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ABSTRACT

Activated B-cells are a promising alternative source of antigen-presenting
cells. They can generally be obtained in sufficient numbers for clinical use, but in
most instances produce weak immune responses and therapeutic effects that are
suboptimal for use in therapeutic cancer vaccines. To improve the immunogenic
potency and therapeutic efficacy of B-cell-based vaccines, ex vivo-activated B-cells
were transduced with recombinant lentiviruses in order to express additional
costimulatory ligands—CD40L, CD70, OX40L, or 4-1BBL—either individually or
in pairs (CD70/CD40L, OX40L/CD40L, or 4-1BBL/CD40L). We observed that the
expression of CD40L molecules on B-cells was crucial for T-cell priming and activation.
Administration of B-cells co-expressing CD40L with the other costimulatory ligands
provided substantial antigen-specific CD8 T-cell responses capable of provoking
in vivo proliferation and potent cytolytic activities. Notably, expression of CD40L
augmented B-cell viability by inhibiting apoptosis through upregulated expression
of the anti-apoptotic molecules BCL2, Bcl-xL and Bax. B-cells co-expressing CD40L
with CD70, OX40L, or 4-1BBL induced potent therapeutic antitumor effects in a B16
melanoma model. Moreover, the combination of genetically-modified B-cell vaccines
with programmed cell death-1 blockade potentiated the therapeutic efficacy. These
results suggest that B-cells endowed with additional costimulatory ligands enable
the design of effective vaccination strategies against cancer.

INTRODUCTION

Since cytotoxic CD8 T-cells are key immune
effectors that eradicate malignant cells, a prerequisite
for cancer immunotherapy is to activate and expand
tumor-reactive CD8 T-cells capable of recognizing and
destroying tumor cells [1, 2]. The activation of CDS8
T-cells requires additional costimulatory signals offered
by antigen-presenting cells (APCs) such as dendritic cells
(DCs), along with the engagement of T-cell receptors
(TCRs) with cognate peptide-major histocompatibility
complex (pMHC) class-I molecules [3]. Mature DCs,
which express high levels of MHC molecules and

costimulatory ligands, have been shown to be efficient
cellular adjuvants that evoke and augment tumor-reactive
CD8 T-cell responses both in vitro and in vivo [4, 5].
Moreover, DCs genetically modified to express immune-
stimulatory molecules, such as costimulatory ligands and
cytokines, have elicited enhanced T-cell responses in vitro
and in vivo [6, 7]. Clinical trials have been performed for
various tumor types using antigen-loaded DCs, which
could provide a potent new option for current cancer
immunotherapeutic strategies in cellular vaccines [8, 9].
Although DC-based cellular vaccines have been shown to
be safe and apparently immunogenic in cancer patients,
no significant protective immunity has been achieved.
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Significant drawbacks include the limitations in obtaining
sufficient cells for clinical applications and difficulty in
genetic modification for use as a cellular adjuvant [10].

For some time, we and others have attempted
to identify reliable sources of autologous APCs as an
alternative to DCs for immunotherapy. Activated yo T-cells
have been proposed as an alternative type of professional
APCs exhibiting efficient antigen-presenting capabilities
that stimulate naive T-cell priming and proliferation [11].
CD4 T-cells have also been shown to evoke functional
memory CD8 T-cell responses, and the expression of
costimulatory CD80 and 4-1BBL on in vitro-expanded
CD4 T-cells augments therapeutic antitumor immunity
in vivo [12]. Likewise, numerous reports have shown
that B-cells that are activated in vitro by treatment with
inflammatory cytokines, CD40L, and Toll-like receptor
(TLR) ligands, are promising alternative APCs for
inducing efficient expansion of antigen-specific CD4
and CD8 T-cells and potentiating antitumor immunity
in vivo [13-16]. In other reports, B-cells loaded with
tumor antigens and the invariant natural killer T (NKT)-
cell ligand o-galactosylceramide induced a wide range
of adaptive immunity against tumor cells and activated
NKT-cells [17, 18]. A previous report showed that
genetically modified B-cells expressing the costimulatory
molecules, OX40L and 4-1BBL, cytokine IL-12, and
antigen synergistically augment CD8 T-cell proliferation
as efficiently as DCs in vitro [19]. Furthermore, a recent
study reported that B-cells are capable of efficiently cross-
presenting tumor-specific antigens captured by tumor-
derived autophagosomes, subsequently leading to effective
antitumor immunity [20]. Nonetheless, a cellular vaccine
using genetically modified B-cells that can enable the
direct stimulation of naive CD8 T-cells resembling mature
DC functions in a tumor model has not been developed.
Here, we test the hypothesis that ex vivo-activated B-cells
modified to express CD40L may possess a superior
ability to prime and expand antigen-specific T-cells due
to the engagement of CD40 by CD40L on APCs in T-cell
priming and activation.

RESULTS

Activated B-cells are efficiently transduced
with lentiviral vectors encoding costimulatory
molecules

First, we determined the optimal in vitro conditions
for transducing B-cells with recombinant lentiviruses
encoding the costimulatory molecules CD40L and CD70
(hereafter referred to as CD40L-B and CD70-B-cells,
respectively). To verify the impact of CD40 activation,
B-cells were incubated with or without anti-CD40
antibodies before lentiviral transduction, followed by
culture for 2 days with or without anti-CD40 antibodies
in the presence of IL-4. As shown in Figure 1A and 1B,

CDA40 activation in B-cells after lentiviral transduction
was more crucial for efficient gene expression, while
the pre-activation of B-cells with anti-CD40 antibodies
augmented the levels of CD40L and CD70 expression
and viability of the genetically modified B-cells in vitro.
The lentiviral transduction efficacy in B-cells correlated
with viral dose (Figure 1C) and centrifugation time
(Figure 1D); polybrene had no effect on transduction
efficacy (data not shown). Moreover, CD40-activated (and
mock-transduced) B-cells had insignificant expression of
costimulatory molecules CD80, CD40L, CD70, OX40L,
and 4-1BBL, which was unaffected after lentiviral
transduction (Figure 1E).

B-cells expressing additional costimulatory
ligands stimulate antigen-specific CD8 T-cells

To enhance the expression of additional
costimulatory ligands, B-cells were transduced with
CD40L-, CD70-, OX40L-, and 4-1BBL-coding lentivirus
alone (CD40L-B, CD70-B, OX40L-B, and 4-1BBL-B-
cells, respectively) or co-transduced with CD40L-coding
virus together with CD70-, OX40L-, and 4-1BBL-coding
virus (CD70/CD40L-B, OX40L/CD40L-B, and 4-1BBL/
CD40L-B-cells, respectively), and the surface expression
of the recombinant proteins on transduced B-cells was
verified (Figure 2A). The levels of the transduced gene
expression in B-cells were subsequently increased
(more than 50%) in comparison to mock-transduced
B-cells. Interestingly, the level of the transduced gene
expression was considerably augmented in B-cells
that were co-transduced with combinations of viruses
encoding individual costimulatory ligands, presumably
due to synergistic costimulation of B-cells by dual-
transduced costimulatory ligands. Next, we evaluated
the antigen-presenting function of genetically modified
ex vivo-activated B-cells; CFSE-labeled OT-I cells were
cultured with variously conditioned B-cells, including
dual-transduced costimulatory ligand-expressing B-cells
(CD70/CD40L-B-cells) after pulsing with Ova,,,
peptide. Green fluorescent protein-transduced B-cells
(GFP-B) were used as control. As shown in Figure 2B,
OT-I cells cultured with single costimulatory ligand-
expressing B-cells (CD40L-B and CD70-B) had higher
cell proliferation indices than GFP-B-cells (proliferation
index = 15.8 and 15.2 versus 10.7). Specifically,
CD70/CD40L-B-cells enhanced stimulation of OT-I
cells (proliferation index = 22.8), suggesting that the
expression of CD40L on B-cells benefited CD8 T-cell
proliferation in vitro. Lastly, cytokine profiles were
assessed from supernatants after co-culturing OT-I cells
with genetically modified B-cells for 72 h. The levels
of IFN-y, TNF-q, and IL-2 were significantly increased
in all co-culture conditions including in GFP-B-cells,
where the expression of costimulatory ligand on B-cells
benefited cytokine production. IL-4 secretion was
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Figure 1: Expression of costimulatory molecules on ex vivo-activated B-cells. Freshly isolated B-cells from spleen using
immunomagnetic beads were pre-activated with (+) or without (—) anti-CD40 antibodies for 18 h. Then, the ex vivo-activated B-cells were
transduced with recombinant lentiviruses encoding the costimulatory molecule CD40L or CD70 (CD40L-B and CD70-B), followed by
co-culture with (+) or without (—) anti-CD40 Antibodies in the presence of IL-4. A. The expression of CD40L and CD70 in the transduced
B-cells were examined by flow cytometry at 1 day post-transduction. Results represent the mean percentage from 2-independent experiments
with SD (bars). B. Cell apoptosis of the transduced B-cells were assessed by staining with annexin-V and 7-AAD at 1 day post-culturing
in the presence of IL-4. Results represent the mean percentage of annexin-V and 7-AAD-negative cells from 2-independent experiments
with SD (bars). P values were calculated using 1-way ANOVA test (*P < 0.05; **P < 0.01; ***P < 0.001). C. Transduction efficacy of
lentiviruses encoding CD40L and CD70, titrated according to various multiplicities of infection (MOI) from 0.1 to 1. D. Determination
of optimal centrifugation time for transduction to ex vivo-activated B-cells. E. Investigation of surface expression of T-cell activating
molecules. After a 1-day culture, CD40L- or CD70-transduced B-cells were harvested and analyzed for surface expression of MHC class I/
I1, CD80/86, CD40L, CD70, OX40L, and 4-1BBL by flow cytometry. Non-transduced B-cells (mock-B) were included as control.
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Figure 2: B-cells expressing additional costimulatory ligands stimulate antigen-specific CD8 T-cells in vitro. A. Ex vivo-
activated B-cells were transduced with recombinant lentiviruses encoding mouse CD40L, CD70, OX40L, or 4-1BBL either individually
or in pairs (CD70/CD40L, OX40L/CD40L, or 4-1BBL/CD40L). After a 1-day culture, cells from each group were harvested and analyzed
for surface expression of the transduced costimulatory molecules by flow cytometry. Non-transduced B-cells (mock-B) were included as
control. B. Proliferation of OT-I cells in response to genetically modified B-cells. OT-I (CD45.2) cells were labeled with 5 uM CFSE and
cultured with GFP-, CD40L-, CD70- or CD70/CD40L-expressing B-cells (GFP-B, CD40L-B, CD70-B, and CD70/CD40L-B, respectively),
which were loaded with Ova,, peptide. On day 4 post-co-culture, cell proliferation was measured by flow cytometry and analyzed using
Modfit LT software. Freshly CFSE-labeled cells were used as the parental cells, and their homogeneity was verified at the start of each
experiment. A group of cultured OT-I cells alone was included as control (OT-I alone). The percentage of cells in each division obtained in
a representative experiment is inserted in the graphs. PI, proliferation index: the sum of the cells in all generations divided by the computed
number of parental cells present at the start of experiment. These experiments were repeated twice with similar results. C. Evaluation
of cytokine profiles from OT-I cells co-cultured with variously conditioned B-cells for 4 days. The culture supernatants were measured
for indicated cytokines using ELISA assay. OT-I alone and GFP-expressing B-cells (GFP-B) were used as control. Results represent the
average amount of cytokines from 2-independent experiments with SD (bars). D. Expression of CD40L on B-cells facilitates the generation
of polyfunctional CD8 T-cells. In a parallel experiment with (C), the frequency of cytokine-releasing CD8 T-cells was examined using
multi-color intracellular staining against IL-2, IFN-y, and TNF-a. Results represent the mean percentage of IL-2/IFN-y- and TNF-ao/ IFN-
y-double-positive CD8 T-cells from 2-independent experiments with SD (bars). Diagrams of the distribution of CD8 T-cells expressing the
simultaneously measured cytokines in a representative experiment are presented in right panel of the graphs. P values were calculated using
1-way ANOVA test (*P < 0.05; **P < 0.01; ***P < 0.001).
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not detected under the same conditions (Figure 2C). proliferation in vitro through increased type-1 T helper

Accordingly, we assessed the presence of polyfunctional cytokine production.

antigen-specific CD8 T-cells using single-cell multi-

color staining. As shown in Figure 2D, the expression Co-expression of CD40L on activated B-cells

of CD40L on B-cells facilitated the generation of 1L-2/ along with additional costimulatory molecules
IFN-y- and TNF-ao/ IFN-y-double-positive CD8 T-cells, elicits enhanced CD8 T-cell responses

showing the relative levels of IL-2/IFN-y/TNF-a-

triple-positive polyfunctional CD8 T-cells. However, To assess whether ex vivo-activated B-cells modified
expression of additional costimulatory ligands on B-cells to express additional costimulatory ligands can induce
did not significantly alter cytokine production of B-cells antigen-specific CD8 T-cell responses in vivo, we examined
themselves (Supplementary Figure S1), implying that antigen-specific CD8 T-cell expansion using congenic
the polarized cytokine production of T-cell responses TCR-transgenic mice. OT-I/CD45.2 cells were infused into
may be based on enhanced costimulatory signals on congenic CD45.1 mice, followed by immunization with
antigen-specific T-cells. Overall, these results suggest variously conditioned and Ova,_-pulsed B-cells. As shown
that the expression of CD40L and CD70 on ex vivo- in Figure 3A, all B-cell vaccinations led to antigen-specific
activated B-cells increased antigen-specific CD8 T-cell CD8 T-cell proliferation in vivo; CD70/CD40L-B-cell
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Figure 3: Co-expression of CD40L on ex vivo-activated B-cells along with additional costimulatory ligands elicits
enhanced CD8 T-cell responses in vivo. A. Congenic (CD45.1) mice received 1 x 10° OT-1 (CD45.2) cells 1 day before immunization.
Mice were immunized intravenously with variously conditioned B-cells loaded with Ova,_, peptide. On day 5 post-vaccination, antigen-
specific CD8-T-cells in splenocytes revealed by intracellular staining for IFN-y in representative mice was analyzed by gating for CD45.2-
positive cells. Mice vaccinated with GFP-expressing B-cell (GFP-B) were included as control. Numbers in each rectangular gate in the
left column represent the percentage of Ova,,-specific IFN-y producing cells of all CD8 T-cells. Numbers in the right column indicate
the percentage of CD45.2-positive OT-I cells among all Ova,__-specific IFN-y producing cells. B. Mice (3 per group) were immunized
intravenously on days 0, and 7 with Trp2  -loaded B-cells genetically modified to express additional costimulatory ligands as indicated,
for comparison of individual or dual expression of costimulatory molecules. Eight days after the last immunization, the presence of antigen-
specific CD8 T-cells in spleen was evaluated for their capacity to recognize target cells using IFN-y EliSpot assay against peptide-pulsed
EL4 (EL4/Trp2 ) and un-pulsed EL4 cells (negative control). Antigen-loaded DCs (DC) and GFP-expressing B-cells (GFP-B) were
used as control. Results represent the average number of spots from triplicate wells with SD (bars) of the means. C. Total numbers of
intracellular IFN-y and cell surface CD107a/b double-positive CD8 T-cells was calculated from the experiment in (B). Splenocytes from
each individual mouse were stimulated for cell surface mobilization of CD107a/b and intracellular IFN-y staining. Columns, mean for each
group; bars, SD. P values were calculated using 1-way ANOVA test (*P < 0.05; **P < 0.01). These experiments were repeated twice with
similar results.
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vaccination yielded the highest numbers of antigen-specific
CD8 T-cells. Subsequently, mice received three-identical but
variously conditioned B-cell vaccinations, and the functional
activity of freshly isolated CD8 T-cells (without further
ex vivo restimulation) was evaluated by IFN-y EliSpot
assays. As shown in Figure 3B and 3C, antigen-specific
CDS8 T-cell recognition was evident in the peptide-pulsed
target (EL4/ Trp2 ), and GFP-B-cell vaccination induced
antigen-specific CD8 T-cell responses as efficiently as DC
vaccination. The single-gene-modified B-cell (CD40L-B,
CD70-B, OX40L-B, and 4-1BBL-B) vaccinations yielded
a significantly higher number of IFN-y spots against target
(Figure 3B) and Trp2  -specific CD8 T effector cells
with lytic functionality (CD107a/b mobilization: Figure
3C) than GFP-B-cell vaccination did. Notably, the mice
that received B-cells co-expressing CD40L together with
other costimulatory ligands (CD70/CD40L-B, OX40L/
CDA40L-B, and 4-1BBL/CD40L-B) had significantly higher
levels of Trp2, -specific CD8 T-cell responses (with lytic
functionality) than those receiving other conditioned B-cell
vaccinations. Overall, these results indicate that B-cells
genetically modified to express additional costimulatory
ligands CD70, OX40L, and 4-1BBL exhibit augmented APC
function, and additional expression of CD40L enhances their
ability to stimulate antigen-specific T-cells in vivo.

Expression of CD40L prolongs the survival of
B-cells

Insufficient endurance of infused APC cells
in vivo has been suggested as an explanation for the
inefficient induction of antigen-specific CD8 T-cells.
The CD40L:CDA40 interaction in B-cells is known to be
crucial for the generation of long-lived plasma cells and
memory B-cells, as well as for their survival [21, 22]. In
view of this, we analyzed the survival rate of variously
conditioned costimulatory ligand-transduced B-cells.
The CD40L- and CD70/CD40L-expressing B-cells
prevented spontaneous cell death more efficiently than
GFP- and CD70-expressing B-cells did (Figure 4A
and 4B), resulting in higher numbers of live CD40L-
expressing B-cells. In contrast, the number of CD40L-
lacking B-cells (GFP-B and CD70-B) declined to about
2-fold less than that of CD40L-presenting B-cells
(Figure 4C). Nevertheless, it should be mentioned
that the APC function of genetically modified B-cells
remained intact even in 5-days-cultured B-cells post-
transduction (Figure 4D). Similar to the results of the
cell survival studies, B-cells transduced with CD40L
(CD40L-B and CD70/CD40L-B) allowed the long-term
persistence of anti-apoptotic molecules BCL2, Bcl-xL
and Bax better than CD40L-lacking B-cells (Figure
4E). These results indicate that expression of CD40L
in B-cells enhanced ex vivo viability and inhibited
apoptosis in vivo by increasing expression of anti-
apoptotic proteins.

Enhancement of therapeutic efficacy with B-cells
co-expressing CD40L and other costimulatory
ligands

Next, we assessed whether CD8 T-cells generated
with genetically modified B-cell vaccinations are
capable of triggering in vivo therapeutic antitumor
effects against 3-day established tumors. As shown in
Figure 5A, the single-gene-modified B-cell (CD40L-B,
CD70-B, OX40L-B, and 4-1BBL-B) vaccinations
had moderate therapeutic effects that were superior
to DC vaccination or GFP-B-cell vaccination. In
contrast, B-cells co-expressing CD40L and the
other costimulatory ligands except 4-1BBL (CD70/
CD40L-B and OX40L/CD40L-B) had substantially
higher antitumor effects (2 out of 5 mice completely
rejected the tumors in the CD70/CD40L-B and OX40L/
CD40L-B groups). Mice that received CD70/CD40L-B
and OX40L/CD40L-B-cells survived more than 90 days
(data not shown). To assess route of ex vivo-generated
B-cell delivery, antigen-loaded CD70/CD40L-B-
cells were infused through different routes into B16-
tumor bearing mice. The results shown in Figure
5B indicate that both subcutaneous and intradermal
routes of B-cell vaccination were highly effective and
comparable for the therapeutic antitumor immunity
while the intravenous route was even more efficient.
Subsequently, we evaluated the roles of PD-1 blockade
(with anti-PD-L1 antibodies), which could cooperate
with CD8 T-cells in fighting established tumors. As
shown in Figure 6A, PD-1 blockade potentiated the
therapeutic efficacy of genetically modified B-cells,
where a slight increase in antigen-specific CD8 T-cells
was observed from peripheral blood samples on day 32
post-tumor inoculation (data not shown). Obviously,
the administration of isotype control rat IgG had no
effects on tumor growth (Supplementary Figure S2).
Furthermore, tumor size may impact the therapeutic
efficacy of cancer immunotherapy; therefore, we
evaluated the therapeutic benefits of genetically modified
B-cell vaccination against 7-day established tumors
(3-5 mm in diameter). Under these circumstances,
vaccination with CD40L-expressing B-cells reduced
the median tumor growth rate by approximately 7 days
(Figure 6B). Although the administration of anti-PD-L1
antibodies alone had a moderate therapeutic effect,
the addition of PD-1 blockade to the B-cell vaccines
significantly reduced the median tumor growth rate
compared to the non-combined groups, but no tumor
rejections were observed. To evaluate the effector
T-cells involved in the antitumor effects with PD-1
blockade, flow cytometric and immunohistochemical
analyses were performed to detect invading the T-cells
into the tumor tissues. The results presented in Figure
6C and 6D show addition of anti-PD-L1 antibodies
resulted in augmenting the frequency of CD3 T-cell
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Figure 4: Expression of CD40L prolong the survival of B-cells. A. Apoptosis in genetically modified B-cells as indicated was
examined by staining with annexin-V and 7-AAD at 1 and 3 days post-culturing in the presence of anti-CD40 Antibodies and IL-4. Results
represent representative experiments of annexin-V/7-AAD levels assessed by flow cytometry. B. The mean percentage of annexin-V and
7-AAD-negative cells (viable cells) was calculated from 2-independent experiments. bars, SD. C. The viable cell counts were determined
onday 1, 3 and 5 days post-culturing from the experiment in (B). Points, mean values of fold expansion over time; bars, SD. D. Genetically
modified B-cells maintained intact APC function. Ex vivo-generated B-cells were maintained for 1, 3, and 5 days in the presence of 10 pg/
mL anti-CD40 antibodies and 10 ng/mL IL-4. Cytokine profiles were evaluated in the same manner as described in Figure 2C. Results
represent the average amount of cytokines from 2-independent experiments with SD (bars). E. Reverse transcription-PCR analysis of
apoptosis-related molecules BCL2, Bel-xL and Bax. Three days post-transduction, the mRNA were obtained from variously conditioned
B-cells. Intensity of the bands was measured by Image Lab software and the mRNA expression levels were normalized to that of GAPDH.
Lower panel, Results represent the mean intensity of the bands from 3-independent experiments with SD (bars). P values were calculated
using 1-way ANOVA test (*P < 0.05; **P < 0.01; ***P < 0.001).
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(comprising CD8 T-cells) infiltration into the tumor site, (Supplementary Figure S3), indicating that genetically

suggesting that PD-1 blockade affects the persistence modified B-cell immunization in tumor-bearing mice
and function of tumor-infiltrating lymphocytes in the may effectively generate epitope spreading. Overall,
tumor microenvironment. More interestingly, the CDS§ these results indicate that vaccination with B-cells
T-cells from tumor-bearing mice that received Trp2, - genetically modified to express additional costimulatory
pulsed CD70/CD40L-B-cells were effective against ligands was effective in circumventing any potential
other melanoma-associated antigens Trpl and gpl100 tolerance to self-antigens expressed by normal tissues,
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Figure 5: Therapeutic antitumor effects of antigen-loaded B-cells expressing costimulatory ligands against established
B16 melanoma. A. Effects of costimulatory ligands on the therapeutic efficacy of ex vivo-activated B-cell vaccines transduced with
costimulatory ligands either individually or in pairs as indicated. B6 mice (5 per group) were inoculated subcutaneously on day 0 with
1 x 10° B16 cells, and vaccinated intravenously on day 3, and 10 (vertical arrow) with Trp2  -loaded B-cells. B. Effects of the mode
of ex vivo-generated B-cells administration. B6 mice (4 per group) were inoculated subcutaneously on day 0 with 3 x 10° B16 cells and
received Trp2  -loaded B-cells through different routes on day 7, and 14 (vertical arrow). Trp2 , -loaded CD70/CD40L-B-cells were
administered intradermally (i.d), subcutaneously (s.c), or intravenously (i.v). Non-vaccinated mice (No Vax) and antigen-loaded DCs (DC)
were included as controls. Tumor sizes were determined in individual mice by measurements of two opposing diameters and are presented
as tumor areas in mm?. Points, mean for each group of mice; bars, SD. P values were calculated using 2-way ANOVA test (*P < 0.05; **P

< 0.01; ***P < 0.001). These experiments were repeated twice with similar results.
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resulting in significant antitumor therapeutic effects complex [3, 23]. Manipulation of costimulatory ligands on

against established tumors. cells has been shown to confer protective immunity against
subsequent tumor challenge by inducing effective T-cell
DISCUSSION responses in mice, implying that sustained expression of

one or multiple costimulatory molecules can enhance APC
function and the resulting T-cell responses [24-26].

It is evident that naive T-cell priming and activation
The purpose of the present study was to assess

depend in great part on costimulatory signals derived from

CD80, CD86, CD70, OX40L, and 4-1BBL expressed on the effectiveness of genetically modified B-cells
APCs and sufficient interaction of TCRs with the pMHC co-expressing CD40L in combination with CD70,
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Figure 6: PD-1 blockade enhance the therapeutic efficacy of ex vivo-generated B-cell vaccines. A. Effects of PD-1 blockade
on the therapeutic efficacy of B-cell vaccines transduced with costimulatory ligands in pairs as indicated. B6 mice (5 per group) were
inoculated subcutaneously on day 0 with 1 x 10° B16 cells, and vaccinated intravenously on day 3, and 10 (vertical arrow) with Trp2
-loaded B-cells. No Vax and GFP/CD40L-B-cell-vaccinated mice were included as control. B. Therapeutic effects of genetically modified
B-cells against advanced B16 tumors. B6 mice (5 per group) were inoculated subcutaneously on day 0 with 3 x 10° B16 cells, followed
by vaccination with B-cell vaccines on days 7, and 14 (vertical arrow). A group of mice administered anti-PD-L1 only (aPD-L1 alone)
was included to verify the therapeutic efficacy of ex vivo-generated B-cell vaccines. Anti-PD-L1 and normal rat IgG were administered as
described in Materials and Methods. Tumor sizes were determined in individual mice by measurements of two opposing diameters and
are presented as tumor areas in mm?. Gray bars, time period of PD-1 blockade. Points, mean for each group of mice; bars, SD. P values
were calculated using 2-way ANOVA test (**P < 0.01; ***P < 0.001). These experiments were repeated twice with similar results. C
and D. PD-1 blockade elicits improved levels of T-cells in tumor sites. B6 mice (3 per group) were inoculated subcutaneously on day 0
with 3 x 10° B16 cells, and immunized intravenously on days 7 and 14 with Trp2 , -loaded CD70/CD40L-B-cells. Tumors were excised
on day 8 after the last immunization, and the infiltration of CD3- or CD8-positive T-cells was evaluated using flow cytometry (C) and
immunohistochemical analysis (D). C, Results represent the mean percentage of CD3- or CD8-positive T-cells from individual mice with
SD (bars). P values were calculated using 1-way ANOVA test (*P < 0.05; **P < 0.01). D, Representative images show CD3- or CD8-
positive T-cell infiltration in tumor tissues with x40 and x100 magnification (brown). Scale bar, 200 pm in x40 and 50 pm in x400.
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OX40L, and 4-1BBL to provide costimulatory signals
to CD8 T-cells, as an alternative source of autologous
APCs for cancer immunotherapy. Administration of
ex vivo-activated B-cells co-expressing CD40L along
with other costimulatory ligands CD70 and OX40L
gave substantial antitumor effects in a B16 melanoma
model. In the clinical realm, existing DC-based cancer
immunotherapy efforts have yielded encouraging but
inconsistent clinical outcomes [10]. To overcome the
significant drawbacks of DC-based vaccine design, we
and others have investigated multimodality strategies to
engineer DCs to improve their maturation, migration,
and longevity in order to enhance APC function and
efficacy [27-29]. Several studies have shown that
expression of costimulatory ligands CD40L, CD70,
0X40L, and 4-1BBL on DCs overcomes T-cell tolerance
and establishes superior protective immunity to tumor
challenge or viral infection. Specifically, the engagement
of CD40 by CD40L on DCs has been shown to promote
cytokine production and upregulation of costimulatory
molecules, involving optimal T-cell activation and
differentiation [6, 30, 31].

Ex vivo-activated B-cells, which are capable
of presenting exogenous antigens to activate T-cell
responses, have been potentiated as therapeutic APCs
because they can be obtained in large numbers from
a small volume of peripheral blood, and are easily
expanded in vitro to yield a pure and homogeneous
population [32]. In this respect, earlier studies have
shown that antigen-loaded B-cells, which were activated
in vitro with inflammatory cytokines, CD40L, and TLR
ligands, are capable of enhancing T-cell stimulatory
capacity and inducing protective immunity in vivo [14,
18]. However, additional concerns have been raised over
the use of B-cell vaccines for cancer immunotherapy
because a variety of studies have demonstrated that
activated B-cells are less effective stimulators of T-cells
than DCs, presumably due to insufficient costimulatory
ligands on B-cells [14, 33]. A recent study reported
that multiple RNA-transfected B-cells expressing
exogenous OX40L, 4-1BBL, and IL-12 induced antigen-
specific T-cell responses as efficiently as mature DCs
in vitro, but produced less antitumor immunity in
vivo [19]. Nonetheless, our results demonstrate that
CD40L-B-cell vaccination could induce superior CDS8
T-cell responses and antitumor immunity against B16
melanoma compared to DC vaccination (Figures 3B
and 5A), indicating that additional expression of CD40L
molecules on B-cells achieves enhanced APC function to
stimulate antigen-specific T-cells in vivo.

Numerous reports have shown the successful ex vivo
expansion of B-cells in the presence of B-cell growth factors
and CD40 signals such as use of anti-CD40 antibodies,
recombinant soluble CD40L, or CD40L-expressing cell
lines [34, 35]. The interaction of CD40L with CD40 on
B-cells plays an essential role in the generation of long-

lived plasma cells and memory B-cells, as well as in
their long-term survival in vivo [21, 22]. Sustained B-cell
receptor signaling is essential for their survival during
consecutive cell divisions where engagement of CD40,
mimicking contact-dependent T-cell help, can selectively
rescue defects in B-cell survival and proliferation after poor
B-cell receptor stimulation [36, 37]. In a report by Wilker
and colleagues [38], engagement of CD40 restored the
survival of myocyte-enhancer factor 2c-deficient B-cells,
which have a substantial defect in expression of Bel-xL,
resulting in poor proliferation and survival in response
to B-cell receptor stimulation. We also observed that the
expression of CD40L on B-cells augmented cell viability
by upregulating the anti-apoptotic molecules BCL2, Bcl-
xL and Bax, resulting in improved APC function in vitro
and in vivo (Figure 4E). There is some evidence that cell
longevity in vivo is an important factor in the long-term
ability of APCs to stimulate antigen-specific T- cells. In
view of this, genetic modifications that upregulate anti-
apoptotic signaling or reduce pro-apoptotic signaling have
been investigated to enhance the survival of DCs for cancer
immunotherapy in preclinical models [39, 40]. We have
also reported that the expression of costimulatory ligands
CD80 and 4-1BBL on murine CD4 T-cells prolonged their
longevity in vitro and in vivo, indicating their potential for
use as alternative APCs for cancer immunotherapy [12].
In a report by Stephan and colleagues [41], human T-cells
co-expressing CD80 and 4-1BBL exhibited superior in
vitro proliferation and survival by interacting with their
respective receptors in the immunological synapse of
isolated single cells (auto-costimulation) as well as in
bystander cells (trans-costimulation). These results imply
that the expression of CD40L on B-cells augmented not
only conventional costimulation of antigen-priming T-cells
but also increased cell viability through both auto- and trans-
costimulation, significantly increasing therapeutic benefits
in preclinical settings.

More importantly, our results show that the single or
dual expression of costimulatory ligands CD40L, CD70,
and OX40L on B-cells potentiated their APC functions,
thereby enhancing antitumor immunity. However, it
remains unknown why the expression of 4-1BBL,
even with CD40L, was not as effective as the other
costimulatory ligands (Figure 5A). Many routes of vaccine
delivery have been tested, each with positive and negative
aspects to consider [42]. In previous studies, we observed
that superior antigen-specific T-cell responses were
obtained when antigen-loaded B-cell-based vaccines were
administered via an intravenous route compared with the
subcutaneous route [15]. Likewise, our results indicated
that both the subcutaneous and intradermal injections
of genetically modified B-cell vaccination were highly
effective and comparable in their therapeutic antitumor
immunity; intravenous injections were even efficient
(Figure 5B). Nonetheless, route of ex vivo-generated B-cell
delivery still remains to be defined for human clinical
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trials because it would be extremely difficult to achieve
intranodal or intralymphatic administration of vaccines in
mice. Our results also show that addition of anti-PD-L1
antibodies further enhanced the antitumor effects of the
genetically-modified B-cell vaccine even in advanced B16
tumors (Figure 6A and 6B). It has recently become clear
that multiple immune inhibitory mechanisms are present
in tumor sites and PD-1 blockade prevents exhaustion of
tumor-infiltrating T-cells, leading to augmented effector
function and persistence of antigen-specific T-cells at the
tumor site [43, 44]. We also observed that PD-1 blockade
led to increase the frequency of tumor-infiltrating T-cells in
the tumor sites, resulting in enhancing antitumor efficacy
with the increase in overall T-cell numbers (Figure 6C and
6D). PD-L1 is widely expressed on immune cells such as
macrophages, DCs, T-, and B-cells, and upregulated in
response to inflammatory stimuli [45]. A recent publication
by Pilon-Thomas and colleagues showed that PD-L1 was
expressed on murine bone marrow-derived DCs, and
blockade of PD-L1 interaction on DCs enhanced cytolytic
activities of antigen-specific T-cells in vitro and increased
the number of antigen-specific CD8 T-cells in vivo [46].
Likewise, we observed PD-L1 expression on ex vivo-
activated B-cells (data not shown), presumably indicating
that the systemic administration of anti-PD-L1 antibodies
prevents exhaustion of not only the tumor-infiltrating
antigen-specific T-cells but also infused antigen-loaded
B-cells to preserve prolonged APC function.

Collectively, our data show that B-cells genetically
manipulated to express CD40L along with CD70 or
OX40L display augmented APC function and cell
viability, resulting in remarkable therapeutic antitumor
benefits, suggesting that the genetically modified B-cells
could serve as an alternative source of autologous APCs
to overcome the limitation of DC-based therapeutic
vaccines. Furthermore, the results in mouse tumor models
demonstrate the applicability of the genetically modified
B-cell vaccination strategy to the treatment of a broad
variety of malignancies and viral diseases.

MATERIALS AND METHODS

Mice

C57BL/6 (B6) mice were purchased from Orient
Bio (Seongnam, Korea). B6.SJL congenic (CD45.1)
and OT-I TCR-transgenic mice were obtained from
Jackson Laboratories (Bar Harbor, ME), and bred in
our animal facilities under pathogen-free conditions. All
animal research was conducted in accordance with our
institutional animal care and use committee guidelines.

Cell lines, peptides, and reagents

Murine melanoma BI16F10, 293T, and EL4
cells were obtained from the American Type Culture
Collection (Manassas, VA). All cell lines were cultured

as recommended by the provider. Synthetic peptides
representing the CD8 T-cell epitopes Ova,_, (SIINFEKL)
and Trp2 ., (SVYDEFVWL) were purchased at >80%
purity from A&A Labs (San Diego, CA). Monoclonal
anti-mouse CD40 (FGK45.5) and anti-PD-L1 (10F.9G2)
were purchased from BioXCell (West Lebanon, NH).
Fluorescence-conjugated antibodies for flow cytometry
were from eBioscience (San Diego, CA).

Production of recombinant lentiviruses encoding
costimulatory ligands

The c¢cDNAs for mouse CD40L, CD70, OX40L,
4-1BBL were amplified by reverse transcription (RT)-
PCR from total RNA extracted from matured DCs using
the specific primers listed in Supplementary Table S1.
The PCR products were cloned into the lentiviral vector
pCDH-EF1 (System Bioscience, Palo Alto, CA) with
BspEIl and Sall sites, which has a constitutive elongation
factor 1o promoter for transcription of cloned cDNA insert,
and sequenced to determine the possible Taq polymerase
errors. Schematic diagram of the constructs are shown in
Supplementary Figure S4. For production of recombinant
lentiviruses encoding the above costimulatory ligands, 7
x 109 293T cells were seeded in a 100 mm culture plate
coated with 5 pg/ml of poly-Lysine (Sigma, St. Louis,
MO). Twenty hours later, 12 pg a cloned pCDH plasmid
and lentivirus packaging plasmids (8 pg psPAX2 and 4 pg
pMD2G) were simultaneously transfected into 293T cells
using lipofectamine (Invitrogen, Carlsbad, CA), according
to the manufacturer’s instructions. Two days later, the
recombinant lentiviruses were harvested and titrated into
293T cells, which were then used for the transduction
experiments.

Transduction recombinant lentiviruses encoding
costimulatory ligands into ex vivo-activated
B-cells

B-cells were obtained from spleens of B6 mice using
MACS anti-CD43 microbeads (Miltenyi Biotec, Auburn,
CA), resulting in >90% purity. For in vitro pre-activation,
purified B-cells were cultured at 2 x 10° cells per well
in 24-well plates in the presence of 10 pg/mL anti-CD40
antibodies and 10 ng/mL IL-4 (PeproTech, Rocky Hill,
NJ). Twenty hours later, activated B-cells were harvested
and seeded at 2 x 10° cells per well in 24-well plates,
followed by adding recombinant lentiviruses encoding
costimulatory ligands either individually (MOI = 0.5) or
in pairs as indicated with twice the amount of virus for co-
transduction (eventually, MOI = 1). Cells were centrifuged
at 1800 rpm for 30 min at 25 °C in the presence of 5 pg/
mL polybrene (Sigma) and additionally incubated for 1 h
in a 37 °C /5% CO, incubator, followed by replacement
with the above-described culture medium containing a
10 pg/mL peptide (Ova,, or Trp2 ). Twenty hours later,
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genetically modified and antigen-loaded B-cells were used
for vaccination in most instances.

Assessment of in vitro apoptosis and cell viability
with RT-PCR

For in vitro apoptosis, the genetically modified
B-cells were cultured in the presence of 10 pg/mL anti-
CD40 antibodies and 10 ng/mL IL-4. On day 1, 3, and
5, the cells were analyzed by annexin-V and 7-amino-
actinomycin D (7-AAD) staining. Total cell counts
were performed with trypan blue exclusion. For RT-
PCR analysis of apoptosis-related molecules, total RNA
was extracted from variously conditioned B-cells using
an RNeasy Kit (Qiagen, Valencia, CA) and cDNA was
synthesized using a First Strand cDNA Synthesis Kit
(Roche, Basel, Switzerland). Subsequently, quantitative
RT-PCR analysis for apoptosis-related mRNAs was
performed using the primers listed in Supplementary
Table S2. The thermocycling program was as follows:
95°C for 4 min, 35 cycles of 95°C for 30 s, 62.8 °C for 30
s, 72 °C for 60 s, and 10 min at 72 °C for a final amplicon
extension. Intensity of the bands was measured by Image
Lab software (Bio-Rad, Hercules, CA) and the mRNA
expression relative to that of GAPDH was calculated for
each sample.

In vitro/in vivo proliferation assays and
measurement of cytokine production

OT-1 cells purified using MACS anti-CD8-
micobeads (Miltenyi Biotec) were labeled with
carboxyfluorescein succinimidyl ester (CFSE; Molecular
Probes, Eugene, OR) at a final concentration of 5 uM
for 15 min. For in vitro proliferation, 2 x 10° OT-I cells
were incubated with 1 x 10° genetically modified and
Ova,_-loaded B-cells in 24-well plates. Four days later,
cells were stained with anti-CD8 antibodies and analyzed.
Fluorescence was measured using a FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA) and analyzed
using FlowJo software. Cell proliferation was calculated
using the Proliferation Wizard Model of Modfit LT
software (Verity Software House, Topsham, ME). At the
same time, the supernatants were harvested and stored
at -70°C for further examination of cytokine production.
The concentration of cytokines in the supernatants was
determined with an ELISA kit (eBioscience), according to
the manufacturer’s instructions. For in vivo proliferation, 1
x 105 OT-I/ CD45.2 cells were administered intravenously
to congenic (CD45.1) mice. On day 1 after OT-I cell
infusion, mice received 2 x 10° genetically modified
and Ova,__-loaded B-cells as indicated. On day 5 post-
vaccination, splenocytes were incubated with 1 pg/
mL Ova,_, peptide for 18 h and subsequently subjected
to intracellular IFN-y staining using anti-CD8 and anti-
CD45.2 antibodies.

Immunizations and evaluation of immune
responses

Mice were immunized intravenously with 2
x 10° Trp2 ,-loaded B-cells expressing additional
costimulatory ligands as indicated. Mice received an
identical booster immunization after a 7 day interval.
Some mice were immunized intravenously with 2 x
10° DCs pulsed with 10 pg/mL Trp2 . for 18 h. DCs
were generated from bone marrow monocytes cultured
for 6 days with 10 ng/mL GM-CSF (PeproTech) and
5 ng/mL IL-4. For measuring antigen-specific CD8
T-cell responses, splenocytes were incubated with 1 pg/
mL peptide and 1 pl/mL GolgiPlug (BD Bioscience) at
37°C. After 6 h, cells were stained for intracellular IFN-y
following the directions provided by the vendor (BD
Bioscience) using fluorescence-conjugated antibodies
against MHC class II, CD8a, and IFN-y. For CD107a/b
mobilization shift assay, 2.5 pg/mL of fluorescence-
conjugated anti-CD107a and CD107b antibodies were
added at the beginning of the stimulation period. For
the in vitro T-cell recognition, IFN-y enzyme-linked
immunosorbent spot (EliSpot) assays were performed
using freshly isolated CD8 T-cells (Miltenyi Biotec) from
spleens, as described previously [5]. Peptide-pulsed or
un-pulsed EL4 cells were used as targets cells.

Evaluation of therapeutic antitumor effects

Mice were inoculated subcutaneously with 1 x 103
B16 melanoma cells in the rear flank, and 3 days later
the first immunization was administered intravenously
with 2 x 10° Trp2  -loaded B-cells expressing additional
costimulatory ligands as indicated. In some instances,
mice were inoculated with 3 x 10° B16 cells (for
advanced tumor model), and vaccinated 7 days later. For
PD-1 blockade, anti-PD-L1 and control rat IgG were
administered intraperitoneally (200 pg/dose) on days 0, 2,
and 4 after each immunization (prime and boost). Tumor
growth was monitored every 3—4 d in individual tagged
mice by measuring two opposing diameters with a set
of calipers. Mice were euthanized when the tumor area
reached >400 mm?. Results are presented as mean tumor
size (area in mm?) = SD for every treatment group at
various time points until the termination of the experiment.

Statistical analyses

Statistical significance to assess numbers of antigen-
specific CD8 T-cells and tumor sizes were determined
using 1-way and 2-way ANOVA test, respectively. The
results are representative of data obtained from at least
2 independent experiments. All analyses were performed
and graph made using Prism 5.01 software (GraphPad,
San Diego, CA).
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