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Toll-like receptors: their role in allergy and non-allergic inflammatory disease
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Summary

The human TLRs comprise an important and interesting group
of receptors that regulate pathogen-related responses, and play
as yet uncharacterized roles in the amplication of sterile inflam-
mation. Signalling through these receptors, which are power-
fully coupled in gene transcription processes, has powerful
immunostimulatory and immunomodulatory effects. Exploit-
ation of TLR signalling will probably lead to novel effective
therapies for allergic disease, in the first instance through more
efficient mechanisms of immunotherapy. The likelihood of ad-
verse consequences of such treatments, though possible, may be
minimized by use of conjugated vaccines.

Introduction

Three yearsago, few workingin the fields of allergy and immuno-
logy had heard of Toll-like receptors (TLRs). Now, they seem to
be everywhere: and with good reason, since some of the most
promising treatments for allergic disease may work via TLRs,
and signalling via these receptors may be responsible for driving
the maturation of the adult immune system. This review will
address the current knowledge of TLR ligands and signalling,
their potential roles in allergic inflammation, and their use as
novel adjuvant targets to bias immune responses.

TLR ‘ligands’

The TLRs are named for their functional and structural homo-
logy to a receptor found in the Drosophila fruit fly, named Toll
(there are now several Drosophila Tolls). Toll is essential in
activating anti-fungal defence mechanisms in the fly. In
humans, TLRs have come to prominence through their
unlocking of the secrets of bacterial lipopolysaccharide (LPS)
signalling, though it is now clear that they play important roles
in the signalling of many pathogen-related molecules and also
some endogenous proteins associated with immune activation.

It had been known for some years that CD14 plays an essen-
tial role in LPS signalling. However, CD14 has no intracellular
signalling face, and can permit LPS responsiveness in soluble
form [1], so cannot be solely responsible for LPS signalling in
inflammatory cells. Missing components of the LPS response
complex were identified when examination of mice resistant
to LPS revealed they had defects in a mammalian Toll-like
receptor, TLR4 [2].

Correspondence: Dr Ian Sabroe, Section of Functional Genomics, Division
of Genomic Medicine, University of Sheffield, M Floor, Royal Hallamshire
Hospital, Sheffield S10 2JF, UK. E-mail: i.sabroe@sheffield.ac.uk

984

Then began a slightly confusing story, trying to establish
which molecules are required for LPS signalling in humans.
The first human TLR linked with signalling in response to
LPS was TLR2 [3]. However, other early experiments also
showed that, like mice, TLR4 could be involved in the responses
of human cells to LPS [4-7]. The explanation for these different
results probably lies in the nature of the stimuli tested. The
majority of commercial LPS preparations contain small
amounts of bacterial lipoproteins (BLPs). These commercial
LPS preparations can activate both TLR2 and TLR4. How-
ever, repurification of the LPS preparations from many
bacteria, including E. coli and Salmonella sp., leaves a lipopro-
tein-free LPS preparation that stimulates TLR4 alone [§8]. In
contrast, synthetic bacterial-type lipoproteins (consisting of
palmitoylated small peptides) and purified bacterial lipopro-
teins, signal via TLR2 but not via TLR4 [9-11]. These data
suggest a relatively clean segregation of roles between TLR2
and TLR4, with the former involved in responses to BLPs and
the latter to LPS. TLRs need to be dimerized to signal and in the
case of TLR4, it seems to signal as a homodimer. In contrast,
TLR2 signals only as a Toll-like receptor heterodimer, with
either TLR1[12, 13] or TLR6 [13]. Bacterial lipoproteins signal
via a TLR2 heterodimer (though it is not entirely clear which
other TLR is involved in this setting [13]) and TLR2/TLR6 is
involved in signalling to yeast cell wall products [13], peptido-
glycans and various non-LPS bacterial cell wall products [14]
and borrelial lipoproteins [15]. TLR2 also has roles in the
responses to treponemal glycolipids [16], trypansomal cell
wall products [17], and mycobacterial lipopeptides and cell
wall products [15, 18-20].

So in general, TLR2 signals in response to a wide range of
lipopetides, and TLR4 in response to LPS, with CD14 being
required as an accessory molecule for efficient LPS signalling.
However, other accessory molecules are also involved in LPS
responses, in particular MD-2, a transmembrane or soluble
protein that is required for efficient LPS responses [21-23].
Interestingly, MD-2 may also confer an ability for TLR2 to
respond to purified LPS [22], despite the current general dogma
that focuses on TLR4 signals in LPS responses. Other cell
surface molecules such as the integrin CD11b/CDI18 are also
involved in TLR signalling in response to LPS [24,25] and
perhaps to yeast cell wall products [26], although CD14-
dependent, CD11b/CD18-independent mechanisms may pre-
dominate in the activation processes of human leucocytes by
LPS [24].

What about the other TLRs? There are currently 10 described
TLRs [27-30] (Fig. 1). Roles for TLRs 1,2, 4 and 6 are noted
above. TLR3 is involved in responses to double-stranded (viral)
RNA [31] and TLRS mediates responses to flagellin [32]. TLR9
mediates responses to bacterial DNA [33-35]. Roles for the
other TLRs remain to be described. The responses of man to
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Fig. 1. A brief scheme of TLR stimulating activities and signalling consequences.

bacterial DNA motifs are of particular interest in allergy. Bac-
terial DNA contains many CG nucleotide pairs, known as
‘CpG’ motifs. The cytosine in this pair is characteristically
unmethylated (whereas cytosines in human DNA are more
commonly methylated), and the frequency of this pairing is
suppressed in human DNA [36]. These sequences are powerful
stimuli of the immune system, acting via TLR9 on monocytes,
macrophages and NK cells to cause generation of IL-12 and
IFN-y [36, 37], and they also have significant roles in modulat-
ing dendritic cell function [37-41]. Short oligonucleotides (of
the order of 20 bases or so) can be readily manufactured that
contain these CpG motifs, resulting in B cell, dendritic cell and
monocyte stimulatory activities [37-42]. Within the dendritic
cell (DC) subset, CpG responses appear confined to dendritic
cells of the plasmacytoid lineage, rather than myeloid-derived
DC [40,41]. This is in keeping with TLR expression patterns,
since myeloid DCs express TLRs involved in LPS responses
whilst plasmacytoid DCs do not express TLR2 and TLR4, do
not respond to LPS and peptidoglycan, but do express TLR9
[38,40,41]. Interestingly, the DNA sequence around the oligo-
nucleotide containing the CpG motif can affect the kinds of cell
stimulated by the sequence, e.g. some sequences are better at
stimulating NK cell activation, others at stimulating monocytes
and B cells [42]. How these differences are mediated is not clear,
but it might be that TLRY can also heterodimerize with other
TLRs in ways analogous to TLR2 described above, resulting in
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altered specificity of responses to CpG-containing oligonucleo-
tides.

Surprisingly, TLR4 mediates signalling in response to a range
of stimuli other than LPS. These include respiratory syncytial
virus coat proteins [43] and bacterial heat shock proteins
[44-46]. However, TLR4 also mediates responses to endogen-
ous proteins such as human heat shock protein 60 (HSP60),
which is released from damaged cells, and TLR4 also mediates
pro-inflammatory responses to fibrinogen [44-48]. TLR4 ex-
pression is up-regulated at sites of sterile inflammation [49],
and TLR2 has roles in responses of cells to oxidative stress
[50]. These data suggest that TLRs, perhaps particularly
TLR4, have roles in regulating non-infective inflammatory re-
sponses. Additionally, they raise the question about how one
receptor, TLR4, can mediate responses to such a diversity of
ligands. Perhaps in part this could be because TLR4 might be
assembled in a variety of signalling complexes with accessory
molecules including CD14, MD-2 and CD11b/CD18. It is pos-
sible, though there is no evidence to support this as yet, that
TLR4 might heterodimerize with other TLRs, or interact with
other accessory molecules. There is evidence for association
between CD14/MD-2 and TLR4 when LPS is present [51], but
LPS is not easy to use for classical receptor pharmacology
studies, and it is not certain that LPS actually binds to TLR4.
One recent paper has shown that HSP60, which signals via
TLR4, does not directly bind to TLR4 on the cell surface [47].
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Thus it is possible that there is some intermediate step between
interaction of all these ‘ligands’ with the cell, and subsequent
signalling via TLR4. Such a hypothesis is upheld by studies in
Drosophila, where activation of Toll requires proteolytic cleav-
age of a protein, Pro-Spéetzle, to generate Spietzle, which
is appears to be the true protein ligand for this receptor [52].
In keeping with this, studies in the human monocyte-derived
THP-1 cell line have shown that LPS activates a protease that
causes activation of TLR4, possibly by generation of a TLR4
ligand [53], or even by proteolysis of TLR4 itself. Therefore, it
remains to be established if TLR4 signalling, and perhaps sig-
nalling in other human TLRs, is mediated by direct or indirect
interactions with their putative ligands.

TLR signalling

The TLRs are members of the IL-1 receptor superfamily, and
share with the IL-1R an intracellular signalling domain called
the Toll-Interleukin Receptor, or TIR, domain [54, 55]. This
couples to adaptor molecules including MyD88 [56], which
binds to TLR2, TLR4 and TLRY [57], and MAL/TIRAP, an
MyD88 homologue that binds to TLR4 [58, 59]. A signalling
complex is formed including the IL-1 Receptor Associated
Kinases (IRAKSs), Tollip and TRAF-6, and from this signalling
complex, pathways are activated that ultimately activate a clas-
sical pro-inflammatory gene transcription regulator, NF-xB
[60-62]. The Toll signalling complex formed in response to
TLR2, TLR4 and TLRO triggering also activates MAP kinases
such as p38 MAPK and Jnk, by pathways that remain to be
fully characterized [25, 39, 63-65]. It is interesting, however,
that activation of different TLRs can result in different conse-
quences within the cell — and indeed different consequences to
responses to IL-1, since all these receptors use TIR domains to
initiate signalling. For example, TLR2 signalling not only acti-
vates pro-inflammatory gene transcription, but can also
activate pro-apoptotic pathways resulting in inflammatory cell
death [10, 66]. The TIR domain is incredibly powerful, and it
may be true that activation of only tens of receptors per cell may
result in efficient signalling [67, 68]. The ways in which different
TLRs couple to cause various signalling outputs in the cell
remain to be fully explained, but are the subject of much active
research. A good indication that these pathways are of func-
tional importance is that some viruses have learnt to interfere
with TIR-mediated signalling [69], by creating TIR-domain
mimicking sequences that interfere with these transduction
processes.

TLRs in allergic inflammation

Thus, there are multiple points at which TLR signalling can
modulate allergic inflammatory disease. The essence of the
‘hygiene hypothesis’ [70] is the idea that exposure to specific
infections, or perhaps endotoxin, drives the maturing immune
system in infancy/childhood towards a Thl phenotype, and
away from the Th2 phenotype associated with atopy. It is an
attractive hypothesis, although it still provokes much debate
[71,72]. Since TLRs are implicitly involved in responses to
many pathogen-related molecules, they may be critical receptor
pathways involved in the maturation of the normal adult

immune system. There is some evidence for this hypothesis,
albeit indirect, since polymorphisms in CD14, the coreceptor
involved in LPS signalling via TLR4, correlate with IgE levels
[73]. Functional polymorphisms in human TLR4 have been
described and appear to influence airway reactivity [74], and it
will be important to see if such polymorphisms in human TLRs
correlate with risks of atopy and atopic disease. Once allergic
inflammation is established, endotoxin in inhaled dusts may be
as relevant as allergen levels to the allergic asthmatic — a setting
in which TLR signalling may worsen inflammation rather than
prevent its development [75]. Other allergic diseases such as
eczema may be worsened by super-added infection, an effect
that could be in part mediated by TLR signalling. A general role
for TLRs in amplifying inflammatory responses also seems
likely, since as described above, TLRs are involved in signalling
in response to endogenous proteins associated with cell damage
and inflammation, and oxidative stress.

Perhaps the most interesting aspect of TLR biology with
regard to allergic immune disease is the possibility of exploiting
the powerful adjuvant properties of TLR signalling in the
modulation of allergic inflammation. This is best exemplified
by an examination of the roles of CpG DNA motifs. The actions
of CpG motifs and their potential roles and therapeutic abilities
are extensively reviewed by Wild and Sur [37] and Krieg [36].
CpG motifs trigger the classical antigen-presenting cells mono-
cytes and dendritic cells to make IL-12, with subsequent [FN-y
production from T cells [37]. These immune responses naturally
favour the development of a Thl-type response, and the
strength of this response is such that the coadministration of
CpG motifs and allergen to mice sensitized to develop Th2-type
inflammation causes a rapid alteration of the immune bias to a
Th1 phenotype[76, 77]. Excitingly, direct conjugation of CpG to
allergen reduces the dose of CpG required to cause this response
and has been shown to be effective at modifying Th2 responses in
a variety of species [78]. This reduction in CpG dose will also
reduce the risk of potential adverse effects of CpG administra-
tion, such as theoretical risks of induction of auto-immune dis-
ease [36, 37] or exacerbation of inflammatory responses [79].

TLRs in non-allergic inflammatory disease

Stimulation of the innate immune system by infectious agents,
such as those that activate the TLRs, may contribute to other
immunological disorders such as auto-immune diseases and
chronic inflammatory responses. An association with systemic
bacterial infections, and the presence of bacterial DNA within
the joint, has been observed in the development of reactive
arthritis [80-83]. Likewise, rheumatoid arthritis (RA) is a classic
example of an auto-immune disease which also exhibits a
chronic inflammatory response [84, 85] where a role for infec-
tious agents has been proposed. The recent discovery of immu-
nostimulatory agonists for the TLRs, for example bacterial
peptidoglycans and DNA, in the synovial tissue of patients
with RA [86] may help to elucidate the role of infectious agents
in this and other diseases.

Peptidoglycans can be derived from the cell walls of multiple
gram-positive bacterial species that are present in mucosal sur-
faces of the body. These bacterial materials are transported
from mucosal surfaces to the joint synovium, by macrophages
and dendritic cells, and may persist in macrophages leading to
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the chronic stimulation of cytokine production [87,88]. As
described earlier, peptidoglycan is thought to signal via TLR2/
TLR6 heterodimers [13]. Bacterial DNA represents another
mechanism for the involvement of infectious agents in RA,
with unmethylated CpG motifs activating the innate immune
system via TLR9 [33,35]. The cellular response to bacterial
CpG includes B cell proliferation and immunoglobulin secre-
tion [42], dendritic cell maturation [38,40,41] and enhanced
APC function, and the stimulation of Thl inflammatory
cytokine production in macrophages with the secondary acti-
vation of NK cells, all of which produce severe joint inflam-
mation [89-94]. Finally, it has also been suggested that the
TLR4 ligand LPS may play an important role in the reactiva-
tion of inflammatory joint diseases, such as RA, in humans
[95,96]. Thus, the multiple pathways triggered by the different
TLR ligands may result in unregulated or inappropriate host
responses to infectious agents and ultimately initiation of RA,
or indeed contribute to other mechanisms of auto-immunity or
chronic inflammation.
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