54 IWADATE e af: CHEMOTHERAPY FOR MGMT-POSITIVE GLIOBLASTOMA

treated with individualized chemotherapy at Chiba University
Hospital or Chiba Cancer Center Hospital from 1995 to 2004.
All of the patients treated during this period were evalu-
ated and included in the study without exclusion. The study
protocol was approved by the institutional review board, and a
written informed consent was obtained from all of the patients
or a guardian. The patient characteristics are summarized in
Table 1. Magnetic resonance imaging (MRT), with and without
gadolinium enhancement, was performed preoperatively and
postoperatively before the initiation of radio-chemotherapy.
Regarding extent of resection, the total/subtotal resection wi
defined as 90% or more reduction of the tumor volume in the
postoperative MRI. The biopsy meant the CT-guided stereo-
tactic needle biopsy, and partial removal covered all other
situations. Toxicity was graded according o the National
Cancer Institute's Common Toxicity Criteria version 3.0.

Drug sensitivity test (DST). Direct quantification of apoptosis
by means of flow cytometric DNA analysis is widely used in
basic research and has been successtully utilized for clinical
DST (15-17). Cell suspensions prepared from  surgically
resected tumor tissues were incubated with each of 25 different
anticancer drugs already being used in clinical practice
(cyclophosphamide, ifosphamide, nimustine, ranimustine,
cisplatin, carboplatin. adriamycin, daunomycin, pirarubicin,
epirubicin,aclarubicin, mitoxantrone. ctoposide, camptothecin,
methotraxate, 3-fluorouracil, thioinosine, cytosine arabinoside,
mitomycin C, bleomycin, vincristine, vinblastine, vindesine,
paclitaxel and docetaxel). The in virro drug concentrations
were set both at the peak plasma concentration when the
clinically recommended doses were provided and at 1/10 of
that level (18). Drug-induced apoptosis was quantified with a
flow cytometer (FACScan: Becton Dickinson. Mountain View,
CA, USA) as the sub-G1 population. To confirm the presence
of drug-induced apoptosis, morphological examinations of
the nuclei were also performed on the same samples. DNA
integrity assessed by the FCM analysis correlated well with
the morphological changes in the nuclei.

Treatment protocols. For individualization of chemotherapy, the
most effective drugin vitro was routinely selected as the key drug
for each individual patient. In addition, one or two drugs were
selected for combination with the key drug according to their
degree of effectiveness and their mechanism of pharmaceutical
action. The doses and schedules of chemotherapy regimens
were determined on the basis of clinically recommended
doses. When no agent was positive in vitro, the patients were
treated with a modified PCV chemotherapy with substitution
of lomustine with nimustine (nimustine 75 mg/m?, vineristine
| mg/m* and procarbazine 100 mg/day) (19). For all patients,
the conventional 60-Gy radiotherapy with a megavoltage
machine was started within 2 weeks of surgical removal in
conjunction with the chemotherapy.

MGMT immunohistochemistry. For immunohistochemical
analysis. paraffin-embedded samples were sliced and mounted
on glass slides. Mouse monoclonal anti-MGMT antibody
MT3.1 (1:200 dilution: Chemicon. Inc., Temecula, CA, USA)
was used as the primary antibody. A heat-induced epitope
was formed using microwaves in 10 mM citric acid buffer

Table [. Patient characteristics (n=74).

Age (years)

Mean 51.5

Range 15-77
Gender

Male 49 (66%)

Female 25 (34%)
Karnofsky performance score

=70 42 (57%)

<70 32(43%)
Tumor location

Left 37 (50%)

Right 28 (38%)

Midline 9(12%)
Extent of surgery

Total/Subtotal 46 (62%)

Partial/Biopsy 28 (38%)
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Figure 1. Kaplan-Meier analyses of overall survival (A) and progression-iree
survival (B) in the patients with glioblastoma treated with individualized
chemotherapy. MST, median survival time: TTP. time to tumor progression.

at pH 7.2. The samples were incubated with the antibody
overnight in the same buffer followed by incubation with
the biotinylated secondary antibody (1:500 dilution: Dako,
Tokyo, Japan). The bound antibodies were visualized by the
avidin biotinylated peroxidase complex method and diamino-
benzidine tetrachloride (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). Human liver was used as the positive
control, and the negative control was achieved by omitting
the primary antibody from the procedure. Tissue specimens
that showed staining of >10% of the malignant cells were
considered positive for MGMT.

Statistical analysis. The primary end-point of this study was
overall survival and the secondary end-points were progres-
sion-free survival and safety. Survival curves were generated
using the Kaplan-Meier method. and the survival rates were
compared with the log-rank test. The patient survival duration
was calculated from the date of surgery until the date of last
follow-up or death, and progression-free survival until the
date of recurrence detection or until the last follow-up. The
Fisher's exact probability test and % test were used to evaluate
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Table II. Multivariate analyses for favorable prognostic factors.

2010 55

Hazard ratio (95% C1) P-value
Age (<50 vs. 250) 0.41 (0.26-0.66) 0.0002
Karnofsky performance score (=70 vs. <70) 0.69 (0.47-1.00) 0.0607
MGMT expression (negative vs. positive) 0.59 (0.41-0.88) 0.0081
Extent of resection (290 vs. <90) 0.60 (0.39-0.93) 0.0211

Figure 2. Immunohistochemical analyses for MGMT expression. The representative cases for positive (A, B and C) and negatve (D, E and F) immunostaining.

The cut-off point for positive MGMT expression was set at 10%.

significance of the differences between patient
characteristics of the two groups. Cox's proportional hazard
model was used to analyze the prognostic variables. The
hazard ratios for death were calculated considering adjustment
for age, Karnofsky performance status score and the extent of
resection.

Results

Efficacy of individualized chemotherapy. All specimens from
the 74 patients were examined for their in vitro susceptibility
to the 25 anticancer drugs. In this series of newly diagnosed
glioblastoma patients, the success rate of the DST was 100%.
There was remarkable heterogeneity in the most effective
drug. The median survival time of all of the 74 glioblastoma
patients treated with the individualized chemotherapy was
19.4 months (95% CI, 15.9-22.1), and the 2-year survival rate
was 36.5% (95% CI, 24.3-48.7). The median progression-
free survival was 9.2 months (95% CI. 7.6-12.3) (Fig. 1). The
survival periods could be favorably compared with those
treated with temozolomide. the present-day standard regimen
for glioblastoma.

The univariate analysis showed that the clinical factors
previously known to affect the survival of patients with
glioblastoma were correlated with favorable prognosis in this
study; a Karnofsky performance status score of 270%, tumor
resection of 290% and <50 years of age. The multivariate
analysis showed that <50 years of age and tumor resection of
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Figure 3. Selection rates of each anticancer drug as a key drug for administra-
tion; comparisons between the MGMT-negative and -positive glioblastomas.

290% were significantly associated with favorable prognosis
(Table 11, p=0.0002 and p=0.0211, respectively).

MGMT expression and chemosensitivity. The MGMT-positive
rate was 53.7% for the 74 glioblastomas (Fig. 2). According
to the DST, 58 tumors (78%) had at least one effective drug,
and the other 16 wmors (22%) were negative for all of the
25 anticancer drugs examined (all-drug-resistant tumors). The
relationship between the MGMT expression status and chemo-
sensitivity was analyzed (Fig. 3). For the MGMT-positive
tumors, the alkylating agents were selected only in two
cases, and the topoisomerase inhibitors were never selected
for administration as a key drug. The platinum agents were
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Figure 4. Kaplan-Mcier analyses of the overall survival compared between
MGMT-negative and MGMT-positive glioblastoma patients treated with indi-
vidualized chemotherapy.

more frequently effective against the MGMT-positive tumors
than against the MGMT-negative tumors. The taxanes were
cqually selected either in the MGMT-negative or the MGMT-
positive group. Most of the all-drug-resistant tumors (14 out of
16 cases, 87.5%) were included in the MGMT-positive group
(p=0.0019). Thus, the MGMT expression status significantly
influenced the in virro chemosensitivity of almost all catego-
ries of anticancer agents except for the taxanes.

MGMT expression and survival. The patients with negative
MGMT immunostaining had significantly longer survival than
those with positive MGMT [median survival, 22.3 months
(953% CI, 17.6-27.0) vs. 15.1 months (95% CI, 13.4-16.8);
p=0.0188] (Fig. 4). Immunohistochemical MGMT expres-
sion status had a significant impact on the survival period
in the multivariate analysis (Table I1). The survival period
of the patients with MGMT-positive tumors treated with the
platinum agents or the taxanes median survival, 20.1 months
(95% C1, 18.0-22.7)] was cquivalent to that of the MGMT-
negative tumors (p=0.3047) (Fig. 5). In contrast, the survival
time of the patients with all-drug-resistant MGMT-positive
mors (n=14) who were treated with the nitrosourea-based
chemotherapy (the modified PCV therapy) [median survival,
13.0 months (95% CI, 11.4-14.6)] was significantly shorter
than both that of the patients with MGMT-negative tumors
(p=0.0007) and that of MGMT-positive tumors treated with
the platinum agents or the taxanes (p=0.0026).

Safety evaluation. We monitored the adverse events, with
special focus on the hematological toxic effects. They were
graded according to the National Cancer Institute's Common
Toxicity Criteria version 3.0. Grade 3 or 4 neutropenia was
observed in 9 patients (12.2%). and severe pneumonia occurred
in 3 patients (4.1%). However, there was no treatment-related
death in the present series.

Discussion

Our results suggest that individualized chemotherapy with
anticancer drugs prospectively selected based on in vitro
chemosensitivity tests for cach glioblastoma patient provides
a median survival of 19.4 months which compares favorably
with most of the previously reported studies (2-4). The
potentially poor prognosis groups with age greater than
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Figure 5. Kaplan-Meier analyses of the overall patient survival compared
among MGMT-negative glioblastoma, MGMT-positive tumors treated with
nitrosoureas and those treated with the platinum agents or the taxanes.

50 years, Karnofsky performance status score less than 70%
and surgical resection less than 90% particularly benefited
from the individualized chemotherapy. Therefore, this study
suggests an important new direction in the chemotherapy for
glioblastoma.

An important implication of this study is that a large
number of MGMT-positive glioblastomas were effectively
treated with individualized chemotherapy. Many  studies
have indicated that MGMT is a significant prognostic factor
for shorter survival rates in glioblastoma patients (5-7),
whereas its prognostic value remains controversial (8,9).
Efficacy of temozolomide also depends significantly on the
level of MGMT expression (5). Therefore, one of the most
important issues in contemporary neurooncology is how to
treat glioblastoma with high MGMT expression. Therapeutic
strategies for MGMT-positive glioblastoma currently under
consideration have been designed to deplete MGMT and to
combine other agents which are not affected by MGMT
(21). The present results demonstrate that currently available
anticancer drugs are much more effective when administered
to those most likely to respond. An individualized or tailored
strategy based on multiple biological information of the tumor
would be one of the effective approaches to treat MGMT-
positive glioblastoma.

However, an individualization strategy cannot easily
be adopted in every institution. The lessons learned from
individualized chemotherapy may be valuable in planning
chemotherapy regimens for MGMT-positive  glioblastoma.
The present study suggests that the platinum agents and
the taxanes can potentially prolong the survival of patients
with MGMT-positive glioblastoma. The platinum agents as
well as temozolomide and O“benzylguanine can abrogate
MGMT activity (22). Several studies have also shown that
the antitumor activity of platinum agents is not affected by
MGMT activity (23-25). This knowledge has led to Phase 11
clinical trials with promising results (26-28). Although
MGMT affected the efficacies of diverse anticancer drugs,
only the taxanes were independent from the MGMT status.
Taxanes were clinically used in some trials without marked
improvement in the efficacy for gliobastoma (29-31). However,
multiple molecular mechanisms were reported to affect their
efficacies for glioma cells (32). It is preferable to treat MGMT-
positive glioblastoma with multi-modality regimens including
platinum agents or the taxanes.
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Currently, MGMT expression is estimated mainly by
methylation-specific PCR or immunohistochemistry (5-9).
Methylation-specific PCR is highly sensitive but is unable
o assess intratumoral heterogeneity and contaminating
normal cells such as endothelial cells (8,9). A methylated
band is observed even when cells that carry MGMT promoter
hypermethylation represent only a minor portion of the
tumor. Regulation of MGMT expression is a more complex
phenomenon in which abnormal promoter methylation is not the
sole determining factor. We employed immunohistochemistry
to directly evaluate the final functional molecule and the
intratumoral heterogeneity. although an objective threshold
for evaluation may not be casily set. We used a cut-off value
of 10%, whereas the reported values vary from 35 to 35%
(8,9.33.34). The results showed a tendency of polarization of
the MGMT-positive rate in the tumors with rates of less than
5% and those with more than 33%. Consequently, the overall
positive rate in our study is consistent with published reports
employing immunohistochemistry.

This is the first report to show that individualization
of chemotherapy can potentially prolong the survival of
non-selected consecutive glioblastoma patients with high
MGMT expression without any additional toxicity. When the
stratification based on the MGMT expression is available,
platinum agents or the taxanes offer the highest probability
for effectiveness against MGMT-positive glioblastomas.
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Abstract Despite the accumulating evidences of high
chemosensitivity especially in anaplastic oligodendroglio-
mas with loss of chromosomes 1p and 19q, the optimal
management strategy for low-grade tumors using the 1p/19q
information remains controversial. We have treated all low-
grade oligodendrogliomas by a chemotherapy-preceding
strategy without radiotherapy, and here we analyzed the
survival outcomes of 36 consecutive patients in relation to
1p/19q status. The treatment protocol was as follows: (1)
simple observation after gross total resection, and (2) mod-
ified PCV chemotherapy for postoperative residual tumors
or recurrence after total resection. The 1p and 19q status
were analyzed by fluorescence in situ hybridization. The
median follow-up period was 7.5 years and no patient was
lost during the follow-up periods. 1p/19q co-deletion was
observed in 72% of the patients, and there was no significant
association between 1p/19q co-deletion and chemotherapy
response rate. The 5- and 10-year progression-free survival
(PFS) rate was 75.1 and 46.9%, respectively, and the median
PFS was 121 months for 1p/19g-deleted tumors and
101 months for non-deleted tumors (log-rank test:
P = 0.894). Extent of surgery did not affect PFS
(P = 0.685). In contrast, the elder patients (>50) had sig-
nificantly shorter PFS (P = 0.0458). Recurrent tumors were
well controlled by chemotherapy irrespective of 1p/19q
status, and 35 out of 36 patients survived without receiving
radiotherapy. The 5- and 10-year overall survival rates were
100 and 93.8%, respectively. Two of the patients in their
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sixties (29%) suffered from severe cognitive dysfunctions
and marked brain atrophy following chemotherapy alone.
These results show that low-grade oligodendrogliomas
could be successfully treated by surgical resection and
nitrosourea-based chemotherapy alone without radiotherapy
irrespective of 1p/19q status.

Keywords 1p/19q - Chemotherapy -
Leukoencephalopathy - Neurotoxicity - Oligodendroglial
tumor - PCV

Introduction

The therapeutic strategy for adult low-grade gliomas,
especially as regards the choice and timing of radiotherapy,
is still controversial [1-4]. Although radiotherapy is
undoubtedly beneficial for a subset of patients with low-
grade gliomas, the natural history of gliomas when not
irradiated after surgery is largely unknown. Only four pro-
spective randomized trials have been conducted regarding
the efficacy of radiotherapy for low-grade gliomas, and
none of them could demonstrate any significant benefits on
overall survival (OS). The EORTC 22845 randomized trial
suggested that immediate postoperative radiotherapy for
any residual tumors has advantages in terms of progression-
free survival (PFS) but not in terms of OS [1, 3]. On the
other hand, radiation-induced toxicities such as delayed
cognitive dysfunction and leukoencephalopathy are
important factors to determine treatment strategy [5, 6].
Stratification or personalization of the treatment strategy
based on some markers is expected. Among gliomas,
deletions of chromosomes 1p and 19q are shown to be
associated with tumors including oligodendroglial compo-
nents [7]. The co-deletion has also been associated with
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responsiveness of anaplastic oligodendroglial tumors to
radiotherapy and chemotherapy as well as with prolonged
survival of the patients [8, 9]. However, this predictive and
prognostic relevance of the 1p/19q co-deletion are more
controversial for low-grade tumors [10-17]. To elucidate
this issue, a long follow-up period is necessary because the
patients with low-grade oligodendroglial tumors usually
have more favorable outcome than anaplastic tumors.

In addition to the controversy in the application of
radiotherapy, it has been reported that low-grade oligo-
dendroglial tumors respond well to chemotherapy [18-21].
Therefore, we have treated all patients without using
radiotherapy and have applied a nitrosourea-based che-
motherapy (PAV, a modified PCV) when postoperative
progressing tumors were verified [19]. The aim of this
study was to elucidate the long-term outcome of low-grade
oligodendrogliomas treated with chemotherapy-preceding
strategy without radiotherapy in relation to 1p/19q co-
deletion.

Methods
Patients and treatment

Since 1995, we have prospectively treated all patients
having low-grade oligodendrogliomas by a radiotherapy-
deferring and chemotherapy-preceding strategy using a
standard nitrosourea-based chemotherapy (PAV, a modi-
fied PCV). The classic oligodendroglioma histological
features were defined by areas composed of uniform and
round nuclei surrounded by perinuclear halos and in an
even tissue distribution [15]. The treatment protocol was:
(1) simple observation after complete resection of tumors,
and (2) PAV for postoperative residual tumors or recur-
rence after total resection. In this chemotherapy, lomustine
(CCNU) was replaced with nimustine (ACNU; [1-(4-
amino-2-methyl-5-pyrimidinyl)-methyl-(2-chloroethyl)-3-
nitrosourea hydrochloride] which is a water- and lipid-
soluble nitrosourea derivative. The chemotherapy protocol
was ACNU 75 mg/m* on day 1, vincristine 1 mg/m? on
days 8 and 29, and procarbazine 100 mg/day on days 8-21;
this cycle was administered four times a year for 2 years
[19]. Patients were required to provide written informed
consent before receiving the chemotherapy.

Data collection

All patients histologically confirmed to have oligodendro-
glioma or oligoastrocytoma were enrolled in this study.
Age, sex, tumor location, tumor size, pathological diag-
nosis, and extents of resection were recorded. None of the
patients was excluded from analysis because of early

@ Springer

recurrence within 1 year after surgery. Magnetic resonance
imaging (MRI) studies were performed preoperatively,
postoperatively within 2 weeks, and after every course of
chemotherapy. Tumor volume was estimated as the product
of the three largest perpendicular diameters of all mea-
surable lesions on fluid-attenuated inversion recovery
(FLAIR) with reference to pre- and postgadolinium TI-
weighted MRI. Regarding the extent of surgery, gross total
resection was defined as a disappearance of the tumor on
MRI, and subtotal resection as a >70% reduction of the
tumor size. Responses to chemotherapy were determined in
the patients with postoperative residual tumors using the
modified Macdonald criteria [22], in which complete
response (CR) was defined as disappearance of all mea-
surable disease, and partial response (PR) was defined as
>50% decrease in the measured tumor size compared with
baseline. Progressive disease (PD) was defined as >25%
increase of the tumor size and stable disease (SD) was
applied to all other situations. Toxicity was graded
according to the National Cancer Institute’s Common
Toxicity Criteria version 3.0.

The histological diagnosis was confirmed by a neuro-
pathologist other than the initial diagnostician. Chromo-
some Ip- and 19g-deletion analyses were done using a
standard fluorescence in situ hybridization (FISH) of fixed
cytogenetic preparation from fresh tumor tissues [23].
FISH probes for 1p were the target region of 1p36 with a
control region of 125, and those for 19q were the control
region of 19p13 with the target region of 19q13. The total
number of signals was counted, and the ratio of 1p:1q or
19q:19p of <0.75 was diagnosed as loss.

Statistical analysis

Progression-free survival was calculated from the date of
diagnosis until the first sign of ‘radiological progression,
death, or last follow-up. OS was calculated from the date of
diagnosis until the date of death or last follow-up. The
Kaplan—Meier method was used to estimate survival rates
and the log-rank test was applied to compare the survival
differences using StatView software (SAS Institute, Cary,
NC, USA). A Fisher exact test was performed to determine
the association between 1p/19q co-deletion and chemo-
therapy response rate. Cox’s proportional hazard regression
model was used to perform multivariate analysis for the
possible prognostic variables including age, extent of
resection, 1p19q status (SPSS, Chicago, IL, USA).

Results

Thirty-six consecutive patients with histologically proven
low-grade oligodendrogliomas were treated between 1995
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Table 1 Patient characteristics A

Age
Mean 3 g ®
Range 22-68 6
>50 14 (39%)

Sex (%) .

Male 24 (67) 1
Female 12 (33) .2
Karnofsky performance score (%)
270 3597 o1
<70 13) 2 ® 72 96 120

Histology (%) months
Oligodendroglioma 33 (92) B
Oligoastrocytoma 3(8) 11 = 14-.

1p/19q deletion (%) T p=0.685
Yes 23(72) E -8
No 8(22)

Extent of surgery (%) -8
Gross total 15 (42)

Subtotal/partial 21 (58) 2 4 .

Chemotherapy (%)

Yes 26 (72) 2] —— Totaresecton (1=15)
No 10 (28) Subtotalfpartial resection (v=21)

Recurrence (%) o1 . . y - . .
Yes 15 (42) 24 48 72 98 120
No 21 (58) months

c 14 s

and 2008 (Table 1). Thirty-three patients had oligoden-

drogliomas and three had oligoastrocytomas. There were E -8 7

24 men and 12 women with a mean age of 43 years (range

22-68 years). The patients were followed up with for a -8 1

median period of 7.5 years and no patient was lost during e pe004S8

the follow-up period. Fifteen patients (42%) underwent 2.4

gross total resection, 10 patients (28%) underwent subtotal | o

tumor resection, and the other 11 (30%) underwent partial -2 1 |

. . . . —— Young patents (n=22)

resection. Twenty-six patients were treated with chemo- Eder patients (>50) (1=18)

therapy. Tumor recurrence occurred in 15 patients (42%); 5 0 1

patien.ls after total resection (5/15: 33%), 4 after subtotal ;) 2" "B 7'2 0'0 lén

resection (4/10: 40%), and 6 after partial resection (6/11: months

55%).

The 5- and 10-year PFS rates were 75.1 and 46.9%,
respectively, and the median PFS was 101 months
(Fig. la). There was no significant difference of PFS
between the patients who were observed after total resec-
tion and those with incomplete resection followed by the
chemotherapy (median PFS, 121 vs 93 months, respec-
tively, P = 0.685) (Fig. 1b). In contrast, the elder patients
(>50) had significantly shorter PFS (P = 0.0458) (Fig. Ic).
There was no difference in clinical course including PFS
between the patients with oligodendroglioma and oligo-
astrocytoma. A salvage second surgery was performed in

Fig. 1 Kaplan-Meier analyses for the progression-free survival of all
36 patients with low-grade oligodendrogliomas (a), and those compar-
ing by extent of surgery (b) and age (c) are shown. Tick marks indicate
last follow-up

seven cases, and malignant transformation was not
observed in the present non-irradiated series. There was a
patient whose tumor had 1p/19q loss but finally could not
be controlled by chemotherapy. This patient refused
radiotherapy and died at 81 months after surgery. There-
fore, no patient in the present study received radiotherapy,
and 35 out of 36 patients survived without receiving

@ Springer
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Table 2 Multivariate analyses for the possible prognostic factors

Overall survival
< . .

T T T T

0 24 48 72 96 120
months

Fig. 2 Kaplan-Meier analyses for the overall survival of all 36
patients with low-grade oligodendrogliomas treated by surgical

ion and ch h without radiotherapy is shown. Tick
marks indicate last follow-up

p=08%

-4
2] — 1p/15qcodeeted (1=23)
1p/19q nonvdeleted (n=9)
oA
[} 24 48 72 a8 120

months

Fig. 3 Kaplan-Meier analyses for the progression-free survival of
patients with low-grade oligodendrogliomas with and without 1p19q
co-deletion are shown. Tick marks indicate last follow-up

radiotherapy at the follow-up period of 10 years; 5- and 10-year
OS rates were 100 and 93.8%, respectively (Fig. 2).
1p/19q co-deletion was observed in 23 of 32 cases (72%)
analyzed with FISH. Isolated loss of 1p or 19q was not
observed in the present series. Median PFS rate for the
patients with 1p/19q co-deleted tumors was 121 months and
that for non-deleted tumors was 101 months. There was no
significant difference in PFS between the patients with 1p/
19q co-deleted tumors and those without co-deletion
(P = 0.894) (Fig. 3). The multivariate analysis showed that
neither of age, extent of resection, nor 1p/19q status was
significantly associated with the length of PFS (Table 2).
Two patients in their sixties manifested marked brain
atrophy without tumor recurrence 4-5 years after the ini-
tiation of chemotherapy (Fig. 4). These patients required
intensive nursing care and observation because of their
developing cognitive deficits. The MRI finding of tight
high-convexity, which is typical for normal pressure

@ Springer

P
Age (<50 vs >50) 0.1274
Extent of resection (total vs non-total) 0.7089
1p19q co-deletion (deleted vs deleted) 0.3995

hydrocephalus, was not observed and the CSF tap test was
negative in the patients. A grade 3 or 4 leukopenia man-
dating a treatment delay occurred in two patients (9%).

Discussion

The present study showed that, when treated with a radio-
therapy-deferring and chemotherapy-preceding strategy
using modified PCV chemotherapy, the 10-year OS rates of
low-grade oligodendrogliomas were over 90% irrespective
of 1p/19q status. This outcome compares favorably with
those of previous reports including immediate postoperative
radiotherapy without chemotherapy; the median survival
times were within 5.3-14.9 years [24-27, 31], and 5- and
10-year OS rates were 52-95% [24-31] and 24-85% (24,
25, 27-29, 31], respectively. The median times to tumor
progression were within 5.6-13.2 years [26, 31], and the
5-year PFS rate was reported as 67% [30]. In addition, it
was reported that neither PFS and OS were significantly
improved by radiotherapy in retrospective studies employ-
ing chemotherapy [32-34]. As a new therapeutic strategy for
low-grade oligodendrogliomas, the effectiveness of PCV
chemotherapy has been reported [18-21, 35-38], and some
authors have concluded that radiotherapy could be post-
poned until malignant transformation occurs (3, 18-21, 32,
35]. The present result is in accordance with these studies. In
contrast, although PCV chemotherapy for low-grade oli-
godendrogliomas achieved stabilization or shrinkage of
tumors, its efficacy was not curative in many cases, as shown
by the increased recurrence rate at 10-year follow-up. A
longer observation period in a larger cohort would be nec-
essary to clarify the validity of the radiotherapy-deferring
and chemotherapy-preceding strategy against low-grade
oligodendrogliomas.

Since a subset of low-grade gliomas progresses to
malignant tumors, some stratification or personalization
in the treatment planning are expected. In addition to the
diagnostic relevance for oligodendroglial tumors, the
prognostic role of 1p/19q loss is well defined for anaplastic
oligodendrogliomas [8, 9]. For grade III tumors, 1p/19q
loss may characterize a less malignant variant of the tumor,
and the gene products lost as a consequence of 1p/19q loss
may be mediators of resistance to genotoxic therapies [14].
In contrast, the prognostic relevance is less defined for
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Urokinase-Targeted Fusion by Oncolytic Sendai
Virus Eradicates Orthotopic Glioblastomas
by Pronounced Synergy With Interferon- Gene
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Glioblastoma multiforme (GM), the most frequent
primary malignant brain tumor, is highly invasive due
to the expression of proteases, including urokinase-type
plasminogen activator (uPA). Here, we show the poten-
tial of our new and powerful recombinant Sendai virus
(rSeV) showing uPA-specific cell-to-cell fusion activ-
ity [rSeV/dMFct14 (uPA2), named “BioKnife”] for GM
treatment, an effect that was synergistically enhanced
by arming BioKnife with the interferon-B (IFN-B) gene.
BioKnife killed human GM cell lines efficiently in a uPA-
dependent fashion, and this killing was prevented by
PA inhibitor-1. Rat gliosarcoma 9L cells expressing both
uPA and its functional receptor uPAR (9L-L/R) exhibited
high uPA activity on the cellular surface and were highly
susceptible to BioKnife. Although parent 9L cells (9L-P)
were resistant to BioKnife and to BioKnife expressing
IFN-B (BioKnife-IFNB), cell-cell fusion of 9L-L/R strongly
facilitated the expression of IFN-B, and in turn, IFN-B
significantly accelerated the fusion activity of BioKnife.
A similar synergy was seen in a rat orthotopic brain GM
model with 9L-L/R in vivo; therefore, these results sug-
gest that BioKnife-IFNB may have significant potential to
improve the survival of GM patients in a clinical setting.

Received 24 May 2010; accepted 8 June 2010; published online
6 July 2010. doi:10.1038/mt.2010.138

INTRODUCTION

Glioblastoma multiforme (GM), the most frequent primary
malignant brain tumor, is highly invasive and intractable, and the
median survival of patients bearing GM is merely 1 year with the
current standard treatments, including surgery and radiotherapy.'
A recent clinical trial revealed that temozolomide, an oral alky-
lating agent, achieved significant improvement of the median
survival of patients of GM to 14.6 months;* however, another

study reported that 73.5% of patients still die within <2 years and
72.2% experience recurrence.’ The highly invasive nature of GM
is a cause of great frustration among surgeons and is responsible
for the high rate of local recurrence; extended resection for com-
plete removal of tumor cells is usually difficult without injuring
surrounding brain tissues, and therefore, the surgical margin is
frequently regarded as positive.

There is thus an urgent need for new approaches in GM treat-
ment. Virus-based therapeutics for glioblastoma have been evalu-
ated in clinical studies over the last decade, including a packaging
cell-mediated local production of retroviruses expressing herpes
simplex virus thymidine kinase.* Even though these viruses have
been shown to increase oncolytic activity and tumor specificity,
no significant therapeutic effects have been reported in the clini-
cal trials to date;’ therefore, researchers are focusing their current
efforts on improving new viruses that target GM* including a
unique oncolytic adenovirus that targets mutant variant I1I of the
epithelial growth factor receptor (EGFRvIII), which is a glioblas-
toma-specific mutant. In our effort to achieve an efficient virus-
based therapeutics, we previously demonstrated a cancer vaccine
regimen combined with intratumor injection of F/M-gene-deleted
nontransmissible recombinant Sendai virus (rSeV) expressing the
interleukin-2 gene in a rat orthotopic model."® This was the first
experimental protocol to successfully eliminate an established rat
9L gliosarcoma in the brain, and suggested that rSeV would be
safe and useful for the clinical practice of glioblastoma therapy.
However, because of the highly malignant nature of the 9L tumor,
the tumor elimination ratio was modest (-30%) even by this regi-
men, and there is thus need of a more powerful tool before moving
to clinical study.

In order to develop a new therapeutic modality, we returned
to the current understanding of the molecular mechanisms
involved in the invasive nature of GM, and have recently focused
on the protease system. It has been reported that GM frequently
expresses urokinase-type plasminogen activator (uPA) and that its
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invasiveness is closely related to uPA activity." uPA can be activated
by a high-affinity receptor, uPAR, on the cell surface, after which
uPA activates matrix metalloproteases and plasmin, resulting in
the degradation of extracellular matrix. Also, activation of these
uPA-related proteins induces several intracellular signaling path-
ways via growth factor receptors, thereby facilitating cell adhesion,
migration, and proliferation. A number of reports have demon-
strated the close relationship between increased levels of local uPA
and poor prognosis in cancer patients, including patients bearing
GM."* Because uPA activity is specifically upregulated in cancer-
ous tissue but not in normal tissue, and uPA activity is observed
on the cancer cell surface, it seems reasonable that a therapeutic
modality targeting uPA could selectively kill cancer cells without
significant damage to the surrounding normal tissue.

To realize this concept, we recently developed novel onco-
lytic viruses based on a type of rSeV that selectively shows matrix
metalloprotease- or uPA-specific cell-killing activity via cell-
cell fusion,'* namely, “oncolytic rSeV” These new viruses were
developed by several major genetic modifications: (i) deletion
of the gene encoding matrix (M) protein, which resulted in the
loss of budding of secondary viral particles and accumulation
of hemagglutinin/neuraminidase and F (fusion) proteins on the
cell surface; (i) replacement of trypsin-susceptible amino acid
sequences of the F-gene with targeted protease-specific ones; and
(iii) truncation of the cytoplasmic domain of the F-gene. As a
result, our recent study demonstrated that uPA-targeted oncolytic
rSeV [rSeV/dMFct14(uPA2): named “BioKnife”] showed opti-
mal performance and was applicable to various types of human
malignancies."*

Therefore, we here examined the therapeutic potential of
BioKnife for treating human glioma and a rat orthotopic model
of highly malignant 9L gliosarcoma. Our results indicate that
BioKnife may be useful for GM treatment. In addition, we revealed
that BioKnife armed with the interferon-B (IFN-B) gene exhibited
pronounced killing of GM in vitro and in vivo.

RESULTS

uPA activity-specific cell fusion and killing using
BioKnife in human GM cells

In the initial stage of this study, we tested our hypothesis, namely,
that uPA activity-dependent cell fusion/killing could be accom-
plished using infection of the BioKnife vector into five indepen-
dent lines of human GM cells (U87, U138, U251, U373, and A172)
and into a rat 9L gliosarcoma. As shown in Figure la, a catalytic
uPA activity assay revealed that 3 (U138, U251, and U373) of the
six cell lines expressed a significant amount of active uPA in cul-
ture media. To assess the cytotoxic activity of BioKnife [rSeV/
dMFct14(uPA2)] on these cells, a Water-Soluble Tetrazolium
(WST) assay was performed. As expected, BioKnife expressing
green fluorescent protein (BioKnife-GFP) efficiently killed GM
cells that expressed high levels of uPA (U373 and U251; Figure 1b,
left panels and two graphs). Because modest cytotoxicity due to
the M-gene-deleted control recombinant virus (rSeV/dM-GFP, see
Supplementary Figure S1) was found in U138, A172, and 9L cells,
no significant increase in the cytotoxic effect of BioKnife-GFP was
detected in these cells. Addition of a sufficient amount of PAI-1, a
specific inhibitor for uPA, into the culture medium of U251 cells
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Figure 1 Expression of urokinase-type plasminogen activator (uPA)
by human and rat brain tumor cells and their susceptibility to
uPA-targeted rSeV/dMFct14(uPA2), namely, BioKnife (*P < 0.01).
(a) Expression of uPA by human glioblastoma multiforme cells (U87,
U138, U251, U373, and A172) and rat gliosarcoma (9L) in culture
medium. Four days after changing to fresh medium, the culture super-
natant was subjected to a colorimetric catalytic assay (n =6 wells/group).
(b) Susceptibility of brain tumor cells to BioKnife-GFP or control vector
(rSeV/dM-GFP) at an multiplicity of infection of 1.25. Four days after
virus inoculation, cells were observed under a fluorescent microscope
(panels) and the culture supernatant was subjected to cytotoxicity assay
(graphs). In the case of U251, a group with PAI-1, a specific inhibitor
of uPA, was included. Note that syncytium formation was observed in
wells with U138, U251, U373, or A172 cells (panels), but not in wells
with U87 or 9L cells. Significant cytotoxicity was observed against U251
and U373 cells, but not against A172 cells (left graph). Addition of PAI-1
almost completely prevented the BioKnife-dependent cytotoxicity (right
graph; n = 6 wells/group).

completely prevented the BioKnife-dependent cytotoxicity (right
graph), confirming the uPA-specific killing of U251 cells.

Second, we assessed the time course of the cytotoxicity of
BioKnife-GFP and the infection efficiencies based on the rSeV-
dM-GFP-positive cell ratio determined by fluorescence-activated
cell-sorting analyses on these five human GM cell lines and the rat
gliosarcoma cell line 9L. As shown in Supplementary Figure S2,
even when a small amount of viruses was used (multiplicity of infec-
tion = 1.25), the five human cell lines were relatively susceptible to
rSeV/dM infection, usually showing an rSeV-dM-GFP-positive cell
ratio of over 70%; however, significant and strong cell death was seen
only in the cell lines U251 and U373 (see Figure 1b for representa-
tive results). 9L cells, in contrast, were highly resistant both to rSeV/
dM infection and BioKnife-mediated cell death. Together with the
data shown in Figure 1, these results suggest that uPA activity may
predict the cytotoxic activity of BioKnife-GFP, and that the infection
efficiency is not always important for BioKnife-mediated cell death.

1779

—290—



Fusogenic Oncolysis of GM by Targeting uPA

a 100 b 100 .
s 8 sz 80
> 60 > 60
S w0 g w0
S 20 3 20
0 ]

MOI=03125 MOI=1.25

B rSeV/dM-GFP
[ BioKnife-GFP
W BioKnife-hIFNB
[ rSeV/dF-hIFN

1 10 100 1,000 10,000 U/mi
003 03 3 26 256 ng/ml

3
5
Z
=

P<0.01

[+ U251 (subcutaneous tumor): day 28
900 f_-"-:‘_|

< 800 —— "P<0.01

£ 70 —= #p<0.05

< 600

£ 500 PBS

3 400 BB SeV/dM-GFP
5 300 [2] BioKnife-GFP
E 200 Bl BioKnife-hIFNG
2 100

0 [ rSeV/dF-hIFNB

Figure 2 Sole or combined effect of hIFN-B and BioKnife on U251
cells in vitro and in vivo (*P < 0.01 and *P < 0.05). (a) Dose-dependent
cytotoxic effect of rhIFN-B protein on U251 cells. Four days after addition
of various amounts of rhIFN-B, the culture supernatant was subjected to
cytotoxicity assay (n = 4wells/group). (b) Cytotoxicity due to BioKnife-
GFP (rSeV/dM-GFP as a control) and BioKnife-hIFNB (rSeV/dF-GFP as a
control). Four days after exposure of cells to viruses at an MOI of 0.3125
or 1.25, the culture supernatant was subjected to a cytotoxicity assay
(n = 6wells/group). (¢) Antitumor effect of BioKnife-GFP and BioKnife-
hIFNB on U251 tumor cells subcutaneously implanted into the right
flank of nude mice. When the subcutaneous tumors grew over 200 mm?*
(defined as day 0, usually 14 days after tumor inoculation), 100 pl PBS
with or without each vector (1 x 107 cell infection unit/dose) was injected
three times (day 0, 3, and 6) intratumorally using a 26-gauge needle.
The data indicate the tumor volumes on day 28 after tumor inoculation.
MOI, multiplicity of infection; PBS, phosphate-buffered saline; rhIFN-B;
recombinant human interferon-B protein.

Next, we focused on U251 cells, which was the only of the
human GM cell lines tested that could develop subcutaneous
xenograft tumors on immunodeficient mice (data not shown).
Also, the effect of BioKnife expressing the human IFN-f gene
(hTFN-B) was examined, because hIFN-B has been proven effec-
tive for the treatment of experimental and clinical glioma.'*'¢
As shown in Figure 2a, recombinant hIFN-p protein (rhIFN-B)
demonstrated a dose-dependent cytotoxic effect on U251, with
over 75% cytotoxicity at 10,000 U/ml (equivalent to 256 ng/ml). A
direct comparison study revealed that BioKnife-hIFNf had a sig-
nificantly greater cell-killing effect on U251 than any of the other
viruses tested (all P < 0.01; Figure 2b). When U251 cells were
implanted on the subcutis of the right flank of nu/nu mice, how-
ever, the superiority of the antitumor effect of BioKnife-hIFNf
was not apparent, because all the therapies tested were sufficiently
effective in this model (Figure 2c).

uPA activity on the cellular surface is critical for
optimal BioKnife activity

To clarify whether BioKnife shows significant synergism with IFN-
in vitro and in vivo, we generated 9L cells that were less susceptible
to both BioKnife (Figure 1b) and recombinant murine IFN-f3 pro-
tein (rmIFN-B; Figure 4a) and that stably expressed murine uPA
and/or murine uPAR. As shown in Figure 3a, western blot analyses
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Figure 3 Accumulation of uPA on the cell surface is critical for the
biological action of BioKnife (*P < 0.01). (a) Representative western
blot analyses confirming the protein synthesis stably transfected with
murine uPA and/or uPAR cDNA (9L-P: parent 9L; 9L-C: 9L with control
plasmid; 9L-L: 9L with uPA ligand cDNA; 9L-R: 9L with uPA receptor
CDNA; and 9L-L/R: 9L with both). Three independent experiments were
performed and showed similar results. (b) Expression of uPA activity
in the culture medium and on the cell surface from each transfectant
(5 x 10° cells). Forty-eight hours after cell seeding, the supernatant was
subjected to the colorimetric uPA activity assay. Both 9L-L/R and 9L-L
expressed a high level of uPA in the culture media; however, significant
accumulation of uPA activity on the cell surface was seen only in 9L-L/R
cells. (¢) Expression of PAI-1 in the culture medium and on the cell sur-
face from each transfectant. The supernatant obtained in b was sub-
jected to enzyme-linked immunosorbent assay for PAI-1. (d) Biological
activity of BioKnife-GFP forming syncytium (panels, MOI = 1.25) and
leading cells to death (graph, MOI = 1.25 and 5.0) on 9L-P or 9L-L/R
cells (4 days after virus inoculation). Panels demonstrate the typical fluo-
rescent microscopic findings detecting living cells (expressing foreign
GFP genes) and dying cells (positive for PI). Nuclear staining was done
using Hoechst 33342. No syncytium formation was found in parent 9L
cells (9L-P, three left-hand panels). Note that GFP-expressing multinu-
clear cells (arrowheads) were negative for Pl, and inversely, Pl-positive
dying cells (arrows) were negative for GFP (three right-hand panels).
Two independent experiments were performed and showed similar
results. Bar = 100 um. Graphs represent cytotoxic assay for each trans-
fectant. Only 9L-L/R cells demonstrated a significant increase of suscep-
tibility to BioKnife-GFP (n = 6/group). cDNA, complementary DNA; GFP,
green fluorescent protein; MOI, multiplicity of infection; PI, propidium
iodide; uPA, urokinase-type plasminogen activator.

confirmed that the levels of uPA and uPAR were undetectable in
the parent 9L (9L-P), and that the transfected gene-specific protein
synthesis had occurred [9L-C: 9L with control plasmid; 9L-L: 9L
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Figure 4 Drastic synergy induced by BioKnife and mIFN-B gene transfer for killing 9L-L/R cells (*P < 0.01). (a) Direct cytotoxic effect of
recombinant murine IFN-B (rmIFN-B) on mouse glioma 203G and 9L-L/R cells. Four days after treatment with various amounts of rmIFN-B, a
cytotoxicity assay was performed. Note that 203G cells were susceptible to the rmIFN-B protein and dose-dependent cytotoxicity was observed,
whereas 9L-L/R cells were highly resistant to rmIFN-B protein even at a concentration of over 90,000U/ml (equivalent to 2,308 ng/ml). Each
group contains n = 4. (b) Cell fusion via BioKnife enhances its mIFN-B transgene expression on 9L-L/R (susceptible to cell fusion, right graph),
but not on 9L-P (resistant to cell fusion, left graph). Four days after exposure to each virus at each MOI, the mIFN-B protein level was measured
by specific enzyme-linked immunosorbent assay. No significant difference in expression levels was found between rSeV/dF-mIFNp (nonfusogenic)
and BioKnife-mIFNB (fusogenic) using 9L-P cells (left graph). Note that over 2-logs higher mIFN-B protein levels were found with BioKnife-mIFNB
than with rSeV/dF-mIFNB at any MOI in 9L-L/R cells (right graph). Significant, but very low levels of mIFN-B protein were detected when using
rSeV/dM-GFP and BioKnife-GFP. Each group contains n = 4. (c) Cell fusion via BioKnife potentiates viral genome copies on 9L-L/R (susceptible to
cell fusion, right graph), but not on 9L-P (resistant to cell fusion, left graph). After exposure to each virus at an MOI of 1.25 on each time point,
viral genome copies were quantified by real-time reverse transcriptase-PCR targeting of the N gene, their common sequence. Each data point was
standardized by simultaneous amplification of GAPDH (the genome copies/GAPDH on day 1 in 9L-P cells treated with rSeV/dM-GFP = 1). Strong
and early amplification of genome copies of BioKnife-GFP was found in 9L-L/R cells, and declined 3 days after infection. In contrast, delayed
and sustained increase of genome copies was found when using BioKnife-mIFNB. Each group contains n = 3. (d) Arming with the mIFN-f gene
accelerates the cytotoxicity of BioKnife to mIFN-B-insensitive 9L-L/R cells. At various time points after exposure to each virus at an MOI of 1.25,
a cytotoxicity assay was performed. Note that BioKnife-GFP showed peak cytotoxicity from day 4, whereas BioKnife-mIFNf had already reached
its peak cytotoxicity on day 3. Each group contains n = 6. (e) Acceleration of cell fusion and cytotoxicity due to BioKnife is efficiently induced by
mIFN-B gene transfer, but not by rmIFN-B protein. At various time points after exposure to each virus at an MOI of 1.25, a cytotoxicity assay was
performed. Note that a modest but significant acceleration of cytotoxicity via BioKnife-GFP was found only in the presence of a high concentra-
tion of rmIFN-B (10,000U/ml) on day 4. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MOI, multiplicity of infection; NS, nonsignificant;
rmlIFN-B, recombinant murine interferon-f.

with uPA ligand complementary DNA (cDNA); 9L-R: 9L with uPA
receptor cDNA; and 9L-L/R: 9L with both uPA ligand cDNA and
uPA receptor cDNAJ. Interestingly, only 9L-L/R cells expressed
high uPA activity in both the culture medium and on the cell
surface, whereas 9L-L cells synthesized uPA only in the culture
medium, suggesting that a high level of uPAR expression is required
to accumulate active uPA on the cell surface (Figure 3b). In con-
trast, expression of the uPA-specific endogenous inhibitor PAI-1
was almost undetectable on the cell surface of all cells tested, and
was significantly downregulated in the culture media of 9L-L/R and
9L-L cells (P < 0.01), suggesting a negative feedback mechanism of
uPA or catalytic degradation of PAI-1 by uPA (Figure 3c).
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Using these cells, we next tested the biological action of
BioKnife. As shown in Figure 3d, BioKnife-GFP showed opti-
mized cytotoxicity on 9L-L/R cells (Figure 3d, graph; P < 0.01).
Interestingly, Hoechst 33342 staining (middle two panels) revealed
that 9L-L/R cells forming a syncytium contained both living cells
strongly expressing the GFP transgene (green, upper two panels,
arrowheads) and dying cells stained by propidium iodide (red,
lower two panels, arrowheads).

Taken together, these findings indicate that BioKnife shows
its optimized biological action—namely, the killing of tumor cells
via induction of syncytium formation—when there is a sufficient
amount of uPA activity on the cell surface.
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Pronounced synergy of BioKnife and the IFN-3
transgene for killing of 9L-L/R cells in vitro

Next, we examined the synergy between BioKnife and IFN-f for
GM therapy using 9L-L/R cells. We here used the mIFN-f gene and
recombinant protein (rmIFN-P), because the species-specificity of
IFN- between rodents and humans is widely known. Because our
preliminary study showed that the 9L-L/R cell-killing activity of
BioKnife expressing the mIFN-3 gene (BioKnife-mIFN[) was supe-
rior to that of BioKnife-GFP at 3 days after virus inoculation (data
not shown; representative data are shown in Figure 4d), we first
examined the susceptibility of 9L-L/R cells to BioKnife-mIFNp.

Recombinant mIFN- protein (rmIFN-B) showed significant
cytotoxicity to 203G murine glioma cells in a dose-dependent
manner; however, 9L-L/R cells were highly resistant to rmIFN-f,
even when a huge amount of rmIFN-B (~10% of cytotoxicity at
120,000 U/ml, equivalent to 3,077 ng/ml) was used (Figure 4a).
In addition, inoculation of the conventional nontransmissible
vector rSeV/dF-mIFNp or BioKnife-mIFNJ to parent 9L cells
that were resistant to BioKnife-mediated cell fusion produced a
similar amount of mIFN-B protein in a dose-dependent man-
ner (Figure 4b, left graph). In contrast, we were surprised to
observe that the infection of BioKnife-sensitive 9L-L/R cells with
BioKnife-mIFNB dramatically enhanced mIFN-B expression
(over 2-logs higher than the expression levels obtained using the
others; Figure 4b, right graph), indicating that cell fusion mark-
edly accelerated the expression of the transgene.

To seek the possible mechanism underlying the enhanced
expression of the mIFN-B transgene, we next assessed the time
course of the genome copy numbers of viruses by quantitative real-
time reverse transcriptase-PCR (RT-PCR) targeting the N gene.
In the case of the SeV, it is well known that genome replication
reflects its transcription well. As shown in Figure 4c, cell fusion via
BioKnife potentiates the number of viral genome copies on 9L-L/R
(susceptive to cell fusion, right graph), but not on 9L-P (resistant to
cell fusion, left graph). Interestingly, strong and early amplification
of genome copies of BioKnife-GFP was found in 9L-L/R cells, and
declined 3 days after infection. In contrast, a delayed and sustained
increase of genome copies was found when using BioKnife-mIFNJ.
It was suggested, therefore, that this sustained increase of genome
copies and its transcription might have resulted in the enhanced
IFN-B transgene expression shown in Figure 4b.

Next, we questioned the reverse effect—in other words,
whether mIFN-B might accelerate cell fusion and killing even in
mIFN-B-insensitive 9L-L/R cells. To examine this hypothesis, we
checked the cytotoxicity over a time course. Interestingly, the cyto-
toxicity induced by BioKnife-GFP peaked on days 4-5, whereas
cells treated with BioKnife-mIFNp already demonstrated a nearly
peak cell death on day 3 (Figure 4d). Then, we asked whether the
transgene expression of mIFN-B might accelerate the cell fusion/
killing and whether rmIFN- might have an effect similar to that
seen using the transgene. As shown in Figure 4e, a pronounced
acceleration of cytotoxicity on 9L-L/R was observed when using
BioKnife-mIFNP. In contrast, a modest enhancement of cell-
killing by BioKnife-GFP was seen under a higher concentration
of rmIFN-P on day 4, indicating the drastic improvement in the
biological activity of BioKnife conferred by transgene expression
of the mIFN- gene.
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Figure 5 Overexpression of urokinase-type plasminogen activator
(uPA)/uPA facilitates the invasive potential of 9L gliosarcoma cells.
(a) Growth curve of 9L-L/R cell in vitro. No significant difference was
found between 9L-P and 9L-C. (b) Wound-healing assay of 9L-P and
9L-L/R cells for assessing cell migration activity in vitro. A single linear
wound was made with a 200 l pipette, and each wound area was calcu-
lated 8, 16, and 24 hours later. Left panels are the representative phase-
contrast images. Facilitated wound repair was found in 9L-L/R cells,
indicating that the overexpression of uPA/uPA accelerates cell migration
activity. (c,d) Time course of the growth and invasiveness of 9L-P (n =
12 animals) or 9L-L/R (n = 15 animals) cells in rat brains assessed by
sequential assessment with magnetic resonance imaging (MRI). (c) All
rats inoculated with 9L-P cells and 10 rats inoculated with 9L-L/R cells
showed local growth around the injection site with neither detectable
invasion nor dissemination. (d) A typical MR image showing invasion
and dissemination. Five rats receiving 9L-L/R cells showed invasive cell
transfer that included: (i) direct progression along neural fibers of the
hippocampus and/or corpus callosum; (i) cerebrospinal fluid dissemina-
tion surrounding the cerebral ventricle and/or forming nodules on the
brain surface. NS, nonsignificant.

Pronounced synergy of BioKnife and the IFN-B
transgene for killing of 9L-L/R cells in vivo

Before the in vivo study assessing the therapeutic potentials of
BioKnife, we investigated the effect of forced uPA/uPAR gene
expression on the growth and behavior of 9L cells in vitro and in
vivo. As shown in Figure 5a, the growth activity of 9L-L/R in vitro
was identical to those of 9L-P and 9L-C. In contrast, the in vitro
wound-healing assay revealed the significantly enhanced migra-
tory activity of 9L-L/R cells (Figure 5b). Magnetic resonance
imaging (MRI) also demonstrated that the local growth of 9L-L/R
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Figure 6 Impact of BioKnife expressing the mIFN-B gene for the
treatment of an orthotopic rat brain tumor model with 9L-L/R (*P <
0.01 and "P < 0.05). (a) mIFN-B expression in ipsilateral (tumor bearing)
and contralateral (no tumor) brain tissues 2 days after a single intratu-
mor injection of BioKnife-mIFNB or control vectors [rSeV/dM and rSeV/
dF-mIFNB; 1 x 107 cell infection unit (CIU)/dose]. Each group contains
n = 8 animals. (b) Therapeutic effect of BioKnife-mIFNB on an orthoto-
pic rat brain tumor model. On days 1, 4, and 7 after tumor injection,
each virus (2 x 107 CIU) in 20l PBS was injected, and the cell survival
was observed. The data are the sum of two independent experiments.
mIFN-B, murine interferon-p; PBS, phosphate-buffered saline.

tumors in the rat brain in vivo was roughly identical to that seen
with 9L-P tumors (Figure 5¢; 9L-P: n = 12 animals; 9L-L/R: n = 15
animals); however, five animals that received 9L-L/R cells showed
the invasive growth of tumors to the hippocampus and/or cor-
pus callosum, as well as the tumor dissemination to the fourth
ventricle packing and/or nodule formation at the distant central
nervous system (Figure 5d), indicating that forced expression of
uPA/uPAR resulted in the increased malignant potential of 9L
tumors.

Pronounced synergy of BioKnife and the IFN-$
transgene for killing of 9L-L/R cells in vivo
Finally, the therapeutic potential of BioKnife-mIENB on an ortho-
topic rat model of GM was investigated using 9L-L/R cells. We first
assessed the expression level of transgene mIFN- in vivo in 9L-L/R
tumor-bearing rat brain tissue. Two days after injection of vector
at 1 x 107 cell infection unit (CIU)/dose, the brain tissue was sub-
jected to specific enzyme-linked immunosorbent assay (ELISA).
As shown in Figure 6a, strong enhancement of transgene expres-
sion was found when using BioKnife-mIFN as compared to that
seen using rSeV/dF-mIFNB at the ipsilateral site, and the findings
were similar to those seen in the in vitro experiment (Figure 4b).
The therapeutic benefit on the survival of tumor-bearing
rats is shown in Figure 6b; all control rats that were treated with
phosphate-buffered saline (PBS) or nonfusogenic rSeV/dM-GFP
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were dead within 46 or 52 days after tumor inoculation, respec-
tively. Gene transfer of mIFN-B via rSeV/dF significantly
improved the survival of rats with IFN-B-insensitive 9L-L/R (P <
0.05), suggesting that this therapeutic effect might have been due
to the well-known immune-mediated antitumor effect of IFN-f,
but not due to its direct cytotoxicity on tumor cells. Similarly,
the survival of tumor-bearing rats that received BioKnife-GFP
was also significantly prolonged compared to those in the PBS or
rSeV/dM-GFP group (P < 0.05, respectively). Compared to these
efficacies, BioKnife-mIFNP showed a dramatic enhancement of
the therapeutic potential of BioKnife: namely, no dead animals
were observed during the trial. These surviving rats exhibited no
residual tumor cells in their brain tissue either macroscopically or
microscopically (data not shown).

These results provided clear evidence of a pronounced syn-
ergistic effect between the fusogenic activity of BioKnife and the
IFN-B transgene in vitro and in vivo.

DISCUSSION

Here, we investigated the potential and mechanism of our recently
developed uPA-targeted oncolytic virus, BioKnife, to treat a rat
model of GM. Key observations obtained in this study were as
follows: (i) among 9L cells that were stably transformed with
the uPA and/or uPAR gene, accumulation of uPA activity on the
cellular surface was crucial for the optimal biological functioning
of BioKnife; (ii) there was a dramatic synergy between cell fusion/
cytotoxicity and IFN-B transgene expression via BioKnife—
namely, we observed an acceleration of cell fusion and a dramatic
increase of transgene expression; and (iii) the synergistic effects of
BioKnife-IFN were effective for treating a rat orthotopic brain
tumor model with 9L-L/R, even if the tumor itself was resistant
to IEN-P therapy alone. These findings indicate the potential util-
ity of BioKnife expressing the IFN-B gene and provide important
information related to the biological parameters predicting the
efficacy of BioKnife in future clinical trials.

During the course of this study, we had some unexpected
findings; however, some of these anomalies were resolved in
subsequent experiments. First, the expression level of uPA did
not always predict the cytotoxic activity of BioKnife (e.g., U138,
Figure 1), and this question was resolved by an experiment using
9L, which showed that the cell surface accumulation of uPA, but
not its release, was critical for the biological activity of BioKnife
(Figure 3). To the best of our knowledge, this is the first demon-
stration that the expression of uPAR is critical for facilitating the
accumulation of active uPA on the cell surface. Second, although
BioKnife-GFP appeared to be capable of facilitating syncytium
formation of U138 and U172 (Figure 1b, panels), the observed
cytotoxicity did not always support the notion that such syncy-
tium formation occurred (Figure 1b, graphs). This contradictory
data could be explained by the data in Figure 3d: namely, syncy-
tium formation did not always correlate with dying cells, at least
at this time point.

Next, we should discuss why PAI-1 expression in the culture
media from 9L-L/R and 9L-L was downregulated, as it was
previously shown that uPA enhances the expression of PAI-1.”
A possible explanation of this paradox is that the uPA/PAI-1
complex may mask epitopes recognized by the ELISA system,
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because RT-PCR analysis could not detect a significant reduction
of PAI-1 mRNA in these cells (data not shown).

A most important question remains—namely, by what mech-
anism is the dramatic synergy between BioKnife and the IFN-
transgene realized? It has been widely accepted based on previ-
ous studies'®'? that type-1 IFNs inhibit cell-cell fusion and viral
replication of paramyxoviruses, including SeV. However, our data
obtained by recombinant viruses suggest that this rule may not
apply in all situations; for example, the recombinant virus yield
during the amplification process of BioKnife encoding IFN-f
using LLC-MK2 cells is significantly increased more than several-
fold compared with that of BioKnife expressing other transgenes
(unpublished results). Interestingly, the cell-cell fusion of epi-
thelial and dendritic cells induced by measles virus, a member of
Paramyxoviridae, was shown to be enhanced by type-ITFNs,” sug-
gesting that acceleration of the cell-cell fusion induced by IFN-B
might be cell- and/or species-specific. In this study, we also found
that BioKnife-mediated cell-cell fusion strongly enhanced IFN-f
transgene expression, which reached over 2-logs higher than that
seen when using nonfusogenic virus. Because the transgene of
BioKnife was expressed by its own viral expression machinery,
these findings theoretically indicate that cell-cell fusion facilitates
viral protein synthesis; however, to the best of our knowledge,
there has been no published data that could explain these find-
ings. Therefore, further studies will be needed to investigate the
molecular mechanisms of such synergies.

Finally, because in vivo experiments using the orthotopic GM
model in this study demonstrated a dramatic therapeutic effect, the
clinical relevance of our BioKnife-IFNP should be discussed. First,
almost all surgical specimens of GM were shown to express a high
level not only of biologically active uPA but also uPAR,** sug-
gesting that a majority of GM patients would be good candidates
for this therapeutics. The current model may be clinically relevant
to residual and disseminated tumor cells rather than solid tumors,
because virus injection was started 1 day after tumor inoculation;
therefore, the adjuvant use of BioKnife-IFN after mass reduction
via, for example, surgery and/or stereotactic radiotherapy would
be reasonable. Although it may be possible that such a protease-
targeting strategy would show limited efficacy, because urokinase
is variably expressed at different sites in the parenchyma of grow-
ing tumors, these theoretical considerations based on this study
warrant further investigations and encouraged us to move this
system to the clinic.

In conclusion, we here demonstrated the efficient control of
a rat orthotopic model of GM via the marked synergistic actions
of IFN-B gene transfer and BioKnife, an oncolytic rSeV targeting
uPA. These findings support the therapeutic potential of BioKnife-
IFNp for intractable GM in a clinical setting.

MATERIALS AND METHODS

Cells, reagents, ELISA, plasmid vectors. The human brain tumor cell lines
(U87, U138, U251, U373, and A172) and the rat cell line 9L were pur-
chased from American Type Culture Collection (Rockville, MD) or the
European Collection of Cell Cultures (England, UK). These cell lines were
maintained in complete medium (RPMI 1640 for 203G and Dulbecco’s
modified Eagles medium for the others) supplemented with 10% fetal
bovine serum, penicillin, streptomycin, and 1% sodium pyruvate (Flow
Laboratories, Mclean, VA) under a humidified atmosphere containing
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5% CO, at 37°C. ELISA was performed using commercially available
kits for rat PAI-1 (Hyphen Biomed, Andresy, France) and for mIFN-B
(PBL Biomedical Laboratories, Piscataway, NJ). Full-length murine uPA
and uPAR cDNAs were cloned from total RNA of Lewis lung cancer cells
(American Type Culture Collection: CRL-1642) by RT-PCR, and human
uPA and uPAR cDNAs were cloned from total RNA of human prostate
tumor cells: PC3 (American Type Culture Collection: CRL-1435) by
RT-PCR. The sequences of PCR primers with BamHI and Nhel sites were
the following: murine uPA, forward 5-TCTAGCTAGCCGCCATGAAAG
TCTGGCTGG CGAGC-3'/reverse 5'-CCGCGGATCCTCAGAAGGCCA
GACCTTTCTC-3"; murine uPAR, forward 5-TCTAGCTAGCCGCCAT
GGGACTCCCAAGGCGGCTG-3'/reverse 5-CCGCGGATCCTCAGGT
CCAGAGGAGGACGCC-3'). Amplified cDNA fragments were digested
with BamHI and Nhel and inserted into a pcDNA3.1 vector (Invitrogen,
Carlsbad, CA). The full sequences of cDNAs were determined by direct
sequencing.

Construction and recovery of BioKnife vectors. rSeVs and rSeV armed
with IFN-B were constructed as described previously,"*'*?* and all sche-
matic structures of viruses used in this study are demonstrated in the
Supplementary Figure S1. In brief, the parent plasmid pSeV18+/
dM-GFP, in which the GFP had been substituted for the deleted M gene,**
was digested with Sall and Nhel, and the F-gene fragment (9,634 bp) was
subcloned into LITMUS 38 (New England Biolabs, Beverly, MA). Site-
directed mutagenesis was performed using a Quick-Change Mutagenesis
Kit (Stratagene, La Jolla, CA), and the mutated F-gene was returned to
the pSeV 18+/dF-GFP backbone. mIFN- and hIFN-B cDNAs were previ-
ously cloned® and were inserted into the pSeV18+/Fct14(uPA2)dM-GFP
plasmid. Recovery and amplification of the SeV vector were performed
essentially as described before. Briefly, LLC-MK2 cells were transfected
with a plasmid mixture containing each plasmid—pSeV18+/Fct14 (uPA2)
dM-GFP, pGEM-NP, pGEM-P, and pGEM-L—in 110yl of Superfect
reagent (Qiagen, Tokyo, Japan). The transfected cells were maintained for
3 hours, washed three times, and incubated for 60 hours in minimum
essential medium containing araC. The cells were collected and lysed by
three cycles of freezing and thawing. The lysate solution was incubated
on the F/M-expressing LLC-MK2 cells in a 24-well plate. Twenty-four
hours later, the cells were washed and incubated in minimum essential
medium containing araC and 7.5 pg/ml trypsin plus 10 ng/ml urokinase
(Cosmobio, Tokyo, Japan). The virus yield was expressed in CIU, as previ-
ously described."** Expression of mIFN-B or hIFN-B was determined by
specific ELISA.

Virus titration. The virus titers were expressed as CIU, which were esti-
mated by infecting confluent LLC-MK2 cells in a 6-well plate with diluted
solution as previously described."™'* In brief, LLC-MK2 cells were inoc-
ulated in duplicate with a series of dilutions of virus, then incubated for
1 hour and washed twice with PBS. Two days after infection, cells were
fixed in methanol, incubated with anti-SeV primary antibodies, and
then incubated with fluorescein isothiocyanate-labeled goat anti-rabbit
IgG(H+L) (Invitrogen). Immunofluorescent-positive cell were counted
and CIU/ml were calculated.

uPA activity assay and ELISA for PAI-1 and mIFN-f. Cells (1.5 x 10%) in
60l medium were seeded in a 96-well dish, and the supernatants were
collected after 48 hours. The uPA activity or PAI-1 expression in the cul-
ture medium and on the cell surface of denucleated cells that were washed
three times with a sufficient amount of PBS was measured using a colori-
metric uPA Activity Assay Kit (Chemicon International, Temecula, CA) or
ELISA kit for rat PAI-1, according to the manufacturer’s instruction.

Cytotoxicity assay. Cells (5 x 10°) were seeded in a 96-well dish with

100l medium containing various concentrations of recombinant hIFN-B
(PBL Biomedical Laboratories), mIFN-B (Chemicon International)
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proteins, or various amounts of viruses. At each time point, cytotoxicity
was measured using a Premix WST-1 Cell Proliferation Assay System
(Takara Bio, Otsu, Japan). Defining the cell viability of a negative control
well as 100%, the cytotoxicity of each well was calculated by subtracting the
corresponding viability from 100%.

uPA- and/or uPAR-expressing stable transfectants of 9L. 9L cells (3 x 10°)
were seeded in 6-well dishes with 2 ml medium/well, and the following day,
the plasmid vectors were transfected using TransIT-LT1 Reagent (Mirus
Bio, Madison, WI) according to the manufacturer’s instructions. Gene-
transferred 9L cells (9L-P: parent 9L; 9L-C: 9L with control plasmid; 9L-L:
9L with uPA ligand cDNA; 9L-R: 9L with uPA receptor cDNA; and 9L-L/R:
9L with both uPA ligand cDNA and uPA receptor cDNA) were maintained
under 200 pug/ml of antibiotic G-418, and the clones surviving from single
cells were selected twice.

Western blotting. Samples were lysed in lysis buffer containing 50 mmol/I
Tris-HCI (pH 6.8) and 10% sodium dodecyl sulfate, and the protein
concentration for each sample was determined by using a Bio-Rad
Protein Assay kit (Bio-Rad Laboratories, Hercules, CA). Anti-mouse
uPA (ab20789, rabbit, 1:1,000; Abcam, Cambridge, UK), anti-mouse
uPAR (AF534, goat, 1:1,000; R&D Systems, Abingdon, UK), and anti-
glyceraldehyde 3-phosphate dehydrogenase (IMG-5143A, rabbit, 1:1,000;
IMGENEX, San Diego, CA) were used as primary antibodies. The sec-
ondary antibodies, anti-rabbit IgG (65-6120, goat, 1:10,000; Invitrogen)
or anti-goat IgG (561-71271, rabbit, 1:10,000; Jackson ImmunoResearch
Laboratories, West Grove, PA), were applied for 30 minutes. Specific
bands were visualized using an ECL Plus Western Blotting Detection
System (GE Healthcare, Little Charfont, UK).

Qi itati I-tii RT-PCR rSeV genome copies. Total
cellular RNA was extracted from cultured cells with an ISOGEN sys-
tem (Wako Pure Chemicals, Tokyo, Japan) according to the manufac-
turer’s instructions, then treated with RNase-free DNAase 1 (Boehringer
Mannheim, Mannheim, Germany). A volume of 25ng of total RNA was
subjected to real-time RT-PCR. Real-time monitoring of the amplifi-
cation and quantification of genome copies of rSeV were done using a
model 7000 Sequence Detection System (Applied Biosystems, Tokyo,
Japan) by the TagMan method according to the manufacturer’s instruc-
tions. The oligonucleotide sequences of PCR primers and TagMan probes
targeting the N gene (forward: 5-CAATGCCGACATCGACCTAGA-3";
reverse: 5-CGTGCCCATCTTTCACCACTA-3"; TagMan Probe: FAM-
ACAAAAGCCCATGCGGACCAGGAC-TAMRA), a common sequence
for all vector constructs used in this study, were purchased from Applied
Biosystems. Three independent experiments were performed and the
obtained data were statistically analyzed. The genome copies were standard-
ized by the glyceraldehyde 3-phosphate dehydrogenase level in each sample,
and expressed as a relative fold increase compared with the control level.

Wound-healing assay. A single linear wound was made with a 200l
pipette tip in confluent cultures of 9L-P or 9L-L/R cells and washed gen-
tly with PBS to remove cellular debris. The cells were transferred to fresh
medium and incubated at 37°C. After 8, 16, and 24 hours, the cells were
photographed and the area of each wound was calculated.

Animals. Female 7- to 8-week-old Balb/c nu/nu mice and male Fisher 344
rats were obtained from the Shizuoka Laboratory Animal Center. Animals
were kept under specific pathogen-free and humane conditions in the
animal care facility of Chiba University’s Inohana campus. The animal
experiments were reviewed and approved by the Institutional Animal Care
and Use Committee and by the Biosafety Committee for Recombinant
DNA experiments of Chiba University. These experiments were also done
in accordance with the recommendations for the proper care and use of
laboratory animals and according to The Law (no. 105) and Notification
(no. 6) of the Japanese Government.
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Subcutaneous tumor model of human U251 cells in nu/nu mice: A density
of 1 x 107 U251 cells in 50l PBS plus 50 ul Matrigel (BD Biosciences,
Bedford, MA) were subcutaneously injected into the right flank of nude
mice. The tumor volume was calculated every 3 or 4 days, until day 28 after
tumor inoculation, using the following formula: volume = a’b/2, where
a is the shortest diameter and b is the longest. When the subcutaneous
tumors grew over 200 mm’ (defined as day 0, usually 14 days after tumor
inoculation), the mice were divided into treatment or control groups, and
100l PBS with or without each vector (1 x 107 CIU/dose) was injected 3
times (day 0, 3, and 6) intratumorally using a 26-gauge needle.

Orthotopic GM model of 9L-L/R cells in rats: A density of 5 x 10° 9L-
L/R cells with 10 ul PBS were injected into rat brains using a microinjector
(Harvard Apparatus, South Natick, MA) over 5 minutes, as previously
described.'® Briefly, rats were anesthetized with 50 mg/kg pentobarbital and
placed in a stereotactic apparatus. A burr hole was made at an appropriate
location (1 mm posterior to the bregma and 3mm right to the midline).
A 25-gauge needle was inserted at a point 3mm ventral from the dura.
On days 1, 4, and 7 after tumor injection, each SeV vector (2 x 10’ CIU)
with 20l PBS was injected in the same way. In addition, to evaluate the
invasive activity of 9L-L/R, 1 x 105 of 9L-P or 9L-L/R cells with 10 ul PBS
were injected into other rat brain in the same way and examined every
7 days with MRI. The invasive activity was measured at 4 weeks after
tumor inoculation. The rats were observed daily until severe paresis, ataxia
periophthalmic encrustations, or >20% weight loss developed.

MRI. All rats were anesthetized with 2.0% isoflurane (Abbott Japan, Tokyo,
Japan) and injected with 0.4ml of Gd-DTPA (Meglumine Gadopentetate,
0.002ml/g, 50mmol/l, Bayer, Leverkusen, Germany) intravenously 15 min-
utes before MRI measurement. All MRI experiments were performed on a
7.0-T MRI scanner (Magnet: Kobelco and JASTEC, Kobe, Japan; Console:
Bruker Biospin, Ettlingen, Germany) with a volume coil for transmission
(Bruker Biospin) and two-channel phased array coil for reception (Rapid
Biomedical, Rimpar, Germany). Multislice T -weighted MR images cover-
ing the entire brain (TIWI; multislice spin echo, TR/TE = 400/9.57 ms,
slice thickness = 1.0mm, slice gap = 0, number of slices = 16, matrix =
256 x 256, field of view = 25.6 x 25.6 mm?’, average = 4) were acquired.
The slice orientation was transaxial for all scans. Two independent neu-
rosurgeons evaluated the MRIs to determine whether either “invasion” or
“dissemination” were present. “Invasion” was defined as direct progres-
sion along neural fiber tracts and “dissemination” was defined as distant
tumor growth separated from the original injection site by cerebrospi-
nal fluid. When either invasion or dissemination was clearly observed
in the transaxial plane, images in the horizontal and sagittal planes were
also acquired. Image reconstruction and analysis were performed using
ParaVision (Bruker Biospin).

Statistical analysis. All data were expressed as the means + SD. The data
were examined statistically using one-way analysis of variance with Scheffe
adjustment. When the number of evaluated groups was small, the data
were subjected to the Kruskal-Wallis or the Mann-Whitney U test. The
survival curves were determined using the Kaplan-Meier’s method. The
log-rank test was used for comparison. A probability value of P < 0.05 was
considered statistically significant. Statistical analyses were determined
using StatView software (SAS Institute, Cary, NC).

SUPPLEMENTARY MATERIAL

Figure S1. The structures of BioKnife and its relatives used in this
study.

Figure 52. Cytotoxic activities of BioKnife-GFP on various human glio-
blastomas and rat 9L gliosarcoma.
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