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Abstract

Background High-grade gliomas are highly lethal neoplasms representing
approximately 20% of all intracranial tumors. Cationic liposome-mediated
interferon-beta (IFN-β) gene transfer has been found to induce regression of
experimental glioma. We have previously performed a pilot clinical trial to
evaluate the safety and effectiveness of this IFN-β gene therapy in five patients
with high-grade glioma. Two patients showed more than 50% reduction while
others had stable disease 10 weeks after treatment initiation.

Methods To identify alterations in gene expression in brain tumors 2 weeks
after the gene therapy trial, we used a microarray technology and Gene
Ontology analysis. The results were validated by patients’ clinical course and
findings of histology and autopsy.

Results and conclusions Using hierarchical clustering and principal
component analysis, five series of gene therapy trials were classified
according to the response to IFN-β gene therapy. Significant changes in
gene expression related to immunoresponse and apoptosis were observed.
Moreover, novel patterns of altered gene expression, such as inhibition of
neovascularization, were identified, suggesting the involvement of pathways
reported previously as not involved. Autopsy and histological examinations
revealed dramatic changes in the tumor tissues after therapy in all patients.
Many tumor cells showed necrotic changes, and immunohistochemistry
identified numerous CD8-positive lymphocytes and macrophages infiltrating
the tumor and surrounding tissues; these were probably the effects of therapy.
Simultaneously, CD34-immunoreactive vessels were notably decreased in the
vector-injected brain. This study facilitates the understanding of the antitumor
mechanism and helps identify candidate target molecules for new approaches.
However, additional clinical trials are warranted. Copyright  2008 John
Wiley & Sons, Ltd.

Introduction

Gliomas are the most common primary tumors of the central nervous sys-
tem, accounting for 30% of adult primary brain tumors. The prognosis
of patients with the advanced glioma, glioblastoma multiforme (GBM), is
very poor, with a median survival of 8–10 months [1]. Similar to many
malignant tumors, malignant gliomas including GBM have therapeutically
intractable features related to its biology – characteristically high prolifer-
ation and highly invasive nature that prevent complete tumor resection
and cause significant neurological morbidity and, ultimately, mortality.
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Molecular neurosurgery with gene therapy has been
investigated clinically since 1992 in an effort to overcome
this formidable neoplasm [2]. These clinical trials mainly
included two approaches: (a) suicide gene therapy using
the herpes simplex virus-thymidine kinase (HSV-tk) gene
along with the administration of gancyclovir (GCV) and
(b) cytokine gene therapy [3].

We initiated the cytokine gene therapy wherein the
interferon-beta (IFN-β) gene was delivered via cationic
liposomes in 2000 based on the following preclinical and
experimental studies. In vitro experiments demonstrated
that cationic liposome-mediated human IFN-β gene
transfer to cultured human glioma cells induced a
cytocidal but not a cytostatic response even in IFN-
resistant human glioma cell lines, probably involving
apoptosis [4]. In vivo experiments using nude mice
implanted with human glioma cells intracranially or
subcutaneously revealed that the local administration
of cationic liposomes containing the human IFN-β gene
induced marked tumor growth reduction, prolonged
survival, and natural killer (NK) cell activation [5,6].
In addition, a similar growth-inhibitory effect was also
observed in a syngeneic intracranial mouse glioma model
treated with the liposome-mediated murine IFN-β gene,
and this gene therapy system induced specific cytotoxic
T-cell immunity against mouse glioma and the NK cells
[7,8].

IFN-β has been reported to exert pleiotropic biological
effects [9]. Although identified and named for its ability
to interfere with viral replication in treated cells, IFN-
β has immunomodulatory and anti-proliferative effects.
However, little is known regarding the mechanism of
action of IFN-β that is overexpressed in human neoplasms.
We have previously performed a pilot clinical trial of IFN-β
gene therapy in five patients with malignant glioma [10].
In the present study, we performed a microarray analysis
on tissue samples that were obtained before and after
the IFN-β gene therapy from five patients with malignant
glioma. We detected changes in gene expression that
could be predicted based on previous studies, confirming
the validity of the methods used. We also identified
novel patterns of altered gene expression, suggesting the
involvement of pathways that were previously considered
as not involved in the response of gliomas to IFN-β.
Finally, we validated the novel findings from microarray
analysis by comparing them with the autopsy findings.

Materials and methods

Preparation of liposomes containing
the human IFN-β gene plasmid

Clinical-grade liposomes were prepared at the Human
Gene Therapy Vector-Producing Facility of Nagoya
University. Equipment and procedures in the facility are
sufficient to produce vectors in adequate quantities for
clinical trials of gene therapy. The liposome preparation

used in this study was a frozen concentrate of liposomes
containing the human IFN-β gene (pDRSV-IFN-β). The
pDRSV-IFN-β plasmid included an inserted human IFN-β
gene driven by the Rous sarcoma virus (RSV) promoter.
Prior to administration, the preparation was rapidly
thawed and diluted to the desired concentration (30 µg
of DNA/ml) with sterile phosphate-buffered saline.

Patients

The subjects (gene therapy cases from our previous study
[10], GT1–5) were selected from among patients (age
range 28–64 years) with recurrent malignant gliomas
(GBM or anaplastic astrocytoma [AA]). All patients had
undergone surgery and were diagnosed histologically
with GBM or AA, according to the World Health
Organization (WHO, Geneva, Switzerland) classification.
All the patients had failed to respond to standard
therapy including surgery, radiotherapy, chemotherapy,
and immunotherapy. All the tumors were localized to
the supratentorial compartment, without dissemination
via the cerebrospinal fluid (CSF). Tumor progression was
distinctly evident on sequential magnetic resonance (MR)
images in all patients before their enrollment in the study.
No patient had received prior anticancer therapy for at
least 4 weeks.

Study design

The study design was described in the previous report
[10]. Briefly, the initial treatment comprised tumor
removal and injection of liposomes containing the human
IFN-β gene into the margin of the resulting defect (day
0). Subsequent injection schedules were as follows: days
14, 17, 21, 24, and 28 (GT1) or days 14, 21, and 28
(GT2–5). The surgical margin of the resection cavity
was infiltrated with 1 ml liposomes containing the human
IFN-β gene at a DNA concentration of 30 µg/ml such that
the preparation was evenly distributed among four sites.
Each injection was administered over 5 min (50 µl/ min),
using our original designed needle and a microsyringe
pump. After injection, the needle was left in the brain
for an additional 3 min and then slowly withdrawn. The
subsequent injections on the later days were performed
stereotactically under local anesthesia, delivering 15 µg
(GT1) or 30 µg (GT2–5) of DNA; the same procedure
was used after histologically confirming the presence of
viable-appearing tumor cells. If such tumor cells could
not be detected in any of the biopsy samples obtained
from at least four sites, we did not inject the liposomes.
Injection tracks were chosen so as to optimize coverage
of the tumor based on its size, geometry, and location.
The best response for each patient was derived from
the objective tumor response according to the Response
Evaluation Criteria in Solid Tumors (RECIST) [11].
Complete response was defined as the disappearance of
the enhanced tumor over a period of not less than 4 weeks.
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Partial response was defined as ≥70% decrease in the
maximum diameter of the enhanced lesion. Stable disease
was defined as <70% decrease or <20% increase in the
maximum diameter of the enhanced lesion. Progressive
disease was defined as ≥20% increase in the maximum
diameter of the enhanced lesion or appearance of a new
lesion. Survival was measured from day 1 of gene therapy
until disease progression, or death.

Sampling

Tissue samples were obtained before injection from the
injection site under a microscope during the first surgery.
After the second surgery, samples were obtained using
a stereotactic technique from the injection site. Tissue
samples were immediately divided into two pieces. One
was used for pathological assessment and the other was
immediately frozen with liquid nitrogen and maintained
at −140 ◦C until genetic analysis.

Tissue preparation and microarray
analysis

RNA was isolated from 25–50 mg of tissue per sample.
The standard Trizol preparation protocol (Invitrogen,
Carlsbad, CA, USA) and reagents were used for total
RNA isolation. RNA amplification and labeling were
performed using the Amino Allyl MessageAmp aRNA
kit (Ambion, Austin, TX, USA), as described previously
[12]. Briefly, after reverse transcription reactions (2 µg
total RNA per sample) had been performed, double-
stranded cDNA was transcribed in vitro into amino
allyl cRNA. The purified and concentrated cRNA
(5 µg) was coupled with Cy3 or Cy5 dyes (GE
Healthcare, Little Chalfont, UK). The fragmented cRNA
was added to custom-made microarrays in a hybridization
solution and then hybridized at 42 ◦C for 16 h. The
oligonucleotide microarray was codeveloped with Ms.
Yasuko Yoshida (NGK Insulators, Ltd., Nagoya, Japan).
The slide contained 1500 human elements together
with positive and negative controls (Supplementary
Table S1, see Supplementary Material). Our microarray
comprises functionally well-characterized genes involved
in various important cellular processes, including the
IFN-related pathway, apoptosis, cell cycle, transcription,
immune function, and neural development. Moreover,
our microarray is extremely suitable for studying the IFN-
related pathway. Recently, we reported some IFN-related
data obtained by using this custom-made oligonucleotide
microarray for the study published [12]. Subsequently,
the arrays were washed, scanned at 10 µm pixel
size, gridded, and analyzed (GenePix 4000B; Axon
Instruments, Union City, CA, USA). The background
was subtracted, and the median sum and median ratio
were calculated. Flagged spots and spots with a sum
intensity (CH1 and CH2) of <100 AU were excluded.
The data were normalized by trimmed mean at 10%

to account for the differences in the amounts of
labeled RNA or labeling efficiencies. The hierarchical
cluster analysis and principal component analysis were
performed using Acuity 4.0 software (Axon Instruments).
The potential genes we selected on completion of the
analysis were those whose expression changed by more
than 2-fold. The lists of differently expressed genes
were imported into MetaCore (GeneGO, St. Joseph,
MI, USA), a web-based computational platform; this
program automatically associates Gene Ontology (GO)
terms from public databases to the submitted gene
reporters. The number of differently expressed genes that
represented specific GO nodes was statistically compared,
and Bonferroni’s correction was employed for multiple
comparisons.

Real-time quantitative
reverse-transcriptase polymerase chain
reaction (real-time Q-RT-PCR)

Eleven genes from the microarray experiment were
selected for validation by real-time Q-RT-PCR. Based
on the results of GO analysis, we selected genes
that were included in the four GO terms with
a statistically significance (p < 0.05, i.e. apoptosis,
immune response, angiogenesis and cell motility).
cDNA was produced using the Transcriptor First
Strand cDNA synthesis kit (Roche, Mannheim, Ger-
many), according to the manufacturer’s protocol. Quan-
titative mRNA levels were detected by the Light-
Cycler real-time RT-PCR system (version 3.39) by
using the LightCycler FastStart DNA Master SYBR
Green I (Roche). The names and primer sequences
of the selected genes are listed in Table 1. The
threshold cycle (Ct), i.e., the cycle number at
which the amount of the amplified gene of inter-
est reaches a fixed threshold, was subsequently
determined. The relative quantification was calcu-
lated using the comparative Ct method. The rel-
ative quantification value of the target normalized
to an endogenous control GAPDH gene and rela-
tive to a calibrator is expressed as 2−��Ct (fold
difference), where �Ct = (the Ct of the target genes) −
(the Ct of the GAPDH gene) and ��Ct = (the � Ct
of the samples for the target genes) − (the �Ct of the
calibrator for the target genes).

Pathology

As a pathological assessment of tumor response, paraffin-
embedded specimens were evaluated by routine hema-
toxylin and eosin staining and immunohistochem-
istry using the following anti-human antibodies: CD8
(C8/144B; Nichirei, Tokyo, Japan), CD68 (KP-1; Dako-
Cytomation, Glostrup, Denmark), and CD34 (NU-4A1;
Nichirei). CD34 has been most commonly used in studies
of tumor angiogenesis. The detection of CD34 labeling has
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Table 1. Primer sequences for real-time Q-RT-PCR

Gene name Sequence

GAPDH Forward GACCACAGTCCATGCCATCAC
Reverse GTCCACCACCCTGTTGCTGTA

IkB Forward CACTTATGGACAACTATGAGGT
CTCTGG

Reverse CTGTCTTGTGGACAACGCAGTGG
AATTTTAGG

EFNB1 Forward CCAATGCTGTGAGCCTGAG
Reverse CGAACAATGCCACCTTGGAGTTG

CASP4 Forward GTTTTGGATAACTTGGTGGA
Reverse ATTGTGATTTCTGCCTCTGT

TSP-1 Forward CCGGCGTGAAGTGTACTAGCTA
Reverse TGCACTTGGCGTTCTTGTT

IGFBP3 Forward AACTGTGGCCATGACTGAGGA
Reverse CTCCCTGAGCCTGACTTTGC

GMCSF Forward GCCAGCCACTACAAGCAGCAC
Reverse CAAAGGGGATGACAAGCAGAAAG

TRAIL Forward CACATTGTCTTCTCCAAACTC
Reverse GTCCATGTCTATCAAGTGCTC

STAT1 Forward AAGGTGGCAGGATGTCTCGTG
Reverse TGGTCTCGTGTTCTTCTGTTCTG

IL-8 Forward CGATGTCAGTGCATAAAGACA
Reverse TGAATTCTCAGCCCTCTTCAAAAA

GADD45A Forward TGACTTTGGAGGAATTCTCGGC
Reverse ATGAATGTGGATTCGTCACCAG

CACGCAGT
SCG2 Forward AGGCCAAGCAAACAACAAG

Reverse CACCAAACTTCCTGCCATC

been interpreted as the presence of newly formed vessels
in endothelial cells during angiogenesis. Apoptosis was
detected using the TACS2 TdT Kit (Funakoshi, Tokyo,
Japan).

Results

The overall clinical course of patients
treated with IFN-β gene therapy

The safety evaluation and the interim clinical data of
our clinical trial have been reported previously [10]. The
overall clinical course of the patients treated with the
IFN-β gene therapy is demonstrated in Table 2. After the

Table 2. Clinical courses of patients treated with IFN-β gene
therapy

Patient Age/Sex Pathology
Best

response
PFS

(months)
OS

(months)

GT1 31/F GBM SD 3 6
GT2 64/F AA PR 16 29
GT3 54/M AA CR 15 26
GT4 48/M AA SD 6 13
GT5 28/F AA SD 5 11
Mean ± SE 9 ± 2.7 17 ± 4.5

PFS: progression-free survival (the time from day 1 of gene therapy to
disease progression)
OS: overall survival (the time from day 1 of gene therapy to death)
GT: gene therapy case number, F: female, M: male, GBM: glioblastoma
multiforme, AA: anaplastic astrocytoma
SE: standard error
CR: complete response, PR: partial response, SD: stable disease. The
definitions are described in the text.

first injection, GT1 (a 31-year-old female) and GT5 (a 28-
year-old female) exhibited a stable disease, as determined
by measuring the tumor by outlining the enhanced area
on MR imaging. The disease changed only slightly over
10 weeks; however, the disease eventually progressed,
and these patients died at 6 months and 11 months
after treatment, respectively. On the other hand, GT2
(a 64-year-old female) and GT3 (a 54-year-old male)
experienced a better response: the disease showed partial
or complete regression over 15 months, and the patients
could survive for more than 26 months. GT4 was excluded
from evaluation because the pathological examination
revealed no viable tumor cells in the formalin-fixed
specimens of vector-injected sites, and no production of
IFN-β was observed by either enzyme-immunoassay or
RT-PCR. It has been reported that in patients with AA
that recurred after prior radiotherapy and chemotherapy,
the median progression-free survival (PFS) and median
survival were 5.4 months and 13.6 months, respectively
[13]. In our institution, we have previously reported
that the median PFS and the median survival were 5.5
and 9.3 months, respectively, for patients with recurrent
AA [14]. Although this phase I clinical trial included
only five patients, mean PFS and survival in this
study were 9 ± 2.7 and 17 ± 4.5 months, respectively.
Comparatively, our results suggest that IFN-β gene
therapy may be effective in glioma patients in whom
prior treatment has failed to produce a response. The
present study provides foundation for a phase II trial of
IFN-β gene therapy.

Cluster and principal component
analyses exhibit a correlation with the
efficacy of IFN-β gene therapy

First, to test the quality of our custom-made microar-
ray technique, we employed the RNA extracted from the
tumor tissue of GT1 before and after the IFN-β gene
therapy to generate the scatter plots shown in Figure 1A.
A pre-treatment versus (vs.) pre-treatment (self-on-self)
comparison of probes yielded a correlation coefficient of
0.9997, while the pre-treatment vs. post-treatment com-
parison of probes yielded a value of 0.9557. Thus, the
almost absence of scatter in the self-on-self comparison
was validated. Unsupervised hierarchical cluster analy-
sis and principal component analysis were performed for
the five patients (GT1–5) receiving the IFN-β gene ther-
apy (Figure 1B). Pearson correlation-based algorithm and
Euclidean distance were applied based on the similarity in
the expression pattern across all probe sets. The pattern
of expression changes between pre- and post-treatment in
GT2 resembled that in GT3. Subsequently, gene expres-
sion changes obtained from GT5 were very similar to
those of the cluster comprising GT2 and GT3, followed by
GT1. GT4 was the most distinct from the others: it was
an exceptional case because no production of IFN-β was
observed after the IFN-β gene transfer. Collectively, the
cluster analysis of the expression pattern exhibited good
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Figure 1. (A) Quality control of our custom-made microarray technique. We employed the RNA extracted from the tumor tissue of
patient 1 (GT1) before and after the IFN-β gene therapy to generate the scatter plots. A pre-treatment versus (vs.) pre-treatment
(self-on-self) comparison of probes yielded a correlation coefficient of 0.9997 (left), while the pre-treatment vs. post-treatment
comparison of probes yielded a value of 0.9557 (right). (B) Unsupervised hierarchical cluster analysis (left) and principal component
analysis (right) were performed for the five patients (GT1–5) receiving the IFN-β gene therapy. Pearson correlation-based algorithm
and Euclidean distance were applied based on the similarity in the expression pattern across all probe sets. The pattern of expression
changes between pre- and post-treatment in GT2 resembled that in GT3. Subsequently, gene expression changes obtained from
GT5 were very similar to those of the cluster comprising GT2 and GT3, followed by GT1. GT4 was the most distinct from the others

similarity to the response of the patients treated with the
IFN-β gene therapy.

Identification of differentially
expressed genes after IFN-β gene
therapy

To identify the differentially expressed genes after
IFN-β gene therapy, we selected potential genes whose
expression changed by more than 2-fold in all the patients
except GT4. A total of 21 genes that fulfilled our criteria
were upregulated while eight genes were downregulated
following the IFN-β gene therapy (Tables 3 and 4). To
identify the biological processes significantly involved
in IFN-β gene transfer (p < 0.05), the identified genes
were then processed through the Gene Ontology (GO)
program. The majority of the differentially expressed
genes were related to biological processes such as
apoptosis (programmed cell death), immune response,
angiogenesis, and cell motility (Table 5). We selected
genes that were categorized in these significant processes,
namely, caspase 4 (CASP4), gadd45, insulin-like growth
factor-binding protein 3 (IGFBP3), IkB, Apo2-ligand
(TRAIL), STAT1, GMCSF, IL8, thrombospondin1 (TSP1),
serectogranin II (SCG2), and ephrin-B1 (EFNB1). We
then validated the expression changes between pre- and

post-IFN-β gene therapy by real-time Q-RT-PCR. As shown
in Figure 2, we could show the marked upregulation of
CASP4, GADD45, IkB, TRAIL, STAT1, GMCSF, IL8, TSP1,
and SCG2, and the marked downregulation of IGFBP3
and EFNB1. Based on the GO-derived biological process
of individual genes, the IFN-β gene therapy appeared to
possess the biological activity to induce apoptosis and
immune response and suppress angiogenesis.

Pathological changes following IFN-β
gene therapy reflect gene expression
patterns

Pathological assessments revealed dramatic changes in
the tumor tissues after gene therapy in all patients
except GT4. Pleomorphic tumor cells with marked
nuclear atypia and brisk mitotic activity were observed
even before the IFN-β gene therapy; however, they
developed necrotic changes over time (Figures 3A–3C).
TUNEL staining demonstrated a number of apoptotic
cells in the vector-injected tumoral area (Figure 3D).
Immunohistochemistry identified predominantly CD8-
positive lymphocytes and CD68-positive macrophages
infiltrating the tumor and surrounding tissues (Figures 3E
and 3F). The CD4-positive T cells and CD20-positive B
cells were observed in negligible amounts (data not
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Table 3. Upregulated genes by IFN-β gene therapy

Mean fold
change Gene name Symbol

GenBank
ID GO biological process

2.018 Eukaryotic translation initiation factor 2-alpha
kinase 2

EIF2AK2 M35663 regulation of transcription, DNA-dependent,
translation, protein amino acid phosphorylation,
apoptosis, virus-infected cell apoptosis

2.089 Thrombospondin 1 THBS1 NM 003246 cell motility, inflammatory response, cell adhesion,
multicellular organismal development, nervous system
development

2.117 Erythroblastosis virus oncogene homolog 2 ETS-2 J04102 skeletal development, regulation of transcription
(DNA-dependent)

2.129 MHC class I HLA-C allele HLA-C M11886 ciliary or flagellar motility, antigen processing and
presentation of peptide antigen via MHC class I,
immune response, antigen processing and presentation

2.173 Retinoblastoma binding protein 2 RBBP2 S66431 transcription, regulation of transcription
(DNA-dependent), transcription from RNA polymerase
II promoter, positive regulation of transcription

2.250 Activating transcription factor 3 ATF3 L19871 gluconeogenesis, transcription, regulation of
transcription (DNA-dependent)

2.278 Secretogranin II SCG2 M25756 MAPKKK cascade, angiogenesis, negative regulation of
endothelial cell proliferation, cell motility,
inflammatory response

2.329 Caspase 4 CASP4 NM 001225 proteolysis, induction of apoptosis, regulation of
apoptosis

2.490 Cysteine protease ICErel-II U28014 proteolysis, induction of apoptosis, regulation of
apoptosis

2.500 Nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha

NFKBIA M69043 protein import into nucleus, translocation, apoptosis,
cytoplasmic sequestering of NF-kappaB, regulation of
cell proliferation, regulation of NF-kappaB import into
nucleus

2.643 Heme oxygenase HMOX1 X06985 heme oxidation, positive regulation of I-kappaB
kinase/NF-kappaB cascade, response to stimulus

2.667 Growth arrest and DNA-damage-inducible
protein (Gadd153)

GADD153 S40706 regulation of progression through cell cycle,
transcription, regulation of transcription,
DNA-dependent, response to DNA damage stimulus,
ER overload response

2.803 Major histocompatibility complex, class I, B HLA-B NM 005514 antigen processing and presentation of peptide
antigen via MHC class I, defense response, immune
response, antigen processing and presentation

3.009 Pro-cathepsin L CTSL1 X12451 proteolysis
3.243 Granulocyte-macrophage colony stimulating

factor
GMCSF M11220 immune response, cellular defense response, cell

surface receptor linked signal transduction,
multicellular organismal development, positive
regulation of cell proliferation

4.193 Interferon induced transmembrane protein 3 IFITM3 NM 021034 immune response, response to biotic stimulus
4.415 Growth arrest and DNA-damage-inducible

protein (gadd45)
GADD45A M60974 regulation of progression through cell cycle, regulation

of cyclin-dependent protein kinase activity, DNA repair,
negative regulation of protein kinase activity, apoptosis

4.557 Apo-2 ligand (TRAIL) APO2L U57059 apoptosis, induction of apoptosis, immune response,
signal transduction, cell-cell signaling

8.626 Signal transducer and activator of transcription
1

STAT1 M97936 regulation of progression through cell cycle,
transcription, regulation of transcription,
DNA-dependent, transcription from RNA polymerase II
promoter, caspase activation

15.932 Monocyte-derived neutrophil chemotactic
factor

IL-8 Y00787 angiogenesis, cell motility, chemotaxis, inflammatory
response, immune response

Mean fold change is expressed as the average of fold changes of gene expression in all the patients except GT4.
The source of Gene Ontology (GO) biological process: MetaCore

shown). These findings were almost identical in all
patients; therefore, it was believed that they represented
the therapeutic effect.

After obtaining consent, we examined the brain of GT2
who died 29 months after IFN-β delivery (Figure 4A).
A recurrence of malignant glioma was confirmed,

with tumor cells invading the midbrain (Figures 4B
and 4D). However, the specimen obtained from the
vector-injected area displayed robust necrosis with a
large area of hyaline-like degeneration (Figure 4C).
Immunostaining with anti-CD34 antibody demonstrated
few capillaries in the vector-injected area, while there
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Table 4. Downregulated genes by IFN-β gene therapy

Mean fold
change Gene name Symbol GenBank ID GO biological process

0.174 Matrix Gla protein MGP NM 000900 cartilage condensation, ossification, multicellular organismal
development, sensory perception of sound, cell differentiation

0.185 Connective tissue growth
factor

CTGF NM 001901 cartilage condensation, ossification, angiogenesis, regulation
of cell growth, DNA replication

0.365 Jagged 1 JAG1 U61276 angiogenesis, cell fate determination, morphogenesis of an
epithelial sheet, cell communication, Notch signaling pathway

0.365 Myristoylated alanine-rich
protein kinase C substrate

MARCKS NM 002356 cell motility

0.391 Ephrin-B1 EFNB1 U09304 neural crest cell migration, cell adhesion, cell-cell signaling,
multicellular organismal development, nervous system
development, cell motility

0.464 Insulin-like growth
factor-binding protein

IGFBP3 M31159 regulation of cell growth, negative regulation of signal
transduction, positive regulation of apoptosis, positive
regulation of myoblast differentiation

0.499 Nuclear receptor
co-repressor 2

NCOR2 U37146 regulation of transcription, DNA-dependent, negative
regulation of transcription, negative regulation of
transcription, DNA-dependent

Mean fold change is expressed as the average of fold changes of gene expression in all the patients except GT4.
The source of Gene Ontology (GO) biological process: MetaCore

Table 5. Significant Gene Ontology (GO) terms of differentially
expressed genes following IFN-β gene therapy

GO term p-value

Apoptosis 0.00221
Immune response 0.00231
Angiogenesis 0.0315
Cell motility 0.0448

The lists of differently expressed genes were imported into MetaCore ;
this program automatically associates GO terms from public databases
to the submitted gene reporters. The number of differently expressed
genes that represented specific GO nodes was statistically compared, and
Bonferroni’s correction was employed for multiple comparisons.

were a larger number of CD34-positive vessels within
the tumor (Figures 4E and 4F). Taken together, there
were significant pathological changes that are related to
the induction of immune response and apoptosis and
inhibition of vascularization. These findings were in good
agreement with our microarray data.

Discussion

In this communication, we have reported that the changes
in gene expression patterns in the microarray were
correlated with the clinical course of the patients treated
with IFN-β gene therapy. We also identified significant
genes that were differentially expressed after the IFN-β
gene delivery. A majority of these genes were closely
related to apoptosis, immune response, and angiogenesis,
and we confirmed the findings by real-time Q-RT-PCR
and immunohistochemical studies with tissues obtained
before and after treatment and at autopsy. The induction
of apoptosis and immune response was consistent with
our previous studies that were performed in glioma cell
lines and orthotopic animal models. A noteworthy finding

Figure 2. Validation of microarray data. We selected 11 genes
that were categorized in significant processes (apoptosis,
immune response, angiogenesis and cell motility), then
validated the expression changes by real-time Q-RT-PCR. Values
are expressed as log ratio of the post-treatment gene expression
normalized to the GAPDH gene relative to the pre-treatment
gene expression. Non-abbreviated gene names are described in
Tables 3 and 4

of this study is that the liposome-mediated IFN-β gene
delivery appears to have an antiangiogenic effect; this was
not addressed in our previous studies. Here, we review
our current and previous studies, related literature, and
canonical pathway maps in MetaCore.

Induction of apoptosis

Previously, we have demonstrated that IFN-β gene
transfer induces a substantial cytocidal response in human
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Figure 3. (A–C) Hematoxylin-eosin staining of the vector-injected site: (A) day 0; (B) day 17; and (C) day 28. Pleomorphic tumor
cells with marked nuclear atypia and brisk mitotic activity were observed before the IFN-β gene therapy (A); however, they
developed necrotic changes over time. (D) TUNEL staining on day 21 after gene therapy. Note a number of apoptotic cells in the
vector-injected tumoral area. (E) CD8 immunohistochemistry on day 21 after gene therapy. (F) CD68 immunohistochemistry on
day 21 after gene therapy. Sister sections as in (D–F), stainings before gene therapy

Figure 4. (A) The brain of patient 2 including the vector-injected area (a coronal section). (B) The midbrain invaded by tumor cells.
(C) A representative hematoxylin-eosin stained section of the vector-injected area (a high-magnification image of the boxed area in
(A)). It displays robust necrosis with a large area of hyaline-like degeneration. (D) A high-magnification image of the boxed area in
panel B. (E, F) Immunostainings of the vector-injected area (E) and the tumoral area (F) in the autopsied brain (29 months after
gene therapy) with anti-CD34 antibody

glioma and renal cell carcinoma cells by involving
apoptosis [4,15]. In animal models, the growth of
such tumors was markedly inhibited after treatment
with cationic liposomes containing the IFN-β gene [6].
Interestingly, cationic liposome-mediated IFN-β gene
transfer induced apoptosis in cultured neoplasm cells that
are resistant to the IFN-β protein. Indeed, the histological
examination in this clinical trial revealed robust TUNEL-
positive cells on day 21 after the IFN-β gene therapy
and morphological changes showing necrosis/hyaline-like
degeneration in the vector-injected site in the autopsied
brain. Figure 5 summarizes the molecular mechanism
of apoptosis induced by cationic liposome-mediated
IFN-β gene delivery based on current and previous
evidence. Primarily, IFN-β transduces its signal via the
classical Janus-activated kinase (JAK)/signal transducer
and activator of transcription (STAT) phosphorylation
cascades [9]. Local and profound exposure of glioma

cells to IFN-β that can be achieved by vector-mediated
production appears to correlate with a significant
prolongation of the JAK/STAT pathway phosphorylation.
This apoptotic process seemingly is dependent not
on caspase-3 or caspase-8 activation and cleavage of
DEF45/ICAD, but on the activation of caspase-7 and
DNase γ [16]. Besides the caspase cascade, the microarray
and the following GO analyses displayed the upregulation
of GADD45, IkB, and TNF-related apoptosis-inducing
ligands (TRAIL or APO2-L) and the downregulation
of IGFBP3. There is evidence that IFN-β induces p53
expression in human cancers [12,17], and GADD45
is involved in the p53-dependent apoptotic pathway
by binding to the proliferating cell nuclear antigen
(PCNA) and affecting PCNA interaction with some cyclin-
dependent kinase (CDK) complexes [18,19]. TRAIL is
one of the TNF super family cytokines; it binds to death
receptor (DR)-4 and DR5 and induces apoptosis via the
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Figure 5. Gene network of differentially expressed apoptosis-related genes following IFN-β gene therapy. The network was
illustrated by reviewing our current and previous studies, related literature, and canonical pathway maps in MetaCore

TM

recruitment of its adaptor protein, Fas-associated death
domain (FADD), and through the activation of caspases
[20,21]. IkB/nuclear factor (NF)-kB is known to be
involved in the TNF family-mediated signal transductions.
In resting cells, NF-kB dimers are sequestered in the
cytoplasm in an inactive form via association with
IkB. Phosphorylation, ubiquitination, and subsequent
degradation of IkB lead to the translocation of NF-kB
to the nucleus [22,23]. There is growing evidence that
NF-kB is involved in the regulation of apoptosis [24,25].
Although its role appears to tend toward either the
proapoptotic or antiapoptotic pathway, aberrant IkB/NF-
kB balancing may be its critical function in apoptosis.
IGF signaling was another intriguing pathway detected in
this study. IGF exerts potent mitogenic and differentiating
effects on most cell types. IGF that binds to the receptor
activates the receptor kinase, and through initial tyrosine
phosphorylation reactions, the IGF signals are transduced
to complex networks that are ultimately responsible for
cell proliferation, modulation of tissue differentiation,
and protection from apoptosis [26]. IGFBP3 prolongs
the half-life of IGF and has been shown to inhibit the
growth-promoting effects of IGF [27].

Since the proteins/genes playing a role in the
abovementioned apoptosis-related pathways are partly
overlapped, it remains unclear whether these pathways
are mutually correlated or independent. However,
evidence clearly shows that the IFN-β gene therapy trial
induced apoptosis in glioma.

Induction of immune response

In the current study, we detected an increased expression
of GMCSF and IL-8 in the glioma tissues of patients

receiving the IFN-β gene, and thus demonstrated
that IFN-β gene therapy appears to facilitate immune
cell infiltration comprising CD8-positive T cells and
CD68-positive macrophages in the brain tumor. In
our previous studies using a syngeneic orthotopic
mouse glioma model treated with the murine IFN-β
gene, we have shown that the activation of cellular
immunity participates in antitumor effects in addition
to direct apoptosis [7,8]. GMCSF is a well-known
cytokine that stimulates the growth and differentiation
of hematopoietic precursor cells to various lineages,
including granulocytes, macrophages, eosinophils, and
erythrocytes. In addition, its critical function to promote
the maturation and differentiation of dendritic cells has
been widely utilized to generate strong antigen-presenting
cells in vaccine therapy for a variety of cancers [28,29].
IL-8 is a chemotactic factor that attracts neutrophils,
basophils, and T cells but not monocytes. It is also involved
in neutrophil activation [30]. Recently, Yeh et al. reported
an increase in IL-8 synthesis by STAT activation [31].
These findings suggest IFN-β as one of the most potent
molecules for augmenting tumor immunity following gene
transfer into glioma cells.

Inhibition of angiogenesis

GBMs are one of the most highly vascularized malignant
tumors. Neovascularization in tumors is correlated with
their biological aggressiveness, degree of malignancy,
and clinical recurrence [32]. In fact, microvascular
hyperplasia is one of the pathological criteria used to
distinguish a high-grade glioma. Therefore, research and
therapy strategies have focused on understanding the
mechanism leading to the origin of tumor angiogenic
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blood vessels in order to block angiogenesis and
tumor progression. Angiogenesis is tightly regulated and
maintained by a fine balance between factors that act as
stimulators or repressors and by a dynamic crosstalk
between a tumor and the tumor microenvironment.
Besides endothelial cells, several types of cells participate
directly or indirectly in tumor neovascularization. Glioma
cells, pericytes, leukocytes, and bone-marrow-derived
endothelial progenitors play a role in angiogenesis.
Because of its complexity, we were unable to address
this issue in the experiments of cell culture and animal
models, although IFNs are highly pleiotropic cytokines
also endowed with a marked antiangiogenic activity
[33]. In the present study involving the examination
of the clinical samples including tumor cells and of the
microenvironment after IFN-β gene transfer, for the first
time, we could demonstrate an antiangiogenic phenotype
induced by IFN-β. This immunohistochemical study with
CD34 labeling revealed few capillaries in the vector-
injected area, while there were a larger number of CD34-
positive vasculatures in the tumor. The detection of CD34
labeling has been interpreted as the presence of newly
formed vessels in endothelial cells during angiogenesis.
Molecular signature by microarray analysis detected a
significant upregulation of TSP-1, a potent angiogenesis
inhibitor; however, we believe that other molecules are
probably involved via subtle tuning [34,35].

Future directions

Based on the final clinical course of the patients treated
with the IFN-β gene therapy, the findings presented in
this communication suggest that IFN-β gene therapy may
be effective in glioma patients who have not responded
to prior treatment, although this phase I clinical trial
comprised only five patients. This study provides the
foundation for a phase II trial of IFN-β gene therapy. In
addition, the experience gathered in the developmental
and review processes of this clinical trial may contribute
to the development of other advanced medicines. The
understanding of the antitumor mechanism facilitates
the identification of candidate target molecules for new
approaches.

Supplementary material

The supplementary electronic material for this paper
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