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Epstein-Barr virus-based vector improves the tumor cell killing
effect of pituitary tumor in HV J-liposome-mediated
transcriptional targeting suicide gene therapy
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Abstract. Although tissue-specific promoters offer a promising
approach to the targeting of gene therapy, the activity of such
promoters is generally low, which is thus a major limitation,
especially when using non-viral vectors. To establish effective
transcriptional targeting gene therapy for growth hormone
(GH) producing pituitary tumors, an Epstein-Barr virus (EBV)
based vector system expressing herpes simplex virus type 1
thymidine kinase (HSV1-TK) driven by a rat GH promoter
(pEBGTK) was developed. This harbors an EBV nuclear
antigen-1 (EBNA-1) gene with an origin of the latent viral
DNA replication (OriP) gene of EBV. We constructed an EBV-
based luciferase plasmid (pEBGL) as a reporter plasmid. We
also generated pGTK and pGL, which are non-EBV counter-
parts. Metastatic GH3 (mGH3) cells were used in this study.
The transfection of pEBGL to mGH3 resulted in approximately
a 39 times greater luciferase activity than pGL in vitro. Its
expression was also prolonged 144 h after transfection.
According to the results of pEBGL gene transfer in in vivo
experiments, the luciferase activity was only observed in the
tumors, but not detected in other normal tissues. The lucif-
erase activities in tumor tissues were found until day 25 post
transfection. During in vitro gene therapy, the transfection
by pEBGTK using hemmaglutinating virus of Japan (HVJ)
liposome enhances the susceptibility of mGH3 to gancyclovir
(GCV) 110 times more than that by pGTK. The in vivo anti-
tumor effects of pPEBGTK on mGH3-tumor-bearing nude mice
were evaluated. The intratumoral injection of HVJ anionic
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lipososme-enveloped pEBGTK followed by the intra-peritoneal
injection of GCV demonstrated a significant growth inhibition
against tumors without toxicity, while the tumors treated by
other treatment modalities grew progressively. These results
demonstrated that the EBV-based vector system can therefore
contribute to the improvement of the anti-tumor effects for the
HVJ-liposome-mediated transcriptional targeting suicide gene
therapy, suggesting that this paradigm may thus be a potentially
effective approach for the treatment of uncontrollable pituitary
tumors.

Introduction

Pituitary adenomas represent 15% of all primary intracranial
neoplasms (1), and they are often considered to be histopatho-
logically benign tumors. Despite recent therapeutic advances
in such treatment modalities as transsphenoidal microsurgery,
receptor-mediated pharmacotherapy, and radiation therapy,
some pituitary adenomas remain uncontrollable (2). Pituitary
carcinomas are rare, but life-threatening tumors, which tend to
originate in the anterior pituitary gland and thereafter undergo
cerebrospinal fluid dissemination or systemic metastasis (3-7).
They are refractory to current available treatments (6-8). As a
result, there is a need to develop new treatment strategies for
such uncontrolled pituitary tumors.

Gene therapy appears to be a potentially effective strategy
for the treatment of pituitary tumors (9,10). A variety of
studies have been performed using viral vectors as gene therapy
for pituitary adenomas both in vitro and in vivo. Preclinical
experiments of cytotoxic or suicide gene therapy for pituitary
adenoma model, using cell-specific promoters and adenoviral
vectors, have been conducted and the results have shown
remarkable cytopathic and tumor suppression effects (11-18).
Pituitary adenomas are usually localized tumors, so the direct
injection of vectors is a realistic and potentially useful modality.
The stereotactic injection of adenoviral vectors has been
successfully and safely performed in rat pituitary adenoma
models (19,20), and the transsphenoidal direct injection of
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vectors might thus be used for residual adenomas in humans
(21). However, the viral vector application is restricted by
various shortcomings, including the induction of immune
responses, endogenous viral recombination, and oncogenic
effects (22-27). Significant hypophysitis has been reported
after the adenovirus-mediated gene transfer in pituitary gene
therapy (28). No matter how transcriptional targeting is
achieved by tissue-specific promoters, these adverse reactions
by the viral vector itself are critical, for both benign and slow
growing pituitary adenomas (29,30).

Non-viral vectors have attracted a great amount of attention
in recent years because they are expected to allow us to
eventually achieve gene therapy without serious side-effects
(31). However, the most critical issue of gene transfer using
non-viral vectors is the low expression abilities of the desired
gene (32,33). This phenomenon results in a marginal thera-
peutic effect in experimental cancer gene therapy, thus resulting
in a major limitation of its application to clinical trials. To
obtain an adequate effect of tissue type specific gene therapy,
both a stronger and longer expression ability of the vector
system is therefore thought to be crucial.

To overcome this problem, an Epstein-Barr virus based
vector system was used in conjunction with a rat growth
hormone promoter, as the cell-targeting promoter. This vector
harbors the cis-acting oriP (the latent viral DNA replication
origin) and the trans-acting EBV nuclear antigen-1 (EBNA-1)
sequences of EBV genome, which are required for EBV
latent infection (34,35). This is characterized by the auto-
nomous replication and nuclear retention of the EBV genome
in the host cells, both of which are one of the mechanisms
through which the EBV-based vector activates the transgene
expression (36).

This is the first report of pituitary cancer gene therapy which
has been strengthened by the combination of a hormone
specific promoter and an EBV-based expression vector system,
thereby providing us with an important knowledge of the
usefulness of tissue-specific cancer gene therapy using non-
viral vectors.

Materials and methods

Cell lines. The rat somatotroph tumor cell line (GH3) and the
rat glioma cell line (C6) were obtained from American Type
Culture Collection (Manassas, VA). The metastatic GH3 cell
line (mGH3) was established from lymph node metastasis
that developed 3 months after the subcutaneous implantation
of GH3 in Wister-Furth female rats, as we described previously
(37). These cells were maintained in Ham's F-10 medium
containing 15% horse-serum, 2.5% fetal bovine serum and
0.5% penicillin-streptomycin culture conditions, and they
were incubated at 37°C in a humidified atmosphere exposed
to 5% CO,-95% air gas mixture. All cell culture reagents
were purchased from either Invitrogen Japan K.K. (Tokyo,
Japan) or Sigma-Aldrich Japan Corp. (Tokyo, Japan).

Plasmid vectors. Plasmid pLNCTK (pCTK), which has the
herpes simplex virus type 1 thymidine kinase gene (HSV1-TK)
driven by human cytomegalovirus (CMV) promoter, was
kindly provided from Dr A. Ido, Kyoto University Hospital,
Kyoto, Japan. The HSV1-TK gene was excised from pCTK by
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HindIll and Xbal digestion and cloned into the HindIII-Xbal
site of pGL3-basic vector (Promega Corp., Madison, WI)
instead of luciferase gene generating pGL3-TK. Rat growth
hormone promoter (-320-0, rGHp) was inserted into the
HindIII site of pGL3-basic vector and pGL3-TK generating
pGL and pGTK, respectively. rGHp-luciferase and rGHp-
HSV-TK cassettes were excised from pGL and pGTK by
Notl/Xbal and cloned into pEBC, which contains a truncated
EBNA-1 and OriP sequence as previously described (38),
thus generating pEBGL and pEBGTK, respectively. The
vectors are summarized in Fig. 1.

Preparation of HVJ-liposomes. A lipid membrane was
generated by drying 10 mg of lipid mixture using a rotary
evaporator. A DNA-containing liposome was constructed
from the lipid membrane and 200 p1 of balanced salt solution
(BSS) containing 200 ug of DNA with vortexing method.
The liposome was fused with the ultraviolet-inactivated-
hemagglutinating virus of Japan (HVJ) followed by purification
by sucrose density gradient ultracentrifugation to form HVIJ-
liposomes (39). The final liposome suspensions were prepared
as a BSS mixture, each volume was 1000 and 3000 ul for
in vitro and in vivo use, respectively.

Optimized HVJ-cationic liposomes (HVIJ-opDC liposomes)
were used for the in vitro experiments. The lipid composition
was as follows: egg phosphatidylcholine (ePC):dioleoylphos-
phatidylethanolamine (DOPE):egg sphingomylin (eSph):
cholesterol (Chol):38-[N-(N',N"-dimethyl-aminoethan)
carbanoyl] cholesterol (DC-Chol)=5:5:5:12:3 in a molar ratio
(40). For in vivo experiments, we selected an HVJ-artificial
viral envelope (AVE) anionic liposome, as previously described
(41). The lipid composition was as follows; ePC:DOPE:eSph:
bovine brain phosphatidylserine (bPS):Chol=16.7:16.7:16.7:
10:5 in a molar ratio.

In vitro luciferase assay. The cells were passaged onto 24-well
plates at a density of 2x103 cells per well 24 h before trans-
fection. To correct for transfection efficiencies, one microgram
per well of pGL or pEBGL was transferred with 0.02 ug
per well of positive control plasmid pRLCMV, harboring a
renilla luciferase gene driven by human cytomegalovirus
promoter, to the cells using the HVJ-opDC cationic liposome
method. After 24 h, the liposome containing media were
changed to fresh media. Harvesting was performed every
24 h in passive lysis buffer (Promega Corp.) from 24 to 144 h
after the transfection. Total cell lysate of 20 ul was prepared,
and luciferase activity was measured using a dual luciferase
reporter gene assay system (Promega Corp.) with a lumino-
meter. At each time point, four samples from 4 wells were
used for each assay. We repeated the experiments at least
three times.

In vitro gene therapy. The cells (mGH3 or C6) at a density of
1x10° cells per well were plated onto 24-well plates 48 h
before transfection (day -2). pGTK or pCTK or pEBGTK
were transferred into cells, using the HVJ-opDC cationic
liposome method (day 0). Two hundred micrograms of each
plasmid were mixed with 10 mg of lipids. One microgram of
plasmid DNA enveloped by HVJ-liposome was added to each
well. After 24 h, liposome containing medium was changed
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Figure 1. A schematic representation of the plasmids used in this experiment. pPCMV, human cytomegalovirus promoter; tGHp, rat growth hormone promoter;
EBNA-1, Epstein-Barr virus (EBV) nuclear antigen-1; oriP, EBV latent origin of replication; HSV-tk, herpes simplex type-1 thymidine kinase.

to fresh medium. To test GCV sensitivity, the drug was added
to the medium at a final concentration of 0-1000 #M daily from
day 1 to day 7. On day 8, viable cells were counted by means
of a trypan blue exclusion method. The median inhibitory
concentration (IC,), which represents a 50% growth inhibition
relative to the control, was calculated using curving-fitting
parameters.

These in vitro gene therapies were carried out in four
combinations as follows: GCV group, cells were treated only
by GCV; pGTK group, cells were transfected with pGTK
followed by GCV treatment; pCTK group, cells were treated
by pCTK and GCV; pEBGTK group, cells were treated by
pEBGTK and GCV, for each cell line.

Animal experiments. All experimental animals had free access
to food and water, a 12-h light, 12-h dark cycle, and constant
housing temperature and humidity. They were handled in a
humane fashion according to the Nagasaki University Labor-
atory Animal Care and Use Committee Guidelines. Seven- to
8-week old female athymic mice (BALB/c AnNCrj-nu,
Charles River Japan Inc., Kanagawa, Japan) or eight- to
10-week old female Wister-Furth rats (Nagasaki University
Laboratory Animal Center, Nagasaki, Japan) were used in
this study.

In vivo luciferase assay. For the in vivo luciferase assay 200 ug
of plasmid was mixed with 10 mg of lipids to prepare the HVJ-
AVE anionic liposomes as described previously. To correct
for transfection efficiencies, 196 ug of pGL or pEBGL were
co-transferred with 4 ug of positive control plasmid pRLCMV
in each experiment. mGH3 cells (1x10°) were inoculated
subcutaneously into the flank area of Wister-Furth rats. Three
weeks after the injection of the cells, tumors 5-10 mm in

maximum diameter developed, 200 ul of the HVIJ-liposome
suspension was injected directly into the tumor for three
consecutive days. The rats were sacrificed every three days
from day 4 to day 25, and the total homogenate lysates of
tumors or various normal tissues/organs were prepared using
passive lysis buffer. Luciferase activities of total homogenates
were measured as described above.

In vivo gene therapy. Approximately 2 weeks after the injection
of 1x10° mGH3 cells subcutaneously into the flank area of
nude mice, when the tumor size reached 5 mm in maximum
diameter, the mice were divided into 6 groups as follows:
group 1, the tumors were injected with 200 ul of pEBGTK-
enveloping-HVJ-liposome suspension for three consecutive
days (day 0-2) followed by the daily intraperitoneal GCV
injection of 50 mg/kg body weight (B.W.) from day 2 to
day 14 (n=8); group 2, the tumors were injected with 200 p1
of pGTK-enveloping-HVJ-liposome suspension for three
consecutive days (day 0-2) followed by the daily intraperitoneal
GCV injection of 50 mg/kg B.W. from day 2 to day 14 (n=8);
group 3, the tumors were injected with 200 ul of pEBGTK-
enveloping-HVJ-liposome suspension for three consecutive
days (day 0-2) without GCV administration (n=8); group 4,
the tumors were injected with 200 ul of BSS for three
consecutive days (day 0-2) followed by the daily intraperitoneal
GCV injection of 50 mg/kg B.W. from day 2 to day 14 (n=8);
group 5, the tumors were injected with 200 ul of pEBGL-
enveloping-HVJ-liposome suspension for three consecutive
days (day 0-2) followed by the daily intraperitoneal GCV
injection of 50 mg/kg B.W. from day 2 to day 14 (n=8);
group 6, the tumors were injected with 200 ul of pCTK-
enveloping-HVJ-liposome suspension for three consecutive
days (day 0-2) followed by the daily intraperitoneal GCV
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Figure 2. EBV-based vector prolonged and enhanced the transgene expres-
sion in vitro. The relative luciferase activity in cultured mGH3 cells. Cells
(2x10%) were transfected with 1 pg of plasmid DNA, using HVJ-opDC
cationic liposome method. The ordinate indicates relative light units of firefly
luciferase per rinella luciferase activity as measured by a luminometer. The
mean value of quadruplicate plates is indicated. The abscissa represents the
days after the gene transfer. Using pEBGL, the relative luciferase activity
increased daily after transfection. At 144 h post transfection, the luciferase
gene expression of pEBGL was enhanced to a level 39 times higher than
that of pGL.

injection of 50 mg/kg B.W. from day 2 to day 14 (n=8). The
tumors were measured with a caliper each third day until day
24 or until the tumor size reached 20 mm. The tumor volume
was calculated as follows: volume = a? x b/2 (mm?), where a
= long diameter and b = short diameter.

Statistical analysis. For the luciferase assays, cytotoxicity
assays and a comparison of tumor volumes, either Student's
t-test or the Cochran-cox test was used. A P<0.05 was
considered to indicate significance. The StatMate III software
program for Macintosh (atms, Tokyo Japan) was used for all
statistical analyses.

Results

Enhanced transgene expression using EBV-based expression
vector in vitro. We analyzed the transgene expression of
plasmid pGL or pEBGL in rat malignant pituitary somato-
troph tumor cell lines mGH3 transfected by the HVJ-opDC
cationic liposome method. As shown in Fig. 2, when pGL was
transfected to mGH3, the relative luciferase activity increased
until 48 h and then it gradually decreased thereafter. When
pEBGL was transfected, the relative luciferase activity
increased gradually until 144 h post transfection. At 144 h
post transfection, the luciferase gene expression of pEBGL
was enhanced to 39 times higher than that of pGL, and this
activity was 12 times higher than the peak luciferase activity
of pGL. No luciferase activity was found in the rat glioblastoma
cell line C6 transfected with pEBGL or pGL by HVIJ-liposome
at 72 h post transfection (data not shown).

Long-term transgene expression analysis in vivo. HVJ-AVE
anionic liposome enveloping plasmid pEBGL and pRLCMV
was injected directly to the subcutaneous tumor developing
on a flask of Wister-Furth rats. As shown in Fig. 3A, the
luciferase activity was assayed from day 4 until day 25 after
transfection. The activity remained elevated until day 7 after
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Figure 3. A, EBV-based vector prolonged and enhanced the transgene
expression in vivo. The relative luciferase activity in tumors in Wister-Furth
rats. Tumor-bearing rats were transfected with pEBGL or pGL. Tumors ~5-
10 mm in maximum diameter developed, 200 y1 of the HVJ-AVE anionic
liposome suspension was injected directly into the tumor for three consecutive
days. The rats were sacrificed each day and the total homogenate lysates
were prepared. The luciferase activities of the homogenates were measured
as described above. The ordinate indicates the relative light units of firefly
luciferase per rinella luciferase activity. The mean value of quadruplicate
plates is indicated. The abscissa represents the days after the gene transfer.
When pEBGL was used, the activity increased by day 7 after transfection,
and then decreased thereafter. However, the expression level remained constant
from day 13 through day 24. The transgene expression ability was 12 times
and 84 times higher than that of pGL on day 7 and 21 post transfection,
respectively. B, no remarkable transgene expression ability of the EBV-based
vector was seen in normal organs/tissues in vivo. The relative luciferase
activity in normal organs and tumors of tumor-bearing Wister-Furth rats 7 days
after the gene transfer. The plasmid pEBGL-containing HVJ-AVE anionic
liposome suspension was directly injected into the tumors in the flank area
of rats. The total homogenate lysates of normal organs/tissues or tumors were
prepared as described above. The ordinate indicates relative light units at
firefly luciferase per rinella luciferase activity. The mean value of quadruplicate
plates is indicated. No remarkable luciferase activity was seen in the normal
organs or tissue of the tumor-bearing rats compared to that of tumor tissue.

transfection, and thereafter it decreased up until day 12.
However, the expression level remained constant after day 13
through day 24. When pGL was used, the luciferase expression
was 1/12 and 1/84 times lower than pEBGL on days 7 and 21,
respectively.

To analyze the transgene expression activity of pEBGL
in normal organs, plasmid pEBGL and pRLCMYV enveloped
by HVJ-AVE anionic liposome were injected intratumorally
to the tumor-bearing Wister-Furth rats. Either extremely low
relative luciferase activity or none at all was found in the
samples obtained from normal tissue lysates (Fig. 3B), despite
the fact that considerable renilla luciferase activities driven
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Figure 4. A, a significant enhancement of GCV susceptibility of mGH3 cells
was seen for the in vitro gene therapy using the EBV-based vector. On day
0, mGH3 cells were transfected with pGTK or pCTK or pEBGTK, using the
HVIJ-0pDC cationic liposome method. GCV was added to the medium at a
final concentration of 0-1000 M daily from day 1 to day 7. On day 8,
viable cells were counted by means of the trypan blue exclusion method.
The median inhibitory concentration (ICs), which represents a 50% growth
inhibition relative to the control, was calculated using curving-fitting para-
meters. The ICy, to GCV shifted from 91.7 M in control cells (non-transfected
cells) to 0.47 uM in pEBGTK-transfected cells, thus indicating a 160-fold
reduction by pEBGTK transfection. B, no remakable enhancement of the
GCV susceptibility was seen in in vitro gene therapy using pGTK or pEBGTK,
in the rat glioma C6 cell line. The C6 cells were transfected with pGTK or
pCTK or pEBGTK, using the HVJ-opDC cationic liposome method. GCV
sensitivity was studied in the same manner as the mGH3 cell line. The median
inhibitory concentration (ICsy) was calculated. The ICs, to GCV shifted
from 526.7 uM in the control cells (non-transfected cells) to 127.3 uM in
pCTK-transfected cells, indicating a 4-fold reduction by pCTK transfection.
No significant ICs, reduction was seen in the pGTK- or pEBGTK-treated
groups.
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by the cytomegalovirus (CMV) promoter were found in all
samples (data not shown). These results indicate that the
transgene expression ability of pEBGL is tumor specific.

In vitro enhanced GCV sensitivity of mGH3 by transfecting
with pEBGTK. The plasmids expressing HSV1-TK were
transferred to cells using HVJ-opDC cationic liposome to
investigate the susceptibility of mGH3 or C6 to the toxic
gene and GCV. Non-transfected cells and cells transfected
with pGTK or pPEBGTK were exposed to various concen-
trations of GCV for 7 days, and cell viability was analyzed
by trypan blue exclusion method. Without transfecting any
suicide gene expressing plasmids, 50 M of GCV induced
partial cytopathic effects (28% cell killing) on mGH3 cells.
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As shown in Fig. 4A, the 50% growth inhibitory concen-
tration (ICs,) of GCV for non-transfected cells was 91.7 uM
on average, calculated by curving-fitting parameters. By
transfecting pGTK or pCTK using HVJ-opDC liposome, the
susceptibility of mGH3 to GCV was weakly enhanced in
comparison with non-transfected cells. The average 1Cs, of
GCV for pGTK- and pCTK-transfected mGH3 cells was 51.6
and 41.7 uM, respectively. pEBGTK transfection by HVJ-
opDC liposome significantly increased the GCV sensitivity
of the mGH3, in comparison to the non-transfection group or
pGTK- or pCTK-transferred cells. The average ICy, of GCV
for the mGH3 cell line transfected with pPEBGTK was 0.47 uM,
thus indicating 90-, 100- and 160-fold reduction in comparison
with that of the pCTK-transfected, pGTK-transfected and
non-transfected cells, respectively.

For the C6 cell line, no significant enhancement of GCV
susceptibility was observed in the cells transferred with pGTK
or pEBGTK. A significant increase in the GCV sensitivity
was only observed in the cells transfected with pCTK (Fig. 4B).
The transfection of plasmids by HVJ-opDC cationic liposomes
with no loading of GCV showed no significant cytopathic
effect on any of the cell lines.

Significant growth inhibition of established mGH3 tumors
in vivo by transferring pEBGTK followed by GCV admin-
istration. To evaluate the in vivo antitumor effects on mGH3
cell tumors by transfection with the plasmid constructs, we
injected either BSS or a suspension of the plasmid-enveloping
HVIJ-AVE liposome into tumors of mGH3 cells in the subcutis
of nude mice, followed by intraperitoneal GCV administration
(50 mg/kg B.W.), when a maximum tumor diameter of 5 mm
was observed to develop. As shown in Fig. 5, a significant
tumor growth delay was only observed in the mice treated
with pPEBGTK transfection followed by GCV administration
(P<0.001 for any other treatment groups). In this treatment
group, one of eight tumors was completely eradicated, and
one of eight tumors transiently disappeared. Other tumors
showed a transient regression in size until day 6, and then they
grew slowly thereafter. In contrast, the GCV-, pGTK/GCV-,
pEBGL/GCV-, and pEBGTK-treated groups failed to show
any tumor growth delay effect. Transferring pCTK followed
by GCV injection showed a remarkable tumor suppression
until day 3, but it failed to show a significant growth delay
effect in comparison to the other treatments thereafter (P=0.878
for GCV group). We did not observe any remarkable adverse
reactions including death during the treatment course or any
loss in body weight.

These results suggest that the Epstein-Barr virus-based
expression vector system remarkably enhances the antitumor
effect on an in vivo tumor model of rat growth hormone
producing pituitary adenocarcinoma.

Discussion

The HSV1-TK/GCYV system is one of the most frequently used
systems for suicide gene therapy in experimental cancer gene
therapy, and also in clinical trials (42-46). In addition, retrovirus
vector is the most often used to transfer this HSV1-TK gene
to tumor cells in clinical suicide gene therapy trials for primary
glioblastoma multifome (GBM) patients (47-50). The efficacy
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Figure 5. Significant tumor growth delay was seen only in the pEBGTK- and
GCV-treated animals. The volume of mGH3 tumors in nude mice treated
with suicide gene therapy. When tumor size reached 5 mm in maximum
diameter after the injection of mGH3 cells subcutaneously into the flank
area of nude mice, mice were divided into 6 treatment groups as follows:
group 1 (e), the tumors were transfected with pEBGTK (day 0-2) followed
by daily intraperitoneal GCV injection of 50 mg/kg body weight (B.W.)
from day 2 to day 14 (n=8); group 2 (a), the tumors were transfected with
pGTK (day 0-2) followed by daily intraperitoneal GCV injection of 50 mg/kg
B.W. from day 2 to day 14 (n=8); group 3 (=), the tumors were transfected
with pEBGTK (day 0-2) without GCV administration (n=8); group 4 (x),
the tumors were injected with 200 u1 of BSS (day 0-2) followed by daily
intraperitoneal GCV injection of 50 mg/kg B.W. from day 2 to day 14
(n=8); group 5 (T), the tumors were transfected with pEBGL (day 0-2)
followed by daily intraperitoneal GCV injection of 50 mg/kg B.W. from
day 2 to day 14 (n=8); group 6 (o), the tumors were transfected with pCTK
(day 0-2) followed by daily intraperitoneal GCV injection of 50 mg/kg B.W.
from day 2 to day 14 (n=8). The tumors were measured every three days
by a callipering method, and the tumor volume was calculated using the
following formula, (short diameter)?> x (long diameter)/2. The ordinate
indicates the relative tumor size, and the abscissa represents duration of
treatment. pGTK/GCV, pEBGTK/GCV, pEBGTK, and GCV treatment
groups showed no tumor growth delaying effect. Until treatment day 3,
the pCTK/GCV treatment showed a remarkable tumor growth suppression,
but it failed to thereafter show a significantly larger growth delay than the
other four treatment groups. Only pEBGTK/GCV treatment successfully
showed a significant tumor growth delaying effect up until treatment day 24.

of this paradigm for experimental glioma models has been
demonstrated (51,52). However, to date, this gene therapy
system has demonstrated only a minimal therapeutic effect
on GBMs in clinical use (50,53). This dissociation is caused
by the difference in the mitotic activity between an animal
glioma model and human GBMs (49). Retroviral vectors can
exclusively transfect into dividing cells. The proliferative
ability of tumors in nude mice is higher than that of human
GBMs (54). The relatively low mitotic activity of the human
GBMs causes a low transfection efficiency of the retroviral
vectors to tumor cells, thus resulting in the marginal tumor
suppression effect in human clinical trials (48,55). Since human
pituitary tumors are relatively slow growing compared to
GBMs, retrovirus gene transfer system might be not adequate
gene therapy for pituitary tumors. The HSV1-TK gene product
acts by mono-phosphorylating nucleoside analogues such as
gancyclovir, which are then further phosphorylated by cellular
kinases to triphosphate metabolites and incorporated into
replicating DNA, thus leading to apoptosis (56,57). As a
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result, the efficiency of the HSV1-TK/GCV system itself also
depends on the mitotic ability of the transduced cells, thus
leading to a low anti-tumor effect in clinical use (48,55). The
relatively long term expression of transgene is therefore
considered to be crucial to achieve an adequate antitumor
effect when the HSV1-TK/GCV system was used.

For this reason, an Epstein-Barr virus (EBV) based expres-
sion vector system was used in this study. This vector harbors
the cis-acting oriP (the latent viral DNA replication origin) and
the frans-acting EBV nuclear antigen-1 (EBNA-1) sequences,
which are required for the EBV latent infection (34). This
latent infection is characterized by an autonomous replication
and nuclear retention of the EBV genome in the host cells,
both of which are one of the mechanisms through which
EBV-based vector activates transgene expression (35,36). In
addition, another mechanism is the transcriptional activation
of EBNA-1 through its binding to oriP (61). Using this EBV-
based luciferase construct, pPEBGL, reporter gene assay showed
a significantly higher luciferase activity than the non-EBV-
based counterpart, pGL, and this strong activity was prolonged
until day 7 post-transfection in vitro, and day 25 post-trans-
fection in vivo. This strengthened expression ability thus
resulted in a remarkable improvement in tumor controllability.
The antitumor ability of pEBGTK/GCYV in suicide gene
therapy was 110 times that observed in vitro, and 17 times
that seen in vivo, in comparison to pGTK/GCV, which did
not show any tumor growth inhibition in comparison to only
GCV treatment. pCTK vector harbors the TK gene driven by
a strong promoter, but not long-term expression ability.
Consistently with this, in vivo gene therapy, pCTK/GCV
treatment showed a significantly stronger tumor suppression
than pPEBGTK/GCV at day 3 of the treatment, but less anti-
tumor effect than pEBGTK/GCV, thereafter. According to
these results, the long and strong transgene expression ability
of the vector system is therefore considered to be one of the
most important issues for successful tumor control in cancer
gene therapy, and the EBV-based expression vector system is
thus considered to be suitable for inducing the expression.

Although pituitary tumors are relatively localized as well
as slow growing lesions, these tumors locate in pituitary gland
containing various hormone producing cells and easily invade
the surrounding structures. Partial destruction of tumor cells is
of clinical benefit either because of a mass reduction or because
the pathological hormone levels can be lowered. They are
biologically well-defined tumors, which usually produce
excessive amounts of transcription factors or hormones. These
highly-specialized tumor cells provide an opportunity for the
targeted expression of therapeutic genes to develop using cell
type specific promoters. In this study, we used the rat growth
hormone promoter (-320-0) as the tissue-specific promoter
for treating GH producing pituitary adenocarcinoma. No sig-
nificant luciferase activities were shown by an in vivo reporter
gene assay for samples from various normal tissues or the
organs of rats, transfected with luciferase gene-harboring
plasmids using HVJ-AVE liposome via intratumoral injection.
We also could not detect any luciferase activities from the
normal pituitary glands of these rats, this may be due to the
down-regulation of GH secretion from normal somatotroph
cells, thus resulting from an excessive amount of GH from
the mGH3 tumors. For the in vivo gene therapy using this
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promoter, no remarkable toxicity including weight loss was
found in combination with the HSV1-TK and GCV therapy
(data not shown).

One of the major limitations of this tissue-specific promoter,
concerning suicide gene therapy, is the lower and transient
expression activity of the promoter than that of universal type
promoter (58-60). In this study, pGL showed low luciferase
activities during a short period after the transfection in vitro
as well as in vivo. In suicide gene therapy, the transfection
of pGTK demonstrated a slight improvement of GCV
susceptibility in vitro, and no significant delaying effect on
tumor growth after the administration of GCV in vivo, in
comparison with the control animals treated by GCV only.
Using the rat GH promoter (-320-0) alone, the level of
expression of the HSV1-TK suicide gene was not sufficient
to achieve an adequate therapeutic effect, although this
promoter restricted the transgene expression only in the
tumor, not in normal tissues/organs. In suicide gene therapy,
the transgene expression strength of a promoter is one of the
major determinants to achieve an adequate therapeutic effect
(4041 44). Therefore, to obtain measurable anti-tumor abilities
in this tissue-specific gene therapy, the expression activities
of the promoters need to be strengthened. From this point of
view, the EBV-based expression vector system is sufficient
to obtain transgene expression even if under the control of
tissue-specific promoters.

Fig. 4A showed that the IC, of pPEBGTK is significantly
lower than that of pCTK, although the promoter activity itself
of pCTK (hCMYV promoter) is approximately 49-times higher
than that of pEBGTK (rat GH promoter). This significant
dissociation is not explained only by the relatively long-term
expression ability of an EBV-based vector. Since one of the
critical disadvantages of using a non-viral vector is the post-
transfection inactivation of vectors, an EBV-based vector
system may have compensatory mechanisms against this type
of intracellular inactivation (61). Episomal maintenance can
allow the vector to avoid cellular inactivation, and this may
be an important feature of EBV-based vectors.

This pEBGTK/GCV treatment strategy resulted in no
remarkable gene therapy-induced adverse reaction, including
weight loss or death either during the treatment or observation
period. Using the viral vector, such as adenoviruses, with weak
promoters, such as tissue-specific promoters, in suicide gene
therapy, a higher amount of the virus would thus be needed
to obtain a remarkable therapeutic effect (24,36,62), than the
universal promoter used. This leads to an increased risk of
liver toxicity (63) as well as chronic cerebral inflammation
induced by the viruses (22,25,26). HVJ-liposome has been
developed as a fusion liposome vector with inactivated HVJ
virus to obtain high transfection efficiency compared with
ordinary liposome vectors. Different from viral vectors, HVJ-
liposome does not contain viral DNA at all, and seldom yields
immune reaction as well as liposome (40). In this study, by
using the EBV-based vector and non-viral HVJ-liposome
transfection, the strengthening of the transgene expression in
tissue-specific gene therapy was thus able to elicit a beneficial
therapeutic outcome, which resulted in improved tumor
control with no serious side-effects.

The most important issue of this system concerns its safety
in human gene therapy, especially the potential oncogenicity of
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EBNA-1 (30,61). Wilson et al reported that B cell lymphoma
occurred in EBNA-1 transgenic mice (64). In our vector system,
EBNA-1 is driven by the human cytomegalovirus promoter.
This promoter is usually inactivated in transfected cells by
physiological intracellular mechanisms. The long-term and
high-level expression of EBNA-1 is considered to be related
to the transforming activity of this gene and, as a result, the
transient expression in our system may not result in tumori-
genicity. Further investigation to confirm the safety of this
vector system is required. However, these results demonstrated
the first evidence that a novel type of EBV-based suicide
gene therapy can contribute to an effective and selective
gene therapy for GH producing pituitary tumors, which are
refractory to conventional therapy.
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