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Toll-like receptors (TLRs) are key components of the innate immune system, functioning as
pattern recognition receptors that recognise a wide range of microbial pathogens. TLRs
represent a primary line of defence against invading pathogens in mammals, plants and
insects. Recognition of microbial components by TLRs triggers a cascade of cellular signals
that culminates in the activation of NF«kB which leads to inflammatory gene expression and
clearance of the infectious agent. The history of NFkB began with the TLR4 ligand lipopo-
lysaccharide (LPS), a component of the cell wall of Gram-negative bacteria, since this was
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the stimulus first used to activate NF«B in pre-B-cells. However, since those early days it has
been a circuitous route, made possible by drawing on information provided by many
different fields, that has led us not only to the discovery of TLRs but also to an understanding
of the complex pathways that lead from TLR ligation to NF«kB activation. In this review we
will summarize the current knowledge of TLR-mediated NF«B activation, and also the recent
discoveries that subtle differences in kB binding sequences and NF«B dimer formation result
in specific gene expression profiles.

© 2006 Published by Elsevier Inc.

1. Introduction both recognise single stranded RNA, and TLR9 which recognises

CpG motifs, that exist in both virus and bacteria. Finally various

Toll-like receptors (TLRs) are important initiators of innate
immunity, recognising diverse microbial products which are
collectively known as pathogen-associated molecular patterns
(PAMPs). Signalling pathways are then activated which culmi-
nate in the induction of pro-inflammatory proteins that trigger
both innate and adaptive immunity [1,2]. There are 10 human
TLRs. The best characterised is TLR4, which recognises the
Gram-negative product lipopolysaccharide (LPS). The other
antibacterial TLRs are TLR2, which in combination with TLR1
recognises triacylated lipopeptides, or in combination with
TLR6 recognises diacylated lipopeptides; and TLR5 which
recognises bacterial flagellin. The anti-viral TLRs are TLR3
which recognises double stranded RNA, TLR7 and TLR8 which

* Corresponding author. Tel.: +353 1 6082449; fax: +353 1 6772400.
E-mail address: doylesl@tcd.ie (S.L. Doyle).
0006-2952/$ - see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.bcp.2006.07.010

fungal and protozoal products are sensed by TLR2. Ligation of
TLRs by their PAMPs results in different effector responses
depending on the cell type involved. In terms of signalling one
thing all TLRs have in common is that every TLR tested so far
leads to NFkB activation. Once activated by a PAMP, a TLR
triggers a cascade of cellular signals, culminating in the
eventual activation of NFkB which binds to a discrete nucleotide
sequence in the upstream regions of genes that produce
proinflammatory cytokines, such as TNFe, IL-1, and IL-2,
thereby regulating their expression [3]. The release of these
cytokines and cytokines such as IFNy is the hallmark of the
cellular response to the activation of the innate immune
system. NFkB has been studied in depth as a transcription factor
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target for TLR signalling and serves as a key “readout” for TLRs.
More attention has been paid to the upstream regulation of the
pathway to NF«B, with less work being done on subtleties in the
NFkB system engaged by TLRs. More recently however a greater
understanding of these subtleties has become evident with
interesting new insights into specificities in the activation
process of different NF«B subunits emerging, which mayin turn
explain specificities in the innate response to different patho-
gens.

2. NFkB: the early days

In 1986, in an effort to understand the mechanism of
activation of the enhancer sequence of the immunoglobulin
gene, Sen and Baltimore searched for the presence of trans-
acting factors they assumed mediated enhancer function in
nuclear extracts [4]. Three binding proteins were discovered,
one of which bound the k enhancer sequence only in cells
within the lymphoid lineage, being expressed in mature B-
cells and plasma cells but not in pre-B-cells or T-cells. This
factor was termed Nuclear factor kB (NFkB). Its molecular
identity was not known and it was defined by its presence in
nuclear extracts which could bind the motifin the kB enhancer
in a gel shift assay. Sen and Baltimore discovered that when a
cell line representing pre-B-cells was treated with a B-cell
mitogen and underwent apparent transition from a pre-B-cell
to a mature B-cell NFkB was induced. Interestingly the B-cell
mitogen they used was bacterial lipopolysaccharide (LPS).
Therefore, the first ever stimulus shown to activate NFkB was
the TLR4 ligand LPS. This findinglaid the path for the discovery
of the LPS receptor TLR4. Sen and Baltimore showed that LPS
induced NFkB both in cell types where it was constitutively
expressed and also in cell types where NF«B had to be induced.
They also revealed that LPS induction of NF«B involves
posttranslational modification of a pre-existing protein,
because the induction took place in the presence of transla-
tional inhibitors [5].

Although Sen and Baltimore initially discovered that NFkB
was an important regulator of k gene expression in B-cells, they
observed that the NFkB DNA motif was not restricted to the
enhancer and furthermore that NF«B itself was not restricted to
B-lymphoid cells, but could be induced transiently in a number
of cell types by an appropriate stimulus. They therefore
postulated that although the NF«B transcription factor and
the kB enhancer site are used for a specific purpose during B-cell
differentiation, (specifically, the activation of k light chain
transcription), this regulatory act was not dedicated to that one
single event but was used more broadly in transcriptional
regulatory circuits. Today we know NF«B to play crucial roles in
regulating a wide variety of events including inflammation,
immunity, cell proliferation and apoptosis.

In order to study the functions of various cytokines
researchers needed a protocol to induce their production. It
was found that the most effective means to induce immune
cells, such as macrophages, to produce cytokines was to
expose them to LPS. LPS evokes a powerful inflammatory
response by stimulating cells to release the cytokines TNFa
and IL-1. These cytokines in turn induce the expression of a
range of other pro-inflammatory proteins. The signalling

pathways activated by TNF« and IL-1 then became a focus for
investigation. Osborn et al. demonstrated that out of eight
cytokines tested, both TNFa and IL-1 specifically activated
NF«B binding in a number of cell lines [6]. Not long after that
Lenardo et al. [7] showed that virus infection of fibroblasts
activated the binding and nuclear localization of NFkB and in
pre-B-cells this resulted in the induction of interferon g (IFNB).

IL-6 is a cytokine released by activated monocytes that
plays a crucial role in the immune response, however IL-6 can
also be induced in some T-cells, B-cells and fibroblasts [8]. IL-6
was also shown to be induced in response to LPS, viral
infection, TNFa and IL-1. It did not take long for researchers to
realize that NFkB becomes activated by a set of stimuli similar
to those that induce IL-6 expression and to prove that these
stimuli did in fact activate NFkB which subsequently led to IL-6
gene induction [9]. By this stage it was becoming clear that
NF«B was involved in the control of a variety of genes activated
upon inflammation, and that it might therefore play a central
role in the inflammatory response to infection.

3. Toll and IL-1R

Concurrent with the work being performed on NF«B activa-
tion, other groups interested in the completely unrelated area
of embryonic development were analyzing the generation of
dorsoventral polarity in the early embryo of Drosophila
melanogaster. A transmembrane protein termed Toll and a
transcription factor termed Dorsal are both necessary for
correct dorsoventral development [10]. Toll consists of an
extracytoplasmic domain with many leucine-rich repeats
(LRRs), and an intracellular domain, which by searching the
database of all known gene sequences at the time, Gay and
Keith [11] discovered was highly homologous to that of the
human Type 1IL-1 Receptor. Previous to this discovery in 1990,
Dorsal was discovered to be related to NF«B [12]. As Toll
signalled to Dorsal, and since IL-1 activated NF«B it was
hypothesized that the biochemical nature of signal transduc-
tion by IL-1R and Toll would be similar.

A powerful way to chart the evolutionary design of
regulatory pathways is by inferring their likely molecular
components, and biological functions, through interspecies
comparisons of protein sequences and structures. On studying
the downstream signalling cascade of the IL-1R and the
Drosophila Toll pathways it was discovered that many more
components of the pathways displayed striking structural and
functional similarities. IL-1R signalling involves a serine/
threonine kinase called interleukin-receptor associated kinase
(IRAK) [13]. Toll signalling induces the activation of the Pelle
serine/threonine kinase a homologue of IRAK-1. As is now well
known, NFkB is regulated by an inhibitory molecule called
inhibitory kB (IkB) which retains NFkB in the cytoplasm under
normal conditions. Upon cellular stimulation IkB releases
NF«B allowing NFkB to translocate into the nucleus where it
binds to its target promoters [14]. In Drosophila, Cactus, which
is structurally related to IkB holds Dorsal in the cytoplasm.
Degradation of Cactus causes activation of Dorsal and the
related protein dorsal related immune factor (DIF) [15,16].

However, the reason why a human protein involved in
inflammation and a fly protein involved in dorsoventral
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polarity would resemble each other so strikingly remained a
mystery up until 1993, when a role for Toll in the immune
respose of Drosophila was implicated. DIF was found to
mediate the induction of bateriocidal cecropins in infected
flies, and this factor translocated into the nucleus in a
Drosophila mutant that had the Toll receptor constitutively
activated [17]. Then in 1996 Lemaitre et al. discovered that Toll
also functioned in the fly in defense against fungal infection
[16]. These studies therefore revealed the first components in
the signalling pathway activated by IL-1 leading to NF«B, and
provided the first indications of how TLRs might function.

4, Conservation of an ancient host defence
system and the history of TLRs

The homology between IL-1R and Toll was in their cytosolic
regions, and the domain that was homolgous was termed the
Toll/IL-1R resistence (TIR) domain. Using sequence and pattern
searchs of the expressed-sequence tag (EST) database, a search
with a sequence profile of the TIR domain identified a matching
sequence in the EST database derived from human fetal liver/
spleen library. The protein was called human Toll (hToll) [18].
Alignment of the sequences of the human and Drosophila Toll
proteins showed homology over the entire length of the protein
chains, and a similarity between the cytoplasmic domains that
was higher than that between the hToll and IL-1R. The
extracellular domain of hToll contained 21 tandemly repeated
leucine rich motifs (LRRs) separated by a non LRR region, similar
to that in Drosophila Toll (dToll). IL-1R on the otherhand had Ig
domains coupled to the TIR domain. As the ligand for hToll was
unknown, a dominant-positive mutant of hToll was generated,
which was shown to induce activation of NF«B.

Rock et al. then identified five human Tolls, which they
termed the Toll-like receptors (TLRs). One of these, TLR4, was
the same hToll described by Medzhitov and Janeway [18,19]. At
this point in time the ligands for TLRs were unknown and
researchers only knew that by constitutively activating TLRs
they could drive NF«B activation and cause the production of
the proinflammatory cytokines TNFa, IL-1, IL-6 and IL-8. TLRs
therefore contributed to human immunity, but it was not
known how the TLRs were activated during an infection.

It had been known for over 30 years that the C3H/He]J strain
of mice had a defective response to LPS. Whereas normal mice
die of septic shock brought on by LPS injection within an hour,
these mutant mice survive and behave as though they have
not been exposed to LPS at all. Speculations regarding the
protein that is affected by the mutation in what was termed
the Lps locus had for the most part centered on the hypothesis
thatit must be a part of the LPS signal transduction cascade. In
fact the receptor for LPS itself was unknown. LPS was known
to be concentrated from the plasma by LPS binding protein
(LBP), and CD14 was identified as a receptor for LPS on the
surface of the cells. However because CD14 lacks a cytoplas-
mic domain, it was assumed that a coreceptor for LPS must
exist in order to permit transduction of the signal across the
plasma membrane. Poltorak et al. performed a BLAST search
of the Lps locus and of two authentic genes identified Tir4
turned out to be identical to Lps. Comparison of TLR4 cDNA
cloned from C3H/HeJ with that from several LPS-responsive

strains of mice showed that at position 712, within the
cytoplasmic domain, a histidine is predicted to occur in the
TLR4 protein of C3H/He] mice, whereas in LPS responsive
mice, rats and humans a proline is in this position. This Pro-
His point mutation was proven to exert a dominant negative
effect on LPS signal transduction [20].

LPS was not the only microbial product that was known to
activate NFkB and induce the production of inflammatory
cytokines in the absence of a known receptor. There was
mounting evidence for the activation of NFkB by many such
microbial molecules. Soon after the initial discovery of NF«B, it
was shown that NF«B played a central role in sendai virus and
poly(I:C) induction of IFNB [7]. In fact NFkB was known to be
activated by numerous viral families including Human immu-
nodeficiency virus (HIV), human T-cell leukaemia virus (HTLV),
hepatitis B virus, hepititis C virus, Epstein Barr virus (EBV) and
influenza virus (reviewed in [21]). It was shown that character-
isticbacterial DNA sequences which include unmethylated CpG
sequences activate a signalling cascade leading to the activation
of NF«B and inflammatory gene induction [22,23]. Lipoteichoic
acid (LTA) a component of the cell wall of gram-positive bacteria
was also shown to cause the activation of NFkB [24]. In the past6
years these pathogenic molecules have all been identified as
ligands for various different TLRs.

5. TLR signalling

TLRs actually belong to a superfamily called the IL-1R/TLR
superfamily all members of which possess cytoplasmic Toll/
IL-1R resistence (TIR) domains. The TIR domain is approxi-
mately 160 amino acids long and is essential for signalling. The
superfamily is divided into three subgroups. The members of
the IL-1R sub-group have extracellular immunoglobulin
domains, the TLR sub-group possess extracellular LRR
domains, and there is also an adapter sub-group which are
cytoplasmic proteins with no extracellular region [25].

In 1994, Dan Hultmark discovered that a protein known to
be involved in myeloid differentiation MyD88, was related to
the cytoplasmic domains of IL-1R and dToll and suggested that
together with the IL-1R and dToll, MyD88 may define a family
of signalling transducing molecules with an ancestral function
in the activation of immunity [26]. Three years later his
hypothesis was proven correct when Cao et al. showed that
MyD88 binds both IRAK and the IL-1R cytoplasmic domain
mediating the association of IRAK with the receptor. There-
fore, MyD88 plays the same role in IL-1R signalling as Tube
does in the dToll pathway coupling a serine/threonine kinase
to the receptor complex [27]. MyD88 is the original member of
the IL-1R/TLR adapter sub-group.

To date four more adapter proteins have been identified;
Mal, also known as TIR domain containing adaptor protein
(TIRAP) [28,29]; Toll/IL-1R domain containing adaptor inducing
IFNB (TRIF) also known as TIR containing adaptor molecule-1
(TICAM-1) [30-32]; TRIF-related adaptor molecule (TRAM) also
known as TIR containing protein (TIRP) and TIR containing
adaptor molecule-2 (TICAM-2) [30,33,34]; and SAM and ARM-
containing protein (SARM) [35]. The differential recruitment of
these adaptor proteins to the TLRs form the basis for
specificity in the signalling processes activated by TLRs.
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Due to the high degree of conservation between the IL-1R
and the TLRs much of what is known about downstream
signalling events mediated by TLRs was initially provided from
studying the signalling mechanisms of IL-1R. Just as Poltorak
et al. were pinpointing TLR4 as the receptor for LPS signalling,
other groups were investigating the role and involvement of
IL-1R and TNFa signal transducer molecules in LPS signalling.
Indeed, Zhang et al. showed that MyD88, IRAK1, IRAK2 and
TRAF6 were all involved in LPS-induced NFkB activity, and
hypothesised from this that the LPS signalling cascade uses an
analogous molecular framework for signalling as IL-1 [36].
Concurrently Medzhitov et al. published evidence that
signalling through the hToll, which was identified as TLR4,

employs MyD88 as an adaptor protein and induces activation
of NF«kB via IRAK1 and TRAF6 involvement [37] (Fig. 1).

5.1.  The MyD88 dependent pathway

MyD88is involved in NF«B activation by every TLR identified so
far with the exception of TLR3, since poly(I:C)/TLR3-induced
NF«B activation was normal in the absence of MyD88 [38]. The
MyD88-dependent pathway is analogous to signalling path-
ways through the IL-1R. MyD88, which has a C-terminal TIR
domain, and an N-terminal death domain associates with the
TIR domain of the TLRs and upon binding of ligand to the
receptor MyD88 recruits IRAK4 to the TLR receptor complex

Bacterial
lipopeptides

\

Pro-inflammatory
cytokines

= Ubiquitination

@ = Phosphoryation

Fig. 1 — Overview of the TLR signalling pathway to NFkB and IRF3. On TLR ligation, TLR4 dimers and TLR2 heterodimerised
with TLR1 or TLR6 recruit Mal and MyD88 to their TIR domains, TLR7/8/9 recruit MyD88 alone. MyD88 binds IRAK4 which in
turn phosphorylates IRAK1 [43]. IRAK1 binds TRAF6 which in turn binds a pre-formed membrane bound complex of TAB1/
TAK1/TAB2. Ubiquitination of TRAF6 and TAK1 activate the complex, and phosphorylation of TAK1 and TAB2 initiates the
release of the complex from the membrane [46-48]. Active TAK1 phosphorylates the IKK complex, which in turn
phosphorylates IxB targeting IkB for degradation [50]. IKKB phosphorylates S536 on p65 [95]. Btk interacts with the TIR
domain of TLR4, Btk phosphorylates Mal and leads to the phosphorylation of p65 on S536 [77-79]. NFkB is then free to
translocate into the nucleus, bind its target DNA and promote the expression of pro-inflammatory cytokines. Once
activated by a ligand, TLR3 recruits TRIF directly to its TIR domain while TLR4 recruits TRAM to its TIR domain which in turn
recruits TRIF [33]. TRIF binds TRAF6 directly leading to TAK1 activation in an IRAK1/4 independent manner [62,63]. TRIF also
binds directly to RIP1 which binds TRAF6 and leads to the activation of the IKK complex [64]. TRIF can also interact with
TBK1/IKKe which leads to the activation of IRF3 [61]. IRF3 then translocates into the nucleus and binds its target genes. TNFa
expression is induced in an NFkB-independent IRF3-dependent manner, binds to the TNF receptor and induces NFxB
activation providing delayed NF«xB induction [68,69].
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through the interaction of the death domains of both
molecules and facilitates IRAK-4-mediated phosphorylation
of IRAK-1. Phosphorylated IRAK-1 subsequently dissociates
from the receptor complex and associates with TRAF6 [39-41]
(Fig. 1).

The presence of IRAK-4 is required for the recruitment of
IRAK-1 to the receptor complex and for the activation and
subsequent degradation of IRAK-1 protein. However the
molecular mechanism of IRAK-4 signalling and the role of
its kinase activity remain elusive. Qin et al. have shown that
the IRAK-4 kinase-inactive mutant had the same ability as
wildtype IRAK-4 in restoring IL-1-mediated signalling in
human IRAK-4 deficient cells, whereas Lye et al. showed by
reconstitution of IRAK-4 deficient murine cells with wildtype
or kinase inactive IRAK-4, that the kinase activity of IRAK-4 is
required for the optimal transduction of IL-1 induced signals
[42,43]. However with the exception of TLR3 all TLRs activate
NFkB via a pathway involving IRAK-4 and IRAK-1.

While IRAK-1 is essential for IL-1 signalling, when IRAK-1
deficient macrophage cells are stimulated with LPS they still
exhibit LPS-induced TNFa production albeit at depleted levels,
implying that another IRAK can compensate for the lack of
IRAK-1 [44,45]. This could possibly be IRAK-2, a homologue of
IRAK-1, which similar to IRAK-1 lies upstream of TRAF6. Using
the technique of making deletion mutants it has now been
demonstrated that LPS signalling requires both IRAK-1 and
IRAK-2 to function downstream of MyD88 [36].

TRAF6 is the next signalling molecule after IRAK. It was
found to have role in the IL-1R signalling pathway when a
dominant negative form of the protein inhibited activation of
NF«B by IL-1 [40]. Phosphorylated IRAK1 is active and some-
how activates TRAF6. TRAF6 and IRAK1 then dissociate from
the receptor complex and interact with a membrane bound
pre-associated complex of TGF-B activated kinase (TAK1) and
two TAK1-binding proteins (TAB), termed TAB1 and TAB2. A
series of ubiquitination reactions then occur on TRAF6 itself
and on its substrate TAK1. The activation of TAK1/TAB1/TAB2
complex by TRAF6 depends on the nonclassical polyubiqui-
tination of TRAF6 [46]. Phosphorylation of TAK1 and TAB2
occurs initiating the dissociation of TRAF6/TAK1/TAB1/TAB2
from the membrane to the cytosol, and IRAK-1 degradation
[47,48] (Fig. 1). TAK1 is subsequently active and can then
phosphorylate downstream targets such as the IkB kinases
(IKKs). Once activated the IKK complex induces phosphoryla-
tion and subsequent degradation of IkB, which leads to the
translocation of NFkB culminating in NFkB activation and the
expression of pro-inflammatory cytokines [49-53].

TRAF6 has been shown to have arole in all TLR pathways to
NFkB tested to date, functioning as a central signalling
molecule that can dock with multiple effectors and thus lead
to NF«B and MAP kinase activation by different routes.

It was a database search for molecules structurally similar
to MyD88 that led to the identification of Mal [28,29]. Dominant
negative forms of Mal inhibit LPS/TLR4-mediated NF«kB
activation, but not NFkB activated by IL-1R or IL-18R [54].
However, Mal knockout mice responded normally to the TLR3,
TLR5, TLR7 and TLR9 ligands, as well as to IL-1 and IL-18, but
were severely impaired in their responses to ligands for TLR2
and TLR4. These data showed that Mal has a crucial role in the
MyD88-dependent pathway shared by TLR2 and TLR4 [55].

In MyD88 deficient mice there was no production of
inflammatory cytokines and no NFkB activation in response
to TLR2, TLR7 and TLR9 ligands. LPS induced production of
inflammatory cytokines is not observed either, however LPS
induced activation of NFkB is observed albeit with delayed
kinetics when compared with wildtype mice [56]. These
findings indicate that while TLR4-mediated production of
inflammatory cytokines depends completely on MyD88 and
Mal, a MyD88-independent component exists downstream of
TLR4. When Mal knockout mice were generated they were also
found to have delayed kinetics in the activation of NF«kB in
response to LPS, similar to that observed in MyD88 deficient
mice. Another transcription factor IRF3 was activated in a Mal
and MyD88 independent manner in response to LPS [56-58]. IFN
inducible genes are induced via the activation of IRF3 and other
interferon inducible factors. LPS induction of IFN-inducible
genes encoding IP-10, GARG-16 and IRG-1 was comparable in
wild type, Mal-deficient and MyD88-deficient macrophages [58].
However results from the Mal knockout and MyD88 knockout
mice did not preclude the possibility that MyD838 might
compensate for the Mal-deficiency and vice versa during the
LPS response. Mal-MyD88 double knockout mice were therefore
generated. Genes encoding IP-10, IRG-1 and GARG-16 were
induced normally in response to LPS in double knockout
macrophages, and LPS-induced expression of co-stimulatory
molecules was observed in double knockout dendritic cells.
These studies suggested that there must be another adapter,
which would function in TLR4 signalling on the MyD88-Mal-
independent pathway. In addition to TLR4 signalling, TLR3
signallingalso activates IRF3 and induces IFNo/f in a MyD88 and
Mal independent manner. This suggested that another adaptor
needed to exist for TLR3 signalling also [58].

5.2. The MyD88 independent/TRIF dependent pathway

So far it appears that all the human TLRs with the exception of
TLR3 and TLR4 require MyD88 to signal. Moreover, TLR3 seems
to be unique in that it signals exclusively through the third
adapter to be discovered, TRIF [58]. In contrast to TLR3, TLR4
signalling independent of MyD88 has been shown to require
both TRIF and the fourth adapter to be found, TRAM.
Overexpression of TRIF activated the NF«B dependent pro-
moter in a similar fashion to MyD88 and Mal. However, TRIF,
but neither Mal nor MyD88, activated the IFN-B promoter [58].
It has also been shown that the noncanonical IKKs, IKKe and
TANK-binding kinase-1 (TBK1), mediate activation of IRF3
through interaction with TRIF and TRAM, thereby inducing the
IFNB promoter [59,60]. TRIF also associated with TLR3, and a
dominant negative version of TRIF comprising its TIR domain
alone inhibited TLR3-dependent activation of both the NF«B
and IFN-B promoters [58]. These data indicated that TRIF is
involved in MyD88-independent activation of TLR3 signalling.
TRIF binds to TLR3 and recruits TRAF6 directly through a
TRAF6-binding motif in its N-terminal domain. This leads to
TAK1 activation and subsequent NF«B activation in an IRAK1
and IRAK4 independent manner (Fig. 1) [61-63].

TRIF can also activate NF«kB through an alternative path-
way. The C-terminal of TRIF possesses a RIP homotypic
interaction motif (RHIM), and it associates with receptor
interacting protein 1 (RIP1) through homophilic interaction of
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RHIM domains [64] (Fig. 1). A dominant negative form of RIP1
inhibited TRIF-mediated NF«B activation. Furthermore, MEFs
from RIP1 knockout mice showed impaired TLR3-mediated
NF«B activation, indicating that RIP1 is responsible in part for
TRIF-mediated NFkB activation. Thus, TRAF6 and RIP1 are
involved in TRIF-dependent activation of NF«B. However,
although TRAF6 is involved in the TLR3 induced TRIF-
mediated NFkB activation, TLR4-mediated NFkB activation
was still inducible in MyD88/TRAF6 double knockout mice [65]
indicating the presence of TRAF6-independent NF«B activa-
tion in the TRIF-dependent pathway. There is also one study
where it was shown that TLR3-mediated activation of NF«B
was not affected in TRAF6 deficient macrophages [66].

In TRIF- and TRAM-deficient mice, normal inflammatory
cytokine production induced by TLR2, TLR7 and TLR9 ligands
was observed, and TLR4-mediated phosphorylation of IRAK
was induced normally, indicating that activation of the
MyD88-dependent pathway was unaffected. However, TLR4-
mediated inflammatory cytokine production, which is
believed to be mainly induced by the MyD88-dependent
pathway, was defective in TRIF- and TRAM-knockout mice
[67]. Therefore, TRIF must be involved in TLR4-mediated
induction of inflammatory cytokines although the mechan-
isms remain to be elucidated.

Since the discovery of the MyD88-independent pathway it
has been known that NF«B activation mediated through the
MyD88-dependent pathway occurs earlier than activation
mediated by the MyD88-independent pathway. Recently
Covert et al. [68] tackled this discrepancy using a systems-
based computational approach. A lag in NFkB activation could
occur in two ways. The kinetics of the MyD88-independent
pathway could be much slower than the kinetics of the
MyD88-dependent pathway, or both pathways could display
similar kinetics but the initiation of the MyD88-independent
pathway could be delayed. The model put forward by Covert
et al. indicated that both pathways are likely to have similar
kinetics, but that the MyD88-independent pathway requires
approximately a half an hour time delay before it is activated.
In fact Covert et al. explain that this delay occurs because NF«B
activation by the MyD88-independent pathway requires
protein synthesis. In MyD88-deficient cells pretreated with
the protein synthesis inhibitor cyclohexamide, LPS stimula-
tion failed to activate NFkB. By comparing early gene
expression levels in LPS stimulated MyD88-deficient cells
Covert et al. were able to show that transcripts of TNFa were
increased. Pretreatment of MyD88-deficient cells with soluble
TNF receptor blocked LPS-stimulated activation of NFkB.
Therefore they have shown that the TRIF-dependent pathway
activates TNFa production and secretion, in an NFkB-inde-
pendent manner, and that the secretion and subsequent
binding of TNFa to its receptors leads to NFkB activation.
Furthermore, they have shown that the MyD88-independent
pathway specific transcription factor IRF3 mediates this
activation of TNFaq, as depletion of IRF3 impairs the activation
of NFkB. Covert et al. therefore suggest that the activation of
NFkB by the MyD88-independent/TRIF-dependent pathway
results by means of a secondary response through TNF« and
IRF3, establishing an autocrine pathway for delayed NF«kB
activation. The combination of the two pathways leading to
NFkB activation allow for the stable and consistent early NF«B

response to LPS. Werner et al. have similarly demonstrated
that TNFa mediates a feedforward mechanism in response to
LPS that produces positives feedback on IKK activity [69]
(Fig. 1). This secondary response through TNFa might also
explain why LPS-stimulated TRAF6 deficient macrophages are
still capable of delayed NF«B activation, as mentioned earlier.

6. The role of protein tyrosine kinases in TLR-
mediated signalling to NFxB

An intensive period of research had therefore revealed the
major protein components linking TLRs to the IKK complex.
Additional proteins were then shown to participate, particu-
larly tyrosine kinases. It was first suggested that protein
tyrosine kinases (PTKs) were involved in LPS signalling when it
was reported that expression of Src kinases was enhanced
following stimulation of myeloid cells with LPS [70,71]. Soon
afterwards it was reported that PTKs were required for the
induction of the pro-inflammatory cytokines IL-18, IL-6 and
TNFa in response to LPS in murine macrophages [72]. Orlicek
et al., directly implicated Src kinases in LPS signalling to TNFa
and iNOS (inducible nitric oxide synthase) induction with the
use of the Src-selective inhibitor PP1, in murine macrophages
[73]. However, the relative importance of Src kinases in LPS
signallingin macrophages has been directly questioned by the
generation of hck™~fgr’"lyn™~ mice, which showed no
major impairment in LPS-induced activation, indicating that
the Src kinases Hck, Fgr and Lyn are not obligatory for LPS-
initiated signal transduction [74].

The possibility that Bruton’s tyrosine kinase (Btk) may be
involved in LPS signalling was suggested by a study in xid
mice, which lack a functional Btk. These studies implicated
Btk in macrophage effector functions in response to LPS [75].
Macrophages from xid mice showed poor nitric oxide (NO)
induction and reduced production of the pro-inflammatory
cytokines IL-1B and TNFa in response to LPS challenge, when
compared with wild-type controls. As NFkB is a key transcrip-
tion factor regulating the expression of IL-18 and TNFa they
examined the ability of LPS to induce expression of Rel-family
proteins. Levels of Rel-family members were reduced in xid
mice stimulated with LPS compared with control mice. More
recently it has been found that Btk interacts with the TIR
domains of many of the TLRs including that of TLR4 and also
with Mal and MyD88, the adapters used by TLR4. LPS induces
tyrosine phosphorylation of Btk and activates its kinase
activity. It has since been shown that Btk directly phosphor-
ylates Mal and functions on the pathway from TLR4 to the
phosphorylation of the p65 subunit of NF«B, promoting
transactivation [76-79].

7. TLRs and the promotion of transactivation
of NFkB

The p65 subunit of NF«B is constitutively phosphorylated in
unstimulated cells [80,81], and this basal phosphorylation is
furtherincreased by abroad range of stimuliincludinghydrogen
peroxide, TNFa, phorbol myristate acetate (PMA), IL-1, LPS and
other TLR ligands such as CpG DNA, R848 a synthetic ligand for
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TLR7/8 and LTA [81-88]. The p65 subunit has a unique C-
terminus which contains two transactivation (TA) domains,
TA1and TA2 [89]. The majority of p65 phosphorylation occurs at
serine residues within these TA domains. This phosphorylation
is known to be required for transactivation of gene expression
because mutating these serine residues greatly impairs NF«B-
dependent gene transcription (reviewed in [90]).

To date, five distinct serine residues have been identified on
the p65 NFkB subunit that are inducibly phosphorylated in
response to LPS, TNFa, and IL-1. Serine 276 in the RHD on p65 is
phosphorylated by protein kinase A (PKA) in response to LPS
[91,92]. Zhong et al. [93] found that LPS stimulated PKA-
dependent phosphorylation of p65 on serine 276 promotes its
interaction with the coactivator CREB-binding protein (CBP),
potentiating NF«B transcription [91]. Phosphorylation of serine
536 was originally reported by Sakurai et al. [86]. They found that
overexpression of IKKa or IKK induced the phosphorylation of
serine 536 in vivo and in vitro. Since LPS is a potent activator of
IKK, Yang et al. [94] investigated whether LPS could induce
phosphorylation of serine 536 on p65. They found that IKKB
plays an essential role in LPS-induced serine 536 phosphoryla-
tion in MEFs, while IKK« is only partially required for serine 536
phosphorylation (Fig. 1). In contrast they also found that
although impaired, IKKB was not essential for TNF-induced
phosphorylation of serine 536 in MEFs. More recently Buss et al.
[95] reported that phosphorylation of p65 in response to IL-1 at
serine 536 may be mediated by IKKa, IKKB and IKK-related
kinasesIKKe and TBK1, and an as yet unknown kinase identified
by chromatographic fractionation of cell extract. Furthermore
they suggest that phosphorylation of serine 536 favours IL-8
transcription mediated by TATA-binding protein associated
factor 1131, a component of TFIID. As stated above Btk has also
been shown to play a crucial role in LPS induced p65
phosphorylation. Xid mice which lack a functioning Btk do
not exhibit phosphorylation of p65 on serine 536 in response to
LPS when compared with wild-type mice [78].

The importance of regulatory phosphorylation on p65 is
evident from the analysis of cells lacking the protein kinases
PKC{ [96], NIK [97], IKKe [98], TBK1/NAK [99,100], or GSK3p
[101]. In all of these cells the IkB degradation pathway is
normal but there is impaired activation of NF«kB-dependent
gene expression. In fact a further function for GSK38 has
recently been identified as a critical modulator of TLR-
mediated production of pro-inflammatory versus anti-inflam-
matory cytokines in vivo [102]. Stimulation of peripheral blood
mononuclear cells (PBMCs) with TLR2, TLR4, TLR5 or TLR9
agonists induced substantial increases in IL-10 production
while suppressing the release of pro-inflammatory cytokines
including IL-1B, IL-6, TNFq, IL-12 and IFNy, after GSK3p
inhibition. GSK3p regulated the inflammatory response by
differentially affecting the nuclear amounts of the NF«B
subunit p65 and CREB interacting with the co-activator CBP.

8. Specificity at the NFkB subunit level: a
variation on a theme

Recent work on TLRs and the NFkB system has revealed
specificity in the regulation of different NFkB subunits. A new
nuclear IkB protein, IkB{, arrived on the scene relatively

recently, which has been shown to interact with NF«kB via a C-
terminal ankyrin repeat domain in the nucleus [103]. IkB{ is
barely detectable in resting cells but it is dramatically induced
in response to TLR ligands such as LPS, lipopeptides and CpG
DNA, in a MyD88 dependent manner. NFkB activation is
essential for this induction, however NF«B activation alone is
not sufficient for IkB{ induction, as TNF«a also activates NF«B
yet IkB{ induction by TNFa was marginal. As the stability of the
IkB{ mRNA was specifically upregulated by stimulation with
LPS or IL-1B but not with TNFa, Yamazaki et al. have suggested
that the other TIR domain dependent signal required for IkB{
induction, apart from NFkB activation, leads to mRNA
stabilisation. The induced IkB{ localises in the nucleus and
preferentially interacts with the NF«kB p50 subunit rather than
the p65 subunit (Fig. 2). The most recent studies on IkB{ have
made use of IkB{-deficient mice and have demonstrated that
IkB( is essential for the induction of a subset of inflammatory
genes including IL-6 and the IL-12p40 subunit. The transcrip-
tional activity of IkB{ depends on the p50 subunit as it binds
the target DNA without transactivation potential [103,104].
Interestingly overexpression of IkB{ results in an augmenta-
tion of IL-6 production in response to LPS, but inhibits TNF«
production [105].

Another study that highlights the subtleties in TLR and
NF«B signalling is a very recent investigation into the
mechanism of glucocorticoid immunosuppression. It is well
known that glucocorticoids are potent immunosuppressive
agents, however a very recent study discovered that gluco-
corticoids do not globally inactivate NF«B, but target only a
subset of the TLR-inducible NFkB dependent genes in macro-
phages, indicating that the mechanisms of transrepression in
the macrophage must operate in a promoter specific manner
[106]. The difference between the signalling pathway activated
by TLR3 and that by TLR4 leading to IRF3-dependent gene
expression can explain the inhibition of TLR dependent gene
induction by glucocorticoids. TLR3 activates IRF3 homodimers
which then bind the Interferon sensitive response element
(ISRE) on target genes. However when TLR4 is activated, a
complex of IRF3 and the NF«B subunit p65 is formed and so
NF«B plays a key role in the functioning of IRF3 during TLR4
signalling [107]. Glucocorticoids have therefore been found to
repress the induction of ISRE-containing genes, but only when
activated by TLR4 as opposed to TLR3, because they specifi-
cally target and disrupt the p65/IRF complex (Fig. 2). This
mechanism enables glucocorticoids to differentially regulate
pathogen-specific programs of gene expression.

In a related study recent work on the kB consensus site
carried out by Leung et al. [108] has shown that although the
consensus DNA sequence for NF«B binding is very broad, the
sites active in any one gene exhibit remarkable evolutionary
stability. In this study the «B site sequences of eleven genes
were studied. The kB site sequences were shown to be 100%
conserved between mouse and human in all 11 genes. In
contrast to this, the regions surrounding the «B sites often
displayed less than 85% conservation. Leung et al. showed
that swapping sites between kB-dependent genes that have
different properties altered NF«kB-dimer specificity of the
promoters and revealed that two kB sites can function
together as a module to regulate gene activation. Further-
more they discovered that the consensus sequence itself
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Fig. 2 — Specificity at an NF«B subunit level. TLR3 recruits TRIF to its TIR domain which interacts with TBK1 activating IRF3
which binds as a dimer to the ISRE site of the IFNB and IP-10 genes [33]. TLR4 recruits TRAM to its TIR domain which in turn
recruits TRIF and activates TBK1, TLR4 also recruits Mal and MyD88 which signal to activate the IKK complex. TBK1
activates IRF3, and IKK activates the p65/p50 NF«xB dimer [53,61]. IRF3 and p65 then form a complex that binds the ISRE
element [107]. This IRF3/p65 complex is susceptible to glucocorticoid inhibition [106]. The heterodimer p65/p50 binds to the
kB site - 5-GGGAACTTCC-3' - in response to LPS stimulation and induces the expression of IP-10 and proinflammatory
genes. However a homodimer of p65/p65 can also bind a kB site with one nucleotide difference 5-GGGAAATTCC-3' and
induce IP-10 expression, but only when in a complex with IRF3 acting as a coactivator [108]. TLR2/4/9-driven IKK activation
induces IkB( to interact with p50 [104]. This IkB{/p50 dimer binds the kB site and is essential for the induction of a subset of
inflammatory genes including IL-6. Formation of this dimer inhibits TNFa production [105].

contains information that is interpreted by the bound NF«B-
dimer, changes dimer configuration and determines which
coactivators will form functional interactions with the NF«B-
dimer.

When IP-10 and MCP-1 genes respond to TNFa they have
different NFkB family member requirements. Both hetero-
and homodimers of NFkB are able to function on the MCP-1
promoter while only heterodimers of NF«B appear able to
activate IP-10 [109]. Leung et al. were able to show that the
heterodimer requirement of the IP-10 promoter was due to a
single nucleotide difference at the sixth nucleotide of the B
sites. Therefore, this single nucleotide is responsible for the
difference in kB family member requirements. Surprisingly,
although inactive, p65 homodimers were shown to bind the
IP-10 promoter in response to TNFa, which in turn even bound
the coactivator CBP/p300. It was then discovered that the IP-
10requirement for a NFxkB heterodimer for activation by TNFa
was notnecessary after LPS stimulation, since LPS induced IP-
10 mRNA in both wt and p50/p52 deficient cells. This result

suggested that the unresponsiveness of the IP-10 gene to
homodimersin the TNFa-treated cellsis a consequence of the
lack of a cofactor that LPS can induce. On TNFa stimulation
this kB site sequence might not support transcription because
the conformation of the p65 homodimers might not recruit
the appropriate coactivators to the promoter. In fact,
chromatin immunoprecipitation assays demonstrated that
IRF3 is recruited to the IP-10 promoter but not the MCP-1
promoter in an LPS-dependent manner. The requirement of
IP-10 for IRF3 in p50/p52 deficient cells can explain the
stimulus specific requirements for kB family members. Under
LPS stimulation p65 homodimers appear to interact with IRF3
to activate the IP-10 gene (Fig. 2). Under TNFa stimulation IRF3
is not activated and p65 homodimers, although bound are
unable to function and the IP-10 gene is not activated. All
these studies have furthered our understanding of NFkB
induced specificity. Not only does the kB site sequence
determine kB dimer specificity, it also determines coactivator
requirements.
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9.

Future perspectives

NF«B has its origin in the effect of LPS on pre-B-cells.
Remarkable progress has been made since then in our
understanding of the signalling pathways and molecular
components in the NF«B system. The regulation of the NF«xB
system by TLRs continues to reveal new information on the
intricacies of the regulation of innate immunity, and we can
anticipate yet more insights into a transcription factor system
that still has more to tell us about the complexities of gene
expression in health and disease.
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