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induction of their ditferentiation to DCs. By sporadic selection with
selection drug, ES cell clones transfected with genes can be propa-
gated while maintaining the capacity to express gene products afier
their differentiation to DCs. Therefore, one can use ES cell translee-
tants as an infinite source for genetically modified DCs.

In the present study, using this method, we generated DCs cx-
pressing chemokine along with a 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 transter. We also examined the potency of the
genetically modified DCs to elicit antitumor immunity against tu-
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 TT2, 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,5; 26, in the context of K?, and the M-
CSF-defective bone marrow-derived stromal cell line, OP9 (20), have been
reported. MO4 (21) was generated by transfection of CS7BL/6-derived
melanoma B16 with the pAc-neo-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 used for in vive and in vitro assays.

Peptide, cytokines/chemokines, and anti-chemokine Ab

The K°-binding peptide OVA, 5,564, SIINFEKL, were synthesized using
the F-MOC method eon 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). ’

€¢DNA array analysis of chemokine gene expression

BM-DCs were generated from bone marrow cells of CBF, mtice, 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 petri 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
[a-**P]dCTP (Amersham Pharmacia Biotech, Piscataway, NJ). The result-
ing cDNA 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 tnstructions. The in-
tensity of radioactive signaling from the hybridized probes was analyzed
on a BAS-2000 (Fuijtfilm, Tokyo, Japan). The signal from expression of
each chemokine gene was normalized to the signal derived from 3-actin on
the same membrane and expressed as arbitrary units calculated using the
formula: Chemokine mRNA arbitrary units = (chemokine signal — back-
ground signal)/(f3-actin signal — background signal} (25).

Plasmid construction

A cDNA fragment encoding for OVA protein was transferred to pCAG-IP
(26), a mammalian expression vector containing the chicken B-actin promoter
and an jnternal ribosomal eniry site (IRES)-puromycin N-acetyltransferase
gene casselte, 10 generate pCAG-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 chiemokine protin was inserted into pCAGGS-IRES-neo-R. SLC cDNA
wits oblained by RT-PCR using murine spleen eells as the RNA source and
PCR pritaers, AACCCTCTAGOCCGCCGCCAC-CATGGCTCAGAGATG
ACTCT {forwaed) und AACCCGGATCCAGGCGGGCTACTACTGGCT
ATCC (reverse). Mig cDNA was obtained by RT-PCR using murine spleen
cells stimulited for 24 b with IFN-vy as the RNA source and the PCR primers,
AACCCTCTAGACCCGCCGCCACCATGAAGTCCGCTGTTCTTTTCC
{forward) and AACCCGGATCCAGGGTGCTTGTTGGTAAAG (reverse).
Lptn cDNA was obtained by RT-PCR, using murine spleen 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 vecior.

Transfection of ES cells and generation of ES-DCs expressing
chemaokine 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 puromycin using
the reported procedure (16). OV A-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 on the
capacily to stimulate RF33.70, the OV A-reacting T cell hybridoma. The
selected 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 nco-R primary embryonic fibroblasts fecder layers
and selected with G418 (500 ug/ml), and drug-resistant colonies were
picked up. Double-transfectant ES cell clones producing high amounts of che-
mokine after differentiation to DCs were selected. To determine chermnokine
levels in culture supernatants, ELISAs were done as we reported (29).

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

Graded numbers of ES-DCs as stimuiators were seeded into 96-well flat-
bottom culture plates together with RF33.70 as responders (5 X 10° cells/
well in final volume of 200 ul). After 24 h of culture, the supernatant (50
wlfwell) was collected and added to culture of the IL-2-dependent cell line,
CTLL-20 (5 X 10%100 wpliwell), in 96-wekl flat-botiom culture plates.
After 16 h, [*H]thymidine (248 MBqg/mmol} was added (37.5 KBq/well)
and cells were incubated for a further 8 h. The incorporation of [*HJthy-
midine by CTLL-20 was measurcd by scintillation counting.

In vitro survival assay of ES-DCs

ES-DCs recovered from 14-day culture in petri dishes were cultured again
in petri dishes (1.2 X 10%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 iodide (10 pg/ml) and analyzed on a flow cytometer (FACScan, BD
Biosciences, San Jose CA) to detect dead cells.

Assay of the migration of DCs in vive

DCs (2 X 10% labeled with 1 M CFSE (Molecular Probes, Oss, The
Netherlands) in serum-free medium for 10 min at 37°C, were i.p. trans-
ferred into 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 into mice. After 40 h, several organs were isolated and the
radioactivity in each organ was measured on a 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 0.1 gram of tissue, so that the values
were adjusted t 0.1 g of tissue to correct for weight differences of each organ.

Induction of OVA-specific CTLs in vitro and eytotoxicity 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 columin 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 pM) for 4 h, washed
twice, and used as stimulators. After 5 days of culture, cells were recovered
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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-kilted, or OVA protein (50
ug) were injected 1.p. to mice twice at 7-day intervals, and 7 days after the
second transfer, the mice were killed and spleen cells were isolated. Whole
spleen cells were cultured in vitro in the presence of OVA peptide (0.1 pM)
for 5 days and OV A-specific CTL activity was analyzed as described (16).

Tumor prevention experiments

In mmor prevention experiments and survival studies, 2 X 10* or 3 x 10?
genetically modified ES-DCs were transferred i.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. Tumor 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 vivo depletion of CD4% and CD8™ T lymphocytes

Mice were transferred i.p. twice with 3 X 10° ES-DC-OVA/mock 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 i.p. transfers (days —18, —15, — 11, -8, —4, —1) of the
ascites (0.1 m¥/mouse/transfer) from hybridema-bearing nude mice. mAbs
used were rat anti-mouse CD4 (clone GKI1.5) and rat anti-mouse CD8
(clone 2.43). Normal rat IgG (Sigma-Aldrich, St. Louis, MO; 200 pg/
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 {reatment
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-um scctions
were made using cryostat and underwent immunochemicul staining with
mAbs specific to CD4 (L3T4; BD PharMingen, San Dicgo. CA) or CD8
(Ly-2; BD PharMingen) and N-Histofine Simple Stain Mouse MAX PO
(Nichirei, Tokyo, Japan).

Statistical analysis

Two-tailed Student’s 1 test was used to determine the statistical significance
of differences in Iytic activity of spleen cell preparatiens and tumor growth,
and between treatment groups. A value of p < 0.05 was considered sig-
nificant. The Kaplin-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-DCy

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 ¢cDNA 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-auracting chemokines produced by cells
other than DCs such as SLC, Lptn, Mig, or stromal cell-derived
factor la were rarely detected in both types of DCs generated in
vitro. Therefore, we presumed augmentation of the immunomodu-
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FIGURE 1. Profile of chemckine gene expression in ES-DCs and BM-
DCs. Radiolabeled cDNA generated frem ES-DCs and BM-DCs were hy-
bridized to chemokine gene-specific 44 ¢DNA fragments spotted on nylon
membranes. The hybridization signals were normalized to the signal de-
rived from S-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 f3-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 OQVA
after differentiation to DCs. Subsequently, we introduced chemo-
kine expression vectars 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 chemokinge gene or mock vector
transfection and generated four kinds of ES-DCs expressing che-
mokine along with OVA or OVA alone, and destgnated 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, ¢ _,,,-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-OVA/mock could stimulate RF33.70 with a
comparable citiciercy. The amounts of chemokine produced by the
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FIGURE 2. Generation of ES-DCs expressing chemokine simulia-
neously with OVA_ A, Structure of OV A proiein expression vector, pCAG-
OVA-PL. 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 fB-actin promoter. The chemokine coding
sequence is followed by the IRES-neo-R gene (Neo-R) and a polyadenyl-
ation signal sequence of rabbit 8-globin poly(A) (Rg-pA). C, TT2 ES cells
were transfected with pCAG-OVA-PI. Puromycin-resistant colonies were
picked up and expanded. An ES cell clone highly expressing OVA was
selected and transfected with one of three kinds of pCAGGS-chemokine-
IRES-neo-R or with a mock vector. G418-resistant 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 OVA protein and the chemokines by gene transfer to ES cells do
not affect their differentiation to DCs.

The migration capacity of ES-DCs in fivo

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 producticn 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 ((J), ES-DC-OVA/SLC (A). ES-DC-OVA/Lptn
(&), ES-DC-OVA/Mig (Q). or negative control, ES-DC-TT2 (@) without
OV A-expression, was analyzed. Stimulators and RF33.70 were cocultured
for 24 h, and IL-2 produced by RF33.70 was quantified by measuring
proliferation of CTLL-20 cells. Results 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 concentratiens of
chemokine in the supernatants were measured using ELISA. Production of
chemokine SLC (8), Lptn (C), and Mig (D) by respective transfectants was
quantified. Results are expressed as mean amounts of chemokine per 1 X
10* cells of triphicate cultures = SD. Data are representative of two inde-
pendent and reproducible experiments.

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 tissues.
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FIGURE 4. The migration capacity of ES-DCs in vive. A-F, DCs (2 X
10%) were labeled with CFSE and injected i.p. into mice. At 40 h later,
frozen sections of spleens were prepared. Injected DCs were ES-DC-OVA
(4 and B), ES-DC-OVA/SLC (€ 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 8, D, and F, respectively. G, '"'In-labeled DCs (1 X 10%) were
injected i.p. inte 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 0.1 g tissue (%I1D/0.1 g) as deseribed in Materials
and Methods. Results were expressed as mean %ID/0.1 g + SD (7 = 3 per
group).

Priming of Ag-specific CTLs with genetically modified ES-DCs
in vitra and in vivo

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 prepulsed with OVA peptide were cocultured
with splenic T cells derived from unprimed CBF, mice. After 5
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 OV AL, ., peplide, or heat-
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FIGURE 5. Priming of OVA-specific CTLs with genetically modified
ES-DCs. A, BM-DCs prepulsed with OVA peptide (10 pM), ES-DC-TT2,
ES-DC-OVA, or heat-killed ES-DC-OVA were cocultured with splenic T
cells of unprimed CBF, mice. After 5 days, the resultant cells were assayed
for the capacity to kill EL-4 tmor cells either pulsed with 10 uM OVA
peptide (H) or left unpulsed (C1) at an E:T ratio of 20. B, Mice were
transferred i.p. twice with ES-DC-OVA (2 X 10%, alive or heat killed, or
QOVA 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 A5, o6, (0.1 M) for 5 days. The resultant
cells were assayed for the capacity to kill EL-4 tumor cells either pulsed
with 10 uM OVA peptide () or teft unpulsed ([0) at an E:T ratio of 20,
Results are expressed as mean specific lysis of triplicate assays, and SDs of
triplicates were <.2%. Data are representative of two independent and re-
producible experiments.

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

Furthermore, the capacity of ES-DC-OVA to prime OV A-spe-
cific T cells in vivo was analyzed. ES-DC-OVA (2 X 10%), heat-
killed ES-DC-OVA (2 % 10*), or OVA protein (50 ug) were in-
jected ip. 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, qq peptide. After 5 days,
cells were recovered and assayed for their capacity to kill EL-4
thymoma cells (H-2) prepulsed with the OVA peptide. The results
shown in Fig. 38 indicate that CTLs specific to the OV A epitope
were primed in vivo with ES-DC-OVA but not with heat-killed
ES-DC-OV A or soluble OVA protein.

These results demonstrated that live ES-DCs genetically modi-
tied 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 litte 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 OVA-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 OV A-specific T cells in vivo.
Graded numbers of ES-DC-OVA or ES-DC-OVA/Mig were trans-
ferred i.p. to mice twice at a 7-day interval. Spleen cells were
isolated 7 days after the second transfer then cultured in vitro in the
presence of OVA, 4, 244 peptide. After 5 days, cells were recov-
ered and assayed for their capacity to kill EL-4 thymoma cells
(H-2") prepulsed with the OVA peptide (Fig. 6). When 5 X 10* or
3 % 10* DCs were transferred twice, & comparable level 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-OVA/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-TT2, 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 using 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 107 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 vivo 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 % 10% (4), 3 X 10*
(B), or I X 10* () 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 OVA,s; o6, (0.1 M) for § days. The resultant
cells were assayed for the capacity to kill EL-4 tumor cells either pulsed
with 10 M 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-specitic CTLs in 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 (4)
or 3 ¥ 10* ES-DCs (B). ES-DCs expressing chemokine along with OVA
were ES-DC-OVA/SLC (A), ES-DC-OYA/Lptn (A), ES-DC-OVA/Mig
(O}. ES-DCs expressing OV A alone as controls were ES-DC-OV Afmock
() and ES-DC-OVA (W). DCs differentiated from the parental OVA gene
single-transfectant ES cell clone. Spleen cells of the mice were isolated 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 cells were not prepulsed with
OVA peptide. Results were expressed as mean specific lysis of triplicate
assays, and SDs of triplicates were <<2%. Data are represeatative of three
independent and reproducible experiments.

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, OVA-expressing melanoma cells derived from B16. In case
of two transfers of 3 X 10® ES-DCs, as shown in Fig. 84, immu-
nization with ES-DCs expressing OVA alone (ES-DC-OVA/
mock) provided significant protection against the MO4 challenge,
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/Lptn was at a
comparable level to that provided by ES-DC-OVA/mock. As
shown in Fig. 8B, immunization with ES-DC-OVA/mock showed
a significant prolongation of survival, compared with immuniza-
tion with ES-DC-TT2 (p < 0.05). Immunization with ES-DC-
OVA/SLC resulted in a further prolongation of survival. However,
coexpression of Lptn 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-OYA/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-OV Afmock (p < 0.03). In contrast, effect of
immunization with ES-DC-OVA/Lptn was comparable to that of

— 142 —



782 ES CELL-DERIVED DCs EXPRESSING Ag AND CHEMOKINE

A ax10%ip.x2 B x10°kp.x2
=201 -
E g 100
=151 @ 80
510- P<0.01. E (1]
5 5 Z
5 P<0.05 P
L P I o
0 20 0 10 20 30 40 50 -60 70 BO 90
Days after tumor challenge Days after tumor challenge
D
c 2x10'ip. x 2 2(10'ip. x 2
30 ~100 &
g £
x 20 s %
3 207 P<0.01 g 0
E =
5 101 > 40
=
E - chﬂ.OS 2 2
Ll E n 0
o 10 20 0 10 20 30 40 50 B0 70 80 90

Days after tumor challenge Days after tumor challenge

=i ES-DC-OVA/SLC
w'm ES-DC-OVA/Lptn
== ES-DC-OVAMIg

== ES-DC-TT2
I ES-DC-OVA/Mock

FIGURE 8. Suppression of tumor growth and prolongation of survival by immunization with ES-DCs expressing chemokine along with OVA. Mice
were transferred i.p. twice on day — 4 and —7 with 3 X 10 (4 and B) or 2 X 10* ES-DCs (C and D). The niice were challenged s.c. with 3 X 10° MO4
turnor 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-TT? 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) (A). The differences in survival rates 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 < 0.05) (B}. The difference in tumor index between ES-DC-TT2 and ES-DC-OVA/mock is statistically significant (p <
0.01) (C). The differences in tumor index between ES-DC-OVA/mock and ES-DC-OVA/Mig as well as between ES-DC-OVA/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 alse statistically significant (p < 0.03) (D). A and C, Results are expressed as mean tumor index * SD (n = 10 per group). B and D,
Kaplan-Meier plot depicts the survival rate (n = 10 per group).

ES-DC-OVA/mock. As shown in Fig. 80, 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 eftective than ES-DC-OVA/mock (p < 0.05), but
less effective than ES-DC-OVA/SLC. Immunization with ES-DC-
OVA/Lptn again resulted in survival at the same level as seen with
ES-DC-OVA/mock. When mice were twice transferred with 2 X 20
10* ES-DCs and challenged with 3 % 10® MO4 tumor 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-
OVA/mock under the conditions we tested. These results suggest 0
that expression of SLC along with antigenic protein is the most
effective among the three chemokines for induction of protective
immunity against twmor cells expressing the Ag.

3 X 10® MO# 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 i.v. with ES-DC-OV A/mock, tumor indexes were similar

-
(<]

Tumor index (mm)
=

Nov effect of SLC simultaneously injected with ES-DCy

As described, coexpression of SLC 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 simultaneous 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-OVA/mack accompanying i.p. or
systemic (i.v.) injection of recombinant mouse SLC (3 pg). The
amount of injected recombinant mouse SLC was much higher than

FIGURE 9. No effect of simultaneous injection of recombinant mouse
SLC rogether with ES-DC-OVA, Mice were immunized with ES-DC-OVA/
mock (2 % 10 mouse) with or without simultancous injection of recombinant
mause SLC (3 pg. iv. or i.p.). Other mice were immunized with ES-DC-
OVAJSLC (2 X 10%mouse). Transfers of ES-DCs plus SL.C were done twice
at a 7-day interval, and 7 duys after the second transfer, mice were challenged
with 3 % 10° MO4 celis. The tumor index (in millimeters) 30 days after the
MO challeage was shown. In mice immunized with ES-DC-OVA/SLC, the

that expected to be produced by injected ES-DC-OVA/SLC after the
transter {(Fig. 38). Transfer of ES-DCs and tumor cell challenge with

tumor index was significantly smaller than the others (p << 0.05). Results are
expressed as mean tumor index + SD (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 efiect on the
survival of DCs in vitro. ES-DC-OVA/mock and ES-DC-QVA/
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-
nant 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 no difference in the in vitro CTL-
priming capacity between ES-DC-OVA and ES-DC-QVA/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
to prime OV A-specific CTLs in vitro. ES-DC-TT2, ES-DC-OVA, and ES-
DC-OVA/SLC (4 X 10°/well) were cocultured with nylon wool-purified
splenic T cells (2.5 X 10%well) of unprimed CBF, mice in 24-well culture
plates. After 5 days, the cells were harvested and assayed for the capacity
to kill EL-4 tumor cells either pulsed with 10 uM OV A peptide (l) or left
unpulsed ([). 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, [nvolvement of both CD4* and CD8* T cells in antitumor
immunity induced by ES-DCs. CD4* or CD§* T cells were deplcted in
vivo by inoculation of anti-CD4" or anti-CD§* mAbs during immuniza-
tion with ES-DC-OV A/mock or ES-DC-OVA/SLC. As control, other mice
were given L.p. by transfer of ES-DC-TT2, The mice were challenged s.c.
with 3 X 10" MO4 tumor cells, and tumor measurements were made 15
days after the tumor cell challenge. In case of immunization with ES-DC-
OVA/mock, the differences in tumor 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-QVA/SLC, the differences in
tumor index between mice inoculated with rat IgG and those with anti-CD4
mAD 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 OV A-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
smaller than that of mice immunized with ES-DC-OVA/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 OVA, particularly in mice immu-
nized with ES-DC-OVA/SLC. The infiltrating cells consisted of
both CD4* and CD8™ 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 CD4* 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 modification 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
could prime OVA-specific CTLs in the absence of IL-2 in vitro,
whereas stimulation with CD40 ligand (30) or presence of exog-
enous IL-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. Infiltration of both CD4* and CD8™ T cells into tumor
tissues. Mice were transferred twice with ES-DC-TT2 (A 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% MO4 tmor cells.
Twelve days after the tumor cell challenge, 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 womor 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 (). Scale bars are 5 mm (A, C, and
Eyand 100 pm (B, D, 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 endogenous 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-QVA 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 chemokines, expression of SLC was the most
effective in eliciting protection against OV A-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 CD&*
T cells reacting to OVA. 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, immunochistochemical 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 [FN-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 antitumer immu-
nity. The discrepancy between their report and ours may be attrib-
uted to retention of OVA-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 attempt to down-modulate immune responses by genetically
modified ES-DCs, aiming at treatment of autoimmune diseases,
and allergy or prevention of transplant rejection.

Although it has been demonstrated that SLC 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 simultaneously 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 encoding 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 X 10* crossed two times) elic-
ited significant CTL responses and protection against tumor chal-
lenge. 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 strategics, 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 conlaining 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 cell-derived cells may be anticipated (45), 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
TT?2 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 immunostimulation.

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 technolegies, immunemodulation 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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Abstract

With the global pandemic of hepatitis B and C infections, the incidence of Hepatocellular carcinoma (HCC) is rapidly increasing
world wide. We identified glypican-3 (GPC3), a novel oncofetal gene over-expressed specifically in human HCC, as based on data of
cDNA microarrays. As GPC3 is a GPl-anchored membrane protein and could be secreted, we attempted to detect secreted GPC3
protein in sera from HCC patients using Western blotting and ELISA. GPC3 protein was positive in sera of 40.0% (16/40) of HCC
patients, and negative in sera from subjects with liver cirrhosis (LC) (0/13), chronic hepatitis (CH) (0/34), and healthy donors (0/60).
All subjects were Japanese. Although 12 of 40 HCC patients were negative for both a-fetoprotein (AFP) and PIVKA-II well known
tumor markers of HCC, four of these were GPC3-positive in the sera. We also observed vanishing GPC3 protein in the sera of three
patients after the surgical treatment for HCC. On the other hand, immunohistochemical analysis revealed that HCC expressed
GPC3 protein in all 14 HCC patients tested. In conclusion, GPC3, as defined in this study was shown to be a useful tumor marker

for cancer-diagnosis for large numbers of patients with HCC.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Glypican-3; Hepatocellular carcinoma; Tumor marker; cDNA microarray; Oncofetal protein

Primary hepatocellular carcinoma (HCC) is one of
the most common malignancies in the world. Because of
the global pandemic of hepatitis B and C viral infec-
tions, the incidence of HCC is rapidly increasing in
Asian and Western countries [1,2], and this trend is ex-
pected to continue for the next 50 years because of the
long latency between infection and the development of
HCC. The prognosis of advanced HCC remains poor,

‘ * Abbreviations: HCC, hepatocellular carcinoma; GPC3, glypican-
3; HD, healthy donor; LC, liver cirrhosis; CH, chronic hepatitis; ATH,
autoimmune hepatitis; PBC, primary biliary cirrhosis, AFP, «-
fetoprotein; PIVKA-II, protein induced by vitamin K absence or
antagonist-I1.
* Corresponding author. Fax: +81-96-373-5314.
* E-mail address: mxnishim@gpo.kumamoto-u.ac,jp (Y. Nishimura).

and novel treatment and diagnosis strategies are
urgently needed.

c¢DNA microarray technology, by which investigators
can obtain comprehensive data with respect to gene-
expression profiles, is rapidly progressing. Several
studies have demonstrated the usefulness of this tech-
nique for identification of novel cancer-associated genes
and for classification of human cancers at the molecular
level [3]. We identified genes of which expression was
altered during hepatocarcinogenesis in 20 subjects with
primary HCCs through the use of a genome-wide cDNA -
microarray containing 23,040 genes [4)].

In the present work, we identified glypican-3 (GPC3)
over-expressed specifically in human hepatocellular
carcinoma, as based on ¢cDNA microarray data. We

0006-291X/03/$ - see front matter ® 2003 Elsevier Science (USA). All rights reserved.

doi:10.1016/50006-291X(03)00908-2
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detected soluble GPC3 protein in sera of HCC patients,
but not in case of other liver discases or other cancers.
We propose that GPC3 is a novel tumor marker for
HCC.

Materials and methods

eDNA microarrays. Profiling of genc expression by ¢DNA micro-
arrays was done, as reported [4). Primary HCCs and corresponding
non-cancerous liver tissues were obtained with inforned consent from
20 Japanese patients who underwent hepatectomy in the Department
of Gastroenterological Surgery, Kyoto University Graduate School of
Medicine. These specimens were used only for cDNA microarray
analysis, as reported {4). Poly(A)* RNAs isolated from human bone
marrow, brain, heart, kidney, liver, lung, mammary gland, pancreas,
placenta, prostate, skeletal muscle, small intestine, spleen, stomach,
testis, thymus, thyroid, utetus, fetal brain, fetal kidney, fetal liver, fetal
lung (Clontech), colon, and ovary (Biochain) were used as probes for
the ¢cDNA microarray [3].

HCC tissues, blood samples, and cell lines. After obtaining informed
written consent, we independently obtained tissue and blood samples
at random from HCC patients and from various donors treated in the
Department of Surgery I, and the Third Department of Internal
Medicine, Kumamoto University School of Medicine,

We collected patient profiles from medical records to determine the
clinical stages, according to the UICC TNM classification (Table 1).
Hep G2, Hep 3B, PLC/PRF/S, and Hul-7 were kindly provided by the
Cell Resource Center for Biomedical Rescarch Institute of Develop-
ment, Aging and Cancer Tohoku University, and SK-Hep-1 was
provided by Dr. K. Iteh of Kurume University, Kurume, Japan. Hep
G2, Hep 3B, PLC/PRF/S, and HuH-7 were cultured in DMEM sup-
plemented with 10% FCS, and SK-Hep-1 was cultured in RPMI1640
supplemented with 10% FCS.

RT-PCR. RT-PCR was done, as described [6). We designed GPC3
gene-specific PCR primers to amplify fragments of 939bp and used
RT-PCRs consisting of initial denaturation at 94 °C for 5min and 30
amplification cycles at an annealing temperature of 58 °C. GPC3 PCR.
primer sequences were: sense, -GTTACTGCAATGTGGTCATGC-

¥ and untisense, ¥-CTGGTGCCCAGCACATGT-Y. B-Actin: sense,
Y-CCTCGCCTTTGCCGATCC-Y and  antisense, 3-GGATCTTC
ATGAGGTAGTCAGTC-3. After nermalization by B-actin mRNA,
as a control, we compared the expression of GPC3 mRNA in HCC
tissues and cell lines.

Western immunoblot analpsis. Cell samples were lysed in appro-
priate amounts of lysing buffer 150mM NaCl, 50 mM Tris, pH 7.4, 1%
Nonidet P-40, I mM sodium orthovanadate (Wake, Osaka, Japan),
ImM EDTA, plus 4 protease inhibitor tablet (Amersham, Arlington
Heights, [L). Supernatant fluids of the lysates were electrophoresed on
SDS-PAGE gels and transferred to a nitrocellulose membrane (Bio-
Rad, Hercules, CA). After blocking with 5% skimmed milk and 0.2%
Tween 20 in Tris-buflered salinc, the membrane was incubated with the
anti-GPC3, rabbit polyclonal antibody raised against a recombinant
protein corresponding to human GPC3 303-464 (Santa Cruz, Cali-
fornia), washed extensively with PBS, and subjected to chemilumi-
nescence detection using  peroxidase-conjugated anti-rabbit g,
horseradish  peroxidase linked F{ab'), fragment (from donkey)
(Amersham), using an ECL kit {(Amersham). We purchased GPC3
303464 produced in Escherichia cofi as a 45 kDa tagged fusion protein
(Santa Cruz, CA} and this protein was added in SDS-PAGE loading
buffer to serve as a positive conirol.

Immunohistochemical  examination and ELISA. Immunohisto-
chemical examinations were done, as described [5]. We stained 4-pm-
thick sections of formalin-fixed and paraffin-embedded tissue samples
with anti-GPC3 Ab at a dilution of [:200. To set up ELISA detection
of GPC3 in sera from patients and healthy donors, we purchased
FluoReporter Mini-Biotin-XX Protein Labeling Kits (F-6347) (Mo-
lecular Probes, Eugene) for biotinylating anti-glypican-3, rabbit poly-
clonal antibody. The 96-well ELISA plates {Nun¢, Denmark) were
coated overnight at 4°C with 0.1 pg/well anti-human GPC3 303-464
{Santa Cruz) in PBS, pH 7.4. Then, the plates were blocked with Block
Ace {(Dainippon pharmaceutical, Osaka) for [ h at room temperature,
Serum samples from patients and healthy donors were diluted at 1:200
with 10x Block Ace to serve as samples for ELISA. We added stan-
dard samples of positive control and culture supernatants with bioti-
nylated anti-GPC3 Ab, followed by incubation for 2h at room
temperature, After washing three times with PBS, HRP-Conjugated
Streptavidin (ENDOGEN, Woburn) was added to each well. After
30 min of incubation, the plates were washed three times with PBS and
TMB Substrate Solution (ENDOGEN) was added. We then used an

Table 1

Profiles of serum donors and detection of GPC3 using ELISA
Disease Mean age  Sex Virus-positive denor* UICC stage® GPC3

(years) M F HCV HBY Non-B-non-C I o m qvy  Postverate

HCC 66 36 4 27 8 6 l 15 14 10 *16/40 (40%)
Liver cirrhosis 65 6 7 8 4 1 0/13 (0%)
Chronic hepatitis 60 15 I9 31 3 0 0434 (0°%)
Autoimmune hepatitis 65 0 2 0/2 (0%}
Primary biliary cirrhosis 79 0 1 011 (0%)
Healthy donors 40 25 35 0/60 (0%)
Cancers
Colon 66 16 - 5 1 6 5 9 0/21 (0%}
Gastric 71 9 5 7 3 4 1] 0/14 (%)
Pancreatic. 58 6 5 0 0 0 11 0/11 (0%)
Biliary 70 2 4 0 3 1 2 0/6 (0%)
Esophageal 59 6 0 | 0 2 3 0/6 (0%)
Lung 64 70 3 0 0 4 0/7 (0%)
Breast 50 0 10 4 2 2 2 0/10 (0%)

*HCV was detected using RT-PCR. HBsAg was examined using radioimmunoassays.
® International Union Against Cancer Classification; TNM Classification of malignant tumors.
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ELISA reader (model 550, Bio-Rad) at 450 nm for measurement of
optical density (OD).

Results

Identification of the GPC3 gene over-expressed specifi-
cally in HCC

We obtained data comparing expression profiles
between 20 HCCs (10 cases were hepatitis B virus
(HBV)-positive and 10 were hepatitis C virus (HCV)-
positive) and their corresponding non-cancerous liver
tissues [4] and in various normal human tissues [6],
using cDNA microarrays. We then searched for genes
over-expressed specifically in HCC using these data
and we identified GPC3. In 16 cases of the 20 HCCs,
the expression of GPC3 mRNA in the cancer tissue
was 5 or more times higher than that in non-cancer-
ous tissues (Fig. 1A). GPC3 1s an over-expressed gene
in most HCCs and is not related to HBV or to HCV
viral infection. GPC3 mRNA is highly expressed in
the placenta, fetal liver, fetal lung, and fetal kidney
and is low in most adult normal tissues (Fig. 1A).
Data on GPC3 have been published by other inves-
tigators, as based on Northern blotting studies [7,8].
Thus, like AFP, GPC3 is a novel onco-fetal antigen
in HCC.

Relative ratio of expression of glyplcan-3 mRNA

o F % P F P

¢00 ¢ ¢

HCC 20 caves
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Expression of GPC3 mRNA in human HCC

We examined GPC3 mRNA expression using RT-
PCR. HCC tumor of 6 patients, 37, 35, 34, 38, 42, and
43 among 7 patients tested (83.7%), showed a much
stronger expression than did non-cancerous liver tissue
in these patients. The HCC tumor of patient 41 showed
no such expression (Fig. I1B). Hep G2, Hep 3B, and
HuH-7 HCC cell lines showed a stronger expression of
GPC3 mRNA than PLC/PRF/5 while, SK-Hep-l
showed no such expression (Fig. 1C).

The presence of soluble GPC3 protein in culture super-
natants of HCC cell lines and sera from HCC patients

As GPC3 is 2 GPl-anchored membrane protein and
could be secreted, we next attempted to detect secreted
GPC3 protein. We used Western blotting techniques for
Hep G2 cell lysates and the culture supernatant har-
vested after the indicated culture period to gain support
for the existence of soluble GPC3 protein in culture
supernatants of Hep G2. Hep G2 cell lysates prepared
from 1 x 10° cells after cultivation for 6, 12, 24, and 48 h
(lanes 1, 3, 5, and 7 in Fig. 2A} in serum-free medium
showed similar amounts of 60kDa GPC3 protein. On
the other hand, Hep G2 culture supernatants (20 pl of
1 ml/well) after cultivation for 6, 12, 24, and 48 h (lane 2,
4, 6, and 8) showed a gradual increase in 60 kDa GPC3

B

HCCPt 37 35 34 38 41 42 43
TNTNT NTNTNTN TN

crc3 RN
p-actin PR

T:tumor N: non-tumor

C 1 2 3 4 5

1 Hep G2, 2 Hep 3B, 3 PLC/PRFA,
4 SK-Hep-1, 5 HUH-?

Fig. 1. HCC-specific expression of GPC3 mRNA. (A) The relative ratio (RR) of expression of human GPC3 mRNA in 20 HCC patients and in
discase-free tissues. RR in HCC show cancerous tissuc versus adjucent non-cancerous liver tissue intensity ratio in cach case. RR in discase-free
tissues show cach disease-free tissue versus disease-free liver intensity ratio, {B) Expression of GPC3 mRNA dctected using RT-PCR in human HCC
tissues. (C) Expression of GPC3 mRNA detected using RT-PCR in human HCC cell lines.
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Fig. 2. Evidence for secretion of GPC3 from human HCC. {A) Evi-
dence for the presence of GPC3 protein in the culture supernatant of
Hep G2 as based on Western blots. Lanes 1, 3, 5, and 7: lysate of
1 x 10° Hep G2 cells after cultivation for 6, 12, 24, and 48 h, Lanes 2, 4,
6, and 8: 20l of Hep G2 culture supernatant after cultivation for 6,
12, 24, and 48 h. (B) Evidence for soluble GPC3 protein in sera from
HCC patients. Arrows indicate bands of GPC3 protein. Lane 8: po-
sitive control, 45kDa GPC3 303-464. Lane 3: 20l of sera of Pt. 7.
Lane 9: culture supernatant of Hep G2.
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protein, that is, GPC3 protein was indeed sccreted from
Hep G2 into the cullure supernatant.

We then searched for soluble GPC3 protein by
Western blotting of sera of three HCC patients and four
healthy donors (HDs). We detected the band of positive
control, 45kDa GPC3 303-464 (lane 8 in Fig. 2B), and
detected the band of 60kDa GPC3 protein in 20 ul of
sera from Pt 7 (lane 3 in Fig. 2B) and in culture supet-
natant of Hep G2 (lane 9 in Fig. 2B), but not in sera
from two other HCC patients (patients 4 and 5) or from
four healthy donors (HDs 54-57).

We next detected soluble GPC3 using ELISA. We
defined the concentration of GPC3 protein in the 1ml of
the culture supernatant of 1 x 10° Hep G2 cells after
cultivation for 24h as 1 U/ml. The amount of GPC3
protein in the culture supernatant of the Hep G2, PLC/
PRF/5, and HuH-7 was much larger than that of the Hep
3B, and that of the SK-Hep-1 was not detected (Fig. 3A),
although the amount of GPC3 mRNA of the Hep 3B
was much larger than that of the PLC/PRF/5 (Fig. 1C).
Thus, there was some discrepancy between the expres-
sion levels of GPC3 mRNA in HCC cells and the amount
of GPC3 protein secreted into the culture supernatant.

The quantification by ELISA of GPC3 protein in sera
of 40 HCC, 13 LC, 34 CH, and other patients and of 60
HDs is indicated in Figs. 3B and C, Tables | and 2. As
we did not have recombinant GPC3 protein useful for a
positive control for this ELISA system, serially diluted
culture supernatant of Hep (G2 was used to estimate the
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Fig. 3. Quantification of GPC3 protein using ELISA. (A) Quantification of GPC3 protein secreted in the culture supernatant of HCC cell lines. We
defined the concentration of GPC3 protein in 1 ml of the culture supernatant of 1 x 10° Hep G2 cells after cultivation for 24 h to be 1 U/ml. (B)
Standard curve to quantify the GPC3 protein based on OD data. Serially dituted culture supernatant of Hep G2 was used to estimate the standard
curve. (C} Quantification of GPC3 protein in sera from 40 HCC patients and other patients with liver diseases or other cancers and healthy donors.
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Table 2

Profiles of 40 Japanese patients with HCC and quantification of AFP, PIVKA-II,; and GPC3 in sera of these patients

Pt ID Age (years), Virus? UICC AFP {(ng/ml)® PIVKA-II (mAU/mi} GPC3 (U/mb
sex ' ) stage (<20) {<40) (<10)

3 56, M HBV IVA 4 957 51

5 .M "HCV HIB 8900 31,577 15
11 69, M Non-B, non-C IVA 9400 319 215
32 71, M Non-B, non-C 11 30 508 30

1 64, M HCV IIIA 350 15 443

2 53, M HCV I 45 38 162

8 69, M HCV I 21 2 99
39 73, M HCV IIIA 94 25 45

9 3. M HCV [ITA 25 242 -

12 61, M HCV IVA 349 169 -
17 70, M HBV IVA 56 133 -
18 7, F HBV I1 220 994 -
19 71, M HCV I1 163 96 -
24 50, M HCV 11 29 41 -
26 63, M HBV IVA 5280 1549 -
38 60, M HCV 11 16,200 3556 -

4 69, M HCV 1IIA 178 28 -
15 67, M HCV I 100 32 -
22 72, M HCV [IIA 25 12 -
33 60, M HCV IIIA 2030 14 -

7 62, M HCV IVA 10 239 1301
16 72, M HCV I1 <1 240 130
30 75, M HCV 11 s 102 166
37 59, M Non-B, non-C I 3 707 63
14 62, M HCV II 3 69 -

20 75, F Non-B, non-C 1IA <l 63 -
27 - 71, M HCV IVA 10 19,288 -
35 52, M HBV 11 13 431 -

6 72, F HCV 11 9 20 58
25 63, M HCV vB <l <10 1349
29 56, M Non-B, non-C 11 <l 22 62
40 38, M HBV 11 3 11 40
10 58, M Non-B, non-C 1IIA 3 18 -

13 69, M HCV IVB 6 <10 -
21 1L, M HBV, HCV IVA 2 26 -
23 59, M HBV ITTA 3 18 -
28 69, M HCV 11IA <1 28 -
k]| 69, M HCV 1A 17 13 -
34 63, F HCV 1 4 14 -
36 61, M HCV 11IB 13 29 . -

*HCV was detected using RT-PCR. HBsAg was examined using radicimmunoassay.

® AFP was quantified using radicimmunoassay.

€ Values in parentheses represent cut-off value.
dPIVKA-II was quantified using enzyme immunoassays.
® Positive values are underlined.

standard curve to quantify the GPC3 protein based on
0D data (Fig. 3B). We detected and quantified GPC3
protein in the sera of 16 of 40 HCC patients, but not in
sera of patients with liver cirrhosis (LC), chronic hepa-
titis (CH), autoimmune hepatitis {AIH), primary biliary
cirrhosis (PBC), HD, and another kinds of cancers, Fig.
3B shows the standard curve for ELISA-detection of
GPC3 that guarantees the quality of this ELISA. Ac-

cording to these data, we were convinced that the lowest
limit for detection of serum GPC3 was 10 U/m! by using
200x diluted serum samples and we determined more
than 10U/ml to be positive. The evidence that our
ELISA system detected soluble GPC3 in culture super-
natant of NIH3T3 transfected with mouse GPC3 gene
but not in that of wild type NIH3T3 cells also supports
the accuracy of ELISA (data not shown).
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The prevalence of GPC3 protein in the sera of HCC GPC3 protein was detectable and 15 U/ml of GPC3 was
patients was significantly higher than that in other do- not detectable using Western blotting techniques. Al-
nors (P < 0.0001). The GPC3 evaluated by ELISA for though as shown in Fig. 1B, HCC cells of Pt. 35 showed
patients 4, 5, and 7 is given in Fig. 2B and was 0, 15, and much stronger expression of GPC3 mRNA than did
1301 U/ml, respectively (Table 2). Namely, 1301 U/ml of those of Pts. 37, 34, and 38, serum GPC3 was detected

Table 3
Lack of correlation between serum GPC3 levels and injury of hepatocytes or liver function in 40 Japanese patients with HCC
PtID  GPC3 Injury of hepatocytes Liver function
(Ufml) AST= (IUMD) ALT® Ascites T-Bil (mg/dl)  Alb® (g/dl) ICGRs %)  PTE (%)
(<40)® (TU/T) (<40) (<1.0) (>4.0) (<15} {>70)
25 13490 38 36 - 1.0 3.7 37.0 68
7 1301 104 53 + 12 37 43.0 65
1 448 138 166 - LO 33 313 90
11 215 22 14 - 0.6 37 12.7 97
30 166 60 59 - 0.7 36 151 85
2 162 47 68 - 1.5 4.6 6.8 82
16 130 18 9 - 0.4 38 9.8 91
3 99 2 39 - 1.0 4.2 23.9 99
17 65 26 34 - 0.6 43 9.2 94.
29 62 23 9 - 0.8 4.6 8.6 110
6 38 55 60 - 1L 37 184 92
3 51 31 157 - i1 40 33.9 96
39 45 63 50 - 14 33 454 82
40 40 23 25 - 0.7 4.1 11.8 91
32 30 44 47 + L1 38 204 83
5 13 65 46 - 0. 32 22.5 81
Positive rate 10716 (62.5%) 10/16 (62.5%) 216(12.5%) 6/16 (37.5%) 10/16 (62.5%)  10/16 (62.5%) 2116 (12.5%)
4 — 36 20 - 12 30 40.6 77
9 — 101 70 - 0.8 26 34.3 85
10 — 37 57 - 1.0 4.2 129 104
12 — 62 49 - L1l 317 28.7 ki
13 — 163 72 - 0.4 21 33.6 90
14 - 55 21 - 12 33 50.5 69
15 - 39 37 - 1.3 31 39.0 59
17 — 62 74 - 0.6 33 249 77
18 — 29 22 - 0.6 36 279 86
19 — 23 10 - 1.6 28 13.9 66
20 — 55 29 + 1N} 35 47.0 66
21 — a7 37 - 1.0 3.2 36.4 85
22 — 7% 56 + 1.0 2.9 54.0 77
23 — 37 57 - 1.0 4.2 129 104
24 — 49 41 - 0.8 39 16.0 97
26 — 19 20 - 0.7 37 124 87
27 — 38 36 - 1.2 30 48.1 84
28 — 54 52 - 1.0 37 14.5 85
31 — 56 50 - 135 3.1 217 85
33 — 52 55 + L1 3.0 414 77
34 — 29 32 - 16 4. 10.9 90
35 — 32 51 - 0. 4.1 14.5 89
36 — 67 70 - 04 4.0 22,0 87
38 - &4 89 - 1.0 43 17.2 9

Positive rate  14/24 (58.3%)  14/24 (58.3%) 324 (12.5%) 10124 (41.7%) 17/24 (70.8%)  17/24 (70.8%) 4/24 (16.7%)

*Serum levels of aspartate transaminase.
YValues in parentheses represent cut-off value.
€Serum levels of alanine transaminase.
4Serum levels of total bilirubin.

Serum levels of albumin.

rIndocyanine green retention at 15min level.
€ Prothrombin test.

" Positive values are underlined.
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only in Pt. 37 suggesting that there was no correlation
between serum GPC3 concentrations and mRNA ex-
pressions of GPC3 in the cancer tissues. We propose
that GPC3 may be a novel tumor marker for HCC.
There was no correlation in the positive state of tumor
markers among the three markers, a-fetoprotein {(AFP),
protein induced by vitamin K absence or antagonist-II
(PIVKA-II), and GPC3 (Table 2). Although 12 patients
were negative for both AFP and PIVKA-II, four pa-
tients (6, 25, 29, and 40) of 12 were GPC3-positive, and
HCC Pts 6, 29, and 40 were classified as a relatively early
UICC Stage 11 (Table 2),

Lack of correlation between serum concentrations of
GPC3 and the activity of hepatitis or liver function

As shown in Fig. 1A, GPC3 mRNA expression was
found in fetal liver as well as in placenta, suggesting that
regenerating hepatocytes in injured liver may express
GPC3. To investigate this possibility, relationship be-
tween serum concentrations of GPC3 and injury to he-
patocytes or liver function were assessed in patients with
HCC (Table 3). Serum levels of aspartate transaminase
(AST) and alanine transaminase (ALT) are good in-
dexes for injury to hepatocytes. The presence of ascites,
serum levels of total bilirubin (T-Bil) and albumin (Alb),
indocyanine green retention at 15min level (ICGR;s
(%)), and prothrombin test (PT (%)) were chosen as
indexes of liver function. There was no significant dif-
ference in positive rates of abnormalities in these factors
between 16 serum GPC3-positive patients and 24 nega-
tive patients. Furthermore, GPC3 was not detected in
the sera of any patient with active CH, and serum
concentrations of GPC3 were not increased when re-
generation of liver occurred after surgical resection of
HCC. These data clearly show no correlation between
serum concentrations of GPC3 and the activity of hep-
atitis or liver function.

GPC3 protein in the sera of HCC patients disappeared
after surgical treatments

Changes in serum levels of three tumor markers,
AFP, PIVKA-II, and GPC3, and tumor masses detected
by computed tomography (CT) before and after surgical
treatments for HCC in three patients (Pts. 30, 40, and
37) are shown in Fig. 4. GPC3 protein was detectable in
these three patients prior to surgery, but GPC3 was not
detectable after the surgical treatments for patients with
HCC. It should be noted that GPC3 was the only useful
tumor marker for Pt. 40.

Expression of GPC3 protein in human HCC tissues

We made an immunohistochemical analysis of GPC3
in HCC and non-cancerous liver tissue surrounding

A Pre treatment Post treatment

HCC
Pt. 30

AFP )
PIVKA-Il 102 (+) =i
GPC3 166 (+)

Pt. 40

AFP () AFP )
PIVKA-II (-} ~—— PIVKA-II (-
GPC3 40 (+)

| Pt. 37

AFP ) AFP ()
PIVKA-Il 707 (+) = [PIVRA-IL 53 (4]
GPC3  65(+) GPC3 )

Fig. 4. Disappearance of soluble GPC3 in patients’ sera after the
surgical treatments of HCC. Computed tomography (CT) of HCC
lesion and serum levels of three kinds of tumor markers, AFP, PIV-
KA-II, and GPC3 before and after surgical treatments are indicated
for patients 30 (A), 40 (B), and 37 (C).

HCC excised from 14 patients with HCC. Seven patients
(Pts. 2, 6, 7, 8, 11, 29, and 37) were positive for serum
GPC3 (secreting type) and other seven were negative
(non-secreting type; Pts. 10, 12, 17, 23, 26, 34, and 35).
The expression of GPC3 protein in seven tumors derived
from secreting type patients was divided into two pat-
terns. Secreting type-1 pattern (Pts. 2, 7, and 11) showed
a much stronger expression of GPC3 protein in HCC
cells than in non-cancerous liver cells (Fig. 5). Secreting
type-2 pattern (Pts. 6, 8, 29, and 37) showed weak ex-
pression of GPC3 protein in HCC celis and showed
some expression in non-cancerous liver tissue (Fig. 5).
Because GPC3 mRNA isolated from tumor of Pt. 37
showed a higher expression than did that of non-
cancerous liver tissue, it was thought that the majority
of GPC3 protein in this type of HCC cells was almost
secreted away. On the other hand, all seven non-
secreting type tumors showed moderate expression
of GPC3 protein with a speckled pattern in HCC cells
(Fig. 5).
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Fig. 5. Immunghistechemical analysis of expression pattern of GPC3
protein in HCC cells. GPC3 immunostaining {colored brown) of sec-
tions of tumor (left) and of peri-tumor (right) was indicated at ob-
jective magnifications; 400x.

Discussion

In 1996, Pilia et al. reported that GPC3, which en-
codes one member of the glypican family, is mutated in
patients with  Simpson—Golabi-Behmel syndrome
(SGBS) [9]. SGBS is an X-linked disorder characterized
by pre- and postnatal overgrowth, and a broad spectrum
of clinical manifestations which vary from a very mild
phenotype in carrier females to infantile lethal forms in
some males [10]. The list of clinical manifestations of
SGBS includes a distinct facial appearance, cleft palate,
syndactyly, polydactyly, supernumerary nipples, cystic
and dysplastic kidneys, congenital heart defects, and so
on [11-14]. Most GPC3 mutations are point mutations
or small deletions encompassing a varying number of
exons [15,16). Given the lack of correlation between
patient phenotype and location of the mutations, it has
been proposed that SGBS is caused by the lack of a
functional GPC3 protein, with additional genetic factors
being responsible for the intra- and interfamilial phe-
notypic variation [15]. The development of GPC3-defi-
cient mice added a strong support for this hypothesis
[17], these mice have several abnormalities found in
SGBS patients, including overgrowth, and cystic and
dysplastic kidneys.

Because GPC3 is an inhibitor of cell proliferation
and can induce apoptosis in certain types of tumor
cells 18], reports indicating that GPC3 expression is
down-regulated in tumors of different origin were not
surprising. Lin et al. [19] showed that, although GPC3

is expressed in the normal ovary, the expression is
undectectable in any significant proportion of ovarian
cancer cell lines. In all cases where GPC3 expression
waus lost, the GPC3 promoter was hypermethylated,
and mutations were nil in the coding region. GPC3
expression was restored by treatment with a demethy-
lating agent. In addition, the authors demonstrated
that cclopic expression of GPC3 inhibits colony-form-
ing activity in several ovarian cancer cell lines. Other
data associating GPC3 with cancer were derived from a
differential mRNA display study on normal rat meso-
thelial cells and mesothelioma cell lines [20]. In this
study GPC3 was consistently down-regulated in tumor
cell lines and a similar down-regulation was noted in
primary rat mesotheliomas and in cell lines derived
from human mesotheliomas. Similar to cases of ovar-
ian cancer, mutations in the GPC3 coding sequence
have not been found, but most cell lines had an aber-
rant methylation in the GPC3 promoter region. As
reported [18], the study showed that ectopic expression
of GPC3 in mesothelioma cell lines inhibits colony-
forming activity. Xiang et al. [2]1] reported that GPC3
expression was also silenced in cases of human breast
cancer. Collectively, these data suggest that GPC3 can
act as a negative regulator of growth in these cancers.
Insomuch as the expression of GPC3 is reduced during
tumor progression in cancers originating from tissues
that are GPC3-positive in adults and this reduction
seems to play a role in generation of the malignant
phenotype.

On the contrary, in the case of HCC, tumors origi-
nating from tissues that express GPC3 only in the em-
bryo, GPC3 expression tends to reappear with malignant
transformation. In this study, more than 80% of 27 HCC
tumors showed a much stronger expression of GPC3
mRNA than did non-cancerous liver tissue, and immu-
nohistochemical analysis revealed that HCC expressed
GPC3 protein in all 14 HCC patients tested. On the other
hand, GPC3 protein was positive in sera of 40.0% (16/40)
of HCC patients. There was a discrepancy between
GPC3 expression and GPC3 secretion. We could classify
three GPC3 protein expression patterns in HCC (se-
creting typel, 2, and non-secreting type). Further inves-
tigations are needed to determine why serum GPC3 was
detected in only 40% of our HCC patients. Furthermore,
whether GPC3 re-expression plays a role in progression
of these tumors is unknown. During the last few years it
has been clearly established that cell-surface heparan
sulfate proteoglycans (HSPGs) are required for the op-
timal activity of heparin-binding growth factors, such as
fibroblast growth factors (FGFs) and Wnts {22,23].
Glypicans are a family of GPI-anchored cell surface
HSPGs. We speculate that tissue-specific differences in
the relationship between oncogenesis and the expression
level of GPC3 are due to the fact that GPC3 may regulate
growth and survival factors differently in each tissue.
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GPC3 seems to behave in these organs, at least as an
oncofetal protein. In general, oncofetal proteins do not
seem to play a critical role in tumor progression but have
been used as tumor markers or as targets for immuno-
therapy [24,25). Whether or not the oncofetal behavior of
GPC3 can be tested clinically and whether re-expression
of this glypican plays a role in the progression of HCC
are under investigation.

AFP and PIVK A-II [26] are well known major tumor
markers for HCC. Generally, AFP shows high sensi-
tivity but also high false-positivity. Serum AFP levels
are often increased in patients with benign liver diseases,
such as CH and LC, when AFP is detected using a more
sensitive method. Lens culinaris agglutinin-reactive
fraction of a-fetoprotein (AFP-L3%) is a recently de-
scribed marker of HCC. AFP-L3% shows a much higher
specificity than AFP, but a lower sensitivity. On the
other hand, PIVKA-II shows a lower false-positivity,
but is not always sensitive enough to detect small HCCs.
In our study, the sensitivity of AFP, AFP-L3%, PIVKA-
I, and GPC3 was 20/40 (50%), 10/36 (27.7%4), 20/40
(50%), and 16/40 (40%), respectively. We could not di-
agnose 12 of 40 (30%) HCC patients using AFP and
PIVKA-II. Although, we could diagnose an additional
four patients as cases of HCC among 12 patients, three
were classified as being in a relatively early UICC Stage
II, hence GPC3 may be useful for diagnosis of early
stage HCC. We could diagnose 80% of our patients with
HCC using AFP, PIVKA-II, and the novel tumor
marker, GPC3. Furthermore, GPC3 protein in the sera
was detectable only in HCC patients and not in patients
with other liver diseases or other kinds of cancers and
healthy donors, thereby indicating that the specificity is
100%. Furthermore, we confirmed that GPC3 protein
had disappeared from the sera of three patients after
surgical treatments for HCC. Taken together, these re-
sults indicate that GPC3, as defined in our study, may
prove to be an appropriate candidate for use in cancer-
diagnosis for large numbers of patients with HCC.
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