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Bevacizumab (BEV) is an antiangiogenic drug approved 
for glioblastoma (GBM) treatment. However, it does 
not increase survival and is associated with glioma inva-
sion. Angiostatin is an antiangiogenic polypeptide that 
also inhibits migration of cancer cells, but is difficult to 
deliver. Oncolytic viruses (OV) can potentially spread 
throughout the tumor, reach isolated infiltrating cells, 
kill them and deliver anticancer agents to uninfected 
cells. We have tested a combination treatment of BEV 
plus an OV expressing angiostatin (G47Δ-mAngio) in 
mice-bearing human GBM. Using a vascular intracranial 
human glioma model (U87) in athymic mice, we per-
formed histopathological analysis of tumors treated with 
G47Δ-mAngio or BEV alone or in combination, followed 
tumor response by magnetic resonance imaging (MRI), 
and assessed animal survival. Our results indicate that 
injection of G47Δ-mAngio during BEV treatment allows 
increased virus distribution, tumor lysis, and angiostatin-
mediated inhibition of vascular endothelial growth factor 
(VEGF) expression and of BEV-induced invasion markers 
(matrix metalloproteinases-2 (MMP2), MMP9, and colla-
gen). This leads to increased survival and antiangiogene-
sis and decreased invasive phenotypes. We show for the 
first time the possibility of improving the antiangiogenic 
effect of BEV while decreasing the tumor invasive-like 
phenotype induced by this drug, and demonstrate the 
therapeutic advantage of combining systemic and local 
antiangiogenic treatments with viral oncolytic therapy.
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13 September 2011. doi:10.1038/mt.2011.187

Introduction
Despite improved understanding of the molecular and physiologi-
cal features of glioblastoma (GBM), there are no effective treat-
ments for this brain cancer. The average prognosis has not changed 
by more than a few months over the last 20 years and median life 
expectancy after diagnosis is ~15 months. Several modalities have 

been and continue to be tested to treat these tumors, but none of 
these can extend life for more than a few months.

Antiangiogenic therapy is one of the strategies used to treat 
GBM. The major disadvantage of most antiangiogenic treatments 
is the induction of tumor invasion.1 Bevacizumab (Avastin, BEV), a 
monoclonal antibody that inactivates vascular endothelial growth 
factor (VEGF), was recently approved by the US Food and Drug 
Administration as a single agent for treatment of recurrent GBM.2 
It reduces MRI enhancement, and provides benefit by controlling 
peritumoral edema and improving clinical performance. Its clini-
cal use is increasing, even though its effect on the overall survival 
remains poor and it induces nonenhancing tumor invasion.3,4 It 
is thus important to test the potential uses of BEV in combina-
tion treatments that could improve the therapeutic outcome and 
decrease the drug’s induced tumor invasion.

Angiostatin is an endogenous inhibitor of angiogenesis5 that 
was shown to efficiently inhibit growth of primary and meta-
static tumors and prolong patient survival (DeMoraes et al., 2001, 
Abstracts of the 37th ASCO meeting). Its antiangiogenic and 
tumoristatic effects were also observed in preclinical studies for 
GBM.6 However, because angiostatin has a very short half-life, it 
presents important delivery problems7 and it was never tested in 
patients with GBM. The full molecular pathway through which 
angiostatin inhibits angiogenesis is not yet clear, but it was shown 
to block matrix-enhanced plasminogen activation, thereby inhib-
iting migration of endothelial, immune and cancer cells.8,9 Indeed, 
it inhibits cancer metastasis and invasion.8,9 We thus hypothesized 
that the combination of BEV and angiostatin could attack two dif-
ferent angiogenic pathways and lead to an additive antiangiogenic 
effect without inducing tumor invasion.

Genetically engineered oncolytic herpes simplex viruses 
(oHSV) are an attractive therapeutic means for treating locally 
growing, nonmetastatic tumors such as GBM due to their capacity 
to selectively replicate in tumor cells, lyse them and spread their 
progeny to the remaining cancer cells.10 oHSV have the poten-
tial to increase in situ after delivery and reach isolated infiltrat-
ing cancer cells.11 Moreover, the mode by which oHSV kills cells 
differs from that of standard anticancer agents and has differing 
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sets of toxicities, thus making them a useful tool for multimodal 
combination treatments.12–14 In addition to their oncolytic action, 
oHSV can be “armed” to express therapeutic genes such as sensi-
tizers to chemotherapy, immune stimulators and inhibitors, and 
antiangiogenic factors.11,15–32 However, the overall performance of 
oHSV as single treatment is poor, due in part to the presence of a 
host antiviral innate immunity.15,33–40 We and others have shown 
that oHSV induce intratumoral infiltration of macrophages that 
engulf virus-infected cancer cells and inhibit oHSV replication 
and persistence.15,33–40 Antiangiogenic treatments prevent intratu-
moral infiltration of macrophages and increase oHSV replication 
and spread.39,41,42

Given the potential mechanistic synergy existing between the 
antiangiogenic drug BEV and oncolytic viruses (OV), the pos-
sible additive antiangiogenic effect of BEV and angiostatin, and 
the anti-invasive capacity of angiostatin, we hypothesized that a 
combination of systemic BEV plus local expression of angiosta-
tin could increase OV treatment efficacy of GBM and decrease 
BEV-induced invasion. To test our hypothesis, we created G47Δ-
mAngio by arming an HSV-derived OV (G47Δ) that is currently 
in clinical trial [A clinical study of a replication-competent, 
recombinant herpes simplex virus type 1 (G47Δ) in patients with 
progressive glioblastoma, http://apps.who.int./trailsearch/trail.
aspx?trailid=JPRN-UMIN000002661] with angiostatin and char-
acterized the efficacy of treating established intracranial gliomas 
with the combination of BEV and G47Δ-mAngio. We show that 
treatment of animals with BEV before injection of G47Δ-mAngio 
increases viral intratumoral distribution. This causes improved 
delivery of virus and angiostatin leading to a decrease in angiogen-
esis and tumor growth with increased survival. Moreover, G47Δ-
mAngio decreases the invasive phenotypes induced by BEV.

Results
Treatment of subcutaneous flank tumors with  
G47Δ-mAngio and G47Δ-empty
We first analyzed the efficiency of viral infection and angiosta-
tin expression after G47Δ-mAngio injection in subcutaneous 
flank human U87 gliomas established in athymic mice. When 
the tumors reached a volume of 2 mm3 they were treated with 5 × 
106 plaque-forming unit (pfu) of G47Δ-mAngio or G47Δ-empty 
or an equal volume of phosphate-buffered saline (PBS). Tumors 
were collected 3 days after treatment for western blot analysis of 
virus-encoded angiostatin (hemagglutinin tag) and tumor VEGF 
expression (Figure  1a) and for histochemical analysis of viral 
distribution (LacZ) and tumor vascularity (CD31) (Figure  1b). 
G47Δ-empty slightly decreased tumor vascularity during the first 
3 days of treatment, but expression of angiostatin by the virus 
had a very large antiangiogenic effect and decreased intratu-
moral VEGF levels, in agreement with previously published data43 
(Figure  1). At this time point ~10% of the tumor was infected 
with virus (Figure 1b).

Subcutaneous tumor models allow for sequential direct caliper 
measurements of tumor growth over time. Mice with established 
subcutaneous U87 tumors (2 mm3) were treated twice (3 days 
apart) with 5 × 106 pfu of G47Δ-mAngio or G47Δ-empty or an 
equal volume of PBS (Figure 2). G47Δ-empty delayed the growth 
of subcutaneous tumors versus PBS but, importantly, angiostatin 

expression had significant therapeutic effect on tumor size by day 
41 and it delayed tumor growth by 4 days compared with G47Δ-
empty treated group (Figure 2a). The decrease in tumor vascular-
ity mediated by angiostatin was still present weeks after the last 
viral treatment (Figure 2b).
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Figure 1  Virus-encoded angiostatin and tumor vascular endothelial 
growth factor (VEGF) expression and antiangiogenesis in vivo. (a) 
U87 flank tumors were harvested 3 days after treatment with phosphate-
buffered saline (PBS) (P), G47Δ-mAngio (A), or G47Δ-empty (E) and 
analyzed by western blot for: angiostatin [hemagglutinin (HA) epitope], 
tumor VEGF, and β-actin (loading control). Each lane is a different mouse. 
(b) Histochemical staining for virus distribution (β-galactosidase activity, 
LacZ-blue) and tumor vascularity (CD31+ brown) in tumors treated with 
PBS, G47Δ-empty, or G47Δ-mAngio (hematoxylin nuclear counterstain-
ing). The bar indicates 2 mm. The analysis was done 3 days after treat-
ment and 1 of 3 tumors/group is shown.
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Figure 2 T reatment of subcutaneous flank tumors with G47Δ-
mAngio and G47Δ-empty. (a) Growth (volume/days) of U87 tumors 
established subcutaneously in the flanks of athymic mice (N = 7/group). 
Virus (G47Δ-empty = empty or G47Δ-mAngio = mAngio) or phosphate-
buffered saline (PBS) was injected on days 21 and 24 after tumor cell 
implantation. Significantly decreased growth was observed when the 
tumors were treated with G47Δ-empty compared to PBS (** referred 
to P < 0.01), and when treated with G47Δ-mAngio compared to G47Δ-
empty (P = 0.0002) on day 41. (b) Staining for tumor vascularity (CD31+ 
brown) at time of sacrifice: 17 days after treatment with PBS (37 days 
after tumor), 21 days after G47Δ-empty (41 days after tumor), or 24 days 
after G47Δ-mAngio (44 days after tumor). The bar indicates 2 mm.
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Pathologic analysis of intracranial tumors treated 
with BEV, G47Δ-mAngio, or G47Δ-empty
For a GBM therapy to be useful, it must ultimately be shown to 
work in an intracranial model. We have previously shown that 
athymic mice present an intact macrophage population that 
prevents intratumoral virus replication.36,40,41 Thus, we decided 
to pursue our studies in athymic mice where human glioma 
tumors can be implanted. To analyze the effects of BEV, G47Δ-
mAngio, and G47Δ-empty on intracranial U87 tumors, we 
performed histopathological analysis of the tumors extracted 
after treatment. We first compared the capacity of the two 
viruses to infect established intracranial U87 tumors. Six hours 
after virus injection, G47Δ-mAngio and G47Δ-empty infected 
intracranial U87 tumors with equal efficacy (~50–70% tumor 
infected, Figure 3).

We then performed more extensive immunohistochemical 
analysis of tumors treated with PBS, G47Δ-mAngio or G47Δ-
empty alone, BEV alone, or the combination BEV + G47Δ-mAngio 
(Figure 4a). The brains were analyzed 3 days after intratumoral 
injection of 5 × 106 pfu virus or PBS, which corresponded to 5 
days after intravenous injection of 5 mg BEV (5 mg/kg mouse) 
or PBS, for the presence of U87 cells (epidermal growth factor 
receptor), viral distribution (LacZ), vascularity (CD31), VEGF 
expression, and macrophage infiltration (F4/80) (Figure  4a). 
In parallel, RNA extracted from tumors treated with PBS, BEV, 
G47Δ-mAngio, and BEV + G47Δ-mAngio for 3 days was ana-
lyzed for expression of viral LacZ and tumor VEGF (Figure 4b). 
The dose of BEV was chosen from previously published data 
combining this drug with other OV strains.42,44

Comparison of intratumoral viral distribution at 6 hours 
(Figure  3) and 3 days (Figure  4a) after injection clearly shows 
that most of the injected virus has been cleared from the tumor, 
and the remaining virus is distributed exclusively around the bor-
ders between the tumor and the brain parenchyma (G47Δ-empty, 
Figure  4a). Angiostatin expression by the virus allowed persis-
tence of a viral focus in the tumor center. This focus contained 
dead tissue without macrophages or vascularity, but was sur-
rounded by an intense inflammatory area (Figure 4a).

G47Δ-empty decreased the vascularity of the tumor without 
affecting VEGF expression (Figure 4a,b). The tumor vascularity 
was further decreased by treatment with either BEV or G47Δ-
mAngio alone, and the latter also decreased intratumoral VEGF 
expression (Figure  4a,b). G47Δ-empty infection was accompa-
nied by the presence of dense active macrophages, whereas the 
areas of G47Δ-mAngio infection were characterized by necrosis 
(Figure  4a, black arrows) and decreased macrophage density 
(Figure  4a, F4/80 staining). BEV solo treatment also decreased 
the intratumoral macrophage density (Figure 4a) and combina-
tion of BEV with G47Δ-mAngio allowed increased distribution of 
virus during the first 3 days after injection, which was distributed 
almost through the entire tumor area, thus further decreasing the 
tumor vascularity and completely inhibiting macrophage intratu-
moral infiltration (Figure 4a,b). Increased viral activity induced 
by BEV was quantified through TaqMan reverse transcriptase-
PCR performed on viral LacZ gene and on the tumor VEGF 
gene whose expression is suppressed by the angiostatin transgene 
(Figure  4b). Moreover, epidermal growth factor receptor stain-
ing of cancer cells clearly shows that almost all of the tumor has 
been killed by the virus when applied in combination with BEV 
(Figure 4a).

Altogether, BEV treatment decreased tumor vascularity and 
increased the oncolytic and antiangiogenic activity of G47Δ-
mAngio, thus resulting in an improved antiangiogenic treatment 
effect further potentiated by the lysis of the tumor cells by the 
virus.

Survival of animals receiving BEV, G47Δ-mAngio,  
or G47Δ-empty as monotherapy
To determine whether the changes of the tumor and its microen-
vironment induced by G47Δ-mAngio, G47Δ-empty, or BEV treat-
ment result in increased survival we performed Kaplan–Meier 
analysis of survival of mice with established U87 intracranial 
tumors.

We first compared the effects of G47Δ-mAngio versus G47Δ-
empty, injecting 5 × 106 pfu of viruses per animal. Angiostatin 
expression by G47Δ significantly prolonged animal survival, with 
40% of mice surviving over 150 days (Figure  5a). No distinct 
tumor mass and only very few tumor cells among an inflammatory 
region characterized by infiltrative neutrophils and macrophages 
were observed in the long-term survivors (Figure 5b).

We then tested the effects on animal survival of BEV at three 
different doses (Figure  5c): (i) the dose previously reported in 
combination with OV (5 mg/kg mouse injected twice a week 
for 4 weeks), (ii) the dose most frequently used when tested 
alone (10 mg/kg mouse injected twice a week for 4 weeks), and 
(iii) a higher dose (30 mg/kg mouse injected twice a week for 4 
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Figure 3  Virus infection of intracranial U87 tumors. Athymic mice 
with established intracranial U87 gliomas were treated with G47Δ-
empty or G47Δ-mAngio (N = 3) injected directly into the tumor and 
sacrificed 6 hours later. Frozen brains were cut through the whole tumor 
area and analyzed for viral distribution. Lac Z staining (staining of viral 
β-galactosidase activity, blue) of two representative tumors treated with 
G47Δ-mAngio or G47Δ-empty at the anterior, central and posterior 
tumor area.
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weeks). Monotherapy with BEV at 10 or 30 mg/kg increased 
animal survival when compared to treatment with 5 mg (which 
was already effective when compared to PBS-treated animals, 
Figure  5c). However, BEV treatment induced collagen deposits 
in the extracellular matrix45 (an important extracellular factor to 
sustain adhesion of cancer cells during their invasion process) 
as well as expression of the invasion markers MMP2 and MMP9 
(Figure 5d). Interestingly, tumors receiving the high doses of BEV 
(10 and 30 mg/kg mouse) also migrated to the extracranial region 
(data not shown). Conversely, tumors receiving only 5 mg/kg BEV 
had significantly less collagen deposits and decreased induction 
of MMP2 and MMP9 (Figure 5d); these tumors grew as circum-
scribed masses localized to the injection site, typical of the U87 

model. No difference in survival was observed in mice receiving 
10 versus 30 mg/kg of BEV (Figure 5c).

Combination of BEV with oHSV: survival  
and tumor response
To analyze the therapeutic benefits of the combination treat-
ment BEV plus G47Δ-mAngio, we have compared this therapy 
to: (i) BEV plus G47Δ-empty, (ii) G47Δ-angio and G47Δ-empty 
alone, (iii) different doses of BEV alone. The combination treat-
ment was done with the “noninvasive” BEV dose (5 mg/kg) and 
106 pfu of oHSV. For this experiment, we have decreased the virus 
dose fivefold to avoid long-term survival induced by virus alone 
as was observed above. Animals treated with the combination 
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Figure 4 T umor immunohistochemical analysis 3 days postvirus. (a) Sections of the central tumor area (hematoxylin nuclear counterstaining, 
purple) showing: tumor cells [epidermal growth factor receptor (EGFR), brown], viral distribution [HSVgC, brown and viral β-galactosidase activity 
(LacZ) blue], tumor vascularity (CD31, brown), vascular endothelial growth factor (VEGF) expression (VEGF, diffuse brown staining of the secreted 
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mAngio + i.v. BEV (BEV + mAngio); N = 3. The yellow arrows indicate virus-infected areas. The black arrow indicates necrotic areas. (b) Left: intratu-
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lines are for the indicated pair of treatments. Top right: Fold increase in viral LacZ mRNA in tumors treated with BEV + G47Δ-mAngio compared to 
those treated with G47Δ-mAngio alone (considered as baseline = 1). Bottom right: Tumor VEGF mRNA in animals treated BEV, G47Δ-mAngio and 
BEV + G47Δ-mAngio compared to control animals treated with PBS (considered as baseline = 1). **P < 0.01 compared to control (PBS).



Molecular Therapy  vol. 20 no. 1 jan. 2012� 41

© The American Society of Gene & Cell Therapy
Combination of Bevacizumab With oHSV

5 mg/kg BEV + G47Δ-mAngio survived longer than those receiv-
ing 5 mg BEV alone, G47Δ-angio alone, or 5 mg BEV + G47Δ-
empty (Figure 6a). There was no statistically significant difference 
in survival between mice receiving BEV at 10 mg/kg versus BEV 
+ G47Δ-empty or BEV + G47ΔmAngio. This may be due to the 
fact that animals with tumors growing partially in the extracranial 
region survive longer. Indeed, addition of G47Δ-mAngio to 5 mg/
kg BEV completely inhibited the BEV-induced collagen deposits 
and decreased expression of MMP2 and MMP9 (Figure 6b), and 
tumors receiving this treatment did not migrate to the extracra-
nial region.

To assess the orthotropic tumor response to the different treat-
ments we performed serial magnetic resonance imaging (MRI), 
on two randomly selected mice for each treatment group from 
the survival experiment. T1-gadolinium MRI scans showed that 
whereas BEV has mainly a tumoristatic effect, the OV dramati-
cally decreases the tumor size early in the course of treatment 
(Figure 7a,b). Of note, the MRI scans indicated the presence of 
small hemorrhagic foci (Figure 7a, arrow) in the tumors treated 
with G47Δ-mAngio. In addition, we did not observe any nonen-
hancing tumor formations by T2-weighted MRI when treating 
animals with only 5 mg/kg of BEV (data not shown).

Discussion
We have tested the treatment efficacy of combining systemic BEV 
with local intratumoral injection of oHSV expressing angiostatin. 
The rationale for this combination is based on several foundations 
including: (i) Attacking angiogenesis via more than one mecha-
nism; (ii) Previously published data showing that antiangiogenic 
treatments increase efficacy of OV by preventing intratumoral 
infiltration of macrophages that rapidly clear the virus from the 
tumor tissue;39,41,42 and (iii) Previously published reports indicat-
ing that angiostatin inhibits migration not only of endothelial 
cells, but also of cancer cells, thus preventing tumor metastasis 
and invasion.8,9 Indeed, one of the consequences of BEV therapy 
that prevents successful treatment of GBM is that it induces tumor 
invasion.

Specifically, our data show for the first time that: (i) in the 
noninvasive U87 intracranial glioma BEV induces proinvasive 
phenomena such as collagen deposits and expression of MMP2 
and MMP9; (ii) BEV increases spread of oHSV and viral oncolytic 
activity by depleting intratumoral macrophages; (iii) arming oHSV 
with angiostatin provides increased antiangiogenic effects to the 
BEV treatment and decreases the proinvasive molecular changes 
induced by BEV; (iv) addition of oHSV armed with angiostatin 
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allows the use of decreased doses of BEV and reduces its unwanted 
invasive side effects. Previously published data indicate that BEV 
is most efficient in treating U87 intracranial tumors when used at 
10 mg/kg mouse delivered twice a week for 4 weeks. However, at 
this or higher doses, BEV-induced invasion of U87 tumor, analo-
gous to what observed in patients.3,4 Accordingly, our data show 
that BEV alone does not cure U87 gliomas and no difference in 
survival was observed between 10 and 30 mg/kg. In addition, these 
high doses of BEV led to the development of tumors rich in inva-
sion markers and migration of the cancer cells toward the extracra-
nial regions. The lower dose of BEV (5 mg/kg) was less efficient in 
prolonging survival of animals with U87 tumors, but presented less 
collagen deposits and decreased induction of MMP2 and MMP9. 
These tumors also did not migrate to the extracranial region. Even 
though development of extracranial tumors is not by itself an indi-
cator of tumor invasion, it is relevant that we have never observed 
this phenotype with the U87 cells, in the presence or absence of 
other treatments. Because BEV primarily inhibits activity of the 
human VEGF, which is synthesized by the tumor cells, the migra-
tion of U87 tumors to the extracranial region is most probably 
induced by BEV-mediated changes in the U87 glioma cells, rather 
than by modification of the mouse vascular and/or brain physi-
ology. Moreover, this atypical behavior of U87 cells in mice cor-
responds to increased intratumoral markers of invasion. In this 
regard it is interesting to note that migration of cancer cells occurs 

by cellular attachment to the extracellular fibrin components, 
such as collagen, and concurrent directional collagen proteolysis 
mediated by a broad number of proteases including plasminogen 
activators.46,47 Receptors for plasminogen activators are broadly 
expressed in GBM,47 whereas contradictory data have been pub-
lished about collagen deposits in these tumors.48 However, a recent 
study indicates that in vitro treatment of U87 cells with BEV leads 
to increased expression of plasminogen, collagen as well as of 
MMP2 and MMP9 by these cells.4 We thus believe that the migra-
tion of U87 tumors to the extracranial region is due to the inva-
sive profile induced by BEV in these cancer cells and the atypical 
tumor environment provided by the mouse brain. Combination of 
5 mg BEV/kg with an oHSV expressing angiostatin led to the same 
survival as BEV alone used at 10 or 30 mg/kg mouse, but collagen 
deposits were hardly observed in these tumors and there was no 
cancer migration to the extracranial region. For further improve-
ment of this treatment it is important to define the mechanisms 
through which angiostatin inhibits BEV-induced collagen depos-
its, as well as MMP2 and MMP9 expression, and to test combina-
tion of G47Δ-mAngio with increased doses of BEV and with BEV 
delivered after OV injection, as previously described.49

In summary, these data present a therapeutic strategy with 
strong translational potential to the clinic, and suggest new ave-
nues of exploration to improve intratumoral delivery of antiangio-
genic proteins, to increase the oncolytic activity of cancer-selective 
viruses, and to decrease the toxicity of a promising drug recently 
approved for GBM treatment.

Materials and Methods
Cell lines and cell culture. Monkey kidney cells (Vero) and U87 human glioma 
cells were purchased from American Type Culture Collection (Manassas, VA) 
and grown in complete Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal calf serum. Mouse endothelial cells MS1 were purchased from 
American Type Culture Collection and grown in RPMI medium supple-
mented with 10% fetal calf serum. Human umbilical vein endothelial cells 
were purchased from Lonza/Clonetics (Basel, Switzerland) and grown in 
endothelial growth medium-2 medium supplemented with the bullet kit 
provided by the company which includes 2% fetal bovine serum, heparin, 
hydrocortisone, ascorbic acid and the following human growth factors: fibro-
blast, vascular endothelial, R3-insulin, and endothelial. Human umbilical 
vein endothelial cells were maintained in culture for no >10 passages.

Viruses. The oHSV G47Δ, containing deletions of the γ34.5 and α47 genes 
and an inactivating insertion of Escherichia coli LacZ into ICP6, was armed 
with the mouse angiostatin complementary DNA tagged with the hemag-
glutinin epitope (G47Δ-mAngio) using the flip–flop HSV-BAC system 
(see Supplementary Appendix).

Animal studies. Female athymic nu/nu (NCI-Frederick nude) mice aged 
6–8 weeks were obtained from NCI Frederick (Frederick, MD) and kept 
according to the guidelines of the Subcommittee on Research Animal Care 
of the Massachusetts General Hospital (Boston, MA). For brain tumor 
establishment, mice were injected stereotactically with 2 × 105 U87 cells 
(2 mm lateral to the bregma at a depth of 3 mm) in 2 μl PBS. Seven days 
after implantation tumors were injected with 5 × 106 pfu of virus resus-
pended in 2 μl of PBS or equivalent volume of PBS. Two hundred micro 
liter BEV (Avastin; Genentech, San Francisco, CA) was injected intrave-
nously at 5, 10, or 30 mg/kg mouse twice a week for 4 weeks. Analysis of 
survival with the combination treatment (BEV+OV) was performed with 
5 mg/kg mouse of BEV (starting 2 days before virus injection) and 106 pfu 
of virus or equivalent volume of PBS.

BEV+mAngio versus BEV+empty P = 0.0391
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Figure 6  Kaplan–Meier analysis of survival with combination treat-
ment. (a) Survival of mice treated with intratumoral (IT) phosphate-
buffered saline (PBS) and i.v. PBS (PBS); IT PBS + i.v. BEV (bevacizumab 
(BEV), 5 mg/kg); IT PBS + i.v. BEV (BEV, 10 mg/kg); IT PBS + i.v. BEV (BEV, 
30 mg/kg); IT G47Δ-empty + i.v. BEV (BEV+empty); IT G47Δ-mAngio + 
i.v. BEV (BEV+mAngio); and IT G47Δ-mAngio + i.v. PBS [mAngio, 1 × 
106 plaque-forming unit (pfu)/mice]. The P values for each pair wise 
comparison are indicated. (b) Masson’s trichrome staining for collagen 
deposits (blue) and immunohistochemistry staining for matrix metal-
loproteinase-2 (MMP2) and MMP9 expression (dark brown) in mice 
brain carrying the U87 glioma treated with 5 mg BEV/kg and IT G47Δ-
mAngio + i.v. BEV (BEV+mAngio). The bar indicates 0.5 mm.
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Flank tumors were obtained by injecting 2 × 105 U87 cells 
subcutaneously. When the tumors reached a volume of 2 mm3 they 
received two injections 3 days apart of 5 × 106 pfu of virus or equivalent 
volume of PBS. Tumor volume was measured every 3–5 days and animals 
were sacrificed when the tumors reached a volume of 7–8 × 103 mm3.

Western blot. Tumors injected with the virus in vivo were homogenized 
into single-cell suspension in RIPA buffer (R0278; Sigma, St Louis, MO). 
Lysed with three freeze-thaw sonication cycles, and supernatants separated 
from insoluble pellets through centrifugation. Protein concentration of the 
supernatants was determined with the BCA kit (23227; Pierce, Rockford, 
IL) and analyzed by standard western blot after 12% SDS-polyacrylamide 
gel electrophoresis for the presence of chimeric mouse angiostatin-he-
magglutinin protein (rat anti-hemagglutinin, 11867423001; Roche, Basel, 
Switzerland) and human VEGF (mouse antihuman VEGF, 555036, BD 
Biosciences, San Diego, CA).

Immunohistochemistry and Masson’s trichrome staining. Rodent brains 
and flank tumors were removed and frozen in an isopentane dry-ice 
bath, then sectioned by cryostat to a thickness of 5 µm through the entire 
tumor volume. Every fifth section was collected for analysis. Tissue slides 
were dried overnight at room temperature, fixed in ice-cold acetone, and 
stored at –20 °C for hematoxylin and eosin (H&E) staining and immu-
nohistochemistry analysis. The tissue slides were thawed and rehydrated 
in PBS before staining. The tumor was analyzed for cancer cells (human 
epidermal growth factor receptor), vascular density (CD31 antigen), mac-
rophage infiltration (F4/80), and VEGF, MMP2, and MMP9 expression as 
follows: endogenous proteins and peroxidases were blocked with serum-
free protein block (X0909) and peroxidase-blocking reagent (002428) 
(DAKO-Cytomation, Glostrup, Denmark). Mouse immunoglobulin G was 

blocked with mouse on mouse reagent (MKB2213; Vector Laboratories, 
Burlingame, CA). Sections were then incubated 1 hour at room temperature 
with each of the following primary antibodies: mouse antihuman epider-
mal growth factor receptor (M3563; Dako), rat anti-mouse CD31 (550274; 
BD Pharmingen, Franklin Lakes, NJ), rat anti-mouse F4/80 (MCA497RT; 
Serotec, Oxford, UK), mouse antihuman VEGF antibody (555036; BD 
Biosciences), rabbbit anti-matrix metalloproteinase-2 (MMP2) (ab37150; 
Abcam, Cambridge, MA), and rabbit anti-MMP9 (LS-B2486; LifeSpan 
Biosciences, Seattle, WA). This was followed by incubation with anti-rat or 
anti-mouse immunoglobulin G-HRP secondary antibody (ECL NA935V 
or NA931V; Amersham Pharmacia, Arlington Heights, IL). Liquid DAB 
Substrate Chromogen System (K3465; DAKO-Cytomation) was used for 
detection. Intratumoral G47Δ spread was analyzed through staining of 
viral β-galactosidase activity with X-gal reagent (5-bromo-4-chloro-3-
inodolyl-β-d-galactopyranoside, B4252; Sigma) or immunohistochemis-
try staining for mouse anti HSV type 1 and 2 glycoprotein C (Serotec). 
β-Galactosidase staining was performed by adding an X-gal solution 
diluted to (0.4 mg/ml) of PBS to the acetone-fixed slides and incubated at 
37 °C for 4 hours. Masson’s trichrome staining (K037, Poly Scientific; R&D, 
Bayshore, NY) was conducted to localize collagen deposits. In all cases the 
sections were counterstained with hematoxylin, dehydrated with increas-
ing concentrations of EtOH, and fixed in xylene. NIH ImageJ software was 
used to calculate the viral infected area in 10 different tumor slides cut 
across the whole tumor volume.

Quantitative reverse transcriptase-PCR. Total RNA from the tumor region 
of the cerebrum was extracted with the RNeasy Lipid Tissue kit (Qiagen, 
Valencia, CA) following manufacturer guidelines. complementary DNA 
was synthesized from 2 µg total RNA using the Omniscript Reverse 
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Figure 7  Magnetic resonance imaging (MRI) of treated tumors. (a) T1 scans of mice brains treated with bevacizumab (BEV) or G47Δ-mAngio 
(mAngio) alone or the combination BEV+G47Δ-mAngio (BEV + mAngio) at different time points after tumor implantation (the same mice as in 
Figure 6). The images show one mouse/treatment group of the two that were analyzed. Intravenous BEV treatment started on day 5 after tumor 
injection and was repeated twice a week for 4 weeks. G47Δ-mAngio was injected once into the tumor 7 days after implantation of U87 (i.e., 2 days 
after BEV). The first image was taken 2 days after viral injection (9 days after tumor implantation). As shown in the survival analysis (Figure 6) the 
mice receiving treatments started dying shortly after day 54 from tumor implantation and imaging was thus discontinued. The arrow indicates hem-
orrhagic foci (it appeared also in the T2 scans before injection of Gd-DTPA, data not shown). (b) Quantitative representation of the images shown 
in a. Kinetics of tumor response (millimeters of maximum tumor diameter, MTD mm) is indicated in y-axis. The days from tumor implantation are 
indicated in x-axis (T1 scans of mouse 1 in each group is illustrated in a).
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Transcriptase Kit (Qiagen, 205113) and random primers (Invitrogen, 
Carlsbad, CA). Quantitative, real-time, PCR was performed with the ABI 
Prism 7000 HT Sequence detection system and TaqMan (for lacZ) or SYBR-
green (for VEGF and 18SrRNA) PCR Master Mixes (Applied Biosystems, 
Foster City, CA). The PCR reaction mix (25 µl) contained each primer at 
0.9 µmol/l, the probe at 200 nmol/l, and 2 µl of diluted complementary 
DNA. The PCR program included 1 cycle of 2 minutes at 50 °C, 1 cycle of 
10 minutes at 95 °C, and 40 cycles comprising 15 seconds at 95 °C followed 
by 1 minute at 60 °C. 18S rRNA was used as an internal control. Relative 
quantification of gene expression was calculated as 2ΔCt lacZ/2ΔCt r18S, with 
Ct the number of cycles for saturation, and ΔCt the difference between 
the numbers of cycles needed to reach saturation for the same gene in 
two different treatment groups. The following primers were used: LacZ 
forward-tgttgccactcgctttaatgat, reverse-actcgccgca 
catctgaact, probe-6FAM-cgctgtactggaggc-TAMRA; 18S 
rRNA forward-AACTTTCGATGGTAGTCGCCG, reverse-CCTTGGAT 
GTGGTAGCCGTTT; VEGF forward-ctacctccaccatgccaagt, 
reverse-tggtgatgttggactcctca.

MRI. MRI of mice brains was performed on a 4.7T MRI scanner (Bruker, 
Billerica, MA) with a dedicated mouse head coil under isofluorane anes-
thesia and respiratory monitoring. Sequential mouse axial T1-weighted 
images were acquired following intravenous administration of Gd-DTPA 
(Magnevist; Berlex, Montville, NJ), TR = 1100 ms, TE = 17 ms, FOV = 
2.4 cm, matrix size = 256 × 192, slice thickness = 0.7 mm. Tumor sizes were 
obtained by measuring the maximum transverse dimension of the tumor. 
T2-weighted images were acquired before Gd-DTPA administration with 
similar parameters as above except TR = 3500 ms, TE = 86.8 ms, matrix size 
= 128 × 128.

Statistical analysis. Statistical analysis of animal survival was performed 
with log rank (Mantel–Cox) test, all other experiments were analyzed with 
two-sided ANOVA test followed by means comparisons with post hoc 
Tukey’s test. P < 0.05 was considered to be statistically significant. All error 
bars indicate s.d.

SUPPLEMENTARY MATERIAL
Appendix.
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