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Abstract
Background: Anti-cancer adoptive T cell therapy has shown signi�cant anti-tumor responses in cancer
patients. This therapy is based on in vitro activation of autologous T cells harvested from a cancer
patient and infusing them back through blood. The e�cacy of adoptively transferred T cells depends on
the in vitro conditioning regimen in particular the type of used cytokines.

Aim: This study aimed to use toll like receptors (TLRs) ligands (TLRLs) to condition T cells in vitro as a
novel approach instead of cytokines.

Methods: Spleen cells were harvested from TCR transgenic C57BL/6 pmel-1 mice, in which CD8+ T cells
are engineered to recognize melanoma MHC class-I peptides.Unfractionated splenocytes were cultured
for 24 hours in vitro with media or melaoma peptide plus or minus IL-12 (10ng/ml), poly(I:C) (TLR3L;
25ug/ml) or CpG (TLR9L; 10ug/ml). Then, activation, proliferation and cytokine production of the
cultured cells were assessed. In another set of experiments, the cultured cells were harvested and infused
into syngeneic B6 mice followed by vaccination to evaluate their antigen-speci�c expansion and
contraction.

Results: Conditioning of donor splenocytes in vitro with the TLR3L or TLR9L during antigen stimulation
increased the antigen speci�c activation, proliferation, and cytokine production. Interestingly, in vitro
treatment of the unfractionated splenocytes with TLR9L enhanced the activation and proliferation of B
cells regardless antigen stimulation. Adoptive transfer of TLRL-conditioned peptide stimulated CD8+ T
cells into naïve mice showed better survival and higher expansion in response to concomitant
vaccination with peptide. Interestingly, in vitro conditioning of CD8+ T cells with TLR9L and in vivo
conditioning with TLR3L resulted in the best antigen speci�c expansion of these cells upon their adoptive
transfer into recipient mice.

Conclusion: These results show that provision of CD8+ T cells in vitro and in vivo with certain TLR
agonists can markedly enhance their antigen speci�c responses upon their adoptive transfer, opening a
potential application of this approach in anti-cancer adoptive immunotherapy.

Introduction
Adoptive cell therapy (ACT) has recently emerged as one of the most successful immunotherapies. It
encompasses a wide range of cell types, including stem cells, T cells are genetically modi�ed to express a
chimeric antigen receptor (CAR) 1, dendritic cells, and natural killer cells 2. These cells from patients'
blood can be modi�ed using genetic engineering and modern cell culture techniques to train them to be
more effective against certain tumour cells. However, with certain cancer cells types, only select subsets
of cells have showed encouraging regression 3.

ACT of autologous tumor-in�ltrating lymphocytes (TILs) has been used in humans for over 30 years to
treat metastatic melanoma, and continued modi�cations are making it increasingly more effective
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against other types of cancer 4. TIL-based ACT is a distinctive cell therapy, in which tumor-derived
immune cells are expanded in a multi-step process and infused back into the individual 5. In this setting,
T cells are harvested from the tumor-bearing host, stimulated in vitro with the cognate antigen in the
presence of IL-2 and then infused back to the same host with the main goal to home to tumor site and
attack tumor cells.

Indeed, e�cacy of ATC has been found to result in e�cacious anti-tumor immunity against several
cancers 6,7. However, ATC still needs to �nd a way to improve its ability to produce better functional and
persistence of adoptively transferred T cells. Conditioning of tumor reactive T cells in vitro with IL-2, IL-12,
and IL-15 has been found to enhance the persistence and function of T cells post transfer Additionally,
we have reported in a series of our studies that conditioning of T cells with IL-12 during antigen-
stimulation in vitro greatly increases the number, survival, and anti-tumor responses of CD8+ T cell after
their adoptive transfer into recipient mice 8–12. These effects of IL-12 were not mediated by the increased
proliferation of the T cells in vitro but rather rescued their programmed cell death 12. Therefore, exploring
novel approaches that can more effectively enhance survival, activation and proliferation of T cells both
in vitro and in vivo is of a paramount signi�cance to the application of adoptive T cell therapy in the
clinical settings.

Toll-like receptors (TLRs) are expressed in innate cells as well as in adaptive (T and B) immune cells 13.
TLRs belong to the family of innate immune receptors, which play an important role in the activation of
innate immunity, regulation of cytokine expression, indirect activation of the adaptive immune system,
and the recognition of pathogen-associated molecular patterns (PAMPs) 14, 15. These receptors can be
triggered upon binding to their speci�c agonists, mainly microbial products, resulting in stimulation of
immune cells and production of not only one cytokine by a plethora of cytokines 16. For instance, TLRLs,
in particular TLR3 and TLR9Ls, have shown potent adjuvant effects to improve standard vaccination
protocols in preclinical 17, 18 and clinical settings 19.

In this context, we have reported that the TLR3L poly(I:C) is a potent adjuvant for CD8+ T cell responses,
through increasing T cell number, function, cytokine production, and anti-tumor response 7, 20, 21. These
adjuvant effects were associated with increases in the by increasing the numbers of dendritic cells in
mice 20, 22 and in pancreatic cancer patients as well as increases in the numbers of NK cells in mice 23. In
addition, in vivo administration of poly(I:C) at the peak of dendritic cell (DC) expansion
aftercyclophosphamide treatment induces in�ammatory cytokine production and increases in the
number of activated DCs in lymph nodes22. It showed also that poly(I:C) target CD8+ T cells directly and
activate them in vitro, where adoptive transfer of these cells resulted in appreciated antigen-speci�c CD8+

T cell response and greater expansion in vivo 20, 22.

Given these in vitro and in vivo adjuvant effects of TLRLs to T cells with the fact that TLRLs act on
different populations to induce more than one cytokine, we hypothesized that triggering of TLR signaling
in T cells themselves or in the accessory innate immune cells during antigen stimulation of T cells in vitro
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pose an interesting alternative to cytokine conditioning of T cells. Under this setting, upon adoptive
transfer of in vitro TLRL-conditioned T cells the same or different TLRLs can be administered to stimulate
the adoptively transferred T cells as well as the host immune cells to enhance the overall immune
responses. We tested this hypothesis in this study and we found that in vitro conditioning of bulk immune
cells from spleen with TLRLs can enhance CD8+ T cell expansion in vivo after adoptive transfer.

Materials And Methods
Mice

Pmel-1 TCR Tg (C57BL/6; Ly5.2) mice were bred with wild type Ly5.1 mice to generate Ly5.1 mice
heterozygous for the pmel-1 TCR Vα1/Vβ13 transgene. The transgene expression was con�rmed by PCR
analysis. In pmel-1 Tg mice, CD8+T cells expressing the Vα1/Vβ13 TCR speci�cally recognize the H-2Db

restricted human gp10025–33 epitope (KVPRNQDWL: gp10025–33). This peptide represents an altered
form of the murine gp10025–33 (EGSRNQDWL) with improved binding to the MHC class-I. All animals
were housed under speci�c pathogen-free conditions with institutional and federal guidelines. The
research study was approved by the Ethical Committee, Faculty of Science, Tanta University, Egypt, before
the commencement of the study. All methods were carried out in accordance with relevant guidelines and
regulations.

Cell lines, antibodies and reagents

Anti-CD16/CD32, �uorescein isothiocyanate, phycoerythrin, allophycocyanin, and cytochrome-conjugated
mAbs, including anti-Ly5.1, anti-CD4, anti-CD8, anti-NK1.1, anti-CD62L, anti-CD11c, anti-CD25, anti-CD40,
anti-MHC-I, anti-B220, anti-CD80, anti-CD69, and anti-CD86 were purchased from Pharmingen (San Diego,
CA). Human gp10025–33 EGSRNQDWLL melanoma peptide (American Peptide Company) was dissolved
in 10% DMSO (Sigma) and diluted in phosphate buffer saline (PBS). The TLR3L, poly(I:C) and TLR9L,
CpG ODN 1826 were purchased from InvivoGen. Poly(I:C), CpG, IL-12, and hgp100 were stored at -80°C,
and reconstituted in PBS before use.

Measurement of cytokines in vitro

Splenocytes from pmel-1 mice were prepared in complete RPMI 1640 medium, and 5x106 spleen cells
were cultured and pulsed with hgp100 peptide (5 mg/mL) with either IL-12 (10ng/mL), poly(I:C)
(25ug/mL), or CpG ODN 1826 (5ug/mL). Supernatants were collected 24 hours later and the levels of IFN-
γ and TNF-α were measured by cytokine bead array (Pharmingen).

Culture of CFSE-labeled cells

Spleen cells from Pmel-1 mice were harvested, homogenized, and washed in Hank's balanced salt
solution (HBSS). Pooled cells were labeled with 0.5uM CFSE and cultured in 6-well plate at 1x106 cells/ml
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for 72 hours in culture media alone (1mL), hgp100 (1ug/mL), poly(I:C) (50ng/mL), imiquimod (10ng/mL),
or CpG ODN 1826 (5ng/mL). Cells were analyzed for phenotypic analysis by �ow cytometry.

Flow cytometry

Fresh single-cell suspensions were prepared and 1x106 cells were incubated with anti-CD16/CD32 for 5
minutes on ice to block non-speci�c binding. Cells were then stained with the indicated conjugated mAb
for phenotypic analysis, and incubated for 30 minutes on ice. The cells were then harvested, washed
twice, and resuspended in 0.3mL of 0.5% bovine serum albumin, 0.02% sodium azide solution. Cells were
analyzed by �ow cytometry using the Cell Quest software package (Becton Dickinson, San Jose, CA).

Lymphodepletion, adoptive cell transfer and vaccination

Spleen from Pmel-1 TCR transgenic mice were harvested, homogenized, and washed in HBSS (Cellgro,
Herndon, VA). Pooled cells were cultured for 72 hours in culture media with peptide (1ug/mL hgp100)
plus or minus poly(I:C) (50ng/mL), CpG ODN 1826 (5ng/mL), or IL-12 (10ng/mL) for 3 days at 370C and
5% CO2. Pmel-1 cells were also cultured for 3 days in the presence of the same doses of poly(I:C), CpG, or

IL-12 but in absence of peptide stimulation. In vitro Pmel-1 splenocytes (1 x 106/300µL) conditioned as
above were adoptively transferred into Ly5.2 B6 recipient mice via tail vein injection. Twenty four hours
before adoptive cell transfer, these recipient mice were treated via intraperitoneal (i.p.) injection with with
4ug/mouse CTX. In some experiments, mice were also treated with 100µg hgp10025-33 in 100mL PBS by
subcutaneous (s.c.) injection with or without concomitant intrapeitoneal (i.p.) administration of 200 mg
poly (I:C) in 300 mL PBS 1 day 7days after adoptive transfer. Pmel-1 CD8+ T cells were monitored at the
indicated time points post cell transfer by �ow cytometry after staining cells with anti-Ly5.1 and anti-CD8
mAb.

Statistics

Statistical analyses were performed using the Student's t-test. Log-rank nonparametric analysis using
GraphPad Prism (GraphPad Software, Inc.) was used to graph and analyze the survival data. All P values
were two sided, with p<0.05 considered signi�cant.

Results
TLR3L and TLR9L enhance proliferation and cytokine production of T cells during antigen stimulation in
vitro

Given our recent studies in which we reported the bene�cial effects of IL-12 to enhance CD8+ T cell
responses in vitro 24, we wanted �rst to test if conditioning unfractionated Pmel-1 splenocytes with
TLRLs can induce greater cell expansion and cytokine production in vitro as compared to IL-12. To this
end, un-fractionated Pmel-1 splenocytes were cultured with either IL-12, the TLR3L poly(I:C), or the TLR9L
CpG in the presence of peptide stimulation for 72 hrs. we found that both Poly(I:C) and CpG enhanced the
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proliferation of Pmel-1 cells (Fig. 1A) as well as their function measured by IFN-γ (Fig. 1B), TNF-α (Fig.
1C), and IL-2 (Fig. 1D). Of note, the cells conditioned with CpG elicited higher effects than those of
poly(I:C) and IL-12. This supports the role of TLRLs in general and TLR9 in particular in augmenting
cytokine production. Together, these data indicate that conditioning T cells with TLRLs during antigen
presentation can result in comparable if not better production of in�ammatory cytokines as compared to
IL-12.

Treatment of splenocytes in vitro with TLR3 or TLR9 agonists induced proliferation of non-CD8+  cells
with a CD62Llow phenotype

Because we used unfractionated splenocytes in Figure 1 above, we next determined whether the fraction
of non-Pmel-1 T cells (i.e. antigen non-speci�c CD8+ cells) that exists in the culture contributed to the
enhanced overall proliferation shown in Figure 1. To this end, unfractionated splenocytes from Pmel-1
mice were labeled with CFSE and cultured in media alone, poly(I:C), or CpG in the presence or absence of
antigen.Then, the cell proliferation was measured after 72 hrs by �ow cytometry after gating on CD8+ T
cells and non-CD8+ T cells (i.e. other cells in the culture such as CD4+ T cells, B cells, macrophages and
dendritic cells). Under this setting, most of the CD8+ T cells are reactive to peptide.

We found that in absence of peptide stimulation, TLR3L and TLR9L induced proliferation of only non-
CD8+ T cells (Fig. 2A, upper panel). As expected, antigen stimulation alone resulted in greater proliferation
of Pmel-1 CD8+ T-cells (antigen-reactive) than co-stimulation with either TLRL (Fig. 1A, lower panel).
However, concomitant stimulation with peptide and each of TLRL increased the proliferation of both non-
CD8+ and CD8+ T cell levels (Fig. 1A, lower panel). Down regulation of the homing molecule CD62L on
immune cells indicates to their activation. Indeed, treatment with either of TLRL alone induced a
CD62Llow phenotype on non-CD8+ T-cells, with CpG inducing a vastly larger population than poly(I:C) (Fig.
2B upper panel), indicating that non-CD8+ T cells also expressed the activation phenotype. These cells
were still increased in number in the presence of peptide stimulation (Fig. 2B, lower panel), suggesting
that conditioning cells with TLRLs can induce activation and proliferation of non-CD8+ T cells even in the
absence of antigen-stimulation.

TLR3L and TLR9L induced activation and proliferation of B cells

Noting the effects of TLR3L and TLR9L on non-CD8 cells above, we sought to identify the non-CD8+ T
cell population responsible for this marked proliferation. To this end, we cultured CFSE-labelled Pmel-1
cells as above with poly(I:C) or CpG. Cells were then harvested and stained for speci�c immune cells,
including dendritic cells (CD11c+), CD4+ T cells, NK cells (NK1.1), and B cells. Interestingly, both TLR3L
and TLR9L induced expansion of B cells in absence of antigen stimulation (Fig. 3A). Notably, the TLR9L
CpG induced higher proliferation (> 90%) of B cells as compared to poly(I:C) as well as the TLR7L
imiquimode, which we usd here as another control for TLR9L.
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Given this unique higher effect of CpG, we repaeated the same experiments but with only CpG in the
presence or absence of antigen stimulation. Interestingly, CpG also induced B cell proliferation (Fig. 3B
lower panel) but with less effects than in the absence of antien stimulation (Fig. 3B, upper panel),
demonstrating that triggering of TLR9 signaling pathway during antigen-speci�c activation of CD8+ T
cells can yield concomitant expansion of B ((B220+) cells and CD8+ T cells in vitro. Accordingly, these
data indicate that the TLR-induced enhancement in cell proliferation in Fig. 1A is mediated in part by the
increased non-speci�c proliferation of B cells.

CpG-induced proliferation of B cells associates with their activation

We tested whether the TLR9L-induced proliferation of B220+ cells paralleled the reported up-regulation of
co-stimulatory molecules. To this end, we cultured unfractionated splenocytes from pmel-1 mice in vitro
with or without peptide stimulation and treated these cells with media alone or with CpG for 24 hours. We
found that both in the presence (Fig. 4A) and in the absence (Fig. 4B) of peptide stimulation, B220+ cells
showed expression of CD25, CD69, CD40, CD80, and CD86. CD80 and MHC-I were only marginally
affected (data not shown). Treatment of pmel-1 cells with with CpGin the presence of antigen stimulation
increased the percentage of B cells (B220+) expressing CD25, CD69 and CD40 as compared to with no
CpG (Fig. 4A, upper panel). Interestingly, treatment of pmel-1 cells with CpG in the absence of antigen
stimulation also increased the pmel-1 cells expressing these CD25, CD69 and CD40 molecules as well as
CD86 as compared to cells treated with media alone (Fig. 4B, lower panel). Of note, the effects of CpG on
the activation of B cells was higher in the abence of antigen stimulation as compared with the presence
of antigen.

Triggering of TLR3 and TLR9 in naïve CD8+  T cells in vitro enhanced their homeostatic expansion
expansion in vivo.

The data shown above conclude that conditioning of pmel-1 CD8+ T cells with TLRLs, namely CpG,
elicited cytokine production comparable to IL-12 as well as superior expansion and activation of a mature
population of B cells with up-regulation of co-stimulatory molecules. Given these data, we hypothesized
that upon injection of cells conditioned with TLRLs during antigen stimulation in vitro, these cells could
affect the number of antigen-speci�c CD8+ T cells post adoptive transfer. To address this hypothesis, we
conditioned unfractionated splenocytes from Pmel-1 mice with IL-12, TLR3L, or TLR9L in the presence of
peptide and then adoptively transferred cells into naïve mice on day 0. The percentage of transgenic
pmel-1 CD8+ T cells was analyzed in the peripheral blood on day 5 after adoptive transfer to measure the
homeostatic-driven proliferation of transgenic CD8+ T cells. Overall, we found that the percentage of
these cells was low (<1%) in the blood of all groups (Fig. 5A). However the cells that were conditioned in
vitro with CpG showed relatively higher numbers (0.6%) as compared to cells conditioned with PPS
(<0.1%), IL-12 (<0.3%) and TLR3L (<0.1%) (Fig. 5A).

Triggering TLR3 and TLR9 in CD8+  T cells during antigen presentation in vitro enhanced antigen-speci�c
CD8+ T cell expansion in vivo.
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In addition, our group established poly(I:C) as a potent adjuvant in vaccination regimens (Salem, 2005;
Salem, 2006; Salem, 2009; Salem, 2007; Salem et al., 2020). We then conducted the same experiment
except this time administering vaccination with or without poly(I:C) on day 7 after adoptive cell transfer
and analyzed the cell numbers in the peripheral blood on day 12. Adoptive transfer of T cells was
preceded 24 hour with preconditioning of the host with CTX. Vaccination with peptide alone enhanced the
expansion of CD8+ cells by about 10-fold (Fig. 5B). The expansion of the cells was further increased by
about 10-fold when the adjuvant poly(I:C) was mixed with the peptide during vaccination (Fig. 5C).
Comparable to the in vitro experiments (Fig. 1A), conditioning with CpG elicited superior expansion
compared to poly(I:C) and IL-12 (Fig. 5C). These data indicate that the enhanced proliferation and
activation of B cells during conditioning un-fractionated pmel-1 cells in vitro with TLR9L may explain the
enhanced survival and antigen-speci�c expansion of the pmel-1 cells in vivo. Furthermore, these data
indicate that condition of CD8+ T cells in vitro with CpG enhances their homeostatic-driven expansion in
vivo.

Brief conditioning of CD8+  T cells in vitro with TLR9L enhances the responses of these cells to
vaccination and TLR3L in vivo

The data described above showed that conditioning of unfractionated cells with TLR9L during peptide
presentation in vitro can enhance CD8+ T cell expansion in vivo after vaccination with peptide and
poly(I:C). To understand whether this bene�cial effect of TLR9L to CD8+ T cells depends on the antigen
presentation microenvironment in vitro, we conditioned unfractionated Pmel-1 splenocytes with TLR3L or
TLR9L for 72 hours and then adoptively transferred them on day 0 into recipient mice pretreated 24 hours
before with CTX. Mice transferred with TLR3L-conditioned or TLR9L-conditioned T cells were then
vaccinated with peptide mixed with either the TLR3L poly(I:C) or the TLR9L CpG. Under this setting, TLR-
conditioned cells were challenged in vivo with the same TLRLs used in vitro or with a different TLRL. The
mice were then re-challenged after 30 days, the time point when all cells are contracted and become
resting memory cells. As shown in Figure 6, the cells conditioned either in the presence of TLRL showed
similar expansion to vaccination in vivo regardless whether the vaccination was mixed with relevant or
irrelevant TLRL. Of note, the CpG-conditioned cells showed the highest expansion when measured on day
5 post adoptive transfer and peptide vaccination. When the cells were contracted by day 30 and then
challenged with peptide mixed with relevant or irrelevant TLRL, the in vitro TLR9-conditioned T cells
showed the highest expansion in vivo but only when TLR3L was added to the vaccination. These data are
consistent with those in Figure 5, showing high expansion of cells that was conditioned in vitro with
TLR9L and in vivo with peptide + poly(I:C). Of note, when the expansion levels of the adoptively
transferred T cells in Figures 5 and 6 are compared, it appears that cells conditioned in vitro with TLR9L
in absence of peptide stimulation expand in vivo with a higher rate than those conditioned in vitro in the
presence of antigen presentation. Taken the results in Figures 5 and 6 together, it can be suggested that
just brief conditioning of T cells in vitro with TLR9L alone can enhance the responses of these cells to
vaccination and poly(I:C) in vivo upon adoptive transfer.
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Discussion
Although recent studies, including ours, have been dedicated to evaluate and dissect the adjuvant effects
of different TLRLs in vitro, no studies addressed the possible use of TLRLs to condition T cells in vitro to
enhance its application in adoptive T cell therapy. This study demonstrated that conditioning of naïve or
antigen-stimulated CD8+ T cells with the TLR3L poly(I:C) and the TLR9L CpG induced activation and
proliferation of cells expressing B220+, the typical marker for B lymphocytes. These effects did not
prevent antigen-stimulated CD8+ T cells from responding to antigen and the resultant proliferation.
Interestingly, our data show for the �rst time that TLR conditioning of CD8+ T cells in vitro in bulk
population of immune cells (i.e. un-fractionated population containing all immune cells including B cells)
resulted in enhancement of the antigen-speci�c expansion of CD8+ T cells upon their adoptive transfer
into a recipient host followed by peptide vaccination and concomitant administration of a TLRL as an
adjuvant. The antigen-driven expansion of the adoptively transferred TLRL-conditioned CD8+ T cells was
greatly enhanced without in vitro antigen stimulation and when the TLRLs used in vitro and in vivo are
different. These data allow us to suggest that provision of heterologous TLRLs during antigen priming
and boosting of CD8+ T cells can markedly enhance the antigen speci�c responses than the use of
homologous TLRLs. These data have a potential application in anti-cancer adoptive immunotherapy. The
success of anti-tumor immunity depends on the generation of effector T cells that can differentiate into
functional long-lived memory cells 25, 26

Adoptive cell therapy (ACT) has slowly been expanded to other cancer types using new approaches such
as genetically engineered T-cells and other methods of antigen targeting. It now appears that immune
targeting of mutated “neoantigens” plays a major role in successful ACT, as well as in other
immunotherapies such as checkpoint inhibitors27. This modality consists of in vitro stimulation of T cells
from the patient own peripheral blood or tumor with a speci�c tumor antigen and cytokines and then
infusing these cells back to the patient blood in combination with stimulatory cytokines such as IL-2. In
adoptive T cell therapy, T cells are often stimulated with antigen in vitro in the presence of certain
cytokines known to enhance the growth and survival of T cells during antigen stimulation in which Tcells
can recognize unaltered tissue-differentiation antigens on tumors28. Conlon et al., 2019 and Dwyer et al.,
2019 reported that IL-2, IL-7, IL-12, IL-15, and IL-21 are among the candidate cytokines that improve the
survival and proliferation of T cells in vitro.

Indeed, this study has been focusing on improving the e�cacy of adoptive T cell therapy approach by
enhancing the functions of T cells before the adoptive transfer by treating T cells with IL-12 (Redeker and
Arens, 2016) or by transducing them with a T cell receptor of high tumor-reactivity (Ping et al., 2018).
Among the immunostimulatory cytokines that potentiate immune responses against cancer, such as IFN-
α, the IL-2 family, IL-12, granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-10 to
enhance the responses of the adoptively transferred T cells to peptide-based vaccination [29].
Furthermore, we have used the TLR3L poly(I:C) as an adjuvant in vivo to induce rapid induction of
in�ammatory cytokines and the activation of NK cells and dendritic cells [30]. We have extended our
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studies and showed here that subsequent conditioning of bulk immune cells in vitro with TLR3 or TLR9L
regardless concomitant activation with cognate antigen can greatly enhance the antigen-driven
expansion of CD8+ T cells upon their adoptive transfer in a recipient host.

Although both the TLR3L poly(I:C) and the TLR9L CpG enhanced the proliferation and activation of B
cells among the other immune cells in vitro, our studies clearly showed that the nature of TLR
conditioning in vitro and in vivo is critical for the optimal CD8+ T cell expansion [31, 32]. Speci�cally, our
data showed that conditioning of un-fractionated immune cells in vitro with CpG followed by conditioning
with poly(I:C) upon adoptive transfer and vaccination induced higher expansion of CD8+ T cells than
conditioning with CpG both in vitro and in vivo or poly(I:C) in vitro and in vivo or poly(I:C) in vitro and CpG
in vivo[20]. These studies open new avenue for the use of TLRLs not only as adjuvants to T cells in vivo,
but also as a conditioning factor in vitro during adoptive T cell transfer. This hypothesis is supported by
the results of a recent study showing that adoptive co-transfer of the TLRL2 BLP-pretreated but not
untreated cytotoxic T-lymphocytes (CTL) and regulatory T-cells ( Treg) from wild-type but not from TLR2
knockout mice was su�cient to restore antitumor immunity in SCID mice[33]. Further, another study
showed that co-adoptive transfer of activated transgenic OT-1 CD8+ T cells in vitro with peptide-pulsed B
cells previously conditioned with or without CpG induced upregulation of co-stimulatory molecules on B
cells, proliferation of CD8+ antigen-speci�c T cells in vivo, and signi�cant protection against tumor
growth [34] [35].

Although we have not investigated in the present study the mechanisms behind this bene�cial effects of
conditioning with heterologous TLRLs as compared to those of homologous TLRLs, it could be
suggested that conditioning with the TLR9L CpG induces upregulation of the TLR3 in T cells and as a
consequences increases the responses of the TLR3L poly(I:C) on the T cells during antigen encounter in
vivo. Indeed, our studies demonstrated high level of TLR3 expression in T cells stimulated with TLR3L
poly(I:C), the T cell mitogen concavalin A or the cognate antigen, indicating that mono- or polyclonal
stimulation of T cells can upregulate their expression level of TLR3. On the other hand, the bene�cial
effects of conditioning with TLRLs, in particular CpG, to the expansion of T cells in vivo could be
explained at least in part by the enhanced proliferation and activation of B cells by CpG in vitro. These
effects would instruct B cells to acquire better antigen presenting function in vivo upon adoptive transfer
and allow them to cross prime antigen peptide to Pmel-1 cells and thus contribute to the enhanced
expansion of the co-transferred CD8+ T cells. Indeed, class-B CpG ODNs, like 1826, primarily target B cells
causing them to differentiate into plasma cells.

TLR9 activation has been seen to dramatically increase hybridoma generation of puri�ed B cells from 1-
2% to 30-100%, supporting the high proliferative effect on B cells seen in our work [36]. The pursuing
events include stimulation of antigen-speci�c B cells [37], inhibition of B cell apoptosis [38], enhancement
of IgG class switch DNA recombination [39], and DC maturation and differentiation, resulting in increased
activation of Th1 cells and strong CTL generation even in the absence of CD4+T cell help [40]. CpG has
also been found to upregulate the expression of CD40, CD80, CD86, and CD54 co-stimulatory molecules
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on primary human and malignant B cells without altering the B cell phenotype. MHC class I and II was
also increased in most samples [41], although in our experiments the effect on MHC I expression was
minimal (data not shown).

Our work supports the effect of CpG class-B ODNs on upregulating co-stimulatory molecules on primary
B cells. These effects of poly(I:C) and CpG on B cells might result in indirect activation of CD8+ T cells
and enhance their responses to in vivo vaccination upon adoptive transfer. These TLRLs might also
impact CD8+ T cell function by eliciting a milieu of cytokine by B cell themselves or other cells such as
dendritic cells and NK cells. Consistent with this notion, bone marrow derived dendritic cells conditioned
with poly(I:C) produced in�ammatory cytokines like IFN-γ [20] and plasmacytoid dendritic cells activated
by CpG secreted several cytokines and chemokine [42] [43]. In addition, NK cells are activated by CpG
ODNs to become cytotoxic and secrete high levels of IFN-γ, but the same NK cell may not necessarily
engage in both cytokine secretion and cytotoxicity [44].

The bene�cial effects of the combinatorial treatment with CpG in vitro and poly (I:C) in vivo to augment
CD8+ T cell responses in vivo is consistent with previous studies showing that combination of these
TLRLs in vivo resulted in enhancement of CD8+ T cell response in a DC-receptor targeted DNA vaccine.
The value of combination therapy was initially examined under conditions where a single TLR agonist
only delayed tumor growth. Intra-tumoral delivery of CpG ODN was considerably more effective than
systemic administration for the treatment of tumors[45] and resulted in enhanced tumor rejection of
established tumor when combined with heterologous p53 immunization [46]. Also, mice who received
mesothelioma tumors and were then treated with CpG combined with poly (I:C) strongly suppressed
tumor growth and resulted in a long-term tumor-free survival coincided with increases in CD8+ T cell
responses [47]. The triple combination of plasmid DNA encoding CD40L plus CpG and polyinhibited
tumor growth and increased survival in B16F10 melanoma murine models with a signi�cant increase in
CD8+ T cells [47].

This study shows that CpG-conditioning of bulk immune cells in vitro can enhance proliferation of
antigen-speci�c CD8+ T cells upon their adoptive transfer and concomitant administration of poly(I:C)
and vaccine. The implications of including TLRLs, namely TLR3 and TLR9, to improve CD8+ T cell
expansion post-transfer warrants further investigation in other preclinical models and human subjects.
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Figures

Figure 1

Conditioning of pmel-1 cells with TLR ligands in the presence of antigen stimulation enhances their
proliferation and function. Unfractionated pmel-1 splenocytes were cultured with hgp100 (1ug/mL)
peptide alone (1ug/mL) or with TLR3L (50ng/mL), TLR9L (10ng/mL), or IL-12 (10ng/mL). Cell
proliferation was measured by MTT assay. Cytokine production was assessed measuring TNF-α, IFN-γ
and IL-2 levels in the supernatant of the cultured cells.
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Figure 2

TLR3L and TLR9L induce proliferation of non-CD8 cells with a CD62L- phenotype. Unfractionated Pmel-1
cells were labeled with 0.5uM CFSE and cultured with either TLR3L (50ng/mL) or TLR9L (10ng/mL) in
the absence or presence of hgp100 (1ug/mL) stimulation. After 3 days, CD8 (A) proliferation and (B)
CD62L expression were measured. 
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Figure 3

TLR3L and TLR9L induce proliferation of B220+ cells. Unfractionated Pmel-1 cells were labeled with
CFSE (0.5uM) and cultured with TLR3L (50ng/mL) or TLR9L (10ng/mL) in the presence or absence of
hgp100 (1ug/mL) stimulation. (A) After 3 days, cells were harvested and stained for activation markers
(B220, CD4, NK1.1, CD11c). (B) B220 proliferation was measured in the presence and absence of peptide
during CpG stimulation. 
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Figure 4

TLR9L-induced proliferation of B220+ cells is coincident with increased expression of activation markers.
Unfractionated Pmel-1 cells were cultured with TLR9L (10ng/mL) in the a) presence or b) absence of
hgp100 (1ug/mL) stimulation. After 3 days, cells were harvested and stained for activation markers
(CD25, CD69, CD40, CD80, CD86).
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Figure 5

Conditioning cells with TLR3L and TLR9L during antigen presentation in vitro enhanced T cells in vivo.
Unfractionated Pmel splenocytes were cultured in vitro with hgp100 alone (1ug/mL) and in combination
with either TLR3L (50ng/mL) or TLR9L (10ng/mL). After 72 hours, cells were adoptively transferred into
naïve B6 mice on day 0. Mice were primed with hgp100 (100ug) alone or with TLR3L (200ug) on day 7.
Mice were bled on days 5 and12, and the percentage of GFP-positive CD8+ cells was analyzed.  
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Figure 6

Conditioning cells with TLR3L and TLR9L in vitro in absence of antigen stimulation does not bene�t Ag-
speci�c expansion of T cells in vivo. Unfractionated Pmel-1 splenocytes were cultured in vitro for 72
hours in the absence of antigen stimulation with either TLR3L or TLR9L. Mice were treated with CTX on
day 1. Cells were then transferred into Ly5.2 mice day 0. Mice were primed on day 1 with hgp100
(100ug/mouse) and either TLR3L (200ug/mL) or TLR9L (10ng/mL). Boosting occurred 30 days after
priming. Mice were bled on days 6 and 30 after priming and 3 days after boosting. The percentage of
CD8+ Pmel-1 CD8+T cells was analyzed 7 days after priming (A) or after boosting (B).
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