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We recently reported that inhibition of CX3CL1 ameliorated
collagen-induced arthritis in mice, probably by suppression of
inflammatory cell migration into the synovium (30). Others re-
ported that anti-CX3CR1- Ab treatment blocked inflammatory
cell infiltration in the glomeruli, prevented crescent formation,
- and improved renal function in the Wistar-Kyoto crescentic glo-
merulonephritis model (49). Furthermore, the gene deletion of
CX3CRI resulted in an ~50% decrease in the formation of
atherosclerotic lesions and the number of infiltrated macro-
phages in the lesion in experimental atherosclerosis mice (50,
51). These results together with our findings suggest that block-
ade of CX3CL1-CX3CRI1 interaction might be therapeutically
useful for several diseases associated with inflammatory cell
infiltration. In this study we propose that such treatment is also
suitable for LIM. To our knowledge, this is the first report dem-
onstrating that a chemokine inhibitor could reduce the severity
of myositis.

In conclusion, we demonstrated in the present study that inhi-
bition of CX3CL1 significantly improved histopathological
changes in the muscles of EAM mice, suggesting that blockade of
CX3CL1 might be therapeutically beneficial for 1IM.
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ABSTRACT

Genetically manipulated dendritic cells (DC) are consid-
ered to be a promising means for antigen-specific immune
therapy. This study reports the generation, characteriza-
tion, and genetic modification of DC derived from human
embryonic stem (ES) cells. The human ES cell-derived DC
(ES-DC) expressed surface molecules typically expressed
by DC and had the capacities to stimulate allogeneic T
lymphocytes and to process and present protein antigen in
the context of histocompatibility leukocyte antigen (HLA)
class II molecule. Genetic modification of human ES-DC
can be accomplished without the use of viral vectors, by
the introduction of expression vector plasmids into undif-
ferentiated ES cells by electroporation and subsequent

induction of differentiation of the transfectant ES cell
clones to ES-DC. ES-DC introduced with invariant chain-
based antigen-presenting vectors by this procedure stim-
ulated HLA-DR-restricted antigen-specific T cells in the
absence of exogenous antigen. Forced expression of pro-
grammed death-1-ligand-1 in ES-DC resulted in the re-
duction of the proliferative response of allogeneic T cells
cocultured with the ES-DC. Generation and genetic mod-
ification of ES-DC from nonhuman primate (cynomolgus
monkey) ES cells was also achieved by the currently
established method. ES-DC technology is therefore con-
sidered to be a novel means for immune therapy. STEM
CELLS 2007;25:2720-2729
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% - INTRODUCTION

Embryonic stem (ES) cells are characterized by pluripotency
and infinite propagation capacity, and the methods for genetic
modification of ES cells, including targeted gene modification,
have been well-established. This laboratory and others have
devised methods to generate dendritic cells (DC) in vitro from
mouse ES cells [1, 2]. The functions of mouse ES cell-derived
DC (ES-DC), including stimulation of allogeneic T cells, pro-
cessing and presentation of antigenic proteins, and migration
upon in vivo transfer, are comparable to those of DC generated
in vitro from bone marrow cells [3]. This laboratory has also
established a strategy for the genetic modification of mouse
ES-DC [1]. Expression vectors were introduced into ES cells by
electroporation, and subsequently the transfectant ES cell clones
were induced to differentiate to ES-DC. Studies using mice have
demonstrated that in vivo transfer of genetically engineered
mouse ES-DC is very useful for modulating immune responses
both positively and negatively. It is possible to induce anticancer
immunity [3-6] and prevent autoimmune disease [7. 8] in
mouse models with genetically engineered ES-DC.

In the present study, looking toward future clinical applica-
tion of ES-DC technology, a method was developed to generate
ES-DC from human ES cells. The morphology and the results of
functional and flow cytometric analyses indicate that human
ES-DC possess the characteristic features of DC. ¢cDNA mi-
croarray analysis revealed that the change of gene expression
profile during generation and maturation of human ES-DC
partially mimics that of monocyte-derived DC (Mo-DC). The
currently established method was also applicable to cynomolgus
monkey (Macaca fascicularis) ES cells.

- MATERIALS ‘AND METHODS " :

Cell Lines, Cytokines, and Reagents

The use of human ES cells was done in accordance with the
Guidelines for Derivation and Utilization of Human Embryonic
Stem Cells (2001) of the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan, after approval by the
Institutional Review Board. The human ES cell lines KhES-1 and
KhES-3 have recently been established and maintained on mouse
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Figure 1. Culture protocol and morpholog-
ical changes of human embryonic stem (ES)
cell-derived cells during differentiation cul-
ture. (A): The schedule for the culture to
induce differentiation of human ES cells into
ES-DC is schematically depicted. (B): Un-
differentiated human ES cells on primary
embryonic fibroblast feeder layer. (C-E):
ES cell-derived cells on day 3 (C), day 11
(D), and day 15 (E) in the first step. (F):
Cells on day 6 in the second step. (G-J):
Cells on day 1 (G), day 3 (H), and day 6 (I,
J) in the third step. Cells shown in (I, J) had

been stimulated with TNF-a plus LPS for 2
days. Abbreviations: ES-DC, embryonic
stem cell-derived dendritic cells; GM-CSF,
granulocyte macrophage colony-stimulating
factor; IL, interleukin; imES-DC, immature
embryonic stem cell-derived dendritic cells;
LPS, lipopolysaccharide; M-CSF, macro-
phage colony-stimulating factor; mES-DC,
mature embryonic stem cell-derived den-
dritic cells; TNF-c, tumor necrosis factor a.

primary embryonic fibroblast (PEF) feeder layers as previously
described [9, 10]. Mouse-derived hematopoietic stromal cell line
OP9 was treated with mitomycin C (10 ug/ml) for 1 hour before
plating onto gelatin-coated tissue culture dishes to make feeder cell
layers. The establishment and maintenance of cynomolgus monkey
ES cell line CMK6 was also reported (11, 12]. Recombinant human
granulocyte macrophage colony-stimulating factor (GM-CSF),
macrophage colony-stimulating factor (M-CSF), interleukin-4 (IL-
4), tumor necrosis factor a (TNF-a), and soluble CD40-ligand were
purchased from Peprotech (London, http://www .peprotech.com). Lipo-
polysaccharide (LPS) from Escherichia coli and OK-432 were pur-
chased from Sigma-Aldrich (St. Louis, http://www sigmaaldrich.com)
and Chugai Pharmaceutical (Tokyo, http://www.chugai-pharm.co.jp/
hc/chugai_top_en.jsp), respectively.

Induction of Differentiation of ES Cells into ES-DC

The procedure for differentiation culture was composed of three
steps (Fig. 1A). Step 1 was as follows: undifferentiated ES cells
maintained on PEF were rinsed with phosphate-buffered saline
(PBS) and treated with dissociation solution containing 1 mg/ml
collagenase, 0.25% trypsin, and 20% knockout serum replacement
(Invitrogen, Carlsbad. CA, http://www.invitrogen.com) in PBS [10]
and cultured on OP9 feeder cell layers in minimum essential me-
dium-a supplemented with 20% fetal calf serum (FCS) and 2-mer-
captoethanol (50 uM). Cultwre of cells was continued for 14-18
days with human ES cells and for 11-13 days with cynomolgus

www.StemCells.com

monkey ES cells, and the medium was changed once every 3 days.
At the end of this step, the cells were rinsed with PBS, treated with
trypsin-EDTA (PBS containing 0.25% trypsin and 1 mM EDTA)
for 30-40 minutes, and recovered. After resuspension in culture
medium, the cells were plated onto culture dishes and incubated for
2-4 hours. Thereafter, floating or weakly adherent cells were re-
covered by pipetting, and any firmly adherent cells were discarded.
Step 2 was as follows: after being passaged through nylon mesh
(Cell Strainer 100 pwm; BD Biosciences, Bedford, MA, http://iwww.
bdbiosciences.com), cells recovered from one 90-mm dish were
plated in two dishes with freshly prepared OP9 feeder layers. On the
following day, the culture medium was exchanged with a medium
containing GM-CSF (100 ng/ml) and M-CSF (50 ng/ml). The
culture was continued for 7-10 days, depending on the propagation
of floating cells on the feeder layers. Step 3 was as follows: ES
cell-derived floating cells were recovered by pipetting; resus-
pended in RPMI 1640 medium containing 10% FCS, GM-CSF
(100 ng/ml), and IL-4 (10 ng/ml); and cultured in Petri dishes
(3-5 X 10° cells per dish) without a feeder layer (Locus, Tokyo).
To induce maturation, IL-4 (10 ng/ml), TNF-a (10 ng/ml), LPS
(3 pg/ml), and, in some experiments, soluble CD40-ligand (20
ng/ml) or OK-432 (10 ug/ml) were simultaneously added on day
3 or 5 of this step, and the culture was continued for an additional
2-3 days. Differentiating cells were microscopically analyzed on
an inverted microscope (IX70; Olympus, Tokyo, http://www.
olympus-global.com).
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Genetic Modification of Human ES-DC

Flow Cytometric Analysis

The following monoclonal antibodies (Ab) conjugated with tluo-
rescein isothiocyanate or phycoerythrin were purchased from BD
Pharmingen (San Diego, http://www .bdbiosciences.com/index_us.
shiml) or eBioscience Inc. (San Diego, http://www ebioscience.
com): anti-human histocompatibility leukocyte antigen (HLA)-DR
(clone L243, mouse 1gG2a); anti-HLA-A, B, and C (clone G46-2.6,
mouse IgG1); anti-human CD80 (clone L307.4, mouse 1gG1); anti-
human CD83 (clone HB15e, mouse IgG1); anti-human CD86 (clone
FUN-1, mouse IgG1); anti-human CD40 (clone 5C3, mouse 1gG1);
anti-human B7-H1/programmed death-1-ligand-1 (PD-L1) (clone
MIHI, mouse IgG1); and anti-human CD74 (clone M-B741, mouse
IgG2a). As isotype-matched controls, mouse IgG2a (clone G155-
178) and mouse 1gG1 (clone MOPC-21) were used. The cell sam-
ples were treated with FcR-blocking reagent (Miltenyi Biotec, Ber-
gisch Gladbach, Germany, http://www.miltenyibiotec.com) for 10
minutes, stained with the fluorochrome-conjugated Ab for 30 min-
utes, and washed three times with PBS/2% FCS. Intracellular stain-
ing with anti-CD74 monoclonal Ab was done by using IntraPrep
(Beckman Coulter, Marseille, France, http://www.beckmancoulter.
com). Stained cell samples were analyzed on a FACScan flow
cytometer, and, in some experiments, the DC fraction was gated by
forward and side scatters.

Enzyme-Linked Immunosorbent Assay to Detect
Cytokine Production by ES-DC

Cells were cultured in 96-well flat-bottomed culture plates (1.2 X
10° cells in 150 w1 of medium per well) in the presence or absence
of soluble CD40-ligand, LPS, or OK432. After 60 hours of culture,
supernatant was collected, and the concentration of TNF-a and
IL-12 p70 was measured by using enzyme-linked immunosorbent
assay (ELISA) kits (Pierce, Rockford, IL, http://www.piercenet.
com).

Allogeneic T-Cell-Stimulation Assay

Mononuclear cells were isolated from heparinized peripheral blood
of a human or a cynomolgus monkey housed in the Chemo-Sero-
Therapeutic Research Institute (Kumamoto, Japan), using Ficoll-
Paque PLUS (Amersham Biosciences, Uppsala, Sweden, http:/
www.amersham.com ). T cells were purified using the Pan T cell
isolation kit for humans or the kit for nonhuman primates (Miltenyi
Biotec). The T cells (4 X 10*well) were cocultured with graded
numbers of x-ray-irradiated (40 Gy) stimulator cells in RPMI 1640
medium supplemented with 10% human plasma in 96-well round-
bottomed culture plates for 5 days. [*H]-Methyl-thymidine (247.9
GBg/mmol) was added to the culture (0.037 MBqg/well) for the last
16 hours. At the end this time, the cells were harvested onto glass
fiber filters (PerkinElmer Life and Analytical Sciences, Boston,
http://www perkinelmer.com), and the incorporation of [*H]-thymi-
dine was measured by scintillation counting. In the experiment
using PD-L1-transfectant ES-DC, anti-PD-L1 blocking Ab (clone
MIH1; eBioscience) or control mouse IgGl Ab (eBioscience) was
added to the culture (10 pg/mi).

Recombinant Antigenic Protein

A DNA fragment encoding human glutamic acid decarboxylase
(GAD65) p96-174 protein fragment was cloned into the prokary-
otic expression vector pGEX-4T-3 (Amersham Biosciences), to
generate a vector for glutathione S-transferase-fused GADG65 pro-
tein fragment (GST-GAD). The induction of the production of
recombinant protein in E. coli (DHSa) and the extraction of the
recombinant protein from bacterial inclusion bodies was done ac-
cording to Frangioni and Neel {13]. The purification of the recom-
binant protein with glutathione-agarose (Sigma-Aldrich) was done
as described in our previous report [14. 15]. The purity and integrity
of the recombinant protein was confirmed by SDS-polyacrylamide
gel electrophoresis. The protein was concentrated and separated
from small peptide fragments. if any, with Centricon-10 (Millipore,
Bedford, MA, http://www.millipore.com), and the solvent was
changed from the elution buffer to the culture medium by dialysis.

Antigen Presentation Assay

A human CD4" T-cell clone, SA32.5, recognizing GAD65p111-
131 in the context of HLA-DR53 molecule (DRA*0101+DRB4*
0103) was established and maintained as previously described [16].
In the assay with the synthetic peptide, ES-DC stimulated with
TNF-a (10 ng/ml) plus LPS (3 pg/ml) were harvested, incubated in
the presence of peptide (6 M) for 3 hours, washed four times with
culture medium, and x-ray-irradiated (35 Gy). A T-cell proliferation
assay was set up in a 96-well flat-bottomed culture plate with
SA32.5 T cells (3 X 10* cells per well) and graded numbers of the
peptide-loaded ES-DC in RPMI 1640 medium supplemented with
10% human plasma. In the assay with recombinant protein, the
indicated amount of GST or GST-GAD protein was added to the
coculture of SA32.5 T cells (3 X 10 cells per well) and irradiated
ES-DC (1 X 10* cells per well). After 48 hours of culture, [*H}-
thymidine was added, and then after an additional 16 hours of
culture, the cells were harvested and the incorporated radioactivity
was counted.

Plasmid Construction

cDNA for human PD-L1 was isolated by polymerase chain reaction
(PCR) with Pyrobest DNA polymerase (Takara, Osaka, Japan,
http://www takara.co.jp) using cDNA clone CSODIO11, purchased
from Invitrogen (Carlsbad, CA, http://www.invitrogen.com), as a
template. Double-stranded oligo DNA (5'-atgaacattttacticagtatgtg-
gtgaaaagtitcgat-3') coding for GAD65p115-127 (the core epitope
for SA32.5 T-cell clone) was ligated to human invanant chain
(li)-based epitope presentation vector pCl [17] to generate GAD65-
epitope-fused li. A ¢cDNA fragment for HLA-DRB4*0103 was
generated by reverse transcriptase (RT)-PCR from RNA isolated
from peripheral blood mononuclear cells positive for HLA-
DRB4%0103. The coding DNA fragments were cloned into a mam-
malian expression vector, pPCAG-IRES-Neo, which is driven by the
CAG promoter and includes an internal ribosomal entry site (IRES)-
neomycin-resistance gene cassette [3].

Transfection of ES Cells

Human ES cells were harvested using CTK solution, dissociated
into clusters of 50-100 cells by pipetting, and washed twice with
Dulbecco’s modified Eagle’s medium (DMEM). The cells har-
vested from two 90-mm culture dishes with subconfluently growing
ES cells were suspended in 0.1 ml of DMEM and mixed with 50 ug
of linearized plasmid DNA dissolved in 0.1 mi of PBS in a 4-mm-
gap cuvette. The electroporation of human ES cells was performed
at 150 V and 200 pF on a Gene Pulser (Bio-Rad, Hercules, CA,
http://www bio-rad.com). The transfection of cynomolgus monkey
ES cells was done as previously described 18], with some modi-
fications. Cynomolgus monkey ES cells were harvested after treat-
ment with trypsin-EDTA. ES cells (1-1.5 X 107) suspended in 0.7
ml of DMEM were mixed with 50 pg of plasmid DNA in 0.1 ml of
PBS in a 4-mm-gap cuvette. Electroporation was done at 250 V and
500 pF. After electroporation, the ES cells were cultured on G418-
resistant PEF feeder layers in 90-mm culture dishes or six-well
plates. Selection with G418 (150 pg/ml) was done from 2 to 4 days
after the transfection, and G418-resistant ES cell colonies were
picked up using a micropipette under microscopic observation on
days 15-18 for human ES cells and on day 11 for monkey ES cells.
The transfectant clones were transferred to 24-well culture plates
with PEF and expanded in the presence of G418. ES cell transfec-
tant clones with relatively high levels of expression of the transgene
were selected on the basis of the resistance to a high dose (1-3
mg/ml) of G418 and the results of the RT-PCR analysis. Thereafter.
the clones were subjected to the differentiation procedures. At the
proper stages of differentiation, the cells were screened to select ES
cell clones that highly expressed the transgene after differentiation,
based on a flow cytometric analysis for PD-L1 and li transfectant
human ES cells and on the antigen-presenting capacity for HLA-
DRB4 transfectant cynomolgus monkey ES cells.
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RT-PCR for Detection of the Transgene-Derived
Transcripts

cDNA was synthesized from total cellular RNA with random hex-
amer primers and SuperScript 1I reverse transcriptase (Invitrogen).
The following PCR primer sets were used: 5’-gctggattacatcaaag-
cactgaa-3' and 5’-caacaaagtctggcttatatccaa-3’ for hypoxanthine-
guanine phosphoribosyl transferase and 5’-ctgactgaccgcgttactc-
ccaca-3' and 5'-tiggttatagatgtatctgatcaggt-3’ for transgene-derived
DRB4 transcript.

Differentiation of Human ES Cells to ES-DC

Based on previous experience in the generation of dendritic cells
from mouse ES celis [1] and also based on the findings in a
preliminary study using cynomolgus monkey ES cells, the
feeder cell-coculture method was adopted for the generation of
dendritic cells from human ES cells, instead of the embryoid
body (EB)-based method. The human ES cell line selected was
KhES-1: this line exhibited the highest growth rate among the
three lines of human ES cell lines established in a recent study
[9, 19]. For feeder cells, three lines of mouse stromal cell lines
(8T2, OP9, and PA6) were evaluated for their capacity to induce
hematopoietic differentiation of KhES-1 ES cells, and OP9 had
the best yield among them (data not shown).

The protocol for the differentiation culture to generate
ES-DC from human ES cells developed in the current study is
composed of three steps, as shown in Figure 1A. At the begin-
ning of the differentiation culture, undifterentiated ES cells
maintained on mouse PEF feeders (Fig. 1B) were harvested
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using dissociation solution CTK [9] and plated on OP9 feeder
cell layers (step 1). Next, the ES cells grew and formed clusters
composed mostly of epithelial cell-like large flat cells (Fig. 1C,
1D). Clusters of round, cobblestone-like cells also appeared at
approximately day 8, and those resembled the mesodermally
differentiated cell clusters observed in hematopoietic differen-
tiation culture of mouse ES cells [1, 20]. The size and number
of round cell clusters gradually increased, and by around day 15,
they covered 20%-30% of the surface area (Fig. 1E).

On days 1518 of the first step, cells were recovered from
the dishes using trypsi/EDTA and isolated nonadherent cells,
and then they were seeded onto freshly prepared OP9 cell layers,
to begin the second step. On the next day, the culture medium
was exchanged for medium containing GM-CSF and M-CSF.
Thereafter, small round cells, floating or loosely adhering to the
feeder layer, appeared and gradually increased in number (Fig.
1F). The growth of the round cells depended primartly upon
GM-CSF, thus suggesting that they grew in response to that
factor. The cells were recovered and analyzed for their expres-
sion of hematopoietic cell lineage markers by flow cytometry
(Fig. 2A). The cells expressed CD34 and CD45, thus indicating
that they followed a hematopoietic cell lineage. They also ex-
pressed CD31, CD43, and CD11b, thus collectively indicating a
commitment to a myeloid cell lineage. The double peaks seen in
the histograms in Figure 2 reflect the heterogeneity of the
analyzed cells in size and intensity of autofluorescence.

On days 7-10 of the second step, the floating or loosely
adherent cells were harvested by pipetting and transferred to
Petri dishes without feeder cells. We then cultured the cells in
the presence of GM-CSF and IL-4 to start the third step. Fol-
lowing this passage, the cells changed their morphology from
round to irregular shapes, and some had protrusions (Fig. 1G).
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Figure 3. Production of TNF-a and IL-12 by embryonic stem cell-
derived dendritic cells (ES-DC). ES-DC were recovered from the cul-
ture (third step, day 4) and replated (1.2 X 10° cells per 150 wl in
96-well culture plates) in the presence or absence of soluble CD40-
ligand (20 ng/ml), LPS (3 pg/ml), or OK432 (10 pg/ml) as indicated.
After 60 hours, supernatant was collected, and concentration of TNF-a
and IL-12 p70 was measured by enzyme-linked immunosorbent assay.
Data are indicated by mean value + SD of duplicate cultures. Abbre-
viations: IL, interleukin; LPS, lipopolysaccharide; TNF-a, tumor necro-
sis factor a.

Cells with protrusions gradually increased, and more than 50%
of the cells exhibited DC-like irregular shapes after 2-3 days
(Fig. 1H). The floating cells expressed CD86 and CD40 but
scarcely expressed CD80 or CD83 (Fig. 2B). Expression of
HLA-DR at this stage differed between experiments.

Figure 11 and 1J shows the cells after the simultaneous
addition of TNF-a, LPS, soluble CD40-ligand, and IL-4. Gen-
erally, they exhibited longer protrusions than before the stimu-
lation, and some of the protrusions were veil-like. Many of the
cells formed aggregates. Flow cytometric analysis showed
the increased expression of CD86 and the expression of
CD80, CD83, and HLA-DR (Fig. 2B). Collectively, the cells
exhibited the characteristics of DC in their morphology and
expression of surface molecules, and thus they were desig-
nated human ES-DC.

Production of IL-12 and TNF-a by ES-DC was measured by
ELISA (Fig. 3). Production of TNF-a was profoundly induced
by either LPS or OK432. OK432, but not LPS, induced the
production of IL-12, consistent with the reports that OK432 is
an efficient inducer of I1L-12 [21, 22]. Addition of CD40-ligand
showed little effect on the production of these cytokines by
human ES-DC.

ES cell-derived floating cells first appeared during the sec-
ond step of the culture for differentiation (pre-ES-DC) and could
readily be isolated by the pipetting procedure. Their morphol-
ogy, pattern of expressioh of surface molecules, and T-cell-
stimulation capacity (desé¢ribed below) continuously changed
until the final maturation. To determine the change in gene
expression associated with such changes in the phenotypes, the
gene expression profiles of pre-ES-DC, immature ES-DC, and
mature ES-DC were analyzed using ¢cDNA microarrays. For
reference purposes, human peripheral blood monocytes and
immature and mature Mo-DC were also analyzed. The data for
genes with relevance to immune functions were selected from
the total microarray data and are shown in supplemental online
Table 1. Consistent with the results of flow cytometric analysis
(Fig. 2B), upregulation of the expression of genes encoding cell
surface molecules such as HLA class I, HLA class II. CD86, and
CD40, along with differentiation of ES-DC, was observed. In
addition, expression of the genes related to DC function, includ-
ing CD74/invariant chain, CCR7, and CCL17/TARC, was in-
creased during the differentiation. Clustering analysis indicates
similarity between change of the gene expression pattern from
monocytes to immature Mo-DC and that from pre-ES-DC to
immature ES-DC, as well as that from immature Mo-DC to

mature Mo-DC and that from immature ES-DC to mature
ES-DC (supplemental online Fig. 1).

The protocol of differentiation culture described thus far
was originally developed using the KhES-1 line of human ES
cells. This differentiation procedure was also applied to
KhES-3, another human ES cell line. KhES-3 differentiation
was similar to KhES-1 except that KhES-3 differentiated
slightly more quickly than KhES-1, and a first-step culture of
14-15 days was sufficient for the differentiation of KhES-3.

Function of Human ES-DC

The capacity of the human ES-DC to stimulate T cells was
examined based on the proliferative response of allogeneic T
cells cocultured with ES-DC (Fig. 4A). ES cell-derived floating
cells recovered from the second step (pre-ES-DC) showed litile
capacity to induce a response of T cells. In contrast, ES-DC
following the third step before the addition of maturation stimuli
(immature ES-DC) showed a weak but definite stimulation, and
following exposure to the maturation stimuli (mature ES-DC)
they showed a strong capacity to stimulate allogeneic T cells to
proliferate.

Next, the antigen-presenting capacity of ES-DC was exam-
ined. KhES-1 is positive for the HLA-DRB4*0103 gene encod-
ing the B chain of HLA-DR53 molecule. Presumably, ES-DC
derived from KhES-1 should express the DR53 molecule, and
their ability to present antigen to DR53-restricted CD4™ T cells
was determined. As shown in Figure 4B, KhES-I-derived
ES-DC preloaded with GAD65-derived synthetic peptide stim-
ulated GADG65-specific DRS3-restricted human T-cell clone
SA32.5 to proliferate. To examine the capacity to process anti-
genic protein and present epitope, recombinant protein was used
as the antigen (Fig. 4C). The SA32.5 T-cell clone cocultured
with the ES-DC in the presence of recombinant GAD65 protein
also showed a proliferative response, thus indicating that ES-DC
processed the antigenic protein and presented the epitope de-
rived from the protein in the context of HLA class II molecules.

Genetic Modification of Human ES-DC

Previous research established a strategy for the genetic modifi-
cation of mouse ES-DC [1]. Briefly. the expression vectors were
introduced into ES cells by electroporation, and subsequently
the transfectant ES cell clones were induced to differentiate to
ES-DC. The following experiments were performed to deter-
mine whether or not this strategy could be applicable to human
ES cells.

PD-L1/B7-H1 is known to downmodulate responses of T
cells upon interaction with the ligand, PD-1 on T cells [23]. An
expression vector for human PD-L1 was introduced to KhES-1
by electroporation. The expression vector used was pCAG-
INeo, driven by the CAG promoter and containing an IRES-
neomycin-resistance gene cassette (Fig. SA). Among the trans-
fectant clones, 23 ES cell clones showing resistance to high does
of G418 (2 mg/ml) were selected and subjected to the ES-DC-
differentiation culture.

The expression of PD-L1 of the transfectant clones was
examined by a flow cytometric analysis at the stage of immature
ES-DC, harvested on day 2 of the third step of the differentiation
culture. Although even nontransfectant ES-DC evidently ex-
pressed PD-L1 after maturation (data not shown), only a small
population of them expressed PD-L1 at this stage (Fig. 5B,
K1ES-DC). On the basis of the results of the analysis. one
transfectant clone. KhES1-PD28, expressing the highest level of
PD-L1 after the differentiation into immature ES-DC. was se-
lected (Fig. 5B). Allogeneic T cells cocultured with immature
ES-DC-PD28 showed a significantly lower response than those
cocultured with nontransfectant immature ES-DC (p < .05; Fig.
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Figure 4. Stimulation of allogeneic T cells and antigen presentation by human ES-DC. (A): The indicated numbers of mature ES-DC (circles),
immature ES-DC (diamonds), and pre-ES-DC (squares) were x-ray-irradiated (40 Gy) and cocultured with allogeneic human peripheral blood T cells
(4 X 10° cells per well) in a 96-well round-bottomed culture plate for 5 days. Proliferation of T cells in the last 16 hours of the culture was measured
based on [*H]-thymidine uptake. The data are indicated as the mean value * SD of duplicate cultures. (B): The indicated numbers of KhES-1-derived
mature ES-DC prepulsed with glutamic acid decarboxylase (GAD) 65,,,_,3, peptide (squares) and those left unpulsed (diamonds) were cocultured
with a GAD65-specific, HLA-DRS3-restricted human CD4™ T-cell clone, SA32.5 (3 X 10* T cells per well) for 3 days. Proliferation of the T cells
in the last 16 hours of the culture was measured by {*H]-thymidine uptake. (C): Mature KhES-1-derived ES-DC (I X 10% cells per well) were
cocultured with SA32.5 T cells (3 % 10° cells per well) in the presence of the indicated concentrations of glutathione S-transferase (GST)-GAD65
recombinant protein (squares) or GST protein (diamonds) for 3 days. Proliferation of the T cells in the last 16 hours of the culture was measured by
(*H)-thymidine uptake. Abbreviation: ES-DC, embryonic stem cell-derived dendritic cells.

5C). The proliferation-reducing effect of the transgene-derived
PD-L1 was abrogated by the addition of anti-PD-L1 blocking
Ab (p < .01), ruling out the possibility that the introduction of
the PD-L1 expression vector impaired the differentiation of
ES-DC. Collectively, these results suggest that forced expres-
sion of PD-L1 on ES-DC downmodulated the proliferative
response of cocultured allogeneic T cells via the interaction of
PD-L1 with PD-1 on the T cells.

ES-DC carrying an epitope-presenting vector and express-
ing recombinant human invariant chain (1i/CD74), which in-
cluded GAD65p115-127 in the class Il-associated invariant
chain peptide region, were also generated (Fig. 5D). It was
expected that the epitope could be efficiently targeted to the
major histocompatibility complex (MHC) class II pathway [17].
Using a protocol similar to that used for the generation of PD-L1
transfectants, the vector was introduced into KhES-1 ES cells,
and a transfectant clone, KhES-1-1i23, highly expressing trans-
gene-derived recombinant CD74, was selected by a flow cyto-
metric analysis at the pre-ES-DC stage. The expression of CD74
was detected even in the nontransfectant pre-ES-DC, reflecting
intrinsic expression of CD74 (Fig. SE). The transfectant exhib-
ited an increased expression of CD74 in comparison to the
nontransfectants, thus indicating additional expression of the
molecule derived from the transgene. The ability of the trans-
fectant ES-DC, ES-DC-li23. to stimulate the GAD epitope-
specific T-cell clone SA32.5 in the absence of antigenic peptide
or protein was next examined. As a result, ES-DC-Ii23 stimu-
lated SA32.5 T cells and induced their proliferation, thus dem-
onstrating functional expression of the epitope-presentation vec-
tor in the transfectant ES-DC (Fig. 5F). The in vivo transfer of
ES-DC transfected with this antigen-presenting vector is there-
fore expected to be useful for controlling the immune response
in an antigen-specific manner [7].

Generation and Genetic Modification of Cynomolgus
Monkey ES-DC

The differentiation protoco] established using human ES cells
was then applied to nonhuman primate ES cells. An ES cell line
derived from cynomolgus monkey, CMK®6 [11], was subjected
to the ES-DC differentiation culture. Following the transfer to
OP9 feeder layers, CMK6 cells grew and differentiated more
rapidly than did human ES cells KhES-1 and KhES-3. The
optimal duration of the first step of the differentiation culture for
CMKG6 was 11-13 days. whereas the duration ranged from 14 to
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18 days for human ES cells. Figure 6A~6C illustrates the
morphological changes of CMK6-derived cells following the
second step of the differentiation culture. The surface pheno-
types of the CMK6-derived pre-ES-DC, immature ES-DC, and
mature ES-DC were then analyzed by flow cytometry (Fig. 6D).
The double peaks seen in the histograms in Figure 6D reflect the
heterogeneity of the analyzed cells in size and intensity of
autofluorescence. Cynomolgus monkey ES-DC had the capacity
to stimulate allogeneic cynomolgus monkey T cells (Fig. 6E), as
human ES-DC did.

The expression vector for HLA-DRB4%0103 (Fig. TA) was
introduced to CMK6. An analysis of the partial nucleotide
sequence of DRA (CyLA-DRA) gene of CMKG6 showed that the
predicted amino acid sequence of the CyLA-DRa chain is very
similar to that of HLA-DRe, with only one amino acid differ-
ence in al domain (GenBank accession no. AY591919). This
suggested that the transgene-derived HLA-DRB chain could
associate with the intrinsic CyLA-DR« chain expressed in cyno-
molgus ES-DC and present an antigen to human T cells. The
expression of the transgene before and after the ES-DC differ-
entiation was confirmed by an RT-PCR analysis (Fig. 7B).
ES-DC derived from a transfectant ES cell clone, cES-53-23,
were prepulsed with synthetic GAD65 peptide and cocultured
with the HLA-DRS3-restricted. GAD65-specific T-cell clone
SA32.5. Figure 7C shows that the GAD65 peptide-pulsed trans-
fectant ES-DC stimulated the T cells to proliferate. In contrast,
ES-DC originating from parental ES cells prepulsed with the
peptide could not stimulate the T-cell clone. In addition, DR53-
transfectant cynomolgus ES-DC had the capacity to process and
present a protein antigen to the T cells (Fig. 7D). These results
demonstrate the antigen-processing and presenting capacity of
cynomolgus ES-DC and also the functional expression of the
transgene that had been introduced into the ES cells before the
differentiation. Thus, the effect and safety of the immune ther-
apy by the in vivo transfer of ES-DC can be examined by
preclinical studies using cynomolgus monkeys.

DISCUSSION

To establish the current culture protocol, various culture condi-
tions were tested. As feeder cell lines, three lines of mouse
stromal cells, OP9, PA6, and ST2, were comparatively evalu-
ated. As a result, the use of OP9 was thus observed to produce
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Figure 5. Genetic modification of human ES-DC. (A): Structure of the expression vector for human PD-L1. The expression of PD-LI was driven by the
CAG promoter, and the PD-L1-coding sequence was foliowed by IRES-neomycin-resistance gene (Neo-R), a selection marker. The open box in the CAG
promoter indicates exon 1 of the rabbit S-actin gene contained in CAG promoter. (B): Transgene-derived PD-L1 expressed in immature ES-DC originated
from transfectant embryonic stem (ES) cells was detected by flow cytometric analysis (ES-DC-PD-LI, clone 28). As a control, the staining profile of ES-DC
derived from parental ES cell line (K1ES-DC) is shown. Specific stainings with anti-human-PD-L1 monoclonal antibody (Ab) (thick line) and isotype-
matched control staining (thin, broken line) are shown. (C): The alloreactive response of T cells (4 X 10° cells per well) cocultured with immature ES-DC
(1 X 10°% cells per well) derived from the PD-L1-transfectant ES cells (ES-DC-PD-L1, clone 28) or those derived from parental ES cell line (KIES-DC) is
shown. The culture was done under the same conditions as those shown in Figure 3A except that anti-PD-L1 blocking Ab or isotype-matched mouse IgG1
was added to the culture. The statistical significance of the differences between the T-cell responses is indicated by asterisks (*, p < .05; **, p < .01). (D):
Structure of expression vector for human Ii (I/CD74) including GAD65-derived epitope. The class [l-associated invariant chain peptide region of the
li-coding sequence was replaced with an oligo DNA-encoding GAD6S | |5_;47. (E): Intracellular CD74 expressed in pre-ES-DC originated from transfectant
ES cell clone (pre-ES-DC-human Ii [hli}, clone 23) and parental ES cell line (pre-K1ES-DC) was detected by a flow cytometric analysis. Specific staining
with anti-human-CD74 monoclonal Ab (thick lines) and isotype-matched control staining (thin, broken lines) are shown. The values in the figure indicate
the delta MF1 between staining with the anti-CD74 and the isotype-matched control Ab. (F): SA32.5 T cells (3 X 10* cells per well) were cocultured with the
indicated numbers of mature ES-DC-hli clone 23 (squares) or nontransfectant ES-DC (circles) in the absence of exogenous antigen for 3 days. The proliferation of
the T cells in the last 16 hours of the culture was measured by the [*H)-thymidine uptake. Abbreviations: delta MFL, difference of mean fluorescence intensity; ES-DC,
embryonic stem cell-derived denditic cells; GAD. glutamic acid decarboxylase; [i. invadant chain; IRES, intemal ribosomal entry site.

the highest yield of ES-DC. Although ST?2 also worked as feeder
cells in the second step. the yield of ES-DC was approximately
half of that obtained using OP9. It was also essential to remove
any firmly adherent cells, when transferring the cells from the
first to second step, by the procedure described in the Materials
and Methods. At the end of the first step, many flat, adherent ES
cell-derived cells were observed to form monolayers in the
dishes. They probably differentiated into cell lineages other than
mesoderm, and unless removed, they grew rapidly in the second
step and inhibited the growth of hematopoietic cells.
Previously, two other groups reported the generation of
functional antigen-presenting cells or DC from human ES cells.
Zhan et al. adapted embryoid body-based induction of hemato-

poietic differentiation [24]. Slukvin et al. recently reported a
method using OP9 [25]. Although there are some similarities
between the method of Slukvin et al. [25] and the one reported
here, the two methods differ in the following points.

In both methods, human ES cells were cocultured with OP9
feeder cells at the initial differentiation step (the first step).
However, the duration of this culture step in our method (14-18
days) is significantly longer than the 10 days in the method of
Slukvin et al. [25]. In our system, cells with morphology indi-
cating mesodermal differentiation first appeared on day 8 or 9.
and the extension of the first step of culture to days 14-18
significantly improved the yield of hematopoietically differen-
tiated cells (Fig. 1D, 1E). In addition. we pretreated OP9 cells
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monkey ES cell-derived differentiating cells
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with mitomycin C before use as feeder cells, and this was
essential for efficient generation of hematopoietic cells. Treat-
ment with mitomycin C may not only inactivate the mitosis of
OP9 but also enhance the capacity of OP9 to support hemato-
poietic differentiation [26].

In the method of Slukvin et al., cells harvested from the first
step of culture were directly transferred to 2-hydroxyethyi
methacrylate-coated culture containers for the second step of
culture [25]. In our method, cells harvested from the first step of
culture were incubated in tissue culture-coated dishes for 2-5
hours to remove adherent cells. Removal of cells committed to
nonmesodermal lineages by this procedure is essential. In addi-
tion, the second step of culture was also done with OP9 feeder
in our method.

After the second step of culture, removal of dead cells and
aggregated cells may be necessary in the method of Slukvin et
al., as described in their report [25]. Indeed, we observed many
dead cells, as well as DC-like cells, when we tried that method.
In our method, most of recovered cells after the second step
were viable, and removal of dead cells was not necessary.

The issues of safety and efficacy are critical for the estab-
lishment of ES-DC therapy. It is presumed that preclinical in
vivo studies with the nonhuman primates will be required.
Therefore, the ability to generate ES-DC from cynomolgus
monkey ES cells is also considered to be important. It is prob-
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able that ES-DC can be generated from the ES cells of other
nonhuman primates used in medical research, such as the rhesus
monkey (Macaca mulatta) {27] and the common marmoset
(Callithrix jacchus) [28]. For clinical application of the ES-DC
technology, development of a feeder-free differentiation method
may be required. Embryoid body-mediated differentiation meth-
ods may be one way to resolve this issue. In the mouse system,
induction of mesodermal differentiation of ES cells using type
IV collagen-coated culture plates has been reported {29, 30].
Several molecules have been reported to be involved in support
of hematopoietic cell growth or differentiation by stromal cells
[31-33]. Information on the molecular basis of the interaction
between differentiating ES cells and feeder cells is valuable for
the development of a feeder-free differentiation system.

Considering clinical applications, manipulation of function
of ES-DC by genetic modification without use of viral vectors,
demonstrated in the present study. has a significant advantage.
However, random integration of multiple copies of transgenes
into various genomic loci of ES cells is accompanied by risks
such as activation of cellular oncogenes. Thus, a method to
integrate transgenes into intended loci of the genome of human
ES cells needs to be established.

Previously, we demonstrated a method for efficient targeted
integration of expression vectors into specific genomic sites of
mouse ES cells, using exchangeable gene-trap vector with Cre-
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Figure 7. Antigen presentation to human T cells by genetically modified
cES-DC. (A): The structure of HLA-DRB4%0103 expression vector is
shown. The open box indicates the noncoding first exon of rabbit B-actin
gene included in the CAG promoter. RT-PCR with PCR primers indicated
by arrowheads generated PCR products of 286 base pairs from the trans-
gene-derived mRNA. (B): Results of an RT-PCR analysis of parental cES
and a transfectant embryonic stem cell clone (cES-DRB4) and derivative
embryonic stem cell-derived dendritic cells (ES-DC) on the expression of
transgene-derived mRNA (CAG-DRB4). The PCR products for HPRT
transcript amplified from the same cDNA samples are also shown as
control. (C): The indicated numbers of DRB4-transfectant ES-DC (squares)
or nontransfectant ES-DC (circles) were preloaded with GAD65,,,_;3,
peptide, x-ray-irradiated (40 Gy), and cocultured with SA32.5 T cells (3 X
10* cells per well) for 3 days. The proliferation of the T cells in the last 16
hours of the culture was measured by the [*H)-thymidine uptake. (D):
DRB4-transfectant ES-DC (diamonds) (1 X 10* cells per well) or nontrans-
fectant ES-DC (squares) were cocultured with SA32.5 T cells (3 X 10° cells
per well) in the presence of the indicated concentration of glutathione
S-transferase (GST)-GAD recombinant protein for 3 days. DRB4-transfec-
tant ES-DC and SA32.5 T cells were cocultured also in the presence of GST
protein (circles). The proliferation of the T cells in the last 16 hours of the
culture was measured by the [*H]-thymidine uptake. Abbreviations: cES,
cynomolgus embryonic stem cells; cES-DC, cynomolgus embryonic stem
cell-derived dendritic cells; HPRT, hypoxanthine-guanine phosphoribosyl
transferase; IRES, intemal ribosomal entry site; RT-PCR, reverse transcrip-
tase polymerase chain reaction.

Lox-mediated recombination system [1]. We are now trying to
develop a system for targeted integration of transgenes into
human ES cell genome. In this system, at first, gene-targeting
vector conveying a drug resistance marker gene flanked by lox
sequences is introduced, and then ES cell clones carrying the
vector properly integrated by homologous recombination are
selected. Subsequently. expression vectors with lox sequences
are introduced with the aid of the Cre-Lox recombination sys-
tem. Integration of a single copy of the transgene into the
intended locus can be verified by Southern blot analysis. By this
strategy, we can obtain ES cell clones with defined genetic
modification, thus avoiding the risks accompanying the random
integration of exogenous genes.

Allogenicity caused by differences in the genetic back-
ground between human ES cell lines and the recipients is

considered to be a critical problem in medical application of
ES-DC. We previously reported that mouse ES-DC adminis-
tered into semiallogeneic recipients, sharing one MHC haplo-
type with the ES-DC, effectively primed antigen-specific cyto-
toxic T lymphocytes (CTL), suggesting that ES-DC can survive
for a period long enough to stimulate antigen-specific CTL
restricted by the shared MHC class 1 [4]. However, in the same
semiallogeneic setting, we also observed five times that injec-
tion of no antigen-loaded ES-DC significantly reduced the ef-
ficiency of priming of antigen-specific CTL induced by the
subsequent injection of antigen-loaded ES-DC (unpublished ob-
servations). Thus, repetitive stimulation with ES-DC expressing
allogeneic MHC may result in activation and expansion of
allogeneic MHC class I-reactive CTL, and in such recipients,
subsequently transferred ES-DC may be rapidly eliminated.
Repeated immunization may be required in clinical applications,
for example, to induce antitumor immunity. Thus, we should
resolve the problem of the histoincompatibilty between ES
cell lines and recipients.

Methods for targeted gene modification of human ES cells
and for targeted chromosome elimination of mouse ES cells
have been developed [34-36). To overcome the problem of
histoincompatibility, genetic modification to inhibit expression
of endogenous HLA class I in ES-DC may be effective. Deletion
of more than 1,000 kilobases of entire HLA class 1 region of
human ES cell genome by gene targeting is infeasible by cur-
rently available technology. However; disruption of the genes of
molecules necessary for the cell surface expression of HLA
class 1 molecules, such as transporter associated with antigen
processing (TAP) or B2-microglobulin (2M), is presumably
feasible. In our plan, we will introduce expression vector en-
coding the 82M-linked form of recipient-matched HLA class |
heavy chain into TAP1- or 32M-deficient human ES cells. We
are now testing this strategy by using a mouse system.
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Heat shock protein (HSP) 105 is overexpressed in various cancers,
but is expressed at low levels in many normal tissues, except for
the testis. A vacdnation with HSP105-pulsed bone marrow-derived
dendritic cells (BM-DC) induced antitumor immunity without causing
an autoimmune reaction in a mouse model. Because Apc*™ mice
develop multiple adenomas throughout the intestinal tract by
4 months of age, the mice provide a clinically relevant model of
human intestinal tumor. In the present study, we investigated the
efficacy of the HSP105-pulsed BM-DC vaccine on tumor regression
in the Apc*™ mouse. Western blot and immunohistochemical
analyses revealed that the tumors of the Apc™™* mice endogenously
overexpressed HSP105. Immunization of the Apc®®* mice with
a HSP105-pulsed BM-DC vaccine at 6, 8, and 10 weeks of age
significantly reduced the number of small-intestinal polyps
accompanied by infiltration of both CD4* and (D8 T cells in the
tumors. Cell depletion experiments proved that both CD4* and CD8*
T cells play a critical role in the activation of antitumor immunity
induced by these vaccinations. These findings indicate that the
HSP105-pulsed BM-DC vaccine can provide potent immunotherapy
for tumors that appear spontaneously as a result of the inactivation
of a tumor suppressor gene, such as in the Apc*™ mouse model.
{Cancer Sci 2007; 98: 1930-1935)

Colorectal cancer is the third most common cancer and the
fourth most frequent cause of cancer death worldwide.
Every year, more than 945 000 people develop colorectal cancer
worldwide, and approximately 492 000 patients die." For patients
with advanced stages of colorectal cancer, adjuvant systemic
chemotherapy is a standard treatment. Major progress has been
made by the introduction of regimens containing new cytotoxic
drugs such as irinotecan and oxaliplatin; however, the new
therapeutic regimens have led to only 8-9 months of progression-
free survival.’? Consequently, the development of new and
effective therapeutic approaches, such as immunotherapy, is
needed to expand treatment options.

The progression from normal epithelium to colorectal cancer
is a multistep process involving the accumulation of multiple
genetic alterations.'” The APC gene, a tumor suppressor, is con-
sidered to be a gatekeeper in colon tumorigenesis,””’ and one of
the earliest molecular events is the loss of function of the APC
gene product.®) APC forms a multimeric complex with the
axis inhibition protein (AXIN)2 and glycogen synthase kinase
3P, which regulates the nuclear accumulation of -catenin, a signal
transducer of the wnt pathway.® When the APC-f-catenin
complex is destabilized because of APC mutations, 8-catenin
binds and activates transcription factors that regulate the
expression of potent oncogenes such as c-Myc and c-Met.™ The

CancerSci | December 2007 | vol.98 | no.12 | 1930-1935

importance of the APC gene product was confirmed by the
demonstration that 80% of all sporadic colorectal cancers are
characterized by one or more mutations in the APC gene,
approximately 60% of which result in the expression of a trun-
cated version of the APC protein.®

The Apc™™* mouse has a nonsense mutation from T to A in
the Apc gene at codon 850, homologous to the human germline
and somatic APC mutation.® Although homozygous mice die
before birth, all heterozygous mice develop multiple adenomas
throughout their intestinal tract at an early age."™® The Apc¥'*
mouse model is unique in that tumors appear spontaneously
in the intestinal tract, rather than as a result of induction by a
carcinogen. This model is particularly advantageous for testing
preventive agents targeted against early stage lesions because
adenomas grow to a grossly detectable size within a few months
on a defined genetic background.'® Because Apc*™* mice develop
tumors due to the inactivation of the same tumor suppressor
gene known to be involved in the pathogenesis of most colon
cancers in humans, this model represents a clinically relevant
model of human intestinal tumorigenesis.""” Furthermore, germline
mutations in the human APC gene cause FAP, whose symptoms
resemble those of an Apc*™* mouse. Therefore, this model provides
useful information about not only colon cancer but also FAP.

Heat shock proteins are soluble intracellular proteins that are
expressed ubiquitously, and their expression can be induced at
much higher levels due to heat shock or other forms of stress.
The essential functions of HSP are to bind and protect partially
denatured proteins from further denaturation and aggregation.¢'!
A previous study reported that HSP105 (often called HSP110),
identified with serological identification of antigens using the
recombinant expression cloning (SEREX) method, is overex-
pressed in a variety of human cancers, including colorectal,
pancreatic, thyroid, esophageal, and breast carcinoma, whereas
HSP105 is expressed at lower levels in many normal tissues,
except for the testis.">' Immunotherapy targeted at HSP105 in
the mouse prophylactic model, such as HSP105-pulsed BM-DC
and HSP105 DNA vaccines, induce antitumor immunity without
causing an autoimmune reaction.'*'¥ These findings indicate
that HSP105 itself could be considered as a valuable tumor-
associated antigen for immune-based treatment of various tumors.
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Another study reported that HSP105 is involved in tumorigenesis
by protecting cancer cells from apoptosis.'® The constitutive
overexpression of HSP105 protein was found to be essential for
various cancer cells to survive and, conversely, the apoptosis-
inducing effect of HSP105 small interfering RNA (siRNA) is
specific for cancer. In contrast, HSP can also stimulate an adaptive
immune response against antigens bound to HSP"” provided
that the vaccine forms a complex of recombinant HSP110 and
target tumor-associated antigen.!'*'®

In the present study, Apc*~+ mice were used as a model of a
cancer immunotherapy for human colorectal cancer. Because
tumors in  Apc¥™* mice strongly express HSP105, the efficacy
of immunization with HSP105-pulsed BM-DC for preventing
the development of tumors in Apc™*~* mice was investigated.

Materials and Methods

Mice and genotyping. Frozen embryos of Apc*™* mice obtained
from the Jackson Laboratory were transferred to C57BL/6)
mice (purchased from Charles River Japan, Yokohama, Japan) at
the Center for Animal Resources and Development, Kumamoto
University. Mice at 4-5 weeks of age were characterized for
the Apc genotype by polymerase chain reaction analysis of tail
DNA with the use of allele-specific primers.® The concentrations
of these primers were 1.0 ptM (5-TGAGAAAGACAGAAGTTA-3),
1.0 uM (5"-TTCCACTTTGGCATAAGGC-3"), and 0.2 yM (5'-
GCCATCCCTTCACGTTAG-3"). The amplification conditions
were 5 min at 94°C before 35 cycles at 94°C for 1 min, 50°C for
I min, and 72°C for 1 min, followed by a final extension at
72°C for 5 min. The mice were maintained by breeding male
ApcMi~+ mice to female C57BL/6] mice. The mice were kept
under specific pathogen-free conditions and these experiments were
approved by the Animal Research Committee of Kumamoto
University.

Production of recombinant proteins. Highly purified recombinant
mouse HSP105 was produced from Escherichia coli strain BL21
cells transduced with the mouse HSP]05 gene expression vector,
as described previously.!*?"" We also produced highly purified
recombinant MBP as a negative control, which was prepared
from bacterial lysate in the same way as the preparation of
recombinant HSP105. Both recombinant HSP105 and MBP
were estimated to be almost endotoxin free using a Limulus
amebocyte lysate assay kit (BioWhittaker, Walkersville, MD,
USA), and the endotoxin contents in the materials were <10
endotoxin U/mg.

Immunizations and scoring of tumors. HSP105-pulsed BM-DC
were prepared as described previously.®*?® The mice were
inoculated intraperitoneally with HSP105-puised BM-DC (5 x 10°%)
suspended in 200 pL. PBS at 6, 8, and 10 weeks of age. The
mice were treated with BM-DC alone, MBP-pulsed BM-DC, or
PBS as controls. At 12 weeks of age the mice were killed and
their small intestines were removed and fixed with formaldehyde.
The intestines were then opened and stained with methylene blue
and the number of tumors was counted.

Western blot and immunohistochemical analysis. Western blotting
and the immunohistochemical detection of HSP105 were carried
out as described previously.'>'® Rabbit polyclonal antihuman
HSP105 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used as the primary antibody in this study. The immunohisto-
chemical staining of CD4* and CD8* T cells was carried out as
described previously.'"® mAb specific to CD4 (L3T4; BD
PharMingen, San Diego, CA, USA) and CD8 (Ly-2; BD
PharMingen) were used for staining.

Depletion of CD4* or CD8* T cells in mice. Rat mAb GK1.5 specific
to mouse CD4 and 2.43 specific to mouse CD8 were used to
deplete CD4* and CD8* T cells, respectively, in vivo. The 6-
week-old Apc*™* mice were injected with ascites (500 pg/mouse)
from hybridoma-bearing nude mice six times intraperitoneally
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with an interval of 3—4 days between injection. Normal rat I1gG
(Chemicon, Temecula, CA, USA) was used as a control. The
depletion of T cell subsets was monitored by a flow cytometric
analysis, which showed a more than 90% specific depletion in
the number of splenocytes.

ELISPOT assay. The Apc*™* mice were immunized with HSP105-
pulsed BM-DC or BM-DC alone at 6 and 8 weeks of age. At
10 weeks of age, spleen cells were harvested and depleted of
CD4* or CD8* T cells using a magnetic cell-sorting system with
antimouse CD4 mAb and antimouse CD8a (Mittenyi Biotec
GmbH, Bergisch Gladbach, Germany) mAb, respectively. The
purity of these T-cell subsets exceeded 95% based on a flow
cytometric analysis. CD4- T cells were used as a source of CD8*
T cells and antigen-presenting cells, and CD8" T cells were used
as a source of CD4* T cells and antigen-presenting cells. Five
hundred thousand CD4~ or CD8" T cells were added to each
well in triplicate cultures of RPMI-1640 medium containing 10%
fetal calf serum (FCS) together with 2 pg/ml. HSP105, MBP, and
one with medium only at 37°C for 24 h. Then ELISPOT assays
were carried out as described previously.!!?

Statistical analysis. The statistical significance of differences
between the experimental groups was determined using Student’s
t-test. The overall survival rate was calculated using the Kaplan—
Meier method, and statistical significance was evaluated using
Wilcoxon’s test. A value of P <0.05 was considered to be
statistically significant.

Results

Overexpression of HSP105 in intestinal adenomas of the Apc*™* mice.
A previous study reported that mouse HSP105 is overexpressed
in liver metastasis of a murine colorectal adenocarcinoma cell
line (Colon26), and in lung metastasis of a murine melanoma
cell line (B16-F10).'% The expression of HSP105 in tumors of
Apc*™* mice were thereby analyzed. The small intestines of
Apc™=+ mice were excised, and the expression level of HSP105
was evaluated by both westem blot and immunohistochemical
analyses. The Apc®* mice developed adenomatous polyps
spontaneously, predominantly in and throughout the small
intestine at 4 months of age (Fig. 1a). Both western blot and
immunohistochemical analyses confirmed the strong expression
of HSP105 in the tumors of Apc*™* mice (Fig. 1b,c). Based on
these observations, the Apc¥* mouse was chosen as a murine
model of cancer immunotherapy targeted at HSP105.

Immunization with HSP105-pulsed BM-DC vaccine reduced the number
of small intestinal polyps in Apc*”* mice. The preventive effects
of HSP105-pulsed BM-DC vaccination on the development of
adenomatous polyps in the Apc¥+ mice were investigated. The
mice were divided into four groups consisting of 10 mice each,
inoculated intraperitoneally with PBS (group 1), BM-DC (group
2), MBP-pulsed BM-DC (group 3), or HSP105-pulsed BM-DC
(group 4) at 6, 8, and 10 weeks of age. Two weeks after the last
immunization, the number of tumors in the small intestine was
counted.

Tumors had already developed in the small intestine of Apc¥~'+
mice at the time of the first vaccination (6 weeks of age). Each
mouse had a mean of 6.3 + 3.4 tumors at that time. The mean
number of tumors at 12 weeks of age was 20.9 £ 9.6 in group 4,
which was significantly less (P = 0.006) than the numbers in
group 1 (37.8 + 11.0), group 2 (40.8 + 11.0), and group 3 (34.8
19.5) (Fig. 2a). It was therefore concluded that the HSP105-
pulsed BM-DC vaccine has the potential to prevent the growth
of tumors expressing HSP105. The survival time in group 4
(1753 £ 32.6 days) tended to be longer than that in group 1
(146.7 £ 13.0 days) and in group 2 (152.7 + 25.5 days); however,
the difference between group 4 and group 2 was not statistically
significant (P = 0.081; Fig. 2b). No apparent abnormalities, such
as weight loss, hair abnommality, or paralysis, were observed in
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the mice immunized with HSP10S-pulsed BM-DC, suggesting
that serious autoimmunity was not observed in the mice. A
histological analysis of the major organs (brain, lung, heart,
liver, small intestine, kidney, and testis) of the immunized mice
revealed no pathological inflammation (data not shown).

Both CD4* and CD8* T cells are required for antitumor immunity.
To determine the role of CD4* and CD8* T cells in the reduction
of tumor development in Apc¥™* mice immunized with HSP105-
pulsed BM-DC, mice were depleted of CD4* or CD8* T cells by
treatment with anti-CD4 or anti-CD8 mAb, respectively, in vivo.
During the depletion procedure, the mice were immunized with
PBS or HSP105-pulsed BM-DC vaccine (Fig. 3a). In the group
of mice immunized with HSP105-pulsed BM-DC, together with
inoculation of anti-CD4 mAb (35.5 £ 10.8) or anti-CD8 mAb
(30.2 £ 9.6), the tumor numbers were significantly larger than
those in the mice given rat IgG (18.8+5.9) or left untreated
(19.9 £ 7.7). The differences in the tumor numbers between the
anti-CD4 mAb-treated group and the rat IgG-treated group
(P = 0.002), and between the anti-CD8 mAb-treated group and
the rat IgG-treated group (P = 0.013) were statistically significant.
In the group of mice inoculated with PBS, the numbers of
tumors in the mice given either anti-CD4 mAb (38.1 £5.7) or
anti-CD8 mAb (38.1 £5.6) did not differ significantly from
those in the mice given rat IgG (37.8 £ 4.8) or in the untreated
mice (40.8 £ 6.1) (Fig. 3b). These results suggest that both CD4*
and CD8* T cells play a crucial role in the protective antitumor
immunity induced by the HSP105-pulsed BM-DC vaccine,
because the HSP105-pulsed BM-DC vaccine was not effective
in the mice showing a depletion of either CD4* or CD8* T cells.

Detection of HSP105-specific T cells in mice immunized with the
HSP105-pulsed BM-DC vaccine. The Apc™* mice were immunized
with HSP105-pulsed BM-DC or BM-DC at 6 and 8 weeks of

1932

Fig. 1. Overexpression of heat shock protein
(HSP) 105 in adenomatous polyps of Apc™™* mice.
(a) Macroscopic polyps in the small intestine of
4-month-old Apc™* mice. (b) A microscopic
analysis of polyps in the small intestine of 12-
week-old Apc™®*™ mice stained with hematoxylin-
eosin (left) and anti-HSP105 monoclonal antibody
{middle). A nomal small intestine was stained
with anti-HSP105 monodonal antibody as a
negative control (right). Objective magnification
was x100. (c) Western blot analysis of HSP105 in
the small intestine of 4-month-old Apc*™* mice.
The samples were small intestines of Apc*™* and
CS7BL/6J mice homogenized in lysis buffer. The
small intestines of three mice per group were
pooled ’

age. At 10 weeks of age, spleen cells were harvested and depleted
of CD4* or CD8* T cells using magnetic cell-sorting system,
and the ELISPOT assay was carried out. The ELISPOT assay
showed that the CD8 cells (CD4* T cells and antigen-
presenting cells) derived from the mice immunized with
HSP105-pulsed BM-DC produced a significantly larger amount
of interferon-y in response to HSP105 than did CD8- cells
derived from mice immunized with BM-DC. Similar results
were observed for the CD4- cells (CD8* T cells and antigen-
presenting cells) (Fig. 4a). These observations clearly indicate
that both HSP105-specific CD4* and CD8* T cells were induced
in the mice immunized with HSP105-pulsed BM-DC vaccine.

To investigate the antitumor effect of the HSP105-pulsed BM-
DC vaccination, the tumor was evaluated histopathologicaily. The
small intestines derived from the mice used for the ELISPOT
assay were stained with anti-CD4 or anti-CD8 mAb. Both CD4+
and CD8"* T cells infiltrated into the tumors of mice immunized
with HSP105-pulsed BM-DC; however, this was not the case in
tumors derived from the mice immunized with BM-DC (Fig. 4b).
These results suggest that HSP105-pulsed BM-DC have the
potential to sensitize many HSP10S-specific CD4* and CD8*
T cells to kill tumor cells.

Discussion

In the present study, the HSP105-pulsed BM-DC vaccine could
sensitize HSP105-specific T cells invivo and inhibited the
spontaneous development of intestinal tumors overexpressing
HSP105 in Apc*™+ mice. For diseases of germline mutations
that cause malignancy throughout the body, such as FAP, novel
strategies for the prevention of cancer are needed urgently
because there is no satisfactory treatment for FAP. Therefore,
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Fig. 2. Vaccination with heat shock protein (HSP) 105-pulsed bone
marrow-derived dendritic cells (BM-DC) decreased the number of
polyps in the small intestine of the Apc** mice. (a) The Apc** mice
were inoculated intraperitoneally with HSP105-pulsed BM-DC (5 x 10%),
BM-DC alone, or myelin basic protein-pulsed BM-DC or phosphate-
buffered saline (PBS) at 6, 8, and 10 weeks of age. At 12 weeks of age,
the small intestines of the Apc™™ mice were excised, stained with
methylene blue, and the number of tumors was counted by the naked
eye. Each group corsisted of 10 Apc™* mice. The statistical significance
of the differences in results was determined using an unpaired t-test.
(b) The survival rate of Apc*™* mice immunized with HSP105-pulsed
BM-DC, BM-DC alone, or PBS as a control. The immunization protocol
was the same as that of (a). The overall survival rate was calculated
using the Kaplan-Meier method, and statistical significance was
evaluated using Wilcoxon's test.

the specific objective of the present study was to find out whether
HSP105-pulsed DC-based immunotherapy can be used as a potent
new strategy for the prevention of spomaneously arising tumors
in FAP patients.

The ELISPOT assay shown in Figure 4a shows that both
CD4* and CD8* HSP105-reactive T cells were primed in the
mice immunized with HSP105-pulsed BM-DC. In this assay, we
cannot completely rule out the possibility that responses were
directed against contaminated bacteria-derived molecules in the
HSP105 recombinant protein preparation. However, we consider
this unlikely because practically no response was observed
against BM-DC loaded with recombinant MBP protein, which
was prepared from bacterial lysate in the same way as the prep-
aration of recombinant HSP105. These recombinant proteins
were purified extensively as described in a previous paper,¥
and contamination of lipopolysaccharide (LLPS) or other DC-
stimulants was ruled out.

Previous studies have reported that HSP105 is overexpressed
specifically in a variety of human cancers and mouse tumor
cells.t*'* The present study demonstrated that HSP105 was also

Yokomine et al.
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Fig.3. Both CD4* and CD8* T cells are involved in the antitumor
immunity elicited by the heat shock protein (HSP) 105-pulsed dendritic
cell vacdne. (a) The protocol for the vaccination and the depletion of T
cell subsets. (b) The number of polyps in the small intestine of Apcv™*
mice with various treatments. The number of tumors was counted as
described in the legend for Fig. 2. Each group corsisted of eight Apc“&vs
mice. The statistical significance of the difference between the results
was determined using the unpaired t-test.

strongly expressed in the adenomatous polyps of Apc™™* mice.
In human tissue, the overexpression of HSP10S is a late event
in the adenoma-carcinoma sequence, because immunohisto-
chemical analysis revealed that HSP10S is strongly expressed in
adenocarcinoma but not in adenoma.!'» Although the ApcHi~+
mouse model has provided useful information about the patho-
genesis of colorectal cancer, it is limited because it does not
completely mimic the disease in humans. In humans, patients

" with FAP develop hundreds to thousands of adenomatous pol-

yps, predominantly in the distal colon, and have a high risk of
malignancies before the age of 40 years.®™ In contrast, Apc¥~+
mice develop dozens to hundreds of adenomas and have a short-
ened life span. However, these adenomas are located mainly in the
small intestine and they generally do not become malignant.'®
Furthermore, mice carrying different Apc mutations have been
established. Tumors arising in these mice are histologically sim-
ilar, but vary with respect to age of onset, number of tumors,
and location.® Given this vanation, the pattern of HSP105
expression in intestinal tumors may be different between human
and Apc“~+ mice. Regardless of these differences, the Apc¥~+
mice provide an appropriate mode! for analysis of the efficacy
of the HSP10S-pulsed BM-DC vaccine for inhibition of the
development of human colorectal cancer, because the loss of
APC function is the initiating event in not only FAP but aiso in
the vast majority of sporadic colon cancers.

Recent findings regarding the cellular and molecular patho-
genesis of colorectal cancer have led to the development of new
targeted therapeutic options. Overexpression of COX-2 is one of
the most significant observations in this respect.® The use of
COX-2 inhibitor suppresses the development of colon cancer in

Cancer i | Decomber 2007 | vol.98 | no.12 | 1933

© 2007 lapanese Cancer Association

— 253 —



—~
o
~

CDB8-negative celis
P <0.005 P <0.005

[ ]
o
-<d
o

ﬁ medium
B HSP105
D MBP

5
&

~
[=]

Number of IFN-y ELISPOT
N
[~}

Number of IFN-y ELISPOT

CD4-negative celis
P<0.05 P<0.05

[——— —

Fig. 4. Induction of heat shock protein (HSP)
105-specific T cells via immunization with HSP105-
= pulsed bone marrow-derived dendritic cells (BM-
@ DQ). (a) The Apc™™ mice were inoculated with

BM-DC+
HSP105

B8M-DC

(b) H.E.

HSP105-puised BM-DC or BM-DC at 6 and 8 weeks
of age. The spleen cells were harvested from 10-
week-old Apc“™ mice and depleted with either
CD4* or CD8* cells using magnetic cell-sorting
system. CD4- cells were used as a source of CD8*
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sporadic cases®™ and FAP;? however, recent clinical trials
suggest that the use of high doses of COX-2 inhibitor may have
dangerous side-effects, such as increased risk of cardiovascular
disease.”® In the present study, no apparent autoimmunity was
observed in the Apc™* mice immunized with HSP105-pulsed
BM-DC, an observation similar 10 our previous findings.(*?? In
some human clinical trials of DC-based cancer immunotherapy,
even in patients with advanced stages of cancer, no major toxicity
nor severe side-effects were observed.®*" These results strongly
suggest that DC-based immunotherapy is safe and feasible.

DC vaccination is now considered to be one of the most
promising strategies for cancer immunotherapy.®%» DC are the
most potent antigen-presenting cells and can present tumor anti-
gens to stimulate a tumor-specific T-cell response. However, this
does not occur in most types of cancer and in animal models of
spontaneously arising tumors.®* In the present study, immu-
nization with HSP105-pulsed BM-DC vaccine significantly
reduced the number of small-intestinal polyps in the Apc*~*
mice; however, the duration of survival was not prolonged as
had been expected because the adenomas in Apc*™* mice gen-
erally did not become malignant. Thereby, the protocol of DC-
based vaccination used in the present study was not sufficient to
completely prevent the occurrence of the tumors in vivo, and we
are trying to establish a more effective immunization protocol.
New strategies are now being developed to improve the clinical
efficacy of DC-based vaccines, for example, the use of overex-
pression of Aktl in BM-DC, suppressor of cytokine signaling
1-silenced BM-DC, and CD40-inducible DC.**" The use of
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cells were used as a source of CD4* T cells and
antigen-presenting cells. Thereafter interferon-y
enzyme-linked immunospot (ELISPOT) assays
were carried out. Briefly, CD4- or CD8 T cells
(5 x109 in each well were cultured together
with 2 pg/mL HSP105, myelin basic protein, or
medium alone for 24 h. The statistical significance
of the difference in results was determined using
the unpaired t-test. The spleens of three mice
from each group were pooled. This experiment
was carried out three times, with similar results.
(b) The Apc“M* mice were inoculated with
HSP10S-pulsed BM-DC or BM-DC at 6 and 8 weeks
of age. The small intestines were excsed from
10-week-old Apc*** mice and then were analyzed
after immunohistochemical staining with anti-CD4
monoclonal antibody or anti-CD8 monocional
antibody (magnification x200).
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transfected DC in a protocol such as that used in the present
study has the potential to induce a more effective antitumor
response. Furthermore, it is necessary to investigate whether
combinations of immunotherapy and other therapies, such as
combinations of DC vaccines and chemotherapy or low-dose
COX-2 inhibitors, induce a more effective antitumor response in
comparison to individual therapy alone, thereby developing more
effective strategies for treating colorectal cancer. Recent findings
have shown the curative potential of combinations of irradiation,*®
chemotherapy,®® and subsequent adoptive T-cell immunotherapy
against established solid tumors.“®

The abrogation of the antitumor effect of the HSP105-pulsed
BM-DC vaccine, after the depletion of CD4* cells or CD8* cells
via the administration of mAb, indicates that both CD4* and
CD8* T cells play a critical role in the antitumor effect of
HSP105-puised BM-DC. The report that antigen-specific CD4*
T helper cells are required for the activation of CD8* effector T
cells, their secondary expansion, and memory induction,“” is
consistent with the findings that CD4* T cells played an important
role in tumor rejection in the present study. Peptides derived
from HSP105 incorporated into BM-DC might be presented
in the context of MHC class Il on the surface of BM-DC to
activate CD4* T cells. Subsequently, CD4* T cells produce
interferon-y and interleukin-2 to activate HSP105-specific CD8*
effector T cells and facilitate the development of HSP105-
specific CD8* memory T cells. Furthermore, the ELISPOT assay
showed that HSP10S-specific CD8* T cells were also activated
by HSP105-pulsed antigen-presenting celis. These results indicate
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that HSP105-pulsed BM-DC can demonstrate peptides derived
from exogenously added HSP105 not only in the context of
MHC class I molecules to activate CD4* T cells but also in the
context of MHC class I molecules via the mechanism of cross-
presentation to activate CD8* T cells. Whole-protein-pulsed DC
vaccines seem to be superior to peptide-pulsed DC because
they can activate both CD4* and CD8* T cells, and it does not
require a knowledge of the human leukocyte antigen (HLA) type
of the cancer patients.

In conclusion, the results of the present study indicate that
HSP105-pulsed BM-DC may provide a potential vaccine to
combat human colorectal cancer. It is possible that immunization
with HSP105-pulsed BM-DC vaccines could be useful in patients
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Involvement of Regulatory T Cells in the Experimental
Autoimmune Encephalomyelitis-Preventive Effect of
Dendritic Cells Expressing Myelin Oligodendrocyte
Glycoprotein plus TRAIL!

Shinya Hirata, Hidetake Matsuyoshi, Daiki Fukuma, Akari Kurisaki, Yasushi Uemura,
Yasuharu Nishimura,? and Satoru Senju®”

We previously reported the protection from myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune
encephalomyelitis (EAE) by the adoptive transfer of genetically modified embryonic stem cell-derived dendritic cells (ES-DC)
presenting MOG peptide in the context of MHC class II molecules and simultaneously expressing TRAIL (ES-DC-TRAIL/MOG).
In the present study, we found the severity of EAE induced by another myelin autoantigen, myelin basic protein, was also
decreased after treatment with ES-DC-TRAIL/MOG. This preventive effect diminished, if the function of CD4*CD25" regulatory
T cells (Treg) was abrogated by the injection of anti-CD25 mAb into mice before treatment with ES-DC-TRAIL/MOG. The
adoptive transfer of CD4*CD25" T cells from ES-DC-TRAIL/MOG-treated mice protected the recipient mice from MOG- or
myelin basic protein-induced EAE. The number of Foxp3™ cells increased in the spinal cords of mice treated with ES-DC-TRAIL/
MOG. In vitro experiments showed that TRAIL expressed in genetically modified ES-DC and also in LPS-stimulated splenic
macrophages had a capacity to augment the proliferation of CD4*CD25* T cells. These results suggest that the prevention of EAE
by treatment with ES-DC-TRAIL/MOG is mediated, at least in part, by MOG-reactive CD4"CD25* Treg propagated by ES-
DC-TRAIL/MOG. For the treatment of organ-specific autoimmune diseases, induction of Treg reactive to the organ-specific
autoantigens by the transfer of DC-presenting Ags and simultaneously overexpressing TRAIL therefore appears to be a promising

strategy. The Journal of Immunology, 2007, 178: 918-925.

diseases, it is desirable to down-modulate the immune
response in an Ag-specific manner while not causing
systemic immune suppression. To achieve this goal, genetically
modified dendritic cells (DC)* presenting target Ags and simul-
taneously expressing immunoinhibitory molecules would be an
attractive strategy (1).
TRAIL, a member of the TNF superfamily, is expressed in a
variety of cell types, including lymphocytes, NK cells, NKT cells,
and virus-infected APCs (2-5). The abrogation of functional

I Y or the treatment of subjects with autoimmune and allergic
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TRAIL by gene targeting or the in vivo administration of soluble
death receptor 5, one of receptors for TRAIL, results in the accel-
eration of autoimmune diseases in mouse models, for example
collagen-induced arthritis, autoimmune diabetes, and experimental
autoimmune encephalomyelitis (EAE) (6-9). It is thus evident that
TRAIL plays a critical role in the regulation of the immune re-
sponse or the maintenance of immunological self-tolerance to pre-
vent autoimmunity. However, the precise mechanism for this has
not yet been clarified regarding how TRAIL exerts such an effect.

We recently reported the protection from myelin oligodendro-
cyte glycoprotein (MOG)-induced EAE with genetically modified
DC expressing MOG peptide along with TRAIL or programmed
death-1 ligand (PD-L1) (1). For the genetic modification of DC,
we used a method to generate DC from mouse embryonic stem
cells in vitro (ES-DC) (10-13). For the efficient presentation of
MOG peptide in the context of MHC class I1 molecules, we used
an expression vector in which ¢cDNA encoding for human MHC
class [l-associated invariant chain was mutated to contain anti-
genic peptide in the class Il-associated invariant chain peptide re-
gion (14, 15). An epitope inserted into this vector is efficiently pre-
sented in the context of coexpressed MHC class I molecules. Based
on these technologies, we generated transfectant ES-DC presenting
MOG peptide and simultaneously expressing TRAIL or PD-LI,
ES-DC-TRAIL/MOG, and ES-DC-PDL1/MOG, respectively.

The treatment of mice with either of the double-transfectant
ES-DC significantly reduced the severity of MOG-induced EAE.
In contrast, treatment with ES-DC expressing MOG alone, irrele-
vant Ag (OVA) plus TRAIL, or OVA plus PD-L1, or coinjection
with ES-DC expressing MOG plus ES-DC expressing TRAIL or
PD-L1, had no effect on the disease course. The immune response
to irrelevant exogenous Ag (keyhole limpet hemocyanin) was not
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FIGURE 1. Prevention of MBP-induced EAE by treating the mice with
ES-DC-TRAIL/MOG. A. The schedule for the pretreatment and induction
of EAE is shown. CBF, mice (three to four mice per group) were i.p.
injected with ES-DC (1 X 10° cells/mouse/injection) on days —8, —5, and
—2. EAE was induced by the immunization of MBP peptide or whole
protein on day 0, and the injection of B. pertwussis toxin on days O and 2.
B-D, The disease severity of mice immunized with MBP peptide (B) or
whole protein (C and D) is shown. The data of all experiments are sum-
marized in Table L.

impaired by treatment with any of the genetically modified ES-DC.
These results suggest the possibility of treating autoimmune dis-
eases without affecting immunity to exogenous Ags using geneti-
cally engineered DC presenting target autoantigen and simulta-
neously expressing TRAIL or PD-L1. In that study, we observed
an increase in apoptosis of CD4™ T cells in the spleens of mice
treated with ES-DC-TRAIL/MOG, suggesting that protection from
EAE by ES-DC-TRAIL/MOG is mediated by induction of apo-
ptosis of MOG-reactive pathogenic CD4™ T cells. In the present
study, we found that the severity of not only MOG- but also myelin
basic protein (MBP)-induced EAE was reduced by treatment with
ES-DC-TRAIL/MOG. Regarding the mechanism underlying this
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disease-preventive effect, we obtained several lines of evidence
supporting that MOG-reactive CD47CD25” regulatory T cells
(Treg) were activated or propagated by the transfer of ES-DC-
TRAIL/MOG and that the prevention of EAE by treatment with
ES-DC-TRAIL/MOG was mediated, at least in part, by Treg.

Materials and Methods

Mice and cells

CBA and C57BL/6 mice obtained from Clea Animal or Charles River
Laboratories were kept under specific pathogen-free conditions. Male CBA
and female C57BL/6 mice were mated to generate F, (CBF,) mice and all
in vivo experiments were done using CBF, mice, syngeneic to TT2 ES
cells. The mouse experiments were approved by the Animal Research
Committee of Kumamoto University.

The mouse ES cell line, TT2, derived from CBF, blastocysts, and OP9
were maintained as previously described (10). The induction of differen-
tiation of ES cells into ES-DC and generation of transfectant ES-DC-TRAIL,
ES-DC-PDLI1, ES-DC-MOG, ES-DC-TRAIL/MOG, ES-DC-PDL1/MOG,
and ES-DC-TRAIL/OVA was done as described previously (1).

Protein, cytokines, and Abs

The mouse MOG p35-55 (MEVGWYRSPFSRVVHLYRNGK) and mouse
MBP p35-47 (TGILDSIGRFFSG) were synthesized using the F-moc method
on an automatic peptide synthesizer (PSSM8; Shimadzu) and purified
using HPLC. Recombinant mouse GM-CSF (PeproTech) was pur-
chased. Rat anti-mouse CD25 mAb was produced by culturing the
PC61.5.3 cell line in the CELLINE system (BD Biosciences) and was
purified by the MAbTrap kit (Amersham Biosciences). Abs and reagents
used for staining were PE-conjugated anti-mouse CD25 (clone 3C7, rat
IgG2b; BD Pharmingen) and FITC-conjugated anti-mouse CD4 (clone
GK1.5, rat 1gG2b; BD Pharmingen).

Induction of EAE and treatment with ES-DC

For the induction of EAE, 6- to 8-wk-old female CBF, mice were immu-
nized by performing a s.c. injection at the base of tail with a 0.2-ml IFA/
PBS solution containing 600 pg of MOG p35-55 peptide, MBP p35-47
peptide, or whole bovine MBP (Sigma-Aldrich), and 400 g of Mycobac-
terium tuberculosis H37Ra (Difco Laboratories) on day 0. In addition, 500
ng of purified Bordetella pertussis toxin (Calbiochem) was injected i.p. on
days 0 and 2 (1). For the prevention of EAE, mice were injected i.p. with
ES-DC (1 X 10° cells/mouse/injection) on days —8, —5, and —2 (preim-
munization treatment), or on days 14, 17, and 21 (postonset treatment). In
some experiments, CD25" T cells were depleted by i.p. injections of anti-
mouse CD25 mADb (clone PC61.5.3) as described (16). In brief, the mAb
(400 pg/mouse) was administrated on days —28, —24, —21, and —14.
Depletion was verified by staining PBMC and then analyzing them on a
flow cytometer (FACScan; BD Biosciences). The mice were observed over
a period of 42 or 56 days (postonset treatment) for clinical signs and scores
were assigned based on the following scale: 0, normal; 1, weakness of the
tail and/or paralysis of the distal half of the tail; 2, loss of tail tonicity and
abnormal gait; 3, weakly partial hind-limb paralysis; 3.5, strongly partial

Table I. Suppression of MBP-induced EAE induction in CBF, mice treated with ES-DC expressing MOG

plus TRAIL?
Disease Day of Mean Peak
Treatment (ES-DC) of Mice EAE Induced with Incidence Onset Clinical Score

No treatment (control) MBP pep 12/12 64=13 3.1 201
TRAIL/MOG MBP pep 2/6 8.0*1.0 0709
PD-LI/MOG MBP pep 6/6 8.0+27 34 x0.1
MOG MBP pep 373 63+ 1.8 3500
No treatment (control) MBP whole 15/15 94 =* 1.5 31 +02
TRAIL/MOG MBP whole 5/9 152 46 1.0+x09
PD-LI/MOG MBP whole 6/6 135%33 3.1 201
MOG MBP whole 6/6 11.7 £ 0.6 32x02
TRAIL/OVA MBP whole 4/4 98 1.1 33+£03
CD25 depl.” plus no treatment MBP whole 6/6 10.1 =12 3805
CD25 depl.” plus TRAIL/MOG MBP whole 8/8 100+ 1.5 43* 1.0

 The data are combined from a total of nine separate experiments including those shown in Figs. 1 and 4.

% In these mice, CD25* cells were depleted by the treatment with anti-CD25 mAb and subsequently mice were transferred
with ES-DC or left untreated. The values of onset day and mean peak clinical score are rounded off to the first decimal place.
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