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Abstract

Glioblastoma multiforme (GBM) is among the most highly vascularized of solid tumors, 

contributing to the infiltrative nature of the disease, and conferring poor outcome. Due to the 

critical dependency of GBM on growth of new endothelial vasculature, we evaluated the 

preclinical activity of a novel adenoviral gene therapy that targets the endothelium within newly 

formed blood vessels for apoptosis. VB-111, currently in phase II clinical trials, consists of a non-

replicating Adenovirus 5 (El deleted) carrying a proapoptotic human Fas-chimera (transgene) 

under the control of a modified murine promoter (PPE-1-3x) which specifically targets endothelial 

cells within the tumor vasculature. Here we report that a single intravenous dose of 2.5×1011 or 

1×1011 VPs was sufficient to extend survival in nude rats bearing U87MG-luc2 or nude mice 

bearing U251-luc, respectively. Bioluminescence imaging of nude rats showed that VB-111 

effectively inhibited tumor growth within four weeks of treatment. This was confirmed in a select 

group of animals by MRI. In our mouse model we observed that 3 of 10 nude mice treated with 

VB-111 completely lost U251 luciferase signal and were considered long term survivors. To 

assess the antiangiogenic effects of VB-111, we evaluated the tumor-associated microvaculature 

by CD31, a common marker of neovascularization, and found a significant decrease in the 

microvessel density by IHC. We further assessed the neovasculature by confocal microscopy and 

found that VB-111 inhibits vascular density in two separate mouse models bearing U251-RFP 

xenografts. Collectively, this study supports the clinical development of VB-111 as a treatment for 

GBM.
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Introduction

Glioblastoma (GBM, WHO grade IV) is the most common and aggressive of the primary 

brain tumors in adults, with poor prognosis despite intervention with surgery, radiation and 

chemotherapy. Annually, 5 in 100,000 people are diagnosed with GBM, with a median 

survival of approximately 14 months [1]. The low survival is attributed partly to the nature 

of the tumor. GBMs are highly vascularized tumors and display markedly disorganized 

vascular structures with conspicuous endothelial cell proliferation, pericyte and basement 

membrane abnormalities resulting in permeability with heterogeneous leakiness and 

abnormal blood flow [2]. The location of the tumor also makes drug delivery difficult with 

only small or lipophilic molecules able to cross the blood brain barrier [3, 4]. Of those 

agents that are able to reach the tumor, GBMs have shown to be resistant to most cytotoxic 

agents and quickly develop resistance when initially sensitive [5, 6].

Antiangiogenic therapy has rapidly evolved into an integral component of standard therapy 

for many malignancies. As an example, bevacizumab, a humanized monoclonal antibody 

against vascular endothelial growth factor (VEGF), was the first antiangiogenic drug to 

receive approval and is now considered a component of standard of care for ovarian, lung, 

kidney, colon and brain cancers [7–12]. Yet, while antiangiogenics have improved the 

practice of clinical oncology, clinical outcomes suggest that these therapuetics only prolong 

overall survival of cancer patients by several months, without offering enduring cure [13, 

14]. This may be in part due to tumor cells evading angiogenic inhibitors through 

modulation of collateral pathways or due to co-option of existing normal vasculature to 

maintain adequate blood perfusion. To overcome the limitations of existing antiangiogenic 

drug therapies, which ultimately fail, we assessed the efficacy of using VB-111 to target 

newly formed blood vessels. VB-111 is a nonreplicating adenovirus 5 (Ad-5, El-deleted) 

carrying a proapoptotic human Fas-chimera transgene (Fas and human TNF receptor 1) 

under the control of a modified murine pre-proendothelin promoter (PPE-1-3x) [15–17]. 

This modified murine promoter is able to specifically target the expression of the Fas-

chimera transgene to angiogenic blood vessels, leading to targeted apoptosis of these vessels 

(Fig. 1). Because the transgene specifically targets the endothelial cells on the luminal wall 

of the neovasculature, penetration through the blood brain barrier is not required.

We have recently published a phase I, open-label, multisite, sequential dose-escalation 

clinical trial with a single dose of VB-111 (NCT00559117) showing that VB-111 is safe and 

well tolerated in patients with advanced metastatic cancer at a single infusion of up to 

1×1013 viral particles (VPs), with evidence of transgene expression in tumor tissue and 

tumor responses observed [18]. In addition, a phase II open-label multicenter study is being 

conducted to determine the efficacy of VB-111 in treating patients with GBM 

(NCT01260506). Here we confirm in two independent pre-clinical models of GBM that 

VB-111 significantly extends survival, inhibits tumor growth and decreases the volume of 

angiogenic vessels within the tumor. Given the data presented herein, coupled with human 

trials, we conclude that VB-111 displays efficacy as a new antiangiogenic agent for the 

treatment of glioblastoma.
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Materials and Methods

Cell lines

Human glioma tumor cell lines U251-luc-RFP and U87MG-luc2 (Caliper LRS) were 

maintained as neurospheres in Neurobasal media (GIBCO) with supplements. Both glioma 

cell lines express firefly luciferase and RFP as tumor biomarkers. Prior to intracranial 

implantation, neurospheres were dispersed with accutase (MP Biomedicals) and 

resuspended to a final concentration of 2 × 105 cells per microliter.

Intracerebral xenograft models

One strain of nude rats (Athymic HsdHan: RNU-Foxn1rnu) and one strain of nude mice 

(Hsd:Athymic nude-Foxn1nu) from Harlan labs were used for survival studies. The animals 

were anesthetized with isoflurane (2.5%) and stereotactically injected with 1×106 glioma 

cells into the right forebrain (rats: 4 mm lateral and 1 mm anterior to bregma, at a 4.5 mm 

depth from the skull surface; mice: 2mm, 2mm, 3 mm). Once tumors were established, 

groups of animals were randomized to respective treatment or control arms. All animal 

experiments were performed according to the National Institutes of Health Guide for the 

Care and Use of Experimental Animals protocol. Animals were sacrificed when moribund, 

listless, or when manifesting significant neurologic deficit.

Cranial window models

A cranial window was placed for visualization of tumor cells and associated brain vessels as 

follows: Athymic nude mice (Harlan Labs) were anesthetized and placed onto a stereotaxic 

stage and administered dexamethasone (0.02 ml at 4 mg/ml) and carprofen (4 mg/kg of a 

50mg/ml solution) by intramuscular injection preoperatively. The scalp was retracted to 

expose the bregma and the periosteum was covered with lidocaine solution sufficiently to 

result in hemostasis during scraping. The periosteum was gently scraped with a scalpel to 

expose the cranium, and the surface dried. Using a high-speed micro-drill (0.5mm, Stoelting 

Co), the cranium was thinned in a circumference of a 5×5 mm region of the skull over the 

region of interest and the piece of bone was gently removed. 5 μl of suspension containing 

1×106 U251 cells was stereotactically injected into the brain at a depth of 1 mm below the 

dura using 10 μl Hamilton microsyringe. A round cover slip (5–7 mm diameter, No. 1 

thickness) was placed to cover the open-skull region and sealed with a thin layer of 

cyanoacrylate glue and dental acrylic. Similar supporting cranial window studies were 

conducted using TIE2-GFP transgenic mice which express GFP specifically in endothelial 

cells, whereby neovascular structures fluoresce. Placement of the cranial window thereby 

permits the visualization of GFP-positive blood vessels (data not shown).

Treatment protocol

VB-111 was provided by Vascular Biogenics (Or Yehuda, Israel), and was used directly and 

undiluted. Rats at 21 days post-implant or mice at 14 days post-implant were sedated with 

isoflurane to allow lateral tail vein injection of VB-111. A total dose of 2.5×1011 VPs in a 

volume of 250 μl was used for rats and 1×1011 VPs in a volume of 100 μl was used for mice.
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Bioluminescence imaging

Tumor growth was monitored by luciferase imaging. Animals were anesthetized, injected 

with D-luciferin at 50 mg/ml i.p., and after 10 min imaged on an IVIS Lumina system. To 

quantify bioluminescence, regions of interest (ROI) were obtained utilizing an automated 

method by Living Image software (Caliper Life Science). Measurements over the course of 

the study were acquired weekly to track tumor growth dynamics.

Magnetic resonance imaging (MRI)

MRI was performed at days 0, 7, and 14 after VB-111 infusion on a Bruker Biospec 7-Tesla 

scanner (Bruker) as previously described [19]. Blood flow and blood volume were measured 

using dynamic contrast enhanced imaging following a bolus of gadopentetate-dimeglumine 

(GdDTPA). For dynamic contrast enhanced MRI, single-shot gradient echo planar imaging 

(EPI) was used, resolution of 0.27×0.27×0.5 mm, 5 slices (no gap), matrix = 96×96, field of 

view = 25.6×25.6 mm, repetition time TR = 0.5 s, echo time TE = 20 ms. For T1-weighted 

MRI, conventional acquisition was used, resolution of 0.27×0.27×0.5 mm, 15 slices (no 

gap), matrix = 96×96, field of view = 25.6×25.6 mm, repetition time TR = 0.5 s, echo time 

TE = 20 ms. The number of slices to cover the entire tumor region and roughly cover the 

entire cerebrum were selected.

Fluorescence microscopy

Temporal changes in the existing and newly formed brain vasculature were evaluated by 

fluorescence microscopy through a cranial window to track modulation in response to 

VB-111. To visualize the tumor-associated brain vessels in athymic nude mice (NU/J), we 

injected GFP-conjugated dye (FITC-dextran) into the tail vein to demarcate blood vessels. In 

contrast, the tumor cells (U251) were labeled with red fluorescent protein (RFP). Confocal 

images were captured with a Nikon Apo LWD 25X/NA1.1 water immersion objective on a 

Nikon Eclipse FN-1 microscope with a Prairie imaging system. Prairie View software was 

used for image collection. Excitation wavelength for GFP and RFP were 488 and 542 nm, 

respectively. Z-stacks of 180 single images with a 3-micron step and 512×512 pixel frame 

size were acquired. Images, color-coded green and red, for GFP and RFP, respectively, were 

subsequently merged into a single image. For each mouse, Z-stacks from four congruent and 

adjacent locations within the brain tumor area were obtained through the cranial window at 

week 1 (before treatment) and identical regions recorded at weeks 2, 3, 4, 5 and 6 

(throughout and after treatment). Superficial blood vessel patterns were used as a guide to 

repeatedly image regions of interest. The microvascular density was defined as a ratio of the 

total fluorescence area (TFA) to the total area of an imaged field and was used as a surrogate 

measure of angiogenesis. Images from four different locations per mouse were collected for 

qualitative analysis.

Immunohistochemistry

Tissues were fixed in formalin, embedded in paraffin, and sectioned (5μm). After 

deparaffination, sections were stained for CD31 (SZ31; Dianova DIA-310) 1:10, and goat 

anti rat IgG-HRP (eBioscience 18-4818) 1:50. The capillary area was determined by 
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analyzing CD31-positive area using NIS Elements BR image analysis. In addition, the 

number of capillaries were counted per view of field (x100) (control n=9; VB-111 n=6).

Statistical analysis

Survival curves and statistical analysis were generated using GraphPad Prism 6 software. 

The program provides a Kaplan-Meier life-table analysis for each group (cumulative 

survival proportions with their 95% confidence intervals, median and mean survival times, 

and the incidence rate of the event), comparisons of survival proportions, tests comparing 

survival distributions (log rank and Gehan-Wilcoxon test), the ratio of median survival times 

and the hazard ratio (with 95% confidence intervals), and the trends in the early and later 

periods. Results were expressed as the mean ± SEM.

Results

Effect of VB-111 on the survival of intracranial glioma bearing rodents

As phase I/II clinical trials demonstrate that VB-111 is well tolerated and expressed in tumor 

tissue with some response, we sought to determine the efficacy of VB-111 in extending 

survival in animal models of GBM. Using two commercially available human GBM tumor 

cell lines (U87MG and U251) engineered to express firefly luciferase, we established 

intracranial GBMs into athymic nude rats and athymic nude mice to assess longevity, tumor 

growth and changes in blood vessels in the brain in response to VB-111 therapy. Before 

treatment with VB-111, animals were imaged using IVIS Imaging System for baseline 

determination of tumor size, then randomly assorted onto treatment (n=10) and control 

(n=9) arms. Vehicle control rats succumbed between day 34 and 49 post-implantation and 

demonstrated a median survival of 38 days (95% CI 35.1–40.9 days), which was 

commensurate with results seen from multiple prior experiments performed within our lab 

utilizing this model and cell line. Rats treated with VB-111 survived between 32 and 53 

days and demonstrated a significant extension in survival to a median of 48 days (95% CI 

42.1–53.9 days). Log rank analysis of survival distributions between these two groups 

showed a significant difference (p<0.05) in favor of treatment (Fig. 2A).

Experiments with athymic nude mice using the U251 cell line (n=20) also showed 

significant extension of survival after infusion of a single dose of VB-111 (p<0.05) (Fig. 

2B). The median survival time of treated animals was increased by 13 days compared with 

the controls (median survival - 82 and 69 days; 95% CI - 74.1–96.1 and 60.4–78.0 days, 

respectively). A similar trend toward increased survival was also seen in separate 

experiments using U251-bearing mice which were fitted with cranial windows for imaging 

the tumor associated vasculature. Here the vehicle control mice demonstrated a median 

survival time of 45 days (95% CI 40–50 days), compared to VB-111 treated mice which 

survived to a median of 62 days (95% CI 60.78–63.22 days).

Quantitative assessment of tumor growth

Intracranial tumor growth was monitored using bioluminescence imaging on an IVIS 

Lumina system. Bioluminescence values were used as a surrogate marker for regression or 

growth of luciferase-expressing tumors. When tumors achieved detectable levels (21 and 14 
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days after tumor implantation for rats and mice, respectively) animals were imaged at 

weekly intervals immediately prior to and throughout and following treatment. At baseline, 

animals were randomized by ROI luciferase values into two weighted groups. Mean ROI 

luciferase intensities of U87MG tumor-bearing nude rats (n=20) began separating among the 

two groups at 1 week post treatment and continued thereafter (Fig. 3A). By week 4 the 

luciferase values were approximately two-fold higher in the control animals with a mean 

intensity of 4.9×106 while the VB-111 group showed a mean intensity of 2.4×106. This 

trend persisted through the 8 week study in which all animals eventually succumbed to their 

tumor burden after achieving a lethal level of 108.

In a supporting study, intracranial tumor growth was assessed in nude mice bearing U251 

(n=20). No significant trend among groups was observed by IVIS imaging until week 10 of 

the 10 week study (p<0.05). Intriguingly, 3 of 10 mice demonstrated a complete response to 

VB-111 and were considered long term survivors. Of these, 2 responders segregated after 

only 1 week of treatment and the third animal responded after 5 weeks (data not shown). At 

the conclusion of this study, whole brains were removed and fixed for H&E staining to 

determine tumor size, which was defined as the ratio of the tumor area to the area of the 

whole brain. Here we found that VB-111 treated animals had a significantly smaller tumor 

compared to controls (p<0.005).

Correlation between bioluminescence and corresponding tumor volume

Because of the inherent limitations of measuring tumor volumes with bioluminescence, 

including the difficulty measuring necrotic core material and regions of hypoxia that may 

not permit proper oxidation of D-luciferin, we evaluated intracranial tumor growth in a 

subpopulation of nude rats bearing U87MG using MRI. Randomly selected animals were 

imaged at days 0, 7 and 14 relative to treatment. Although the sample size was inadequate to 

make a statistically significant comparison of tumor volumes among treatment groups, there 

was a clear trend toward decreased tumor volume post treatment with VB-111 compared to 

control. While control tumors had a more solid appearance with homogenous contrast 

enhancement typical for U87MG growth, those treated with VB-111 were more centrally 

necrotic appearing with a rim of enhancement (Fig. 3B). Perfusion imaging was difficult to 

interpret and showed no obvious trend with varying relative cerebral blood volume (rCBV) 

in control and treated tumors (data not shown). This may be due to mixed vascular 

disrupting and antiangiogenic effects of VB-111, which have offsetting effects on rCBV.

Antivascular effect of VB-111 in mouse models

To examine the antivascular effects of VB-111 on the tumor vessels of mice bearing GBM, 

we performed IHC staining with CD31, a common marker for quantifying tumor 

neovascularization. Terminal brain sections were prepared from U251 xenograft control 

(n=9) and VB-111 (n=6) treated mice and CD31 positive areas (μm2) within control sections 

were 5-fold higher versus sections from VB-111 treated mice (p=0.022; Fig. 4A, 4B). 

Additionally the number of CD31 positive capillaries were counted per field of view and the 

mean number of microvessels in the VB-111 treatment group were three-fold lower 

compared to control (p=0.003; Fig. 4C). Given the inability to discern an effect on rCBV 

from VB-111, we assessed the qualitative changes in tumor-associated vasculature by direct 
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in-vivo fluorescence microscopy. Fluorescence microscopy through a cranial window 

allowed us to track the dynamic interactions occurring among the blood vessels and RFP-

expressing U251 tumor in the exact same location of the brains over the course of 6 weeks. 

Two different animal models were used: 1) transgenic TIE2GFP mice with stable GFP 

expression in endothelial cells (data not shown), and 2) standard athymic nude mice 

administered FITC conjugated dextran into the tail vein (Fig. 5). We evaluated the ability of 

VB-111 to inhibit tumor-associated blood vasculature using a cranial window on athymic 

nude mice injected with FITC-dextran for labeling of total blood vessels (n=3). Treated mice 

(n=2) showed a maximum decrease of 23% vascular surface area by week 3 (Fig. 5B).

Discussion

In last decade, several antiangiogenic therapeutics have been evaluated for the treatment of 

glioblastoma [13, 20–22]. However, overall these studies have been underwhelming with 

minimal extension in survival even in the minority of patients who initially responded to 

treatment [13, 14]. While a number of potential resistance mechanisms may explain these 

shortcomings, reports provide evidence that solid tumors may upregulate VEGFR-

independent pathways that preclude sensitivity to existing antiangiogenic drugs [23, 24]. 

Therefore, development of targeted gene therapy-based approaches, which are not pathway 

dependent, may provide broader activity and offer a greater survival benefit. VB-111, which 

is currently in phase I/II clinical trials is an adenoviral-based gene therapy that specifically 

targets the Fas-chimera transgene to newly formed angiogenic vessels to induce apoptosis.

In this report we present our pre-clinical findings concerning the efficacy of VB-111 in 

targeting angiogenic blood vessels and extending survival. Using two commercial GBM 

tumor cell lines, U87MG and U251, which recapitulate some features of the human GBM 

[25–27], we show that a single intravenous dose of VB-111 was sufficient to significantly 

prolong survival in athymic rats and mice. Median survival was observed to be extended by 

10 and 12 days for U87MG and U-251 cell line, respectively, and log rank analysis confirms 

a statistically significant difference in favor of VB-111 (p<0.05). The improved survival 

seen with VB-111 compares favorably with existing anti-VEGF therapies tested in these 

models, both in our laboratory (data unpublished) as well as by others [28]. In fact, this 

impact on survival surpasses that of the VEGF-R inhibitor sunitinib (increase in median of 9 

days) in the same model given for 5 days per week continuously [20].

Further, bioluminescent imaging of tumors in nude rats showed that tumor progression was 

delayed with a single dose of VB-111, with an approximate 2-fold decrease in median and 

mean luciferase activity at week 4 post inoculations. Although supporting MRI perfusion 

imaging was noncontributory, there may be multiple explanations for this. First, vascular 

disrupting agents (VDAs) we now know have an opposite effect on perfusion imaging 

compared to antiangiogenics with VDAs actually increasing perfusion in the tumor while 

antiangiogenic agents decrease perfusion [29]. Additionally, it has been suggested by some 

that dynamic susceptibility contrast imaging used may be inferior to dynamic contrast 

enhancement for evaluation of antiangiogenic agents and therefore was less ideal [30].
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As tumor growth is supported by the formation of neovascular structures within and 

immediately surrounding the tumor, we next evaluated the effects of VB-111 on the number 

of new blood vessels found within the nude mouse brain tumor areas. Quantitative analysis 

of the total number of capillaries within the tumors of (n=9) control and (n=6) VB-111-

treated nude mice suggests that microvessel density, as determined by CD31 staining, was 

significantly lower in the VB-111 treated group relative to control (p=0.003). Ongoing 

mechanistic studies that determine the precise signaling pathways leading to apoptosis of 

angiogenic tumor vasculature in response to VB-111 are of significant therapeutic value as 

this gene therapy was shown to be well tolerated in phase I clinical trials. Additional studies 

looking at the potential of VB-111 to target coopted normal vasculature within the tumor 

microenviroment are also of interest as these are known to play a significant role during 

tumorigenesis.

Based upon these pre-clinical findings, combined with our previous dose escalation, first-in-

human trial of VB-111, we conclude that VB-111 displays efficacy as an antiangiogenic 

agent in the treatment of glioblastoma. Currently, VB-111 is in a phase II clinical trial in 

patients with recurrent antiangiogenic naïve glioblastoma.
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Figure 1. 
Mechanism of action of VB-111. (1) Viral vector internalized into endothelial cells in 

angiogenic blood vessels. (2) PPE-1-3x promoter causes Fas-TNFR-1 to be expressed on the 

endothelial cell surface. (3) Cell apoptosis is activated when circulating TNF-α interacts 

with Fas-TNFR-1 receptor.
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Figure 2. 
Survival of control and treated athymic nude rats and mice after a single dose of VB-111. 

(A) Nude rats bearing U87MG (9 control and 10 treated rats). (B) Nude mice bearing U251 

(10 mice for each group). Survival distributions for both xenograft models showed a 

significant difference (p<0.05) in favor of treatment with a 10 day increase in median 

survival in the VB-111 treated rats and a 13 day increase in the VB-111 treated mice versus 

respective control.
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Figure 3. 
(A) Luciferase emission quantification as a surrogate for tumor volume from nude rats 

bearing U87MG xenografts (10 animals per group). At week 4 luciferase values separated 

among the two groups. (B) Representative examples of MRI of treated and control U-87MG 

bearing rats before (day 0) and after VB-111 treatment (day 7, day 14). The control shows 

homogenous contrast enhancement, is more solid appearing, and is associated with marked 

mass effect and midline shift. By contrast, the treated tumor displays central necrosis, 

minimal mass effect, and a rim of enhancement.
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Figure 4. 
Immunohistochemical evaluation of the effect of VB-111 on the intratumoral vasculature 

within established U251 xenografts (9 control and 6 treated nude mice). Quantitative 

analysis shows a significant decrease in microvessel density (CD31) in VB-111 treated 

group relative to control group. (A) Representative examples for the detection of CD31 in 

tumor sections from the control and VB-111 treatment groups (4X). (B) Quantitative 

comparison of CD31-positive areas of the tumor sections from two groups of animals 

(p=0.022). (C) The total number of capillaries were counted per field of view at x100 

magnification (p=0.003).

Gruslova et al. Page 14

J Neurooncol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
In vivo images of the intracranial tumor-associated vasculature were acquired by confocal 

microscopy at day 0 (left column) and day 20 (right column) with control (top panel) or 

VB-111 treatment (bottom panel). These standard athymic nude mice (n=3) were injected 

with FITC conjugated dextran (green) to determine the effects of VB-111 on the tumor-

associated vessel density. A single dose of VB-111 leads to the continuous reduction in the 

density of blood vessels in the tumor area (red) in transgenic mice bearing U251 cells.
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