Pattern-recognition
receptor

A receptor that recognizes
unique structures that are
shared by different
microorganisms. Signalling
through these receptors
typically leads to the
production of pro-
inflammatory cytokines and
chemokines and to the
expression of co-stimulatory
molecules by antigen-
presenting cells. The
expression of co-stimulatory
molecules, together with the
presentation of antigenic
peptides, by antigen-
presenting cells couples innate
immune recognition of
pathogens with the activation
of adaptive immune responses.
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Cooperation of Toll-like receptor
signals in innate immune defence

Giorgio Trinchieri* and Alan Sher*

Mammalian Toll-like receptors (TLRs) are a family
of at least 12 membrane proteins that trigger innate
immune responses through nuclear factor-kB (NF-kB)-
dependent and interferon (IFN)-regulatory factor
(IRF)-dependent signalling pathways' (FIC. 1). TLRs are
evolutionarily conserved molecules and were originally
identified in vertebrates on the basis of their homology
with Toll, a molecule that stimulates the production of
antimicrobial proteins in Drosophila melanogaster®?.
It is of note that Toll was functionally defined on the
basis of its crucial role in determining the resistance of
D. melanogaster to infection with fungi and Gram-positive
bacteria®!. By contrast, mammalian TLRs have been
functionally characterized and distinguished mainly on
the basis of their stimulation by different ligands in vitro',
and mice that are deficient in a single TLR rarely show
the extreme susceptibility to pathogenic infection that
was originally observed in D. melanogaster with a func-
tional deletion of Toll>. These considerations have led
to questions concerning whether the role of Toll in host
resistance to infection in D. melanogaster is comparable
to the role of TLRs in mammalian immune defence,
and the functional significance of TLR diversification
in vertebrate hosts.

The TLR-family members are pattern-recognition
receptors (PRRs) that collectively recognize lipid, car-
bohydrate, peptide and nucleic-acid structures that
are broadly expressed by different groups of micro-
organisms. Some TLRs are expressed at the cell surface,
whereas others are expressed on the membrane of endo-
cytic vesicles or other intracellular organelles. TLRs are
composed of an ectodomain of leucine-rich repeats

Abstract | The mechanisms by which the recognition of Toll-like receptor (TLR) ligands leads
to host immunity remain poorly defined. It is now thought that to induce an effective immune
response, microorganisms must stimulate complex sets of pattern-recognition receptors,
both within and outside of the TLR family. The combined activation of these different
receptors can result in complementary, synergistic or antagonistic effects that modulate
innate and adaptive immunity. Therefore, a complete understanding of the role of TLRs in
host resistance to infection requires ‘decoding’ of these multiple receptor interactions.

This Review highlights recent advances in the newly emerging field of TLR cooperation

and discusses their implications for the development of adjuvants and immunotherapies.

(LRRs), which are involved directly or through acces-
sory molecules in ligand binding, and a cytoplasmic
Toll/interleukin-1 (IL-1) receptor (TIR) domain that
interacts with TIR-domain-containing adaptor mol-
ecules®. The structural basis of ligand binding by TLRs
is poorly understood and several unexpected cross-
specificities (for example, the recognition by TLR9 of
both CpG-containing oligodeoxynucleotides (ODNi)
and malaria haemozoin) have now been described!.
The early hypothesis that individual TLRs might have
evolved to recognize distinct phylogenetic groups of
pathogens has been mainly abandoned because of the
well-documented, broad recognition of microbial prod-
ucts (both pathogenic and non-pathogenic) belonging
to diverse species and phyla by many of the TLRs.
In addition, the recognition of endogenous ligands by
TLRs is now thought to have an important role in the
regulation of inflammation, both in infectious and non-
infectious diseases. However, the precise identification
of these endogenous ligands has remained controversial
because of their possible contamination with microbial
products’. The function of TLRs is further diversified by
the different signalling pathways that can be induced
by ligand interaction' (BOX 1).

Although TLRs are an important system for microbial
sensing, they are not the only PRRs with this function
(BOX 2). At the cell-surface, C-type lectin-like molecules,
such as the mannose receptor and the 3-glucan receptors
(for example, dectin-1), also participate in the binding
and uptake of microbial components®’. Components of
bacteria and viruses that gain entry into the cytoplasm
are recognized by cytosolic receptors, through which
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Figure 1 | Schematic representation of the structure and main signalling pathways of the PRR families. Only the
adaptor molecules and the main signalling pathways that differentiate the different classes of pattern-recognition
receptor (PRR) are shown. In reality, the pathways that are activated by the different receptors are multiple and
complex (BOXES 1,2). For example, Toll-like receptor (TLR) signalling involves not only nuclear factor-xB (NF-xB)
activation, but also mitogen-activated protein kinases, phosphatidylinositol 3-kinase and several other pathways
that markedly affect the overall biological response to the activation of TLRs. Dectin-1 (a B-glucan receptor) is shown
as an example of various cell-surface PRRs, some belonging to the lectin-like family and some linked with the
immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor Fc receptor y-chain (FcRY), the activation
of which, as described in the text, can markedly affect TLR signalling. ASC, apoptosis-associated speck-like protein
containing a CARD (caspase-recruitment domain); ds, double-stranded; IFN, interferon; IxB, inhibitor of

NF-kB; IL, interleukin; IPAF, ICE-protease-activating factor; IRF, IFN-regulatory factor; LPS, lipopolysaccharide;
MDAS, melanoma-differentiation-associated gene 5; MyD88, myeloid differentiation primary-response gene 88;
NALP, NACHT-, LRR- and pyrin-domain-containing protein; NOD, nucleotide-binding oligomerization domain;

RICK, receptor-interacting serine/threonine kinase; RIG-I, retinoic-acid-inducible gene [; ss, single-stranded;

TBK1, TANK-binding kinase 1; TIRAP, Toll/IL-1R (TIR)-domain-containing adaptor protein; TRAM, TRIF-related
adaptor molecule; TRIF, TIR-domain-containing adaptor protein inducing IFN[; SYK, spleen tyrosine kinase.

they induce cytokine production and cell activation'”.
These cytosolic receptors are grouped in two main fami-
lies: the NLR family (nucleotide-binding oligomerization
domain (NOD)-like receptor family), which includes
at least 23 members that are either NOD receptors or
NALPs (NACHT-, LRR- and pyrin-domain-containing
proteins); and a family of receptors that have an RNA-
helicase domain joined to two caspase-recruitment
domains (CARDs), such as retinoic-acid-inducible
gene I (RIG-I) and melanoma-differentiation-associated

gene 5 (MDAS5). The name RIG-I-like receptor (RLR)
family has been proposed by Creagh and O’Neill" for the
latter family of receptors, for consistency in nomenclature
with the TLR and NLR families.

There is growing evidence that these additional
PRRs can cooperate with TLRs in the innate immune
response to pathogens. The main sentinel cells of
innate immunity (epithelial cells, phagocytic cells and
dendritic-cell (DC) subsets) simultaneously express
overlapping but not identical combinations of TLRs
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Box 1 | Toll-like receptor signalling pathways

Toll-like receptors (TLRs) (with the exception of TLR3), interleukin-1 receptor (IL-1R)

and IL-18R induce nuclear factor-kB (NF-kB)-dependent cytokine production through

a pathway involving the adaptor molecule myeloid differentiation primary-response
gene 88 (MyD88)°. However, TLR3 (and TLR4) uses a MyD88-independent signalling
pathway that involves the adaptor molecule Toll/IL-1R (TIR)-domain-containing adaptor
protein inducing interferon-f3 (TRIF; also known as TICAM1)°. Further complexity in the
TLR signalling pathways results from the obligatory use of the adaptor molecule
TIR-domain-containing adaptor protein (TIRAP; also known as MAL) in association

with MyD88 by TLR2 and TLR4, and of the adaptor TRIF-related adaptor molecule
(TRAM,; also known as TICAM2) in association with TRIF by TLR4 (REF. 6) (FIC. 1).

Activation of TLR3 or TLR4 induces type | interferon (IFN) production through the
adaptor TRIF, which associates with the kinase TANK-binding kinase 1 (TBK1) and
induces the phosphorylation and nuclear translocation of IFN-regulatory factor 3
(IRF3)%. The production of type | IFNs is further regulated by a positive-feedback
loop. IFNB (in mice and humans) and IFNoi4 (in mice), which are produced in
response to activated IRF3, can induce the transcription of genes encoding other
signalling proteins, such as IRF7 and IRF8 (REFS 90,91). Once phosphorylated, these
transcription factors drive the expression of all type | IFN genes, thereby amplifying
type | IFN production.

The outcome of TLR signalling can also be influenced by the spatio-temporal
regulation of ligand-TLR interactions. For example, in plasmacytoid dendritic cells,
ligation of TLR9 by D-type CpG-containing oligodeoxynucleotides (ODNs) activates
asignalling complex present in early endosomes that is composed of MyD88, IL-1R-
associated kinase 1 (IRAK1) and tumour-necrosis factor receptor-associated factor 6
(TRAF6). This complex physically associates with IRF7 and results in the production
of type | IFNs°23, By contrast, recognition of D-type CpG ODNs by all other cell types
that express TLR9 results in the activation of IRF5 (which forms a complex with
MyD88 and TRAF6 downstream of TLR9 in late endosomes) and the transcription of
pro-inflammatory genes*°+.

and other PRRs", and this might result in tissue-
specific responses to microbial stimulation. For example,
CD11c* DCs in the lamina propria of the intestines,
in contrast to DCs at other anatomical locations,
express TLR5 but not TLR4, a property that might
help the intestinal innate immune system to distinguish
between pathogenic and commensal flora'. Invading
microorganisms are likely to interact with many TLRs
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and non-TLR PRRs, and both the magnitude and qual-
ity of the subsequent immune response are likely to
depend on the distribution of receptors on the innate
immune cells encountered by the microorganisms
and the coordinated sum of the signals induced by
these different receptors. Here, we review the emerg-
ing information about how individual TLRs interact
with each other and with members of the non-TLR
PRR families, and how such interactions influence the
generation of host resistance to infection.

TLR cooperation in cellular responses

Initial studies of the cooperation between different
TLRs expressed by haematopoietic cells showed that
the simultaneous activation of TLR2 and TLR4 resulted
in a synergistic induction of tumour-necrosis fac-
tor (TNF) production'>'*. However, the induction of
cross-tolerance between the two receptors and the use
of muramyl dipeptide as a putative TLR2 ligand, which
has recently been formally identified as a ligand for
NOD?2 (REF. 15), in one of these studies complicates the
interpretation of these early reports'>'. A subsequent
study showed that stimulation of mouse macrophages
with both polylL:C (polyinosinic-polycytidylic acid; a
TLR3 ligand) and CpG DNA (a TLR9 ligand) induced
more-than-additive levels of TNE, IL-6 and IL-12 p40
(REF. 16), which confirmed that cooperation between
certain TLRs does exist.

Further studies indicated that gene expression and
protein secretion of TNF, IL-1f3, IL-6, IL-10, IL-12,
IL-23 and cyclooxygenase-2 were several-fold higher in
DCs stimulated with combinations of TLR ligands than
in cells stimulated with a single agonist'”*%. Microarray
analysis showed that of the genes induced by a single TLR
ligand, the expression of only 1% of these was increased
in a clearly synergistic manner when a combination of
TLR ligands was used'®. However, the expression of a few
genes was also downregulated in a synergistic manner

Box 2 | Signalling pathways of pattern-recognition receptors other than TLRs

Cross-tolerance
Cross-tolerance is observed
when the addition of a Toll-like
receptor (TLR) ligand induces
tolerance to subsequent
challenge with the same
stimulus used for priming and
also to subsequent challenges
with other stimuli that signal
through one or more different
TLRs.

Microarray analysis

A technique for measuring
the transcription of genes.

It involves hybridization of
fluorescently labelled cDNA
prepared from a cell or tissue
of interest with glass slides or
other surfaces dotted with
thousands of oligonucleotides
or cDNA, ideally representing
all expressed genes in the
species.

The members of the NLR (NOD-like receptor) family of intracellular pattern-recognition receptors (PRRs) include
NALPs (NACHT-, LRR- and pyrin-domain-containing proteins), IPAF (ICE-protease-activating factor; also known as
CARD12 and CLAN) and NOD proteins. NLRs have a tripartite domain structure composed of an amino-terminal
effector domain, which is usually a pyrin domain (PYD) or a caspase-recruitment domain (CARD), followed by a
nucleotide-binding oligomerization domain (NOD), which might be involved in self-oligomerization, and finally a
carboxy-terminal series of leucine-rich repeats (LRRs) that are involved in ligand binding®. Signalling through
members of the NLR family is complex, but in general, activation of several NALPs or IPAF results in the activation
of caspase-1. By contrast, activation of NOD proteins induces nuclear factor-xB (NF-xB) activation through
receptor-interacting serine/threonine kinase (RICK; also known as RIP2 or CARDIAK)™.

The RLR (RIG-I-like receptor) family is formed by at least two members — retinoic-acid-inducible gene | (RIG-1) and
melanoma-differentiation-associated gene 5 (MDA5) — which are composed of effector CARDs and an RNA-helicase
domain that is involved in the recognition of double-stranded RNA. Their activation results in recruitment of the
kinase TANK-binding kinase 1 (TBK1), activation of NF-xB and interferon (IFN)-regulatory factor 7 (IRF7) and/or IRF3,
and the induction of type | IFN production?®.

Other surface receptors on innate immune cells that are involved directly or indirectly in the recognition of
microbial structures include the mannose and -glucan receptors®®, and other C-type lectins®’. The B-glucan receptor
(also known as dectin-1 in mice) has an immunoreceptor tyrosine-based activation motif (ITAM)-like motif in its
intracellular portion that activates the kinase SYK (spleen tyrosine kinase)®. The modulation of innate immune
responses is also mediated by other cell-surface receptors, some with as-yet-undefined ligands, that are associated
with signalling molecules that contain ITAMs, such as Fc receptors (FcRs)®, TREMs (triggering receptors expressed on
myeloid cells)®®*** and OSCAR (human osteoclast-associated receptor)®®.
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by the combined TLR stimulation'®. Cytokine produc-
tion can also be negatively regulated by simultaneous
signalling through certain TLRs". In particular, the pro-
duction of IL-10 after TLR2 stimulation was shown to
block the expression of IL-12 p35 and CXC-chemokine
ligand 10 (CXCL10; also known as IP10) by human DCs
in response to either TLR3 or TLR4 ligands. Therefore,
the positive or negative regulation of genes by the
combination of TLR ligands is quite selective and it
seems to affect mainly gene products that are involved
in the regulation of the innate and adaptive immune
responses to pathogens, which often express multiple
TLR ligands.

TLR regulation of IL-12 p70 production. The synergis-
tic effect of certain TLR ligands is particularly marked
for the production of the immune-regulating cytokine
IL-12 p70, which is the biologically active, heterodimeric
form of IL-12 composed of the IL-12 p35 and IL-12 p40
chains’. Stimulation of DCs with single TLR, NLR or
RLR ligands normally induces low levels of the IL-12 p40
homodimer and negligible levels of biologically active
IL-12 p70. By contrast, stimulation of mouse or human
DCs with the TLR7 and TLR8 ligand R848 (also known
as resiquimod) and either polyl:C or the TLR4 ligand
lipopolysaccharide (LPS) results in amounts of IL-12 p70
that are one or two orders of magnitude higher than the
amounts induced by the individual TLR ligands'”'%%.
A more-than-additive effect on the production of
IL-6 and IL-12 p40 was also observed in these studies,
although the effect was less marked than that shown for
IL-12 p70 (REFS 17,18,20).

It is known that for high levels of IL-12 p70 to be
produced by DCs in response to a single TLR ligand,
co-stimulation by either secreted (for example, IFNY) or
membrane-bound (for example, CD40 ligand, CD40L)
signals derived from T cells or natural killer (NK) cells
is required?"?2. Therefore, it could be hypothesized
that IL-12 will be present only at later times during
an immune response when NXK cells and/or T cells are
already activated®. This then raises the question of
whether IL-12 p70 can be the initial start-up signal for
the T helper 1 (T, 1)-cell response to pathogens. However,
levels of IL-12 as high as or higher than those produced
in response to a single TLR ligand and co-stimulation
with IFNy and/or CD40L are rapidly produced by simul-
taneous stimulation with two TLR ligands, even in the
absence of NK cells and T cells'”** (E. Yarovinsky, A.S.
and G.T., unpublished observations).

In addition to IFNY, type I IFNs have also been
shown to have a complex role in regulating cytokine
production; type I IFNs upregulate IL-12 p70 produc-
tion while partially inhibiting the production of IL-12
p40. Indeed, DCs derived from mice that are geneti-
cally deficient for the type I IFN receptor (IFNAR) and
human DCs or monocytes treated with a neutralizing
antibody specific for IFNAR have decreased IL-12 p70
production. Specifically, in response to either a single
TLR ligand or a combination of TLR ligands, the pro-
duction of IL-12 p70 and CXCL10, as well as IL-12 p35
mRNA accumulation, but not the production of IL-12

p40 and IL-6, or IL-12 p40 mRNA accumulation, were
dependent on type I IEN signalling'”**.

The promoter of the gene encoding IL-12 p35 is
partially responsive to IFNY signalling, which indicates
that type I IFN signalling (which partially overlaps with
IFNY signalling) might also participate in the tran-
scriptional regulation of IL-12 p70 — for example by
inducing the expression of IRF-family members such as
IRFI and IRFS8 that are involved in transcription of the
gene encoding IL-12 p35 (REF. 25). However, it is also
possible that type I IFNs remove negative-feedback
mechanisms for IL-12 production. For example, endo-
genous type I IFNs might inhibit the activation by TLR3
or TLR4 ligands of the phosphatidylinositol 3-kinase
(PI3K)-AKT pathway, which is known to limit IL-12
production®. Although low levels of type I IFN produc-
tion are observed in response to the single TLR ligands
or combinations of TLR ligands that induce IL-12 p70
production, the combination of TLR ligands did not
result in synergistic induction of signal transducer and
activator of transcription 1 (STAT1) phosphorylation
or of CXCL10 production, two responses that are
strictly dependent on endogenous type I IFN produc-
tion in purified DCs". Furthermore, in the absence
of endogenous type I IFN signalling, the overall level of
IL-12 p70 production by purified DCs is markedly
decreased, but a more-than-additive induction of IL-12
p70 production by a combination of TLR ligands is still
observed". Therefore, type I IFN is required for optimal
IL-12 p70 production but it is clearly not the response ele-
ment that accounts for TLR synergism. Nevertheless, the
role of endogenous type I IFN in IL-12 p70 production
requires further investigation.

During innate and adaptive immune responses to a
pathogen, the IFNy and other cytokines produced by
NK cells, natural killer T (NKT) cells and antigen-specific
T cells are important for amplifying IL-12 production by
DCs, which is required for optimal T, 1-cell responses.
In addition, activated T cells also increase IL-12 p70 pro-
duction by interacting with DCs through CD40L-CD40
interactions”. Therefore, signals from accessory cells are
important to amplify and maintain IL-12 p70 produc-
tion by DCs. Although signalling through IFNAR is
also required for optimal IL-12 p70 production, type I
IEN, unlike IFNY, is produced endogenously by DCs in
response to TLR signalling, and combined TLR ligands
can induce high levels of IL-12 p70 in the absence of
accessory cells and their products. Overall, these results
indicate that IL-12 production in response to combined
TLR signalling can be an autonomous DC function.

Because many pathogens express ligands for sev-
eral TLRs (TABLE 1), it is likely that these ligands can
cooperate to activate multiple TLRs during infection,
resulting in the production of sufficient levels of IL-12
p70 and other pro-inflammatory cytokines early in
infection. These pro-inflammatory cytokines then
initiate and amplify the innate immune response and
adaptive T, 1-cell immunity. The possible successive
involvement of different cytokines and cell-surface
receptors in regulating IL-12 p70 production during
the response to infection is shown in FIG. 2.
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Table 1| Examples of pathogens expressing ligands for multiple TLRs

Pathogen

Mycobacterium
tuberculosis

Salmonella
typhimurium

Neisseria
meningitidis

Haemophilus

influenzae

Candida
albicans

Murine
cytomegalovirus

Herpes
simplex virus

Influenza virus

Respiratory
syncytial virus

Trypanosoma
cruzi

Toxoplasma
gondii

Toll-like receptor (TLR)

TLR ligand

TLR2 Lipoarabinomannan

TLR4 Phosphatidylinositol mannosides
TLR9 DNA

TLR2 Bacterial lipoprotein

TLR4 Lipopolysaccharide

TLR5 Flagellin

TLR2 Porin

TLR4 Lipopolysaccharide

TLR9 DNA

TLR2 Lipoprotein

TLR4 Lipopolysaccharide

TLR2 Phospholipomannan

TLR4 Mannan

TLR9 DNA

TLR2 Viral protein

TLR3 Double-stranded RNA

TLR9 DNA

TLR2 Viral protein

TLR3 Double-stranded RNA

TLR9 DNA

TLR7,TLR8 Single-stranded RNA

TLR3 Double-stranded RNA

TLR4 Not determined

TLR3 Double-stranded RNA

TLR4 Envelope F protein

TLR2 Glycosylphosphatidylinositol anchor
TLR4 Glycoinositolphospholipid-ceramides
TLR9 DNA

TLR2 Glycosylphosphatidylinositol anchor?
TLR11 Profilin

Molecular mechanisms. The synergy between different
TLRs could in part be due to the preferential induction
of IL-12 p40 transcription by myeloid differentiation
primary-response gene 88 (MyD88)-associated TLRs and
of IL-12 p35 transcription by TIR-domain-containing
adaptor protein inducing IFNf (TRIF; also known as
TICAM1)-associated TLRs. The different signalling
pathways activated by receptors that use these two
adaptor molecules (MyD88 and TRIF) have been largely
characterized but the interaction of the signalling path-
ways is not well understood. In both human and mouse
DCs, the production of IL-12 p70 was synergistically
induced when certain MyD88-associated TLR ligands
were combined with TRIF-associated TLR ligands'”#20*
(FIG. 3), which indicates that the two signal-transduction
pathways downstream of MyD88 and TRIF might coop-
erate. Indeed, it has recently been shown that MyD88-
associated TLRs synergize with TRIF-associated TLRs

REVIEWS

for the induction of several pro-inflammatory cytokines,
including IFNB, in part by increasing NF-kB activation
and nuclear translocation. By contrast, sequential stimu-
lation with ligands for either MyD88- or TRIF-associated
TLRs results in cross-tolerance for the responsiveness
of TLRs using the same adaptor®.

However, when a TLR2 ligand (which uses MyD88
as a signalling adaptor) was combined with any other
TLR ligand (including TRIF-associated TLR ligands),
the synergy for IL-12 p70 production was moderate
or absent. Only a low-level synergy for IL-12 p40,
TNF and IL-6 production was observed when a TLR2
ligand was combined with a TLR3, TLR4 (REFS 17,24)
or TLRY (REFS 29,30) ligand. In addition, no significant
synergy for IL-12 p70 production was observed when
TLR3 and TLR4 ligands were combined'”?. The use
of the co-adaptor TIR-domain-containing adaptor
protein (TIRAP; also known as MAL) with MyD88
in TLR2 and TLR4 signalling, and of the co-adaptor
TRIF-related adaptor molecule (TRAM; also known as
TICAM?2) with TRIF in TLR4 signalling, might distin-
guish the TLR2 and TLR4 signalling pathways from
the pathways induced by other TLRs that do not use
these co-adaptors.

Although TIRAP has been shown to be required for
the recruitment of MyD88 to TLR4 and probably TLR2,
but not to other MyD88-associated TLRs, no evidence of
a direct role for TIRAP in TLR4 or TLR2 signalling has
been reported®. However, tyrosine phosphorylation of
STAT1, which in purified DCs indicates at least low levels
of type I IFN secretion', is observed in DCs stimulated
with ligands for all TLRs except TLR2 (REFS 17,32). This
indicates that differences might exist between receptors
that signal through MyD88 alone and those that signal
through MyD88 in association with TIRAP.

The synergy between different TLRs might also be
the result of interactions between the different signal-
ling pathways that affect the production of IL-12 p70 at
both the transcriptional and post-transcriptional stages.
Interestingly, it has been shown that IRF3, which is
activated by TRIF-associated signalling, suppresses the
transcription of IL-12 p35 mRNA, which indicates
the existence of another possible mechanism of IL-12
p70 regulation that might be affected by the interaction
of different TLR signalling pathways®.

Another important difference between the various
TLRs is their cellular localization and/or the association
of TLRs with other receptors or accessory molecules that
modulate TLR signalling properties and might affect the
ability of TLRs to interact synergistically. An example is
provided by the ability of TLR7 and TLR9 to associate
with different molecular complexes and to activate dif-
ferent signalling pathways when ligands interact with
the receptors in early or late endosomes™. It will also
be important to evaluate how simultaneous triggering
of different receptors can affect the negative-regulatory
mechanisms that modulate TLR responsiveness®. The
molecular basis of some of these negative-feedback
mechanisms is well characterized and includes decoy
receptors, ST2 (an IL-1R-like molecule), the short form
of MyD88, IL-1R-associated kinase M (IRAK-M),
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Figure 2 | Regulation of IL-12 p70 production by dendritic cells during innate and adaptive immune responses.
a| Early innate resistance. Optimal production of interleukin-12 (IL-12) p70 by dendritic cells (DCs) occurs when ligands
for different pattern-recognition receptors (PRRs) are combined'”'8, Many pathogens express ligands for several PRRs
and therefore efficiently induce IL-12 p70 production. In addition, high-level production of IL-12 p70 by purified DCs
requires endocrine production of type | interferon (IFN)*". The level of endogenous type | IFN that is required for
optimal IL-12 p70 production is low and sufficient type | IFN can be induced by most single PRR ligands. Therefore, the
induction of type | IFN is not responsible for the synergy of different PRRs that is observed for the activation of IL-12
p70 production®’. The production of IL-12 p70 by DCs can be cell autonomous and the cooperation of other cell types
that eventually mediate a marked increase in IL-12 p70 production is not an absolute requirement for the early
production of this cytokine. In an in vivo model of endotoxaemia, this early production of IL-12 p70 is observed within
2-3 hours after the injection of lipopolysaccharide (LPS)'®. In response to Toll-like receptor 7 (TLR7) and TLR9 ligands,
plasmacytoid DCs produce high levels of type | IFN within a few hours'®* that might replace the need for the autocrine
synthesis of type | IFN by conventional DCs (not shown). However, high levels of type | IFN inhibit IL-12 production?®?,
which indicates that type | IFN has a complex role in the regulation of IL-12 production. b | Late innate resistance.

The early production of IL-12 and other pro-inflammatory cytokines by DCs rapidly induces natural killer (NK) cells,
natural killer T (NKT) cells and activated/effector T cells (not shown) to produce IFNyand, in the case of NKT cells, IL-4
and IL-13. IFNy effectively replaces the need for type | IFN for IL-12 p70 production, probably by using similar molecular
mechanisms?.. In addition, activated NK cells and NKT cells increase IL-12 p70 production by DCs through membrane
receptor-ligand interactions?'%!%* |n an experimental model of endotoxaemia, IL-12-dependent production of IFNy

is observed 6-7 hours after the injection of LPS*®. ¢ | Adaptive immunity. When an adaptive immune response to a
pathogen is established at 5 to 7 days after infection, the production of IFNy by antigen-specific T helper 1 (T, 1) cells is
important for amplifying the production of IL-12 p70 by DCs, which is required for optimal T,1-cell responses. In addition,
activated T cells also increase IL-12 p70 production by interacting with DCs through CD40 ligand (CD40L)-CD40
interactions”. IL-4 and IL-13 produced by T, 2 cells are also important co-stimulators of IL-12 p70 production by DCs
although neither the mechanism nor the biological significance of this interaction is clear. IFNAR, type I IFN receptor;
IFNGR, IFNyreceptor; NLR, nucleotide-binding oligomerization domain (NOD)-like receptor; RLR, retinoic-acid-inducible
gene | (RIG-)-like receptor; TCR, T-cell receptor; TNF, tumour-necrosis factor.
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Figure 3| TLR ligand combinations synergistically induce production of IL-12
p70. Ligands for Toll-like receptor 7 (TLR7), TLR8, TLR9 and TLR11 can synergize
with ligands for TLR3 or TLR4 for interleukin-12 (IL-12) p70 production. Although
no or very little IL-12 p70 is synergistically induced by the combination of ligands
for either TLR2 and TLR3 or TLR4, or TLR3 and TLR4, other pro-inflammatory
cytokines are induced more than additively by these receptor combinations.
MyD88, myeloid differentiation primary-response gene 88; TIRAP, Toll/IL-1 receptor
(TIR)-domain-containing adaptor protein; TRAM, TRIF-related adaptor molecule;
TRIF, TIR-domain-containing adaptor protein inducing interferon-f.

Crohn’s disease

A form of chronic inflammatory
bowel disease that can affect
the entire gastrointestinal tract,
but is most common in the
colon and terminal ileum. It is
characterized by transmural
inflammation and granuloma
formation, and it is thought to
result from an abnormal T-cell-
mediated immune response to
commensal bacteria.

Caspases

A family of cytosolic proteases
that contain a cysteine residue
in the active site and that
cleave their substrate after

an aspartic-acid residue.

They can be divided into
pro-inflammatory caspases
(caspase-1, -4,-5and -11),
which cleave and activate pro-
inflammatory cytokines, and
pro-apoptotic caspases, which
cleave and activate pro-
apoptotic substrates.

Contact hypersensitivity

The initial reaction that occurs
after the first exposure to a
‘sensitizer’ hapten or antigen.
This step requires dendritic-cell
migration to lymph nodes to
prime contact-antigen-specific
T cells.

members of the suppressor of cytokine signalling
(SOCS) family, Toll-interacting protein (TOLLIP) and
IRF4 (a negative regulator of IRF5-mediated TLR sig-
nalling)*. Therefore, these molecules are obvious can-
didates for analysis to determine a possible effect of TLR
cooperation on the negative regulation of TLR signal-
ling. In addition to intracellular regulatory molecules,
secreted cytokines such as type I and type II IFNs and
IL-10 have regulatory effects on TLR-mediated cellular
responses and they might participate in the cooperative
effects of triggering of different PRRs.

TLR cooperation with other PRRs

In addition to the synergy between ligands of differ-
ent TLRs, synergistic induction of cytokine produc-
tion has also been observed for DCs or macrophages
activated by a TLR ligand combined with ligands for
other PRRs. A large amount of evidence supports the
observation that ligands of NOD1 and NOD2 can
synergize with many TLR ligands, including TLR2
ligands, for the induction of TNF and IL-12 p40 pro-
duction’®-*. Because bacterial peptidoglycans (TLR2
ligands) are degraded to compounds that can activate
NOD proteins, the synergy between TLR- and NLR-
family receptors can amplify the response not only to
a single pathogen but also to a single component of a
pathogen'.

However, when the production of IL-12 by human
DCs was analysed, combined stimulation of NOD2 and
TLR2 resulted in only low-level production of IL-12
p70, whereas NOD2 activation effectively increased
IL-12 p70 production in response to the activation of
other TLRs, such as TLR7 and TLR8 (F. Gerosa and
G.T., unpublished observations). Interestingly, the pro-
duction of cytokines induced by TLR2 ligands, but not
by other TLR ligands, was shown to be higher in mice
deficient for NOD2 compared with wild-type mice®.
But, discordant results were reported in a later study*,
possibly as a result of the different experimental condi-
tions in the two studies. However, the activation of
NOD?2 might involve differential signal-transduction
pathways that result in either amplification or attenuation

REVIEWS

of the responses mediated by TLRs (TLR7 and TLRS,
or TLR2, respectively)*>. This has important implica-
tions because of the increased frequency of functional
mutations in one or both NOD2 alleles in patients
with Crohn’s disease®. Therefore, careful dissection of
the molecular mechanisms involved in the interaction
between TLRs and NOD2 and of their role in mucosal
immunity should improve our understanding of the
pathogenesis of inflammatory colitis*.

A different molecular mechanism of cooperation
between PRRs occurs for the simultaneous activation
of TLRs and NALPs. The stimulation of the latter in
a multiprotein complex containing the adaptor ASC
(apoptosis-associated speck-like protein containing a
CARD; also known as CARD5), which is known as the
‘inflammasome’®, results in the activation of caspase-1.
Active caspase-1 cleaves pro-IL-1f and pro-IL-18
to produce the active forms of the two cytokines**.
However, TLR stimulation is required for the production
of these pro-cytokines, indicating an essential coopera-
tion between the TLR and NALP families of receptors for
the production of IL-1 and IL-18 (REFS 46,47).

NALP3 is essential for the ATP-driven activation of
caspase-1 in LPS-stimulated macrophages. In addition,
ASC- and NALP3-deficient mice have an impaired
contact hypersensitivity response to the hapten trinitro-
phenylchloride and have decreased secretion of IL-1P
and IL-18 when cultured with the Gram-positive bacte-
ria Staphylococcus aureus and Listeria monocytogenes*.
NALP3 is also essential for IL-1f and IL-18 production
in response to small-molecule agonists of TLR7 and
TLRS, to double-stranded RNA, and to viruses such
as Sendai virus and influenza virus*. Interestingly,
endogenous ligands, such as gout-associated uric-acid
crystals, also activate the NALP3-containing inflamma-
some and caspase-1, resulting in the production of IL-13
and IL-18 in inflammatory and autoimmune diseases,
which indicates that the inflammasome acts as a first line
of defence against cell stress**2. Signals from the cell-
stress-activated inflammasome might cooperate with
signals from TLRs and other PRRs, which are activated
by endogeneous or exogenous ligands, in regulating
inflammatory responses.

Another example of the stimulation of both TLRs
and NLRs by pathogens is the ability of flagellin to
stimulate both TLR5, which is expressed on the cell
membrane, and the NLR ICE-protease-activating fac-
tor (IPAF; also known as CARD12 and CLAN) in the
cytoplasm of Salmonella-infected macrophages™=*.
IPAF is required for both caspase-1 activation and IL-13
production in response to infection®*>**, and the ability
of the CARD-containing IPAF to activate caspase-1,
unlike the NALPs, is partially independent of the adap-
tor ASC*. The recognition of pathogens by different
intracellular receptors, and in some cases the capacity of
the same microbial molecules to activate both TLRs and
cytoplasmic receptors, highlights a new and interesting
perspective in our understanding of the cooperative
effect of the various PRRs.

The ability of RLRs to cooperate with TLR-induced
signalling pathways has not yet been analysed in detail,
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owing to the difficulty in studying RLR ligands in isola-
tion without also activating other receptors, particularly
TLRs. For example, polyl:C has been shown to activate
both TLR3 and MDAS5, resulting in the production of
different cytokines®>*. In particular, activation of TLR3
by polyl:C was mainly responsible for the induction
of pro-inflammatory cytokines other than type I IFNs,
whereas mice genetically deficient for Mda5 were
unable to produce type I IFNs in response to polyl:C.
However, because the signalling pathways downstream
of the TLR3-associated adaptor TRIF and of RLRs are
in part overlapping, it will be of interest to investigate
the possibility that signalling through RLRs might syn-
ergize with ligands for the TLRs that use MyD88.

PRRs other than the TLRs, NLRs and RLRs have
been implicated in the recognition of fungal patho-
gens in particular. Receptors that recognize mannans
and PB-glucans have been shown to have an important
role in the recognition and phagocytosis of zymosan
particles®” and in the recognition of Mycobacterium
tuberculosis®®®. The interaction of these receptors
with TLR signalling, particularly that of TLR2, results
in either synergy or inhibition of pro-inflammatory
cytokine production®®®. In particular, the mouse
B-glucan receptor, dectin-1, has been shown in DCs
to cooperate with various TLRs to increase the pro-
duction of pro-inflammatory cytokines, such as TNF
and IL-12 p40 (REF. 60). This study also showed that
dectin-1 can induce synthesis of the anti-inflammatory
cytokine IL-10 and have an anti-inflammatory effect
through a spleen tyrosine kinase (SYK)-dependent,
TLR-independent signalling pathway. By contrast, the
activation of IRAK-M by the polysaccharide antigen
lipoarabinomannan from M. tuberculosis, probably
through the mannose receptor, negatively regulates
TLR-dependent IL-12 p40 production by macrophages
in an IL-10-independent manner*®.

The triggering of immunoreceptor tyrosine-based
activation motif (ITAM)-associated cell-surface recep-
tors has been reported to have a variable effect on TLR
signalling. TREM1 (triggering receptor expressed on
myeloid cells 1) and TREM2 activate myeloid cells by
signalling through the adaptor protein DAP12 (DNAX
activation protein 12), which contains an ITAM in its
cytoplasmic tail. TREM1 amplifies TLR- and NLR-
mediated signalling in neutrophils®*2, whereas TREM2
inhibits TLR-induced cytokine production by macro-
phages®**". Among the Fc receptor y-chain-coupled
receptors (which also contain ITAMs), the crosslinking
of Fc receptors specifically inhibits IL-12 production by
monocytes in response to TLR ligands®. By contrast,
signalling through the human osteoclast-associated
receptor (OSCAR) increases the pro-inflammatory
responses of human monocytes and neutrophils to
TLR ligands®. Because the exogenous and/or endo-
genous ligands of these ITAM-associated receptors are
still unknown, with the exception of the Fc receptors,
the biological relevance of the above findings is unclear.
Nevertheless, the published data clearly indicate that
these receptors are closely involved in the regulation of
the inflammatory response.

Evaluating TLR cooperation in vivo

Mice deficient in the TLR and IL-1R adaptor molecule
MyD88 are highly susceptible to a broad range of bacte-
rial, viral, fungal and protozoan pathogens, which indi-
cates that this family of PRRs might have an important
role in host defence in vivo. Although it has been argued
that MyD88 deficiency can lead to TLR-independent
developmental defects in macrophage or DC func-
tion®”, there is as yet no compelling evidence of a role
for such nonspecific defects in the impaired resistance of
Myd88~ mice to infection in vivo. By contrast, knockout
mice lacking a single TLR have, in most cases, either nor-
mal control of infection or more resistance to infection
than Myd88~~ mice"”. In such cases, and in particular
when a well-defined TLR-ligand interaction has been
determined in vitro, the absence of an in vivo phenotype
can be explained by redundancy in TLR function or by
the cooperation of multiple TLR and/or IL-1R signals in
host resistance. However, there is no formal way to dis-
tinguish between these two possibilities. It is of interest
that for several bacterial and protozoan pathogens, the
susceptibility of single-TLR-deficient mice to infection
is increased under conditions of high-dose challenge.
For example, whereas Tlr2-~ or TIr9- mice have nearly
normal resistance to conventional, low-dose aerosol
challenge with M. tuberculosis, at high doses these mice
are clearly more susceptible to infection than are their
wild-type counterparts®®. This indicates that under
high levels of infectious stress, the function of each TLR
involved in pathogen recognition becomes more crucial
for microbial control, an interpretation that is consistent
with TLR cooperation in host defence.

A further consideration in evaluating the function
of TLRs in host resistance to infection in vivo is that
for certain pathogens, the activation of TLRs might
actually promote infection and/or pathology, such
that TLR deficiency leads to increased, rather than
decreased, host resistance. For example, West Nile virus
seems to use its interaction with TLR3 as a mechanism
to induce a local inflammatory response that results
in the disruption of the blood-brain barrier, thereby
allowing the virus to infect the central nervous system
(CNS). Consequently, Tlr37~ mice are less susceptible
to virus-induced CNS pathology than are wild-type
mice”. Similarly, TIr2”- mice have decreased mortal-
ity when infected with herpes simplex virus 1 (HSV1),
a phenotype that is attributed to the role of TLR2 in
virus-induced encephalitis”.

Finally, in considering the outcome of TLR deficiency
in vivo, it is important to take into account the possible
role of TLRs in the negative regulation of anti-microbial
effector responses. For example, TIr2”~ mice have been
reported to be deficient in CD4*CD25" regulatory T (T, )
cells and ligation of TLR2 on adoptively transferred
T, cells impairs their suppressive function in vivo, result-
ing in increased resistance to Candida albicans infection’.
Therefore, the effect (or lack of effect) of TLR deficiency
on the control of pathogenic infection might not neces-
sarily reflect the direct consequences of TLR signalling on
the effector functions driven by antigen-presenting cells,
as was originally thought.
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TLRs in host defence against pathogens

Despite the above complexities, there are many situa-
tions where it has been possible to establish a role for
multiple TLRs in host defence in vivo and in several
cases to investigate TLR cooperation directly using
mice with genetic deletions of these receptors. For
example, both TLR3-deficient and TLR9-deficient
(or mutated) mice have decreased resistance to infec-
tion with murine cytomegalovirus (MCMYV). In both
cases, this decreased resistance was associated with
decreased type I IEN production and IL-12 synthesis™.
In addition, TLR2 is required for resistance to MCMV
infection and to control the production of IL-18 and
other cytokines, as well as NK-cell activation™. These
data indicate that the expression of at least three TLRs
(TLR2, TLR3 and TLRY) is required for the control of
MCMYV infection and that deficiency of any of these
three receptors differentially affects distinct effector
mechanisms and patterns of cytokine secretion, result-
ing in decreased resistance to infection. Nevertheless,
mice deficient for the adaptor molecule MyD88 were
much more susceptible to MCMYV infection than
were mice deficient for either TLR2, TLR3 or TLR9
(REF. 75). Therefore, in the case of MCMYV, differ-
ent TLRs seem to activate complementary defence
mechanisms, as well as to synergize for the induction
of anti-viral cytokines.

LPS-hyporesponsive mice (for example, C3H/He]J
mice) have been known for many years to be highly
susceptible to infection with Salmonella typhimurium’s,
a phenotype that is now attributed to defective TLR4
function”. S. typhimurium also contains potent TLR2
ligands, which trigger cytokine production during
infection of macrophages. After either intraperitoneal
or oral S. typhimurium infection, whereas Tlr4”~ mice
are more susceptible than wild-type mice to infection
(as expected), TIr2 and TIr4 double-knockout mice
are more susceptible to infection than either of the
TIr2”"- or Tlr4”- parental strains’. Moreover, in the case
of oral infection, the mortality rate and infection load
in Tlr27-Tlr4”~ mice were similar to those observed in
Myd88~~ mice. No increase in susceptibility to infection
over wild-type mice was observed for the two single-
knockout strains or the double-knockout mice when
given a two-log lower challenge dose. This finding was
interpreted by the authors as being the result of the lack
of a requirement in these conditions to respond to the
acute phase of infection normally accompanying high-
dose challenge. On the basis of in vitro studies with
macrophages exposed to bacterial TLR ligands, they pro-
posed a model of sequential TLR interaction and TNF
induction to explain these in vivo data. In this model,
both TLRs can stimulate TNF production in response to
either endotoxin (TLR4) or bacterial lipoprotein (TLR2)
from the pathogen, but TLR4 and TLR2 are triggered at
different times after infection. The expression of TLR2
is regulated as a consequence of the ligation of TLR4,
which, by contrast, is basally expressed on resting macro-
phages; this provides an explanation for the stronger
phenotype observed in TLR4-deficient mice than in
TLR2-deficient mice”.
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Another example of TLR cooperation that involves the
dual activation of TLR2 and TLRY has been documented
for infection with M. tuberculosis or Trypanosoma cruzi
in mice®*. Both pathogens contain TLR2 ligands that
stimulate the production of TNF by macrophages. In
addition, TLRY has an important role in regulating the
production of IL-12 p40 by DCs in response to the live
pathogens in vitro (presumably owing to the activa-
tion of this TLR by CpG motifs present in the patho-
gen DNA). DCs from TIr2 and TIr9 double-knockout
mice produced even lower levels of IL-12 p40 than did
cells from single TLR9-deficient mice. Importantly,
double-knockout mice had increased susceptibility to
infection and increased pathogen loads compared with
either wild-type or single TLR2- or TLR9-deficient
mice after challenge with either of the microbial agents.
Indeed, during T. cruzi infection, the peripheral-blood
parasitaemia in TIr27-TIr9”- mice was equivalent to that
seen in Myd88~'~ mice. Nevertheless, in terms of both
mortality and, in the case of M. tuberculosis infection,
bacterial load, the double-knockout mice were clearly
less susceptible to infection than Myd88~'~ mice, there-
fore indicating that other MyD88-dependent signalling
events, in addition to TLR2 and TLRY signalling, are
involved in host resistance to these pathogens.

The synergy between TLR2 and TLR is also evi-
dent in the induction of IL-12 p40 and other cytokines
by the live pathogens in vitro. These effects were also
observed when the purified glycosylphosphatidyl-
inositol (GPI) anchor and DNA from T. cruzi were used
as TLR ligands. Deficiency of TLRY, but not of TLR2,
selectively affected IFNY production by CD4* T cells
in vivo (presumably through defective production of
IL-12), whereas TNF secretion by macrophages was
shown to be regulated mainly by TLR2 in both infec-
tion models**. The explanation for the failure of TLR2
deficiency to affect THl—cell responses is not clear, but it
might involve the selective activation of TLR9 on DCs
by the pathogens in vivo. Together, the above data indi-
cate that the observed synergy between TLR2 and TLR9
in the control of M. tuberculosis or T. cruzi infection
stems from their regulation of two distinct effector arms
of the immune response (that is, TNF and IFNYy pro-
duction) that are necessary for the control of infection.
This mechanism contrasts with that emerging from the
studies of MCMV” and S. typhimurium’™ infection, in
which TLRs that interact to activate the host defence
system do so by cooperating for the production of the
same pro-inflammatory cytokines.

Evidence for yet another mechanism of TLR coop-
eration in host defence comes from a recent report
comparing the roles of the MyD88-dependent and
TRIF-dependent signalling pathways in host resistance
to T. cruzi”. Macrophages and DCs from TRIF-deficient
mice had normal control of intracellular infection. By
contrast, cells from Myd88 and Trif double-knockout
mice were highly susceptible to infection, and were
even more susceptible than the same cell populations
from Myd88~~ mice. The TRIF-mediated signalling
that is required for optimal in vitro control of infection
was shown to involve the activation of IFNf. Indeed,

NATURE REVIEWS | IMMUNOLOGY

© 2007 Nature Publishing Group

VOLUME 7 | MARCH 2007 | 187




REVIEWS

b c
¢ Paracrine cytokine o o 0
enhancing signal
TR } e ,
interactions /
for asingle
effector
response

Response

Response Response

Cooperating TLR
signals for multiple
effector responses

'
B

Responses

Responses

Figure 4 | Summary of the basic mechanisms by which TLR signals cooperate
for the generation of host resistance to infection. The signalling pathways that
activate innate resistance to pathogens involve multiple Toll-like receptor (TLR)-
ligand interactions, which function together to generate a single effector response
(for example, interleukin-12 production), as shown in the upper panels, or involve
the cooperation of distinct TLR signals for the generation of multiple effector
responses, as shown in the lower panels. a | Synergy between multiple TLR signals
in one responding cell to generate a single effector response. b | Enhancement of
one TLR-mediated effector response by a paracrine cytokine signal induced by a
different TLR ligand on a separate cell type. c | Additive responses generated by
distinct TLR signals on different cell types. d | Independent activation of different
effector responses by distinct TLR signals in the same cell. e | Triggering of
different effector responses on separate cell types, which together cooperate to
mediate host resistance. Although not considered here, similar schemes might
regulate the interactions between TLRs and other pattern-recognition receptors.

cells from MyD88- and IFNAR-deficient mice had
similar defects in the control of intracellular infection
to Myd88~~Trif~cells. Importantly, studies of in vivo
infection confirmed these in vitro findings, with both
Myd88”-Trif - and Myd88”~Ifnar’- mice having higher
levels of peripheral-blood parasitaemia and accelerated
mortality compared with either MyD88”~ or Trif "~ mice.
Additional studies” indicated that the effects of IFNf3 on
parasite growth are due to the induction of IFN-inducible
gene 47 (IRG47), a p47 GTPase that has previously been
implicated in intracellular host defence®. Although the
specific TLR that is involved in TRIF-dependent IFNf3
induction has not been formally identified, TLR4 is a
probable candidate given the presence of known lig-
ands for this PRR in T. cruzi®'. Taken together with the
findings of Bafica et al.*, these observations indicate
that TLR2, TLR9 and possibly TLR4 cooperate for the
control of T. cruzi infection, with each TLR triggering a
distinct effector pathway.

Given their crucial role in detecting bacteria and
viruses that gain entry into the cytoplasm and their
important function in caspase activation, NLRs are likely
to work with TLRs to provide innate immune resist-
ance to these pathogens. As already noted, NOD-receptor
and TLR agonists from bacteria can strongly synergize in
the induction of pro-inflammatory cytokine production

Adjuvant

An agent mixed with an
antigen that increases the
immune response to that
antigen after immunization.

and therefore it is expected that in future studies, mice
with combined deficiencies of TLRs and NOD receptors
or other NLRs will have marked susceptibility to several
infectious agents.

Evolutionary and therapeutic implications

The findings discussed in this Review emphasize the
importance of multiple TLR signalling events in the gen-
eration of host resistance to infection and they also show
that TLR cooperation and synergy can arise through dif-
ferent mechanisms. Hypothetically, TLRs might interact
at the level of the same cell or at the level of multiple cell
types (FIC. 4). The end result of the triggering of multiple
receptors can be either the enhancement of a single effec-
tor function””® or the coordinated induction of distinct
responses®**”’, which together mediate more effective
control of pathogen growth. It is important to remem-
ber that TLRs and other PRRs are widely distributed on
haematopoietic and non-haematopoietic cells, with each
cell type expressing a typical pattern of PRRs. This pat-
tern of expression is further modulated or modified by
the activation, maturation or differentiation of the cells.
Also, the same cell types, for example epithelial cells or
DCs, might express different patterns of PRRs in differ-
ent tissues. Although the distribution and regulation of
PRR expression by different cell types in different loca-
tions is outside the scope of this Review, it is important
to keep this fact in mind when analysing the role of PRR
cooperation in host resistance to infection.

The evolution of such a multi-pronged, integrated
system for sensing pathogens has obvious advantages for
the host in protecting itself against infectious agents that
might delete or mutate crucial ligands for TLRs or other
PRRs. It also has advantages for protecting against muta-
tions in host PRRs or associated downstream signalling
molecules that would cripple the protective immune
response. The quantitatively limited and often pathogen-
selective effects on host resistance of single-nucleotide
polymorphisms in human TLRs*>** are consistent with
this concept.

The concept that multiple TLR-ligand interactions are
required for the induction of effective host resistance to
pathogens has important implications for the design of
improved strategies for vaccination and immunotherapy
against infectious diseases. Individual TLR7, TLR8 and
TLR9 agonists have already been used successfully as
adjuvants to boost CD4* and CD8* T-cell responses to
candidate microbial vaccine antigens. These agonists
seem to be particularly effective when they are cova-
lently conjugated to the immunogens®®. Several stud-
ies have convincingly shown the improved efficacy of
treatment with multiple TLR ligands compared with
single TLR ligands in stimulating cellular immune
responses in vivo. For example, co-administration of
polyI:C and CpG ODNs increases serum cytokine pro-
duction and the expression of nitric-oxide synthase 2
and MHC class I molecules by immune cells, and this
treatment controls pulmonary metastases in a mouse
tumour model when compared with administration
of either of the ligands alone'®. Bone-marrow-derived
DCs loaded with antigen and exposed to both polyI:C
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and the synthetic TLR7 ligand R848 induced markedly
increased cytotoxic T-lymphocyte responses compared
with DCs exposed to either TLR ligand alone®. This
study highlights the importance of direct DC target-
ing for the adjuvant effects of such regimens involving
multiple TLR ligands. The relevance of combined TLR
stimulation in the induction of immunity to pathogens
is underscored by the finding that the live, attenuated
yellow fever vaccine, which confers highly efficient
and long-lasting immunity against viral challenge,
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