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ABSTRACT 

Glioblastoma multiforme (GBM) is the most common 
and aggressive primary brain tumor in adults. In the 
past few decades, many efforts have been made to im- 
prove the prognosis of GBM, however, with limited 
success. Many gene therapy strategies for GBM have 
been developed and a few have progressed to clinical 
trials. Retroviral vectors have superior features for 
gene therapy in brain cancers, including tumor speci- 
ficity, immunogenicity, and longer half-life. Early gene 
therapy trials in GBM patients based on transplanta- 
tion of retrovirus-producing cells into the brain failed 
to prove efficacious. Adenoviral vectors, which can be 
prepared as high-titer virus solutions and undergo ef- 
ficient transduction in tumor cells, failed in clinical 
trials, likely due to immunogenicity and instability of 
gene expression. Alternative therapeutics such as on- 
colytic viruses that specifically target and destroy can- 
cer cells are currently under investigation. In addi- 
tion to novel vectors, retroviral vectors are still at- 
tractive candidates for use in gene therapy against 
brain tumors. Since yields of properly-packaged viral 
particles from virus-producing cells have been very li- 
mited so far, gene therapy by direct injection of high- 
titer retroviral vectors into the patients’ brains was 
not possible. To overcome these disadvantages, a pa- 
ckaging cell line that yields high-titer retroviral solu- 
tions was established by our group, enabling the di- 
rect injection of massive retroviral vector stocks di- 
rectly into the brain. Mouse glioma models were ef- 
fectively cured with a combination of a suicide gene/ 
prodrug system and a highly-concentrated retrovirus 
solution. Preclinical assessments, including that of re- 
plication-competent retroviruses and tumorigenicity 
of the combination method, have confirmed the safety 
of the highly-concentrated retrovirus solution. Addi- 

tional studies are needed to address the clinical utility 
of such combination gene therapies. Taken together, 
these data suggest that retroviral vectors are still good 
candidates for development in gene therapy applica- 
tions. 
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1. CURRENT THERAPY FOR 
GLIOBLASTOMA 

Glioblastoma multiforme (GBM) is the most common 
and most aggressive malignant primary brain tumor in 
adults. Despite aggressive surgical resection coupled 
with optimized radiation and chemotherapy, GBM pa- 
tients carry one of the worst prognoses and the median 
survival is 12 to 15 months [1-3]. The resistance to treat- 
ment and highly invasive property are representative bio- 
logical features of GBM that prohibit improvements in 
the prognosis after conventional therapies. The current 
standard of care for GBM patients includes maximum 
surgical resection combined with radiation and concomi- 
tant and adjuvant temozolomide (TMZ) therapy [4]. Even 
with this multimodal therapy, extension of the median 
survival is only two to three months. Due to the poor 
prognosis despite the use of multimodal therapy, there is 
an urgent need for the development of effective novel 
therapies. Gene therapy is becoming a promising thera- 
peutic alternative among of the many strategies explored 
for GBM. 

2. GENE THERAPY STRATEGY FOR 
MALIGNANT TUMORS 

Gene therapy is a technique for correcting defective 
genes responsible for disease development or for remov- 
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ing malignant cells by killing these cells. Viral vectors 
are used to transfer the therapeutic genes into the target 
cells or tissues in patients. In gene therapy for congenital 
disorders, most of the gene sequence is used to supple- 
ment or alter the defective function. The first clinical trial 
of gene therapy for a genetic disorder was performed on 
patients with adenosine deaminase severe combined im- 
munodeficiency (ADA-SCID) [5]. The absent or mu- 
tated adenosine deaminase in this disease was delivered 
by retroviral vector ex vivo to complement this enzyme. 
Contrary to the case of congenital disorders, it is not easy 
to obtain the therapeutic efficacy by transfer of correct 
genes into malignant tumors. A small number of non- 
transduced cells contribute to tumor recurrence by es- 
caping the therapy. One of the most challenging prob- 
lems in gene therapy is gene delivery. Low transduction 
rate of therapeutic genes leads an ineffective treatment, 
especially in gene therapy for malignant tumor [6]. Gene 
therapy by transfer of correct genes into tumors requires 
a higher rate of transduction to kill most tumor cells and 
current transduction methods are inadequate for eradi- 
cation of metastatic or highly invasive tumors. The low 
transduction rate can be partially resolved by develop- 
ment of “suicide” gene therapy using a combination of 
toxic genes and prodrugs [7]. Suicide gene therapy capi- 
talizes on the so-called “Bystander effect”, a phenome- 
non in which toxic metabolites derived from the prodrug 
are transferred from the transduced cells expressing the 
toxic gene to neighboring non-transduced cells via gap 
junctions; this effect is recognized as a critical compo- 
nent that helps obtain therapeutic efficacy with suicide 
gene therapy [8]. In fact, we and others reported that sui- 
cide gene therapy had a transduction rate as high as 10% - 
70% and induced effective tumor regression in experi- 
mental models of brain cancer [9-11]. The basic principle 
of many gene therapies for malignant tumors is based on 
this mechanism and the use of viral vectors for gene de- 
livery. 

3. FIRST GENE THERAPY FOR GBM 
USING RETROVIRUS-PRODUCING 
CELLS 

Gene therapy for glioma patients was initiated in 1992 at 
the National Institute of Health in United States [12]. 
This clinical trial was based on suicide gene therapy, 
which utilizes the combination of the herpes simplex vi- 
rus thymidine kinase (HSVtk) gene and the prodrug gan- 
ciclovir (GCV). It is now a well-known strategy and its 
efficacy has been confirmed [13-15]. The bystander ef- 
fect can be induced by optimizing the timing of GCV 
administration and therapeutic efficacy is increased in 
this system. The strategy of the clinical trial consists of 
GCV administration and the transduction of retrovirus 
vector harboring HSVtk gene, which induces the conver- 

sion of GCV to toxic metabolites. However, the retrovi- 
ral titer was unfortunately too low in the clinical trial; 
therefore, virus-producing cells (VPCs) were transplanted 
into the tumor cavity to increase the transduction effi- 
ciency (Figure 1). This modified gene therapy was then 
applied to phase III clinical trials, but failed to provide 
efficacy [6]. One reason for the failure of this gene the- 
rapy is caused by the low transduction rate, probably 
caused by the low potential of VPCs to produce the re- 
trovirus and the instability of the xenotransplanted mouse 
VPCs in humans. 

4. SUICIDE GENE THERAPY BY THE 
INJECTION OF ADENOVIRAL  
VECTOR INTO THE WALL OF THE 
TUMOR CAVITY 

Adenoviral vectors have been widely used in gene ther- 
apy studies [16]. Because the genome of adenoviruses 
consists of a linear double-stranded DNA genome, the 
stability of the virus is relatively high, which allows for 
the preparation of high-titer virus solutions. Adenovi- 
ruses are able to transduce both dividing and non-divid- 
ing cells. In experiments, including those in which intra- 
cranial injection was sued for transplantation of retro- 
viral VPCs or adenovirus, much higher transduction rates 
were found in some areas of tumors in mice treated with 
an adenoviral vector [17]. However, an important limita- 
tion in the use of adenoviral vectors has been the diffi- 
culty in obtaining expression stability, because the viral 
genome fails to replicate in the transduced cells. 

Adenoviral vectors were adapted to improve the trans- 
duction rate in clinical trials of suicide gene therapy us- 
ing HSVtk [18-22]. In these clinical trials, adenoviruses 
were injected multiple times into healthy brain tissues in 
the tumor cavity following surgical removal of the solid 
tumor mass, which was then followed by GCV admini- 
stration (Figure 1). An improvement in the median sur- 
vival period of glioma patients treated with this vector 
has been reported [22]. The assessment of the safety of 
this suicide gene therapy was performed by serological 
assessment, i.e., routine blood and urine analysis and the 
detection of anti-adenoviral antibodies. These assess- 
ments indicated that the therapy was well-tolerated and 
no major alterations in routine laboratory test results were 
observed. Recently, Ark Therapeutics completed three 
clinical trials with Cerepro, based on an adenovirus-me- 
diated HSVTk gene therapy, and reported significant ef- 
ficacy in recent phase III trials [23]. However, the Euro- 
pean Medicines Agency (EMA) has denied approval for 
Cerepro and further trials are required to meet regulatory 
requirements for approval [23]. 

5. ONCOLYTIC VIRAL THERAPY 

Oncolytic viral vectors are based on the capacity of vac-  
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Figure 1. Strategy of suicide gene therapy against glioblastoma. Upper, First clinical trial for glioma pa- 
tients held in 1991 at the National Institute of Health, USA. VPCs producing HSVtk-carrying retrovirus 
were transplanted into the patient’s brain, followed by GCV administration. Middle, Adenoviruses harbor-
ing HSVtk are injected into the wall of the tumor cavity, formed after the removal of the tumor mass. 
Transduced normal or tumor cells surrounding the cavity converted the GCV to GCV-monophosphate 
(GCV-MP) via the catalytic activity of HSVtk. GCV-MP was converted to GCV-diphosphate (GCV-DP) 
and then finally to GCV-triphosphate (GCV-TP) by endogenous kinases inside transduced cells. GCV-TP 
inhibits DNA synthesis and leads to cell death. Because GCV-MP, GCV-DP, and GCV-TP disperse to 
neighboring cells through gap junctions, the non-transduced cells are also killed by this bystander effect. 
Tumor-specific cell death is based on the differential sensitivity to GCV-TP. Most normal cells that are no 
longer undergoing cell division are not affected by GCV-TP. Contrary to this, dividing tumor cells are sus-
ceptible to GCV-TP-induced apoptosis due to inhibition of DNA synthesis. Bottom, A highly-concentrated 
retrovirus solution is injected into the wall of the tumor cavity, followed by GCV administration. Retrovi-
ruses selectively transduce to the tumor cells in the brain and stably express HSVtk. By allowing transduced 
tumor cells to migrate and disperse into tumor tissues, non-transduced cells distant from the cavity can be 
effectively killed via the bystander effect. 
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cinia, HSV, and Reo viruses to preferentially infect and 
lyse cancer cells [24]. Different from genetically engi- 
neered replication-incompetent retro- and adenoviral vec- 
tors, oncolytic viral vectors destroy tumor cells through 
specific replication in these cells and expression of anti- 
tumor genes encoded by the vector. After lysis of infect- 
ed tumor cells, thousands of viral progeny are released 
and spread to neighboring tumor cells. Because of the re- 
plication-competence of these viruses, the virus dosage 
required to achieve therapeutic efficacy seems to be low, 
compared with retro and adenovirus vectors. In addition, 
oncolytic viral vectors can also stimulate anti-tumor im- 
mune responses [25,26]. The immune cells responsible 
for adaptive immunity are recruited to the site of the in- 
fection and participate in both the killing of virally in- 
fected cells and the production of antibodies against the 
foreign antigen, typically a tumor-specific antigen. In 
contrast, the innate immune system limits viral propaga- 
tion, signals for maturation of antigen-presenting cells, 
and activates the adaptive immune response through an- 
tigen-specific T and B cell maturation. In recent years, 
clinical trials for glioma patients using oncolytic viral 
vectors have been performed and of these an HSV-based 
vector, HSV1716, has entered Phase III clinical trials in 
recurrent glioblastoma and we are currently awaiting the 
results. 

6. GENE THERAPY WITH DIRECT  
ADMINISTRATION OF A HIGH-TITER 
RETROVIRUS SOLUTION 

Due to a lower potential for viral particle production by 
retrovirus-packaging cells, clinical trials for malignant 
glioma by direct injection of retroviruses has never been 
performed. However, retroviral vectors have desirable 
features for use in gene therapy of malignant glioma. 
After retroviral infection, DNA reverse-transcribed from 
the retroviral RNA genome can integrate into the host 
genome only during mitosis. Brain tumor cells divide 
continuously, while most brain cells are differentiated 
and have ceased cell division. Thus, transduction and ex- 
pression of toxic genes, driven by the integrated retrovi- 
ral sequences, occurs only in tumor cells within the 
brain.  

Stability of viral vectors in vivo during gene transfer is 
a major concern for achieving high transduction effici- 
ency. It is well-known that retroviruses are inactivated by 
human serum due to the triggering of the classical com- 
plement cascade [27]. Contrary to this, one study found 
that there was no inactivation of retrovirus in the cere- 
brospinal fluid of patients with glioma or unrelated dis- 
orders [28]. These data suggest that gene transfer using 
retroviruses could be performed and directed into the 
tumor cavity after the removal of the tumor in glioma 
patients. To develop such a gene therapy, we established 

a retrovirus-producing cell line, PAMP51, that produces 
viruses (at a titer > 1 × 107 CFU/mL) by introduction of 
the polyoma early region into the retroviral genome [29]. 
This method of virus production enables the injection of 
massive amounts of retrovirus directly into the patient’s 
brain (Figure 1). If low-yield virus-producing cell lines, 
with titers of ~1 × 106 CFU/mL, were used for the 
therapy, more than a 100 L of virus solution would need 
to be administrated into the brain, to ensure that 1 × 1011 
retroviruses are administered to the same number of cells, 
found in a tumor mass of a diameter of 5 cm. This is an 
unreasonable amount of viral solution to have to admini- 
ster to patients. Thus, a highly-concentrated viral solu- 
tion greatly improves the likelihood and successful use 
of direct retroviral injection-based gene therapy. We re- 
ported that retrovirus solution could be readily concen- 
trated to 1 × 1011-12 CFU/mL by using high-yield virus- 
producing cells and low-speed centrifugation [11]. Be- 
cause the polyoma early region enhances transcription of 
the retroviral genome from long terminal repeat (LTR) 
promoter, the production of empty viral particles without 
the RNA genome is dramatically reduced in the culture 
supernatant of PAMP51 cells. Empty viral particles can 
occupy the retroviral receptor on target cells and obscure 
the transduction of retroviral vector; moreover, the viral 
solution cannot be concentrated easily when empty viral 
particles are dominant in the solution. Thus, the concen- 
trated retroviral solution prepared from PAMP51 cell 
culture supernatant is of high purity and appears to be 
safe for use in gene therapy. To evaluate the efficacy of 
the suicide gene therapy by direct injection of a highly- 
concentrated retrovirus solution, mouse glioma models 
were treated with the vector, followed by GCV admini- 
stration [11]. In this model, the glioma was effectively 
cured by gene therapy using this technology. Also, by- 
stander effects were considered to be most important fac- 
tor for this gene therapy. The timing of the viral injection 
and GCV administration were scheduled to allow for the 
distribution of transduced cells in the tumor mass and 
maximization of induction via the bystander effect. Be- 
cause the gene expression from the retroviral vector is 
very stable, even non-transduced cells distant from the tu- 
mor cavity were targeted via the bystander effect. In 
addition, the cells transduced with the retroviral vector 
have been suggested to prime the immune system. When 
mice once treated with the gene therapy were challenged 
again by subcutaneous injection of tumor cells, the grow- 
th of the tumor cells was completely suppressed [11]. 
Thus, not only does the reaction help reduce the tumor 
mass but it also has the potential to prevent tumor recur- 
rence. 

In clinical trials for X-linked severe combined immu- 
nodeficiency (SCID) using a retroviral vector [30], leu- 
kemia occurred due to the insertion of the retroviral 
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genome at the proto-oncogene LMO2 [31]. The clinical 
trials of gene therapy using retroviral vector were sus- 
pended in 2003. However, the efficacy of this gene the- 
rapy had been confirmed and the development of leuke- 
mia was restricted to the youngest patients in the trial. 
The clinical trials for this disease were allowed to resume, 
but were resuspended in the next year. In suicide gene 
therapy for tumors, leukemogenesis is unlikely to be a 
concern in most cases, since transduced cells are killed 
by GCV administration. Furthermore, retroviruses are 
readily inactivated in serum as described above; there- 
fore, the incidence of retroviral infection in leukocytes in 
vivo is likely to be lower than in X-linked SCID treated 
using ex vivo gene therapy. 

Another safety issue in gene therapy with direct admi- 
nistration of a high-titer retrovirus solution is with the 
use of replication-competent retroviruses (RCRs). The 
adverse effects of retroviral propagation in the human 
body are still not known. Because a large amount of re- 
troviral vector needs to be administrated to patients in 
this gene therapy, the assessment of the effects of RCRs 
has been performed according to the strict regulations set 
forth in Good Laboratory Practice Regulations in many 
countries. No RCR was detected in our high-titer retro- 
virus vector. In addition, oncogenesis and other side ef- 
fects were not induced by the injection of a highly con- 
centrated retrovirus (1 × 1011 CFU) into the brain of a 
primate model, the common marmoset, when assessed 
over 2 years [unpublished data]. Further tests are still 
needed to ensure the safety of this gene therapy. 

Transcriptional targeting of tumor cells is ideal in 
suicide gene therapy to reduce the side effects against 
normal cells. Tissue- and cancer-specific gene promoters 
have been utilized for restricted expression of toxic genes 
[32-35]. In addition, the LTR promoter of retroviral vec- 
tors is occasionally inactivated in transduced cells. Be- 
cause myelin basic protein (MBP) is mainly expressed in 
the brain, its promoter has been used to regulate HSVtk 
gene expression in retroviral vectors [32]. The combina- 
tion of a retroviral vector and the brain-specific expres- 
sion of HSVtk gene keeps normal cells in the brain from 
undergoing retroviral transduction-induced apoptosis. 
The SSX4 promoter was identified as a tumor-specific 
promoter, being active in most glioma cells and inactive 
in normal cells, and was used for controlling HSVtk ex- 
pression in gene therapy [36]. The SSX4 gene is ex- 
pressed in all glioma cell lines and the utilization of its 
promoter is likely to be effective in most of the glioma 
patients. These tissue-specific promoters facilitate tissue- 
or tumor-specific gene therapy using viral vectors and 
ensure the safety of the therapy. 

7. CONCLUSION 

Many viral vectors have been developed to treat malig- 

nant glioma; however, current gene therapies are not suf- 
ficiently efficacious. Our strategy of gene therapy, us- 
ing a high-titer retroviral vector, has advantages of both 
retroviral and adenoviral vectors. At present, retroviral 
vectors can be concentrated to 1 × 1011-12 CFU/mL in our 
system. Moreover, high transduction rates can be achieved 
with retroviral and adenoviral vectors, ultimately leading 
to a higher efficacy of gene therapies. To perform clini- 
cal trials of this gene therapy for malignant glioma, pre- 
paration of large quantities of retroviral vectors is further 
required. Suspension cultures of VPCs were established 
to scale-up retroviral production. Improvements in retro- 
viral production systems and confirmation of the safety 
and efficacy of suicide gene therapy will enable us to 
conduct clinical trials in and/or treat more patients. 
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