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Abstract

We have recently reported that the toll-like receptor 3 (TLR3) agonist poly(l:C) induces adjuvant
effects to post vaccination CD8+ T cells responses through rapid induction of innate mediators,
including NK cells, macrophages, dendritic cells (DCs), and inflammatory cytokines. However,
whether this TLR3 agonist directly targets CD8+ T cells needs to be carefully investigated. In this
study, we found that optimal post vaccination CD8+ T cell responses to ex vivo DC-based
vaccination requires triggering of TLR3 signaling pathway in DCs in vitro as well as in the
recipient host, indicating a role for other cell types. Real-time PCR analysis revealed that TLRs
(TLR1-TLR13) are expressed in purified (>99% pure) CD4+ and CD8+ T cells from C57BL/6
and BALB/c mice, where the magnitude of the expression was strain and cell type dependent. In
vitro, treatment of these purified T cells with poly(1:C) modulated the expression of TLRs
including TLR3. Furthermore, non-specific and antigen-specific stimulation of CD8+ T cells by
phorbol myristate acetate and MHC class | peptide-pulsed splenocytes, respectively, modulated
TLR expression in purified CD4+ and CD8+ T cells. Importantly, brief conditioning of purified
naive TCR transgenic OT-1 (CD8+) T cells in vitro with poly(l:C) induced activation of these
cells in absence of antigen stimulation. Interestingly, when these in vitro poly(l:C)-conditioned
OT-1 cells were adoptively transferred into naive recipient followed by peptide vaccination, they
showed superior expansion and activation to their naive counterparts. These results suggest that
CD8+ T cells can be activated by triggering their TLR3. Furthermore, the data support the notion
of direct involvement of TLRs in adaptive immune responses.
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1. Introduction

Bridging innate and adaptive immunity is critical to generate functional immune responses
[1-3]. The direct and immediate recognition of pathogens is primarily mediated by a set of
germline-encoded receptors known as pattern recognition receptors (PRRs), and represents a
potential means to link innate and adaptive immunity. PRRs, which include Toll-like
receptors (TLRs), are able to recognize pathogen-associated molecular patterns (PAMPS)
that are unique to pathogenic microorganisms and induce specific immune responses against
them [4]. In contrast to pathogenic microbes, however, cancer cells do not encode PAMPs.
Therefore, one potential approach to link innate and adaptive arms of immunity against
cancer would be by triggering TLRs expressed on innate immune cells. However, to design
efficacious approaches based on bridging innate and adaptive immunity, it would be helpful
to explore whether adaptive immune cells also express functional TLRs.

TLRs are members of a family of transmembrane proteins with an extracellular leucine-rich
domain and a conserved cytoplasmic domain homologous to that of the interleukin-1
receptor (IL-1R), termed the Toll/IL-1R homology (TIR) domain [5]. This structure allows
TLRs to recognize PAMPs and activate, via the TIR domain, a series of downstream
pathways that result in immune and inflammatory responses. After binding to their specific
ligands on innate immune cells, TLRs dimerize and undergo conformational changes which
are required for the recruitment of adaptor molecules to the TIR domain [6-11]. Once the
adaptors have been recruited, a complex of IL-1R-associated kinases (IRAks), TRAF6 and
IRF-5 is formed that results in the downstream phosphorylation of IxB which in turn frees
NF-kB. Unbound NF-«kB translocates into the nucleus where it directly regulates the
transcription of pro-inflammatory genes [12]. When triggered, TLR signaling induces pro-
inflammatory mediators, including cytokines and chemokines, and maturation of dendritic
cells (DCs) [13-18]. These mediators in combination with mature DCs, activate cytotoxic T
lymphocytes (CTLs) and natural killer (NK) cells, promoting adaptive immunity
[16,17,19,20]. In this context, we and others have reported that addition of certain TLRLS to
different immunization regimens leads to marked adjuvant effects to post vaccination CD8+
T cell responses, coinciding with anti-tumor and anti-viral immunity [20-27].

Traditionally, TLR expression has been associated with professional antigen presenting
cells. This leads to the concept that the adjuvant effects of TLR/TLRL signaling occurred
mainly in innate immune cells, in particular DCs and NK cells. However, this concept has
been challenged by recent studies reporting TLR expression in T cells and on non-lymphoid
cells such as fibroblasts and epithelial cells [28-33]. Furthermore, changes in the levels of
TLR expression in response to infection have been shown in human CD4+ and CD8+ T
cells [34], suggesting that TLR function is not limited to innate responses, but can play a
direct role in adaptive immunity as well. Therefore, a better understanding of the
functionality of TLRs on CD8+ T cells could allow a better design of anti-cancer
immunotherapy. In the present study, we asked whether T cells express TLRs. We found
that both CD4+ and CD8+ T cells express different arrays of TLRs. Interestingly, we found
that TLR3 is functional since its engagement by the TLR3L poly(l:C) led to significant
antigen-specific CD8+ T cell responses. Our results provide the rationale design of
efficacious immunotherapeutic approaches by targeting TLR expressed on both innate and
adaptive immune cells.

2. Materials and methods

2.1. Mice

B6.SJL, C57BL/6, and BALB/c wild type mice and OT-1 TCR transgenic mice on C57BL/b
background were purchased from Jackson Laboratory (Bar Harbor, ME). OT-1 mice (Ly5.2)
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were bred with B6.SJL (Ly5.1) mice to generate Ly5.1+/Ly5.1+ mice heterozygous for the
OT-1 TCR (Va2/V(5) transgene. Transgene expression was confirmed by flow cytometry
with mAb specific for Va2V 5. All animals were housed under specific pathogen-free
conditions in accordance with institutional and federal guidelines at the Medical University
of South Carolina.

2.2. Antibodies and reagents

Anti-CD16/CD32, and FITC-, PE-, APC-, and cychrome-conjugated mAbs, including anti-
CD4, anti-CDS8, anti-CD11b, anti-CD11c, anti-CD25, anti-CD69, anti-CD62L, anti-B220,
anti-Ly6G (Grl), anti-Ly5.1, and anti-NK1.1 were purchased from Pharmingen (San Diego,
CA). MHC class-1 OVA albumin SIINFEKL peptide (OVAp) (American Peptide Company,
Inc., Sunnyvale, CA) was dissolved in 10% DMSO (Sigma, St. Louis, MO) and diluted in
PBS. Phorbol myristate acetate (PMA) (Sigma) was dissolved in PBS at high concentration
and stored at —20 °C until used. Recombinant murine cytokines, including GM-CSF and
IL-4 (R&D), were stored as a lyophilized powder at —20 °C, and reconstituted immediately
prior to use in 0.1% bovine serum albumin in phosphate buffered solution (PBS). The
TLR3L poly(I:C) (InvivoGen, San Diego, CA) was reconstituted according to the
manufacture description.

2.3. Generation of DCs

Bone marrow (BM)-derived DCs were generated as we previously described [35]. Briefly,
bone marrow was flushed from the femurs and tibias of mice and then depleted of red blood
cells by lysis with ACK buffer (Biofluids, Camarillo, CA). Cells were suspended in
complete RPMI and then supplemented with murine GM-CSF (20 ng/ml) and murine IL-4
(20 ng/ml) and plated out in six-well plate at 1 x 108 cells/ml. On day four of culture,
complete RPMI medium containing the same amount of cytokines was added to increase the
total volume by 50%. On day seven, non-adherent and loosely adherent DC were harvested,
washed and, except in control conditions, pulsed with 5 pg/ml OVAp for 3 h, then washed
three times in complete RPMI medium. The maturity and phenotype of the enriched DCs
(CD11c+CD80+, CD86+) were confirmed by the flow cytometry.

2.4. Adoptive transfer of OT-1 T Cells and immunization

OT-1 transgenic cells that express TCR specific for an H-2DP-restricted CD8+ T cell
eiptope from OVAp were used. Spleen and lymph nodes from OT-1 TCR transgenic mice
were harvested, homogenized, and washed in HBSS (Cellgro). Pooled cells were then
passed over a CD8+ selection column from R&D Systems (Minneapolis, MN). Naive or in
vitro poly(l:C)-treated CD8+Ly5.1+ OT-1 T cells (1.5 x 10%/mouse) were adoptively
transferred into naive congenic C57BL/6 Ly5.2+ recipient mice and monitored by flow
cytometry with anti-Ly5.1 and anti-CD8+ mAb. After adoptive transfer, this CD8+ T-cell
population represents approximately 0.05-0.2% of cells in the lymphoid organs. Recipient
mice were rested for 24 h after OT-1 adoptive transfer and then vaccinated with 100 pg/
mouse OVAp. When mentioned, peptides were mixed with 200 pug/mouse poly(l:C). In
some experiments, recipient mice were vaccinated by i.v. injection of 1 x 108 OVAp-pulsed
DCs prepared as above.

2.5. Flow cytometry

Cell surface analysis and apoptosis were measured by flow cytometry as we described
before [36]. In brief, fresh leukocytes (1 x 10%) were treated with anti-CD16/CD32 for 5 min
on ice and then stained with the indicated conjugated mAbs, and incubated for 30 min on
ice. The cells were washed twice and re-suspended in 0.3 ml of 0.5% BSA, 0.02% sodium
azide solution. Cell apoptosis was measured by annexin-V binding assay. Cell surface
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immunofluorescence was measured using a FACSCalibur flow cytometer and was analyzed
with CellQuest software.

2.6. T cell proliferation and cytokine production

Spleens of vaccinated mice were harvested on day seven post vaccination, and fresh
splenocytes (responder) were prepared in complete RPMI 1640 medium and 5 x 10° cells
were co-cultured with 5 x 10° naive irradiated (2000 rad) splenocytes (stimulator) pulsed
previously with 5 ug/ml OVAp for 2 h at 37 °C. For T cell proliferation, cultured cells were
pulsed with 3H-thymidine for the last 18 h, and then cells were harvested to measure 3H
uptake by y-counter as we previously described [37]. For cytokine production, culture
supernatants were harvested after 24 h of cell culture and cytokine levels were determined
by flow cytometric bead array as we previously described [38].

2.7. Real-time RT-PCR

Total cellular RNA was isolated using TRIZOL reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Final RNA pellets were dissolved in RNA
secure buffer (Ambion, Austin, TX). To eliminate the genomic DNA contamination, total
RNA (5 pg) was digested with DNase (Promega, Madison, WI). Complementary DNA (20
ul) was made from total RNA using M-MLV reverse transcriptase (Promega, Madison, WI)
primered with oligo dT. Real-time RT-PCR was performed on a Gene Amp 5700 Sequence
Detection System (PE Biosystems, Foster City, CA). Real-time PCR analysis was performed
as we previously described [37]. The standard reaction volume was 10 ul and contained 1X
QuantiTect SYBR Green PCR Master Mix (Qiagen, Valencia, CA), 0.002U AmpErase
(Applied Biosystems, Foster City, CA), 0.35 ul cDNA template, and 200 nM of
oligonucleotide primer. Initial steps of RT-PCR were 2 min at 50 °C for AmpErase
activation, followed by a 15 min hold at 95 °C. Cycles (n = 40) consisted of a 15 s melting
at 95 °C, followed by a 1 min annealing/extension at 60 °C. The final step was a 60°C
incubation for 1 min. All reactions were performed in triplate. The primer-pairs for the gene
analysis are listed in the Table 1. The sequences of TLR1, TLR2, TLR3, TLR4, TLR5,
TLR6, TLR7, and TLR9 were designed as previously described in [29]. The sequences of
TLR8, TLR11, TLR12 and TLR13 were designed in our laboratory. For a given real-time
RT-PCR sample, the RNA expression level was calculated from cycle threshold (Ct) value
with the Rockit program. In our analysis, we normalized the results to a reference control
gene, Bo-microglobin, and reported as the expression level as mean normalized expression
(MNE).

2.8. Western blot analysis of TLR3

Cellular extracts were prepared as described, and protein samples were mixed in Laemmli
loading buffer, boiled for 5 min, and then subjected to 14% SDS-PAGE. After
electrophoresis, proteins were transferred onto PVDF membrane (Millipore, Billerica, MA).
The blots were incubated with goat anti-mouse TLR3 polyclonal antibody (Pharmingen)
overnight at 4 °C. Membranes were washed with 0.05% (v/v) Tween 20 in PBS (pH 7.6) and
incubated with a 1:3000 dilution of Horseradish peroxidase (HRP) linked with anti-goat 1gG
secondary antibody (Pharmingen) for 60 min at room temperature. Protein bands were
visualized by ECL substrate (Pierce).

2.9. Statistics

Statistical analyses were performed using the Student’s t-test as appropriate. All P values
were two sided, with P < 0.05 considered significant.
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3.1. Triggering TLR3 signaling in DCs is not sufficient to augment memory CD8+ T cell

responses

It has been recently reported by our group that concomitant administration of the TLR3
agonist poly(l:C) with OVAp immunization results in marked adjuvant effects to T cell
responses, where NK cells played partial but significant roles [36,38]. Other cells, in
particular DCs and T cells, also might play a critical role. Although the main aim of this
study is to test the contribution of T cells upon triggering TLR3 signaling, it was also tested
whether triggering this signaling pathway of this TLR3 in DCs is sufficient to augment
CD8+ T cell responses. To test the direct effects of poly(l:C) on DCs, it was confirmed that
BM-generated DCs expressed TLRs (TLR1-13) and that these TLRs are functional as
evidenced by their acquisition of the activation phenotype CD80+, CD86+, and CD40+
when stimulated with different TLR agonists (data not shown). Next, DCs were utilized to
determine the impact of poly(l:C) on their adjuvant effects to T cells. Thus, DCs were
generated from BM and then treated with or without 50 ug poly(l:C) to generate
Dcsham/invitro gng pepPoly/invitro respectively. Cells were then pulsed with OVAp and
injected into naive mice that were adoptively transferred one day before with naive OT-1 T
cells followed with or without poly(I:C) treatment. Under this setting, poly(l:C) was added
to DCs in vitro or injected in vivo upon vaccination with OVAp-pulsed sham-conditioned or
poly(l:C)-conditioned DCs. Analysis of the number of effector cells in the peripheral blood
revealed that vaccination with DCSham/invitro o pCpoly/in vitro jngyced similar OT-1 cell
expansion, which was slightly augmented when poly(l:C) was concomitantly administered
with either of these DC vaccination (Fig. 1A). Analysis of memory responses to OVAp
revaccination, however, showed that when poly(l:C) was co-administered along with
antigen priming with DCsham/invitro o pcpoly/invitro the expansion of memory OT-1 cells
was much higher than those obtained after vaccination with DCSham/in vitro o pcpoly/in vitro
alone. Importantly, conditioning with poly(l:C) both in vitro and in vivo significantly (P <
0.05) induced higher OT-1 cell expansion (Fig. 1B). The recall responses of the OT-1 cells
correlated with increased levels of IFN-y (Fig. 1C) and TNF-a (data not shown). Of note, the
levels of IFN-yare always much higher than TNF-a. These data indicate that triggering of
TLR signaling in DCs alone is not sufficient to augment memory T cell responses, and that
TLR signaling in cells other than DCs might be critical.

3.2. TLR expression in CD4+ and CD8+ T cells

To determine whether poly(l:C) acts directly on T cells, TLR expression in these cells was
analyzed. Because OT-1 cells are on C57BL/6 (H2b) background and because there might
be strain-dependent quantitative and qualitative differences in TLR expression, the
expression of TLR2, TLR3, TLR4, TLR5, TLR6, TLR7 and TLR9 was analyzed in purified
subsets of CD4+ or CD8+ T cells from C57BL/6 or BALB/c mice using real time RT-PCR.
Similar levels of expression of TLR4 and TLR6 were observed among CD4+ T cells from
C57BL/6 or BALB/c mice. CD4+ T cells from C57BL/6 mice expressed higher levels of
TLR2, TLR5 and TLR7 (Fig. 2A), while CD4+ cells from BALB/c mice expressed higher
levels of TLR3 and TLR9 (Fig. 2B). CD8+ T cells from C57BL/6 (Fig. 3A) mice expressed
considerably lower levels of TLR3, TLR4, TLR6, and TLR9 than CD8+ T cells from
BALBY/c (Fig. 3B). These differences in TLR expression might explain in part the
differences in susceptibility to certain pathogens between different strains of mice.

3.3. Poly(I:C) treatment alters the expression of TLRs

To better understand the physiological role of TLR expression in T cells, CD4+ or CD8+ T
cells were purified from spleen of C57BL/6 mice and treated with poly(l:C). The effect of
poly(I:C) on TLR expression was determined by real time RT-PCR (Fig. 3A). Treatment of
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CDA4+ cells with 10 pg/ml and 50 pg/ml of poly(1:C) resulted in a dose dependent decrease
in the expression of TLR1, TLR4, TLR6, and TLR7. TLR12 and TLR13 and to a lesser
extent TLR8 were upregulated after treatment with 50 pg/ml of poly(l:C). Although the
baseline expression levels of TLR3 were significantly lower than the other TLRs analyzed,
treatment with 10 ug/ml of poly(l:C) resulted in an almost a three fold increase in its
expression (Fig. 3A). Similarly, treatment of purified CD8+ T cells with the same doses of
poly(I:C) resulted in a dose dependent decrease in the expression levels of TLR1, TLR4, and
TLR6 (Fig. 3B). Of note, the base line expression of TLR5 in CD4+ and CD8+ T cells was
very low; treatment with poly(1:C) had no effect. Therefore, in both purified CD4+ and
CD8+ cells over expression of TLRs with poly(l:C) treatment was seen in TLR3, its cognate
receptor. This suggests that CD4+ and to a larger extent CD8+ T cells can directly respond
to poly(1:C) stimulation by up-regulating the expression of its receptor and by down-
regulating expression of other TLRs. Modulation of TLR2, TLR4 and TLR8 after poly(l:C)
treatment was also observed in vivo after systemic treatment of C57BL/6 mice with 200 ug/
mouse poly(l:C) (data not shown), analyzed by flow cytometry.

3.4. Polyclonal activation of CD4+ and CD8+ T cells alters their TLR expression

To determine whether TLR expression in T cells can be altered after polyclonal activation of
these cells, CD4+ or CD8+ T cells purified from spleen of C57BL/6 mice were treated with
either 10 nM or 100 nM PMA, which is a potent mitogen to T cells. PMA treatment resulted
in cell activation as noted by the substantial up-regulation of the activation marker CD69
(Fig. 4A). PMA-induced activation of CD4+ T cells resulted in the down-regulation of
TLR1, TLR2, TLR4, TLR6, TLR8, TLR11 and TLR13, while it induced dose dependent up-
regulation of TLR3 (Fig. 4B). Thus, treatment with 10 nM of PMA resulted in the up-
regulation of TLR2 and TLR12, however at the higher dose of 100 nM it decreased the
levels of TLR expression. Treatment of CD8+ T cells with 10 nM PMA resulted in up-
regulation of TLR8 and TLR13, whilst their treatment with 100 nM PMA resulted in down-
regulation in the expression of TLR8, TLR11 and TLR13 and substantial up-regulation in
the expression of TLR2, TLR4, TLR6, TLR7 and TLR9 (Fig. 4C). These data indicate that
the profile of TLR expression in T cells can be modulated during activation.

3.5. Antigen-specific stimulation of CD8+ T cells alters their expression of TLRs

To determine the direct impact of this TLR3L on T cell responses, experiments were
designed to determine whether poly(l:C) can augments T cell responses in vitro. To this end,
OT-1 cells harvested from spleen of naive C57BL/6 mice were stimulated with OVAp-
pulsed syngenic splenocytes for three days in the presence or absence of 50 pg/ml of
poly(l:C) and then the activation and proliferation of OT-1 cells were determined by flow
cytometry. Under this setting both T cells and non-T cells were exposed to poly(l:C). It was
found that stimulation with OVAp alone induced about 50% down-regulation of CD62L
expression (Fig. 1, left panel) associated with very low proliferation (Fig. 5B). Addition of
poly(l:C) sustained CD62L expression on OT-1 cells (Fig. 1A, right panel) and significantly
augmented their proliferation (Fig. 6B). The production levels of IFN-y by OT-1 cells in
response to OVAp alone was minimal, while addition of poly(l:C) enhanced both the
production of this cytokine (Fig. 5C).

To further determine whether induction of Ag-specific T cell proliferation can alter their
TLR expression profile, purified naive OT-1 cells were activated in vitro with OVAp-pulsed
splenocytes for 1 day in the presence or absence of poly(l:C). Then, CD8+ T cells were
sorted by flow cytometry and their expression levels of TLRs was determined compared to
untreated OT-1 cells. Activation in response to antigen priming was demonstrated by a
decrease in the expression of CD62L (Fig. 5A). Addition of 50 pg/ml poly(1:C) induced up-
regulation of TLR3, TLR8, TLR11, TLR12 and TLR13 (Fig. 5E), suggesting that Ag-
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specific stimulation of T cells modulate their expression of TLR, in particular in the
presence of a TLR agonist such as poly(l:C).

3.6. CD8+ T cells respond directly to the TLR3L poly(l:C)

To directly corroborate the direct effect of poly(l:C) on CD8+ T cells, naive OT-1 cells
highly purified from spleen of naive OT-1 (C57BL/6) mice were generated by automated
cell sorting. Other cells, such as NK (NK1.1+) cells, DCs (CD11c+), B (B220+) cells, and
macrophages (CD11b+), known to respond to poly(l:C) were excluded as evidenced by flow
cytometry analyses of the sorted fraction (Fig. 6A). Of note, these purified CD8+ T cells
expressed TLR3 at the protein level; un-fractionated spleen cells were used as positive
control for the expression of TLR3 in CD8+ T cells (Fig. 6B). Treatment of the highly
purified CD8+ fraction with 50 pug/ml of poly(l:C) in vitro for overnight (16 h) resulted in
their activation as evidenced by the increased expression of CD69 and CD25 (Fig. 6C).
Interestingly, when these poly(l:C)-conditioned OT-1 cells were adoptively transferred into
naive recipient followed by OV Ap vaccination, they showed a marked increase in their
expansion compared with fresh or untreated cultured OT-1 cells (Fig. 6D). A correlation
between the cell expansion and activation was also observed, expression of CD62L was
inversely correlated with frequency of donor OT-1 cells (Fig. 6E), suggesting that pre-
treatment of naive CD8+ T cells with poly(l:C) results in their activation which in turns
results in their increased expansion and activation after in vivo priming.

4. Discussion

In the present study, the expression of TLRs among purified CD4+ and CD8+ T cells was
demonstrated. Importantly, evidence for a physiological function of TLR on T cells is
shown. Treatment of purified CD4+ or CD8+ T cells with poly(l:C) results in changes in the
expression of certain TLRs. Additionally, activation with the T cell mitogen PMA also
modulated the expression of TLRs. Furthermore, addition of poly(l:C) at the time of antigen
priming of CD8+ T cells in vitro increased expression of its cognate receptor TLR3 in these
cells. Importantly, treatment of purified naive OT-1 cells with poly(l:C) induced activation
of these cells, and drove them to mount higher expansion in vivo upon their adoptive
transfer followed by vaccination. These results demonstrate a direct effect of poly(I1:C) on
CD8+ T cells and support the notion of direct involvement of TLRs in adaptive immune
responses.

Given that addition of certain TLR agonists to different vaccine regimens results in
enhanced T cell responses, a better understanding of the functionality of TLRs on CD8+ T
cells would improve the rationale application of TLR-based immunotherapy. Until recently,
most investigations on TLR have focused on cells of the innate immune system and on the
role of TLRs in the initiation of antigen-specific responses following recognition of
microbial products by antigen presenting cells. We have recently reported that poly(l:C) is a
potent adjuvant for CD8+ T cell responses through stimulation of innate immune responses,
including the rapid release of inflammatory cytokines and chemokines in serum, as well as
the rapid activation of NK cells, macrophages, and DCs [36,38]. The present study further
extends the potent adjuvant effects of poly(1:C) to the Ag-specific responses of T cells both
in vitro and in vivo. It was found herein, however, that conditioning of DCs in vitro with
poly(I:C) is not sufficient to optimize the OT-1 T cell responses in vivo unless the recipient
host was conditioned again with poly(l:C) (Fig. 1). Therefore, it could be hypothesized that
other cellular components such as NK cells or T cells in the host microenvironment are
involved in the adjuvant effects mediated by triggering TLR3 signaling pathway. In our
previous studies we explored the roles mediated by NK cells and the cytokines induced by
these cells in mediating the adjuvant effects of poly(l:C) [38]. Therefore, our studies were
focused herein to explore whether T cells also respond directly to poly(l:C). We found
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clearly that both CD4+ and CD8+ T cells express different TLRs. Expression of TLR1,
TLR2, TLR6, TLR7 and TLR9 mRNA in murine, feline, and human T cells have also been
reported [24,34,39,40]. Some studies performed on CD4+ cells in BALB/c mice [24],
however, showed no expression of TLR2 in these cells. In contrast, our data showed that
expression of TLR2 on CD4+ cells is the highest compared to the expression of other TLRs.
This discrepancy in TLR2 expression could be attributed to a possible strain-dependent
quantitative and qualitative differences in TLR expression, or because we used real-time
RT-PCR analysis which is more accurate and quantitative than the conventional RT-PCR.
This led us to compare the expression of TLRs in purified subsets of CD4+ or CD8+ T cells
from C57BL/6 or BALB/c mice. Our detailed analysis showed that splenic CD4+ T cells
purified from BALB/c and C57BL/6 mice express different levels of TLRs with the
magnitude of TLR2 > TLR4 > TLR6 > TLR7 > TLR5 > TLR3 > TLR9 for CD4+ in
C57BL/6 mice, and TLR4 > TLR6 > TLR2 > TLR9 > TLR7 > TLR3 > TLR5 for CD4+ in
BALB/c mice. Of note, the TLR expression was comparable in CD4+ T cells of BALB/c
and C57BL except for TLR2 which was two-fold higher in C57BL/6 mice (Fig. 2). In the
case of CD8+ T cells, their TLR expression showed TLR2 > TLR6 > TLR7 > TLR4 >
TLR3 > TLR9 > TLR5 in C57BL/6 mice and TLR6 > TLR4 > TLR9 > TLR2 > TLR7 >
TLR3 > TLR5 in BALB/c mice. Of note, expression of TLR4, TLR6, and TLR9 was higher
in BALB/c mice than in C57BL/6 mice. Overall, the magnitude of TLR expression in CD8+
T cells was higher than in CD4+ T cells. Together, these data suggest a marked difference in
TLR expression is dependent on both the animal strain and the cell type. Alteration of TLR
expression in T cells after their activation has also been reported in preclinical and clinical
studies under different activation settings. For instance, anti-CD3 activated CD4+ T cells
showed increases in TLR3, TLR5, and TLR9 and decreases in TLR2 and TLR4 expression
levels [24]. TLR expression showed significant increase in memory (CD44+) CD4 and CD8
T cells after 14 days of burn injury [41]. Virally-infected T cell lines [40], as well as CD8+
T cells and B cells [42] from virally-infected individuals also showed altered TLR
expression levels. Thus, altogether, these data suggest that modulation of TLR expression in
cells of adaptive immunity upon their activation might be a possible mechanism to regulate
the ongoing T cell-mediated immunity.

In addition to the difference in TLR expression based on the H2 background or T cell type,
our data also showed that antigen-dependent activation of T cells induced alteration in the
expression profile of TLR with a tendency to increase the expression levels of TLR3. When
OT-1 cells were conditioned with OVAp and poly(l:C) in vitro, the cells showed higher
activation phenotype (CD62LM3M), higher proliferation, and higher capability of producing
large amount of IFN-y (Fig. 5A-C). These in vitro adjuvant effects of poly(l:C) on OT-1
cells could be attributed to its direct effects on CD8+ T cells, since these cells showed
appreciated levels of TLR expression (Fig. 5D and E), hypothesizing that CD8+ T cells
respond directly to the TLR3L poly(l:C). By testing this hypothesis directly, it was found
that triggering TLR3 signaling pathway in CD8+ T cells instructed these cells to express
better Ag-specific functionality upon their adoptive transfer in vivo (Fig. 6). Similar to our
results, the TLR1/2L Pam3 was reported to co-stimulate Ag-activated T cells in vitro, which
was associated with increases in the cell proliferation, survival and functions [43], and that
ligation of TLR3 in effector CD8+ T cells, but neither naive nor central memory cells, in
vitro increased their IFN-ysecretion [44]. Furthermore, activation of naive CD4+ T cells led
to increases in the expression levels of TLR3, TLR5, and TLR9 and decreases in the
expression of TLR2 and TLR4, explaining why treatment of these activated CD4+ T cells
only with the TLR3L poly(l:C) and the TLRIL CpG, but not with the TLR2L peptidoglycan
or the TLR4L LPS, directly enhanced their survival in vitro and in vivo [24]. Of note, this
study showed that this TLR3 and TLR9-induced CD4+ T cell activation required NF-aB
activation and was associated with Bcl-x_ up-regulation. Recent studies have also shown
direct effect of CpG on CD4+ T cells [24,45] through a MyD88 and PI3K-dependent
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mechanism [46]. The direct effects of TLRLs on T cells discussed above would explain
some of their potent adjuvant effects and also explain why T cells stimulated by antigenic
peptide in vivo divide well, but fail to accumulate efficiently unless TLR agonists are
present [47]. Taken with our results, it can be suggested that TLRLS can directly target
cellular components of adaptive immunity including CD4+ and CD8+ T cells.

Expression of functional TLRs on T cells has been found to be extended to regulatory cells
since recent observations also suggest that TLRLs have the capacity to directly regulate T
cell responses and modulate the suppressive activity of CD4+CD25+ regulatory T (Treg)
cells. For instance, it has been found that Tyeq cells express TLRS at levels comparable to
those on monocytes and DCs [48], and that the TLRIL CpG synergizes with anti-CD3 to
induce partial abrogation in the suppressive activity of Tyeq cells [48]. By contrast,
costimulation of Tyeq cells with the TLR5L flagellin potently increased their suppressive
capacity and enhanced expression of FOXP3, the surrogate marker for Tyeq cells [49,50], by
inducing the regulatory molecule SOCS-1 (suppressor of cytokine signalling-1) [51]. These
data indicate that the quality of the T cell response depends on what type of TLR is
triggered. Therefore, the nature of TLR/TLRL signaling pathway should be carefully
considered during application of TLR-based stimulation of innate or adaptive immunity.
Large-scale analysis of immune cell TLR expression in the mouse revealed that cells of the
innate immune system express a broader number of TLR than cells of the adaptive immune
system [29]. It remains, however, to perform quantitative analysis at the level of each TLR
expression by cells of innate and adaptive immunity, since the former might express much
higher message of TLR than the latter. These studies might explore whether the quantity of
TLR expression impacts on the quality of the cell responses to TLRLSs.

The current concept on the mechanisms underlying the adjuvant effects of TLRLs is the
direct targeting and stimulation of innate immune cells. Our data presented in this study
support the concept that TLRLSs can also directly target the adaptive immune cells.
Considering this concept during TLRL-based treatments would improve the application of
these adjuvants to active vaccination. Furthermore, this direct responsiveness of T
lymphocytes to TLRLs offers new perspectives for the immunotherapeutic manipulation of
T cell responses in the adoptive immunotherapy setting. Ultimately, TLRLs can condition T
cells during their stimulation with cognate Ag in vitro and can also condition the host
microenvironment upon adoptive transfer of in vitro TLRL-conditioned T cells. Such dual
conditioning system would lead to robust T cell responses.
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Fig. 1.

Triggering TLR3 signaling in DCs is not sufficient to augment memory CD8+ T cell
responses: (A) DCs were generated from bone marrow mononuclear cells of C57BL/6 mice
and pulsed with 1 ug/ml OVAp for 3 h at 37 °C. Then, cells were co-cultured with naive
OT-1 cells at different ratio to establish their capability to present OVAp to OT-1 cells
reflected by the degree of OT-1 cell proliferation. (B) Freshly prepared DCs were treated
with medium or 50/ml ug poly(l:C) to generate DCSham/in vitro gnq pcpoly/in vitro,
respectively. These cells were then washed and pulsed with 1 pg/ml for 3 h at 37 °C and
injected (1 x 106) into naive C57BL/6 (Ly5.2) female mice (n = 4/group) adoptively
transferred 24 h before with naive 1 x 106 OT-1 T cells from B6 SJL (Ly5.1) mice. Half of
the DC-vaccinated mice were i.p. injected immediately with 200 ug/mouse. Mice were bled
at the indicated time points and the numbers of the Ag-specific OT-1 cells were measured by
flow cytometry. (C) Mice were re-vaccinated with 100 ug/mouse OVAp two weeks post
DC-vaccination, and the numbers of memory OT-1 cells were measured in peripheral blood
samples at the indicated time points. (D) 25 days post secondary vaccination, spleens were
harvested. Spleen cell suspensions were stimulated with 1 ug/ml OVAp overnight and the
levels of IFN-y produced by OT-1 cells were determined in supernatants by flow cytometric
beads array. *P < 0.05 as compared to control counterparts.
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Fig. 2.

Strain differences in the expression of TLRs on murine CD4+ T cells. CD4+ T cells were
sorted from spleen of naive from C57BL/6 (A) or BALB/c (B) mice. cDNA was prepared
from these cells and TLR expression was determined by real Time RT-PCR. TLR
expression is shown as mean normalized expression (MNE) relative to the expression of -
actin.
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Poly(l:C) treatment of T cells alters their expression of TLRs. Purified CD4+ (A) or CD8+
(B) T cells from C57BL/6 mice were treated with either 10 pg/ml or 50 pug/ml of poly(I:C)

and the expression of TLRs was determined by real Time RT-PCR. TLR expression is
shown as mean normalized expression (MNE) relative to the expression of p-actin.
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Polyclonal activation of CD4+ and CD8+ T cells modulate their TLR expression. Purified

CD4+ or CD8+ T cells were activated with either 10 nM or 100 nM of PMA. T cell

activation was confirmed by CD69 expression (A). After activation, TLR expression was

determined by real Time RT-PCR (B). TLR expression is shown as mean normalized

expression (MNE) relative to the expression of B-actin.
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Fig. 5.

Antigen-specific activation of CD8+ T cells alters their expression of TLRs. Un-fractionated
spleen cell suspension (1 x 10° cells/ml) from C57BL/6 mice. OT-1 mice were primed with
1 pg/ml OVAp for 18 h in the presence or absence of 50 pg/ml of the TLR3L poly(I:C).
Cells were harvested and stained with mAbs against Va2, CD8, and CD62L. (A) Ag-
specific OT-1 cells (Va2+CD8+) were assayed for CD62L expression. (B) Shows
assessment of the Ag-specific T cell proliferation. OT-1 cells were cultured and stimulated
with 1 pg/ml OVAp for three days in the presence or absence of 50 ug/ml of the TLR3L
poly(I:C), and the level of their proliferation was then assessed by thymidine uptake. (C)
Supernatants were harvested from the cells cultured in (B), and the levels of IFN-y
production were measured. (D) CD8+ T cells were sorted from the culture in (A) and TLR
expression was determined in the sorted cells by real Time RT-PCR (B). TLR expression is
shown as mean normalized expression (MNE) relative to the expression of B-actin.
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In vitro treatment of purified CD8+ T cells with poly(l:C) results in increases in their
activation and expansion upon their adoptive transfer. (A) Naive CD8+ T cells from OT-1
from C57BL/6 mice were purified by cell sorting. Cell purity was confirmed by flow
cytometry analyses of specific markers for other cell subsets before and after purification.
(B) Protein expression of TLR3 was measured by Western blot analysis in both un-
fractionated splenocytes and purified CD8+ T cells from naive OT-1 mice. (C) Treatment of
highly purified CD8+ T cells with 50 pug/ml poly(l:C) for 16 h resulted in their activation as
evidenced by the increase in expression of CD69 and CD25, for flow cytometry analysis, the
same number of events of CD8+ cells from all culture conditions were collected. (D) Fresh,
untreated or poly(l:C) treated naive highly purified OT-1 cells (from Ly5.1 donor) were
adoptively transferred to naive wild type host (Ly5.2). Mice were vaccinated with OVAp 24
h after transfer. Peripheral blood was collected three days after vaccination and the fraction
of Ly5.1+ was determined by flow cytometry. CD8+ activation of the donor population was
determined by assaying the expression of CD62L on the Ly5.1+Va2+ fraction. *P < 0.05 as
compared to their control counterparts.
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Primers used in the quantitation of mouse TLR gene expression.

Table 1

Genbank no.  Primer sequence (5'-3')
NM_009735 B2M F 5-TGTCTCACTGACCGGCCTGTAT-3'
B2M R 5-GTTCAGTATGTTCGGCTTCCCA-3'
NM_030682  TIrlF 5-TTCCGTGATGCACAGCTCCTT-3'
TIrlIR 5-TCTGCTCGCCTGAGTTCTTCA-3
NM_011905 TIr2F 5'-CCAAGAGGAAGCCCAAGAAAG-3'
TIr2R 5-AGGCATCATAGCAAACGTCCC-3'
NM_126166  TIr3F 5-CTTGCGTTGCGAAGTGAAGAA-3'
TIr3R 5-CCAATTGTCTGGAAACACCCC-3'
NM_021297  TIr4 F 5-AGCAGGTGGAATTGTATCGCC-3'
TIr4R 5-CCCATTCCAGGTAGGTGTTTCT-3'
NM_016928  TI5R 5-ATATCCACCGAAGACTGCGATG-3’
TI'5R 5-AGTGACCGTGCACAGGATGAA-3'
NM_011604  TIr6 F 5-GAATGTGACCCTCCAGCACAT-3’
TIr6 R 5-AGTTTAACCGAGCACTTCCAGG-3'
NM_133211  TIr7F 5'-CTGGAGTTCAGAGGCAACCATT-3'
TIF7 R 5-GTTATCACCGGCTCTCCATAGAA-3’
NM_133212  TIr8F 5-GCCTCAGAGCCTCCAAGAGTTA-3'
TIr8R 5'-CCAGCAAGTGAAGGTGAGGAA-3'
NM_031178  TIr9F 5-AGCTGAACATGAACGGCATCT-3'
TIOR 5-TGAGCGTGTACTTGTTGAGCG-3'
NM_205819  TIrll1 F 5-CTTGCATTTCCTCTCCCTTGTG-3'
TIr11R 5-AGGTCAAGTGCACGAAGCTCA-3’
NM_205823  TIr12 F 5'-CCAAATACGGATGAGCCCAGA-3’
TIr12 F 5'-AGGAACAATACTGCCGGAGCA-3'
NM_205820  TIr13F 5-TTGTCACCTGCTCGGAAACCTA-3'
TIr13 F 5-GCTGCTTAATGCCCTCTGCAT-3'
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