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Fluorescence-guided surgery (FGS) of cancer is an area
of intense current interest. However, although benefits
have been demonstrated with FGS, curative strate-
gies need to be developed. Glioblastoma multiforme
(GBM) is one of the most invasive of cancers and is not
totally resectable using standard bright-light surgery
(BLS) or current FGS strategies. We report here a cura-
tive strategy for FGS of GBM. In this study, telomerase-
dependent adenovirus OBP-401 infection brightly and
selectively labeled GBM with green fluorescent protein
(GFP) for FGS in orthotopic nude mouse models. OBP-
401-based FGS enabled curative resection of GBM
without recurrence for at least 150 days, compared to
less than 30 days with BLS.
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INTRODUCTION
Fluorescence-guided surgery (FGS) of cancer is an area of intense
interest'?* and has shown benefit, but generally is not curative.*2¢

Fluorescence-guided surgery has shown to have potential for
highly invasive glioblastoma multiforme (GBM).*-® Treatment
with the metabolite 5-aminolevulinic acid, a precursor of hemo-
globin, resulted in the accumulation of porphyrins within malig-
nant glioma.*** Patients with malignant gliomas were given
5-aminolevulinic acid orally and then underwent FGS and had a
greater percentage with apparent complete resection and longer
6-month progression-free rate compared to patients who under-
went bright-light surgery (BLS).>**

We previously compared FGS and BLS of red fluorescent
protein (RFP)-expressing U87 human glioma orthotopically
implanted in nude mice. Most glioma cells were removed by
FGS. In contrast, the glioma was difficult to visualize under
bright light, and many residual cancer cells remained in the
brain after bright-light surgery. FGS significantly extended the
survival of the mice compared to those who underwent BLS,
but it was not curative.”

In an intraperitoneal mouse model of disseminated colon
cancer, FGS enabled resection of all tumor nodules labeled with
green fluorescent protein (GFP) by telomerase-dependent GFP-
containing adenovirus, OBP-401.**" We also observed that,
in addition to labeling cancer cells, OBP-401 had cancer-cell
killing efficacy.’*! OBP-401 should have activity for the vast
majority of cancers since they would be expected to express
telomerase.**

In this report, we investigated whether GFP labeling with
OBP-401 could result in curative FGS of highly invasive GBM
implanted orthotopically in nude mice.

RESULTS

GFP-expressing adenovirus OBP-401 labels GBM cells
with GFP and subsequently kills them

We first confirmed whether OBP-401 labels glioblastoma (GBM)
cells in vitro using the U87MG RFP-expressing GBM cell
line. Time-lapse imaging showed that OBP-401 labeled RFP-
expressing U87MG glioma cells with GFP in a dose-dependent
manner (Supplementary Figure S1). Moreover, OBP-401 killed
glioma cells in a dose-dependent manner (Supplementary
Figure S1).

Orthotopic nude mouse model of GBM

RFP-expressing glioma tissue fragments grown subcutane-
ously in nude mice were implanted into the subdural space
and sutured to the meninges for stabilization (Figure 1 and
Supplementary Figure S2). The orthotopic GBM invaded the
brain tissue (Figure 1).

Bright-light surgery cannot fully resect GBM

The orthotopic glioma tumor invaded brain tissue and there-
fore the margin between the tumor and normal tissues was
unclear under bright light (Figure 2). Radical surgery damaged
the brain tissue and resulted in death. When only tumor was
resected, residual disease remained visible by RFP expression
(Figure 3).
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Figure 1 Orthotopic glioblastoma model. RFP-expressing U87MG
cells (5x10°), suspended in Matrigel, were inoculated into the right
flank of 5-week-old female arthymic nude mice. After the tumor grew, it
was harvested and cut into small pieces (2-3 mm). A craniotomy open
window was made at the right parietal bone using a skin biopsy punch.
The meninges was opened to place a small fragment of glioma tissue
on the brain. The glioma tissue was sutured with an 8-0 nylon suture for
stabilization. The RFP signal of the implanted tumor was visible outside
the skin using a noninvasive whole-body fluorescence imaging system
(OV100). (a) Representative images of orthotopic glioma model 7 after
implantation at various magpnifications (left panel = T0mm; middle
panel = T0mm; right panel: 6 mm. (b) Experimental flowchart.

Low-dose OBP-401 GFP labeling of orthotopic glioma
Low-dose OBP-401 (1x10® plaque-forming unit [PFU]) was
intaratumorally injected into the GBM 3 days before FGS. OBP-
401 labeled the GBM with GFP (Figure 2). OBP-401 clearly high-
lighted the margin between the glioma and brain tissue (Figure
2). OBP-401 GFP labeling matched the RFP expression of the
tumor (Figure 2).

OBP-401 FGS of GBM cells after BLS

Orthotopic glioma was resected with BLS 3 days after
injection of low-dose OBP-401 (Figure 3). OBP-401 enabled
detection of residual GBM cells after BLS (Figure 3). Residual
GBM cells were removed with OBP-401 FGS with minimal
resection (Figure 3). Tumor resected by BLS and subsequently
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by FGS had matched GFP and RFP expression. Confocal
microscopy detected residual OBP-401-GFP-labeled GBM at
the single-cell level (Figure 3).

GBM recurrence with low-dose OBP-401-FGS

The rate of local recurrence with low-dose (1x10® PFU) OBP-
401 FGS and BLS alone was determined. Twelve of 14 mice that
received BLS had large recurring RFP fluorescing tumors. In con-
trast, 5 of 14 mice that underwent OBP-401 FGS had small recur-
rent RFP tumors (P = 0.007). Low-dose OBP-401 FGS reduced the
rate of local recurrence (P = 0.002), the volume of the recurrence
(P = 0.003), and prolonged the survival rate after surgery, com-
pared with BLS (P = 0.0013; Figure 5).

High-dose OBP-401 enables less invasive, recurrence-
free FGS

High-dose administration of OBP-401 (2x10%) PFU signifi-
cantly reduced the size of the tumor compared with untreated
control or low-dose OBP-401-treated tumor (mock versus low-
dose FGS: P < 0.05; low-dose versus high-dose: P < 0.05; Figure
4). The glioma was much more effectively resected with high-
dose OBP-401 FGS than with low-dose OBP-401 FGS or BLS.
All mice which received high-dose FGS were alive at 150 days
with no recurrence, significantly longer than low-dose OBP-
401-FGS (P = 0.05) which was significantly better than BLS (P
= 0.002); (Figure 4). High-dose OBP-401 also enabled a less
extensive surgery to resect the tumor completely. Similar results
were seen with overall survival, with high-dose OBP-401-FGS
longer than low-dose OBP-401-FGS (P = 0.05) or BLS (P <
0.01); (Figure 4).

OBP-401 kills invading GBM cells

U87MG cells formed “spikes” of invading cells in monolayer culture
(Supplementary Figure S3). OBP-401 reduced the number and
length of the invading spikes (Supplementary Figure S3). RFP-
expressing US7MG cells were also grown in three-dimensional
Gelfoam histoculture. Time-lapse imaging showed that U87MG
cells formed nodules and invaded outward along the structure of
Gelfoam histoculture (Figure 5). Therefore, we were able to track
invading and moving GBM cells in real-time by OBP-401 label-
ing. Time-lapse imaging showed that OBP-401 clearly labeled
invading GBM cells in three-dimensional Gelfoam histoculture
(data not shown), OBP-401 reduced the number and the distance
of invading GBM cells (Figure 5). The killing of invading glioma
cells by high-dose OBP-401 in Gelfoam can explain why high-dose
OBP-401, in conjunction with FGS, can eliminate recurrence since
invading glioma are probably eliminated by this procedure in vivo.

DISCUSSION

Conclusions and future prospects

Fluorescence-guided surgery has shown important potential for
improving outcome.!2##-313-41 OBP-301,*-* the parent virus of
OBP-401, was well tolerated in a phase 1 clinical trial of patients
with advanced cancer.*® This trial suggest that OBP-301 and its
derivative OBP-401 are safe. Previous results,’**"*" as well as the
current study, have shown OBP-401 is cancer specific. The results
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Figure 2 Comparison of low-dose OBP-401-based fluorescence-guided surgery (FGS) with bright-light surgery (BLS). For FGS, OBP-401 was
injected intaratumorally (1 x 108 PFU) when the tumors reached approximately 30 mm? (diameter; 4 mm). (a) Representative whole-tumor images of
mock-infected orthotopic glioma before and after BLS. (b) Representative whole-tumor images of an orthotopic glioma before infection with OBP-
401 and before and after OBP-401 FGS. (c) Histogram shows the comparison of fluorescent areas of residual tumor in the surgical bed after BLS or
low-dose OBP-401 FGS (P < 0.001) (left). Fluorescent area is calculated with Image ] software. Histogram shows the comparison of the fluorescence
intensity of residual tumor in the surgical bed after BLS and low-dose OBP-401-FGS (P < 0.001) (right). The fluorescence intensity is calculated with

Image | software. Data are shown as average + SD. n=14.

of the current study suggest that OBP-401 FGS has important
translational clinical potential to improve resection and outcome
of glioma without undue toxicity. OBP-401 has also shown prom-
ise for FGS of GI cancer.*** Clinical trials of OBP-401 for these
diseases are in order. Future studies may also exploit OBP-401 for
suicide gene therapy of cancer.

MATERIALS AND METHODS

GFP-expressing telomerase-specific adenovirus. The recombinant GFP-
expressing, telomerase-dependent, replication-competent adenovirus
vector OBP-401 contains the promoter element of the human telomerase
reverse transcriptase (WTERT) gene which drives the expression of the E1A
and E1B genes linked to an internal ribosome entry site for selective repli-
cation in telomerase-expressing cancer cells. The GFP gene is driven by the
CMV promoter.***"#
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Cell culture. U87MG-RFP human glioma cells>* were maintained and cul-
tured in DMEM medium with 10% fetal bovine serum and 5% penicillin/
streptomycin.

OBP-401 infection of glioma cells in vitro. U87MG-RFP cells (2 x 10°)
were seeded and cultured in DMEM with 10% fetal bovine serum (FBS)
on a six-well plate for two-dimensional culture. OBP-401 was added at
a multiplicity of infection of 10, 20, or 30 one day after culture. Cell
viability was determined 6 days after infection. U87MG cells were also
cultured on Gelfoam in DMEM with 10% FBS for three-dimensional
culture. OBP-401 was added at 1x10° or 2x 10® PFU 2 days after the
beginning of culture.

Mice. Athymic nude nu/nu mice (AntiCancer, San Diego, CA)
were kept in a barrier facility under high-efficiency particulate arres-
tance filtration. Mice were fed with autoclaved laboratory rodent
diet (Tecklad LM-485; Western Research Products, Orange, CA).
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Figure 3 Low-dose OBP-401 visualizes residual glioma cells after BLS and FGS. OBP-401 was injected intaratumorally (1 x 108 PFU) when the gli-
oma reached ~30 mm?. The GFP-labeled orthotopic glioma was resected by BLS, and then the residual tumor was resected by FGS. (a) Representative
whole-tumor images of orthotopic glioma before and after BLS and after FGS. (b) Representative microscopic images, acquired with the FV1000
confocal laser scanning microscope, of residual glioma labeled with low-dose OBP-401-GFP after sequential BLS and FGS.

All animal studies were conducted in accordance with the prin-
ciples and procedures outlined in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals under assurance
A3873-01.

Surgical orthotopic implantation glioma model. US7MG-RFP cells
(5% 10°), suspended in Matrigel (40 ul), were inoculated into the right
flank of 5-week-old female arthymic nude mice in order to obtain stock
tumors. The resulting tumors were cut into small fragments (diameter:
2-3mm). A craniotomy open window was made in the right parietal
bone using a skin biopsy punch.?* The meninges was opened to insert
a fragment of GBP with 8-0 nylon suture.

In vivo whole-body/whole-tumor imaging. For whole-body or whole-
tumor imaging, the OV100 Small Animal Imaging System (Olympus,
Tokyo, Japan) was used.” The OV100 contained an MT-20 light source
(Olympus Biosystems) and DP70 CCD camera (Olympus). High-
resolution images were captured directly on a PC (Fujitsu Siemens,
Munich, Germany). Images were processed for contrast and bright-
ness and analyzed with the use of Paint Shop Pro 8 and CellR (Olympus
Biosystems).*!

Time-lapse images of OBP-401 labeling of GBM cells in two-
dimensional culture or in Gelfoam histoculture were acquired with a
confocal laser-scanning microscope (FV1000; Olympus) with two-laser
diodes (473 and 559nm). A 4x0.20 numerical aperture immersion
objective lens (Olympus) was used. Scanning and image acquisition were
controlled by Fluoview software (Olympus).*

Molecular Therapy vol. 23 no. 7 jul. 2015

OBP-401 based fluorescence-guided surgery. All animal procedures were
performed under anesthesia using s.c. administration of a ketamine mix-
ture (10 pl ketamine HCL, 7.6 ul xylazine, 2.4 pl acepromazine maleate,
and 10 pl phosphate-buffered saline). OBP-401-GFP-labeled glioma was
imaged with the OV100 to determine the resection area and margin, OBP-
401-GFP-FGS was then performed with the OV100. When residual cancer
cells remained after resection of the tumor, additional resection was per-
formed. After all cancer cells were removed with OBP-401-GFP-FGS, the
craniotomy was closed with 6-0 suture.

In vivo single-cell level imaging of residual tumor. Fluorescence images
of residual tumor tissue after BLS or FGS were acquired using the FV1000
confocal microscope.

Statistical analysis. Data are shown as means * SD. For comparison
between two groups, significant differences were determined using the
Student’s t-test. For comparison of more than two groups, statistical sig-
nificance was determined with a one-way analysis of variance (ANOVA)
followed by a Bonferroni multiple-group comparison test. Pearson chi-
square analysis was used to compare the rate of local recurrence between
BLS and OBP-401 FGS. Recurrence is defined as the appearance of RFP
fluorescence in the brain after BLS or FGS. Statistical analysis for disease-
free survival, defined as time from FGS without recurrence, and overall
survival, defined as time from FGS that mice are alive, was performed
using the Kaplan—Meier test along with the log-rank test. Time of obser-
vation was 150 days and the curative end point is defined as no recurrence
at 150 days. P values of < 0.05 were considered significant.
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Figure 4 High-dose OBP-401-based FGS prevents local recurrence after surgery. (a) Representative whole-body images of five mice with
orthotopic glioma 30-50 days after BLS. (b) Representative whole-body images of five mice with orthotopic glioma 70 days after low-dose
OBP-401 FGS. (c) Representative whole-body images of orthotopic glioma 70 days after high-dose OBP-401 FGS. Bright-field (upper panels),
RFP image (lower panels). (d) Comparison of fluorescent areas of recurrent tumors after BLS or low-dose OBP-401 FGS (BLS versus low-dose FGS;
P =0.003); or high-dose OBP-401 FGS (low-dose FGS versus high-dose FGS; P = 0.055). Fluorescent area is calculated with Image | software. (e)
Comparison of fluorescence intensity of recurrent tumors after BLS or low-dose OBP-401 FGS (BLS versus low-dose FGS; P=0.007) or high-dose OBP-
401 FGS (low-dose FGS versus high-dose FGS; P=0.038). Fluorescence intensity is calculated with Image | software. Data are shown as average + SD.
n =14 (BLS); n = 14 (low-dose OBP-401-FGS); n = 9 (high-dose OBP-401-FGS). (f) Kaplan—-Meier curve shows disease-free survival after BLS,
low-dose OBP-401 FGS (BLS versus low-dose FGS; P = 0.002); or high-dose OBP-401 FGS (low-dose FGS versus high-dose FGS; P = 0.05).
(g) Kaplan—Meier curve shows overall survival after BLS, low-dose OBP-401 FGS (BLS versus low-dose FGS; P = 0.0013); or high-dose OBP-401 FGS
(low-dose FGS versus high-dose FGS; P = 0.05).

SUPPLEMENTARY MATERIAL

Figure S1. OBP-401 labels U87MG-RFP with GFP and then kills them
in vitro.

Figure $2. Orthotopic glioblastoma model.

Figure $3. OBP-401 reduces invasion ability of human glioma cell line
U87MG in monolayer in culture.
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Figure 5 OBP-401 inhibits invading glioma cells and kills them in 3D Gelfoam histoculture. U87MG cells (5 x 10°) expressing RFP, were seeded
on Gelfoam for 3D histoculture. OBP-401 was added at 2 x 108 PFU 48 hours after seeding. All images were acquired with the FV1000 confocal laser
scanning microscope. (a) Representative images from the RFP channel of mock-infected invading glioma cells (upper) and OBP-401-infected invading
glioma cells (lower) cultured in Gelfoam histoculture. Dotted line separates invading area and tumor. Arrows show the direction of invading glioma
cells. (b) Histogram shows the number of invading glioma cells for mock-infected and high-dose OBP-401-infected glioma cells in Gelfoam histo-
culture. (C€) Scattergram shows the distance (um) of invading glioma cells in Gelfoam histoculture from mock-infected glioma cells and high-dose
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