR-2
and intracellular adhesion molecule-1 (ICAM-1) in WT
mice, where ICAM-1 induction depends on TLR-2.
ICAM-1-dependent adhesion of PMN is an important
determinant of PMN migration. Therefore, the authors
studied PMN migration in an air pouch model; sequential
challenge with LPS and PGN induced a marked increase
in PMN migration in WT mice, but as expected, this did
not occur in gp91P"°*~ or TLR-4~~ mice. This study
revealed a hitherto unique example where TLR-4, TLR-2
and the NADPH oxidase system are involved in a trans-
cellular sequential positive feed back loop, which ulti-
mately leads to PMN migration.

SIMULTANEOUS CIS INTERACTION BETWEEN
TLR AND OTHER INNATE RECEPTORS
AT THE CELL-SURFACE

The combinatorial mechanism still does not avoid the
problem of extensive overlap between TLR signalling
pathways. More recently it has been shown that the
recruitment of additional adaptors such as TIRAP
(downstream of MyD88) and TRIF by particular TLRs
can activate additional signalling pathways.'!3>3% TRIF
recruitment may help to explain the MyD88 independent
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pathway attributed to TLR-3 and TLR-4, but other
TLRs have known ligands that are not recognized by
either TLR-3 or TLR 4 yet have a role in microbial
discrimination that depends on the shared MyDS§8 sig-
nalling pathway. Furthermore, TLR-4 has many ligands
and at least two signalling pathways, so how this mole-
cule can relay specific signals in response to a particular
ligand remains unclear. An unexplored area is whether,
given the multiplicity of receptors that can recognize
microbes, any of the non-TLR PRRs transmit signals
that assist the TLR system in discriminating between
particles and so help to regulate subsequent cellular
activation.

Interaction between TLR-4, LBP, MD-2 and CD-14

The best understood description of collaboration between
TLR and other immune receptors derived from the
identification of different members of the LPS signalling
complex. TLR-4 was the first discovered mammalian
homologue of Drosophila Toll.** Positional cloning of the
LPS non-responsive mouse strain, C3H/HeJ, revealed a
point mutation in the signalling domain of the TLR-4
protein.®> 3¢ Similarly, another LPS hyporesponsive
strain C57BL10/ScCr, lacked the entire genomic region.
Finally, targeted deletion of TLR-4 gene confirmed that
TLR-4 is indispensible for LPS signalling.’” However,
requirement for other molecules was suggested by in vitro
studies showing that transfection of TLR-4 cDNA did
not confer LPS responsiveness, an observation that was
subsequently explained by the cloning of another LPS
recognition molecule MD-2, an extracellular adaptor
protein.®® Physical association between MD-2 and TLR-4
is critical for LPS responses. A range of in vitro studies
demonstrated that LPS hyporesponsiveness in cells
expressing TLR-4 alone or TLR-4 with mutant MD-2
was rescued by transfection of MD-2 or soluble MD-2
protein.*** Finally, mice lacking MD-2 did not respond to
LPS and were resistant to endotoxic shock confirming the
nonredundant role of MD-2 in LPS signalling.*! Similarly
CD-14, a GPI-anchored protein expressed by myelomono-
cytic cells, was implicated in LPS signalling. Targeted dis-
ruption of CD-14 gene also displayed an LPS-resistant
phenotype;** however, mice lacking CD-14 are still able to
respond to high concentrations of LPS. LBP, a serum gly-
coprotein shown to bind LPS, has also been implicated in
LPS signalling.** However, among all these molecules only
TLR-4 has a signalling domain. Taken together, the present
consensus is that LBP first binds LPS which, acting as a lipid
transferase, catalyses transfer of an LPS monomer from the
bacterial cell wall to CD14. In turn, CD14 binds and
markedly augments LPS responses. LPS has to interact with
TLR-4-MD-2 complexes to transduce the signal. Cros-
slinking studies demonstrated that the TLR-4-MD-2 com-
plex requires membrane CD-14 to get close to LPS,
suggesting that LPS needs to be transferred from CD-14 to
TLR-4-MD-2. The molecular mechanisms underlying LPS
transfer from CD14 to TLR-4-MD-2, however, remain to
be elucidated.

Integrins and LPS

Although interactions among TLR-4, MD-2 and CD-14
are central to LPS signalling, other molecules may syner-
gize with this pathway. Complement receptor-3 (CD11b-
CDI18 or CR3), a member of the 2 integrin family has
been reported to bind LPS. Its role in LPS signalling,
however, is doubtful. Although expression of CR3 in
Chinese hamster ovary cells expressing TLR-4-MD-2, but
not CD14, is sufficient to induce LPS mediated NF-xB
induction, CD18 deficient humans cells respond normally.
A recent study by Vogel and colleagues suggested that
CD-14 and CR3 differentially synergize with TLR-4 for
expression of the full repertoire of LPS/Taxol-inducible
genes, where inducible protein-10 and ICSBP are totally
dependent on CD-14, but maximal induction of cyclo-
oxygenase-2 and of IL-12 p35 and p40 requires CR3 along
with TLR-4 and CD-14.*

Dectin-1 co-operation with TLRs

We and others*** recently showed that dectin-1, a leuco-
cyte-expressed PRR, may provide additional signals to
enable the TLR system to generate pro-inflammatory
responses to fungal pathogens.

Dectin-1 is a C-type lectin that recognizes fungal
wall-derived f-glucans.***’ In addition to recognizing
p-glucans, dectin-1 also mediates the phagocytosis of live
yeast and fungal-derived zymosan particles*® as well as
zymosan particle-induced inflammatory cytokine produc-
tion by macrophages.***> The latter observation is inter-
esting because there is compelling evidence that zymosan
particle-induced pro-inflammatory cytokine production
depends on TLR-2 and -6 in particular,'*?**° yet pure
agonists of TLR-2 such as PAMj; and CSK, are poor
inducers of inflammatory mediators.*> Dectin-1 and TLRs
recognize different epitopes on fungal particles, and the
TLR ligand can be destroyed by hot alkali treatment, or
released from zymosan particles following chloro-
form/methanol/water extraction, without compromising
zymosan phagocytosis in macrophages that express low
levels of dectin-1.%!

In macrophages we showed that although TLR2 and
MyD88 were required for zymosan induced TNF-o pro-
duction, increased dectin-1 expression markedly enhanced
this response (Fig. 1 and ref. *). Dectin-1 and TLR-2 and
-6 colocalized in areas of contact between zymosan particles
and macrophages, even in the presence of cytochalasin D,*
suggesting that TLR recruitment does not require particle
phagocytosis.>*>? Phagocytosis of zymosan particles was
also not required for pro-inflammatory cytokine produc-
tion, and inhibition of zymosan particle internalization by a
variety of inhibitors including cytochalasin D, wortmannin
and toxin B* led to a marked enhancement of cytokine
production, suggesting that fungal particle internalization
may be a mechanism to limit collaborative signalling.
Furthermore, deletion of the tyrosine residues found in the
ITAM-like motif of dectin-1 abrogated TNF-o production
suggesting that these residues were important for fungal

© 2004 Blackwell Publishing Ltd, Immunology, 112, 521-530
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Figure 1. Dectin-1 and TLR-2 and -6 colocalize in nascent zymosan phagosomes. V5-tagged TLR-2 and -6 (shown in red) and
HA-tagged dectin-1 (green) colocalize within 5 min of initiating zymosan uptake. (a) Transmission image of two adjacent cells
binding zymosan particles. (b) Dectin-1 HA staining. (¢) TLR-2 V5 staining. (d) Staining showing colocalization. The cell
indicated with an arrow was not transfected with TLR-2 and is presented asa staining control. (¢) Transmission image of two
adjacent RAW-D1 macrophages. (f) Dectin-1 is present in nascent phagosomes. (g) TLR-6 is also present in nascent phago-

somes. (h) Merge shows that TLR-6 and dectin-1 colocalize. (Reproduced from

particle-induced cytokine production.** The production of
another zymosan-induced, TLR dependent pro-inflamma-
tory cytokine, IL-12, was also promoted by dectin-1.*

In addition to mediating phagocytosis of zymosan par-
ticles, dectin-1 mediates the production of reactive oxygen
intermediates (ROIs) independently of TLRs. As was the
case for zymosan induced TNF-o production, how-
ever, these responses depend on the ITAM-like motif of
dectin-1.* These observations demonstrate that dectin-1
activates signalling pathways distinct from those of the
TLRs, and our observations suggest that these signalling
pathways share few, if any, mediators.*® Dectin-1, by some
yet to be described mechanism, delegates zymosan induced
pro-inflammatory responses to the TLRs. The implications
of these findings are that phagocytosis of microbes and
subsequent inflammatory responses are differentially regu-
lated depending on the nature of ligand and the receptors
involved.

FcyR interactions with TLRs

Receptors for the Fc portion of immunoglobulin G (IgG),
the Fcy receptors, allow innate immune cells to recognize
and bind immune IgG complexes rapidly and efficiently.
The sequelae of FcyR cross-linking include internalization
by phagocytosis or endocytosis, antigen presentation,
antibody-dependent cellular cytotoxicity and the release of
mediators of inflammation.’

IL-12 produced by antigen-presenting cells is a pro-
inflammatory cytokine essential for both cell-mediated
immune responses and to bias T-helper cells to a Thl
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phenotype.”*° A range of stimuli including intact Gram-
positive and Gram-negative microbes, intracellular proto-
zoa and fungi as well as bacterial products such as LPS and
LTA, induce the production of IL-12 by macrophages and
other innate immune cells.*® IL-12 production by these cells
in response to microbes and microbial products depends on
TLRs*"*® and is mediated by MyD88.%°> Down-regulation
of IL-12 secretion by macrophages, which is necessary to
protect the host, has been attributed to the cytokines 1L-4,
IL-10, IL-13 and TGF-p.6%!

Co-ligation of phagocytic receptors and TLRs resulted
in modulation of IL-12 induction in response to multiple
inflammatory stimuli, including LPS and LTA, indepen-
dently of other cytokines.**? In macrophages these stimuli,
on their own, induced high levels of IL-12 production and
modest amounts of IL-10 (an antagonist of cellular
immunity and septic shock), but coligation of FcyR, using
either antibody-opsonized erythrocytes or soluble anti-
bodies, along with TLR ligands, resulted in the simulta-
neous abrogation of IL-12 production and high levels of
IL-10 induction.®*%® The abrogation of IL-12 production
was not specific to FcyRs and coligation of complement
and scavenger receptors, using either complement opson-
ized or maleylated-bovine serum albumin-coated erythro-
cytes, had the same effect. Treatment of macrophages with
various pharmacological inhibitors showed that the abro-
gation of IL-12 production resulting from phagocytic
receptor ligation did not depend on phagocytosis of
erythrocytes, tyrosine phosphorylation or protein synthesis,
but on changes in intracellular calcium levels*® whilst the
IL-10 induction was specific for FcyR ligation.®® Ligation
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Figure 2. Ligation of phagocytic receptors has differential effects on TLR-mediated signalling. Ligation of dectin-1 by particulate
ligands results in phosphorylation of the membrane proximal tyrosine residue of the ITAM-like motif by tyrosine kinases
including hthe Src family.*® Signals emanating from the ITAM-like motif are transmitted, by an unknown mechanism, to TLR-2
and perhaps TLR-6, promoting MY D88-dependent cytokine secretion.*®*’ The zymosan-induced, dectin-1-mediated, production
of ROIs is independent of the TLR system. The ITAMs of FcyRs become tyrosine phosphorylated, when ligated by either soluble
antibody or antibody-coated erythrocytes, and then, by an unknown mechanism, exert an inhibitory effect on TLR-mediated

IL-12 production.®*4

of FcyR on macrophages thus seems to activate an anti-
inflammatory cell programme that has a damping effect on
TLR-mediated pro-inflammatory signals, perhaps to limit
excessive inflammation.®®> Further evidence of interactions
between FcyRs and TLRs can be found in B cells, where the
induction of rheumatoid factor depends on both an IgG2a—
chromatin immune complex and ligation of the MyD88-
dependent TLR, TLR-9.%

It is thus likely that interactions, either direct or through
mediators, occur between FcyRs and TLRs whereby FcyRs
modulate TLR-derived signals. Whether these events occur
at the cell surface, as appears to be the case for dectin-1** or
within phagosomes as appears to be the case for DCs®
remains to be established. Figure 2 diagrammatically
illustrates our current understanding of the interactions
between the TLRs and dectin-1/FcyR.

SEQUENTIAL CIS INTERACTION BETWEEN
TLR AND OTHER INNATE RECEPTORS

Scavenger receptors

SR are a large family of structurally unrelated distinct
gene products implicated in modified low-density lipo-
protein (mLDL) uptake and atherosclerosis. However,
several members of this family are reported to be involved
in phagocytic recognition of microbes and innate immu-
nity.”> Generally, SR mediated uptake of bacteria is
thought to be dissociated from TLR-4 mediated stimula-
tion of proinflammatory cytokine release.’®®” Recently
Doyle et al. showed that treatment of bone marrow cul-
ture derived murine M¢ with TLR-3, TLR-4 and TLR-9
agonists induced SR-A, MARCO and LOX-1, all mem-

bers of the SR family that have been shown to bind
bacteria. However, the contribution of individual TLR
and expression kinetics of each SR was variable.®® Dis-
section of TLR signalling pathways using knock-out mice
or pharmacological antagonists revealed that induction of
SR was mediated by MyD-88, IRAK4 and p38. Further-
more, TLR induced SRs contributed to phagocytosis of
Escherichia coli, blocked by general SR inhibitors or a
specific blocking antibody. However, significant increases
in SR-A, MARCO, or LOX-1 mRNA Ilevels were not
reflected in cell surface expression of respective proteins.
Similarly individual contribution of induced SRs in bac-
teria binding was not shown explicitly.

Nonetheless, this work showed that TLRs sense PAMPs
and induce a phagocytic gene programme in the same cell,
which in turn promotes the ingestion of bacteria. This is
the first example that although not involved directly in
phagocytosis, TLR can contribute and control uptake of
particulates.

Liver X receptor (LXR)

M¢ induce foam cell formation through SR mediated
uptake of mLDL. However, this process is counterbal-
anced by degradation and efflux of cholesterol. Induction
by oxysterol and synthetic agonists of LXR, transcrip-
tional regulators in liver as well as M¢, promotes
synthesis of ABCA1 and other transporters involved in
cholesterol efflux.®® Although an infectious contribution to
atherosclerosis has long been suspected little direct evi-
dence has been presented. In a recent study Castrillo et al.
presented evidence that TLR-mediated microbial recog-
nition may interfere with LXR-dependent cholesterol
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efflux from M¢ leading to increased susceptibility to
atherosclerosis.’”’ The authors showed that agonists of
TLR-3, TLR-4, but not TNF-«, inhibit the transcription
of LXR responsive cholesterol-efflux genes including
ABCA-1, both in vitro and in vivo. As expected this
decrease in cholesterol-efflux genes translated functionally
in reduced cholesterol efflux from M¢. Dissection of TLR
signalling pathways using knock-out mice, inhibitors or a
dominant negative approach, showed that TLR-3/4-
mediated inhibition of LXR responsive genes was
independent of MYD-88 or NF-xB, but depended on
another transcription factor IRF-3, implicated in inter-
feron responses. In a separate study the same group has
shown that agonists of LXR are also able to block LPS-
induced NF-«xB dependent inflammatory genes. Therefore,
it is intriguing to determine the balance in mutually neg-
ative interaction between TLR and LXR, which otherwise
might leave the host susceptible to either infection or
atherosclerosis.

G-protein coupled receptors

Apart from transcellular cross-talk between TLR-4, TLR-2
and the NADPH oxidase system, PMN migration is
also controlled at another level by cis interactions between
TLR-4 and G-protein coupled chemokine receptors.
Chemokine receptors are activated by specific chemokines
and direct PMN migration along a concentration gradient.
However, this process is negatively regulated by a family
of GPCR specific kinases (GRKs), which phosphorylate
and desensitize¢ GPCR. Fan and Malik showed that LPS-
TLR-4 signalling downmodulates this GRK-dependent
negative pathway and thereby decreases GPCR desensiti-
zation, in turn augmenting PMN migration.”’ Using a
controlled PMN-M¢ coincubation assay system, the
authors showed that MIP-2, a chemokine released by LPS
pretreated M¢ induced GRK2 and GRKS5 (two members
of the GRK family) in PMN. Furthermore, MIP-2-medi-
ated GRK2 and GRKS induction depended on an intact
phosphatidylinositol-3K  (PI3K)-y signalling pathway.
However, LPS pretreatment of WT PMN, but not PMN
from C3H/Hel mice, failed to induce GRK2 and GRKS5
in response to MIP-2. They also reported that LPS pre-
treatment decreased the internalization of MIP-2 receptors
upon ligand binding. Similarly, use of antisense technology
to block GRK2 and GRKS5 protein expression showed a
decrease in MIP-2 receptor internalization, suggesting that
LPS-TLR-4 signalling blocked GRK2 and GRKS5
expression, which in turn decreased receptor internalizat-
ion. To show whether increased availability of receptors
had any physiological relevance, data from an in vitro
chemotaxis assay for PMN migration showed that LPS-
pretreated PMN from WT, but not C3H/HeJ mice, dis-
played increased migration in response to MIP-2. This
result was validated in vivo using an air pouch model.
Blocking of GRK2 and GRKS5 using antisense oligonu-
cleotides confirmed their role in PMN migration. Finally,
levels of GRK2 and GRKS5 were measured in LPS-
pretreated PMN in the presence of various inhibitors and
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only MEK inhibitors blocked the LPS-TLR-4 mediated
down-regulation of GRK2 and GRKS. In summary, the
authors suggested that MIP-2 binds to its receptor, which
induces PI3K-y mediated GRK2 and GRKS expression,
and in turn augments receptor internalization. However,
simultaneous interaction between LPS and TLR-4 reduces
GRK2 and GRKS5 expression in a MEKK-dependent
mechanism and thereby reduces receptor internalization.
Increased availability of MIP-2 receptors finally translated
as increased PMN migration.

INHIBITION OF TLR FUNCTION BY OTHER
RECEPTORS

Members of the TLR-IL-1R superfamily contain an
intracellular TLR domain and either an immunoglobulin
domain or a leucine repeat domain in their extracellular
portion. IL-1R and IL-18R are prototypic example of the
immunoglobulin subgroup whereas TLRs are members of
the leucine repeat subgroup. However, as a general rule
both subgroups have similar signalling pathways, activate
NF-kB and contribute positively to inflammation. Almost
certainly there is negative regulation to protect the host
from uncontrolled inflammation or immune pathology,
but so far our knowledge is limited in this particularly
important area. Recently a receptor has been identified
which has a single immunoglobulin domain and a TIR
domain (SIGIRR). However, unlike other members of the
TLR-IL-1R superfamily no constitutive signalling was
measured by overexpression or structural modification of
SIGIRR. Although the TIR domain of SIGIRR is highly
conserved, it does not retain two amino acids from IL-1R
that have been shown to be essential for signalling. In a
recent study Wald et al. showed that epithelial cells from
kidney, liver, lung and colon have a high to moderate
degree of SIGIRR expression, which is down-regulated in
different tissues after LPS challenge.”’ Furthermore, over-
expression of SIGIRR in Jurkat or HepG2 cells signifi-
cantly reduces the IL-1 or IL-18 mediated NF-«xB
activation in these cells, but IFN-y dependent STAT-I
activation remains unaltered. Moreover, SIGIRR-defici-
ent mice show a more potent inflammatory response and
increased susceptibility to endotoxic shock compared with
WT animals. Similarly injection of IL-1, but not TNF-o,
increases the induction of inflammatory mediators like
KC, MIP-2, and C-reactive protein, indicating that SI-
GIRR can function as a negative regulator of IL-1 and
LPS-TLR-4 signalling. Consistent with the in vivo data,
different primary cells from SIGIRR-deficient mice show
increased activation of NF-xkB or JNK in response to
IL-1, LPS or CPG indicating a similar role in the CPG—
TLR-9 pathway. Finally, SIGIRR can be coimmunopre-
cipitated with TLR-4, TLR-5, TLR-9, IL-1R, or the
adaptor molecules TRAF-6 and IRAK indicating poss-
ible physical contact between SGIRR and these mole-
cules. Use of different deletion mutants of SIGIRR
confirmed that amino acid 248-298 of the TIR domain
was essential for its physical association with TLR-4 and
TRAF-6.
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SYNERGISM BETWEEN TLR AND ADENOSINE
RECEPTOR

A unique example of receptor synergism between several
members of the TLR family and adenosine A, receptor
(A,4R) has been reported.”? In this study murine peritoneal
M¢ was treated with different TLR agonists in the presence
or absence of adenosine or A,sR agonists. As expected,
different TLR agonists induced TNF-« secretion. However,
in the presence of A;oR agonists, TLR-2, -4, -7, -9, but not
TLR-3 and -5, failed to induce TNF-«, instead inducing
significant levels of vascular endothelial growth factor
(VEGF), a potent stimulus for angiogenesis. Simultaneous
downmodulation and up-regulation of TNF-« and VEGF,
respectively, operated as an angiogenic switch shifting M¢
from an inflammatory to an angiogenic phenotype. In most
cases infected or inflamed tissues suffer from ischaemia,
therefore synergism between TLR and A,AR agonists may
initiate a repair mechanism. In contrast, angiogenesis is a
prerequisite for successful tumorigenesis, therefore it would
be of great interest to know whether a potential hijacking of
an angiogenic switch by infectious agents could contribute
to the tumour pathology.

CONCLUSION

Investigators have only recently recognized the potential of
receptor collaboration. However, very little is known about
the biochemical nature of signal transduction pathways or
physiological and pathological implications of such inter-
actions. Genetic dissection of these pathways will shed light
on the nature of these interactions and reveal how evolu-
tionary pressures have shaped the immune system to its
present day form. The expanded knowledge of receptor
biology ultimately could be utilized for immune-manipu-
lation or rational drug design.
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