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The improvement rate on laboratory examinations was
significantly greater for treatments including PE (PE and
PEHIVIG/CS groups) than for those without PE (CS and
IVIG groups) (8/14, 57.1% vs. 2/16, 12.5%, p=0.0187).

3.3.4. Effects of treatments on blood tests

Changes in hematological examinations are summarized
in Table 5. Overall, the percentage of eosinophils fell
significantly from 5.04 to 2.85 (p=0.049), and among the
immunotherapies, reduction was significant only in treat-
ments with CS. The total and allergen-specific IgEs did not
change signtficantly.

4. Discussion

In the present study, we have disclosed for the first time the
responses of atopic myelitis to various immunotherapies. In
our series, three-quarters of patients with atopic myelitis
responded, more or less, to imrmunotherapies; indicating that
spinal cord dysfunction in this condition is partly reversible,
although most of the patients showed a persistent clinical
course. Interestingly, PE with or without IVIG/CS was found
to be significantly superfor to CS and IVIG alone by
laboratory tests and the improvement rates in neurological
findings were also higher in the former. The retrospective
nature of the siudy as well as the relatively smali number of
treatments limit the significance of the resulis, however,
laboratory studies such as spinal cord MRI and evoked
potentials supplemented the neurclogical evaluation.

Atopic myelitis frequently presents a chronic persistent
course, and the MRI lesions do not change in size over years
masquerading as spinal cord tumors [1-3,7,9,101. Thus, in
the present series, immunotherapy was initiated months or
years after the onset. Nevertheless, neurological signs and
the EDSS scores were improved in three-quarters and one-
third of the patients, respectively. Moreover, half the patients
showed improvement on cither MRI or by EPs. These
findings suggest the inflammatory nature of spinal cord
lesions, parily reversible by immunotherapy, despite the
persistence of smatl MRI lesions and normal CSF findings
[1-3,7]. The notion is consistent with the newropathological
observations indicating chronic active inflammation [9,10].

Concerning the modality of the immunotherapies, PE and
PEHIVIG/CS were the most favorable, as determined by
neurological examination and laboratory tests, while IVIG
was the least effective and CS showed a modest improvement
rate as determined by laboratory tests. Although the disease
duration at the time of treatment was longer and the EDSS
scores were greater in the PE+IVIG/CS group than in the
other groups, the treatment was more efficacious than CS and
IVIG on laboratory tests.

The high efficacy of PE suggests that humoral factors,
possibly driven by Th2 cells, may contribute to sustaining
inflammation in the spinal cord. CS treatment was also
effective on neurological examination. Its efficacy is similar
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in other atopic disorders such as bronchial asthma, atopic
dermatitis and allergic rhinitis [16—18]; which may be partly
attributable to the significant decrease in eosinophils, since
they have been shown to infiltrate the spinal cord lesions and
their activated products are deposited in the tissues [9,10].
Although the number of trials was small in the IVIG group, its
ineffectiveness may suggest that an autoantibody-mediated
mechanism does not play a major role in this condition.

Both pathological studies showing eosinophil infiltration
and axonal damage from the early course of the disease, and
flow cytometric studies on the cytokine balance in peripheral
blood lymphocytes showing Th2 dominance in atopic
myelitis versus Thl dominance in MS, indicate that distinct
mechanisms are operative between these two conditions [19-
22]. In autoimmune diseases affecting the central nervous
system {CNS), such as MS, C8 has been shown to be effective
in an acute phase o reduce the inflammatory response and
shorten the exacerbating phase [23]. In conirast, CS appeared
1o be less effective than PE for atopic myelitis, as shown in the
representative case in Fig. 2, further supporting the notion
that a distinctive mechanism is operative in this condition.
The efficacy of PE appears to be similar to that reported for
atypical demyelinating diseases, such as Devic disease [24],
in which eosinophils and a Th2-driven mechanism have also
been suggested to play roles [25]. PE may be effective for
removing activated eosinophil products, such as eosinophil
cationic protein (ECP) and major basic protein, which have
been shown to be deposited in the spinal cord lesions in atopic
myelitis patients [9,10]. Alteratively, removal of cytokines,
complements or immune complexes may be relevant.

In summary, our results suggest that immunotherapies,
especially those including PE, may be worth trying, even in
cases showing a protracted clinical cowse, long after the
onset of myelitis with atopic diathesis. Further studies
focusing on cytokines and eosinophil products in the CSF
before and after immunotherapy will be required to clarify the
mechanism of action.
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Enhanced Priming of Antigen-Specific CTLs In Vivo by
Embryonic Stem Cell-Derived Dendritic Cells Expressing
Chemokine Along with Antigenic Protein: Application to
Antitumor Vaccination®

Hidetake Matsuyoshi, Satoru Senju, Shinya Hirata, Yoshihiro Yoshitake, Yasushi Uemura, and
Yasuharu Nishimura?

Dendritic cell (DC)-based immunotherapy is regarded as a promising means for anti-cancer therapy. The efficiency of T cell-
priming in vivo by fransferred DCs should depend on their encounter with T cells. In the present study, we attempted to improve
the capacity of DCs to prime T cells in vivo by genetic modification to express chemokine with a T cell-attracting property. For
genetic modification of DCs, we used a recently established method to generate DCs from mouse embryonic stem cells. We
generated double-transfectant DCs expressing a chemokine along with a model Ag (OVA) by sequential transfection of embryonic
stem cells, and then induced differentiation to DCs. We comparatively evaluated the effect of three kinds of chemokines; secondary
Iymphoid tissue chemokine (SLC), monokine induced by IFN-y (Mig), and lymphotactin (Lptn). Al three types of double trans-
fectant DCs primed OVA-specific CTLs in vivo more efficiently than did DCs expressing only OVA, and the coexpression of SLC
or Lptn was more effective than that of Mig. Immunization with DCs expressing OVA plus SLC or Mig provided protection from
OVA-expressing tumor cells more potently than did immunization with OVA alone, and SLC was more effective than Mig. In
contrast, coexpression of Lptn gave no additive effect on protection from the tumor. Collectively, among the three chemokines,
expression of SL.C was the most effective in enhancing antitumor immunity by transferred DCs in vivo. The findings provide useful
information for the development of a potent DC-based cellular immunotherapy. The Journal of Immunology, 2004, 172: 776-786.

vive transfer of Ag-bearing DCs has proven efficient in tepresented only a small proportion (0.1-1%) (6—8). It has also

D endritic cells (DCs)® are potent immunostimulators. In the absolute number of the DCs found within the draining LN
priming T cell responses specific to Ag. DC-based meth- been reported that almost all of transferred DCs remained at the

ods are now regarded as being a promising approach for immu- s immunization site 24 h after transfer (9). Inefficient migration
notherapy, especially for anti-cancer immunotherapy. DCs pulsed  of exogenous DCs to lymphoid organs may lower the frequency of
with peptide Ags or genetically modified to present Ags are cur- their encounter with T cells. Therefore, it may be possible to im-
rently being clinically tested in cases of immunotherapy for sub- prove the efficacy of exogenously transferred DCs to prime im-
jects with malignant tumors (1-4). mune responses by augmenting their encounter with T cells. For

The efficiency of T cell-priming in vive by injected DCs should exampte, if transferred DCs produce chemokines to intensively
depend on their encounter with T cells. When exogenous Ag was attract T cells, they may prime immune response efficiently, even
injected intracutaneously, ~25.%. of the DCs capturing the Ag mi- though the DCs do not migrate to Iymphoid organs.
grated to the T cell area f’f draujung lymph node_s (LN) (5), where Several kinds of chemokines with the capacity to attract T cells
they presented Ag to prime naive T ce:]ls specific to the Ag. In are produced by different cell types. Secondary lymphoid tissue
contr;'ast, when bone marrow cell-derived DCs (],SM'_D.C S)_ or chemokine (SLCYCCL21 is produced in T cell regions of LN and
splenic DCs are transferred exogenously by s.c. or ip. injection, spleen and also by high endothelial venules in LN. SLC chemoat-
tracts T cells, NK cells, B cells, and DCs (10-12). Monokine in-
duced by IFN-y (Mig)/CXCL9 is produced by macrophages and

Department of Inmunogenetics, Graduate School of Medical Seiences, Kumamoto

University, Kumamoto, Japan binds to the chemokine receptor CXCR3, which mediates the re-
Received for publication April 29, 2003. Accepted for publication September cruitment of predomin;mtly Th1 cells and activated NK cells (13).
30. 2003. Lymphotactin (Lptn)/XCL1, produced by activated T cells, has
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* Abbreviations used in this paper: DC, dendritic cell; ES, embryonic stem cell; SLC, Ag to T cells. Their capacity t© do so is comparable to that of BM-
secondary lymphoid tissue chemokine; Mig, monokine induced by IFN-+y; Lptn, iym- DCs. We can re adi]y generate genetic a.lly modified DCs by introduc-
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and used as effector cells in cytotoxicity assay using peptide-pulsed EL-4
cells as target cells, as described {16).

Induction of OVA-specific CTLs in vivo

Genetically modified ES-DCs, viable or heat-killed, or OVA protein (50
ug) were injected i.p. to mice twice at 7-day intervals, and 7 days after the
second transfer, the mice were killed and spleen cells were isclated. Whole
spleen cells were cultured in vitro in the presence of OV A peptide (0.1 uM)
for 5 days and OVA-specific CTL activity was analyzed as described (16).

Tumor prevention experiments

In tumor prevention experiments and survival studies, 2 X 10% or 3 % 10°
genetically modified ES-DCs were transferred 1.p. into mice. Transfers
were done twice at 7-day intervals, and 7 days after the second transfer,
MO4 cells were challenged s.c. in the shaved left flank region. Tumer sizes
were determined biweekly in a blinded fashion and survival rate was mon-
itored. Tumor index was calculated as: Tumor index (in millimeters) =
square root (length X width).

In vive depletion of CD4™ and CD8™ T Iymphocytes

Mice were transferred i.p. twice with 3 X 10° ES-DC-OVAfmock or ES-
DC-OVA/SLC at 7-day intervals, and 7 days after the second transfer, the
mice were challenged s.c. with 3 X 10° MO4 cells (day 0). The mice were
. given a total of six L.p. transfers (days —~ 18, — 15, —11, —8, —4, —1) of the
ascites (0.1 mlmouse/transfer) from hybridoma-bearing nude mice. mAbs
used were rat anti-rnouse CD4 (clone GK1.5) aad rat anti-mouse CD8
(clone 2.43). Normal rat IgG (Sigma-Aldrich, St. Lounis, MO; 200 ug/
mouse/transfer} was used as control. Tumor measurements were made 15
days after tumor challenge. Results are expressed as tumor index + SD.
Each group included eight mice. Depletion of T cell subsets by treatment
with mAbs was confirmed by flow cytometric analysis of spleen cells,
which showed a >90% specific depletion.

Histological analysis of tumor tissues

Freshly excised tumor tissues were immediately frozen and embedded in
Tissue-Tek OCT compound (Miles, Elkhart, IN). Serial 5-pm sections
were made using cryostat and underwent immunochemical staining with
mAbs specific to CD4 (L3T4; BD PharMingen, San Diego, CA} or CD8
(Ly-2; BD PharMingen) and N-Histofine Simple Stain Mouse MAX PO
(Nichirei, Tokyo, Japan).

Statistical analysis

Two-tailed Stedent’s r test was used to determine she statistical significance
of differences in lytic activity of spleen cell preparations and tumor growth,
and between treatment groups. A value of p < 0.05 was considered sig-
nificant. The Kaplan-Meier plot for survivals was assessed for significance
using the Breslow-Gehan-Wilcoxon test. Statistical analyses were made
using StatView 5.0 software (Abacus Concepts, Calabasas, CA).

Results

Profile of chemokine gene expression in ES-DCs

We recently established a culture method to generate DCs from
mouse ES cells. ES-DCs have the capacity to stimulate T cells
comparable to BM-DCs (16). At the beginning of the present
study, to determine the profile of chemokine gene expression by
ES-DCs, we analyzed chemokine mRNAs by ¢DNA macroarray
hybridization analysis, comparing ES-DCs and BM-DCs. The
gene expression of DC-derived chemokines and chemokines that
chemoattract T cells is shown in Fig. 1. The analysis revealed that
chemokine gene expression profile of ES-DCs was somewhat dif-
ferent from that of BM-DCs. However, both DCs expressed C10,
and expression of T cell-attracting chemokines produced by cells
other than DCs such as SLC, Lptn, Mig, or stromal cell-derived
factor 1o were rarely detected in both types of DCs generated in
vitro. Therefore, we presumed augmentation of the immunomodu-

ES CELL-DERIVED DCs EXPRESSING Ag AND CHEMOKINE
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FIGURE 1. Profile of chemokine gene expressicn in ES-DCs and BM-
BCs. Radiolabeled cDNA generated from ES-DCs and BM-DCs were hy-
bridized to chemokine gene-specific 44 cDNA fragmenis spotted on nylon
membranes. The hybridization signals were normalized to the signal de-
rived from f-actin on the same membrane. Data for DC-derived chemo-
kines and chemokines with T cell-attracting property are shown.

lating capacity by in vivo transferred DCs through genetic modi-
fication of DCs to express such T cell-attracting chemokines.

Generation of ES-DCs expressing chemokine along with
antigenic protein

Using the expression vector driven by the B-actin promoter and
containing the IRES-drug-resistant marker gene (Fig. 2, A and B),
we can generate ES cell transfectant clones expressing the gene
products after their differentiation to DCs. Using this system, we
first prepared an ES cell transfectant clone highly expressing OVA
after differentiation to DCs. Subsequently, we introduced chemo-
kine expression vectors or mock vector into the ES cell clone ex-
pressing OVA (ES-OVA) (Fig. 2C). We selected one double-trans-
fectant ES cell clone for each chemokine gene or mock vector
transfection and generated four kinds of ES-DCs expressing che-
mokine along with OVA or OVA alone, and designated them ES-
DC-OVA/SLC, ES-DC-OVA/Lptn, ES-DC-OVA/Mig, and ES-
DC-OVA/mock. Therefore, the four double transfectant ES cell
clones used in this study originated from the same ES cell clone
transfected with the OVA gene.

We acquired DCs from these ES cell transfectant clones and
compared their capacity to stimulate the OVA, 5, ,44-specific and
KP'-restricted T cell hybridoma, RF.33.70. As shown in Fig. 34,
ES-DC-OVA/SLC, ES-DC-OVA/Lptn, ES-DC-OVA/Mig, ES-
DC-OVA, and ES-DC-OV A/mock could stimulate RF33.70 with a
comparable efficiency. The amounts of chemokine produced by the
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induction of their differentiation to DCs. By sporadic selection with a
selection drug, ES cell clones transfected with genes can be propa-
gated while maintaining the capacity to express gene products after
their differentiation to DCs. Therefore, one can use ES cell transfec-
tants as an infinite source for genetically modified DCs.

In the present study, using this methed, we generated DCs ex-
pressing chemokine along with a2 model Ag, OVA. We determined
whether coexpression of T cell-attracting chemokine with anti-
genic protein by DCs enhanced the capacity to prime Ag-specific
CTLs upon in vivo transfer. We also examined the potency of the
genetically modified DCs to elicit antitumor imomunity against -
mor cells expressing OVA. Among T cell-attracting chemokines,
we selected SLC, Mig, and Lptn, and comparatively evaluated
their effects.

Materials and Methods
Mice

CBA and C57BL/6 mice were obtained from CLEA (Tokyo, Japan) or
Charles River Breeding Laboratories (Hamamatsu, Japan) and kept under
specific pathogen-free conditions. Male CBA and female C57BL/6 mice
were mated to produce (CBA crossed with C57BL/6) F, (CBF,) mice and
all in vivo experiments were done with the F, mice at 6-8 wk of age.

Cell lines

The ES cell line TT?2, derived from (CBA crossed with C57BL/6) F, blas-
tocysts (17), were maintained as described (18). The T cell hybridoma
RF33.70 (19), recognizing OVA,sq_se, in the context of K®, and the M-
CSF-defective bone marrow-derived stromal cell line, GP9 (20), have been
reported. MO4 (21) was generated by transfection of C57BL/6-derived
melanoma B16 with the pAc-nec-OVA plasmid, as described (22). The
procedure for induction of differentiation of ES cells into DCs has been
reported (16), and ES-DCs recovered after a 14-day culture in bacterio-
logical petri dishes were vsed for in vivo and in vitro assays.

Peptide, cytokines/chemokines, and anti-chemokine Ab

The K°-binding peptide OV A,gr_zes, SIINFEKL, were synthesized vsing
the F-MOC method on an automatic peptide synthesizer (PSSMS8; Shi-
madzu, Kyoto, Japan) then purified by HPLC. Recombinant mouse GM-
CSF was provided by Kirin Brewery (Tokyo, Japan). Recombinant mouse
SLC, Mig, and Lptn, were purchased from DACO JAPAN (Kyoto, Japan).
Goat anti-mouse SLC and Mig Abs and biotinylated goat anti-mouse SLC
and Mig Abs were also purchased from DACO JAPAN. Rabbit anti-mouse
Lptn Ab was purchased from eBioscience (San Diego, CA), and was bi-
otinylated using a MiniBiotin-XX Protein Labeling kit (F-6347; Molecular
Probes, Portland, OR).

eDNA array analysis of chemokine gene expression

BM-DCs were generated from bone marrow cells of CBE, mice, as de-
scribed (23, 24), Total RNA was extracted from BM-DCs on day 12 and
ES-DCs on day 14 of culture in bacteriological perri dishes, using RNeasy
* mini kits (Qiagen, Studio City, CA). Total RNA (3 ug) from each sample
was reverse transcribed into cDNA with Moloney murine leukemia virus
reverse transcriptase {(Promega, Madison, WI) in the presence of
[2-32P]dCTP (Amersham Pharmacia Biotech, Piscataway, NJ). The result-
ing ¢DNA probes were hybridized to cDNA fragments spotted on GEArray
membranes (SuperArray, Bethesda, MD). Hybridization and wash of the
membranes were done following the manufacturer’s instructions. The in-
tensity of radioactive signaling from the hybridized probes was analyzed
on a BAS-2000 (Fuyjifilm, Tokyo, Japan). The signal from expression of
each chemokine gene was normalized to the signal derived from f-actin on
the same membrane and expressed as arbitrary units calculated using the
formula: Chemokine mRNA arbitrary units = (chemokine signal — back-
ground signal)/(B-actin signal — background signal) (25).

Plasmid construction

A ¢DNA fragment encoding for OVA protein was transferred to pCAG-TP
(26), a mammalian expression vector containing the chicken f-actin promoter
and an internal ribosomal entry site (IRES)-puromycin N-acetyltransferase
gene cassette, to generate pPCAG-OVA-IP. To obtain pCAGGS-IRES-neo-R,
a DNA fragment containing IRES-neomycin-resistant (neo-R) was inserted
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into a mammalian expression vector pCAGGS (27). A ¢<DNA fragment coding
for chemokine protein was inserted into pCAGGS-IRES-neo-R. SLC ¢cDNA
was obtained by RT-PCR using murine spleen cells as the RNA source and
PCR primers, AACCCTCTAGCCCGCCGCCAC-CATGGCTCAGAGATG
ACTCT (forward) and AACCCGGATCCAGGCGGGCTACTACTGGCT
ATCC (reverse). Mig cDNA was obtained by RT-PCR using murine spleen
cells stimuiated for 24 h with [FN-y as the RNA source and the PCR primers,
AACCCTCTAGACCCGCCGCCACCATGAAGTCCGCTGTICTTITCC
(forward) and AACCCGGATCCAGGGTGCTTGTFGGTAAAG (reverse).
Lptn ¢cDNA was obtained by RT-PCR, using murine spieen cells as the RNA
source stimulated for 24 h with PMA and A23187 and the PCR primers AAC
CCTCTAGACCCGCCGCCACCATGAGACTTCTCCTCCTGAC (forward)
and AACCCGGATCCCTGGAGGCTGTTACCCAGTC (reverse). The de-
sign of these primers results in cloning of chemokine cDNA downstream of
the Kozak sequence (28). The PCR products were cloned into a plasmid vector
(pGEM-T easy; Promega), confirmed by sequencing analysis, and then trans-
ferred to the expression vector.

Transfection of ES cells and generation of ES-DCs expressing
chemokine along with OVA

To generate OV A-transfected ES cell clones, TT2 ES cells were introduced
with pCAG-OVA-IP by electroporation and selected with puromyein using
the reported procedure (16). OVA-transfected ES cell clones were differ-
entiated to ES-DCs, and an ES cell transfectant clone highly expressing
OVA after differentiation to DCs (ES-OVA) was selected, based oan the
capacity to stimulate RF33.70, the OV A-reacting T cell bybridoma. The
selecied ES cell clone was transfected with one of three kinds of chemo-
kine expression vectors or pCAGGS-IRES-neo-R (mock). Transfected ES
cells were cultured on neo-R primary embryonic fibroblasts feeder layers
and selected with G418 (500 pg/ml), and drug-resistant colonies were
picked up. Double-transfectant ES cell clones producing high amounts of che-
mokine after differentiation to PCs were selected. To determine chemokine
levels in culture supematants, ELISAs were done as we reported (29).

T cell hybridoma assay for detection of OVA peptide-K*
complexes

Graded numbers of ES-DCs as stimulators were seeded into 96-well flat-
bottom cultnre plates together with RF33.70 as responders (5 X 10° cells/
well in final volume of 200 pd). After 24 b of culiure, the supematant (50
pl/well) was collected and added to culture of the IL-2-dependent cell line,
CTLL-20 (5 X 10%100 ul/well), in 96-well fiat-bottom culture plates.
After 16 h, ["H]thymidine (248 MBq/mmol) was added (37.5 KBqg/well)
and cells were incubated for a further 8 h. The incorporation of [*Hithy-
midine by CTLL-20 was measured by scintillation counting.

In vitro survival assay of ES-DCs

ES-DCs recovered from 14-day cultare in petri dishes were cultured again
in petri dishes (1.2 X 16°/90 mm dish) under several conditions. After 7
days, cells were recovered by pipetting, stained with trypan blue and mi-
croscopically counted. Some recovered cells were also stained with pro-
pidium jodide (10 pg/mt) and analyzed on 2 flow cytometer (FACScan, BD
Biosciences, San Jose CA) to detect dead cells.

Assay of the migration of DCs in vivo

DCs (2 X 10°%) labeled with 1 wM CFSE (Molecular Probes, Oss, The
Neiherlands) in serum-free medium for 10 min at 37°C, were ip. trans-
ferred inio the CBF, mouse. After 40 h, 5-um frozen sections of the spleen
were made and examined under a fluorescence microscope (Olympus,
Melville, NY) or stained with H&E. '*!In-labeled DCs (1 X 10°) were i.p.
transferred inio mice. After 40 h, several organs were isolated and the
radioactivity in each organ was measured on. 2 gamma counter as described
by Eggert et al. (6) and Morse et al. (9). The radioactivity was expressed
as the percentage of injection dose per 0.} gram of tissue, so that the values
were adjusted to (.1 g of tissue to correct for weight differences of each organ.

Induction of OVA-specific CTLs in vitro and cytotoxicity assay

ES-DCs (4 X 10°well) or BM-DCs (4 X 10°/well) were cocultured with
T cells (2.5 X 10%well} purified with a nylon wool column from spleen
cells of unprimed CBF, mice in 24-well culture plates in RPMI 1640 sup-
plemented with 10% FCS. In some experiments, ES-DCs were killed be-
fore use by treatment at 70°C for 20 min. BM-DCs were prepared as
described (23) then pulsed with OVA peptide (10 uM) for 4 h, washed
twice, and used as stimulators. After 5 days of culture, cells were recovered
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FIGURE 2. Generation of ES-DCs expressing chemokine simulta-
neously with OV A, A, Structure of OV A protein expression vector, pCAG-
OVA-PIL, The expression of this gene is driven by the chicken B-actin
promoter. The OVA protein coding sequence is followed by the IRES-
puromycin N-acetyltransferase gene (Puro-R) and the polyadenylation sig-
nal sequence of human growth hormone (Hg-pA). B, Structure of chemo-
kine expression vector, pPCAGGS-chemokine-IRES-neo-R. Expression of
this gene is driven by the chicken B-actin promoter. The chemokine coding
sequence is followed by the IRES-neo-R gene (Neo-R) and a polyadenyl-
ation signal sequence of rabbit 3-globin poly(A) {Rg-pA). C, TT2 ES cells
were transfecied with pCAG-OVA-PL. Puromycin-resistant colonies were
picked up and expanded. An ES cell cione highly expressing OVA was
selected and transfected with one of three kinds of pCAGGS-chemokine-
IRES-neo-R or with a mock vector, G418-resistani colonies were picked up
and expanded. One ES clone expressing large amounts of chemokine after
DC differentiation was selected for each chemokine and used in the de-
scribed experiments.

three kinds of chemokine gene-transfected cells used in this study
are shown in Fig. 3, B-D. Both ES cells and differentiated ES-DCs
produced transgene-derived chemokines, and comparable protein
amounts of chemokines were produced by the three chemokine
gene-transfected ES-DCs. Morphology and surface phenotypes of
chemokine gene-transfected ES-DCs were not significantly differ-
ent from ES-DC-TT2 (DCs derived from parental TT2 ES cells)
(data not shown). These results suggest that the forced expression
of OV A protein and the chemokines by gene transfer to ES cells do
not affect their differentiation to DCs.

The migration capacity of ES-DCs in vivo

To test the migration capacity of ES-DCs in vivo, we histologically
examined the migration of transferred ES-DCs to the spleen. In
addition, we tested whether or not the expression of SLC, the che-
mokine with DC-attracting property, by ES-DCs would affect their
in vivo migration. As shown in Fig. 4, A-F, CFSE-labeled ES-
DC-OVA, ES-DC-OVA/SLC, and BM-DCs migrated to the spleen
to the same extent, mostly localizing in the white pulp and the
marginal zone (Fig. 4, B, D, and F).
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FIGURE 3. Stimulation of OVA-specific T cell hybridoma and chemo-
kine preduction by genetically modified ES-DCs. A, Stimulation of K™
restricted OVA-specific T cell hybridoma, RF33.70, with ES-DC-OVA
(H), ES-DC-OVA/mock (), ES-DC-OVA/SLC (A), ES-DC-OVA/Lptn
(A), BS-DC-0VA/Mig (O, or negative control, ES-DC-TT2 (@) without
OV A-expression, was analyzed. Stirulators and RF33.70 were cocultured
for 24 h, and IL-2 produced by RF33.70 was quantified by measuring
proliferation of CTLL-20 cells. Resulis were expressed as mean cpm of
triplicate cultures = SD. Data are representative of three independent and
reproducible experiments. B-D, The 48-h culture supernatants of the 1 X
10° ES-DC-OVA expressing chemokine or ES-DC-OVA. in petri dishes
and that of 1 X 10° ES-OVA expressing chemokine or ES-OVA on layers
of primary embryonic fibroblasts were harvested. The concentrations of
chemokine in the supernatants were measured.using ELISA. Production of
chemokine SLC (B), Lptn (C), and Mig (D) by respective transfectants was
quantified. Results are ¢xpressed as mean amounts of chemokine per 1 X
10* cells of triplicate cultures = SD. Dara are representative of two inde-
pendent and reproducible expetiments.

We also investigated the distribution of !''In-labeled DCs in
lymphoid organs after i.p. transfer. The distribution of ES-DCs
shown in Fig. 4G indicated that ES-DCs and BM-DCs similarly
accumulated in the spleen and mesenteric LN 40 h after the trans-
fer, and that expression of SLC by ES-DCs made no significant
difference in the migration pattern.

Collectively, the migratory capacity toward lymphoid tissues of
ES-DCs is almost comparable to that of BM-DCs, and the SLC
produced by ES-DC-OVA/SLC did not prevent them from migrat-
ing toward lymphoid tissves.
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FIGURE 4. The migration capacity of ES-DCs in vivo. A—F, DCs (2 X
10% were labeled with CFSE and injected Lp. into mice. At 40 h later,
frozen sections of spleens were prepared. Injected DCs were ES-DC-OVA
(A and B), ES-DC-OVA/SLC (C and D), and BM-DCs (E and F). A, C, and
E are fluorescense images of the sections serial to H&E-stained sections
shown in B, D, and F, respectively. G, '"In-labeled DCs (1 X 10%) were
injected i.p. into mice, and radioactivity of indicated organs was measured
40 h later. The measured radioactivity in tissues was expressed as percent-
age of injection dose per (.1 g tissue (%IDA.1 g) as described in Marerials
and Methods. Results were expressed as mean %ID/0.1 g + 8D (n = 3 per
group).

Priming of Ag-specific CTLs with genetically modified ES-DCs
in vitre and in vive

We analyzed the capacity of ES-DC-OVA to prime OV A-specific
T cells in vitro, ES-DC-TT2, ES-DC-OVA, heat-killed ES-DC-
OVA, or BM-DCs prepuised with OVA peptide were cocultured
with splenic T cells derived from unprimed CBF, mice. After 3
days, cells were recovered and OVA-specific CTL activity was
analyzed. The results shown in Fig. 54 indicate that OV A-specific
CTLs were primed in vitro by intact ES-DC-OVA but not by ES-
DC-TT2, BM-DCs prepulsed with OVA,5,_.6, peptide, or heat-
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FIGURE 5. Priming of OVA-specific CTLs with genetically modified
ES-DCs. A, BM-DCs prepulsed with OV A peptide (10 pM), ES-DC-TT2,
ES-DC-OVA, or heat-killed ES-DC-OVA were cocoltured with splenic T
cells of unprimed CBF, mice. After 5 days, the resultant cells were assayed
for the capacity to kill BL-4 tumor cells either pulsed with 10 uM OVA
peptide (M) or left uppulsed (OJ) at an E:T ratio of 20. B, Mice were
transferred i.p. twice with ES-DC-OVA (2 X 10%, alive or hear killed, or
OVA protein (50 pg) on days —14 and —7. Spleen cells were harvested
from the mice on day 0, pooled for each group (four mice per group), and
cultured in the presence of OV Aysy_sg4 (0.1 uM) for 5 days. The resuitant
cells were assayed for the capacity to kill EL-4 tumor cells either pulsed
with 10 uM OVA peptide (M) or left unpulsed ((J) at an E:T ratio of 20.
Resulis are expressed as mean specific lysis of triplicate assays, and SDs of
triplicates were <2%. Data are representative of two independent and re-
producible experimenis.

killed ES-DC-OVA. BM-DCs prepulsed with OV A peptide could
prime OV A-specific CTLs in vitro cnly in the presence of exog-
enous IL-2, whereas ES-DC-OVA could prime OVA-specific
CTLs, regardiess of whether or not IL-2 had been added (our un-
published observations).

Furthermore, the capacity of ES-DC-OVA to prime OVA-spe-
cific T cells in vivo was analyzed. ES-DC-OVA (2 X 10%), heat-
killed ES-DC-OVA (2 X 10*), or OVA protein (50 ug) were in-
jected i.p. into CBF, mice twice within a 7-day interval. Spleen
cells were isolated 7 days after the second injection and then cul-
tured in vitro in the presence of OV A,s,_»e, peptide. After 5 days,
cells were recovered and assayed for their capacity to kill EL-4
thymoma cells (H-2°%) prepulsed with the OV A peptide. The results
shown in Fig. 5B indicate that CTLs specific to the OVA epitope
were primed in vivo with ES-DC-OVA but not with heat-killed
ES-DC-OVA or soluble OVA. protein.

These results demonstrated that live ES-DCs genetically modi-
fied to express an antigenic protein have the capacity to prime
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Ag-specific CTLs both in vitro and in vivo. There is little possi-
bility that endogenous host DCs, which phagocytosed ES-DCs ex-
pressing OVA or OVA protein, played a major role in priming
CTLs, based on the result that CTLs were not primed either by
injection with heat-killed ES-DC-OVA or by OVA protein.

Efficient priming of QVA-specific CTLs by DCs producing
chemokine along with OVA

We analyzed the capacity of genetically modified ES-DCs express-
ing Mig along with OVA to prime OVA-specific T cells in vivo.
Graded numbers of ES-DC-OVA or ES-DC-OV A/Mig were trans-
ferred 1p. to mice twice at a 7-day interval. Spleen cells were
isolated 7 days afier the second transfer then cultured in vitro in the
presence of OVA..;_ o4, peptide. After 5 days, cells were recov-
ered and assayed for their capacity to kill EL-4 thymoma cells
(H-2") prepulsed with the OV A peptide (Fig. 6). When 5 X 10% or
3 X 10* DCs were transferred twice, a comparable Jevel of OVA-
specific CTL activity was primed by ES-DC-OVA and ES-DC-
OVA/Mig. In contrast, when 1 X 10* DCs were transferred twice,
ES-DC-QVA/Mig primed CTL activity to a greater extent than
seen with ES-DC-OVA. As we reported, OV A-specific CTLs were
not primed by transfer of ES-DC-TT?2, even when 5 X 10° DCs
were transferred twice (16).

We next analyzed effects of expression of the three chemokines
on in vivo CTL-priming wsing the same experimental procedure as
previously described except that smaller numbers of DCs were
transferred into the mice (Fig. 7). When mice were given 5 X 10°
ES-DCs twice, all OV A-expressing DCs stimulated OV A-specific
CTLs, and the T cell-priming capacity of DCs coexpressing either
of the three chemokines was significantly stronger than those ex-
pressing OVA alone. Even when only 3 X 10* DCs were trans-
ferred twice, OV A-specific CTLs were primed by the three kinds
of ES-DC-OVA chemokine. Conversely, priming of CTLs by ES-
DCs expressing OV A alone was not detected under this condition.
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FIGURE 6. Priming of OVA-specific CTLs in vive by immunization
with ES-DC-OVA/Mig. Mice were transferred ip. twice with ES-DC-
OVA or ES-DC-OVA/Mig on days —14 and —7 with 5 X 10%* (4), 3 x 10*
(B), or 1 X 10* {C) ES-DCs. Spleen cells from transferred mice were
harvested on day 0, pooled for each group (three mice per group), and
cultured in the presence of OV A, 5y 6, (0.1 uM) for 5 days. The resultant
cells were assayed for the capacity to kill EL-4 tumor cells either pulsed
with 10 pM OV A peptide or left unpulsed. Results are expressed as mean
specific lysis of triplicate assays, and SDs of triplicates were <2%. Data
are representative of three independent and reproducible experiments.
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FIGURE 7. Enhanced priming of OVA-specific CTLs ia vivo by im-
munization with ES-DCs expressing chemokine along with OVA. Mice
were transferred i.p. twice on days — 14 and —7 with 5 X 10° ES-DCs {A)
or 3 X 10* ES-DCs (B). ES-DCs expressing chemokine along with OVA
were ES-DC-OVA/SLC (4), ES-DC-OVA/Lptn {A), ES-DC-OVA/Mig
(O}. ES-DCs expressing OVA zlone as controls were ES-DC-OVA/mock
(D and ES-DC-OVA (M). DCs differentiated from the parental CVA gene
single-transfectant ES cell cione. Spleen cells of the mice were isclated on
day 0, pooled for each group (three to seven mice per group), and assayed
for the CTL activity using the same procedure as in Fig. 5. For all effectors,
specific lysis was <2% when target EL-4 celis were not prepulsed with
OVA peptide. Results were expressed as mean specific lysis of wriplicate
assays, and 8Ds of triplicates were <2%. Data are representative of three
independent and reproducible experiments.

== ES-DC-OVAMIg

These results clearly demonstrate that coexpression of the chemo-
kines along with Ag in DCs enhances their capacity to prime the
Ag-specific CTLs in vivo. The results shown in Fig. 7 also indicate
that coexpression of SLC or Lptn in DCs is more effective than that
of Mig in the priming of CTLs in vivo.

Protective effects of immunization with chemokine gene-modified
DCs against tumor cell challenge

We next asked whether coexpression of chemokine with OVA in
DCs would enhance their capacity to induce protective immunity
against tumor cells expressing OVA. We immunized mice by
twice i.p. transfers of DCs at 7-day intervals, and 7 days after the
second transfer, the mice were challenged s.c. with 3 X 10° MO4
cells, OV A-expressing melanoma cells derived from B16. In case
of two transfers of 3 X 10° ES-DCs, as shown in Fig, 84, immu-
mization with ES-DCs expressing OVA alone (ES-DC-OVA/
mock) provided significant protection against the MO4 chalienge,
in comparison with ES-DC-TT2 (p < 0.01). Conversely, transfer
of ES-DC-TT2 gave no significant protection, compared with no
DC transfer (data not shown). Immunization with ES-DC-OVA/
SLC provided greater protection than did immunization with ES-
DC-OVA/mock (p < 0.05). In contrast, protection given by im-
munization with ES-DC-OVA/Mig or ES-DC-OVA/Lpin was at a
comparable level to that provided by ES-DC-OVA/mock. As
shown in Fig. 8B, immunization with ES-DC-OV A/mock showed
a significant prolongation of survival, compared with immuniza-
tion with ES-DC-TT2 (p < 0.05). Immunization with ES-DC-
OVA/SLC resuited in a fusther prolongation of survival. However,
coexpression of Lpin or Mig had no significant additive effect on
survival.

In case of twice transfers of 2 X 10%* ES-DCs, as shown in Fig.
8C, immunization with ES-DC-OVA/mock provided significant
protection against MO4 challenge, compared with ES-DC-TT2
(p < 0.01). Under this condition, immunization with ES-DC-
OVA/SLC and ES-DC-OVA/Mig provided greater protection than
that seen with ES-DC-OVA/mock (p <X 0.05). In contrast, effect of
immunization with ES-DC-OVA/Lpin was comparable to that of



782 ES CELL-DERIVED DCs EXPRESSING Ag AND CHEMOKINE

A 3x10°ip.x 2 B 3x10°i.p.x 2
g”‘ & 1008
154 z 80
_é 104 P<0.01 E &0
5 5 Z ®
E >
5 P<0.05 5 20
Fopd o o 1
5 0 " 10 hzu 0 16 20 30 40 50 60 70 B0 90
ays after tumoar challenge Days after tumor challenge
Cc D .
2x10°Lp.x 2 2x10"ip. x 2
g3 ~.100
&8
£ = g0
¥ 20 P<0.01 £
3 <o 2 60
£ =
g 10 Z 40
E P<0.05 4
5 E 20
F oo & o
- o 10 20 6 10 20 30 40 50 60 70 80 80

Days after tumor chalienge Days after tumor challenge

wie ES-DC-OVA/SLC
w'm ES-DC-GVA/Lptn
0= ES-DC-OVA/Mig

®= E5-DC-TT2
o ES-DC-OVA/mock

FIGURE 8. Suppression of tumor growth and proicngation of survival by immunization with ES-DCs expressing chemokine along with OVA. Mice
- were transferred i.p. twice on day —14 and —7 with 3 X 107 (4 and B) or 2 X 10* BS-DCs (C and D). The mice were challenged s.c. with 3 X 10° MO4
tumnor cells expressing OVA on day 0. Tumor index {A and C} and survival rate (8 and D} were monitored. The differences in tumor index between
ES-DC-TT2 and ES-DC-OVA/mock as well as between ES-DC-OVA/mock and ES-DC-OVA/SLC are statistically significant (p < 0.01 and p < 0.05,
respectively) (4). The differerces in survival rates between ES-DC-TT2 and ES-DC-OV A/mock as well as between ES-DC-OVA/mock and ES-DC-OVA/
SLC are statistically significant (p <2 0.05) (B). The difference in tumor index between ES-DC-TT2 and ES-DC-OV A/mock is statistically significant (p <
0.01) (€). The differences in tumor index between ES-DC-OVA/mock and ES-DC-OV A/Mig as well as between ES-DC-OV A/mock and ES-DC-OVA/SLC
are also statistically significant (p < 0.05) (C). The differences in survival rate between ES-DC-TT2 and ES-DC-OVA/mock as well as between ES-DC-

OVA/mock and ES-DC-OVA/SLC are statistically significant (p << 0.01) (D). The difference in survival rate between ES-DC-OVA/mock and ES-DC-

OVA/Mig is also statistically significant (p < 0.05) (D). A and C, Results are exprassed as mean tumor index * SD (n =

Kaplan-Meier plot depicts the survival rate (# = 10 per group).

ES-DC-OVA/mock. As shown in Fig. 8D, immunization with ES-
DC-OVA/SLC resulted in a longer survival time than that seen
with ES-DC-OVA/mock (p < 0.01). In addition, ES-DC-OVA/
Mig was more effective than ES-DC-OVA/mock (p << 0.05), but
fess effective than ES-DC-OVA/SLC. Immunization with ES-DC-
OV A/Lptn again resulted in survival at the same level as seen with
ES-DC-OVA/mock. When mice were twice transferred with 2 X
10* ES-DCs and chalienged with 3 X 10° MO4 mmor cells, among
the three chemokine-expressing ES-DCs, only immunization with
ES-DC-OVA/SLC was more effective than ES-DC-OVA/mock
(data not shown).

Collectively, ES-DC-OVA/SLC was always more effective than
ES-DC-OVA/mock. Expression of Mig in ES-DC increased sur-
vival time under some experimental conditions. In contrast, ES-
DC-OVA/Lptn did not elicit more protection than did ES-DC-
OV A/mock under the conditions we tested. These results suggest
that expression of SLC along with antigenic protein is the most
effective among the three chemokines for induction of protective
immunity against tumor cells expressing the Ag.

No effect of SLC simultaneously injected with ES-DCs

As described, coexpression of SL.C along with OVA in ES-DCs
enhanced their capacity to induce protective immunity against tu-
mor cells expressing OVA (Fig. 8). To examine the effect of SLC
upon simuitaneous injection with ES-DCs expressing OVA, we
compared immunization with 2 X 10* ES-DC-OVA/SLC to im-
munization with 2 X 10* ES-DC-OV A/mock accompanying i.p. or
systemic (i.v.) injection of recombinant mouse SLC (3 ug). The
amount of injected recombinant mouse SLC was much higher than
that expected 0 be produced by injected ES-DC-OVA/SLC after the
transfer (Fig. 3B). Transfer of ES-DCs and tumor cell challenge with

10 per group). B and D,

3 X 10° MO4 cells were done using the same schedule as previously
described. The tumor index in millimeters 30 days after MO4 chal-
lenge is shown in Fig. 9. In case of cotransfer of recombinant mouse
SLC i.p. or L.v. with ES-DC-OV A/mock, tumor indexes were similar
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FIGURE 9. No effect of simultaneous injection of recombinant mouse
SL.C together with ES-DC-OVA. Mice were immunized with ES-DC-OVA/
mock (2 X 10%mouse) with or without simultanecus injection of recombinant
mouse SLC (3 ug, iv. or ip.). Other mice were immunized with ES-DC-
OVA/SLC {2 X 10%mouse). Transfers of ES-DCs plus SLC were done twice
at a 7-day interval, and 7 days after the second iransfer, mice were challenged
with 3 X 10° MO#4 cells. The mumor index (in. millimeters) 30 days afler the
MO4 challenge was shown. In mice immunized with ES-DC-OVA/SLC, the
tumor index was significantly smaller than the others (p < {.05). Results are
expressed as mean tumor index + 5D (n = 4—6 per group).
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to those in case of immunization with 2 X 10* ES-DC-OVA/mock,
indicating that coinjection of recombinant mouse SLC was without
effect. In contrast, in case of immunization with ES-DC-OVA/SLC,
the tumor index was significantly smaller than those in other
conditions (p << 0.05), such being consistent with the data shown
in Fig. 8.

No effect of SLC on survival of ES-DCs and on CTL priming
activity of ES-DC in vitro

We tested to see whether the SLC would have any effect on the
survival of DCs in vitro. ES-DC-OVA/mock and ES-DC-OVA/
SLC were cultured for 7 days. Other ES-DC-OV A/mock were cul-
tured in the presence of recombinant mouse SLC (300 ng/ml).
Numbers of recovered ES-DCs after the culture were 77.8%,
88.3%, and 77.7% of the starting cells in case of ES-DC-OVA/
mock, ES-DC-OVA/SLC, and ES-DC-OVA/mock plus recombi-
pant mouse SLC, respectively. Dead cells were fewer than 1% of
the recovered cells under any conditions. These results indicate
that the SLC have no significant effect on the survival of DCs in
vitro. In addition, there was mno difference in the in vitro CTL-
priming capacity between ES-DC-OVA and ES-DC-OVA/SLC
(Fig. 10). These results suggest that the enhanced CTL-priming by
ES-DC-OVA/SLC observed in case of in vivo injection is not due
to the direct effect of SLC on ES-DCs.

Involvement of both CD4" and CD8™ T cells in protection
against MO4 induced. by ES-DCs expressing OVA

To determine the role of CD4™ and CD8* T cells in protection
against tumor cells induced by genetically modified ES-DCs, we
depleted mice of CD4™ or CD8™ T lymphocytes by treatment with
anti-CD4 or anti-CD8& mAb in vivo, respectively. By this treat-
ment, >90% of CD4™ and CD8™ T cells were depleted {(data not
shown). During this procedure, mice were immunized with ES-
DC-OVA/SLC or ES-DC-OVA/mock and challenged with MO4
cells. As shown in Fig. 11, depletion of either CD4™* or CDS™ T
cells totally abrogated the protective immunity induced by ES-DC-
OVA/SLC or ES-DC-OVA/mock. Although some populations of
physiological DCs have been reported to express CD4 or CD§
molecules, the number of CD11c™ splenic DCs did not change
with this treatment (data not shown), indicating that the abrogation
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FIGURE 10. Similar capacity of ES-DC-OVA and ES-DC-OVA/SLC
10 prime OVA-specific CTLs in vitro. ES-DC-TT2, ES-DC-OVA, and ES-
DC-OVASSLC (4 X 10°well) were cocultured with nylon wool-purified
splenic T cells (2.5 X 10%well} of unprimed CBE, mice in 24-well cujture
plates. After 5 days, the cells were harvesied and assayed for the capacity
to kil EL-4 tumor cells either pulsed with 10 uM OVA peptide (M) or left
unpulsed (CJ). Results are expressed as mean specific lysis of triplicate
assays, and SDs of triplicates were <<2%, Data are representative of two
independent and reproducible experiments.
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FIGURE 11. Involvement of both CD4™ and CD8™ T cells in antitumor
immunity induced by ES-DCs, CD4™ or CD8™ T celis were depleted in
vivo by inoculation of anti-CD4™ or anti-CD8" mAbs during immuniza-
tion with ES-DC-OV A/mock or ES-DC-OVA/SLC. As control, other mice
were given i.p. by transfer of ES-DC-TT2. The mice were challenged s.c.
with 3 % 10% MO4 tumer cells, and tumor measurements were made 13
days after the tumor cell challenge. In case of immunization with ES-DC-
OV A/mock, the differences in tumer index between mice inoculated with
rat IgG and those with anti-CD4 mAb as well as between mice inoculated
with rat IgG and those with anti-CD8 mAb are statistically significant (p <
0.05). In case of immunization with ES-DC-OVA/SLC, the differences in
tumor index between mice inccnlated with rat [gG and those withi anti-CD4
mAb as well as between mice inoculated with rat IgG and those with
anti-CD8 mAb are statistically significant (p < 0.01). Results were ex-
pressed as mean tumor index + SD (n = 8 per group).

of protective immunity by Ab treatment is due to the depletion of
T cells and not due to the effect on endogenous host DCs. These
results suggest that both CD4™ and CD8™ T cells play critical
roles in antitumor immunity induced by OVA-expressing DCs,
regardless of whether or not they coexpress SLC.

We histologically investigated the tumor tissues to search for
infiltration of lymphocytes. As shown in Fig. 12, A-F, the size of
the tumor in mice immunized with ES-DC-OVA/SLC was much
smalleyr than that of mice immunized with ES-DC-OV A/mock or
ES-DC without OVA (ES-DC-TT2). There was a large number of
inflammatory cells infiltrating into tumor tissues of mice immu-
nized with ES-DCs expressing OV A, particularly in mice immu-
nized with ES-DC-OVA/SLC. The infiitrating cells consisted of
both CD4* and CD8F T cells (Fig. 12, G and H). These results
also suggest that the antitumor effect induced by ES-DC express-
ing SLC along with OVA is mediated by both CD47 and CD8™ T
cells.

Discussion
In the present study, we attempted to improve the capacity of in
vivo transferred DCs to prime T cells by genetic medification to
express a chemokine with a T cell-attracting property. Among the
chemokines, we comparatively evaluated the effects of three che-
mokines, SLC, Mig, and Lptn, not produced by DCs under phys-
iological conditions. For the genetic modification of DCs, we used
a method to generate DCs from mouse ES cells. By sequential
transfection of ES cells with expression vectors for OVA Ag and
for chemokines and by subsequent induction of differentiation to
DCs, we generated DCs expressing a chemokine along with OVA.
ES-DCs have a migratory capacity toward lymphoid tissues
(Fig. 4) and the capacity is almost comparable to that of BM-DCs.
ES-DCs expressing OVA could induce the Ag-specific priming of
CTLs both in vivo and in vitro (Fig. 5). ES-DCs expressing OVA
cotld prime OVA-specific CTLs in the absence of IL-2 in vitro,
whereas stimulation with CD40 ligand (30) or presence of exog-
enous JL-2 (our unpublished observations) is essential for BM-
DCs to prime Ag-specific CTLs in vitro. Therefore, the capacity of
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FIGURE 12. [Infiitration of both CD4™ and CD8™ T cells into tumor
tissues. Mice were transferred twice with ES-DC-TT2 (4 and B), ES-DC-
OVA/mock (C and D), or ES-DC-OVA/SLC (E-H). Seven days after the
second transfer, mice were challenged with 3 X 10° MQ4 tumor cells.
Twelve days after the tumor cell chatfenge, frozen sections of tumor tissues
were made and stained with H&E {A~F) or immunostained with anti-CD4
(G} or anti-CD8 (H) mAb. F-H, Serial sections are shown. B, D, and F,
Enlarged views of the portion indicated in the square of A, C, and E,
respectively. Note that size of the tumor in mice immunized with ES-DC-
OVA/SLC (E) was much smaller than that of mice immunized with ES-
DC-TT2 (A) and ES-DC-OVA/mock (C). Scale bars are 5 mm (4, C, and
E)and 100 pm (B, P, F, G, and H).

Ag-expressing ES-DCs to induce CTLs specific to the Ag is no
way inferior to BM-DCs. Recently, several reports suggested
transfer of Ag or peptide-MHC complexes from adoptively trans-
ferred DCs to endogencus host DCs (8, 31). Therefore, it is pos-
sible that intrinsic host DCs played some role also in priming of
CTLs in our system. However, based on the finding that transfer of
heat-killed ES-DC-OVA did not induce priming of CTLs (Fig.
5B), we consider that the OV A-specific CTL-priming in our sys-
tem mainly depends on the direct action of injected ES-DCs
expressing OVA,

Among the three chemckines, expression of SLC was the most
effective in eliciting protection against OVA-expressing tumor
cells (Fig. 8). However, simultaneous injection of recombinant
mouse SLC i.p. or i.v. together with an i.p. injection of DCs ex-
pressing OVA had no significant additive effect on protection
against tumor (Fig. 9). In addition, SLC had no significant effect on
the survival of DCs and CTL-priming capacity in vitro (Fig. 10).
These results suggest that the enhanced immunizing effect of ES-
DC-OVA/SLC observed with in vivo transfer is not due to the
effect of SLC on ES-DCs but rather due to attraction of T cells to
the site of transferred ES-DCs, and emphasize the significance of
the production of the chemokine by DCs.

We consider that antitumor effects induced by transfer of ES-
DCs expressing OV A are primarily mediated by CD4™ and CD8™
T cells reacting to OV A. This notion is supported by findings that

ES CELL-DERIVED DCs EXPRESSING Ag AND CHEMOKINE

the antitumor effect was abrogated by depletion of either CD4* or
CD8™ T cells by treatment with specific mAbs in vivo (Fig. 11).
In addition, immunohistochemical analyses demonstrated obvious
infiltration of both CD8* and CD4™ T cells into tumor tissues in
mice immunized with ES-DC-OVA/SLC (Fig. 12). The total ab-
rogation of antitumor effects upon challenge with B16 tumor cells
or derivative cells not only by depletion of CD8™' T cells but also
by depletion of CD4* T cells is consistent with reported data (32—
34). In addition to providing aid for activation of CD8™ T cells,
CD4* T cells may directly attack B16 or MO4 cells that express
MHC class II molecules upon stimulation with IFN-y (33).

Expression of Lptn in DCs enhanced CTL priming no less ef-
fectively than that of Mig. In contrast, expression of Lptn in DCs
did not result in any significant enhancement of protection against
tumor challenge. This observation is inconsistent with the report
by Cao et al. (35) that showed the effect of expression of Lptn in
peptide Ag-pulsed DCs on promoting protective antitumor immau-
nity. The discrepancy between their report and ours may be attrib-
uted to retention of OV A-specific activated T cells nearby trans-
ferred ES-DC-OVA/Lptn in our . experiments. Lptn attracts
memory or activated rather than naive T cells (36). We consider
that, under our experimental conditions, significant numbers of
OVA-specific T cells primed with DCs transferred by the first
transfer were particularly attracted toward ES-DCs expressing
Lptn transferred by the second transfer, which was given 7 days
before the tumor challenge, and the T cells could not efficiently
migrate to site of the tumor cell inoculation. Although this spec-
ulation has not been experimentally verified, the selective attrac-
tion of effector/memory T cells by Lptn could be beneficial when
we atternpt to down-modulate immune responses by genetically
modified ES-DCs, aiming at treatment of antoimmune diseases,
and allergy or prevention of transplant rejection.

Although it has been demonstrated that SL.C gene-introduced
and tumor cell lysate-loaded DCs promoted strong antitumor re-
sponses (37), ours is the first study to comparatively evaluate ef-
fects of three chemokines. We generated DCs expressing chemo-
kine simultanecusly with antigenic protein. For induction of
antitumor immunity, gene-based Ag-expression by DC is consid-
ered superior to peptide, protein, or cell lysate-loading in DC-
based immunization. The expression of genes enceding for entire
tumor-specific Ags circumvents the need for identification of spe-
cific CTL epitopes within the protein (38). Expression of tumor-
specific Ags within DCs provides a continuous and renewable sup-
ply of Ags for presentation, as opposed to a single pulse of
peptides or tumor cell lysates. In fact, in the current study, transfer
of genetically modified ES-DCs (3 ¥ 10 crossed two times) elic-
ited significant CTL responses and protection against tumor chal-
Ienge. Numerous tumor-associated Ags have been identified by
investigators including us (39-41). We are planning to test anti-
tumor effects of the newly identified natural tumor Ags in in vivo
experiments using genetically modified ES-DCs expressing
the Ags.

As for the methods for gene transfer to DCs, electroporation,
lipofection, and virus vector-mediated transfection have been. de-
veloped. Many clinical trials using DCs transfected with virus-
based vectors are now in progress. However, there are several
problems related to the presently used strategies, i.e., efficiency of
gene transfer, stability of gene expression, potential risk accom-
panying the use of virus vectors, and immunogenicity of virus
vectors. Although improvements have been made in these methods
(42, 43), development of more efficient and safer means is needed.
For ES cells, efficient methods for gene-transfer and for isolation
of appropriate recombinant cell clones have been established. In
the present study, we introduced ES cells sequentially with two
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expression vectors contaiping puromycin-resistant and neo-R
genes. It should be feasible to generate more than triple-gene trans-
fectant ES-DCs by sequential or simultaneous transfection with
multiple expression vectors, or by using an exchangeable gene-trap
system (16, 44). Although formation of teratomas accompanying
the transfer of ES celi-derived cells may be anticipated (43), we
observed no apparent abnormality, including teratoma formation in
mice transferred with ES-DCs 300 days before. When we tested
our in vitro differentiation protocol with ES cell lines other than
TT2 cells, we observed that DCs can be generated from all of these
lines, which included ES cell lines of 129 and C57BL/6 mice or-
igin. We are now planning to generate DCs expressing immuno-
regulatory molecules along with antigenic proteins, attempting Ag-
specific immunosuppression as well as immunostimutation.

A method was established to generate mouse ES cell lines of an
appropriate genetic background by nuclear transfer from alloge-
neic somatic cells to already established ES cell lines (46, 47).
Recently, differentiation of hematopoietic cells from human and
monkey ES cells has been reported (48, 49). Generation of DCs
from human ES cells should also be feasible. With advances in the
ES cell-related technologies, immunomodulation by genetically
engineered ES-DCs may be applied to the treatment of autoim-
mune diseases and allergy, prevention of rejection of transplanted
organs, and antitumor immunotherapy.
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A T cell receptor (TCR) recognizes and responds to an
antigenic peptide in the contest of major histocompati-
bility complex-encoded molecules. This provokes T cells
to produce interleukin-2 (IL-2) through extracellular
signal-regulated kinase (ERK) activation. We investi-
gated the roles of B-Raf in TCR-mediated IL-2 produc-
tion coupled with ERK activation in the Jurkat human T
cell line. We found that TCR cross-linking could induce
up-regulation of both B-Raf and Raf-1 activities, but
Raf-1 activity was decreased rapidly. On the other hand,
TCR-stimulated kinase activity of B-Raf was sustained.
Expression of a dominant-negative mutant of B-Raf ab-
rogated sustained but not transient TCR-mediated
MEK/ERK activation. The inhibition of sustained ERK
activation by either expression of a dominant-negative
B-Raf or treatment with a MEK inhibitor resuilted in a
decrease of the TCR-stimulated nuclear factor of acti-
vated T cells (NFAT) activity and IL-2 production. Col-
lectively, our data provide the first direct evidence that
B-Raf is a positive regulator of TCR-mediated sustained
ERK activation, which is required for NFAT activation
and the full production of IL-2.

T cells recognize self or non-self peptides in the eontext of
major histocompatibility complex (MHC)-encoded molecules
via T eell receptors (TCRs), and the signals are then transduced
into the nucleus. These signais determine the fate of T cells and
induce eytokine production, cytolytic activity, survival, apopto-
sis, and proliferation (1). Within seconds of MHC-peptide en-
gagement, TCR components initiate phosphorylation cascades
that trigger multiple branching signaling pathways. One well
studied key switch is the activation signal of extracellular
signal-regulated kinase 1/2 (ERK1/2), which is mediated by the
small GTP-binding proteins, Ras (2, 3) and Rapl (4, 5). Current
models suggest that TCR stimulation with the agonistic pep-
tide-MHC complex activates the conversion of Ras from the
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GDP- to GTP-bound form (2, 6). Activated Ras subsequently
recruits the serine/threonine kinase Raf-1 to the plasma mem-
brane, resulting in its activation. Activated Raf-1 then acti-
vates ERK kinase (MEK), which directly phosphorylates tyro-
sine and threonine residues (TEY motif) on ERK1/2 to activate
them (6). These signals combine to activate multiple transcrip-
tion factors, including nuclear factor of activated T cells
(NFAT), NF-«B, and activating protein-1 (AP-1), all of which
contribute toward the production of IL-2 (7-9).

ERK1/2 are involved in a diverse array of cellular functions
including cell growth and apoptosis of T cells (10-12). In ERK1-
deficient mice, the thymoeyte differentiation from CD4*CD8™
double positive to the CD4*/CD8" single positive stage is im-
paired; thus, ERK activation by TCR ligation plays important
roles in T cell development (13). Experiments using pharmaco-
logical inhibitors of MEK and dominant negative MEK also
provided evidence that ERK1/2 are critical for thymocyte dif-
ferentiation (11, 14) and for induction of TCR-mediated mito-
genic signals and IL-2 production in mature T cells (7, 15).
Hence, it is important to understand how the strength and
duration of ERK activity is regulated in TCR-mediated activa-
tion and fate decisions of T cells.

The functions of ERK signaling are regulated by its up-
stream elements, in particular by members of the Raf family, in
various cell types, and three Raf isoforms, Raf-1, A-Raf, and
B-Raf, are expressed in mammalian cells (16, 17). Whereas
Raf-1 is ubiquitously expressed, B-Raf shows a more restricted
expression pattern (18, 19). Mice deficient in the different Raf
isoforms exhibit different developmental defects, suggesting
the nonredundant function(s) of each Raf isoform (20). A dif-
ferent phenotype of each Raf-deficient mouse is expected to be
due, at least in part, to their distinet expression pattern. It was
reported that B-Raf exhibits a much more basal kinase activity
and a higher affinity toward MEK than does Raf-1 in vitro (21},
Despite these differences, the specific function(s} in vive, if any,
of each Raf isoform is poorly understood. B-Raf was reported to
be one component of the receptor-mediated MEK/ERK activa-
tion pathway in fibroblasts, B cell lines, and PC12 cells (21-26),
Moreover, B-Raf expression in T cells is controversial; in this
study, we detected B-Raf protein in Jurkat cells and primary
human T cells, whereas others did not (4).

Although Raf-1 is a well characterized effector molecule for
ERK activation in the TCR-mediated signaling eascade and
IL-2 production in T cells (27), much less attention has been
directed to the roles of B-Raf in T cells. We now report that
interaction of B-Raf with MEK and B-Raf activity are induced
in a TCR stimulation-dependent manner in Jurkat cells. Our
data suggest that MEK/ERK activity are selectively regulated
through the Ras/B-Raf signaling pathway and that the sus-
tained B-RafMEK/ERK activation is indispensable for the
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translocation of NFAT into the nucleus and for the production
of IL-2.

EXPERIMENTAL PROCEDURES

Cell Preparations and Reagents—Jurkat cell clone, E6-1 from the
American Type Culture Collection, and Jurkat cells expressing simian
virus 40 large T antigen (TAg-Jurkat) (28) were maintained in RPMI
1640 medium (RPMI) supplemented with 10% fetal calf serum, 2 mm
L-glutamine, and penicillin/streptomyein (100 units/rl and 100 ugiml,
respectively). Jurkat cells stably expressing a wild-type or a dominant
negative form of B-Raf were established and maintained iz RPMI plus
10% fetal calf serum with 2 mg/m) G418, The human CD4™ T cell clone,
YN 5-32 and peripheral blood mononuclear cells were prepared as
described {29, 30). For transient and stable transfection, 2 X 107 Jurkat
cells were resuspended in 500 ul of cytomix (31) with the appropriate
¢DNAs. The amount of plasmid DNA was held at 40 pg constant by the
addition of the pcDNAS3 vector control. Cells were electroporated in 310
V at a capacitance of 960 microfarads. Transfectants were analyzed for
CD3 and CD28 expression using flow eytometry (BD Biosciences). Anti-
CD3 (clone UCHT-1} antibody, anti-CD28 (clone L923) antibody, and
rabbit polyclonal anti-GFP antibody were purchased from Pharmingen.
Anti-mouse IgG (Fab-specific) antibody was from Sigma. Mouse mono-
clonal anti-NFAT1 and anti-NFAT2 antibodies and rabbit polyclenal
antibodies specific to Raf-1, B-Raf, MEK-1, ¢-Fos, and Lamin B were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Pely-
clonal antibodies specific to MEK, phospho-ERK, phospho-p38, and
.phospho-MEK and a MEK inhibitor, U0126, were purchased from New
England Biolabs {Beverly, MA). Mouse monoclonal anti-hemagguluti-
nin (HA) antibody was from Covance (Berkeley, CA). Cy3-labeled anti-
rabbit Ig antibody, horseradish peroxidase-conjugated rabbit anti-
mouse Ig(G, and donkey anti-rabbit IgG were from Amersham
Biosciences. Anti-human IL-2 antibodies were from R & D Systems
(Mirneapolis, MN). Recombinant glutathione S-transferase (GST)-
MEK was prepared as reported (32).

The peDNAS expression vectors with HA-tagged wild-type and dom-
inant negative mutant B-Raf ¢DNAs were provided by Dr. K. L. Guan
(388). The RasN17 expression vector was a gift from Dr. T. Kinashi (5).
The luciferase reporter construct for IL-2 promoter and AP-1 binding
site were kindly provided by Dr. V. A. Boussiotis (34) and Dr. R. M.
Niles (35), respectively. The expression vector for GST-MEK was a gift
from Dr. Y. Takai (32). NFAT-green fluorescence protein (GFP} reporter
construct, consisting of three tandem NFAT-binding sites followed by &
gene encoding GFP, was provided by Dr. T. Saito (36).

Cell Stimulation and Inhibitor Treatment—In experiments for stim-
ulation with soluble anti-CD3 antibody for c¢ross-linking, Jurkat cells
were incubated on ice for 20 min and then incubated with anti-CD3
antibody (0.25 pg/mD for 10 min followed by the addition of anti-mouse
IgG antibody (1 pgfml) for 5 min. After the indicated times of incubation
at 37 °C, cells were harvested and lysed with lysis buffer (see below).
For the analysis of promoter activity and IL-2 production, Jurkat cells
(1 X 10%well) were stimulated with immobilized anti-CD3 and CD28
antibodies (5 and 10 pg/ml, respectively). For experiments with inhib-
itor treatment, cells were preincubated for 30 min with the MEK
inhibitor U0126 or Me,SO as a control. In the time course analyses of
the effect of ERK activation on IL-2 production by the treatment with
10126, medium containing 0126 or Me,SO was added at the indicated
time points.

Western Blotting, Immunoprecipitation, and in Vitro Kinase Assay—
After the indicated times of stimulation, the Jurkat cells were recovered
and lysed with lysis buffer (1% Nonidet P-40, 150 mn NaCl, 50 mm Tris,
pH 7.4, 1 mM EDTA, 0.25% sodium deoxycholate, a protease inhibitor
tablet {Roche Applied Science)). SDS-PAGE, Western blotting, and im-
munoprecipitations from the cell lysates were carried out as described
(30}, Raf-1 and B-Raf were immunoprecipitated from cell lysates of T
cells with the anti-Raf-1 and the anti-B-Raf antibodies, respectively, as
described above. The immunoprecipitaies were resuspended in 25 mM
HEPES (pH 7.5), 10 mm MgCl,, 10 mM B-glycerophosphate, 1 my
dithiothreitol, 10 uCi of [v-32P]ATP (Amersham Riosciences), and 0.8 ug
of recombinant GST-MEK protein. Reaction mixtures were incubated at
32 °C for 20 min, and then the reactions were terminated by adding 5X
SDS sample buffer, separated on 7% SDS-PAGE under the reducing
condition, transferred to nitrocellulose membrane, and exposed to x-ray
film. Relative amounts of MEK or ERK phosphorylation were calcu-
fated based on the ratio of the intensities of phospho-MEK or phospho-
ERK bands to those of the whole MEK or ERK bands in whole cell
lysates at each time point. Signal intensities of the bands were quan-
tified by densitometric analysis using NIH Image 6.2 sofiware. Nuclear
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extracts were prepared from B-Raf mutant- or mock-transfected TAg
Jurkat cells for nuclear translocation analysis of NFAT using nuclear/
cytosol fractionation kits (BioVision).

Flow Cytometric Analysis and Cytokine Measuremeni—For the
NFAT-GFP reporter assay, the TAg-Jurkat cells expressing B-Raf AA
or mock vector were transfected with NFAT-GFP reporter construct
and stimulated for 9 h with immeobilized anti-CD3 and anti-CD28
antibodies. The expression of GFP was analyzed with a flow cytometer
and CellQuest software (BD} Biosciences). For intracellular staiming,
cells were fixed and permeabilized with IntraPrep (Immunotech, Mar-
seille, France) and then stained with appropriate fluoreseence-labeled
antibodies. IL-2 concentrations in supernatants of T cell culture after
48 h of stimulation were measured in an enzyme-linked immunocsorbent
assay using anti-human IL-2 antibodies.

Reverse Transcription-PCR—Total RNA extraction and first-strand
¢DNA synthesis from T cells were done as described (37). The cDNA was
subjected to PCR amplification using a set of primers specific for human
B-Raf: 5'-ACAACAGTTATTGGAATCTCTGG-3" and 5'-AAATGCTAA-
GGTGAAAAACG-3".

Luciferase Assay—Reporter constructs were transfected into the Ju-
rkat cells expressing wild-type or mutant B-Raf A p-galactosidase
expression plasmid was co-transfected to normalize the variations in
transfection efficiency. After 12 h of transfection, cells were harvested
and stimulated. Luciferase assay was carried out according to the
protocol in the Pica Gene kit (Toyo Ink, Tokyo, Japan). g-Galactosidase
expression was assessed using the Luminescent -galactosidase detec-
tien kit II (Clontech) according to the manufacturer’s instructions.

RESULTS

Expression of B-Raf Proteins in Both Human and Mouse T
Celis—We investigated the expression of B-Raf in human and
mouse T cells using Western blotting (Fig. 14). Rat PC12 cells,
as a positive control gave a 95-kDa band corresponding to
B-Raf (lane 1), whereas B-Raf expression was negligible in
NIH3TS3 cells, as reported (lane 2) (38). B-Raf was detected in a
human CD4™ T cell clone, YN5-32 (lane 3) (29, 30), a human T
cell line, Jurkat (lane 4), and mouse CD4 ™ T cells isolated from
spleens (lanes 5). Furthermore, the expression of human B-Raf
mRNA was assessed by reverse transcription-PCR using RNAs
isolated from the YN5-32 T cell clone and from Jurkat T cells
{data not shown). Intracellular staining and flow cytometric
analysis also confirmed the B-Raf expression in human CD3-
positive peripheral T cells (Fig. 1B) and mouse TCR-§ chain-
positive splenie T cells (Fig. 1B, b). Taken together, we conclude
that B-Raf is expressed in both human and mouse T cells,
allowing us to examine B-Raf functions in TCR-mediated T
cell activation.

TCR Ligation Induces Both Raf-1 and B-Raf Activation—
Cross-linking of TCRs with soluble anti-CD3 antibody, which
mimics the engagement of TCR with the agonistic peptide-
MEHC complex, induced ERK and MEX phosphorylation within
1 min, reaching a maximal level at ~1-3 min in Jurkat cells
(Fig. 2A). The ERK/MEK phosphorylations displayed similar
kinetics and were prolonged for up to 60 min. Next, we per-
formed in vitro kinase assays for Raf-1 and B-Raf to estimate
the strength and kinetics of their kinase activities. Consistent
with the previous report (27), Raf-1 was activated at 3 min
after TCR ligation and became inactive within 20 min (Fig. 28).
In contrast to the kinetics of Raf-1 activity, there was slight but
detectable B-Raf activity even under the basal condition, and
B-Raf showed a pronounced increase of its kinase activity at 3
min after TCR stimulation. B-Raf kinase activity was gradu-
ally decreased but did last for up to 60 min (Fig. 2B). Raf-1 was
inactivated after 20 min of TCR ligation; nevertheless, appar-
ent MEK/ERK activation was still sustained up to 60 min (Fig.
24). Intriguingly, the kinetics of TCR-mediated B-Raf activa-
tion rather than that of Raf-1 activation was similar to that of
MEK/ERK activation. The addition of co-stimnulation with an
anti-CD28 antibody treatment slightly enhanced the B-Raf
activity over time compared with that stimulated with an anti-
CD3 antibody alone (Fig. 2C).
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Fic. 1. B-Raf is expressed in both human and mouse T celis. A,
Western blotting analysis using an anti-B-Raf antibody (top panel).
Lane 1, PC12 cells; lane 2, NIH3T3 cells; lane 3, human CD4™ T cell
clone, YN5-32; lane 4, Jurkat cells; lene 5, mouse CD4™ T cells isolated
from spleen; lane 6, HeLa cells; lane 7, HeLa cells transfected with
B-Raf. ERK blotting indicates comparable protein loading (bottom
panel). B, flow cytometric analyses of B-Raf expression. Human periph-
eral blood mononuclear cells were stained with an anti-CD3 antibedy
(e) and murine spleen cells were stained with anti-mouse TCR-8 chain
antibody (&) (left panels). The CD3 or TCR-5 chain negative and positive
¢ell populations were gated, and intraceliular B-Raf staining was car-
ried out (right panels). An irrelevant rabbit polyclonal antibody was
used as negative control for staining. Ab, antibody.

Physiological association between Raf family kinases and
MEK is necessary for MEEK/ERK activation (39); hence, we
asked if B-Raf can interact with MEK in T cells in response to
TCR stimulation using co-immunoprecipitation methods. For
this purpose, wild-type B-Raf tagged with HHA was expressed in
Jurkat cells and was immunoprecipitated with an anti-HA
antibody. The specific association between HA-B-Raf and MEK
was achieved at a maximal level at 3 min after TCR ligation,
and this interaction lasted for up to 60 min with a slight
decrease (Fig. 2D). The intrinsic interaction between B-Raf and
MEK was also evaluated by reciprocal immunoprecipitation
experiments using ap anti-MEK antibody to detect endogenous
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B-Raf protein. As shown in Fig. 2E, endogenous B-Raf protein
was not detected in immunoprecipitates with the anti-MEK
antibody in unstimulated Jurkat cells. Consistent with Fig. 2D,
intrinsic B-RafMEXK complex formation was strongly induced
at 3 min after TCR ligation, and then it decreased gradually
but remained above the basal level up to 60 min after TCR
stimulation in vive {(Fig. 2E). The kinetics of B-Raf/MEK inter-
action parzlieled those of B-Raf activation (Fig. 2B). These
results strongly suggested that B-Raf was involved in MEK/
ERK activation stimulated with TCR ligation, especially in the
late phase after Raf-1 had become inactive (Fig. 2B).

TCR-mediated B-Raf Activation Is Partly Dependent on Ras
Activity—Previous studies reported that B-Raf activation in
fibroblasts was dependent on Ras activation (40, 41). In other
cases, Ras activity was not essential for B-Raf activation in
PC12 cells (23, 38). In T cells, to determine whether Ras activ-
ity is required for the B-Raf activation, TCR-mediated B-Raf
activity wag measured in TAg-Jurkat expressing the dominant
negative Ras mutant RasN17. The RasN17 interfered with
endogenous Ras, Raf-1, and MEE/ERK activation until at least
60 min after TCR stimulation (data not shown) (2). As shown in
‘Fig. 3, TCR engagement resulted in a robust activation of B-Raf
after stimulation in mock-transfected Jurkat cells. In contrast,
RasN17-transfected cells showed decreased B-Raf activation as
compared with that observed in the control cells at 3 min after
TCR stimulation (756% reduction). Similar inhibitory effects
was observed at any given time points. These results indicated
that TCR-mediated B-Raf activation is, at least in part, regu-
lated by Ras activation in vivo.

B-Raf Contributes to Sustained MEK/ERK Activation—
Within the activation segment of B-Raf, there are two sites,
Thr®® and Ser®®?, that can be phosphorylated in response to
Ras activation, and the phosphorylation status of these resi-
dues is required for the maximal kinase activity of B-Raf (33,
40). Hence, we introduced & dominant negative mutant of B-
Raf (B-Raf AA), in which Thr®?® and Ser®® were substituted to
Ala (33), into T cells to examine the role of B-Raf in TCR-
mediated MEK/ERK activation cascade. As shown in Fig. 44, a
Jurkat clone expressing B-Raf AA showed a similar degree of
MEEK/ERK activation induced by TCR cross-linking with solu-
ble anti-CD3 antibody at 3 min after stimulation in comparison
with that of mock-transfected cells. The MEK/ERK activation
was effectively sustained for 60 min in the mock transfectants.
On the other hand, in the Jurkat clone expressing B-Raf AA,
MEXK/ERK activation returned to the basal level within 30 min
after TCR stimulation, and then it was no longer detected.
Densitometric analyses of MEK/ERK activation revealed that
the activation kinetic pattern rather than the relative magni-
tude of MEK/ERK activation was distinet between the mock-
transfected clone and the B-Raf AA-expressing clone (Fig. 4B8).
Since TAg-Jurkat cells transiently transfected with B-Raf AA
showed an essentially similar response, the possibility that
these results were specific for one particular clone (AA2) was
excluded (Fig. 4C). Moreover, these results were not due to the
inhibition of Raf-1 activity by B-Raf AA, because the degree of
TCR-mediated Raf-1 activation in B-Raf AA-expressing Jurkat
cells was indistingnishable from that of moeck-transfected Jur-
kat cells or cells expressing HA-tagged wild-type B-Raf(Fig. 4D
and data not shown). In contrast to MEK/ERK activation, no
significant differences in phosphorylation of another mitogen-
activated protein kinase, p38, were detectable in both mock-
and B-Raf AA-transfected TAg-Jurkat cells, suggesting that
B-Raf AA did not influence p38 activation (Fig. 4C). The data
indicate that B-Raf physiologically and specifically regulated
prolonged MEK/ERK activation induced by TCR stimulation in
Jurkat cells.
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Fic. 2. B-Raf activation and B-Raf/MEK interaction were induced in a TCR stimulation-dependent manner. A, Jurkat T cells were
incubated with or without (0 min) a soluble anti-CD3 antibody together with a second antibody for the indicated times. The cells were subjected
to Western blotting with an anti-phospho-MEXK-specific antibody (fop penel) or an anti-phospho-ERK-specific antibody (middie penel). Equal
protein loading was confirmed by toial ERK blotting (bottom panel). B, in vitro kinase assays for Raf-1 and B-Raf isolated from Jurkat cells
stimulated with the anti-CD3 antibody for the indicated times. Recombinant GST-MEE was used as a substrate, and incorporated **P radioac-
tivities were visualized by autoradiography. Equal loading of each Raf protein was confirmed by blotting with either an anti-Raf-1 antibody (upper
bottom panel) or an anti-B-Raf antibody {lower bottom panel). C, additive anti-CD28 antibody stimulation enhanced the B-Raf kinase activity.
Jurkat cells were stimulated with the anti-CD3 antibody alone or the anti-CD3 together with the anti-CD28 antibodies for the indicated times, and
an in vitro kinase assay was performed. D, TAg-Jurkat cells transiently expressing HA-tagged wild-type B-Raf were stimulated with cross-linking
of soluble anti-CD3 antibody for the indicated times. Immunoprecipitates with an anti-HA antibody were blotted with an anti-MEK (upper panel)
or the anti-HA antibodies (lower panel). The immunoprecipitates with irrelevant rabbit IgG in Jurkat cells stimulated for 3 min was used as a
negative control. E, immunoprecipitates with an anti-MEK antibody from Jurkat cells stimulated with the anti-CD3 antibody for the indicated
times were blotted with the anti-B-Raf antibody (upper ponel). The same membrane was reprobed with the anti-MEK antibody (lower panel) to
monitor equal protein loading. The data are representative of three reproducible experiments in all analyses. Ab, antibody; IP,

immunoprecipitation.

B-Raf Activation and Subsequently Sustained ERK Activa-
tion Is Required for Full IL-2 Production—Since IL-2 produc-
tion is one of the most critical events of ERK-mediated T cell
activation, we first utilized the reporter assay controlled by the
IL-2 promoter element to investigate the effect of B-Raf acti-
vation on IL-2 promoter activity. Whereas TCR stimulation
resulted in induction of luciferase, which reflected the IL-2
promoter activity in wild-type B-Raf-transfected clone (WT30),
B-Raf AA significantly attenuated the inducible IL-2 promoter
activity (Fig. 5A). Indeed, as shown in Fig. 5B, TCR stimulation
induced a marked increase in IL-2 production in mock-trans-
fected Jurkat cells and in wild-type B-Raf-expressing clones
(WT30 and WT34), whereas it was substantially reduced in
B-Raf AA-expressing clones (AA2 and AA23).

The data described above clearly indicate that T cells ex-
pressing B-Raf AA had defects in sustained ERK activation and
subsequent full IL-2 preduction in comparison with the control
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cells in response to TCR stimulation. However, whether the
sustained ERK activation is directly correlated with the full
1L-2 production remained to be solved. To clarify this issue, we
investigated the requirement of TCR-mediated sustained ERK
activation for the IL-2 production using the pharmacological
MEK inhibitor U0126. As shown in Fig. 5C, TCR-mediated
ERK activation was inhibited by U0126 at the range of 5-10
M. In addition to ERK activation, IL-2 production provoked by
stimulation with immobilized anti-CD8 and CD28 antibodies
was markedly blocked by U0126 at the same range of
concentrations.

We also examined the effects of B-Raf AA on the magnitude
and period of ERK activation stimulated with immobilized
anti-CD3 and CD28 antibodies. It must be noted that, as com-
pared with the stimulation by cross-linking of soluble anti-CD3
antibody with the second antibody (Fig. 24), stimulation with
immobilized anti-CD3 and -CD28 antibodies resulted in a re-
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FiG. 4. Dominant negative B-Raf AA prevented T cells from inducing sustained MEK/ERK activation in response to TCR ligation.
A, phosphorylation kinetics of MEK and ERK in Jurkat clones expressing wild-type B-Raf or B-Raf AA (AA2) induced by TCR cross-linking with
soluble anti-CD3 antibody. B, kinetics of relative amount of phosphorylated ERK {a) and MEK (b). The relative value of intensity of phosphoprotein
bands divided by that of whole ERK bands at each time point observed in mock- or B-Raf AA (AA2)-expressing clone were plotted. The ratio at 0
min was assigoed to be 1.0. G, Western blotting analyses were done as described in A using whole cell lysates from TAg-Jurkat cells transiently
transfected with mock or B-Raf AA expression vector and stimulated for the indicated times. Blottings with anti-phospho-ERK, ERK, HA (B-Raf),
phospho-p38, or p38 antibodies are shown. D, TAg-Jurkat cells transiently transfected with mock vector or with B-Raf AA expression vector were
stimulated with TCR eross-linking for the indicated times. Jn vitro kinase assays for Raf-1 were performed using immunoprecipitates from each
cell extract with an anti-Raf-1 antibody {(upper panel). Blotting with anti-Raf-1 antibody indicated equal protein loading (lower panel). Each result
from three independent experiments was essentially the same, and one is shown.

marker. It is most likely that the defect of NFAT activity in
B-Raf AA expressing cells was due to the aberrant nuclear
translocation of NFAT1 and NFAT2. Accordingly, these resuits
suggest that TCR-mediated NFAT activation relies on pro-
longed B-RaffMEK/ERK activation and that the attenuation of
NFAT activation by B-Raf AA reflects the inhibition of TCR-
stimulated IL-2 production.

DISCUSSION

Although it is well known that receptor-mediated signals
activate the Raff MEK/ERK cascade, the precise mechanisms of
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how the TCR signal provokes the cellular response through
Raf/MEK/ERK activation remain to be investigated. In mouse
medels, both Raf-1- and B-Raf-deficient mice resulted in em-
bryonic lethality (20, 45), indicating conclusively that the func-
tions of both Raf isoforms for embryogenesis are not completely
overlapping. However, it is poorly understood whether the
three Raf isoforms have functional redundancy or if the Raf
isoforms play a specific role(s) in T eell activation. Until re-
cently, Raf-1 has been considered to be a major signaling me-
diator for MEK/ERK activation in TCR-stimulated T cells (27,
46). Our observations provided evidence that the functions of
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Fic. 3. Ras-regulated B-Raf activation following TCR stimula-
tion in Jurkat cells. A, TAg-Jurkat ceils were transfected with a mock
vector or with the RasN17 expression vector, and then these cells were
harvested and stimulated with cross-linking of soluble anti-CD3 anti-
body for the indicated times. Immunoprecipitates from each cell extract
with an anti-B-Raf antibody were mixed with the recombinant GST-
MEK as a substrate, and in vifro kinase reactions for B-Ral were
performed. Blotting with an anti-B-Raf antibody showed equal protein
loading (middie panel). Whole cell lysates (WCL) were blotted with
anti-H-Ras antibody to monitor the expression of RasN17 (lower panel),
B, the intensity of the GST-MEK phosphoryiation by B-Raf immuno-
precipitated from mock-transfected (black bar) or RasN17-transfected
cells (wwhite bar) was quantified by densitometric analysis. The relative
B-Raf activity at 0 min in mock-transfected cells was assigned to be 1.0.
Essentially simiiar results were obtained in three independent experi-
ments. TP, immunoprecipitation.

tardation of ERK activation and extended ERK activation in
mock-transfected cells (Fig. 5D). Such temporal differences in
ERK activation have been reported, and the anthors suggested
that this phenomenon was due to the difference in TCR occu-
pancy {42). As shown in Fig. 5D, in mock-transfected cells, TCR
stimulation induced an accumulation of active ERK within
0.5 h, and this lasted for 6 h, whereas the sustained ERK
activation aver 2 or 3 h was impaired in cells expressing B-Raf
AA. The data also confirmed that B-Raf was required for sus-
tained ERK activation. Based on the results of Fig. 5C, & pm
U0126 was used to determine whether the sustained ERK
activation that can be suppressed by B-Raf AA, as shown in
Fig. 5D, was required for the maximal IL-2 production. Con-
tinuous treatment of T cells with U126 over the period of TCR
stimulation abolished IL-2 production (Fig. 5E). Interestingly,
the addition of 0126 after 2 or 4 b of TCR stimulation also
reduced IL-2 production fo a degree comparable with that of
cells treated with U0126 from the beginning of stimulation,
although the intense ERK activation was induced forup to 2 h
after stimulation. The same condition in which B-Raf AA in-
hibited the sustained ERK activation can be repreduced by
treatment of Jurkat cells with U0126 after 2 or 4 h of TCR
stimulation, Therefore, not only the intense ERK activation in
the early phase but also the sustained ERK activation in the
late phase was necessary for maximal IL-2 production. Con-
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comitantly, these results suggested that the defect of IL-2
production in Jurkat cells expressing B-Ral AA was due to the
lack of potential to maintain the TCR-mediated sustained ERK
activation although the transient ERK activation was intact.

AP-1 Activation Induced by TCR Ligation Is Not Impaired in
Jurkat Cells Expressing B-Raf AA—To define more precisely
the biochemical! mechanisms underlying the relationship he-
tween B-Raf-dependent ERK activation and IL-2 production,
we first investigated the TCR-mediated c-Fos induction, one of
the downstream targets of ERK (43). As shown in Fig. 84, the
expression of ¢-Fos was induced within 1 h, and its phospho-
rylation judged by electrophoretic mobility shift was potenti-
ated by TCR stimulation in cells expressing wild-type B-Raf.
There was no significant difference in ¢-Fog induction between
Jurkat clones expressing wild-type B-Raf and B-Raf AA up to
3 h (Fig. 6A). Next, to examine whether B-Raf contributed to
AP-1 activation, we performed a luciferase assay. Consistent
with ¢-Fos induction, the AP-1 promoter activity in response to
TCR stimulation in the Jurkat clone expressing B-Raf AA
(AA2) was comparable as compared with that of the control
clone (WT30} (Fig. 6B8). Thereby, TCR-mediated c-Fos induc-
tion and AP-1 activation seemed to be less dependent on B-Raf.

B-Raf Activity Is Important for TCR-mediated NFAT Activa-
tion—The IL-2 production is regulated by nuclear translocation
and activation of the NFAT transcription factor cooperating
with the AP-1 components ¢-Fos and ¢-Jun (7-9). Thus, NFAT-
dependent transcriptional events in T cells require the simul-
taneous activation of multiple Ras effectors such as the ERK
and c-Jun N-terminal kinase pathways (44). We analyzed
whether TCR-mediated B-Raf activity would influence NFAT
activation, using an NFAT-GFP reporter. GFP expression,
which is regulated by a promoter corresponding to the NFAT
binding site, is increased in a TCR stimulation-dependent man-
ner in mock-transfected cells (Fig. 7A, a}. Comparable trans-
fection efficiency was monitored by co-transfection of a DsRed
expression vector (data not shown). In contrast, GFP expres-
sion was significantly suppressed in B-Raf AA-expressing cells,
suggesting that B-Raf activity is important for the regulation of
TCR-mediated NFAT activity. Given that B-Raf regulated
TCR-mediated MEK/ERK activation in late phase, there is a
possibility that B-Raf activation couples NFAT activation to
MEK/ERK activation. For confirmation, we analyzed whether
the inhibition of ERK activity in the late phase blocks NFAT
reporter activity. As expected, the TCR stimulation-induced
GTP expression was reduced by pretreatment with U0126 (Fig.
TA, b}). Furthermore, similar to IL-2 production, the inhibition
of NFAT reporter activity was also observed in the presence of
U0126 after 2 h of TCR stimulation, although this suppression
was less effective than that observed in simultaneous U0126
treatment at the beginning of the TCR stimulation. These
results suggested that not only transient but also sustained
ERK activation was necessary for the TCR-mediated NFAT
activation,

Upon TCR stimulation, NFAT proteins are dephosphoryl-
ated by calcineurin, translocate into the nucleus, and then bind
to cognate DNA elements (9). Finally, to dissect the mechanism
responsible for the B-Raf mediated induction of NFAT activity,
we evaluated the nuclear translocation of NFAT protein in-
duced by TCR stimulation. As shown in Fig. 7B, the stimula-
tion of mock-transfected Jurkat cells with TCR ligation drove
the translocation of NFAT1 and NFATZ2 into nucleus at 3 and
5 h of TCR stimulation. In contrast, the substantial nuclear
translocation of NFAT1 and NFATZ2 could not be observed in
B-Raf AA-expressing Jurkat cells under either nonstimulated
or TCR-stimulated conditions. Equal loading of nuclear protein
in both cells was estimated by blotting of Lamin B as a nuclear
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functional redundancy between Raf-1 and B-Raf'in early phase.
The idea was supported by our cbservations; the B-Raf AA did
not grossly perturb ERK activation when Raf-1 was active in
3-20 min after TCR stimulation (Figs. 2 and 4), suggesting that
Raf-1 activity is sufficient to induce ERK activation in the early
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Fic. 6. B-Raf activity does not influence ¢-Fos induction and
AP-1 activation. A, Western blotting analysis using an anti-c-Fos
antibody (upper panel). Jurkat clones expressing wild-type B-Raf
{WT30) or B-Raf AA (AA2) were stimulated with immobilized anti-CD3
antiboedy for the indicated times, Blotting with an anti-B-actin antibody
indicated equal loading of proteins (lower panel). The arrowheads indi-
cate the phosphorylated forms of ¢-Fos. B, luciferase assay for AP-1
promoter activity. Jurkat clones expressing wild-type B-Raf (WT30) or
B-Raf AA (AA2) together with an AP-1-luciferase construct were stim-
ulated with immobilized anti-CD3 and anti-CD28 antibodies for 8 h
followed by 2 12-h culture. Each luciferase activity was measured and
normalized by the co-transfected p-galactosidase activity. RLU, relative
luciferase unit. The data are representative of three independent and
reproducible experiments. Ab, antibody.
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phase. On the other hand, ERK activation in the late phase
(~20 min) was abrogated by B-Raf AA, because the kinase
activity of Raf-1 declined, and Raf-1 could no longer compen-
sate for B-Raf activity. Consequently, although we could not
exclude the possibility that Raf-1 activity in early phase mod-
ulates the TCR-mediated B-Raf activation, our observations led
to the model that Raf-1 activity is responsible and sufficient for
the early phase MEK/ERK activation, whereas B-Raf activity is
essential for the late phase MEK/ERK activation in TCR-stim-
ulated T cells.

ERK activation is critical for the precise outcome of T cell
activation, including 1L-2 production (7, 15). The marked de-
crease in IL-2 production in T celis by the expression of B-Raf
AA and by the inhibition of the late phase ERK activation using
U0126 leads to the conclusion that ERK activation in the late
phase regulated by B-Raf was critical for the full IL-2 produc-
tion in response to TCR stimulation. In view of no defect of
TCR-mediated ¢-Fos induction and AP-1 activation in Jurkat
cells expressing B-Baf AA, it was indicated that these events
were less dependent on B-Raf activity. In contrast to AP-1
activation, we found that B-Raf AA inhibited TCR-mediated
nuclear translocation of NFAT and NFAT-mediated reporter
activation (Figs. 6 and 7). The correlation between B-Raf and
these transcriptional factors was also noted by Brummer et al.
(24), who reported that in B-Raf null chicken B cells, B cell
receptor-mediated ERXK activation was eliminated in only late
phase, whereas ¢-Fos induction was not abrogated. On the
contrary, the loss of B-Raf expression resulted in significant
defects in the B cell receptor-mediated activation of NFAT
transcription factor, suggesting that NFAT activation is regu-
lated by B-Raf in chicken B cells. The selective role of TCR-
mediated B-Raf activation in NFAT regulation was consistent
with that observed in B cells, and their regulatory mechanisms
may be conserved between immunoreceptor-mediated activa-
tion in both B and T cells. These results suggest that NFAT-
responsible transeriptions and subsequent IL-2 production
were dependent on B-Raf and that Raf-1-induced ERK activa-
tion in the early phase is not sufficient to provoke these immu-
noreceptor-mediated activations.

It was expected that the inhibitory effect of B-Raf AA on
NFAT activation was due to a defect in sustained ERK activa-
tion mediated by B-Raf, because the treatment of Jurkat cells
with MEK inhibitor also reduced the NFAT activation, Evi-
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FiG. 7. B-Raf activity is required for NFAT activation. A, a, TAg-Jurkat cells co-transfected with the NFAT-GFP reporter construct and
mock or B-Raf AA expression vector were stimulated with {(+) or without {~) immobilized 2nti-CD? and anti-CD28 antibodies for 9 h. A

representative flow cytometric profile for GFP expression is shown. b,

NFAT-GFP-transfected Jurkat cells were stimulated, and then GFP

expression was examined by blotting with anti-GFP antibody (lower panel) and flow cytometry (upper panel), The diagram represents the average
of GFP mean fluorescence intensity (MFI) obtained from three independent experiments. J0126 (5 uM) was added to the culture at 0 or 2 h after
TCR stimulation. B, nuclear extracts were isolated from mock- or B-Raf AA-transfected cells stimulated with or without immobilized anti-CD3 and
anti-CD28 antibodies for indicated times, Then, the nuclear fractions were separated by SDS-PAGE, and the translocations into nucleus of NFATL
and NFAT2 were analyzed by Western blotting. Blotting with anti-Lamin B antibody indicated the appropriate nuclear fractionation and protein
loading. Essentially similar results were obtained in three independent experiments.
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