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                  The tumor microenvironment plays a key role in controlling the 
growth and spread of solid tumors ( 1 ). Considering the complicated 
interplay between cancer cells and their microenvironment, it is not 
surprising that most therapeutic strategies aimed at treating either 
malignant cells themselves or their microenvironment alone have 
demonstrated only modest efficacy in clinical trials ( 2 ). 

 Malignant gliomas remain a challenging tumor to treat, and a 
variety of experimental therapies have failed to show effectiveness 
in clinical trials [reviewed in ( 3 )]. One hallmark of malignant glio-
mas is the initiation of neoangiogenesis and vasculogenesis, which 
are consequences of disruptions in the normal homeostasis 
between angiogenic and antiangiogenic factors ( 4  –  7 ). The result-
ing vasculature is characterized by tortuous vessels that feature 
disruptions in their structural integrity, increased leakiness, uneven 
focal thickness, and arteriovenous shunts not seen in normal brain 
vasculature. Excessive endothelial cell proliferation in glioma leads 
to the formation of proliferating endothelial cell aggregates called 

glomeruloid bodies. All of these changes in tumor vasculature lead 
to increased thrombotic events and irregular circulation compared 
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   Background   The tumor microenvironment is being increasingly recognized as an important determinant of tumor pro-
gression as well as of therapeutic response. We investigated oncolytic virus (OV) therapy – induced changes 
in tumor blood vessels and the impact of modulating tumor vasculature on the efficacy of oncolytic virus 
therapy.  

   Methods   Rat glioma cells (D74/HveC) were implanted intracranially in immune-competent rats. Seven days later, the 
rats (groups of 3 – 7 rats) were treated with oncolytic virus (hrR3), and, 3 days later, brains were harvested for 
evaluation. Some rats were treated with angiostatic cRGD peptide 4 days before oncolytic virus treatment. 
Some rats were treated with cyclophosphamide (CPA), an immunosuppressant, 2 days before oncolytic 
virus treatment. Changes in tumor vascular perfusion were evaluated by magnetic resonance imaging of live 
rats and by fluorescence microscopy of tumor sections from rats perfused with Texas red – conjugated lectin 
immediately before euthanasia. Leukocyte infiltration in tumors was evaluated by anti-CD45 immunohisto-
chemistry, and the presence of oncolytic virus in tumors was evaluated by viral titration. Changes in cyto-
kine gene expression in tumors were measured by quantitative real-time polymerase chain reaction – based 
microarrays. Survival was analyzed by the Kaplan – Meier method. All statistical tests were two-sided.  

   Results   Oncolytic virus treatment of experimental rat gliomas increased tumor vascular permeability, host leuko-
cyte infiltration into tumors, and intratumoral expression of inflammatory cytokine genes, including inter-
feron gamma (IFN- � ). The increase in vascular permeability was suppressed in rats pretreated with 
cyclophosphamide. Compared with rats treated with hrR3 alone, rats pretreated with a single dose of 
cRGD peptide before hrR3 treatment had reduced tumor vascular permeability, leukocyte infiltration, and 
IFN- �  protein levels (mean IFN- �  level for hrR3 versus hrR3 + cRGD = 203 versus 65.6  µ g/mg, difference = 
137  µ g/mg, 95% confidence interval = 72.7 to 202.9  µ g/mg,  P  = .006); increased viral titers in tumor tissue; 
and longer median survival (21 days versus 17 days,  P <.001).  

   Conclusions   A single dose of angiostatic cRGD peptide treatment before oncolytic virus treatment enhanced the antitu-
mor efficacy of oncolytic virus.  
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with that in the corresponding normal brain [for review, see ( 7 , 8 )]. 
This abnormal circulation causes an increase in the interstitial fl uid 
pressure and a reduction in tumor oxygenation, which together 
pose a substantial barrier to radiation and chemotherapy ( 9 ). 

 Oncolytic viruses (OVs) are a biologic therapeutic approach to 
treating cancer that employs attenuated strains of viruses whose rep-
lication and cytotoxicity are limited to tumor cells. A variety of such 
viruses have been tested in vitro and in animal models, and some have 
reached testing in clinical trials [for review, see ( 10 )]. Although pub-
lished clinical trials of oncolytic virus therapy have not revealed evi-
dence of dose-related toxicities, they have also not revealed convincing 
evidence of effi cacy. The inability to translate the tumor-killing 
properties achieved by oncolytic viruses in experimental models into 
effective “cures” in patients has led us to hypothesize that changes in 
the tumor microenvironment in response to ongoing oncolysis may 
limit the therapeutic effectiveness of oncolytic viruses. 

 Although the impact of host defense mechanisms on limiting 
oncolytic virus propagation in tumors is being recognized ( 11 , 12 ), 
the effect of oncolytic virus infection on tumor vasculature has not, 
to our knowledge, been examined in detail. Here, we analyzed the 
changes in vascular hyperpermeability in intracerebral tumors 
treated with oncolytic virus relative to phosphate-buffered saline 
(PBS) – treated control tumors in a syngeneic rat brain tumor 
model. We further tested the effect of activated endothelium on 
oncolytic virus – induced infl ammation by using antiangiogenic 
treatment with cyclic RGD (cRGD) peptide before oncolytic virus 
therapy in a rat glioma model ( 13 ). cRGD peptide is an integrin 
antagonist and an antiangiogenic agent that has shown effi cacy in 
glioblastoma growth in animals ( 13 ). It is currently being evaluated 
in phase II clinical trials for safety and effi cacy against newly diag-
nosed and recurrent glioblastoma multiforme. Results from a 
multi-institutional phase I trial in patients with recurrent malig-
nant glioma have shown that cRGD peptide is well tolerated at a 
maximum dose of 2400 mg/m 2  ( 14 ). Durable complete and partial 
responses observed in this study were related to changes in the 
relative cerebral blood fl ow in these patients ( 14 ). 

  Materials and Methods 
  Viruses and Cell Lines 

 hrR3 is an oncolytic virus that was derived from type 1 herpes 
simplex virus (HSV-1) by insertion of the LacZ gene into the 
HSV-1 UL39 locus, which inactivates the viral ICP6 gene ( 15 ). 
rHSVQ is an HSV-1 – derived recombinant oncolytic virus that has 
a disrupted UL39 locus and carries deletions in both copies of the 
 � 34.5 gene ( 16 ). Viral stocks were generated in Vero African green 
monkey kidney cells (American Type Culture Collection, Manassas, 
VA) as previously described ( 17 ). Rat glioma D74/HveC cells 
(kindly provided by E. A. Chiocca, The Ohio State University, 
Columbus, OH) were grown in Dulbecco ’ s modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum, 
2 mM glutamine, 100-U/mL penicillin, 100- µ g/mL streptomycin, 
and 7.5- µ g/mL blasticidin S (Calbiochem/Emanuel Merck 
Dermstadt (EMD) Biosciences, La Jolla, CA) as described ( 17 ). 
Human U87 � EGFR glioma cells (kindly provided by H. J. Huang 
and W. K. Cavenee, Ludwig Institute for Cancer Research, San 
Diego CA), which are stably transfected with a plasmid that 

expresses a constitutively active mutant form of epidermal growth 
factor receptor (EGFR) ( 18 ), were maintained in DMEM supple-
mented with 10% fetal bovine serum, 2 mM glutamine, 100-U/
mL penicillin, 100- µ g/mL streptomycin, and 200- µ g/mL G418 
(Sigma-Aldrich, St Louis, MO).  

  Animal Studies 

 All animal experiments were performed according to the guide-
lines of the Subcommittee on Research Animal Care of The Ohio 
State University. Male Fischer rats were purchased from Taconic 
Farms (Germantown, NY) and were used for in vivo studies when 
they were 8 – 10 weeks old. Rats were anesthetized by intraperito-
neal injection with ketamine (62.5 mg/kg of body weight) and xyla-
zine (12.5 mg/kg of body weight) and positioned in a stereotactic 
apparatus. For tumor implantation, D74/HveC cells (2 × 10 5  cells 
in 2- µ L Hanks’ balanced salt solution [HBSS]) were implanted 
through a burr hole drilled in the skull at 3 mm lateral from the 
bregma and to a depth of 4 mm, as previously described ( 17 ). All 
rats in this tumor model form tumors and, if untreated, die by day 
14 of tumor burden ( 17 ). 

 On day 5 after tumor cell implantation, the rats were randomly 
assigned to two groups; one group received an intraperitoneal 
injection of cyclophosphamide (CPA) (Bristol-Myers Squibb, 

  CONTEXT AND CAVEATS 

  Prior knowledge 

 Oncolytic viruses have tumor-killing properties in experimental 
models but have not shown convincing evidence of efficacy in 
patients. Innate host immune responses combined with changes in 
the tumor microenvironment in response to ongoing oncolysis 
may limit the therapeutic effectiveness of oncolytic viruses.   Tumor 
vasculature is a major determinant of tumor microenvironment, 
and we hypothesized that changes in tumor vascular perfusion 
would affect therapeutic outcome. 

  Study design 

 In vivo study of oncolytic virus therapy – induced changes in tumor 
blood vessels and the impact of modulating tumor vasculature on 
the efficacy of oncolytic virus therapy in a rat glioma model.  

  Contribution 

 Oncolytic virus treatment of rat gliomas increased the permeability 
of the tumor vasculature, tumor inflammation, and leukocyte infil-
tration. Pretreatment of gliomas with an angiogenesis inhibitor 
reduced inflammation, vascular hyperpermeability, and leukocyte 
infiltration of tumor tissue upon treatment with oncolytic virus and 
enhanced the anticancer efficacy of oncolytic virus treatment by 
increasing oncolytic virus propagation in tumors.  

  Implications 

 The use of antiangiogenic agents may improve the efficacy of 
oncolytic virus in patients.  

  Limitations 

 The effect of antiangiogenic agents on the efficacy of oncolytic viral 
therapy in a human glioma model in athymic nude mice is not 
known. The increased viral replication supported by tumors pre-
treated with antiangiogenic agents could lead to toxic effects that 
are associated with increased viral burden.   
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Princeton, NJ) at a dose of 80 mg/kg of body weight, and the other 
group received an equal volume of PBS. On day 7 after tumor cell 
implantation, anesthetized rats from each treatment group were 
randomly assigned to two groups; one group was treated with 
1 × 10 7  plaque-forming units (pfu) of hrR3, and the other group 
received an equal volume (5  µ L) of PBS, in both cases by direct 
intratumoral injection through the same burr hole that was used to 
implant the tumor cells. For studies involving cyclic Arg-Gly-Asp 
(cRGD) peptide, on day 3 after tumor cell implantation, the rats 
were randomly assigned to receive a direct intratumoral injection 
of 30  µ g of cRGD peptide in 3  µ L of PBS (EMD121974; Merck 
KGaA, Darmstadt, Germany) or 3  µ L of PBS. On day 7 after 
tumor cell implantation, anesthetized rats from cRGD peptide –  
and PBS-treated groups were randomly assigned to receive 1 × 10 7  
pfu of hrR3 or an equal volume (5  µ L) of PBS by direct intratu-
moral injection. To investigate the effect of oncolytic virus treat-
ment on blood vessels in rats, some rats (n = 6 rats per group) were 
treated with PBS or cyclophosphamide (day 5), or cRGD peptide 
(day 3) and then treated with PBS or oncolytic virus on day 7 after 
tumor implantation. Three days after oncolytic virus treatment, 
these rats were injected via the tail vein with 0.5 mL of 1 mg/mL 
Texas red –  conjugated tomato lectin (Vector Laboratories 
Burlingame, CA) or 0.25 mL of 1 mg/mL fl uorescein isothiocya-
nate (FITC) – conjugated dextran (>70 kDa; Sigma-Aldrich). Rats 
were killed by decapitation 5 minutes after injection of these 
compounds, and their brains were harvested and analyzed by fl uo-
rescence microscopy. 

 We also evaluated the effect of the doubly mutated rHSVQ 
oncolytic virus on tumor vasculature in a mouse glioma model. 
Female athymic nude mice (6 – 8 weeks old; National Cancer 
Institute, Bethesda, MD) were anesthetized by intraperitoneal 
injection with ketamine (50 mg/kg of body weight) and xylazine 
(25 mg/kg of body weight) and positioned in a stereotactic appara-
tus for tumor implantation. Human glioma U87 � EGFR cells 
(1 × 10 5  cells in 4- µ L HBSS) were implanted through a burr hole 
drilled in the skull at 2 mm lateral from the bregma and to a depth 
of 3 mm as previously described ( 19 ). Ten days after U87 � EGFR 
cell implantation, mice (n = 6 mice per group) were randomly 
assigned to receive rHSVQ (1 × 10 5  pfu) or an equal volume (3  µ L) 
of PBS by direct intracerebral injection through the same burr 
hole used for tumor cell injection. On day 3 after virus or PBS 
injection, the mice were injected with rhodamine conjugated to 
dextran (>70 kDa; Sigma-Aldrich) and killed by cervical disloca-
tion 5 minutes later. 

 For survival studies, an additional 26 rats (n = 6 rats per group 
for PBS and OV treatment groups and n = 7 rats per group for 
cRGD and OV + cRGD treatment groups) were killed by decapita-
tion when they became moribund, lethargic, anorexic, dehydrated, 
or distressed. The presence of intracranial tumors was macroscopi-
cally confi rmed post mortem in all animals. To examine the effect 
of oncolytic virus on immune cell infi ltration, an additional 16 rats 
(n = 4 rats per group for PBS, OV, CPA + OV, and cRGD + OV 
treatment groups) were killed on day 10 after tumor implantation 
(3 days after PBS or OV treatment) and tumor sections from har-
vested brains were evaluated by immunohistochemistry. To exam-
ine the effect of cRGD peptide treatment on OV induced 
infl ammation, an additional nine rats (n = 3 rats per group for PBS, 

OV, and cRGD + OV treatment groups) were killed on day 10 
after tumor implantation (3 days after PBS or OV treatment) and 
their tumor tissue was analyzed for expression of genes encoding 
infl ammatory cytokines, chemokines, and their receptors. To ana-
lyze changes in interferon gamma (IFN- � ) protein levels in tumor 
tissue, an additional 16 rats (n = 4 rats per group for PBS, OV, 
CPA + OV, and cRGD + OV treatment groups) were killed by 
decapitation on day 10 after tumor implantation and tumor tissue 
lysate was analyzed by ELISA for Interferon-gamma expression by 
enzyme-linked immunosorbent assay (see below).  

  Brain Immunohistochemistry and Immunofluorescence 

 Animal brains from rats and mice were fixed in 4% paraformalde-
hyde, dehydrated in 30% sucrose and then frozen in an  isopropanol –
 dry ice bath. Cryostat sections (10- µ m thick) of frozen brains were 
thawed, rehydrated in PBS, and incubated with horse serum 
(Vector, Burlingame, CA) and hydrogen peroxide (30% solution, 
Sigma-Aldrich) to block nonspecific protein binding and endoge-
nous peroxidase activity, respectively. Sections were incubated with 
one of the following primary antibodies: rabbit polyclonal anti-
HSV1 capsid antibody (1   :   200 dilution; Abcam, Cambridge, MA); 
mouse monoclonal anti-rat CD45 antibody, which is specific for 
CD45-positive leukocytes (1   :   20 dilution; Serotec, Oxford, U.K.); 
or affinity-purified mouse monoclonal anti-rat CD31 antibody, 
which is specific for endothelial cells (1   :   10 dilution; Pharmingen, 
San Diego, CA). Biotin – conjugated horse anti-mouse or goat anti-
rabbit immunoglobulin G antibody (both at 1   :   200 dilution; Vector) 
was used as the secondary antibody. The sections were washed and 
incubated for 30 minutes with Vectastain ABC reagent (Vector). 
The sections were washed extensively and incubated with the chro-
mogen diaminobenzidine (DAKO, Carpinteria, CA). The sections 
were counterstained with hematoxylin, dehydrated with increasing 
concentrations of ethanol, and fixed in xylene. The area per view 
field (four view fields selected randomly from each tumor section 
[4 sections per tumor and 4 tumors per group]) was analyzed for the 
percentage of area staining positive for CD45 staining) positive for 
HSV- or CD45-staining was calculated with the use of ImageJ1.34n 
software (National Institutes of Health [NIH], Bethesda, MD). 

 For immunofl uorescence staining, cryostat sections (20- µ m 
thick) of frozen brain were thawed, rehydrated in PBS, and incu-
bated overnight at 4 °C with one of the following primary antibod-
ies diluted in PBS containing 1% bovine serum albumin and 0.1% 
Triton X-100: mouse anti-rat RECA-1 antigen, which recognizes 
rat endothelial cells (1   :   20 dilution; Serotec), or affi nity-purifi ed 
mouse monoclonal anti-rat CD31 antibody (1   :   20 dilution; 
Pharmingen). The sections were rinsed in PBS and incubated with 
Alexa Fluor 647 – conjugated goat anti-mouse IgG1 (Molecular 
Probes, Eugene, OR) or FITC – conjugated donkey anti-mouse 
secondary antibody (Jackson Immuno Research, West Grove, PA) 
for 1 hour at room temperature. The sections were counterstained 
with 4 ′ ,6 ′ diamidino-2-phenylindole hydrochloride and analyzed by 
fl uorescence microscopy.  

  Microvessel Density 

 Microvessel density was analyzed in brain tumors from rats that had 
been injected 5 minutes before they were killed with FITC –  dextran, 
which remains sequestered within blood vessels and thus highlights 
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functional perfused vessels. Brains from rats and mice were fixed in 
4% paraformaldehyde, dehydrated in 30% sucrose, and then frozen 
in an isopropanol – dry ice bath. Cryostat sections (20- µ m thick) of 
frozen brain were made. Tumor sections were scanned microscopi-
cally at low (×4) magnification to identify areas of highest vascular-
ization (i.e., hot spots). Individual tumor microvessels in these hot 
spots were then counted under high magnification (×20), and the 
average vessel count in three hot spots was taken as the microvessel 
density per view field. Microvessel counting was performed in at 
least three sections per tumor and from four rats per group.  

  Virus Yield Assay 

 To evaluate effect of oncolytic virus on virus propagation in vivo, 
an additional 12 rats (n = 4 rats per group for PBS, OV, and 
cRGD + OV treatment groups) were killed 3 days after oncolytic 
virus treatment and the tumor-containing brain hemisphere was 
removed, weighed, placed in 2 mL of DMEM, homogenized by 50 
passages through a syringe equipped with a 19-gauge needle, and 
subjected to three freeze – thaw cycles. After the final thaw, the cel-
lular debris was pelleted by centrifugation (700g) and the virus-
containing supernatants were collected and used for virus titration 
on Vero cells, as previously described ( 17 ).  

  Gene Expression Analysis 

 Total RNA was extracted from the brain tumor tissue of rats that 
had been treated with PBS or with oncolytic virus, either alone or 
following cRGD peptide pretreatment, with the use of TRIZOL 
reagent (Invitrogen, Carlsbad, CA), according to the manufac-
turer’s instructions. Total RNA (4  µ g) was converted to comple-
mentary DNA (cDNA) with the use of a SuperScript First-Strand 
cDNA Synthesis System (Invitrogen), according to the manufactur-
er’s instructions. The cDNAs were then used for quantitative real-
time polymerase chain reaction (PCR) analysis of gene expression, 
which was performed with the use of a model 7500 real-time PCR 
system (Applied Biosystems, Foster, CA). Each PCR assay was per-
formed in a volume of 25  µ L that contained 1  µ M of each primer, 
12.5  µ L of 2 × SYBR Green Master Mix (Applied Biosystems), and 
5  µ L of a 1   :   100 dilution of cDNA. Each gene was amplified in 
triplicate.  � -actin was used as an internal control. Primers for gene 
amplification, which were designed with the use of the Primer 
Express program (Applied Biosystems), were as follows: vascular 
endothelial growth factor (VEGF), forward, 5 ′ -AAATCCTGGA
GCGTTCACTGTG-3 ′ , reverse, 5 ′ -TAACTCAAGCTGCCTCG
CCTT-3 ′ ; lacZ, forward, 5 ′ -AATGGCTTTCGCTACCTGGA-3 ′ , 
reverse, 5 ′ -CCATCGCGTGGGCGTA-3 ′ ; and  � -actin, forward, 
5 ′ -CTACAGATCATGTTTGAGACCTTCAAC-3 ′ , reverse, 
5 ′ -CCAGAGGCATACAGGGACAAC-3 ′ . Relative quantification 
of gene expression was calculated as 2d Ct  test gene/2d Ct  actin, 
where  Ct  is the number of cycles for saturation and d Ct  is the dif-
ference in the number cycles needed for expression of a gene in a 
tumor from untreated rats (used as baseline) and the number of 
cycles needed for expression from rats receiving treatment (tumor 
alone or tumor plus oncolytic virus). The fidelity of all PCR assays 
was confirmed by agarose gel electrophoresis. 

 We used a Rat Infl ammatory Cytokines & Receptors RT 2  
Profi ler PCR Array (Super Array Bioscience Corporation, 
Frederick, MD), according to the manufacturer’s instructions, to 

evaluate changes in the expression of genes encoding 84 rat cyto-
kines and their receptors in brain tumor tissue in response to 
oncolytic virus treatment (alone or in combination with cRGD) 
relative to expression in control (HBSS-treated) rats. The array 
includes controls to assess cDNA quality and DNA contamination. 
Volcano plot analysis ( 20 ) was used to compare the fold change 
in gene expression between groups to the level of statistical 
signifi cance.  

  Magnetic Resonance Imaging 

 Magnetic resonance imaging (MRI) was acquired using an 8.0 Tesla 
MRI system (Magnex-GE, Abingdon, U.K.) equipped with a 
Bruker AVANCE console (Bruker, Billerica, MA) interfaced with 
Techron (Crown International, Elkhart, IN) gradient amplifiers 
and Magnex gradients (Magnex Scientific, Abingdon, U.K.) and a 
custom-built radiofrequency front end. A custom-made 3-cm diam-
eter birdcage coil was tuned to the head of each rat at 340 MHz 
while the rat was anesthetized and placed in the prone position. 
A  T  2 *-weighted two-dimensional gradient echo (GRE) sequence and 
a  T  2 -weighted two-dimensional rapid acquisition with relaxation 
enhancement (RARE) sequence 3 days after implantation of onco-
lytic virus. Parameters for the GRE sequence were as follows: repe-
tition time/echo time = 600/14.6 msec, flip angle = 45°, matrix = 
512 × 512, field of view = 4 × 4 cm, acquisition time = 10 minutes 
34 seconds, in-plane resolution = 78  µ m. Parameters for the RARE 
sequence were as follows: repetition time/echo time = 5000/21.5 
msec, flip angle = 90°, matrix = 256 × 256, field of view = 4 × 4 cm, 
acquisition time = 5 minutes 19 seconds, in-plane resolution = 156 
 µ m. After the precontrast images were acquired, sequential GRE 
images were acquired at 0, 15, and 30 minutes following intrave-
nous administration of the contrast agent ultra-small-particle iron 
oxide SHU 555 C (Supravist, Schering AG, Germany) at a dosage 
of 2 mg Fe/kg of body weight. 

 The signal intensity of regions of tumor was measured at 
each time point using Medical Imaging Processing, Analysis & 
Visualization (MIPAV) software (version 2.7; NIH). Subtracted 
images (precontrast image from each postcontrast image) were 
derived using an interactive data language – based program. To 
evaluate the USPIO leakage, temporal changes in signal intensity 
on both tumor region and contralateral hemisphere were calcu-
lated, and the percent of signal intensity was represented as the 
percent intensity relative to the intensity on the contralateral nor-
mal hemisphere in each section.  

  Interferon-Gamma Enzyme-Linked Immunosorbent Assay 

 Brain tumor samples from tumor-bearing rats (n = 4 rats per 
group) treated with PBS, oncolytic virus, cyclophosphamide and 
oncolytic virus, or cRGD peptide and oncolytic virus were sus-
pended separately in an equal weight of radioimmunoprecipitation 
assay buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate, 150 mM Tris – HCl 
[pH 8.0]) and homogenized by 50 passages through a syringe 
equipped with a 19-gauge needle. The homogenate was centri-
fuged (10   000g) for 10 minutes at 4 °C, and the resulting super-
natant was collected and used to quantify the concentration of 
IFN- �  with the use of an IFN- �  ELISA kit (R&D Systems, Inc., 
Minneapolis, MN).  

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/99/23/1768/993612 by guest on 19 April 2024



1772   Articles | JNCI Vol. 99, Issue 23  |  December 5, 2007

  Statistical Analysis 

 Student’s  t  test was used to test for the statistical significance of the 
percent loss in signal intensity in the MRI study and of the fold 
change in gene expression with quantitative PCR in the volcano 
plot analysis. One-way analysis of variance followed by Scheffe’s 
post hoc test was used to compare relative fluorescent units, infec-
tious viral titers, areas of CD45-positive infiltrating leukocytes, and 
oncolytic virus – encoded LacZ gene expression. Kaplan – Meier 
curves were compared using the log-rank test. A  P  value less than 
.05 was considered to be statistically significant in Student’s  t  test 
and Scheffe’s test. All statistical tests were two-sided. All statistical 
analyses were performed with the use of SPSS statistical software 
(version 14.0; SPSS, Inc., Chicago, IL).   

  Results 
  Vascular Permeability in Oncolytic Virus – Treated 

Brain Tumors 

 We first confirmed that Texas red – conjugated lectin and FITC –
 conjugated dextran injected intravenously into rats shortly before 
killing could be used to visualize vasculature of brain tumors in rats 
that received intracranial injection with glioma cells. These com-
pounds were injected into the tail veins of rats (n = 3 rats per group) 
that had been implanted 7 days earlier with D74/HveC glioma cells 
immediately before they were killed to visualize vasculature of brain 
tumors. Fluorescence microscopy of sections of normal untreated 
brain that were stained with anti-CD31 antibody to detect endo-
thelial cells confirmed that both Texas red – conjugated lectin and 
FITC – conjugated dextran were sequestered within blood vessels in 
the normal untreated rat brain (Supplementary Fig.1, available 
online). 

 To examine the physiologic changes induced in the tumor vas-
culature by oncolytic virus treatment, we employed a syngeneic 
immunocompetent rat glioma model of brain tumors. Seven days 
after intracerebral D74/HveC glioma cell implantation, the result-
ing rat brain tumors were treated with hrR3 or PBS by direct 
intracerebral injection. Sections of brain tumors that were har-
vested from rats 3 days after treatment with hrR3 or PBS (i.e., 
10 days after tumor cell implantation) were examined by fl uores-

cence microscopy (n = 6 rats per group) for the fl uorescent dye 
injected by tail vein 5 minutes before killing. In the contralateral 
(i.e., untreated normal brain) hemisphere of all rats, the injected 
fl uorescent dye remained sequestered within blood vessels (Texas 
red – lectin,  Fig. 1 ; FITC – dextran, Supplementary Fig. 2, available 
online). The relative fl uorescence units (RFU) for each section 
were determined by comparing the fl uorescence intensity of the 
tumor area with the fl uorescence intensity of the corresponding 
contralateral normal untreated brain in each section ( Fig. 1 ; 
Supplementary Fig. 2, available online). The normal brain sections 
revealed the presence of an intact blood – brain barrier in all rats. 
Sections of tumor area from PBS-treated tumor-bearing rats 
revealed the presence of a tortuous and leaky tumor vasculature, 
resulting in a higher fl uorescence relative to normal brain. Sections 
of brain tumors after direct oncolytic virus infection revealed a 
further increase in the vascular leakage of the oncolytic virus –
 treated tumors, as evidenced by the higher mean fl uorescence 
compared with that in the contralateral normal hemisphere. 
Quantifi cation of RFU in brain sections revealed that oncolytic 
virus – treated tumor sections had statistically signifi cantly higher 
mean RFU than PBS-treated tumor sections, indicating that onco-
lytic virus treatment increased vascular permeability (oncolytic 
virus tumor versus PBS tumor, mean RFU = 3.56 versus 1.53, dif-
ference = 2.02, 95% confi dence interval [CI] = 1.53 to 2.51, 
 P <.001) ( Fig. 1, B ).     

 We further confi rmed the generality of the vascular hyperper-
meability observed after oncolytic virus treatment of brain tumors 
in an athymic nude mouse model of brain tumors using a different 
oncolytic virus (HSVQ) (Supplementary Fig. 3, available online). 
In all cases, increased vascular leakage was observed in tumors that 
were treated with oncolytic virus compared with that in PBS-
treated control tumors. 

 Further confi rmation of the increased capillary permeability of 
glioma blood vessels in rats treated with oncolytic virus compared 
with PBS was derived from 8.0 Tesla high-resolution GRE MRIs 
acquired 3 days after treatment. Sequential subtractions of images 
obtained before contrast from those obtained 0 – 30 minutes after 
contrast revealed prolonged signal loss within the microvascular 
bed of oncolytic virus – treated tumors compared with PBS-treated 

   Fig. 1  .    Effect of oncolytic virus (OV) infec-
tion of rat intracerebral tumors on vascular 
permeability. Seven days after D74/HveC 
glioma cell implantation, rats with intrace-
rebral brain tumors were treated with OV or 
phosphate-buffered saline (PBS) as a con-
trol by direct intracerebral injection. Three 
days after OV or PBS treatment, the rats 
were injected with Texas red – conjugated 
tomato lectin via the tail vein 5 minutes 
before they were killed (n = 6 rats per 
group). The brains were harvested and 
analyzed by immunofl uorescence micros-
copy for changes in the tumor vasculature. 
 A ) Immunofl uorescence images of brain 
vasculature. Shown are representative 
images of contralateral normal brain (left 
panels) and tumor area from control-treated (middle panels) and 
OV-treated (right panels) rats at ×20 (top row) and ×4 (bottom row) 
magnifi cation.  Bar  = 50  µ m (top panel) or 200  µ m (bottom panel). 
 B ) Quantifi cation of the leaked fl uorescent dye in normal brain, PBS-
treated tumor tissue, and OV-infected tumor tissue relative to the level 

in contralateral normal untreated brain in each slice. Data shown are 
the mean values and upper 95% confi dence intervals of the intensity 
levels from four sections per rat and six rats per group.  *  P  = .029, 
 *  *  P <.001 (one-way analysis of variance followed by Scheffe’s post hoc 
test, two-sided).    
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tumors, refl ecting increased vascular permeability ( Fig. 2 ). 
Quantifi cation of percent loss in signal intensity compared with 
contralateral normal hemisphere in oncolytic virus – treated rats at 
the indicated times after USPIO administration revealed a statisti-
cally signifi cant increase in vascular hyperpermeability at both 
15 minutes (PBS versus oncolytic virus treatment: mean percent-
age of signal intensity relative to contralateral normal brain = 77% 
versus 65%, difference = 12%, 95% CI = 1% to 22%;  P  = .037) and 
30 minutes (PBS versus oncolytic virus treatment: mean percent of 
signal intensity relative to contralateral normal hemisphere = 91% 
versus 71%, difference = 20%, 95% CI = 2% to 37%;  P  = .04) after 
oncolytic virus treatment relative to PBS-injected rats. Taken in 
conjunction with the leakage of the fl uorescent dye observed by 
immunofl uorescence microscopy, these results demonstrate the 
increased permeability of the tumor vasculature of oncolytic 
virus – treated glioma.      

  Effect of Oncolytic Virus Treatment on Inflammation 

 Oncolytic virus treatment of brain tumors can evoke a rapid innate 
immune response that increases immune cell infiltration into the 

tumors ( 17 , 21 ). Vasodilation and hyperpermeability are the earliest 
physiologic responses to viral infection and, as such, are character-
istics of a physiologic inflammatory response to a viral infection 
( 21 , 22 ). To investigate whether the increase in the observed vascu-
lar leakage in oncolytic virus – treated rats was associated with tumor 
tissue inflammation, we used quantitative real-time PCR and gene 
expression array analysis of tumor tissue harvested 3 days after 
oncolytic virus or PBS treatment to examine changes in expression 
of genes known to induce inflammation (n = 3 rats per group). 
 Fig. 3, A , shows a volcano plot of the fold change in the expression 
of 84 genes encoding inflammatory cytokines and their receptors 
for oncolytic virus – treated tumor tissue compared with PBS-
treated tumor tissue versus the level of statistical significance of the 
change. Oncolytic virus treatment induced at least a twofold 
increase or decrease in the expression of 50 genes relative to expres-
sion in the PBS-treated tumors (Supplementary Table 1, available 
online). Of these 50 genes, 48 displayed an increase in expression in 
the oncolytic virus – treated tumors compared with the control-
treated tumors, suggesting that oncolytic virus treatment induced 
an inflammatory response. This increase in inflammatory cytokine 

   Fig. 3  .    Oncolytic virus (OV) –
 induced infl ammation. Three 
days after OV or phosphate-
buffered saline (PBS) treat-
ment, rats were killed and 
their tumor tissue was ana-
lyzed for gene expression 
by quantitative real-time 
polymerase chain reaction 
analysis or subjected to 
immunohistochemistry (n = 
3 rats per group).  A ) Volcano 
plot of OV-induced changes 
in expression of genes for 84 infl ammatory cytokines and their recep-
tors. This plot arranges genes along dimensions of biologic and statisti-
cal signifi cance. The  x -axis indicates the log 2  fold difference in gene 
expression for OV-treated versus control PBS – treated tumor tissue, and 
the  y -axis indicates  P  values obtained from the gene-specifi c  t  test on a 
negative log scale. The  solid black vertical line  indicates no change rela-
tive to control, and  dashed vertical lines  indicate a twofold change in 
OV-treated samples relative to control. The  horizontal dotted blue line  
indicates the threshold for a  P  value of .05 for the  t  test. Each  point  rep-
resents the mean value of the change in expression of an individual 
chemokine or chemokines receptor gene in OV-treated tumors relative 

to control PBS – treated tumors.  B ) Immunohistochemistry for CD45-
positive infi ltrating leukocytes in rat brain tumors 3 days after OV infec-
tion. Infi ltrating CD45-positive cells ( brown ) in OV-infected tumor 
sections (right panel) and control PBS – treated tissue (left panel) at ×20 
magnifi cation. Insets show low magnifi cation (×4) images of the respec-
tive PBS- and OV-treated tumor sections.  Bar  = 50  µ m (×20 images) or 
100  µ m (×4x images).  C ) Quantifi cation of CD45-positive leukocyte infi l-
tration in tumor tissue in response to OV infection. Data shown are the 
mean values and upper 95% confi dence intervals of CD45-positive 
staining area per view fi eld for four sections per rat for four rats per 
group.  *  P <.001 (two-sided Student’s  t  test).    

   Fig. 2  .    Magnetic resonance imaging of 
tumor vasculature in live rats before and 
after injection of ultra-small particles of 
iron oxide (USPIO). Three days after onco-
lytic virus (OV) or phosphate-buffered 
saline (PBS) treatment, rats (n = 3 per 
group) were scanned on an ultra high-fi eld 
high-resolution 8.0-T magnetic resonance 
imager using a T 2* -weighted gradient echo 
sequence before and after USPIO was 
administrated through a femoral vein cath-
eter. Subtracted images (after USPIO 
minus before USPIO) of a tumor from a 
PBS-treated rat ( A ) 15 minutes and ( B ) 30 
minutes after USPIO administration. 
Subtracted images (after USPIO minus 
before USPIO) of a tumor from an OV-
treated rat ( C ) 15 minutes and ( D ) 30 minutes 
after USPIO administration.  E ) Quantifi cation of percent loss in signal intensity compared with the contralateral normal hemisphere in OV-treated 
rats at the indicated times after USPIO administration. Data shown are mean values of the intensity levels for three rats; error bars correspond 
to 95% confi dence intervals.  *  P  = .037,  *  *  P  = .04 (two-sided Student’s  t  test).    
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gene expression was accompanied by a substantial increase in infil-
tration of CD45-positive leukocytes into intracerebral tumors 
after oncolytic virus treatment ( Fig. 3, B ). Quantification of the 
CD45-positive staining area per field of view revealed a statistically 
significant increase in the infiltration of CD45-positive leukocytes 
in tumor tissue treated with oncolytic virus relative to PBS-treated 
tumor tissue (oncolytic virus – treated versus PBS-treated tumor, 
mean = 4.5 × 10 5  pixels per field versus 2.3 × 10 4  pixels per field, 
difference = 4.2 × 10 5  pixels per field, 95% CI = 3.5 × 10 5  to 5.0 × 
10 5  pixels per field;  P <.001) ( Fig. 3, C ). Together, these results sug-
gest that a local inflammatory response was activated in the onco-
lytic virus – treated tumors. We observed no change in the expression 
of the gene encoding VEGF, a potent vascular permeability factor, 
in oncolytic virus – treated tumor tissue (data not shown).     

 To confi rm the role of the immune response in oncolytic 
virus – induced vascular hyperpermeability, we evaluated changes in 
oncolytic virus – induced vascular leakage in tumor-bearing rats 
that had been treated with cyclophosphamide before oncolytic 
virus injection. In addition to its immunosuppressive effects, cyclo-
phosphamide blocks infl ammation and reduces viral clearance, 
both of which increase the propagation of oncolytic viruses, 
thereby enhancing therapeutic effi cacy of oncolytic viruses 
( 11 , 12 , 17 , 23  –  25 ). Tumor-bearing rats treated with cyclophospha-
mide or PBS on day 5 after tumor cell implantation were treated 
with oncolytic virus on day 7 and then killed on day 10, fi ve min-
utes after tail vein injection of Texas red – lectin ( Fig. 4, A ) or 
FITC – conjugated dextran (Supplementary Fig. 3, available online), 
and sections of their brain were examined by fl uorescence micros-
copy (n = 6 rats per group). There was a substantial decrease in the 
amount of leaked fl uorescent dye in tumor sections from oncolytic 

virus – treated rats pretreated with cyclophosphamide compared 
with control PBS-treated rats ( Fig. 4, A ; Supplementary Fig. 3, A – C, 
available online). Quantifi cation of the leaked Texas red – lectin 
revealed statistically signifi cant reduction in fl uorescence in tumor 
sections from rats pretreated with cyclophosphamide than in rats 
not pretreated (mean RFU = 3.56 versus 0.99, respectively; differ-
ence = 2.56, 95% CI = 2.07 to 3.06;  P <.001) ( Fig. 4, B ). These 
results indicate that cyclophosphamide pretreatment suppressed 
oncolytic virus – induced vascular leakage in tumor tissue of rats.     

 We further investigated the effect of cyclophosphamide treat-
ment on the propagation of oncolytic virus in tumors and on 
CD45 – positive leukocyte infi ltration in tumor tissue. On day 5 
after glioma cell implantation, rats were pretreated with PBS or 
cyclophosphamide, and, on day 7, they were treated with oncolytic 
virus or PBS. The rats were killed 3 days after oncolytic virus treat-
ment and their brain tumors were analyzed for expression of the 
oncolytic virus – encoded gene for  � -galactosidase. PBS-treated 
tumors were used as a negative control. Quantitative real-time 
PCR revealed a statistically signifi cant 5.1-fold increase (95% CI = 
1.6- to 6.7-fold,  P  = .007) in oncolytic virus – encoded  � -galactosi-
dase gene expression in cyclophosphamide-pretreated tumors 
compared with PBS-pretreated tumors ( Fig. 4, C ). Moreover, leu-
kocyte infi ltration was much lower in tumors pretreated with 
cyclophosphamide before oncolytic viral therapy than in tumors 
pretreated with PBS ( Fig. 4, D ), which is consistent with published 
fi ndings ( 11 ). In addition, cyclophosphamide pretreatment did not 
affect the percentage of endothelial cells that stained positive for 
HSV (Supplementary Fig. 3, D, available online). Collectively, 
these data indicate that cyclophosphamide suppressed oncolytic 
virus – induced changes in vascular permeability of tumors.  

   Fig. 4  .    Effect of cyclophosphamide (CPA) on onco-
lytic virus (OV) – induced changes in the tumor micro-
environment. Rats bearing intracerebral brain tumors 
were treated with CPA or phosphate- buffered saline 
(PBS) by intraperitoneal injection on day 5 after gli-
oma cell implantation, followed on day 7 by intracra-
nial injection with OV or PBS. Three days later, the 
rats were injected via the tail vein with Texas red –
 conjugated lectin and were killed 5 minutes later 
(n = 6 rats per group). Brains and tumors were har-
vested and analyzed.  A ) Fluorescence microscopy of 
Texas red-lectin – perfused tumor vasculature. Shown 
are images of tumors derived from rats treated with 
OV (left panels) and with OV after CPA pretreatment 
(right panels) at ×20 (top row) and ×4 (bottom row) 
magnifi cation.  Bars  = 50  µ m in ×20 images and 200 
 µ m in ×4 images.  B ) Quantifi cation of the leaked fl u-
orescent dye relative to that in the contralateral nor-
mal brain in each section for tumor treated with PBS 
or OV and for tumors treated with CPA before OV 
treatment. Data shown are the mean values and 
upper 95% confi dence intervals of the intensity lev-
els from four sections per rat of six rats per group 
 *  P <.001,  *  *  P <.001 (one-way analysis of variance fol-
lowed by Scheffe’s post hoc test, two-sided).  C ) 
Quantitative real-time polymerase chain reaction 
analysis of OV – encoded LacZ gene expression in 
tumors treated with PBS or OV and in tumors treated 
with CPA before OV treatment. Data shown are the 
mean values and upper 95% confi dence intervals of 
the relative expression of the LacZ gene to the  � -
actin gene for four rats per group.  *  P  = .007 (one-way analysis of variance followed by Scheffe’s post hoc test, two-sided).  D ) Immunohistochemistry 
for CD45 – positive infi ltrating leukocytes ( brown ) in brain tumors from rats pretreated with PBS (left panels) or CPA (right panels) at ×10 (top row) 
and ×20 (bottom row) magnifi cation.  Bars  = 50  µ m.    
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  Effect of cRGD Treatment on Tumor Angiogenesis 

 Increased vascularity has been associated with increased tissue 
edema, cellular infiltrates, and the induction of an inflammatory 
response ( 22 , 26 ). Conversely, reduction in the number of blood 
vessels is associated with reduced tissue inflammation ( 27 ). These 
observations have led to the idea of targeting angiogenesis to 
reduce inflammation ( 28 , 29 ). We hypothesized that treatment of 
tumor-bearing rats with cRGD peptide, which is a potent inhibitor 
of angiogenesis and glioma growth in vivo ( 13 , 30 ), before onco-
lytic virus therapy should reduce oncolytic virus – induced vascular 
leakage and tumor infiltration by immune cells and improve 
the efficacy of oncolytic virus treatment. On day 3 after tumor 
cell implantation, rats were treated with cRGD or PBS 
(n = 4 rats per group), and, on day 10, the rats were injected with 
FITC – dextran 5 minutes before euthanasia. Their tumors were 
harvested, sectioned, and analyzed to examine the effect of cRGD 
on tumor microvessel density ( Fig. 5, A and B ). Tumors from rats 
treated with cRGD had statistically significantly lower microvessel 
density than tumors from control rats treated with PBS, confirm-
ing the antiangiogenic effect of cRGD peptide in rat glioma (mean 
microvessel density for cRGD versus PBS = 62.2 versus 27.9 blood 
vessels per view field, difference = 34.3 blood vessels per view field, 
95% CI = 13.9 to 54.8 blood vessels per view field,  P  = .009). 
The statistically significant decrease in the number of 
perfused functional vessels per view field was also accompanied 
by a substantial reduction in the number of tumor blood vessels, as 

visualized by immunostaining with an anti-CD31 antibody specific 
for endothelial cells (Supplementary Fig. 4, available online).      

  Effect of cRGD Treatment on Oncolytic Virus – Induced 

Vascular Permeability and Immune Cell Infiltration 

 We next compared the effect of pretreatment with cRGD peptide 
on vascular permeability and immune cell infiltration in tumors of 
rats that were subjected to oncolytic virus treatment. Three days 
after tumor cell implantation, rats were treated with PBS or cRGD 
peptide. Four days later, they were treated with oncolytic virus. 
Three days after oncolytic virus injection, the rats were injected 
with Texas red – conjugated lectin, killed, and their tumors 
were sectioned and analyzed by fluorescence microscopy and 
immunohistochemistry for endothelial cell marker CD31. 
Immunohistochemistry for endothelial cell marker CD31 revealed 
a substantial reduction in the number of blood vessels in tumor sec-
tions from rats pretreated with cRGD before oncolytic virus injec-
tion compared with tumor sections from rats pretreated with PBS 
before oncolytic virus injection (Supplementary Fig. 5, B, available 
online). Fluorescence microscopy of tumor sections revealed that 
rats pretreated with cRGD peptide had substantially less vascular 
leakage of Texas red – lectin than rats pretreated with PBS (n = 4 rats 
per group) ( Fig. 5, C ). Quantification of the relative fluorescence 
intensity revealed statistically significantly lower mean fluorescence 
in tumor sections obtained from rats pretreated with cRGD 
compared with rats pretreated with PBS before oncolytic virus 

   Fig. 5  .    Effect of cRGD peptide treatment on angiogen-
esis in rat glioma. Rats bearing brain tumors were 
treated with 30  µ g of cRGD peptide or with phos-
phate-buffered saline (PBS) 3 days after intracerebral 
glioma cell implantation. Rats were injected with fl uo-
rescein isothiocyanate (FITC) – conjugated dextran via 
the tail vein 5 minutes before they were killed on day 
10 after glioma cell injection (i.e., 7 days after cRGD or 
PBS pretreatment). Brains were harvested and sec-
tioned for analysis.  A ) Fluorescence microscopy of 
FITC-dextran – perfused tumor blood vessels. Shown 
are representative images of tumors derived from 
rats treated with PBS (left panels) or cRGD (right pan-
els) at ×20 (top row) and ×4 (bottom row) magnifi ca-
tion.  Bars  = 50  µ m in ×20 images and 200  µ m in ×4 
images.  B ) Quantifi cation of tumor microvessel den-
sity. Data shown are the mean tumor microvessel 
density defi ned as the number of blood vessels per 
view fi eld and upper 95% confi dence intervals from 
four sections per rat for four rats per group.  *  P  = .009 
(two-sided Student’s  t  test). Rats with brain tumors 
were treated with cRGD or PBS on day 3 after glioma 
cell implantation and then with oncolytic virus (OV) 
on day 7. Rats were injected with Texas red –  conjugated 
lectin via the tail vein 5 minutes before they were 
killed on day 10, (i.e., 7 days after cRGD or PBS treat-
ment) and their brains were harvested and sectioned 
and tumor-bearing brain sections were analyzed by 
fl uorescent microscopy for the effect of cRGD treat-
ment on OV-induced vascular leakage (n = 4 rats per 
group).  C ) Fluorescence microscopic images of rat 
brain sections from OV-infected rats pretreated with 
PBS (left panels) or cRGD peptide (right panels) at ×20 
(top row) and ×4 (bottom row) magnifi cation.  Bars  = 
50  µ m in ×20 images and 200  µ m in ×4 images. 
 D ) Quantifi cation of the intensity of the fl uorescent dye relative to the contralateral normal brain in each section in OV-treated tumors from rats 
pretreated with cRGD or PBS. Data shown are the mean values and upper 95% confi dence intervals of the fl uorescence intensity levels from four 
sections per rat for four rats per group.  *  P  = .02 (two-sided Student’s  t  test).    
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treatment (mean RFU for PBS versus cRDG = 3.56 versus 2.09, 
difference = 1.46, 95% CI = 0.38 to 2.55,  P  = .020) ( Fig. 5, D ). 
Similar results were obtained for rats pretreated with cRGD or PBS 

and injected with FITC – conjugated dextran (>70 kDa) immediately 
before they were killed (Supplementary Fig. 5, A, available online). 

 We next tested the effect of cRGD peptide on oncolytic virus –
 induced infl ammation by examining changes in the expression of 
genes encoding infl ammatory cytokines and their receptors.  Fig. 6, A , 
shows a volcano plot of the fold change in gene expression for 
oncolytic virus – treated tumor tissue in rats that were pretreated 
with cRGD peptide compared with PBS- pretreated rats versus 
the level of statistical signifi cance of the change. Supplementary 
Table 2 (available online) lists the 21 genes whose expression 
increased or decreased by more than twofold in tumors pretreated 
with cRGD versus with PBS before oncolytic virus therapy. 
Expression of 19 of the 21 dysregulated genes was decreased in 
tumor tissue pretreated with cRGD peptide compared with PBS 
pretreatment, indicating that oncolytic virus – induced infl amma-
tory responses were suppressed in rats pretreated with cRGD 
peptide. Notably, 16 of the 19 genes whose expression decreased 
upon cRGD pretreatment displayed increased expression in onco-
lytic virus – treated tumor tissue (Supplementary Table 2, available 
online). A similar analysis of cytokine gene expression in periph-
eral blood mononuclear cells from tumor-bearing rats revealed no 
substantial change in expression of the 84 genes encoding infl am-
matory cytokines or their receptors in rats pretreated with cRGD 
compared with rats pretreated with PBS before oncolytic virus 
therapy (data not shown). It is also notable that the expression of 
genes encoding IFN- �  and IFN- �  – induced proteins such as 
CXCL11 and CXCL9 was increased by oncolytic virus treatment 
and decreased by pretreatment with cRGD peptide (Supplementary 
Tables 1 and 2, available online). IFN- �  is a secreted chemokine 
known to play a key role in orchestrating host immune responses 
to viruses ( 31 ). We have previously shown ( 11 ) that the addition 
of exogenous IFN- �  to rat glioma cells is suffi cient to inhibit 
oncolytic virus replication in vitro. We have also observed 
increased viral presence (as observed by increased oncolytic 
virus – encoded LacZ expression) in gliomas that are established in 
IFN- �  knockout mice than in wild-type mice in vivo ( 11 ). We 
further confi rmed the change in IFN- �  gene expression by using 
an ELISA to examine IFN- �  protein levels in cRGD-pretreated 
tumors. Tumors from rats pretreated with cRGD peptide before 
oncolytic virus treatment had statistically signifi cantly lower IFN-
 �  levels than tumors pretreated with PBS (mean IFN- �  level, 
cRGD pretreatment versus PBS pretreatment = 203 versus 65.6 
 µ g/mg, difference = 137  µ g/mg, 95% CI = 72.7 to 202.9  µ g/mg, 
 P  = .006) ( Fig. 6, B ). Together, these results indicate that cRGD 
treatment of tumors before oncolytic virus therapy reduced the 
vascular permeability and the production of infl ammatory cyto-
kines induced by oncolytic virus treatment of gliomas.     

 We next compared the effect of cRGD pretreatment on recruit-
ment of leukocytes into tumor tissue after oncolytic virus treatment 
with the effect of cyclophosphamide pretreatment. Rats were 
treated with either cyclophosphamide or PBS 5 days after tumor 
cell implantation by intraperitoneal injection. Another group of rats 
was treated with either cRGD peptide or PBS 3 days after tumor 
cell implantation by direct intracerebral injection. Seven days after 
tumor cell implantation each group of rats was randomly assigned to 
receive oncolytic virus or PBS. The animals were killed 3 days after 
oncolytic virus treatment (day 10 after tumor cell implantation), and 

  

 Fig. 6  .    Effect of cRGD peptide on oncolytic virus (OV) – induced infl am-
mation.  A ) Volcano plot of OV-induced change in the expression of 
genes for 84 infl ammatory cytokines and their receptors in response to 
cRGD peptide pretreatment. This plot arranges genes along dimensions 
of biologic and statistical signifi cance. The  x -axis indicates the log 2  fold 
difference in gene expression for OV-treated versus control phosphate-
buffered saline (PBS) – treated tumor tissue, and the  y -axis indicates 
 P  values obtained from the gene-specifi c  t  test on a negative log scale. 
The  solid black vertical line  indicates no change relative to control, and 
 dashed vertical lines  indicate a twofold change in OV-treated samples 
pretreated with cRGD compared with OV-treated samples pretreated 
with PBS. The  horizontal dotted line  indicates the threshold for a 
 P  value of .05 for the  t  test. Each data point represents the mean values 
of the change in expression of an individual chemokine or chemokine 
receptor gene in OV- and cRGD-treated tumors relative to OV-treated 
tumors (n = 3 rats per group).  B ) Interferon gamma (IFN- � ) protein lev-
els in tumor tissue lysates as measured by a rat IFN- �  enzyme-linked 
immunosorbent assay. Data shown are the mean values of IFN- �  pro-
tein levels per mg of tumor tissue and upper 95% confi dence intervals 
from four rats per group.  C ) Quantifi cation of CD45-positive cell infi ltra-
tion in tumor tissue. Rats with brain tumors were treated with PBS or 
OV (day 7 after tumor cell implantation) alone or in conjunction with 
CPA treatment (on day 5 after tumor cell implantation) or cRGD peptide 
pretreatment (day 3 after tumor cell implantation) before OV treatment. 
Data shown are the mean values and upper 95% confi dence intervals of 
CD45 staining area per view fi eld for four sections per rat for four rats 
per group.  *  P  = .007, and  *  *  P  = .019 (one-way analysis of variance fol-
lowed by Scheffe’s post hoc test, two-sided).    
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tumor sections were analyzed by immunohistochemistry for CD45 –
 positive leukocyte infi ltration of tumor tissue (4 sections per rat, n = 
4 rats per group) by immunohistochemistry. 

 Quantifi cation of the CD45-stained area per view fi eld revealed 
a statistically signifi cant increase in infi ltration of CD45 – positive 
leukocytes in tumor tissue treated with oncolytic virus relative to 
PBS-treated tumor tissue (oncolytic virus – treated versus PBS-
treated tumor, mean 4.48 × 10 5  versus 0.235 × 10 5  pixels per fi eld, 
difference = 4.25 × 10 5  pixels per fi eld, 95% CI = 3.53 × 10 5  to 
4.96 × 10 5  pixels per fi eld,  P <.001). This increase in infi ltrating leuko -
cytes was suppressed in rats pretreated with cyclophosphamide 
before oncolytic virus therapy (mean CD45-positive area for onco-
lytic virus versus oncolytic virus + cyclophosphamide = 4.48 × 10 5  
versus 0.47 × 10 5  pixels per fi eld, difference = 4.01 × 10 5  pixels per 
fi eld, 95% CI = 3.12 × 10 5  to 4.91 × 10 5  pixels per fi eld;  P  = .007). 
There was also a statistically signifi cant decrease in infi ltrating leu-
kocytes in tumors of animals pretreated with cRGD before oncolytic 
virus therapy compared with that in animals pretreated with PBS 
before oncolytic virus therapy (mean CD45-positive area for onco-
lytic virus versus oncolytic virus + cRGD peptide = 4.48 × 10 5  
versus 1.30 × 10 5  pixels per fi eld, difference = 3.18 × 10 5  pixels per 
fi eld, 95% CI = 0.550 × 10 5  to 5.81 × 10 5  pixels per fi eld,  P  = .019 
( Fig. 6, C ). There was no statistically signifi cant difference in the 
level of suppression of OV-induced infi ltrating leukocytes obtained 
by pretreatment with CPA (13-fold suppression for OV versus OV + 
  CPA) and by pretreatment with cRGD (10.4-fold suppression for 
OV versus OV + cRGD) (OV + CPA versus OV + cRGD,  P  = 0.7).  

  Effect of cRGD Peptide on Oncolytic Virus Replication 

in Tumors 

 Next we tested the effect of pretreatment with cRGD peptide on 
oncolytic virus replication in tumors compared with pretreatment 
with PBS before oncolytic virus treatment. Rats were treated with 

cRGD peptide or PBS on day 3 after tumor cell implantation and 
with oncolytic virus or PBS on day 7 after tumor cell implantation. 
The rats were killed 3 days later, and tumor sections were analyzed 
for presence of oncolytic virus by quantitative real-time PCR for 
virus-encoded LacZ gene expression and for the amount of infec-
tious viral particles obtained in each tumor, as measured by a stan-
dard plaque assay. Rats pretreated with cRGD peptide before 
oncolytic virus treatment had tumors with statistically significantly 
higher viral LacZ gene expression compared with rats treated with 
PBS before oncolytic virus treatment (mean fold increase in LacZ 
for OV + cRGD versus OV = 2.8-fold, 95% CI = 0.14- to 3.5-fold, 
 P  = .028) and statistically significantly higher titers of infectious 
virus (mean viral titer/mg tumor tissue for oncolytic virus + cRGD 
versus oncolytic virus = 1.93 × 10 4  pfu/mg versus 0.893 × 10 4  pfu/
mg, difference = 1.04 × 10 4  pfu/mg, 95% CI = 3.46 × 10 3  to 
1.73 × 10 4 ,  P  = .0063) ( Fig. 7, A and B ). Immunohistochemistry 
revealed that tumor tissue from cRGD peptide – pretreated rats had 
increased staining for HSV particles compared with that in tumor 
tissue from rats that were not pretreated ( Fig. 7, C ). These findings 
confirm that pretreatment with the antiangiogenic agent cRGD 
peptide increased the persistence of oncolytic viral in tumors.      

  Effect of cRGD Peptide Pretreatment on the Therapeutic 

Efficacy of Oncolytic Virus Treatment of Rat Gliomas 

 We next compared survival of oncolytic virus – treated rats that were 
pretreated with cRGD peptide with that of rats pretreated with 
PBS. Rats with brain tumors were pretreated with cRGD peptide 
or PBS on day 3 and then with PBS or oncolytic virus on day 7 after 
tumor cell implantation. The survival of rats in each group (n = 6 
rats per group) was then compared by Kaplan – Meier analysis 
( Fig. 8 ). Control rats treated with PBS (on days 3 and 7) had a 
median survival of 13 days after tumor cell implantation, whereas 
rats treated with PBS on day 3 and with oncolytic virus on day 7 had 

   Fig. 7  .    Effect of cRGD peptide pretreatment on 
oncolytic virus (OV) replication in tumors. Rats 
with brain tumors were treated with phosphate-
buffered saline (PBS) or cRGD peptide on day 3 
after tumor cell implantation and then with PBS or 
OV on day 7 after tumor cell implantation. Rats 
were killed 3 days after OV infection of tumors 
(day 10 after tumor cell implantation), and their 
brains were harvested and analyzed for markers of 
oncolytic viral presence in tumors.  A ) Expression 
of OV-encoded LacZ gene measured by a quantita-
tive real-time polymerase chain reaction assay. 
Data shown are the mean values of relative 
expression of the LacZ gene compared with that of 
the  � -actin gene in each sample and upper 95% 
confi dence intervals from 4 rats per group. 
 *  P  = .028 (one-way analysis of variance followed 
by Scheffe’s post hoc test, two-sided).  B ) OV titra-
tion. Data points shown represent the values of 
infectious viral particles obtained per mg of tumor 
tissue samples from rats pretreated with cRGD 
peptide or PBS (n = 4 rats per group).  Horizontal 

bars  represent the mean value for each group. 
 *  P  = .0142 (one-way analysis of variance fol-
lowed by Scheffe’s post hoc test, two-sided).  
C ) Immunohistochemical staining for herpes sim-
plex virus (HSV) particles in rat brain tumors 
infected with OV, with or without cRGD pretreat-
ment at ×20 magnifi cation. Insets show representative low magnifi cation images of the indicated tumor section stained for HSV.  Bars  = 50  µ m 
in ×20 images and 200  µ m in ×4 images.    
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a median survival of 17 days after tumor cell implantation. Rats 
treated with a single dose of cRGD peptide (cRGD on day 3 and 
PBS on day 7) had a median survival that was similar to that of 
PBS-treated rats (i.e., 13 days). However, rats that were pretreated 
with cRGD peptide (day 3) before oncolytic virus therapy (day 7) 
had statistically significantly longer median survival than rats 
treated with oncolytic virus alone (21 days versus 17 days, log-rank 
 P <.001). Although the difference in survival was only a few days, it 
was an improvement of 23.5% over OV treatment and represents 
an improvement of 61.5% over PBS treatment in this very aggres-
sive glioma model, in which PBS treated animals begin dying of 
tumor burden by day 13. This increase in the median survival of 
rats treated with cRGD and oncolytic virus compared with rats 
treated with PBS and oncolytic virus was observed only when 
cRGD peptide treatment was given before oncolytic virus injection; 
it was not observed when cRGD peptide was given at the same time 
as oncolytic virus (data not shown). These findings indicate that the 
cRGD peptide –  mediated antiangiogenic effect improved the thera-
peutic efficacy of oncolytic virus treatment in this rat glioma 
model.       

  Discussion 
 Clinical testing has revealed that oncolytic viral therapy is remark-
ably well tolerated, with minimal toxic effects attributable directly 
to the oncolytic virus [reviewed in ( 10 , 32 )]. However, the efficacy 
of oncolytic virus therapy in patients has not yet been demon-
strated. Tumor vasculature is a critical determinant of both tumor 

progression and its response to therapy ( 33 , 34 ). We hypothesized 
that changes in the tumor vasculature might influence the thera-
peutic efficacy of oncolytic virus treatment. Here, we have demon-
strated that oncolytic virus treatment of rat gliomas is associated 
with a statistically significant increase in the permeability of the 
tumor vasculature. Our results further indicate that this oncolytic 
virus treatment – associated hyperpermeability of the tumor vascula-
ture was associated with statistically significant increases in tumor 
inflammation and leukocyte infiltration. Furthermore, we found 
that pretreatment of gliomas with the angiogenesis inhibitor cRGD 
peptide reduced inflammation, vascular hyperpermeability, and 
leukocyte infiltration of tumor tissue upon treatment with oncolytic 
virus. Reduction of host immune responses by cRGD treatment 
also enhanced the anticancer efficacy of oncolytic virus treatment 
by increasing oncolytic virus propagation in tumors. 

 The vascular endothelium is an important component of the 
host infl ammatory response that dictates the changes in host 
immune responses during infl ammation ( 35 ). Peripheral leuko-
cytes and mononuclear cells constantly circulate within blood ves-
sels, where they remain ready to initiate host defense mechanisms 
in response to injury or infection. During infl ammation, these cells 
extravasate into the tissue via a sequential process that is initiated 
by their adhesion to the endothelial cells that line the vascular 
walls, which leads to endothelial cell activation. Activated endothe-
lium is characterized by vascular hyperpermeability and increased 
tissue edema, which facilitate perivascular infl ammatory cell infi l-
tration ( 28 , 35 ). We hypothesized that the highly angiogenic nature 
of tumors increases the area of vascularity, which may in turn exac-
erbate oncolytic virus – induced infl ammation. The key role played 
by blood vessels in increasing tissue infl ammation is bolstered by 
the observation that increased microvessel density in transgenic 
mice engineered to overexpress VEGF-A led to a statistically sig-
nifi cantly increased and prolonged infl ammatory response com-
pared with wild-type mice. Notably, this exaggerated infl ammatory 
response could be blocked by antibodies against the VEGF-A 
receptor, VEGFR-2 ( 26 ). Similarly, overexpression of angiogenic 
placental growth factor has been associated with pronounced vas-
cular enlargement and increased swelling, edema, and leukocyte 
infi ltration ( 36 ). Together these studies underscore the critical role 
played by angiogenesis in infl ammation. Here, we tested the role 
of the tumor endothelium in oncolytic virus therapy by testing 
changes in vascular perfusion upon oncolytic virus treatment of 
tumors. Our results have uncovered a statistically signifi cant 
increase in vascular permeability, tissue infl ammation, and leuko-
cyte infi ltration in oncolytic virus – treated tumor tissue compared 
with PBS-treated control tumors. 

 Increased infi ltration of host innate immune cells in response 
to oncolytic virus infection is thought to be primarily responsible 
for the rapid clearance of virus from tumors ( 21 , 37 , 38 ). 
Cyclophosphamide treatment of rats with brain tumors has been 
previously shown to enhance therapeutic effi cacy of oncolytic virus 
treatment in vivo ( 17 ). The active metabolites of cyclophospha-
mide can also induce cell killing by induction of apoptosis, leading 
to a direct anticancer effect ( 39 ). However, the active metabolites 
of cyclophosphamide are restricted from crossing the blood – brain 
barrier, and only subtherapeutic levels of cyclophosphamide 
are achieved in brain tissue after systemic administration ( 40 ). 

  
 Fig. 8  .    Effect of cRGD peptide pretreatment on the therapeutic effi cacy 
of oncolytic virus (OV) treatment of rat gliomas. Rats with brain tumors 
were pretreated with cRGD peptide or phosphate-buffered saline (PBS) 
3 days after tumor cell implantation. Four days later, the rats were 
treated with OV or PBS. All rats were monitored closely and killed when 
they displayed signs of morbidity. Survival of animals in each group 
(control: PBS-only treated, cRGD: cRGD-only treated, OV: OV-only 
treated, and cRGD + OV: cRGD- and OV-treated rats) was analyzed by 
the log-rank test (n = 6 rats for the control and cRGD groups, n = 7 rats 
each for the OV and OV + cRGD groups).    
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Moreover, addition of an active metabolite of cyclophosphamide 
directly to cancer cells in vitro leads to inhibition of oncolytic virus 
replication, which is in direct contrast to the enhanced oncolytic 
virus replication observed in vivo ( 17 ). In addition, cyclophospha-
mide is able to augment the antitumor effi cacy of oncolytic virus 
therapy only when given as a pretreatment and not when admin-
istered after oncolytic virus treatment ( 11 , 12 , 17 ). We ( 11 , 12 , 17 ) 
and others ( 23  –  25 , 41 , 42 ) have reported that transient suppression of 
host immune responses by systemic cyclophosphamide treatment 
of tumor-bearing animals enhances the therapeutic effi cacy of 
oncolytic viruses by limiting the infi ltration of infl ammatory cells 
into tumor tissue and increasing viral replication. In this study, we 
also confi rmed these previous fi ndings by demonstrating that 
cyclophosphamide treatment suppressed host infl ammatory 
responses and supported increased oncolytic virus presence in 
tumors. More interesting, we tested the effect of cyclophospha-
mide treatment on oncolytic virus – induced vascular leakage. 
Tumors harvested from rats treated with cyclophosphamide 
did not display vascular hyperpermeability in response to oncolytic 
virus infection. Together, these results indicate that the vascular 
leakage we observed in tumor tissue was closely linked to 
infl ammation and was in response to oncolytic virus infection 
of tumors. 

 Angiostatic agents such as thrombospondin-2, vasostatin, 
angiostatin, and anti-VEGF antibodies have been shown to 
reduce vascular leakage, edema, and experimental infl ammation 
( 26 , 27 , 43  –  45 ). Hence, we hypothesized that it might be possible 
to use antiangiogenic agents to limit oncolytic virus – induced 
tumor infl ammation. We tested the effect of cRGD peptide, a 
known antagonist for vitronectin binding to cell-surface integrins 
 �  v  �  3 , and  �  v  �  5,  which are highly expressed on proliferating endo-
thelial cells. Blocking integrin ligation has been shown to be a 
potent inhibitor of angiogenesis and glioma growth in vivo 
( 13 , 30 ). More recently, cRGD treatment of rats with middle cere-
bral artery occlusion was shown to preserve the blood – brain and 
ameliorate focal cerebral ischemic damage by reducing vascular 
leakage and edema ( 46 ). Our data show that pretreatment with 
cRGD peptide in conjunction with oncolytic virus therapy statis-
tically signifi cantly enhanced the therapeutic effi cacy of oncolytic 
virus treatment by reducing tumor microvessel density and reduc-
ing rapid viral clearance from the tissue. It is interesting that 
cyclophosphamide has also been shown to have an antiangiogenic 
effect on tumors in vivo ( 47 ). In future studies, it would be inter-
esting to investigate the contribution of antiangiogenic effect of 
cyclophosphamide treatment in enhancement of oncolytic virus 
effi cacy in vivo. 

 To evaluate if changes in vascular leakage were associated with 
tissue infl ammation, we examined changes in the expression of 
genes encoding chemokines (and their receptors) that are known 
mediators of the infl ammatory response in oncolytic virus – treated 
tumor tissue. Among the genes whose expression changed by 
more than twofold in oncolytic virus – treated tumor tissue com-
pared with PBS-treated tumors, the IFN- �  gene and IFN- �  –
 induced genes such as CXCL11 and CXCL9 ( 48 ) displayed 
statistically signifi cantly increased expression. Notably, these 
genes also displayed decreased expression in tumor tissue that was 
pretreated with cRGD peptide before oncolytic virus therapy 

compared with tumors treated with PBS before oncolytic therapy. 
IFN- �  has also been shown to increase vascular permeability ( 49 ). 
We found that tumors pretreated with cRGD peptide before 
oncolytic virus infection had reduced levels of IFN- � , CXCL9, 
and CXCL 11 compared with tumors from rats treated with 
oncolytic virus alone. These results suggest that increased expres-
sion of IFN- � , which is a key modulator of host responses to 
oncolytic viruses ( 31 ), is attenuated by antiangiogenic pretreat-
ment of tumors before oncolytic virus – induced infl ammatory 
response. 

 It is becoming increasingly apparent that the future of cancer 
treatment lies in the rational combination of drugs that target dif-
ferent aspects of tumor biology to enhance therapeutic benefi t. 
Tumors treated with DNA-damaging chemotherapeutic agents, 
such as temozolomide and cisplatin, often develop resistance by 
activating cellule DNA – repair pathway. However, the induction of 
these DNA repair pathways provides a better environment for 
virus replication and hence synergizes with oncolytic virus therapy 
( 50 , 51 ). Treatment with ionizing radiation also induces changes in 
gene expression and in posttranslational modifi cations of cellular 
proteins that enhance the effi cacy of oncolytic viruses ( 52 ). 
Treatment with antiangiogenic agents can lead to an initial trim-
ming down of aberrant tumor blood vessels. This reduction in 
blood vessel density reduces vascular leakage, interstitial pressure, 
and also results in improved tumor circulation with reduced tumor 
hypoxia ( 9 , 53 ). This antiangiogenic agent – mediated trimming 
down of tumor blood vessels, which is also referred to as vascular 
normalization, allows for better tumor oxygenation and spread of 
therapeutic molecules which is exploited to enhance effi cacy of 
radiation and chemotherapy ( 53 , 54 ). To our knowledge, this is the 
fi rst study to demonstrate that suppression of host immune 
responses to oncolytic virus therapy can be achieved with single 
treatment of an angiostatic agent, resulting in the enhanced effi -
cacy of oncolytic virus therapy of tumors. In addition, the anti-
infl ammatory effect of cRGD treatment was localized to tumor 
and no statistically signifi cant change in the expression of infl am-
matory cytokines and their receptors was observed in peripheral 
blood mononuclear cells of rats treated with cRGD before onco-
lytic virus compared with oncolytic virus – treated rats alone (data 
not shown). This fi nding suggested that cRGD peptide pretreat-
ment of tumors before oncolytic viral therapy could enhance 
oncolytic virus effi cacy without producing the potential immuno-
suppressive toxic effects that are associated with chemotherapy. 
Finally, the increased viral replication supported by tumors treated 
with cRGD peptide may enable reduction of oncolytic virus dos-
age needed to observe an antitumor response. 

 This study has several limitations. First, the enhanced effi cacy of 
oncolytic viral therapy by cRGD peptide pretreatment was observed 
in a rat syngeneic glioma model. It would be interesting to extend 
these fi nding to human glioma models in athymic nude mice to 
establish the generalizability of the effect. Second, the increased 
viral replication supported by tumors pretreated with cRGD pep-
tide could lead to toxic effects that are associated with increased 
viral burden. However, rats and mice are resistant to HSV infec-
tion, and so future toxicity studies in primate models would be 
necessary to evaluate the toxicity of this combination regimen. 
Finally, a careful study evaluating the systemic delivery of cRGD 
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peptide and escalating dosage schedules of this antiangiogenic 
drug in combination with multiple different oncolytic viruses 
would be essential to optimize this treatment regimen. 

 This study provides a paradigm for the treatment of tumors 
using antiangiogenic agents in combination with oncolytic virus. 
Additional studies will be needed to demonstrate the feasibility of 
a multimodal treatment approach that combines antiangiogenic 
agents, radiation, chemotherapeutics, and oncolytic virus therapy 
to destroy glioma.    
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