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oll was originally found in Drosophila as a pattern
recognition receptor associated with defence against
fungal and bacterial infections.1 2 Subsequently, toll
was found in mammals and named toll-like receptor (TLR).
At least 10 distinct TLRs have now been identified in
humans.3–9 TLRs are activated by pathogen associated
molecular patterns (PAMPs) with target selectivity. PAMPs
are integral structural components of pathogens that are thus
thought to be essential for survival of infectious organisms
and considered to be conserved among a range of pathogens
including viruses, bacteria, and fungi.
TLRs act as primary sensors of microbial products and
activate signalling pathways that lead to the induction of
immune and inflammatory genes.10 They belong to a broader
family of proteins, which includes receptors for the proinflammatory cytokines interleukin (IL)-1, IL-18 and the
orphan receptor T1/ST2.11 All members of this superfamily
signal inflammation in a very similar manner. This is due to
the presence of a conserved protein sequence in the cytosolic
domain called the Toll/IL-1 receptor domain, which activates
common signalling pathways, most notably those leading to
the activation of the transcription factor NF-kB and stress
activated protein kinases.11
Most investigations of TLRs have focused on cells of the
innate immune system. This is because TLRs are closely
associated with the innate response. However, although
innate immunity may constitute the primary function of
TLRs, there is no a priori reason why TLRs may not have a
direct role in adaptive immunity. We investigated the
expression and functions of TLRs on T cells and found that
TLR2 is expressed on the surface of activated and memory T
cells. Furthermore, it functions as a costimulator receptor
molecule for T cell activation and helps to maintain T cell
memory. These data suggest a novel role for TLR2 and may
explain how memory T cells are sustained in an immunocompetent host. The finding should have important implications for our understanding of the host response to
infections.

EXPRESSION OF TLR2 AND TLR4 ON ACTIVATED
HUMAN CD4+ T CELLS
To demonstrate the expression of TLRs on CD4+ T cells, we
collected cord blood (containing mostly naive T cells) and
purified CD4+ T cells by negative selection followed by
positive selection on a cell sorter (.99.9% pure). The cells
were cultured with medium alone, or immobilised anti-CD3
antibody, and the expression of TLR2 and TLR4 was
determined by quantitative polymerase chain reaction
(PCR) and flow cytometry. Naive CD4+ T cells expressed
significant levels of mRNA and intracellular proteins of TLR2,
TLR4, and MD2 but not CD14. This was not affected by antiCD3+IFNa activation. In contrast, only activated T cells
expressed appreciable levels of cell surface TLR2 or TLR4.
Kinetic studies showed that cell surface TLR expression
peaked between 12 and 72 hours following activation and
was still at a substantial level by 96 hours. The cell surface
expression of TLR2 and TLR4 on CD4+ T cells was also
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visualised by immunofluorescence microscopy which clearly
showed TLRs expressed in a polarised manner on CD3+ and
CD4+ T cells. Similar results were obtained with cord blood
CD8+ T cells. Since the T cell preparation was .99.9% pure
and most (but not all) of the cells stained positive for TLR2 or
TLR4, it is unlikely that the staining was due to antigen
presenting cells (APCs), such as macrophages and dendritic
cells. The polarised staining pattern is intriguing. It is
tempting to speculate that TLRs tend to aggregate forming
a lipid raft for effective function in a manner similar to T cell
receptors (TCRs). We added interferon a (IFNa) to our
culture medium as it enhanced the expression of the TLRs.
The mechanism for this synergistic effect of TCR engagement
and IFNa stimulation for TLR expression is currently under
investigation. We elected to use plate-bound anti-CD3 antibody to activate the T cells in our culture system instead of
the more conventional soluble anti-CD3 plus irradiated APCs
to avoid the potential contribution of the APCs which carry
TLRs and thus potentially indirectly affect the activation of
T cells via cytokines.

BPL BUT NOT LPS ACTS AS A COSTIMULATORY
MOLECULE FOR T CELL ACTIVATION
TLRs have been associated principally with the T helper
(Th) 1 cell response.12 To determine the functional significance of TLR expression on T cell differentiation, purified
naive CD4+ T cells were cultured with anti-CD3 antibody and
IFNa in the presence or absence of BLP (bacterial lipoprotein;
Pam3Cys-SK4) or LPS (lipopolysaccharide), ligands for TLR2
and TLR4, respectively.8 9 Proliferation of activated T cells was
not affected by LPS, but it was modestly enhanced by BLP.
However, BLP markedly enhanced the production of IFNc,
IL-2, and tumour necrosis factor a (TNFa) by activated CD4+
T cells. In contrast, LPS had little or no effect on cytokine
production by the T cells. We therefore focused on the
function of TLR2.

BLP ACTS DIRECTLY ON T CELLS AND NOT VIA APC
To further exclude the possibility that the observed effect of
BLP on T cell activity may be due to an indirect effect of
contaminating APCs, we performed similar experiments with
T cells from TLR2 knockout (ko) mice. Purified (.95%) CD4+
T cells from TLR2–/– or wild-type mice were cultured in vitro
with plate-bound anti-CD3 antibody and CD3+ T cells
depleted wild-type APCs for three days. CD4+ T cells were
then harvested, purified, and cultured with immobilised antiCD3 for a further three days in the presence or absence of
BLP. In such situations, T cells from both TLR2–/– and wildtype mice should contain similar levels of contaminating
wild-type APCs. While T cells from wild-type mice showed
enhanced proliferation and IFNc production in response to
BLP, T cells from the TLR2–/– mice failed to respond to BLP.
Abbreviations: APC, antigen presenting cell; BLP, bacterial lipoprotein;
IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; PAMP, pathogen
associated molecular pattern; Th, T helper; TCR, T cell receptor; TLR, tolllike receptor
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proliferation; (d) in contrast with wild-type T cells, anti-CD3
activated T cells from TLR2–/– mice did not respond to BLP
even in the presence of up to 10% wild-type APC.
Several features reported here are noteworthy.

TLR2 IS CONSTITUTIVELY EXPRESSED ON MEMORY
T CELLS

N

We then investigated the relative expression and function of
TLR2 on memory and naive CD4+ T cells. CD4+ T cells were
purified from peripheral blood of healthy donors and
separated into CD45RA+ (naive) and CD45RO+ (memory)
subsets. We analysed expression of cell surface TLR2 by flow
cytometry. As expected, naive CD45RA+ cells did not express
appreciable amounts of TLR2 in the absence of activation. In
contrast, CD45RO+ memory T cells expressed significant
levels of TLR2 ex vivo. The high level of TLR2 expression on
CD45RO+ cells could not be further enhanced by stimulation
with anti-CD3, or anti-CD3+BLP. In contrast, TLR2 expression by the naive CD45RA+ cells was significantly increased
by stimulation with anti-CD3 and this was further enhanced
by the presence of BLP. The expression of TLR2 paralleled the
activation status of the cells as evident by their coexpression
of human leucocyte antigen-DR (HLA-DR) antigen, an
activation marker.

BLP ENHANCES IFNc PRODUCTION AND
PROLIFERATION OF MEMORY T CELLS
We then investigated the functional role of TLR2 expression
in activated naive CD4+CD45RA+ T cells and memory
CD4+CD45RO+ T cells in response to BLP in vitro. The cells
were cultured with plate-bound anti-CD3 antibody ¡ BLP
and cellular proliferation and cytokine production determined. Naive and memory CD4+ T cells did not show any
detectable response when cultured with BLP alone. Both cell
types underwent increased proliferation when cultured with
anti-CD3 antibody which was not affected by BLP. Naive
CD4+ T cells cultured with anti-CD3 produced low levels of
IFNc which was modestly enhanced by BLP. In contrast,
memory CD4+CD45RO+ cells activated with anti-CD3 produced significant amounts of IFNc which was markedly
enhanced by BLP. IL-4 production was not detected. We
further compared the role of BLP on naive and memory CD4+
T cells under a bystander activation condition with IL-2 and
IL-15, two cytokines closely associated with memory cell
expansion.13–17 Naive CD4+CD45RA+ cells did not proliferate
appreciably or show substantial levels of cytokines when
cultured with IL-2 or IL-15 and this was not affected by BLP.
In contrast, CD4+CD45RO+ memory T cells both proliferated
significantly and showed significant increase in IFNc levels
when cultured with IL-2 or IL-15, and these functions were
markedly enhanced by the presence of BLP. Neither IL-4 nor
IL-10 were detected in the cultures.

DISCUSSION
TLR messages have been reported to be present in T cells.18–24
We have now directly demonstrated the expression and
function of TLRs on the surface of antigen specific T cells. The
following lines of evidence support the functional expression
of TLR2 on T cells: (a) the T cell population tested had
no detectable CD14 message; (b) most of a 99.9% pure
population of CD4+CD3+ cells stained positive for TLR2; (c)
BLP alone did not induce detectable levels of cytokines or
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Surface expression (and hence function) of TLR2 was
evident only after TCR activation and this was enhanced
by the presence of the TLR2 ligand, BLP. Although the
mechanism that induces TLR migration from the cytoplasm to the cell surface is currently unknown, the effect
of BLP in this process may represent an important selfamplification loop for TLR functions.
Although activated CD4+ T cells expressed similar levels of
TLR4 and TLR2, the cells did not respond to LPS, a
recognised ligand for TLR4.25 This finding is consistent
with a large number of reports in the literature.26–28 LPS
has recently been reported to activate CD4+CD25+ T cells
in mice24 but this remains to be confirmed. In the
CD4+CD25+ T cell system, the potential involvement of
cell types other than T cells could not be excluded. Using
highly purified T cells, we were not able to activate murine
CD4+CD25+ T cells to respond consistently to LPS. The
reason for the failure of human T cells to respond to LPS,
in contrast with cells of the monocytic lineage, is currently
unclear but may be due to the lack of coreceptors (such as
CD14) on these T cells essential for activation induced by
LPS.
Induction of TLR expression on T cells is dependent on
TCR activation. Once induced, TLR2 signalling further
enhances T cell function. This novel TCR–TLR interaction
pathway suggests that TLR2 may be essential for optimal
antigen specific T cell response.
TLR expression depends on cell activation and is enhanced
by the presence of IFNa, another innate cytokine. This
demonstrates the role of TLR2 in networking with other
innate mediators to enhance the adaptive immune
response.

The present studies establish TLR2 as a costimulatory
receptor for pathogen derived ligand, as opposed to conventional T cell costimulation ligands expressed on autologous
cells. TLR2 may play an important role in adaptive immunity
by directly enhancing antigen specific Th 1 cell function, in
addition to an indirect role through the activation of APCs.9 12
Our results therefore demonstrate the existence of a T cell
activation pathway via TLR2 which recognises the largest
spectrum of PAMPs and stress proteins among the TLRs.9 23 29
The constitutive and sustained expression of TLR2 on
memory T cells may represent an important host mechanism
for mounting an immediate strong response on encountering
a reinfecting pathogen. Since BLP is highly conserved among
bacterial strains, the results reported here may help to
explain the often observed ‘‘flare up’’ of T cell mediated
autoimmunity during microbial infection. Another important
feature of the expression of TLR2 on memory T cells could be
the contribution to the expansion and maintenance of
memory T cells in the absence of specific antigen but in the
presence of memory sustaining cytokines, including IL-2 and
IL-15 produced by adaptive as well as innate immune cells.
This mechanism could contribute to the perpetuation of long
term memory by infectious agents with shared TLR2 ligand
but is otherwise unrelated to the antigen specificity of the
memory T cells. It should also be noted that in our studies
BLP alone did not activate naive or memory T cells. It did so
only in the presence of TCR activation or as a bystander effect
of cytokines such as IL-2 or IL-15. This dual-signalling
mechanism should avoid excessive T cell proliferation by BLP
alone. In a recent report B cell receptor triggering led to
upregulation of TLR9 that was constitutively expressed in
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We then cultured purified CD4+ T cells from TLR2–/– or wildtype mice with immobilised anti-CD3 and deliberately added
wild-type APCs in the presence or absence of BLP. While T
cells from wild-type mice proliferated and showed increased
IFNc production in the presence of BLP, T cells from TLR2–/–
failed to do so even in the presence of up to 10% deliberately
added CD3 depleted APCs from wild-type mice. It should be
noted that, unlike human T cells, murine T cells proliferated
significantly in response to BLP. Furthermore, IFNa did not
influence the activation of murine T cells by anti-CD3
antibody.
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memory B cells.30 Furthermore, human memory B cells
proliferated and differentiated into plasma cells in response
to CpG DNA.31 The findings reported here suggest that there
may be a parallel between T and B cells in that TLR signalling
helps to maintain long term memory of these cells.
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