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in maintaining immunological self-tolerance in physiological sit-
uations (10-18).

For introduction of multiple expression vectors into DC, we
used a method for embryonic stem cell (ES cell)-mediated genetic
modification of DC. Recently, we and another group established
culture procedures to generate DC from mouse ES cells (2, 19). ES
cell-derived DC (esDC or ES-DC) have the capacity comparable to
bone marrow-derived DC to process and present protein Agsto T
cells, stimulate naive T cells. and migrate to lymphoid organs in
vivo (20, 21). A recent study using the method revealed the role of
Notch signaling in differentiation of DC (22). For generation of
genetically modified ES-DC. ES cells were transfected with ex-
pression vectors, and subsequently transfectant ES cell clones were
induced to differentiate to DC, which expressed the products of
introduced genes. Introduction of multiple exogenous genes by
sequential transfection can readily be done with vectors bearing
different selection markers (20).

In this study, we report that treatment of mice with ES-DC pre-
senting MOG peptide in the context of MHC class Il and simul-
taneously expressing TRAIL or PD-L1 significantly reduced the
severity of EAE induced by immunization with the MOG peptide.

Materials and Methods
Mice

CBA, and C57BL/6 mice obtained from CLEA Japan or Charles River
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.
Mouse experiments met with approval by Animal Research Committee of
Kumamoto University.

Peptides, protein, cell lines, and cytokines

The mouse MOG p35-55 (MEVGWYRSPFSRVVHLYRNGK). mouse
myelin proteolipid protein (PLP) p190-209 (SKTSASIGSLCADARM
YGVL), and mouse myelin basic protein (MBP) p35-47 (TGILDSI
GRFFSG), were synthesized using the F-moc method on an automatic
peptide synthesizer (PSSM8; Shimadzu) and purified using HPLC (23-25).
Bovine MBP was purchased from Sigma-Aldrich. The ES cell line, TT2,
derived from CBF, blastocysts, and the M-CSF-defective bone marrow-
derived stromal cell line, OP9, were maintained, as described (2). L929. a
fibroblast cell line originating from a C3H mouse was purchased from
Japan Health Science Foundation (Osaka, Japan). Recombinant mouse
GM-CSF was kindly provided by Kirin Brewery and was purchased from
PeproTech.

Plasmid construction

Mouse TRAIL cDNA was prepared by RT-PCR amplification from total
RNA of mouse spleen with PCR primers 5'-AACCCTCTAGACCGC
CGCCACCATGCCTTCCTCAGGGGCCCTGAA-3’ and 5'-AAAGGGA
TATCTTTACTGGTCATTTAGTT-3'. The design of these primers results
in cloning of TRAIL ¢cDNA downstream of the Kozak sequence (20). The
PCR products were subcloned into a pGEM-T-Easy vector (Promega), and
cDNA inserts were confirmed by sequencing analysis. cDNA for mouse
PD-L1 was kindly provided by Drs. T. Okazaki and T. Honjo (Department
of Medical Chemistry, Kyoto University, Kyoto, Japan) (7). The cDNA
fragments for TRAIL and PD-L! were cloned into pCAG-INeo, a mam-
malian expression vector driven by a CAG promoter and containing the
internal ribosomal entry site (IRES)-neomycin resistance gene cassette, to
generate pPCAG-TRAIL-INeo or pCAG-PDL1-INeo. To generate a MOG
peptide presenting vector, double-stranded oligo DNA encoding the MOG
p35-55 epitope, 5'-CCGGTGATGGAAGTTGGTTGGTATCGTT
CTCCATTCTCTCGTGTTGTTCATCTTTATCGTAACGGTAAG
CTGCCCATGGGAGCT-3', was inserted into the previously reported
human li-based epitope-presenting vector, pCI30 (2). The coding region
of this construct was transferred to pCAG-IPuro, an expression vector
containing the CAG promoter and IRES-puromycin N-acetyltransferase
gene cassette, to generate pCAG-MOG-IPuro. pCI-PCC is a pigeon
cytochrome ¢ (PCC) epitope-presenting vector derived from pCI30 (2).
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Transfection of ES cells and differentiation of DC from ES cells

Transfection of ES cells and induction of differentiation of ES cells into DC
were done as described (2, 20), with some minor modification as follows.
The differentiating cells were transferred from OP9 to bacteriological petri
dishes without feeder cells on day 10, and cultured in RPMI 1640 medium
supplemented with 12% FCS, GM-CSF (500 U/ml), and 2-ME. The float-
ing or loosely adherent cells were recovered from dishes by pipetting on
days 17-19 and used for experiments.

RT-PCR 10 detect transgene products

Total cellular RNA was extracted using a SV Total RNA Isolation kit
(Promega). All RNA samples were treated with RNase-free DNase | before
reverse transcription to eliminate any contaminating genomic DNA. RT-
PCR was done as described (20). The relative quantity of cDNA in each
sample was first normalized by PCR for GAPDH. The primer sequences were
as follows: hCD74 (li), 5'-CTGACTGACCGCGTTACTCCCACA-3' and
5'-TTCAGGGGGTCAGCATTCTGGAGC-3'; TRAIL, 5'-CTGACTGAC
CGCGTTACTCCCACA-3’ and 5'-GAAATGGTGTCCTGAAAGGTTC-3";
PD-LI, 5'-CTGACTGACCGCGTTACTCCCACA-3’ and 5'-GCTTGTAG
TCCGCACCACCGTAG-3'; and GAPDH, 5'-GGAAAGCTGTG
GCGTGATG-3' and 5'-CTGTTGCTGTAGCCGTATTC-3'. The sense-
strand primer used for detection of transgene-derived mRNA was
corresponding to the 5 untranslated region included in the vector DNA.
PCR products were visualized by ethidium bromide staining after separa-
tion over a 2% agarose gel. In one experiment, the level of expression of
mRNA for TGF-B was detected by RT-PCR. The primer sequences were
5'-ACCATGCCAACTTCTGTCTG-3’ and 5'-CGGGTTGTGTTGGT
TGTAGA-3'.

Flow-cytometric analysis

Staining of cells and analysis on a flow cytometer (FACScan; BD Bio-
sciences) was done as described (2). Abs and reagent used for staining were
as follows: anti-1-A® (clone 3JP; mouse 1gG2a), R-PE-conjugated-anti-
mouse CDIll1c (clone N148; hamster IgG; Chemicon), R-PE-conjugated
anti-mouse CD86 (clone RMMP-2: rat IgG2a; Caltag). FITC-conjugated
anti-human CD74 (clone M-B741; mouse IgG2a; BD Pharmingen), FITC-
conjugated goat anti-mouse Ig (BD Pharmingen), mouse 1gG2a control (clone
G155-178; BD Pharmingen), FITC-conjugated mouse 1gG2a control
(clone G155-178; BD Pharmingen). R-PE-conjugated hamster IgG con-
trol (Immunotech). R-PE-conjugated rat 1gG2a control (clone LO-DNP-
16; Caltag), biotinylated anti-mouse TRAIL (clone N2B2; rat 1gG2a;
eBioscience), anti-mouse PD-L1 (clone MIHS; rat 1gG2a; eBioscience),
rat 1gG2a (Caltag), biotinylated rat 1gG2a (eBioscience), FITC-
conjugated anti-rat Ig (BD Pharmingen), and PE conjugated-
streptavidin (Molecular Probes; Invitrogen Life Technologies). In some
experiments, the DC fraction was gated by forward and side scatters.
For detection of apoptosis of splenic CD4* T cell. Annexin V¥'C
apoptosis detection kits (BioVision) were used. In brief, spleen cells
isolated from mice treated with ES-DC were incubated with FITC-
conjugated annexin V and R-PE-conjugated anti-mouse CD4 mAb
(clone L3T4; BD Pharmingen), and subsequently analyzed by flow
cytometry.

Cytotoxicity assay and proliferation assay of T cells stimulated
with anti-CD3 mAb

Standard *'Cr release assay was done as described (4). For proliferation
assay of T cells stimulated with anti-CD3 mADb, splenic mononuclear ceils
were prepared from unprimed CBF; mice, and T cells were purified using
nylon wool columns. X-ray-irradiated (35 Gy) ES-DC (2 X 10*) and the T
cells (1 X 10°) were seeded into wells of 96-well flat-bottom culture plates
precoated with anti-CD3 mAb (145-2C11; eBioscience) and cultured for 4
days. (*H]Thymidine (6.7 Ci/mmol) was added to the culture (1 uCifwell)
in the last 16 h. At the end of culture, cells were harvested onto glass fiber
filters (Wallac), and the incorporation of [3H]thymidinc was measured us-
ing scintillation counting. For blocking experiments, anti-TRAIL (clone
N2B2) or anti-PD-L1 (clone MIH5) blocking mAb (5 ng/m!) was added to
the culture.

Analysis of presentation of MOG epitope by genetically modified
ES-DC

MOG epitope-reactive T cells were prepared from inguinal lymph nodes of
mice immunized according to protocol for EAE induction described below.,
using nylon wool columns. X-ray-irradiated (35 Gy) ES-DC as stimulator
cells (2 X 10*) were cocultured with the MOG-reactive T cells (1.5-2 X
10%) in wells of 96-well culture plates for 3 days. Proliferation of T cells in
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the last 12 h of the culture was quantified based on [*H]thymidine uptake,
as described above.

Induction of EAE and treaiment with ES-DC

For EAE induction by synthetic peptides or purified protein, 6- to 8-wk-old
female CBF, mice were immunized by giving a s.c. injection at the base of
the tail with a 0.2-ml IFA/PBS solution containing 600 pg of MOG p35-55
peptide and 400 pg of Mycobacterium tuberculosis H37Ra (Difco Labo-
ratories) on day 0. In addition, 500 ng of purified Bordetellu pertussis toxin
(Calbiochem) were injected i.p. on days O and 2. For EAE induction by
ES-DC presenting MOG peptide, ES-DC were injected at the base of the
tail of mice (5 X 10° cells/mouse) at day O, and the mice were given i.p.
500 ng of B. pertussis toxin in 0.2 ml of PBS on days 0 and 2. For pre-
vention of EAE, mice were injected i.p. with ES-DC (1 X 10° cells/mouse/
injection) on days —8, —5, and —2 (preimmunization treatment), or on
days 5, 9, and 13 (postimmunization treatment). The mice were observed
over a period of 42 days for clinical signs, and scores were assigned based
on the following scale: O, 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,
partial hindlimb paralysis; 4, complete hindlimb paralysis; 5, forelimb pa-
ralysis or moribundity; 6. death.

Immunohistochemical analysis

Freshly excised spinal cords were immediately frozen and embedded in
Tissue-Tek OCT compound (Sakura Finetechnical). Immunohistochemical
staining of CD4, CD8, and Mac-1 was done, as described (20), but with
some modification. In brief, serial 7-pum sections were made using cryostat
and underwent immunochemical staining with mAbs specific to CD4
(clone L3T4; BD Pharmingen), CD8 (clone Ly-2; BD Pharmingen), or
Mac-1 (clone M1/70; eBioscience), and N-Histofine Simple Stain Mouse
MAX PO (Nichirei). Frozen sections of spleen were subjected to TUNEL
staining by using ApopTag Fluorescein In Situ Apoptosis Detection kits
(Serologicals). In brief, sections were incubated with digoxigenin-conju-
gated nucleotides and TdT, and subsequently with peroxidase-conjugated
anti-digoxigenin Ab. The staining signals were developed using
diaminobenzidene.

Analysis of T cell response to MOG or keyhole limpet
hemocyanin (KLH)

Immunization of mice and restimulation of draining lymph node cells in
vitro were done as described (26), but with some modification. In brief,
ES-DC-treated and control mice were immunized at the base of the tail
with MOG peptide, according to protocol for EAE induction, or 50 ug of
KLH protein (Sigma-Aldrich) emulsified in CFA. After indicated days,
inguinal lymph node cells and spleen cells were isolated and cultured (5 X
10° cells/well) in the presence of MOG peptide (0, 8, 2.5, or 80 ug/ml) or
KLH (16, 50, or 160 pg/ml) in 10% horse serum/RPMi 1640/2-ME or 2%
mouse  serum/DMEM/2-ME/insulin-transferrin-selenium-X  (Invitrogen
Life Technologies), and the proliferative response was quantified based on
[3H]thymidine uptake, as described above. In addition, when mice were
immunized with ES-DC expressing MOG peptide for EAE induction,
spleen cells were isolated at day 14, and cultured (5 X 107 cells/well) in the
presence of MOG peptide in 10% horse serum/RPMI 1640/2-ME, and the

Table 1. EAE induction in CBF, mice®

proliferative response was quantified based on [*H]thymidine uptake, as
described above. To analyze production of cytokines of spleen cells iso-
lated from mice treated with ES-DC, isolated spleen cells were stimulated
with 10 uM MOG peptide or irrelevant OVA peptide in vitro. After 72 or
96 h, cell supernatants were harvested and measured for cytokine content
using ELISA kits {(eBioscience) for IL-4, IL-10, and IFN-vy.

Statistical analysis

Two-tailed Student’s ¢ test was used to determine the statistical significance
of differences. A value of p < 0.05 was considered significant.

Results
Induction of EAE in CBF, mice

To date, we found no study that EAE had been induced in CBF,
mice. Therefore, before the study on therapeutic intervention, it
was necessary to set up an experimental condition under which we
could reproducibly induce EAE in CBF, mice. We compared sev-
eral induction protocols using protein or peptide Ag of MOG,
MBP, and PLP. As a result, we found that, when mice were s.c.
injected at the base of the tail with a 0.2-ml IFA/PBS solution
containing 600 pg of MOG p35-55 and 400 ug of M. tuberculosis
accompanying an i.p. injection of 500 ng of purified B. pertussis
toxin on days 0 and 2, EAE is reproducibly induced in CBF,; mice
with an average peak clinical score of 3.3 (Table I). We decided to
use this protocol in the following experiments. In addition, inoc-
ulation of MBP p35-47, MBP whole protein, or PLP p190-209
together with M. ruberculosis and B. pertussis toxin also induced
EAE in CBF, mice with a peak clinical score ranging between 2
and 3 (Table I).

Genetic modification of ES-DC to express MOG peptide along
with TRAIL or PD-L]

At the first step in the generation of ES-DC presenting MOG pep-

“tide and simultaneously expressing TRAIL or PD-L1, TT2 ES

cells were transfected with an expression vector for TRAIL
(pCAG-TRAIL-INeo) or PD-L1 (pCAG-PDL1-INeo), as shown in
Fig. 1A. Then, ES cell clones introduced with either of the expres-
sion vectors and parental TT2 ES cells were transfected with the
MOG peptide expression vector, pCAG-MOG-IPuro (Fig. 1B). In
this vector, a cDNA for human Ii was mutated to contain an oligo
DNA encoding MOG p35-55 epitope in the CLIP region (1.2, 27,
28). Resultant single- or double-transfectant ES cell clones were
subjected to differentiation to ES-DC. ES-DC expressing MOG
peptide, MOG peptide plus TRAIL, and MOG peptide plus PD-L1
were designated as ES-DC-MOG, ES-DC-TRAIL/MOG, and ES-
DC-PDLI1/MOG, respectively. The expression of mutant human li

Disease Mean Peak
Expt. Ag Ag Dose (ng) Incidence Day of Onset Clinical Score
1 MOG p35-55 200 x 2° 172 9.0+ 0 150
2 400 212 1100 400
3 600 44/44 10213 3305
4 800 2 800 300
5 MBP p35-47 200 x 27 072
6 600 8/8 55+13 300
7 MBP protein 200 x 2° 012
8 600 6/6 97+ 18 300
9 PLP p190-209 200 x 2° 012
10 600 212 50+0 200

“ Data are combined from a total of 21 experiments. EAE was induced by S.C. injection at the tail base of a 0.2-m] IFA/PBS solution containing 400 ug of M. ruberculosis
and indicated peptide or MBP protein once (on day 0) or ® twice (on days 0 and 7). together with i.p. injections of 500 ng of purified B. pertussis toxin on days 0 and 2.
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FIGURE 1. Genetic modification of ES-DC to express TRAIL, PD-LI1,
and li-MOG. A, The structures of pCAG-TRAIL-INeo and pCAG-PDL |-
INeo, the expression vectors for TRAIL and PD-L1, and PCR primers for
RT-PCR to detect transgene products are shown. Primer pairs (arrows)
were designed to span the intron (917 bp) in the CAG promoter sequence
to distinguish PCR products of mRNA origin (421 and 604 bp, respec-
tively) from genome-integrated vector DNA origin. Hatched boxes indicate
5'-untranslated region of the rabbit S-actin gene included in the CAG pro-
moter. The vectors are driven by CAG promoter (pCAG), and cDNA for
TRAIL or PD-L1 are followed by the IRES-neomycin-resistance gene
(Neo®)-polyadenylation signal sequence (pA). B, The structure of pCAG-
MOG-IPuro, the expression vector for mutant human li bearing MOG pep-
tide at the CLIP region, are shown as in A. Primer pairs (arrows) were
designed to generate PCR product of 556 bp originating from transgene-
derived mRNA for CAG-MOG. C, RT-PCR analysis detected expression
of transgene-derived mutant human /i containing the MOG peptide (Ji-
MOG), TRAIL, PD-LI, and GAPDH (control) mRNA in transfectant
ES-DC.

containing the MOG peptide, TRAIL, and PD-L1 in ES-DC was
confirmed by RT-PCR (Fig. 1C) and flow-cytometric analysis

(Fig. 2). The mutant human li containing the MOG peptide was -

detected by intracellular staining with anti-human CD74 (li) mAb
(Fig. 2).

ES-DC of similar morphology were generated from any of the
transfectant ES cells. As shown in Fig. 2, no significant difference
was observed in the level of surface expression of CD86, I-A®, or
CD11c among ES-DC derived from parental TT2 ES cells, ES-
DC-MOG, ES-DC-TRAIL/MOG, and ES-DC-PDL1/MOG. Thus,
forced expression of TRAIL, PD-L1, or mutant human i has little
influence on the differentiation of ES-DC.

Functional expression of transgene-derived TRAIL and PD-L]
in ES-DC

The functional activity of TRAIL expressed in ES-DC was ana-
lyzed according to the cytotoxicity against TRAIL-sensitive L929
cells. As shown in Fig. 3A, ES-DC-TRAIL showed manifest kill-
ing activity against L929. In contrast, neither ES-DC (TT2) (pa-
rental TT2-derived) nor ES-DC-OVA (OVA-transfected TT2-de-
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FIGURE 2. Surface phenotype of genetically modified ES-DC. Expres-
sion of cell surface CD86, I-A", CD11c, TRAIL, and PD-L1 on transfectant
ES-DCs was analyzed by flow-cytometric analysis. Expression of mutant
human 1 (hCD74) bearing MOG peptide was examined using intracellular

staining. Staining patterns with specific Abs (thick line) and isotype-
matched contro! (thin line) are shown.
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rived ES-DC) did so. In addition, ES-DC-TRAIL inhibited the
proliferation of splenic T cells stimulated with plate-coated anti-
CD3 mAb (Fig. 3B). PD-L1 expressed on ES-DC also inhibited
proliferation of splenic T cells stimulated with anti-CD3 mAb.
Inhibition of anti-CD3-induced proliferation of T cells by the
TRAIL and PD-L1 was abrogated by addition with anti-TRAIL
and anti-PD-L1 blocking mAb, respectively (Fig. 3B), but not by
isotype-matched control mAb (data not shown). These results in-
dicate that transgene-derived TRAIL and PD-L1 expressed in
ES-DC functioned to suppress response of T cells stimulated via
TCR/CD3 complexes.

Stimulation of MOG-reactive T cells by ES-DC genetically
engineered to express MOG peptide

Presentation of MOG peptide in the context of MHC class II mol-
ecules by ES-DC-MOG was investigated in vitro. MOG peptide-
reactive T cells were prepared from inguinal lymph nodes of mice,
which developed EAE by immunization with MOG p35-55, CFA,
and B. pertussis toxin. Proliferative response of the MOG-reactive
T cells upon coculture with transfectant ES-DC was analyzed. As
shown in Fig. 4A, ES-DC-MOG stimujated the MOG-reactive T
cells to induce proliferation. In contrast, ES-DC carrying li-based
PCC peptide expression vector (ES-DC-PCC) (2), as a control, did
not do so. No proliferative response was observed when naive
splenic T cells isolated from syngeneic mice were cocultured with
ES-DC-MOG under the same condition {data not shown). These
results indicate that the epitope-presenting vector introduced into
ES-DC functioned to present the MOG peptide in the context of
MHC class 11 molecules to stimulate MOG-specific CD4™ T cells.

It has been reported that transfer of bone marrow-derived DC
preloaded with MOG peptide caused development of EAE in naive
mice (29, 30). We presumed that, if ES-DC-MOG could encounter
with MOG-specific T cells and stimulate the T cells with MOG
peptide in vivo, EAE would be developed. We injected ES-DC-
MOG or ES-DC-PCC, as a control, at the base of the tail of naive
mice and also gave i.p. 500 ng of B. pertussis toxin on the same
day and 2 days later. In the resuits, EAE was developed in the mice
transferred with ES-DC-MOG but not those transferred with ES-
DC-PCC (Fig. 4B).

We examined whether MOG-specific T cells were activated in
vivo by injection with ES-DC-MOG. Fourteen days after the in-
jection of ES-DC and B. pertussis toxin, spleen cells were isolated
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FIGURE 3. Expression of functional TRAIL or PD-L1 in ES-DC trans-
fectants. A, The activity of TRAIL expressed in ES-DC was analyzed based
on cytotoxicity against 1929 cell. *!Cr-labeled target cells (5 X 10 L929
cells) were incubated with ES-DC (TT2), ES-DC-OVA, or ES-DC-TRAIL
as effector cells at the indicated E:T ratio for 12 h, and after the incubation,
cytolysis of target cells was quantified by measuring radioactivity in the
supernatants. Results are expressed as mean specific lysis of triplicate as-
says, and SDs of triplicates were <4%. B. Irradiated ES-DC (TT2). ES-
DC-TRAIL. and ES-DC-PDLI1 (2 X 10*well) were cocultured with 1 X
10° syngeneic CBF, splenic T cells in the presence ((J) or absence (M) of
blocking Ab (anti-TRAIL mAb or anti-PD-L1 mAb, 5 ug/ml) for 4 days in
96-well flat-bottom culture plates precoated with anti-CD3 mAb. Prolifer-
ation of T cells was quantified by measuring [*H]thymidine incorporation.
The asterisks indicate that the differences in responses are statistically sig-
nificant between two values indicated by lines (*, p < 0.01; **, p < 0.05).
The data are each representative of three independent and reproducible
experiments with similar results.

from the mice and cultured in the presence of MOG peptide. As
shown in Fig. 4C, the spleen cells isolated from mice injected with
ES-DC-MOG showed proliferative response to MOG peptide. In
contrast, those isolated from mice injected with ES-DC-PCC did
not do so. These results indicate that in vivo transferred ES-DC-
MOG together with adjuvant effect of B. pertussis toxin stimulated
MOG-specific T cells to develop EAE.

Protection from MOG-induced EAE by treatment with ES-DC
expressing MOG peptide along with TRAIL or PD-L1

We examined whether TRAIL and PD-L1 expressed by ES-DC
together with MOG peptide had an effect to down-modulate MOG-
specific T cell responses in vitro. MOG-reactive T cells prepared
as described above were cocultured with ES-DC-MOG, ES-DC-
TRAIL/MOG. or ES-DC-PDL1/MOG. As shown in Fig. 5, pro-
liferative response of the MOG-reactive T cells cocultured with
ES-DC-TRAIL/MOG or ES-DC-PDLI/MOG was significantly
lower than those cocultured with ES-DC-MOG, even though the
three types of ES-DC expressed an almost equal level of MOG-1i
(Fig. 2). These results indicate down-modulation of the response of
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FIGURE 4. Presentation of MOG epitope by ES-DC introduced with
li-based MOG epitope-presenting vector. A, T cells (1.5 X 10%) isolated
from inguinal lymph nodes of CBF, mice immunized according to the
protocol for EAE induction were cocultured with one of two independent
clones (2 X 10%* of ES-DC-MOG or a clone of ES-DC-PCC, presenting
PCC epitope. for 3 days. Proliferative response of T cells was quantified by
{*H]thymidine uptake in the last 12 h of the culture. B, CBF, mice (three
mice per group) were injected s.c. with ES-DC-MOG or ES-DC-PCC (5 X
10%) on day 0, together with i.p. injection of 500 ng of purified B. periussis
toxin on days 0 and 2, and the severity of induced EAE was evaluated. The
disease incidence, mean day of onset = SD, and mean peak clinical
score = SD of mice injected with ES-DC-MOG were 100%, 11.3 = 17,
and 2.7 *= 0.4, respectively. C, Spleen cells were isolated on day 14 from
mice treated as in B, and whole spleen cells (5 X 10%/well) were cultured
in the presence of 1 ug/ml MOG peptide for 3 days. Proliferative response
was quantified as in A. Data were indicated as Acpm (value in the presence
of peptide — value in the absence of peptide (<46 X 10* cpm)), and SDs
of triplicates were <9% of mean value. The asterisks indicate that the
differences in responses are statistically significant compared with ES-DC-
PCC (*. p < 0.01; *, p < 0.05). The data are each representative of three
independent and reproducible experiments with similar results.

MOG-reactive T cells in vitro by TRAIL and PD-L1 coexpressed
together with MOG peptide on ES-DC.

We tested whether or not development of EAE would be pre-
vented by pretreatment of mice with genetically modified ES-DC.
Mice were i.p. injected with ES-DC-TRAIL/MOG or ES-DC-
PDLI/MOG at days —8, —5, and —2 (1 X 10° cells/mouse/
injection), and sequentially immunized with MOG peptide plus
adjuvants at days 0 and 2 according to the protocol described in
Fig. 6A. As shown in Fig. 6B and Table I, EAE was almost
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FIGURE 5. Decreased proliferative response to MOG peptide of MOG-
reactive T cells cocultured with ES-DC expressing MOG plus TRAIL or
MOG plus PD-LI. T cells (2 X 10 isolated from inguinal lymph nodes
of CBF, mice immunized according to the protocol for EAE induction
were cocultured with irradiated ES-DC-MOG, TRAIL/MOG, or PDLY/
MOG (2 x 10* for 3 days, as in Fig. 4A. The asterisks indicate that the
differences in responses are statistically significant (p < 0.01) compared
with ES-DC-MOG. The data are each representative of three independent
and reproducible experiments with similar results.

completely prevented by pretreatment with either of these genet-
ically modified ES-DC. In contrast. pretreatment with ES-DC-
MOG. ES-DC-TRAIL/OVA (as irrelevant Ag), or ES-DC-PDL1/
OVA had no effect (Fig. 6C and Table II). Thus, the prevention
depended on both the presentation of the MOG peptide and the

expression of TRAIL or PD-L1 by ES-DC. If 2 X 10° of ES-DC- .

TRAIL/MOG or ES-DC-PDL1/MOG was given as a one-injection
administration, EAE was similarly prevented (data not shown).
However, if 5 X 10° of ES-DC-TRAIL/MOG or ES-DC-PDL1/
MOG was used for one injection, the disease severity was not
reduced (data not shown). Thus, ~1 X 10° of genetically modified
ES-DC as one-injection dose is apparently necessary for the
prevention of EAE under this experimental condition.

We asked whether TRAIL or PD-L1 should be coexpressed by
the same ES-DC as one presenting MOG peptide for their capacity
to protect mice from EAE. As shown in Fig. 6D and Table II,
coinjection of ES-DC-MOG together with ES-DC-TRAIL or ES-
DC-PDL1 did not reduce the severity of EAE. Thus, coexpression
of TRAIL or PD-L1 with MOG peptide by ES-DC is necessary for
the protection from EAE. These results emphasize the advantage
of the technology of ES cell-mediated genetic modification of DC,
by which one can generate clonal transfectant DC carrying multi-
ple expression vectors. .

Next, we tested whether or not treatment with ES-DC after im-
munization with MOG would achieve some preventive effect on
EAE. As shown in Fig. 7A, mice were immunized according to the
protocol for EAE induction and, after that, injected with ES-DC on
days 5, 9, and 13 (I X 10° cells/mouse/injection). Even in this
postimmunization treatment, injection of ES-DC-TRAIL/MOG or
ES-DC-PDL1/MOG reduced severity of the disease, but ES-DC-
MOG did not do so (Fig. 7B and Table II).

Decreased T cell response to MOG in mice treated with ES-DC-
TRAIL/MOG or -PD-LI/MOG

We examined whether treatment with ES-DC-TRAIL/MOG or
-PDL1/MOG would reduce the activation of MOG-specific T cells.
Forty-two days after the immunization according to the protocol
for EAE induction (Fig. 6A), we isolated inguinal lymph node cells
and analyzed their proliferative response upon restimulation in
vitro with MOG peptide. As shown in Fig. 8A. the magnitude of
proliferation of lymph node cells isolated from mice treated with
ES-DC-TRAIL/MOG or -PDL1/MOG was not increased in re-
sponse to MOG peptide. In contrast, that of lymph node cells from
ES-DC-MOG-treated or untreated mice was increased with statis-
tical significance. In the presence of 25 pg/ml MOG peptide, stim-
ulation index (count in the presence of MOG peptide/count in the
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FIGURE 6. Prevention of MOG-induced EAE by pretreatment of mice
with ES-DC expressing MOG plus TRAIL or MOG plus PD-L1. A, The
schedule for pretreatment and induction of EAE is shown. CBF, mice
(three to five mice per group) were i.p. injected with ES-DC (1 X 10°
cells/injection/mouse) on days —8, —5, and —2. EAE was induced by s.c.
injection of MOG peptide plus M. wberculosis H37Ra emulsified in 1FA
on day 0. and i.p. injection of B. pertussis toxin on days 0 and 2. B-D,
Disease severity of mice treated with ES-DC-TRAIL/MOG, ES-DC-PD-
L1/MOG, or RPMI 1640 medium (control) (B). ES-DC-MOG, ES-DC-
TRAIL/OVA, ES-DC-PDLI/OVA, or RPMI 1640 medium (control) (C),
coinjection with ES-DC-MOG plus ES-DC-TRAIL, ES-DC-MOG plus
ES-DC-PDLI, or RPMI 1640 medium (control) (D) is shown. The data are
each representative of at least two independent and reproducible experi-
ments, and data of all experiments are summarized in Table 11.

absence of Ag) for that of untreated. ES-DC-MOG. -TRAIL/
MOG. and -PDL1/MOG-treated mice were 2.8, 2.4, 1.3, and 1.0,
respectively. These results suggest that treatment with ES-DC-
TRAIL/MOG or -PDL1/MOG inhibited the activation of MOG-
specific T cells or reduced their number in mice immunized with
MOG peptide and adjuvants.

Next, we examined whether or not treatment with ES-DC would
affect immune responses to an irrelevant exogenous Ag. We
treated mice with ES-DC-MOG, -TRAIL/MOG, -PDL1/MOG, or
RPMI 1640 medium (control) using the same schedule described
above, and subsequently immunized the mice with KLH/CFA.
Eleven days after the immunization, we isolated inguinal lymph
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Table 1. Suppression of EAE induction in CBF, mice treated with ES-
DC

Disease Mean Peak
Treatment (ES-DC) Incidence  Day of Onset  Clinical Score

No Treatment (control)  26/26 105 1.1 33+04
Pre”- TRAIL/MOG 3/10 183*24 03 +04
Pre- PDLI/MOG 5/10 134 x21 08 08
Pre- MOG 8/8 10513 3003
Pre- TRAIL/OVA 6/6 10229 300
Pre- PDLI/OVA 6/6 11.3*09 30+0
Pre- TRAIL + MOG 6/6 10212 32*206
Pre- PDLI + MOG 6/6 102 * 0.6 3307
Post‘- TRAIL/MOG 3/6 187+ 44 0505
Post- PDL1I/MOG 3/6 13.7 = 1.1 1.0+ 1.0
Post- MOG 6/6 108 1.0 3203

“ Data are combined from a total of 10 separate experiments including those
shown in Figs. 6 and 7. EAE was induced by s.c. injection at the tail base of a 0.2-ml
IFA/PBS solution containing 400 pg of M. ruberculosis and 600 pg of MOG peptide
once (on day 0). together with i.p. injections of 500 ng of purified B. pertussis toxin
on days 0 and 2. For prevention of EAE, mice were injected i.p. with ES-DC (1 X 10°
cells/mousefinjection) "on days —8. —S5, and ~2 (preimmunization treatment), or “on
days 5.9, and 13 (postimmunization treatment). The incidence and the clinical score
reduced by ES-DC weatment are indicated in boldface.

node cells and analyzed their proliferative response upon restimu-
lation with KLH in vitro. As a result, lymph node cells of ES-DC-
treated and control mice showed the same magnitude of prolifer-
ative response (Fig. 8B8), thereby indicating that the treatment with
such genetically modified ES-DC did not affect the immune re-
sponse to irrelevant Ags.

We immunohistochemically analyzed spinal cord, the target or-
gan of the disease, of mice subjected to EAE induction with or
without treatment with ES-DC. Massive infiltration of CD4* T
cells, CD8" T cells, and Mac-1"* macrophages was observed in
spinal cords of untreated control mice (Fig. 9). In contrast, T cells
and macrophages hardly infiltrated into the spinal cord of mice
treated with ES-DC-TRAIL/MOG or ES-DC-PDL1/MOG. The re-
sults of histological analysis are in parallel with the severity of
EAE and activation state of MOG-specific T cells of each mouse.

Increased number of apoptotic cells in splenic CD4™ T cells by
treatment with ES-DC-TRAIL/MOG

With regard to the mechanism of prevention of EAE by transfec-
tant ES-DC. we analyzed the apoptosis of CD4™" T cell in spleens
of mice treated with ES-DC by staining with annexin V and sub-
sequent flow-cytometric analysis. In the results, we observed that
transter of ES-DC-TRAIL/MOG caused an increase of apoptosis
of CD4™ T cells in recipient mice (17.3 * 2.5%), compared with
transfer of ES-DC-MOG (12.0 * 0.4%), ES-DC-PDL1/MOG
(12.2 * 0.5%), or RPMI 1640 medium control (10.2 = 0.8%). In
the experiments, three mice were used for each group. Increased
numbers of apoptotic cells in spleen of mice transferred with ES-
DC-TRAIL/MOG were also observed in histological analysis with
TUNEL staining (Fig. 10). The capacity of ES-DC-TRAIL/MOG
to cause apoptosis of T cells may play some role in the protection
from EAE.

Discussion

DC are the most potent APC responsible for priming of naive T
celis in initiation of the immune response. Recent studies revealed
that DC are also involved in the maintenance of immunological
self-tolerance, promoting T cells with regulatory functions, or in-
ducing anergy of T cells. In vivo transfer of Ag-loaded DC with a
tolerogenic character is regarded as a promising therapeutic means

A EAE treatment

induction with ES-DC

‘ ‘ ' ' ' 4,
day 0 2 5 9 13 1/ a2
B

Maan clinical score

0 7 14 21
=@~ Control (n=3) days
=f\= ES-DC-TRAIL/MOG (n=3)
- ES-DC-PDL1MOG (n=3)
«O=ES-DC-MOG (n=3)

28 35 42

FIGURE 7. Inhibition of MOG-induced EAE by treatment with ES-DC
expressing MOG plus TRAIL or MOG plus PD-L1 after immunization
with MOG. A, The schedule for induction of EAE and treatment is shown.
CBF, mice (three mice per group) were immunized on days 0 and 2 ac-
cording to the EAE induction schedule described above, and subsequently
i.p. injected with ES-DC (1 X 10° cells/injection/mouse) on days S, 9, and
13. B, Disease severity of mice treated with ES-DC-TRAIL/MOG, ES-
DC-PD-LI/MOG, ES-DC-MOG, or RPMI 1640 medium (control) is
shown. The data are each representative of two independent and reproduc-
ible experiments, and data of all experiments are summarized in Table 1.

to negatively manipulate immune response in an Ag-specific man-
ner. Various culture procedures used to generate DC with a tolero-
genic character have been reported (31-36). Mouse bone marrow-
derived DC generated in the presence of IL-10 and/or TGF-f3 or in
the low dose of GM-CSF showed immature phenotypes, a low-
level expression of cell surface MHC and costimulatory molecules,
and induced T cell anergy in vitro and tolerance to specific Ags or
allogeneic transplanted organs in vivo. In humans. monocyte-
derived immature DC loaded with antigenic peptides and trans-
ferred in vivo have been shown to cause the Ag-specific immune
suppression (37).

Genetic modification may be a more steady and reliable way to
manipulate the character of DC. Generation of tolerogenic DC by
forced expression of Fas ligand, indoleamine 2.3-dioxygemase, IL-
10, or CTLA4Ig by gene transfer has been also reported (38-41).
In a recent study, type Il collagen-loaded bone marrow-derived DC
genetically engineered to express TRAIL by using an adenovirus
vector ameliorated type II collagen-induced arthritis (42).

Regarding methods for gene transfer to DC, electroporation, li-
pofection, and virus vector-mediated transfection have been re-
ported (38-43). However, considering clinical applications, pres-
ently established methods have several drawbacks, i.e., efficiency
of gene transfer, stability of gene expression, limitation of the size
and number of genes to be introduced, potential risk accompanying
the use of virus vectors, and the immunogenicity of the virus vec-
tors. For the purpose of Ag-specific negative regulation of immune
responses, the antigenicity of vector systems may lead to prob-
lems. Importantly, to efficiently down-modulate T cell responses in
an Ag-specific manner, it is desirable to introduce multiple ex pres-
sion vectors to generate stable transfectant DC, which continu-
ously present transgene-derived Ag and simultaneously express
immunosuppressive molecules.
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FIGURE 8. Inhibition of activation of MOG-reactive T cells and no
effect of activation of KLH-specific T cell by treatment of mice with
ES-DC expressing MOG plus TRAIL or PD-LI1. A, Inguinal lymph node
cells (3 X 10% were isolated from CBF, mice (three mice per group) of
various treatment groups at over day 42, and were stimulated ex vivo with
irradiated and MOG peptide-pulsed syngeneic spleen cells for 3 days. Pro-
liferative response of T cells was quantified by [*H]thymidine uptake in the
last 12 h of the culture. The asterisks indicate that the differences in re-
sponses are statistically significant compared with count in the absence of
Ag (%, p < 0.01; **, p < 0.05). The data are each representative of two
independent and reproducible experiments with similar results. B, CBF,
mice (three mice per group) were i.p. injected with ES-DC (1 X 10° cells/
injection/mouse) on days —8, ~5, and —2, and immunized with KLH/CFA
on day 0. On day 11, inguinal lymph node cells were isolated and restim-
ulated with the indicated concentration of KLH in vitro. Proliferation of T
cells was quantified as described above.

Efficient genetic modification of mouse DC can be done by gene
transfer to ES cells and subsequent differentiation of transfectant
ES cells to ES-DC. By sequential transfection of ES cells using
multiple expression vectors, transfectant ES-DC expressing mul-
tiple transgene products can readily be generated. In a recent study,
we demonstrated that this methodology worked very effectively for
induction of antitumor immunity, showing highly efficient stimu-
lation of Ag-specific T cells by in vivo transfer of ES-DC express-
ing T cell-attracting chemokines along with Ag (20).

The present study demonstrates the usefulness of the genetically
modified DC generated by this method for the treatment of sub-
jects with autoimmune disease. We generated ES-DC presenting
the MOG epitope in the context of MHC class 1l molecule and
simultaneously expressing immunosuppressive molecule, TRAIL
or PD-L1. By pre- or posttreatment of mice with such ES-DC, we
succeeded in preventing an autoimmune disease model, EAE in-
duced by immunization with MOG peptide (Figs. 6 and 7; Table
1I). Down-modulation of immune response by treatment with ge-
netically modified ES-DC did not affect the immune response o
irrelevant exogenous Ag, KLH (Fig. 8B). Thus, we achieved the
prevention of EAE without decrease in the immune response to an
irrelevant Ag.

As for the function of TRAIL, induction of apoptosis has been
reported by several groups (3, 4, 42, 44). We also observed an
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FIGURE 9. Inhibition of infiltration of CD4™ T cells, CD8" T cells,
and Mac-1" macrophages into spinal cord by treatment of mice with
ES-DC expressing MOG plus TRAIL or PD-L1. Mice were pretreated with
ES-DC-TRAIL/MOG, PDL1/MOG, or untreated and subsequently immu-
nized according to the protocol for EAE induction as shown in Fig. 6A. The
cervical, thoracic, and lumbar spinal cord was isolated at day 11 and sub-
jected to immunochistochemical analysis. CD4 (A. D, and G), CDS8 (B, E,
and H), and Mac-1 (C, F, and /) staining are shown in representative un-
treated control (A-C), ES-DC-TRAIL/MOG-treated (D-F), and ES-DC-
PDL1/MOG-treated (G-I) mice. J, The positive cells were microscopically
counted in three sections of spinal cord. Results are expressed as mean *
SD of CD4™, CD8™, Mac-1" cells per | mm? tissue area of samples ob-
tained from five mice. The asterisks indicate that the decreases in number
of infiltrated cells are statistically significant (p < 0.01) compared with
control.

[oF,

increase in apoptosis of CD4™ T cells in spleens of mice treated
with ES-DC-TRAIL/MOG compared with ES-DC-MOG, PDL1/
MOG or RPMI 1640 medium (control), as shown in Fig. 10. The
result is consistent with a recent report by Liu et al. (42). They
introduced the TRAIL gene into bone marrow-derived DC by ad-
enovirus vector and injected the TRAIL transfectant DC into mice
for prevention of collagen-induced arthritis, and also observed an
increased number of apoptotic T cells in the injected mice. The
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FIGURE 10. Induction of apoptosis of spleen cells by treatment of mice
with ES-DC expressing TRAIL along with MOG peptide. Mice were
treated with the indicated ES-DC and immunized with MOG peptide, fol-
lowing the schedule described in Fig. 6A. On day 11, spleens were isolated
from the mice, and apoptotic cells were detected by in situ TUNEL stain-
ing. Original magnification, X200. Sections of the mice untreated (A),
treated with ES-DC-MOG (B). ES-DC-TRAIL/MOG (C), and ES-DC-
PDLI1/MOG (D) are shown. Similar results were observed for three mice
used in each experimental group, and representative results are shown.

potential for ES-DC-TRAIL/MOG to cause apoptosis of T cells
may have played some role in the protection from EAE, at least in
part, in our experiments. In addition, our preliminary experiments
suggest that ES-DC-TRAIL/MOG induced T cells with protective
effects against EAE. In the eéxperiments, we isolated splenic CD4™
T cells from ES-DC-TRAIL/MOG-treated mice and adoptively
transferred them to naive mice. The severity of subsequently in-
duced EAE in the recipient mice was significantly reduced by this
treatment (data not shown). At present, it may be possible that both
induction of apoptosis of MOG-reactive pathogenic T cells and
promotion of T cells with some regulatory function contributed to
prevention of EAE by ES-DC-TRAIL/MOG. However, to clarify
the precise mechanism or character of the T cell with regulatory
function, further investigations are necessary.

In contrast, in case of treatment with ES-DC-PDL1/MOG, nei-
ther apoptosis of T cells nor induction of transferable disease-
preventing T cells was observed (data not shown). We presume
induction of anergy of MOG-reactive T cells to be likely as the
mechanism of disease-preventive effect of treatment with ES-DC-
PDL1/MOG, based on previous literature regarding the function of
PD-L1 (7, 14, 45-47).

To determine whether the profile of cytokine production was
altered by treatment with ES-DC, we did ELISA to quantify IL-10,
IL-4, and IFN-vy produced by spleen cells of ES-DC-treated mice
upon stimulation with MOG peptide in vitro. We observed no sig-
nificant change in the amount of these cytokines produced by
spleen cells from ES-DC-TRAIL/MOG-treated or ES-DC-PDL1/
MOG-treated mice, compared with those from ES-DC-MOG-
treated mice (data not shown). The level of expression of mRNA
for TGF-B detected by RT-PCR was also unchanged compared
with control (data not shown). Thus, involvement of IL-10-pro-
ducing Tr-1 cells or Th2 cells in protection from EAE by treatment
with ES-DC-TRAIL/MOG or ES-DC-PDL1/MOG is unlikely, al-
though one cannot totally rule out the possibility.

The capacity of the ES cells to differentiate to ES-DC was never
impaired even after culture for at least over 4 mo. Inactivation of
transcription of introduced genes due to gene silencing in ES cells
can be prevented using vectors bearing the IRES-drug resistance

gene or by targeted gene introduction with an exchangeable gene-
trap system (2). Thus, genetically manipulated ES cells can be
used as an infinite source for DC with genetically modified
properties.

Recently. we established methods for generation of DC from
nonhuman primate ES cells and also for genetic modification of
them (S. Senju, H. Suemori, H. Matsuyoshi, S. Hirata, Y. Uemura,
Y.-Z. Chen, D. Fukuma, M. Furuya. N. Nakatsuji, and Y. Nish-
imura. manuscript in preparation). We hope to apply this method
to human ES cells to generate genetically modified human ES-DC,
although some modification might be necessary. In the future, Ag-
specific immune modulation therapy by in vivo transfer of human
ES-DC expressing antigenic protein along with immune-regulating
molecules may well be realized, based on evidence in the current
study in the mouse system. Possible applications of this technology
are treatment of subjects with autoimmune and allergic diseases
and also for induction of tolerance to transplanted organs, espe-
cially those generated from ES cells. Thus, the methods estab-
lished in the present study may have implications as a broad med-
ical technology.
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Abstract

Dendritic cells (DC) genetically modified to present tumor-associated antigen are a promising means for anti-cancer immuno-
therapy. By introducing expression vectors into ES cells and subsequently inducing differentiation to DC (ES-DC), we can generate
transfectant DC expressing the transgenes. In the future clinical application of this technology, the unavailability of human ES cells
genetically identical to the patients will be a problem. However, in most cases, semi-allogeneic ES cells sharing some of HLA alleles
with recipients are expected to be available. In the present study, we observed that model tumor antigen (OVA)-expressing mouse
ES-DC transferred into semi-allogeneic mice potently primed OVA-reactive CTL and elicited a significant protection against chal-
lenge with OVA-expressing tumor. Genetic modification of ES-DC to overexpress SPI-6, the specific inhibitor of granzyme B, fur-
ther enhanced their capacity to prime antigen-specific CTL in semi-allogeneic recipient mice. These results suggest the potential of

ES-DC as a novel means for anti-cancer immunotherapy.
© 2005 Elsevier Inc. All rights reserved.
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Activation of CTL reactive to tumor-associated
antigens is crucial for anti-tumor immunotherapy.
Dendritic cells (DC) are potent immune-stimulators,
and the adoptive transfer of antigen-loaded DC has
proven to be an efficient method for priming T cells
specific to the antigen. DC-based methods are now
regarded as a promising approach for anti-cancer
immunotherapy. For loading tumor antigens to DC -
for anti-cancer immunotherapy, gene-based antigen-

* Abbreviations: ES cell, embryonic stem cell; ES-DC, embryonic
stem cell-derived dendritic cell; BM-DC, bone marrow-derived den-
dritic cell; SPI-6, serine proteinase inhibitor 6; PI-9, proteinase
inhibitor 9; neo-R, neomycin resistant; IRES, internal ribosomal entry
site.
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expression by DC is considered to be superior to load-
ing antigen as peptide, protein, or tumor cell lysate
(1]. For efficient gene transfer to DC, the use of
virus-based vectors is required because DC are rela-
tively reluctant to genetic modification. Clinical trials
using DC genetically modified with virus vectors, for
example, monocyte-derived DC introduced with ade-
novirus vectors encoding for tumor antigens, are
now in progress. Considering the broader medical
applications of this method, the drawbacks of genetic
modification with virus vectors include the potential
risk accompanying the use of virus vectors and legal
restrictions related to it. Thus, the development of saf-
er and more efficient means would be desirable.

We recently established a novel method for the
genetic modification of DC [2]. In the method, we
generated DC from mouse embryonic stem (ES) cells
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by in vitro differentiation. The capacity of ES cell-de-
rived DC (ES-DC) to simulate T cells was comparable
to that of DC generated in vitro from BM cells (BM-
DC). We can readily generate genetically modified ES-
DC by introducing expression vectors into ES cells
and the subsequent induction of their differentiation
into ES-DC. The transfection of ES cells can be done
with electroporation using plasmid vectors, and the
use of virus-based vectors is not necessary. Once a
proper ES cell transfectant clone is established, it then
serves as an infinite source for genetically modified
DC.

In the future clinical application of this technology,
we will face the problem of histoincompatibility be-
tween patients to be treated and the ES cells as source
of DC. In general, ES cells genetically identical to pa-
tients will not be available. However, ES cells sharing
some of HLA class I alleles with the patients are
expected to be available in most cases. By adoptive
transfer of ES-DC derived from such semi-allogeneic
ES cells, we will be able to stimulate tumor antigen-
specific CTL restricted to the shared HLA molecules.
The obstacle to performing anti-cancer immunothera-
py by this strategy would be the presence of allogeneic
antigen-reactive T cells, which mainly recognize the
HLA molecules expressed by ES-DC but not by the
recipients. It is anticipated that such allo-reactive T
cells, mainly CD8" CTL, may attack the transferred
APC and rapidly eliminate them, based on a previous
report [3]. Mouse BM-DC bearing antigens adoptively
transferred are rapidly eliminated, if CTL recognizing
the antigens already exist in the recipient mice [4).
Thus, the crucial point is whether the transferred
ES-DC can activate tumor antigen-specific CTL
restricted to the shared MHC class I molecules before
they are eliminated by allo-reactive CTL.

In the present study, we addressed this issue using
a mouse system. We adoptively transferred OVA-ex-
pressing ES-DC to semi-allogeneic mice and examined
whether or not they could activate OVA-specific CTL
and elicit protective immunity against tumor cells
expressing OVA. We introduced an expression vector
for SPI-6, a molecule specifically inhibiting the apop-
totic effect of granzyme B, to OVA-transfectant ES
cells, and generated double transfectant ES-DC
expressing OVA and simultaneously overexpressing
SPI-6. We then evaluated this strategy for improving
the efficiency of ES-DC to prime antigen-specific
CTL, by making ES-DC resistant to attack by CTL.

Materials and methods

Mice. CBA, BALB/c, and C57BL/6 mice were purchased from
Clea Animal (Tokyo, Japan) or Charles River (Hamamatsu, Japan)
and kept under specific pathogen-free conditions. Male CBA and

female C57BL/6 mice were mated to produce (CBA x C57BL/6) F1
mice, and male BALB/c and female C57BL/6 mice were mated to
produce (BALB/c x C57BL/6) F1 mice. The animal experiments in this
study were approved by Animal Experiment Committee of Kumamoto
University (permission number A16-074).

Cells. The ES cell line TT2, derived from (CBA x C57BL/6) F1
embryo, was maintained on a feeder cell layer of mouse primary
embryonic fibroblasts, as previously described (5]. The OVA-trans-
fectant ES cell clone (TT2-OVA) generated previously by introduction
of OVA-expression vector, pPCAG-OVA-IP, to TT2 ES cells was
maintained with a sporadic selection with puromycin (2 pg/ml) [6].
MO4 was generated by the transfection of C57BL/6-derived melanoma
B16 with the pAc-neo-OVA plasmid, as described [7]. The procedure
for inducing the differentiation of ES cells to ES-DC has been de-
scribed previously [2].

Generation of BM-DC. The generation of dendritic cells from
mouse BM cells was done according to the reported procedures [3]
with some minor modifications. In brief, bone marrow cells were iso-
lated from (C57BL/6 x CBA) F1 mice and cultured in bacteriological
petri dishes (3.0 x 10%/7.5ml medium/90 mm dish) in RPMI-1640
medium supplemented with 10% FCS, GM-CSF (500 U/ml), IL-4
(20 ng/ml), and 2-ME (50 pM) [4). The culture medium was changed
by half on day 3, and floating cells harvested by pipetting between 6
and 8 days of the culture were used in the assays.

Analysis of the priming of CTL in vivo. The indicated number of
ES-DC or BM-DC was injected i.p. into the mice twice with a 7-
day interval. In some experiments, ES-DC were heat-killed by
incubation at 70 °C for 20 min before injection. The mice were
sacrificed 7 days after the second injection and spleen cells were
isolated. After hemolysis, the spleen cells were cultured in RPMI-
1640/10% horse serum/2-ME (50 uM) containing OVAjs7.264 pPEpP-
tide (0.1 uM) and recombinant human IL-2 (100 U/ml). Five days
later, the cells were recovered and used as effector cells in a cyto-
toxicity assay. As target cells, EL-4 thymoma cells were labeled with
sodium [>'Crichromate for 1h and washed. Subsequently, target
cells were incubated in 24-well culture plates (1 x 108 cells/well) with
or without 10 uM OVA peptide for 3h, washed, and seeded into
96-well round-bottomed culture plates (5x10° cells/well). The
effector cells were added to the target cells according to the indi-
cated E/T ratio and incubated for 4 h at 37°C. At the end of the
incubation, supernatants (50 ul/well) were harvested and counted on
a gamma counter. The percentage of specific lysis was calculated
as: 100 x [(experimental release — spontaneous release)/(maximal
release — spontaneous release)]. The spontaneous release and maxi-
mal release were determined in the presence of medium alone and
PBS-1% Triton X-100, respectively.

Tumor challenge experiments. The indicated number of genetically
modified ES-DC was transferred i.p. into (CBA x C57BL/6) F1 or
C57BL/6 mice. Such transfer was done twice with a 7-day interval and,
7 days after the second transfer, 2 or 3 x 10° MO4 cells were injected
s.c. in the shaved left flank region. The tumor sizes were determined
biweekly in a blinded fashion and the survival rate of mice was also
monitored. The tumor index was calculated as: tumor index (in mil-
limeters) = square root {length x width).

Western blot analysis. The cell samples were lysed in an appropriate
amount of lysing buffer, 150 mM NaCl, 50 mM Tris, pH 7.4, 1%
Nonidet P-40, 1 mM sodium orthovanadate (Wako, Osaka, Japan),
I mM EDTA, plus a protease inhibitor tablet (Amersham, Arlington
Heights, IL). The supernatant fluids of the lysates were separated by
10% SDS-PAGE and then transferred onto a nitrocellulose membrane
(Bio-Rad, Hercules, CA). The membranes were then blocked with 5%
skimmed milk and 0.2% Tween 20 in Tris-buffered saline. Subse-
quently, the membranes were incubated with the anti-human PI-9
(mouse mAb, Alexis Biochemicals), cross-reactive to mouse SPI-6, or
the anti-B-actin (mouse mAb, SIGMA), followed by HRP-conjugated
rabbit anti-mouse Ig. The signal was detected using the ECL detection
kit (Amersham Bioscience).
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Generation of double transfectant ES-DC expressing OVA and
overexpressing SPI-6. Mouse SPI-6 cDNA was prepared by RT-PCR
amplification from total RNA of mouse spleen cells with PCR
primers 5’-gagactcgageecgecgecaccatgaatactctgtctgaaggaaat-3’ and 5'-
gagagcggocgegtgtetttatggagatgagaacct-3'. The design of these primers
results in the cloning of SPI-6 cDNA downstream of the Kozak
sequence. The PCR products were subcloned into a pGEM-T-Easy
vector (Promega, Madison, WI), and the cDNA insert was
then confirmed by a sequencing analysis. The ¢cDNA fragments
were cloned into pCAG-INeo, a mammalian expression vector driven
by a CAG promoter and containing the internal ribosomal entry site
(IRES)-neomycin resistance gene cassette [6), to generate pCAG-
SPI-INeo (Fig. 4B). The transfection of ES cells and the induction
of the differentiation of ES cells into DC were done as previously
described [2].

Statistical analysis. Two-tailed Student’s ¢ test was used to
determine any statistical significance in the differences in the lytic
activity of the spleen cell preparations and tumor growth between
treatment groups. A value of p <0.05 was considered to be signifi-
cant. The Kaplan—Meier plot for survivals was assessed for signifi-
cance using the Breslow-Gehan-Wilcoxon test. Statistical analyses
were made using the StatView 5.0 software package (Abacus Con-
cepts, Calabasas, CA).

Results

Priming of antigen-specific CTL by adoptive transfer
of antigen-expressing ES-DC into syngeneic and
semi-allogeneic recipients

We tested whether or not OVA-transfectant ES-DC

(ES-DC-OVA) derived from TT2 ES cells (H-2¥/%),
which originated from a CBA (H-2¥)x C57BL/6
(H-2°) F1 embryo, could prime OVA-specific CTL upon
adoptive transfer into semi-allogeneic C57BL/6 mice.
Both the TT2-derived ES-DC and C57BL/6 mice pos-
sess the H-2" haplotype, but MHC of the H-2* haplo-
type expressed in ES-DC is allogeneic to the recipient
C57BL/6 mice.

ES-DC-OVA or non-transfectant ES-DC (ES-DC-
TT2) were injected i.p. into syngeneic (CBA x C57BL/6)
F1 mice (H-2k/ ®) or semi-allogeneic C57BL/6 mice twice
with a 7-day interval. The spleen cells were isolated from
the mice 7 days after the second injection and cultured in
vitro in the presence of a K®-binding OVA ,s7_564 peptide.
After 5 days, the cultured spleen cells were recovered and
assayed for their capacity to kill EL-4 thymoma cells (H-
2°) pre-pulsed with the OVA peptide. The results shown in
Figs. 1A and B indicate that OVA-specific, H-2°-restrict-
ed CTL was induced in both (CBA x C57BL/6) F1 and
C57BL/6 mice injected with ES-DC-OVA but not in those
injected with ES-DC-TT2. Although the results suggest
that ES-DC-OVA primed OVA-specific CTL before they
were killed by H-2"-reactive T cells, it was also possible
that the OVA protein released from ES-DC-OVA killed
by allo-reactive CTL was taken up by endogenous APC
and presented to prime OV A-specific CTL. To assess this
possibility, we heat-killed ES-DC-OVA before injection

into C57BL/6 mice. As shown in Fig. 1C, injection of
heat-killed ES-DC-OVA did not result in priming of
OVA-specific CTL. These results indicate that priming
of OVA-specific CTL was mostly mediated by the direct
presentation of OVA epitope by ES-DC-OVA, but not
by cross-presentation by endogenous host APC. Thus,
antigen-expressing ES-DC injected into semi-allogeneic
mice can prime CTL specific to the antigen before they
are killed by allo-reactive T cells. In addition, ES-DC-
OVA primed OVA-specific CTL also in (BALB/cx
C57BL/6) F1 mice (H-2%®) (Fig. 1D).

We next examined the priming of OVA-specific
CTL by semi-allogeneic ES-DC under the condition
by which the allo-reactive CTL that could attack the
ES-DC had been pre-activated. We injected ES-DC-
TT2 without an expression of OVA into C57BL/6
mice and 7 days later injected ES-DC-OVA. Under
this condition, the first injected ES-DC-TT2 activated
H-2"-reactive CTL, and the ES-DC-OVA injected 7
days later would be attacked more rapidly by the
once primed H-2-reactive CTL than in the former
condition. The spleen cells were isolated 7 days after
the second injection, and the CTL activity was ana-
lyzed by the same procedure as described above. As
shown in Fig. 1E, a substantial priming of K’-restrict-
ed OVA-specific CTL was also observed under this
condition. This result indicates that, even in the pres-
ence of pre-activated allo-reactive CTL, antigen-ex-
pressing ES-DC is able to prime the antigen-specific
CTL.

Induction of protective immunity against OV A-expressing
tumor cells by ES-DC expressing OV A in semi-allogeneic
recipients

We next asked whether CTL primed by ES-DC-
OVA adoptively transferred into semi-allogeneic mice
could protect the recipient mice from a subsequent
challenge with tumor cells expressing OVA antigen.
ES-DC-OVA were 1ip. transferred into (CBAX
C57BL/6) F1 mice or C57BL/6 mice twice with a 7-
day interval and 7 days after the second transfer, the
mice were. inoculated s.c. with MO4, OVA-expressing
B16 melanoma cells originating from a C57BL/6
mouse. As shown in Figs. 2A and B, the transfer of
ES-DC-OVA into syngeneic (CBA x C57BL/6) F1 mice
elicited a significant degree of protection against the
challenge with MO4 in comparison to the transfer of
ES-DC-TT2, and these findings were consistent with
our previous report [6]. The transfer of ES-DC-OVA
provided protection also in the semi-allogeneic
C57BL/6 mice (Figs. 2C and D). These results
suggest that the anti-cancer cellular vaccination with
ES-DC genetically engineered to express tumor anti-
gens is effective not only in syngeneic but also in
semi-allogeneic recipients.

— 289 —



8 D. Fukuma et al. | Biochemical and Biophysical Research Communications 335 (2005) 5-13

A 70—~—{CBA x C57BLE) F1 B ., C57BUS
60 4 Immunization Target cells 60 - Immunization Target cells
o K]
2 501 -O- ESDCOVA |EL-4+pep| £ 50 <O~ ES-DCOVA | EL-4+pep
g 40 </ ESDCTT2 EL- 4+ pep £ 40 1 -@- ES-DC-OVA EL-4
= s
2 301 @ ES-DC-OVA EL-4 § 30 1
@ 204 a 20 4
R -~ ES-DC-TT2 EL-4 £
10 1 10
0- o-...ﬂ_
5 10 20 40 5§ 10 20 40
E/T ratio E/T ratio
C 7 C57BLB D o - (BALB/ x C57BL/5) F1
Immunization Target cells Immunization Target cells
» 601 : o 60 4
3 50 1 -0~ ES-DC-OVA (heatkilled) | EL- 4 + pep £ 50 - <O~ ES-DC-OVA | EL-4+pep
- o
S 40 -@- ESDC-OVA (heatkilled) | EL-4 £ 40 @ ESDC-OvA EL-4
§ 30 1 - § 30 A
;’ 20 A ‘3 20
10 ﬁ 10 ﬁ
0- 0
5 10 20 40 5 10 20 40
E/T ratio E/T ratio
E 4 C578L/8
Immunization Target cells
@ 60
£ s0 -0~ ES-DC-TT2/ES-DC-OVA | EL-4+pep
2 40 -/~ ES-DC-TT2/ES-DC-TT2 | EL-4+pep
§ 30 -@- ES-DC-TT2/ES-DC-OVA EL-4
(7]
® 204 -&- ES-DC-TT2/ES-DC-TT2 EL-4
10
0

3 10 20 40
E/T ratio

Fig.'1. Stimulation of OVA-specific CTL by ES-DC expressing OVA in syngeneic and semi-allogeneic mice. (CBA x C57BL/6) F1 (A), C57BL/6 (B,
C), or (BALB/c x C57BL/6) F1 (D) mice were injected i.p. twice with ES-DC-OVA or ES-DC-TT2 (1 x 10%/injection/mouse) on days —14 and —7. In
(C), ES-DC-OVA were heat-killed before injection. C57BL/6 mice were injected with ES-DC-TT2 on day —14 and injected with ES-DC-OVA on day
-7 (E). Spleen cells from the ES-DC-injected mice were harvested on day 0, pooled for each group (three mice per group), and cultured in the
presence of OVA,s7_5¢4 peptide (0.1 pM) for 5 days. Next, the cells were harvested and assayed for their activity to kill EL-4 tumor cells either pulsed
with 10 uM OVA peptide or left unpulsed. The results are expressed as the mean specific lysis of triplicate assays and SEM of triplicates were less

than 2%.

Genetic modification of ES-DC to express antigen is
superior to the loading of antigenic peptide to BM-DC in
the priming of antigen-specific CTL in semi-allogeneic
mice

The above described results were somewhat unex-
pected, considering the results of a previous study with
peptide antigen-loaded BM-DC [4]. In that study, the
presence of CTL in the recipient mice recognizing cer-
tain antigens presented by transferred DC severely
diminished the priming of CTL specific to another anti-
gen presented by the same DC. A possible reason for the
substantial priming of antigen-specific CTL observed in
our present experiments is that ES-DC is superior to
BM-DC in priming antigen-specific CTL upon transfer
to semi-allogeneic mice. Another possible reason is that,
as a means for loading the antigen to DC to simulate
CTL, the genetic modification of DC to produce anti-
genic protein is more efficient than the loading of anti-
genic peptide to DC.

To address the former possibility, we compared the
efficiency of priming of OVA-specific CTL by the trans-
fer of BM-DC and ES-DC. We isolated BM cells from
(CBA x C57BL/6) Fl mice and generated BM-DC,
which were genetically identical to ES-DC-TT2.
BM-DC or ES-DC-TT2 were pre-pulsed with OVA;s7_
264 synthetic peptide (10 uM) for 2 h and injected i.p.
into C57BL/6 mice. The injections were done twice with
a 7-day interval, and 7 days after the second injection
the spleen cells were isolated and the priming of OVA-
specific CTL was analyzed by the method described
above. The degree of priming of OVA-specific CTL by
peptide-loaded BM-DC was very slight. OVA;s57_64
peptide-loaded ES-DC-TT2 primed OVA-specific CTL
more efficiently than the BM-DC did (Fig. 3A). These
results indicate that ES-DC is superior to BM-DC in
priming antigen-specific CTL upon loading with antigen
and transfer to semi-allogeneic mice. However, the mag-
nitude of priming of OVA-specific CTL by OVA pep-
tide-loaded ES-DC-TT2 was lower than that primed
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Fig. 2. Induction of protective immunity by ES-DC expressing OVA against OVA-expressing tumor cells in syngeneic and semi-allogeneic mice.
(CBA x C57BL/6) F1 mice were injected i.p. twice on days — 14 and —7 with ES-DC-OVA (2 x 10%/injection/mouse) or medium (RPMI-1640) only as
control and were challenged s.c. with MO4 tumor cells (3 x 10°/mouse) on day 0 (A,B). C57BL/6 mice were injected with ES-DC-OVA (3 x 10%/
injection/mouse) and challenged with MO4 (2 x 10°/mouse) by the same schedule (C,D). Growth of tumor (A,C) and survival of mice (B,D) were
monitored. The tumor size was indicated as tumor index, square root of (length x width) in mm, + SEM. The measurement of tumor sizes was
stopped at the time point when one mouse of either of the mouse groups died (at day 35 in A and at day 20 in C). The differences in the tumor index
and survival rate between ES-DC-OVA and control were significant (P <0.01 in A, P <0.05 in B, P <0.01 in C, and P <0.01 in D). For each
experimental group, 10 mice were used.
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Fig. 3. Priming of OVA-specific CTL by OVA peptide-loaded DC or OVA-expressing ES-DC in semi-allogeneic mice. BM-DC or ES-DC-TT2 (non-
transfectant ES-DC) were pulsed with OVA;s7_564 synthetic peptide (10 pM) for 2 h and injected i.p. into C57BL/6 mice (1 x 105/injection/mouse)
(A). ES-DC-OVA or OVA peptide-pulsed ES-DC-TT2 were injected i.p. into C57BL/6 mice (1 x 10%/injection/mouse) (B). Injections were done twice
on days ~14 and —7. Spleen cells from the mice were harvested on day 0, and cytotoxic activity of OVA-specific CTL was analyzed as in Fig. 1.

by ES-DC-OVA, expressing transgene-derived OVA
(Fig. 3B). The latter possibility mentioned above may
thus also be true in that the genetic modification of
DC to express antigen is superior to loading the antigen-
ic peptide to DC in the priming of antigen-specific CTL.

Enhanced priming of antigen-specific CTL by ES-DC
overexpressing SPI-6

As shown in Fig. 3A, ES-DC was superior to BM-DC
in priming CTL in semi-allogeneic recipient mice. One
possible reason for this was that ES-DC might be rela-
tively resistant to attack by CTL and can survive for a

longer period of time after transfer and thus primed
OVA-specific CTL more efficiently than BM-DC did.
SPI-6 is a specific inhibitor of granzyme B, the major
mediator of cytotoxic activity of CTL, and has been pre-
sumed to make DC resistant to attack by CTL during
stimulation of CTL. As shown in Fig. 4A, SPI-6 was
scarcely detected in BM-DC. On the other hand, ES-
DC showed an evident expression of SPI-6. Thus, the
substantial priming of OVA-specific CTL by ES-DC-
OVA in semi-allogeneic mice may be attributed, at least
in part, to the higher expression level of SPI-6. To verify
the hypothesis that SPI-6 protected ES-DC from the
cytotoxicity of allo-reactive CTL and resultingly enabled
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Fig. 4. Expression of SPI-6 in DC and priming of antigen-specific CTL by ES-DC expressing OVA and SPI-6 in semi-allogeneic mice. (A) The levels
of expression of SPI-6 in BM-DC, ES-DC-OVA, and ES-DC-OV/SP were analyzed by a Western blotting analysis. The same samples were analyzed
also for B-actin expression as control. (B) Structure of SPI-6 expression vector, pPCAG-SPI-IN. (C) Schematic depiction of the generation of double
transfectant ES-DC expressing OVA and overexpressing SPI-6. (D,E) ES-DC-OVA or ES-DC-OV/SP were injected i.p. to CS7BL/6 mice (1 x 10/
injection/mouse in D and 3 x 10*/injection/mouse in E). Injections were done twice on days —14 and —7. Spleen cells were harvested from the mice on
day 0, and activity of OVA-specific CTL was analyzed as shown in Fig. 1.

ES-DC to prime OVA-specific CTL more efficiently, we
decided to generate double transfectant ES-DC express-
ing OVA and simultaneously overexpressing SPI-6. We
made an expression vector for SPI-6 and introduced it
into the OVA-gene transfectant ES cells (Fig. 4B). We
then subjected the double transfectant ES cells to an
induction culture for ES-DC, thereby generating
ES-DC-OV/SP (Fig. 4C). As shown in Fig. 4A, ES-
DC-OV/SP expressed a higher level of SPI-6 than
ES-DC-OVA did. We compared ES-DC-OVA and
ES-DC-OV/SP in their capacity to prime OVA-specific
CTL in semi-allogeneic mice. The two clones of transfec-
tant ES-DC were injected i.p. into C57BL/6 mice twice
and the priming of OVA-specific CTL was analyzed.
As shown in Fig. 4D, when 1x 10° ES-DC were used
for one injection, the degree of CTL-priming by ES-
DC-OV/SP was similar to or somewhat lower than that
primed by ES-DC-OVA. On the other hand, when lower
number of ES-DC (3 x 10*) were injected, ES-DC-OV/
SP primed OVA-specific CTL more efficiently than
ES-DC-OVA did (Fig. 4E). It is presumed that, when
the lower number of ES-DC were transferred, the sur-
vival period of the injected ES-DC influenced more
greatly the efficiency of priming OVA-specific CTL.
Thus, the data shown in Figs. 4D and E suggest that

an overexpression of SPI-6 in ES-DC improved the
efficiency of priming OVA-specific CTL, and the effect
was evident when a lower number of ES-DC were trans-
ferred for immunization.

Discussion

In recent years, a number of tumor-associated anti-
gens have been identified, by the aid of genetic
approaches such as expression cloning with tumor-reac-
tive CTL, serological analysis of recombinant cDNA
expression libraries (SEREX), or ¢cDNA microarray
analysis [9-13]. These antigens are potentially good tar-
gets for anti-cancer immunotherapies. To establish truly
effective anti-cancer immunotherapy, development of a
means for potently polarizing the immune system
toward these tumor-associated antigens is essential.
Anti-tumor immunotherapy with DC loaded with
HLA-binding peptides derived from tumor antigens
has been clinically tested in many institutions [14]. In
most cases, DC are generated by the culture of mono-
cytes obtained from peripheral blood of the patients.
Apheresis, a procedure which is sometimes invasive for
patients with cancer, is necessary to obtain a sufficient
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number of monocytes as a source for DC. In addition,
the culture to generate DC should be done separately
for each patient and for each treatment, and thus the
presently used method is labor-intensive and also
expensive.

As a means for loading of tumor antigen to DC,
genetic modification of DC to express antigenic pro-
tein has several advantages in comparison to the load-
ing of peptide antigen to DC. The expression of genes
encoding for tumor-specific antigens circumvents the
need for identification of specific CTL epitopes within
the protein. The expression of tumor antigens within
DC provides a continuous and renewable supply of
antigens for presentation, as opposed to a single pulse
of peptides or tumor cell lysates. In most cases, ade-
novirus vector is used for the genetic modification of
human monocyte-derived DC. However, there are sev-
eral problems related to the use of adenovirus vectors,
i.e., the efficiency of gene transfer, the stability of gene
expression, and the potential risk accompanying the
use of virus vectors. In addition, use of virus-based
vectors outside of isolated laboratories is prohibited
by law in many countries.

As we showed in both our previous and the present
report, we can use ES cell transfectants as an infinite
source of genetically modified DC. If the ES cell-based
method can be clinically applied, then the repeated iso-
lation of monocytes from patients is not necessary. In
addition, we will be able to generate’ genetically engi-
neered DC without the use of virus vectors, because
the genetic modification of ES cells can be done with
the introduction of plasmid DNA by electroporation.
Furthermore, it is feasible to generate multiple gene-
transfectant ES-DC with enhanced capacity to elicit
anti-tumor immunity, by the sequential transfection
with multiple expression vectors as demonstrated in
our present and previous reports [6,15].

Considering clinical application, one drawback of
the ES-DC method is the unavailability of human ES
cells genetically identical to the patients to be treated.
Based on previous studies, the stimulation of antigen-
specific CTL by antigen-bearing, semi-allogeneic APC
is considered to be difficult. The efficiency of priming
antigen-specific CTL by adoptively transferred BM-
DC presenting the antigen significantly decreased if
the DC were targets of a pre-existing CTL [4]. APC
transferred to MHC-incompatible mice were rapidly
eliminated by allo-reactive CTL of the recipient mice
[3]. However, the results of the present study revealed
that adoptively transferred mouse ES-DC expressing
OVA stimulated OVA-specific CTL not only in synge-
neic (CBA x C57BL/6) F1 mice but also in semi-alloge-
neic C57BL/6 and (BALB/c x C57BL/6) F1 mice (Fig.
1). The OVA-specific CTL, and probably also the
OVA-specific helper T cells, were primed by OVA-ex-
pressing ES-DC and protected the recipient C57BL/6

mice from subsequent challenge with tumor cells bear-
ing OVA (Fig. 2). These results thus show the promise
of prevention of cancer with ES-DC.

As shown in Fig. 4A, upon loading with OVA,57_564
peptide and transfer into semi-allogeneic C57BL/6 mice,
ES-DC primed OV A ;57_364-specific CTL more potently
than BM-DC did, thus suggesting that ES-DC was supe-
rior to BM-DC in priming antigen-specific CTL in semi-
allogeneic conditions. ES-DC-OVA, ES-DC genetically
engineered to express OVA, was further more potent than
OVA peptide-loaded ES-DC in the priming of OVA-spe-
cific CTL (Fig. 4B). Thus, the substantial priming of anti-
gen-specific CTL by ES-DC-OVA in semi-allogeneic
mice may be partly due to the efficient CTL-priming
capacity of ES-DC and also due to the method of loading
of antigen, namely genetic modification.

The level of expression of SP1-6 in ES-DC was higher
than that in BM-DC (Fig. 4). SPI-6, the mouse homo-
logue of human protease inhibitor 9 (PI-9), is a specific
inhibitor of granzyme B, the major mediator of cytotox-
icity of CTL [16-18). SPI-6 is expressed in CTL, DC,
and mast cells and it has been hypothesized to protect
these cells from granzyme B-mediated apoptosis during
immune responses [19-22]. It has recently been reported
that the co-administration of expression vector for SPI-6
with a DNA vaccine for tumor antigen enhanced the
vaccination potency, possibly because the expression
of the vector-derived SPI-6 made antigen-presenting
DC resistant to cytotoxic activity of CTL [23]. Thus,
an evident intrinsic expression of SPI-6 in ES-DC may
be one reason for that the capacity of OVA-expressing
ES-DC to stimulate CTL in semi-allogeneic recipient
mice was more potent than that of BM-DC. To address
this possibility, we introduced OVA-transfectant ES
cells with an expression vector for SPI-6, and thus gen-
erated double transfectant ES-DC expressing OVA and
overexpressing SPI-6, ES-DC-OV/SP. ES-DC-OV/SP
primed OVA-specific CTL more efficiently than ES-
DC-OVA did when lower number (3 x 10*/injection) of
cells was transferred for immunization. It is thus sug-
gested that the overexpression of SPI-6 by genetic mod-
ification of ES-DC prolonged their survival after
transfer to semi-allogeneic mice and enhanced the prim-
ing of OVA-specific CTL (Fig. 4C). .

Bcl-2 and Bcl-xL are anti-apoptotic proteins which
block the apoptosis induced by various apoptotic sig-
nals, and they are reported to be involved in the control
of the lifespan of DC [24-26]. We also examined the le-
vel of expression of Bcl-2 and Bel-xL in BM-DC and
ES-DC. Both ES-DC and BM-DC expressed Bcl-2
and Bcl-xL, and ES-DC expressed lower level of Bcl-2
and higher level of Bcl-xLL than BM-DC did (data not
shown). It is possible that an overexpression of Bcl-2
or Bcl-xL by genetic modification of ES-DC may also
have an ability to enhance the efficiency to prime anti-
gen-specific CTL in vivo.
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For the efficient induction of cytotoxic effector func-
tion of CD8* T cells, CD4" helper T cells are known to
play a crucial role. They produce cytokines such as IL-2
and IFN-y, which directly stimulate CTL, and make DC
more potent in activation of T cells, via CD40-CD40-li-
gand interactions. After the adoptive transfer of semi-al-
logeneic ES-DC presenting tumor antigen, a large
number of allo-reactive CD4™ T cells of the recipients
may be activated by MHC class II molecules expressed
on ES-DC and provide potent help for priming of anti-
gen-reactive CTL. Therefore, while the expression of
allogeneic MHC class I by transferred ES-DC may re-
duce the efficiency of the induction of anti-tumor immu-
nity, allogeneic MHC class II expressed by ES-DC may
confer considerable advantages for induction of anti-tu-
mor immunity.

In order to realize the future clinical application of
ES-DC, we recently established a method to generate
ES-DC from non-human primate, cynomolgus mon-
key, ES cells, and also for genetic modification of them
(manuscript in preparation). We believe that this meth-
od should be applicable to human ES cells, although
some modifications might be necessary. It is expected
that human ES cells sharing some of the HLA alleles
with patients are available in most cases. Although
HLA genes are highly polymorphic, a few prevalent al-
leles exist in each locus of HLA gene for each ethnic
group in general. For example, the gene frequency of
HLA-A*0201, A*0206, A*2402, and A*2601 in Japa-
nese population is 0.11, 0.10, 0.36, and 0.10, respective-
ly [27]. This indicates that more than 90% of the
Japanese people possess at least one of these four al-
leles in the HLA-A locus. So far, a number of human
ES cells have been established, and most of the human
ES cells probably have HLA alleles dominant in the
ethnic group to which the donors belong. We can thus
expect that human ES cell lines sharing some of the
HLA alleles with patients to be treated will be available
in most cases.

In the future, antigen-specific anti-tumor immuno-
therapy by the in vivo transfer of human ES-DC
expressing tumor antigen may well be achieved. The
overexpression of PI-9, the human homologue of mouse
SPI-6, by genetic modification is a promising way to en-
hance the effect of the cellular vaccination using human
ES-DC semi-allogeneic to the recipients. We believe that
the present study paves the way for the future clinical
application of anti-cancer immunotherapy utilizing
ES-DC.
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The close cooperation of both innate and acquired immunity is
essential for the induction of truly effective antitumor immunity.
We tested a strategy to enhance the cross-taik between NKT cells
and conventional antigen-specific T cells with the use of aGalCer-
loaded dendritic cells genetically engineered to express antigen
plus chemokine, attracting both conventional T cells and NKT
cells. DC genetically engineered to express a model antigen,
OVA, along with SLC/CCL21 or monokine induced by IFN-y/
CXCL9, had been generated using a method based on in vitro
differentiation of DC from mouse ES cells. The ES-DC were loaded
with a-GalCer and transferred to mice bearing MO4, an OVA-
expressing melanoma, and their capacity to evoke antitumor
immunity was evaluated. Invivo transfer of either OVA-
expressing ES-DC, stimulating OVA-reactive T cells, or a-GalCer-
loaded non-transfectant ES-DC, stimulating NKT cells, elicited a
significant but limited degree of protection against the i.p.
disseminated MO4. A more potent antitumor effect was
observed when a-GalCer was loaded to ES-DC expressing OVA
before in vivo transfer, and the effect was abrogated by the
administration of anti-CD8, anti-NK1.1 or anti-asialo GM1
antibody. a-GalCer-loaded double transfectant ES-DC expressing
SLC along with OVA induced the most potent antitumor
immunity. Thus, o-GalCer-loaded ES-DC expressing tumor-
associated antigen along with SLC can stimulate multiple subsets
of effector cells to induce a potent therapeutic effect against
peritoneally disseminated tumor cells. The present study
suggests a novel way to use a-GalCer in immunotherapy for
peritoneally disseminated cancer. (Cancer Sci 2005; 96: 889-896)

means to induce the close cooperation of both innate

and acquired immunity would be necessary for the
induction of efficient antitumor therapy. Recent studies have
shown DC to be potent stimulators of both innate and
acquired immunity. The in vivo transfer of DC presenting
tumor-associated antigens has proven to be efficient in the
priming of CTL specific to the antigens. a-GalCer presented
by DC efficiently stimulates NKT cells,"'"* a subset of T cells
implicated in the innate immunity against infection and
cancer.”"? In addition, NKT cells stimulated by the in vivo
administration of o-GalCer secondarily stimulate conven-
tional T cells.® It is thus presumed that the in vivo transfer
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of DC simultaneously loaded with tumor-associated antigens -
and o-GalCer may stimulate both tumor-reactive T cells and
NKT cells, thus resulting in a potent antitumor immunity.

Chemokines mediate leukocyte adhesion and homing. and
the concordant migration of specific leukocyte subsets
induced by chemokines is pivotal for the development of
proper immune responses. SLC/CCL21 attracts both T cells
and DC to lymphoid tissues through its receptor CCR7, and
the effect of SLC is essential for the priming of naive T cells
in the initiation phase of the immune response. CXCR3 and
its ligands, Mig/CXCL9 and IP-10/CXCL10, mediate the
migration of effector/memory T cells and NK cells to the site
of inflammation. In addition, a recent study revealed that
these chemokines and their receptors also mediate the migra-
tion of some subpopulations of NKT cells.t%-!2

As a means for loading the tumor-associated antigens to
DC, genetic modification to express antigenic proteins has
several advantages. The expression of tumor antigens by DC
circumvents the need for identifying specific CTL epitopes
within the protein, and by that the antigens are continuously
supplied for presentation as opposed to a single pulse of pep-
tides or tumor cell lysates."® For the efficient gene transfer to
DC, the use of virus-based vectors is required because DC
are not easy to genetically modify. Considering the clinical
application, however, there are several problems related to
the use of virus vectors. These include the inefficiency of gene
transfer, the instability of gene expression, and the potential
risk accompanying the use of virus vectors. In addition, in
many countries, legal restrictions have been placed on the use
of virus vectors outside of carefully isolated laboratories.

We and others have established methods to generate den-
dritic cells in vitro from mouse ES cells."*!® ES-DC have the
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capacity to stimulate T cells, present antigen and migrate to
lymphoid tissues upon in vivo administration, and these
capacities of ES-DC are comparable to those of BM-DC. The
genetic modification of ES-DC can be carried out without the
use of virus vectors by introducing exogenous genes by elec-
troporation into undifferentiated ES cells and the subsequent
induction of their differentiation into ES-DC. We can gener-
ate multiple gene-transfectant ES-DC by the sequential trans-
fection of ES cells with vectors bearing different selection
markers."®!? In a previous study, we generated double-
transfectant ES-DC expressing SLC or Mig along with a
model tumor antigen.!'® Using these double-transfectant
ES-DC, we demonstrated that the coexpression of SLC or Mig
enhanced the capacity of in vivo-transferred ES-DC to activate
antigen-specific CTL and to protect the recipient mice from
a tumor cell challenge.

In the present study, we evaluated the capacity of «-
GalCer-loaded ES-DC to stimulate NKT cells both in vitro
and in vivo, in comparison to that of BM-DC. We next eval-
vated the antitumor effect of simultaneous stimulation of
NKT cells and antigen-specific conventional T cells by the
in vivo administration of o-GalCer-loaded ES-DC expressing
a model tumor antigen, namely OVA. Furthermore, we
addressed whether coexpression of SLC or Mig with the anti-
gen by ES-DC could enhance the synergic antitumor effect of
NKT cells and conventional T cells.

Materials and Methods

Mice

CBA and C57BL/6 mice were obtained from Clea Animal
CGo. (Tokyo, Japan) or Charles River (Hamamatsu, Japan) and
kept under specific pathogen-free conditions. Male CBA and
female C57BL/6 mice were mated to produce CBF! mice
and all in vivo experiments were carried out using the CBF!
mice. The animal experiments in this study were approved by
the animal experiment committee of Kumamoto University
(permission number A16-074).

Reagents

Recombinant mouse GM-CSF was purchased from
PeproTech EC (London, UK) and o-GalCer was kindly
provided by the Kirin Brewery Co. (Tokyo, Japan). Mouse
IL-4 and IFN-y ELISA kits were purchased from eBioscience
(San Diego, CA, USA). Polyclonal rabbit anti-asialo GMI
Ab was purchased from Wako Chemicals (Tokyo, Japan).

Cell lines and preparation of DC

The ES cell line TT2, derived from CBF1 blastocysts,!'® was
maintained as described previously.!'¥ MO4?” was generated
by the transfection of C57BL/6-derived melanoma B16 with
the pAc-neo-OVA plasmid. The procedure for inducing the
differentiation of ES cells into DC has been reproted
previously.!® ES-DC expressing OVA (ES-DC-OVA) and
ES-DC expressing chemokine, SLC or Mig, along with OVA
(ES-DC-OVA/SLC or ES-DC-OVA/Mig) were generated as
reported previously.'® ES-DC recovered after a 14-day
culture in bacteriological Petri dishes were used for both
invivo and invitro assays. To generate BM-DC, bone
marrow cells were isolated from CBFI mice and cultured in
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RPMI + 10% fetal calf serum + GM-CSF (5 ng/mL) for
7 days, according to the method reported by Lutz et al.?"

Analysis of the activation of NKT cells by DC loaded with
o-GalCer

Embryonic stem cell-derived dendritic cells or BM-DC were
cultured in the presence of a-GalCer (100 ng/mL.) or vehicle
(0.00025% Polysorbate-20) alone for 22 h, washed twice,
and cocultured with splenic T cells of syngeneic CBF1 mice
(3x10°DC+2.5x10°T cells/well in 24-well culture
plates). Splenic T cells were isolated using nylon-wool
columns, as described previously.!® After 24 h or 5 days, the
cells were recovered and analyzed on their cytotoxic activity
by a 4-h *'Cr-release assay using YAC-1 cells (1 x 10* cells/
well) as targets in 96-well round-bottomed culture plates at
the effector : target ratio indicated. The amount of IL-4 and
IFN-v in the culture supernatant was measured by ELISA. In
the analysis of the stimulation of NKT cells in vivo, ES-DC
or BM-DC loaded with either o-GalCer (100 ng/mL) or
vehicle alone, as described above, were injected i.p. into
syngeneic CBF1 mice (1 x 10° cells/mouse). After 24 h, the
mice were killed and the cytotoxic activity of whole spleen
cells against YAC-1 cells was analyzed, as described above.

Tumor challenge experiments

Indicated numbers of MO4 cells were injected s.c. into the

shaved left flank region, or i.p. on day 0. On day 3, I x 10°

genetically modified ES-DC preloaded with either o-GalCer

or vehicle alone were transferred i.p. into the mice. The

survival rate of the mice was monitored and, in s.c. challenge -
experiments, the tumor sizes were also determined biweekly

in a blinded fashion. The tumor index was calculated as:

Tumor index (mm) = square root of (length X width).

In vivo depletion experiments

The mice were challenged i.p. with 1 x 10° MO4 cells on day
0 and they were injected ip. with 1 x 10° ES-DC-OVA
preloaded with o-GalCer on day 3. To deplete the specific
types of cells, the mice were given a total of 14 i.p. injections
(days —4, -1, 2, 5, 10, 13, 15, 19, 26, 33, 40, 47, 54 and 61)
of mAb, ascites (0.1 mL/mouse/injection) from hybridoma-
bearing nude mice, or polyclonal rabbit anti-asialo GM1 Ab
(50 pg/mouse/injection). The mAbs used were rat antimouse
CD4 (clone GK1.5), rat antimouse CD8 (clone 2.43) and mouse
anti-NK1.1 (clone PK-136). Normal rat IgG (Sigma, St Louis,
MO, USA) was used as a control (200 p1g/mouse/injection).

Statistical analysis

Two-tailed Student’s r-test was used to determine the
statistical significance of differences in cytolytic activity and
the tumor growth between the treatment groups. A value of
P < 0.05 was considered to be significant. The Kaplan—-Meier
plot for survival was used to determine any significant
differences in tumor challenge experiments, using the
Breslow—Gehan-Wilcoxon test. In some experiments, the
difference in the survival rate between treatment groups was
assessed for significance using the y-test. Statistical analyses
were made using the StatView 5.0 software (Abacus
Concepts, Calabasas, CA, USA).
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