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Review

Direct and Indirect Role of Toll-Like Receptors in T Cell
Mediated Immunity

Damo Xu"?, Haiying Liu' and Mousa Komai-Koma'

Toll-like receptors (TLR) are pathogen-associated molecular patterns (PAMPs) recognition receptors that play
an important role in protective immunity against infection and inflammation. They act as central integrators of
a wide variety of signals, responding to diverse agonists of microbial products. Stimulation of Toll-like receptors
by microbial products leads to signaling pathways that activate not only innate, but also adaptive immunity by
APC dependent or independent mechanisms. Recent evidence revealed that TLR signals played a determining
role in the skewing of naive T cells towards either Th1 or Th2 responses. Activation of Toll-like receptors also
directly or indirectly influences regulatory T cell functions. Therefore, TLRs are required in both immune
activation and immune regulation. Study of TLRs has significantly enhanced our understanding of innate and
adaptive immune responses and provides novel therapeutic approaches against infectious and inflammatory

diseases. Cellular & Molecular Immunology. 2004;1(4):239-246.

Key Words: Toll-like receptor, adaptive immunity, Th1, Th2, regulatory T cell

Introduction

Protective immunity against pathogenic infection in

mammals can be divided into innate and adaptive immunity.

The innate immune response evolves as a first defence
barrier in the host, and mounts an immediate, but non-
specific, immune response to rapidly destroy or limit the
invaders. Adaptive immunity is a second line defence that
includes T (cellular) and B (humoral) cell mediated
responses. This is specific, targets only pathogens and not
self, and has memory to sustain a long-lasting immunity
against reinfection. After antigenic stimulation naive T
cells can differentiate into T helper type 1 (Thl), Th2 or
regulatory T cells depending on antigen affinity, costimu-
lation at the immune synapse and cytokine milieu. Thl
cells control intracellular infection but are involved in
inflammatory diseases. Th2 cells protect the host against
extracellular parasite infection, but are also responsible for
allergic responses (1, 2). It is always fascinating to an
immunologist what triggers innate and adaptive immunity
to a pathogen and what determines T cell differentiation
and function.

The subsequent identification of Toll-like receptors
(TLRs) has brought fresh answers into this area. Toll-like
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receptors are a group of evolutionary conserved proteins
belonging to the IL-1R superfamily, characterised by an
extracellular leucine-rich repeat domain and an
intracellular Toll/IL-1 receptor like (TIR) domain (3). Toll
was first identified in Drosophila as part of the host
defence against fungal infection in fruit flies (4). At least
11 TLRs have been identified in humans so far (5), and
they are well documented as major initiators of innate
immunity (6, 7). However growing evidence has demon-
strated that TLRs were also able to directly or indirectly
promote adaptive immune responses, especially T cell
functions (8). In this review, we will focus on the latest
findings of the TLR family and its role in Thl, Th2 and
regulatory T cell development and function in immune
activation and suppression.

Why do we need so many TLRs?

It has been known for a long time that some non-antigenic
microbial components, for instance LPS and mycobacterium
compounds in complete Freund’s adjuvant (CFA), could
trigger immune responses (9, 10). However, the molecular
mechanisms involved in these functions remained obscure.
By using natural mutant individuals or gene knockout
techniques, many functions of TLRs and their definitive
ligands have now been identified (11, 12, also Table 1).
TLRs are widely expressed on immune cells and act as
immune sensors to recognise distinct molecules referred to
as pathogen-associated molecular patterns (PAMPs)
displayed by microbial components (Table 1) to trigger
immunity. They are distinct from each other in ligand

Abbreviations: TLR, Toll-like receptor; PAMP, pathogen-associated
molecular pattern; JNK, C-Jun N terminal kinase; DC, dendritic cell.
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Table 1. Toll-like receptors and their ligands.

TLR family Ligands

member

TLR1 Tri-acyl lipopeptides (bacteria, mycobacteria);
Soluble factors (Neisseria meningitidis);
Modulin

TLR2 Lipoprotein/lipopeptides;

Peptidoglycan (Gram-positive bacteria) ;
Lipoteichoic acid (Gram-positive bacteria);
Lipoarabinomannan (mycobacteria);
Glycoinositolphospholipids (Trypanosoma Cruzi);
Glycolipids (Treponema maltophilum);

Porins (Neisseria);

Zymosan (fungi);

Listeria (Heat-killed bacteria);

LPS (Spirochactae);

Modulin

TLR3 Double-stranded RNA (virus);
Poly (I:C) (synthetic analog of double stranded
RNA)

LPS (Gram-negative bacteria);
HSP60 (Chlamydia pneumoniae);
HSP60 (host);

HSP70 (host);

Fusion protein (RSV);

Taxol (Plant);

Envelope proteins (MMTV)

TLRS Flagellin (bacteria)
TLR6

TLR4

Di-acyl lipopeptides (mycoplasma);
Modulin;
soluble tuberculosis factor (STF)

TLR7 GU rich Single-strand RNA (ssRNA),
Imidazoquinoline (synthetic compounds);
Loxoribine (synthetic compounds);
Bropirimine (synthetic compounds)

TLR8 GU rich Single-strand RNA (ssRNA)

TLR9 CpG DNA (bacteria);
CpG ODN, (synthetic Oligonucleotides that contain
unmethylated CpG dinuleotides)

TLR10 ?

TLR11 Uropathogenic strains of E.coli

specificities, expression patterns, and signalling pathways,
but all act in the initiation and activation of immunity.
TLR4 was the first mammalian TLR identified (13),
and is involved in the recognition of lipopolysaccharide
(LPS) (14), a major cell wall component of Gram-negative
bacteria, which can induce sepsis. Recognition of LPS also
requires the association of LPS-binding protein, CD14, a
glycosylphosphatidylinositol anchored molecule and MD2
(15). TLR2 is the most powerful receptor and recognizes a
wide variety of PAMPs from bacteria, yeast, fungi,
parasites and viruses (Table 1). The reason why TLR2 is so
versatile is unknown. In some cases, TLR2 needs TLR1 or
TLR6 to form a heterodimeric co-receptor to effectively
recognize different PAMPs (16, 17). Flagellin is produced
by most pathogenic and commensal Gram-positive and
Gram-negative bacteria, and is regarded as an agonist for
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TLRS (18). TLRY recognizes unmethylated CpG motifs
present in bacterial DNA (19). This recognition may take
place in the intracellular compartment, perhaps in
endosomes or lysosomes following bacterial lysis (20).
TLR3 recognizes double-stranded RNA by a MyD88-
independent pathway to induce IFN- (21). In contrast,
TLR7 and 8 recognize single-stranded RNA from viruses
that trigger immune response and IFN-a production,
suggesting they play a unique role in anti-viral responses
(22). In order to respond to all pathogens, TLRs may work
together to complement or synergise each other’s functions
as an immune survival network (23).

Like Drosophila, the recognition by mammalian TLRs
also triggers innate immune response (6). However, unlike
Drosophila, mammals have evolved to develop adaptive
immunity in which T-lymphocytes play a central role.
TLRs are also critical in adaptive immunity especially
CD4" T cell clonal expansion and differentiation.

TLR on Th1 development

Thl cells play a central role in the host response against
intracellular pathogens and in inflammation, and can be
triggered by PAMPs through TLR signals. The MyD88
dependent signalling pathway is the main gateway shared
by most TLR members, except TLR3, for triggering of
innate and adaptive immunity. Interestingly, MyD88
deficient mice developed a profound defect in the
antigen-specific Th1 but not Th2 responses, suggesting that
TLR signals play an influential role in the immune balance
toward to Thl but not Th2 response (24). The important
role of MyD88 in Thl development has been further
confirmed in a Leishmania infection model. Leishmania
infection results in uncontrollable disease in genetically
susceptible mice due to a dominant Th2 type immune
response and therefore parasite survival. In contrast, in
genetically resistant mice, the disease is readily cured due
to the development of a Thl response and parasite
clearance (25). Muraille E, et al. have found that MyD88
deficient mice in a genetic resistant background (C57BL/6)
developed a Th2 phenotype and completely lost resistance
to the infection (26). IL-12 is a major player in Thl
development and the immune balance between Thl and
Th2 responses. However, Jankovic D, et al. have argued
that MyD88 play a more critical role than IL-12 in
determining pathogen induced CD4" T cell differentiation
(27). Toxoplasma gondii, a protozoan parasite triggers an
IL-12 dependent Thl response required for protecting the
host against the infection. By infecting either IL-12 or
MyD88 deficient mice with the parasites, they found that
IL-12 knockout mice developed a reduced Thl response,
but failed to default to a Th2 pattern. In contrast, MyD88
deficient animals developed a pure Th2 response and
uncontrolled disease, indicating that the TLR mediated
MyDS88 signalling pathway is a major determinant in Thl
and Th2 balance.

Therefore, theoretically, any TLR that uses the MyD88
signalling pathway for its action should be capable of
mediating a Thl response. Indeed, activation of TLR2 on
dendritic cells (DCs) selectively induced IL-12 but not
IL-10 (28). Bacterial lipopeptides stimulated human PBMCs
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to produce IFN-y but not IL-4, in a TLR2 dependent
manner (29). The TLR4 agonist LPS, from E.coli,
promotes the production of the Thl inducing cytokine
IL-12p70 and is associated with Thl responses (30). CpG
containing bacterial DNAs initiates a strong Thl biased
response by up-regulating costimulatory molecule p40 and
induction of IL-12 through TLRY (18, 31). This indicates
the therapeutic potential of CpG in the treatment or
prevention the Th2-type dominated diseases, such as
allergies (32). The agonists of TLR 5, 7 and 8 also induced
IL-12 or IFN-a, B production from antigen presenting cells
(APCs) through a MyD88 dependent pathway, suggesting
they may also have a role in Thl development (18, 21).
Interestingly, double-stranded RNA interacting with TLR3
signals through IRF3 also supports Thl development,
probably by the induction of IL-12 and type 1 IFN by DC
(33, 34). More recently, TLR11 was found to be highly
expressed in kidneys and responded to uropathogenic
bacteria, suggesting a unique role in the urogenital system.
However, its potential in Th1 or Th2 function still needs to
be examined (35).

How the MyD88 pathway drives the Thl response is not
entirely clear. One explanation may be that MyD8S8
signalling induces IL-12 and IFN-a production from APCs
that are potential Thl inducers (30, 34). MyD88 signalling
also leads to the translocation of NF-kB that is required for
Th1, but not Th2 development, perhaps through induction of
IL-12 and IFN-y production (36). TLRs also induce IL-12
transcription by APCs through an NF-xB independent
pathway. The nucleosome remodelling at the IL-12 p40
promoter induced by LPS and bacterial lipoproteins through
the TLR dependent pathway but NF-xB independent
pathway, resulted in IL-12 production and promoted Thl
development (37). Furthermore, the caspase recruitment
domain (CARD)-containing serine/threonine kinase Rip2
that is recruited to the TLR2 signalling complex may also
contribute to TLR mediated Thl development (38). Rip2
deficient T cells display severely impaired NF-kB activation,
proliferation and IFN-y, but not IL-4 production, indicating
Rip2 is required for optimal Thl response. However, the
relationship between MyD88 and Rip?2 is unclear. Given that
MyD88 is more capable of driving Th1 responses than I1L-12,
its ability may be beyond IL-12 induction. This needs to be
investigated in IL-12 deficient mice.

TLR in Th2 development

Despite the current belief that TLR signalling favours a
Thl development, there is accumulating evidence that
TLRs are also important for Th2 skewing by MyD88
dependent and independent mechanisms. Eisenbarth, et al.
reported that low dose, but not high dose, inhaled LPS lead
to Th2 response to inhaled antigens and severe pulmonary
inflammation in a murine allergic model (39). In parallel,
Dabbagh, et al. have shown that TLR4 defective mice
developed reduced Th2 cytokine production, allergen-
specific IgE, eosinophils and airway inflammation compared
to wild-type mice in an asthma model, suggesting that LPS
and TLR4 are required for optimal Th2 responses (40).
TLR2 also plays a role in Th2 instruction. The
interaction of TLR2 with its synthetic ligands, Pam3Cys,
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induced a predominant Th2 biased immune response with
high levels of IL-13 and IgG1 and aggravation of asthma
(41). Stimulation of bone marrow derived DCs with
Pam3Cys upregulated B7RP-1, which supports Th2
responses and preferentially induces Th2 cytokines such as
IL-13, GM-CSF. Interestingly, TLR2 stimulation failed to
induce IL-12p70 and IP-10 but resulted in the release of the
IL-12 inhibitory p40 homodimer, which would favour Th2
development (42). This may be also due to Pam3cys and
TLR signalling induced ERK and c-fos that selectively
suppressed IL-12 but enhanced IL-10 production (43).
Moreover, recent results showed that bacterial flagellin
also drives MyD88-dependent Th2 type response (44).
Flagellin promotes the secretion of IL-4 and IL-13 by
antigen specific CD4" T cells as well as IgG1 in vivo. The
failure of induction of IL-12 p70 and TNF secretion by
DCs may be responsible for this Th2 instruction.

However, the molecular mechanism that drives Th2
development by TLRs is still unknown. Given that the
MyD88 dependent pathway is essential for Thl
polarisation, the MyD88 independent signals induced by
TLR may be more favourable to Th2 development (45).
Since LPS use both MyD88 dependent and independent
pathways this might explain its capacity to drive both Thl
and Th2 responses. However, this hypothesis needs to be
further confirmed using Myd88 knockout mice. Moreover,
TLR3 that uses IRF3/Trif, but not MyD88 dependent
signalling pathway can induce IL-4 expression in human
lymphocytes in vitro, suggesting its potential role in Th2
responses (46). C-Jun N terminal kinase (JNK) signalling
is essential for ST2L, an IL-1R like receptor belonging to
the TLR super family, to induce Th2 cytokine production
in Th2 cells (47). It is interesting that this signalling
pathway is also shared by TLRs, but whether this is a
response to TLR mediated Th2 development is still unclear.

Toll-like receptor and regulatory T cells

The immune response is highly controlled to ensure only
targeting of foreign invaders and not self-tissues.
Regulatory T cells play a central part in the immune
regulation network. At least three types of regulatory T
cells have been identified with different functions (48, 49).
CD4°CD25" regulatory T cells are naturally generated in
the thymus and are necessary for the controlling of
autoimmune and Thl and Th2 mediated diseases (50, 51).
IL-10 producing T cells (Trl), and TGFf producing T cells
(Th3) are induced from peripheral tissues and also
contribute to the immune regulation network through the
IL-10 or TGF-B they produce. Interestingly, there is
growing evidence from human and animals that TLR
signalling also influences the function of regulatory T cells
either directly or indirectly.

TLR2 plays an important role in the function of
CD4'CD25" regulatory T cells. Candida albicans causes
a severe infection in an immunocompromised host, and
contains a PAMP for TLR2 (52). TLR2 deficient mice
developed a 50% reduction in the CD4'CD25" regulatory
population and were more resistant to disseminated
Candida infection, suggesting that TLR2 signalling is
required for the development or homeostasis of regulatory
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T cells. In vitro experiments also supported this, in that
regulatory T cells showed enhanced survival with a TLR2
ligand but not a TLR4 agonist. This result is also confirmed
in that CD4" T cells respond to TLR2, but not TLR4 ligand

despite expressing both TLR2 and TLR4 at the surface (53).

The resistance to Candida infection is associated with
decreased release of IL-10 and enhanced proinflammatory
cytokines TNF and IL-1, suggesting that control of IL-10
producing regulatory T cell may favour protective
immunity. However the underlying mechanism of TLR2
signalling leading to regulatory T cell development is
unknown, but indicates that TLR2 mediated signals are
crucial for their homeostasis and function.

TLR4 also affects regulatory T cell functions.
CD45RB™ CD25" regulatory T cells selectively express
TLR4, 5, 7 and 8 messages. Exposure of the cells to LPS
from Salmonella  typhimurium upregulated several
activation markers including MHC Class I, CD69 and B7.1
and enhanced their survival/proliferation (54). Moreover,
LPS treatment increased CD4'CD25" cell mediated
suppressive efficiency. In vivo, LPS-activated regulatory T
cell controlled naive CD4" T cell induced wasting disease.
Although it is contradictory to the current belief that CD4"
T cells do not respond to LPS directly (55, 56), the results
suggest that murine CD4'CD25" regulatory T cells might
respond directly to bacterial products for survival and
function. The molecular mechanism involved in the effect
of LPS on regulatory T cells is still unknown.

TLR4 signal is also critical for the generation and
function of IL-10 producing Trl regulatory T cells in
Bordetella pertussis infection, perhaps through a DC
mediated indirect pathway (57). DCs from TLR4 mutant
C3H/Hej mice are less mature and produce decreased
IL-10 after infection with Bordetella pertussis. The
infection was more severe in the mutant mice than control
C3H/HeN mice, accompanied by reduced IL-10 producing
T cells but enhanced inflammatory cytokines and severe
lung pathology.

TLR signals as immune adjuvant can enhance DC
mediated adaptive immunity by helping DC maturation and
antigen presentation. It is now recognised that the adjuvant
function of TLR stimulated APCs is not only due to
effective priming of effector cells but also overcoming the
suppressive functions of regulatory T cells (58). Pasare C,
et al. found that LPS or CpG stimulated DC and reversed
CD4'CD25" regulatory T cell mediated suppression. The
blockage of suppression is not dependent on cell-cell
contact but is dependent on the MyD88 mediated signalling
pathway, suggesting TLRs are required. Furthermore, IL-6
is partially responsible for overcoming regulatory T cell
mediated suppression. However other soluble factors may
be also involved. IL-6 deficient mice were severely
compromised in T cell responses and IL-2 production. LPS
stimulated DC from the mice lost the ability to block the
suppression. All the results indicated IL-6, a pro-
inflammatory cytokine induced by TLR signalling, is
required for overcoming regulatory T cell function by DC.
How IL-6 works in this system and whether it directly
abrogates regulatory T cell function or enhances the
resistance of effector T cells to the suppression needs to be
further investigated.

It is also reported that virus provided TLR signals that
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could bypass regulatory T cell-mediated CD8" tolerance
(59). Viral vaccines broke CD8" tolerance in the presence
of CD4'CD25" regulatory T cells. However, reversal of
CDS tolerance by the dendritic cell-based vaccines was
dependent on removal of Treg cells or coadministration of
the TLR ligands, LPS or CpG in vivo, suggesting that
TLRs and regulatory cells are required in CD8" tolerance.
The mechanism underlying this apparent dichotomy is yet
to be unravelled.

Taken together, TLR signals can manipulate regulatory
T cell functions either by modulating DC function or
directly acting on Treg cells. The delivery of TLR signals
is necessary for immune regulation and tolerance.

TLR on DCs determines the diversity of T cell
differentiation

It appears that signalling through TLRs can direct T cell
differentiation towards Thl, Th2 or Treg cells. What
determines the outcome of this functional diversity of TLR
in a pathogenic infection is still unknown. Dendritic cells
are the most effective professional antigen presenting cells
for T cell priming and they play a critical role in directing
T cell differentiation. DCs consist of heterogeneous subsets,
as determined by their location, surface markers and
cytokine profiles (60). It is noted that TLRs are
differentially expressed on DC subsets. Human blood
contains at least two types of DCs, CDIllc¢" and
plasmacytoid DC (PDC). CD11¢'DC selectively expresses
most TLRs but not TLRY. In contrast, PDCs strongly
express TLR9 but lack TLR3, 4 and 8 (61, 62). In
accordance with their TLR expression profiles, CD11¢'DC
do not respond to the TLR9 ligand CpG DNA but do
respond to TLR2 ligands to produce TNF-a, but not IL-12
(63). In contrast, PDC failed to respond to lipoteichoic acid,
poly I:C and LPS, but responded to CpG and induced
strong Thl differentiation (61, 62). This selective
expression of TLRs and the differential response to
microbial products by DC subsets may give rise to distinct
guiding of Th cell development.

Different TLR agonist signals on the same DC induce
disparate Th responses (64). Thus, TLR4 and TLRS ligands,
E.coli LPS and flagellin respectively stimulate CDI11lc"
monocyte-derived DCs to produce IL-12 and instruct Thl
responses. However, TLR2 agonist, Pam3cys barely
induces IL-12, but strongly induces IL-10 and yields a Th2
type response. This suggests that differentiation towards
Thl or Th2 responses may be manipulated by selective
usage of different microbial products by the same type of
DC. Moreover, different loading of an agonist on the same
TLR could lead to selective Thl or Th2 response (38).
They showed that low levels of inhaled LPS signalling
through TLR4 induced a Th2 response to inhaled antigen,
but high levels resulted in a Th1 response.

It is notable that the utilisation of TLR by immature
DCs may result in the generation of DC subsets capable of
polarising T cells with regulatory capacity. Human
immature monocyte-derived DC, when cultured with a
TLR2 ligand, phosphatidylserine from schistosome eggs,
released low level of IL-12 but gained the ability to induce
the development of IL-10 producing regulatory T cells (65).
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Figure 1. The functional diversity of TLRs on DC subsets determines distinct T cell

differentiation.

In addition to the lack of IL-12 production, secretion of
IL-10 may also be a feature of these regulatory T cell
polarising DCs. LPS from Bordetella pertussis acting
through TLR4 can stimulate DC maturation and production
of IL-10 that directly or indirectly promotes IL-10
—secreting type 1 regulatory T cells (57). Interaction
between TLR and TCR signalling to microbes might also
contribute to the balance of Th cells but the possibility has
not been explored.

Toll-like receptors directly act on T cell
function

TLRs can prime adaptive immunity through acting on
APCs. Can TLRs also directly engage with T cells and
what role might they play on T cells? This is fundamentally
important, but a technically difficult question to answer
because highly purified T cells are needed to avoid
contamination by APCs.

By using highly purified T cell subsets it has been
reported that human and mouse CD4" and CD8" T cells do
express detectable levels of TLR messages (66-68). T cells
also express MyD88, MD2 and CDI14 messages (68).
These molecules are important as associated receptors in
TLR2 and 4 signalling, suggesting TLR ligand may act
directly on T cells.

More recently, results from our laboratory demonstrated
that naive human CD4" and CD8" T cells do not express
detectable TLR2 and 4 proteins. Once activated through
the TCR high levels of cell-surface TLR2 and 4 can be
induced. The expression of TLR can be co-localised with
the presence of CD3 at the single cell level. Activated T

cells produced elevated levels of Th1 cytokines in response
to the TLR2 ligand, bacterial lipopeptide (Pam3Cys-SK4),
through a TLR2 dependent mechanism. In contrast, the
activated CD4" T cells failed to respond to LPS.
Furthermore, CD4'CD45RO" memory T cells from
peripheral blood constitutively expressed TLR2 and
produced significantly higher levels of IFN-y and IL-2 than
activated CD4'CD45RA" naive T cells in response to
TLR2 ligands. The memory T cells also had markedly
enhanced proliferation and IFN-y production compared to
naive cells in bystander culture conditions with IL-2 or
IL-15 and TLR2 ligand but without TCR activation,
suggesting that TLR2 might play a unique role in memory
T cell function. Thus, the results were the first to
demonstrate that TLR2 directly serves as a co-stimulatory
receptor for human antigen-specific T cell development
and might participate in the maintenance of T cell memory
(53). The direct role of TLRs on mouse CD4" T cells was
also confirmed by Gelman and colleagues (69). They have
shown that mouse naive CD4" T cells expressed TLR3 and
TLR9 messages that could be up-regulated by TCR ligation.
Treatment of activated CD4" T cells with the dsRNA
synthetic analogue poly I[:C and CpG DNA, ligands
respectively for TLR3 and TLR9Y, directly enhanced their
survival without augmenting proliferation. The enhanced T
cell survival was dependent on NF-kB activation and was
probably due to upregulation of the survive signal Bcl-xL
but not Bcl-2 or 3. These results suggest that the adjuvant
function of TLR3 and 9 is not only through the activation
of APCs but also directly by the augmented survival of T
cells. It is intriguing that TLR signalling which induced
apoptosis in macrophages, but promotes survival in T cells,
thus suggesting that TLR signalling may have a different
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role in T cells (70, 71). Controversially, the paper also
indicated that activated mouse CD4" T cells did not express
TLR2 and TLR4 messages and did not respond to TLR2
and 4 ligands for survival. The reason for the discrepancy
is unclear. It may be that different T cells and a different
assay system have been applied in the two papers. It will be
interesting to confirm whether TLRs perform differently in
human and murine T cells, and whether other TLRs are
also directly involved in T cell activation and function.
Nevertheless, both results suggest that T cells express
functional TLRs on their cell surface. TLR signalling can
directly modulate T cell function either as co-stimulatory
or survival signalling. These findings provide a novel role
for TLRs in T cell activation and functions. It may also
help to explain how activated/memory T cells are sustained
in an immune competent host.

Microbial signals from invading pathogens can be
recognised as mitogen or antigen by immature DC subsets
(Figure 1). The interaction of microbial products with
TLRs leads to DC maturation characterized by the
production of innate cytokines such as IL-12, TNF-a or
IL-10, upregulation of costimulatory molecules such as
CD40, CD80, CD86 and MHC class II, and the expression
of chemokine receptors. Differential expression and
ligation of TLRs on distinct DC subsets result in the
generation of DCs with different phenotypes of cytokine
production, costimulatory molecule expression and antigen
presentation capacity, and therefore the ability to polarise
different T cell subsets. These differentially matured DC
subsets migrate from non-lymphoid tissues to the nearest
draining lymph nodes where they meet and prime naive T
cells into antigen specific Thl, Th2 or Treg cells that can
then mediate immune activation or suppression. On the
other hand, effector cells express TLRs on the cell surface
that allows T cells to directly respond to microbial signals
for activation, survival or immune regulation. Therefore,
TLR signalling is required for the differentiation and clonal
expansion of CD4" T cell subsets.

Immature dendritic cells are located in the peripheral
tissues. Interaction of microbial products with TLR causes
the upregulation of the expression of costimulatory, major
histocompatibility complex (MHC) and the secreting innate
cytokine by DCs. Differential expression and ligation of
TLRs on DCs generate DC subsets with distinct capacity to
polarise different T cell subsets. The differently matured
DC subsets migrate to the draining lymph nodes where
they meet and present antigen signal to naive T cells
together with innate cytokine that results in the
differentiation of Th1, Th2 or Treg cells.

Perspectives

The discovery and functional identification of TLRs has
significantly increased our understanding in T cell
mediated immunity, especially in T cell differentiation and
functions. Data accumulating suggests that differential
expression and activation of TLRs on DC subsets play a
determining role in selective polarisation of T cell subsets.
However, the mechanism involved in the determinations,
especially in Th2 and Treg development, remains obscure.
A direct role of TLR on T cells has led to novel
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pathways that involves T cell activation and homeostasis.
However, the physiological functions that are mediated by
direct function of TLR on T cells in vivo remain to be
investigated.

Understanding of these new immunological pathways
will not only open new avenues for immunological
manipulation against infectious disease, may also lead to
the identification of new targets for the intervention in a
range of autoimmune diseases.

Acknowledgements

We like to thank Drs Pete Kewin and Manish Patel for
discussion and critical review of the manuscript and
Wellcome Trust and MRC for financial support.

References

1. Mosmann TR, Coffman RL. TH1 and TH2 cells: different
patterns of lymphokine secretion lead to different functional
properties. Annu Rev Immunol. 1989;7:145-173.

2. O'Garra A. Cytokines induce the development of functionally
heterogeneous T helper cell subsets. Immunity. 1998;8:275-
283.

3. O'Neill LA, Dinarello CA. The IL-1 receptor/toll-like receptor
superfamily: crucial receptors for inflammation and host
defense. Immunol Today. 2000;21:206-209.

4. Unutmaz D, Pileri P, Abrignani S. Antigen-independent
activation of naive and memory resting T cells by a cytokine
combination. J Exp Med. 1994;180:1159-1164.

5. Akira S. Mammalian Toll-like receptors. Curr Opin Immunol.
2003;15:5-11.

6. Anderson KV. Toll signaling pathways in the innate immune
response. Curr Opin Immunol. 2000;12:13-19.

7. Medzhitov, R. Toll-like receptors and innate immunity. Nat
Rev Immunol. 2001;1:135-145.

8. Kapsenberg ML. Dendritic-cell control of pathogen-driven
T-cell polarization. Nat Rev Immunol. 2003;3:984-993.

9. Burrell R. Human responses to bacterial endotoxin. Circ
Shock. 1994;43:137-153.

10. Maillard J, Bloom BR. Immunological adjuvants and the
mechanism of cell cooperation. J Exp Med. 1972;136:185-
190.

11. Akira S. Toll-like receptors: lessons from knockout mice.
Biochem Soc Trans. 2000;28:551-556.

12. O'Neill LA. Immunology. After the toll rush. Science. 2004;
303:1481-1482.

13. Medzhitov R, Preston-Hurlburt P, Janeway CA Jr. A human
homologue of the Drosophila Toll protein signals activation
of adaptive immunity. Nature. 1997;388:394-397.

14. Poltorak A, He X, Smirnova I, et al. Defective LPS signaling
in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene.
Science. 1998;282:2085-2088.

15. Beutler B. TIr4: central component of the sole mammalian
LPS sensor. Curr Opin Immunol. 2000;12:20-26.

16. Alexopoulou L, Thomas V, Schnare M, et al. Hyporespon-
siveness to vaccination with Borrelia burgdorferi OspA in
humans and in TLR1- and TLR2-deficient mice. Nat Med.
2002;8:878-884.

17. Ozinsky A, Underhill DM, Fontenot JD, et al. The repertoire
for pattern recognition of pathogens by the innate immune
system is defined by cooperation between toll-like receptors.
Proc Natl Acad Sci U S A. 2000;97:13766-13771.

18. Hayashi F, Smith KD, Ozinsky A, et al. The innate immune
response to bacterial flagellin is mediated by Toll-like
receptor 5. Nature. 2001;410:1099-1103.

Volume 1  Number4 August 2004



Cellular & Molecular Immunology

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Hemmi H, Takeuchi O, Kawai T, et al. A Toll-like receptor
recognizes bacterial DNA. Nature. 2000;408:740-745.

Krieg AM, Yi AK, Matson S, et al. CpG motifs in bacterial
DNA trigger direct B-cell activation. Nature. 1995;374:546-
549.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA.
Recognition of double-stranded RNA and activation of
NF-kB by Toll-like receptor 3. Nature. 2001;413:732-738.
Heil F, Hemmi H, Hochrein H, et al. Species-specific
recognition of single-stranded RNA via toll-like receptor 7
and 8. Science. 2004;303:1526-1529.

Sato S, Nomura F, Kawai T, et al. Synergy and cross-
tolerance between toll-like receptor (TLR) 2- and TLR4-
mediated signaling pathways. J Immunol. 2000;165:7096-
7101.

Schnare M, Barton GM, Holt AC, Takeda K, Akira S,
Medzhitov R. Toll-like receptors control activation of
adaptive immune responses. Nat Immunol. 2001;2: 947-950.
Cox, FE, Liew FY. T-cell subsets and cytokines in parasitic
infections. Immunol Today. 1992;13:445-448.

Muraille E, De Trez C, Brait M, De Baetselier P, Leo O,
Carlier Y. Genetically resistant mice lacking MyD88-adapter
protein display a high susceptibility to Leishmania major
infection associated with a polarized Th2 response. J
Immunol. 2003;170:4237-4241.

Jankovic D, Kullberg MC, Hieny S, Caspar P, Collazo CM,
Sher A. In the absence of IL-12, CD4(+) T cell responses to
intracellular pathogens fail to default to a Th2 pattern and are
host protective in an IL-10(-/-) setting. Immunity. 2002;16:
429-439.

Thoma-Uszynski S, Kiertscher SM, Ochoa MT, et al.
Activation of toll-like receptor 2 on human dendritic cells
triggers induction of IL-12, but not IL-10. J Immunol. 2000;
165:3804-3810.

Sieling PA, Chung W, Duong BT, Godowski PJ, Modlin RL.
Toll-like receptor 2 ligands as adjuvants for human Thl
responses. J Immunol. 2003;170:194-200.

Pulendran B, Kumar P, Cutler CW, Mohamadzadeh M, Van
Dyke T, Banchereau J. Lipopolysaccharides from distinct
pathogens induce different classes of immune responses in
vivo. J Immunol. 2001;167:5067-5076.

. Ichikawa HT, Williams LP, Segal BM. Activation of APCs

through CD40 or Toll-like receptor 9 overcomes tolerance and
precipitates autoimmune disease. J Immunol. 2002;169:2781-
2787.

Jain VV, Kitagaki K, Kline JN. CpG DNA and immuno-

therapy of allergic airway diseases. Clin Exp Allergy. 2003;33:

1330-1335.

Cella M, Salio M, Sakakibara Y, Langen H, Julkunen I,
Lanzavecchia A. Maturation, activation, and protection of
dendritic cells induced by double-stranded RNA. J Exp Med.
1999;189:821-829.

de Jong EC, Vieira PL, Kalinski P, et al. Microbial
compounds selectively induce Thl cell-promoting or Th2
cell-promoting dendritic cells in vitro with diverse Th cell-
polarizing signals. J Immunol. 2002;168:1704-1709.

Zhang D, Zhang G, Hayden MS, et al. A toll-like receptor that
prevents infection by uropathogenic bacteria. Science. 2004;
303:1522-1526.

Aronica MA, Mora AL, Mitchell DB, et al. Preferential role
for NF-kB/Rel signaling in the type 1 but not type 2 T cell-
dependent immune response in vivo. J Immunol. 1999;163:
5116-5124.

Weinmann AS, Mitchell DM, Sanjabi S, et al. Nucleosome
remodeling at the IL-12 p40 promoter is a TLR-dependent,
Rel-independent event. Nat Immunol. 2001;2:51-57.
Kobayashi K, Inohara N, Hernandez LD, et al. RICK/Rip2/
CARDIAK mediates signalling for receptors of the innate and

Volume 1

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

245

adaptive immune systems. Nature. 2002;416:194-199.
Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick
CA, Bottomly K. Lipopolysaccharide-enhanced, toll-like
receptor 4-dependent T helper cell type 2 responses to inhaled
antigen. J Exp Med. 2002;196:1645-1651.

Dabbagh K, Dahl ME, Stepick-Biek P, Lewis DB. Toll-like
receptor 4 is required for optimal development of Th2
immune responses: role of dendritic cells. J Immunol. 2002;
168:4524-4530.

Redecke V, Hacker H, Datta SK, et al. Cutting edge:
Activation of toll-like receptor 2 induces a Th2 immune
response and promotes experimental asthma. J Immunol.
2004;172:2739-2743.

Re F, Strominger JL. Toll-like receptor 2 (TLR2) and TLR4
differentially activate human dendritic cells. J Biol Chem.
2001;276:37692-37699.

Dillon S, Agrawal A, Van Dyke T, et al. A Toll-like receptor 2
ligand stimulates Th2 responses in vivo, via induction of
extracellular  signal-regulated kinase mitogen-activated
protein kinase and c-Fos in dendritic cells. J Immunol. 2004;
172:4733-4743.

Didierlaurent A, Ferrero I, Otten LA, et al. Flagellin Promotes
Myeloid Differentiation Factor 88-Dependent Development
of Th2-Type Response. J Immunol. 2004;172:6922-6930.
Kaisho T, Hoshino K, Iwabe T, Takeuchi O, Yasui T, Akira S.
Endotoxin can induce MyD88-deficient dendritic cells to
support T(h)2 cell differentiation. Int Immunol. 2002;14:695-
700.

Kehoe KE, Brown MA, Imani F. Double-stranded RNA
regulates IL-4 expression. J Immunol. 2001;167:2496-2501.
Brint EK, Fitzgerald KA, Smith P, et al. Characterization of
signaling pathways activated by the interleukin 1 (IL-1)
receptor homologue T1/ST2. A role for Jun N-terminal kinase
in IL-4 induction. J Biol Chem. 2002;277:49205-49211.
Sakaguchi S. Animal models of autoimmunity and their
relevance to human diseases. Curr Opin Immunol. 2000;12:
684-690.

Cobbold S, Waldmann H. Infectious tolerance. Curr Opin
Immunol. 1998;10:518-524.

Shevach EM, McHugh RS, Piccirillo CA, Thornton AM.
Control of T-cell activation by CD4'CD25" suppressor T cells.
Immunol Rev. 2001;182:58-67.

Xu D, Liu H, Komai-Koma M, et al. CD4'CD25" regulatory
T cells suppress differentiation and functions of Thl and Th2
cells, Leishmania major infection, and colitis in mice. J
Immunol. 2003;170:394-399.

Netea MG, Sutmuller R, Hermann C, et al. Toll-like receptor 2
suppresses immunity against Candida albicans through
induction of IL-10 and regulatory T cells. J Immunol. 2004;
172:3712-3718.

Komai-Koma M, Jones L, Ogg GS, Xu D, Liew FY. TLR2 is
expressed on activated T cells as a costimulatory receptor.
Proc Natl Acad Sci U S A. 2004;101:3029-3034.

Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury
M, Demengeot J. Regulatory T cells selectively express
toll-like receptors and are activated by lipopolysaccharide. J
Exp Med. 2003;197:403-411.

Tough DF, Sun S, Sprent J. T cell stimulation in vivo by
lipopolysaccharide (LPS). J Exp Med. 1997;185:2089-2094.
Castro A, Bemer V, Nobrega A, Coutinho A, Truffa-Bachi P.
Administration to mouse of endotoxin from gram-negative
bacteria leads to activation and apoptosis of T lymphocytes.
Eur J Immunol. 1998;28:488-495.

Higgins SC, Lavelle EC, McCann C, et al. Toll-like receptor
4-mediated innate IL-10 activates antigen-specific regulatory
T cells and confers resistance to Bordetella pertussis by
inhibiting inflammatory pathology. J Immunol. 2003;171:
3119-3127.

Pasare C, Medzhitov R. Toll pathway-dependent blockade of

Number 4 August 2004



246

59.

60.

61.

62.

63.

64.

CD4'CD25" T cell-mediated suppression by dendritic cells.
Science. 2003;299:1033-1036.

Yang Y, Huang CT, Huang X, Pardoll DM. Persistent Toll-like
receptor signals are required for reversal of regulatory T
cell-mediated CDS tolerance. Nat Immunol. 2004;5:508-515.
Liu YJ, Kanzler H, Soumelis V, Gilliet M. Dendritic cell
lineage, plasticity and cross-regulation. Nat Immunol. 2001;2:
585-589.

Kadowaki N, Ho S, Antonenko S, et al. Subsets of human
dendritic cell precursors express different toll-like receptors
and respond to different microbial antigens. J Exp Med.
2001;194:863-869.

Jarrossay D, Napolitani G, Colonna M, Sallusto F,
Lanzavecchia A. Specialization and complementarity in
microbial molecule recognition by human myeloid and
plasmacytoid dendritic cells. Eur J Immunol. 2001;31:
3388-3393.

Boonstra A, Asselin-Paturel C, Gilliet M, et al. Flexibility of
mouse classical and plasmacytoid-derived dendritic cells in
directing T helper type 1 and 2 cell development: dependency
on antigen dose and differential toll-like receptor ligation. J
Exp Med. 2003;197:101-109.

Agrawal S, Agrawal A, Doughty B, et al. Cutting edge:
different Toll-like receptor agonists instruct dendritic cells to
induce distinct Th responses via differential modulation of
extracellular signal-regulated kinase-mitogen-activated protein

Volume 1

65.

66.

67.

68.

69.

70.

71.

Role of TLRs in T Cell Mediated Immunity

kinase and c-Fos. J Immunol. 2003;171:4984-4989.

van der Kleij D, Latz E, Brouwers JF, et al. A novel host-
parasite lipid cross-talk. Schistosomal lyso-phosphatidylserine
activates toll-like receptor 2 and affects immune polarization.
J Biol Chem. 2002;277:48122-48129.

Muzio M, Bosisio D, Polentarutti N, et al. Differential
expression and regulation of toll-like receptors (TLR) in
human leukocytes: selective expression of TLR3 in dendritic
cells. J Immunol. 2000;164:5998-6004.

Matsuguchi T, Takagi K, Musikacharoen T, Yoshikai Y. Gene
expressions of lipopolysaccharide receptors, toll-like
receptors 2 and 4, are differently regulated in mouse T
lymphocytes. Blood. 2000;95:1378-1385.

Zarember KA, Godowski PJ. Tissue expression of human
Toll-like receptors and differential regulation of Toll-like
receptor mRNAs in leukocytes in response to microbes, their
products, and cytokines. J Immunol. 2002;168:554-561.
Gelman AE, Zhang J, Choi Y, Turka LA. Toll-like receptor
ligands directly promote activated CD4" T cell survival. J
Immunol. 2004;172:6065-6073.

Aliprantis AO, Yang RB, Mark MR, et al. Cell activation and
apoptosis by bacterial lipoproteins through toll-like receptor-2.
Science. 1999;285:736-739.

Aliprantis AO, Yang RB, Weiss DS, Godowski P, Zychlinsky
A. The apoptotic signaling pathway activated by Toll-like
receptor-2. Embo J. 2000;19:3325-3336.

Number 4 August 2004




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


