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Abstract

Purpose—Inhibition of VEGF may effect transient “normalization” of tumor vasculature by
pruning immature vessels, resulting in improved tumor perfusion and oxygenation. This may improve
the efficacy of adjuvant ionizing radiation (IR). We tested this hypothesis using bevacizumab, an
anti-VEGF antibody, in rhabdomyosarcoma (RMS) xenografts.

Methods—Mice bearing orthotopic alveolar RMS xenografts were treated with a single dose of
bevacizumab, IR, or a combination of the two on different schedules. Tumors were then evaluated
for changes in microvessel density, vessel maturity, vessel permeability, intratumoral oxygenation,
as well as altered growth.

Results—After bevacizumab treatment, a significant decrease in tumor microvessel density and a
significant increase in tumor vessel maturity, defined as the ratio of pericytes to endothelial cells,
was observed, suggesting pruning of immature vessels lacking pericytes. Tumor vessel permeability
was also significantly decreased and intratumoral oxygen tension increased two and five days after
bevacizumab due to a transient improvement in tumor perfusion. Treatment with IR 2 or 5 days after
bevacizumab resulted in the greatest antitumor activity.

Conclusion—Our findings support the hypothesis that VEGF inhibition with bevacizumab
transiently normalizes the dysfunctional vasculature of RMS xenografts, improving tumor
oxygenation and increasing tumor sensitivity to adjuvant IR.

Keywords
Rhabdomyosarcoma; Bevacizumab; VEGF inhibition; lonizing Radiation

© 2010 Elsevier Inc. All rights reserved.

Address correspondence to: Andrew M. Davidoff, M.D., Department of Surgery, St. Jude Children's Research Hospital, 262 Danny
Thomas Place, Memphis, TN 38105, USA. Phone: 901-595-4060; Fax: 901-595-6621; Andrew.davidoff@stjude.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

Presented at the AAP National Conference & Exhibition (NCE), Surgical Section, Washington, DC, October 17-20, 2009.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Myers et al. Page 2

Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children, accounting

for nearly 50% of soft tissue sarcomas in this population [1]. RMS has two major histologic

subtypes, embryonal (ERMS) and alveolar (ARMS). The alveolar subtype accounts for 20-30%
of newly diagnosed cases of RMS and has a poorer prognosis [2]. An analysis of patients with
nonmetastatic RMS from Intergroup Rhabdomyosarcoma Studies 111 and IV demonstrated a

5-year failure free survival (FFS) of 82% for ERMS compared to 65% for ARMS, even with
intensified therapy [3].

Treatment for ARMS currently consists of three modalities: surgical resection, radiation
therapy, and systemic chemotherapy. Radiation therapy and chemotherapy are often used to
reduce tumor size prior to surgical resection and/or to eliminate residual gross or microscopic
disease [2]. lonizing radiation is a critical component of multimodal therapy for ARMS.
However, the efficacy of IR depends on the presence of oxygen in the target tumor tissue to
create the free radicals that cause DNA injury leading to apoptosis. Findings of the Intergroup
Rhabdomyosarcoma Studies I-1V support the use of ionizing radiation for all RMS except
localized, completely resected group | ERMS [4]. Considering the failure rate of 35% over 5
years for ARMS, improvement in the activity of ionizing radiation and/or chemotherapy is
clearly needed to improve survival of children with ARMS. An agent that enhances the efficacy
of ionizing radiation could significantly improve patient outcomes and survival by decreasing
the likelihood of local tumor recurrence without increasing the radiation dose and the associated
side effects.

Bevacizumab is a humanized monoclonal antibody that targets and inhibits vascular endothelial
growth factor (VEGF), a pro-angiogenic cytokine. VEGF plays a central role in mediating
endothelial cell proliferation, migration, and survival necessary for tumor blood vessel
formation and therefore tumor growth. VEGF is also a potent stimulator of vascular
permeability [5]. Studies have shown VEGF to be important for autocrine and paracrine
stimulation of vessel growth required for progression of most solid tumors, including RMS
[6-7]. However, the vasculature that is created is generally dysfunctional, resulting in
heterogeneous tumor perfusion. The areas of hypoxia within the tumor contribute to the
development of radioresistance. The proposed mechanisms of action of bevacizumab, via
VEGEF inhibition, include regression of existing microvessels to help arrest tumor growth and
reduce tumor size, relative “normalization” of the surviving mature tumor vasculature, and
inhibition of new vessel growth [5].

Several preclinical studies [6-7] have shown that RMS is responsive to VEGF inhibition;
however, no guidelines exist for optimal scheduling of VEGF inhibition as an adjuvant in the
treatment of RMS. In our previous studies, we have shown that bevacizumab transiently
improves tumor perfusion and oxygenation in neuroblastoma during a brief period of relative
normalization of the tumor vasculature leading to improved chemotherapy delivery [8]. We
hypothesized that bevacizumab would have a similar effect on ARMS xenografts and that
improved tumor oxygenation would enhance the efficacy of adjuvant ionizing radiation.

Materials and Methods

Animal Model

All murine experiments were performed in accordance with a protocol approved by the
Institutional Animal Care and Use Committee at St. Jude Children's Research Hospital
(protocol 273). A model of orthotopic rhabdomyosarcoma was established by injection of 2 x
108 Rh-30 human alveolar rhabdomyosarcoma cells (P. Houghton, Memphis, TN) in 200 uL
PBS into the right calf muscle of 4- to 6-week-old male CB-17 SCID mice (Charles River
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Laboratories, Wilmington, MA). Intramuscular tumor size was estimated by measuring the
size of the normal left calf and subtracting that volume (width2 x length x 0.5) from the volume
of the tumor-injected right calf. After approximately one month of tumor growth, mice were
divided into 8 groups of equivalent tumor burden (~400mm3) and treatment was initiated. Mice
were treated with either 200ug bevacizumab (Genentech, South San Francisco, CA) in 200uL
PBS or 200uL PBS alone via tail vein. Control and bevacizumab treated groups were evaluated
on days 0, 2, 5 and 10. Bevacizumab vs. control experiments were done in triplicate.

An additional cohort of tumor bearing mice was divided into six treatment groups in order to
evaluate the effect of bevacizumab combined with ionizing radiation (IR) at different time
points. Treatment groups were as follows: control, bevacizumab only, IR only, bevacizumab
given 2 days before IR, bevacizumab given 5 days before IR, and bevacizumab given 10 days
before IR. A single dose of 4 Gy of ionizing radiation was administered using the Orthovoltage
D3000 X-ray tube (Gulmay Medical Ltd., UK) on the same day for all groups receiving that
therapy (23 days after tumor cell injection) based on tumor growth patterns from the first set
of experiments. Bevacizumab was also given via tail vein on the day of radiation to the
bevacizumab only group.

Immunohistochemistry

Formalin-fixed, paraffin-embedded 4um thick tumor sections were stained for CD34 (Santa
Cruz, sc-18917) and a-smooth muscle actin (aSMA) (DAKO, M0851) as previously described
[9]. Three fields per tumor sample were digitally photographed at 200X, focusing on
endothelial cell “hotspots” without tumor necrosis. All images were analyzed using Adobe
Photoshop (Adobe Systems, Inc. San Jose, CA) to remove background staining and to convert
the images to grayscale, and then monochrome images. Positive staining was then quantified
using ImageJ (NIH analysis software) and reported as the number of pixels per high power
field (HPF). Vessel maturity index (VMI) was calculated as the ratio of aSMA to CD34
staining.

Evans Blue Dye Assay

Tumor vessel permeability was assessed using an Evans blue dye assay [10]. One hundred
microliters of 2% Evan's blue due (MP Biomedicals) was injected via tail vein and allowed to
circulate for 20 minutes. The chest cavity was opened surgically and 10 mL of PBS was infused
into the left ventricle and vented through the right atrium to remove the remaining intravascular
dye. Tumors were surgically removed and divided into pieces weighing 0.15 g. Each tumor
piece was then placed in 1 mL of formamide (Fisher Scientific) for 72 hours to allow dye
extraction. Tumor pieces were removed and the remaining extract was centrifuged at 1200 rpm
for 5 minutes. Two 200 uL aliquots per tumor piece were then quantified using a
spectrophotometer at a wavelength of 620 nm.

In Vivo Oxygen Tension Measurement

Intratumoral oxygen tension was measured using the OxyLab fiber optic probe (Oxford
Optronics, UK). Mice were anesthetized with ketamine/xylazine. After the mice were sedated,
they were placed on 2 liters of continuous oxygen via nose cone. A small incision (<2 mm)
was made in the skin at the base of the tumor and the oxygen probe was placed into the base
of the tumor and positioned 3/4 of the way into the tumor. The probe was allowed to equilibrate
for up to 20-30 minutes, and then a timer was set for 5 minutes and the measurement was
recorded.
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Statistical Analysis

SigmaPlot (SPSS, Inc., Chicago, IL) was used to perform unpaired Student's t-tests and to
graphically present data. A p value of less than 0.5 was considered significant.

Results

Effect of Bevacizumab on Tumor Growth in Vivo

Established, sized matched intramuscular Rh-30 tumors were divided into a bevacizumab
treatment group (n=20) and a vehicle control group (n=20) approximately 1 month after tumor
cell injection when tumors were about 400 mm3. Tumors were harvested (n=5) from each group
on days 2, 5, and 10 after bevacizumab administration and subjected to the analysis discussed
below. Bevacizumab treated tumors were significantly smaller compared to control tumors on
day 2 (333%33 vs. 531457 mm3, p=0.003), 5 (365230 vs. 738+84 mm3, p=0.00003), and 10
(62881 vs. 1,056+164 mm?3, p=0.02), demonstrating that a single dose of bevacizumab alone
could significantly restrict further growth of established, orthotopic ARMS xenografts (Figure
1).

Effect of Bevacizumab on Tumor Vessel Number and Function

Ondays 0, 2, 5, and 10, one group of 5 mice from each of the bevacizumab treated and control
cohorts were sacrificed and tumor tissue was harvested for immunohistochemical analysis.
Experiments were performed in triplicate. CD34 staining for endothelial cells was used to
evaluate microvessel density and aSMA staining was used to identify perivascular cells. On
day 0, there was no significant difference in microvessel density between the bevacizumab
treated and control tumors (10,371+883 vs. 11,185+1454 pixels/HPF, p=0.62). A subsequent
significant decrease in microvessel density was observed in the bevacizumab treated tumors
compared to controls on day 2 (8,183+1,355 vs. 13,834+1,207 pixels/HPF, p=0.005), which
persisted onday 5 (6,710+1,167 vs. 15,485+1,420 pixels/HPF, p=0.00008), and day 10 (11,400
+1,619 vs. 19,899+2,692 pixels/HPF, p=0.01) (Figure 2A). No significant difference in aSMA
staining was seen during this time period, although there was a slight decrease in aSMA positive
cells in the bevacizumab treated group compared to control on day 10 (not shown). Therefore,
the vessel maturity index, defined as the ratio of pericytes to endothelial cells, also significantly
increased due to the decline in the endothelial cell count. A significant increase in VMI was
seen in the bevacizumab treated group, as measured on days 2 (2.99+0.87 vs. 0.84+0.20,
p=0.03) and 5 (3.78+0.85 vs. 0.96+0.30, p=0.005). However, this effect had abated by day 10
(1.78+0.43 vs. 1.06+0.38, p=0.25), suggesting that by day 10 even some of the more mature
vessels were dropping out (Figure 2B).

Effect of Bevacizumab on Tumor Vessel Permeability and Intratumoral Oxygenation

VEGEF is a potent stimulator of vascular permeability [11]. We assessed the effect of VEGF
inhibition and the normalization of the treated RMS tumor vasculature noted above on vessel
leakiness. When using an Evans blue dye assay, the amount of extravasation of blue dye into
the parenchyma of the tumors reflects tumor vessel permeability. We found that bevacizumab
treated tumors demonstrated a significant decrease in tumor vessel permeability 5 and 10 days
after treatment compared to control tumors, 3.34+0.69 vs. 6.61+0.31 A.U., p=0.01, and 4.45
+0.89 vs. 12.02+1.82 A.U., p=0.02 respectively (Figure 3A).

Finally, we assessed the effect of the changes in vascular phenotype and decreased vessel
permeability on intratumoral oxygenation. Intratumoral oxygen tension was measured as
described above using an OxyLab probe. In the first set of experiments comparing bevacizumab
treatment to controls, intratumoral oxygen tension was measured on days 0, 2, 5 and 10. Oxygen
tension was significantly higher in the bevacizumab treated tumors compared to control tumors
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on day 5 after bevacizumab treatment (12.05+2.36 vs. 1.24+0.54, p=0.001) but not on the other
days, indicating a transient, but significant increase in tumor perfusion and oxygenation (Figure
3B).

Effect of Combined Treatment with Bevacizumab and lonizing Radiation on ARMS Xenograft

Growth

Six treatment groups were used to evaluate the differences the effect of the timing of
bevacizumab administration with respect to IR would have on Rh-30 ARMS xenograft growth.
These included: control, bevacizumab only, IR only, bevacizumab given 2 days prior to IR,
bevacizumab given 5 days prior to IR, and bevacizumab given 10 days prior to IR. Intratumoral
oxygen tension for all groups was measured just prior to the administration of IR. Again, as
found in the earlier experiments, significantly greater intratumoral oxygenation was observed
transiently in tumors that received bevacizumab prior to IR, compared to controls (4.01+0.82
[day 2] and 4.92+0.76 [day 5] vs. 1.27+£0.39 mmHg [control], p=0.016 and p=0.0026,
respectively). The IR only and bevacizumab only groups had not yet received adjuvant therapy
at the time of measurement; therefore, the intratumoral oxygenation in these groups was
similar, as expected (Figure 4A).

We tested our hypothesis that improved oxygenation at the time of IR administration in the
groups treated with bevacizumab 2-5 days prior would lead to improved antitumor efficacy of
radiation therapy. There was no significant difference in tumor size seen between any of the
groups on the day of IR administration (day 0, 23 days after tumor cell injection). Larger tumors
were selected to treat with bevacizumab on days -10, -5, and -2, so that all tumors would be
approximately the same size on day 0. Fourteen days later, tumor sizes were compared.
Bevacizumab and IR monotherapies restricted further tumor growth compared to control (460
+175, p=0.12 and 29651 mm3, p=0.04). All three cohorts that received combination therapy
had significant tumor growth restriction compared to controls (307+110, p=0.03 [bevacizumab
given 2 days before IR]; 130+62, p=0.007 [bevacizumab given 5 days before IR]; and 289+40
mm?3, p=0.02m [bevacizumab given 10 days before IR] vs. 942+217 [control]). IR given 5 days
after bevacizumab was the only treatment that actually effected tumor regression (Figure 4B).
This finding is consistent with our previous data showing the greatest increase in tumor
oxygenation occurring 5 days after bevacizumab administration.

Discussion

This is the first study to use VEGF inhibition via bevacizumab as an adjuvant to ionizing
radiation in the treatment of ARMS. In addition, this study demonstrates that VEGF inhibition
via bevacizumab transiently improves the dysfunctional vasculature of ARMS xenografts,
creating a period of time during which there is improved intratumoral perfusion and
oxygenation. This, inturn, results in an improvement in antitumor efficacy of ionizing radiation
delivered during this period. Because the effect of bevacizumab on the tumor vasculature is
transient, the enhancement of IR activity depends, at least in part, on the timing of bevacizumab
administration relative to IR.

We observed a significant decrease in the endothelial cell density 2 days after bevacizumab
administration; this persisted throughout the study period of 10 days. However, because the
pericyte count remained relatively unchanged between the two groups on the same day, this
resulted in a significant increase in vessel maturity 2-5 days after treatment, although this effect
was abrogated by day 10. Thus, it appears that bevacizumab eradicated the immature
microvessels comprised only of endothelial cells, but lacking stabilizing perivascular cells.
Although there were fewer vessels, those that remained were more mature, functional vessels.
This was confirmed by demonstrating significantly decreased vascular permeability after a
single dose of bevacizumab which blocked VEGF's potent effect of increased vascular
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permeability. This normalization of the intratumoral vasculature also increased intratumoral
oxygen tension, which was significantly increased on day 5 after bevacizumab treatment.
However, this effect was also transient, likely due to dropout of even those vessels invested
with pericytes by day 10.

These findings support the concept of vascular normalization proposed by Jain [12]. Tumor
vessels are structurally and functionally abnormal compared to vessels that perfuse normal
tissues. Increased production of pro-angiogenic factors such as VEGF by the tumor cause
formation of poorly organized and hyperpermeable tumor vessels. Blocking VEGF leads to
increased apoptosis of endothelial cells and therefore elimination of immature blood vessels
not fortified with pericytes that provide paracrine survival factors. This effectively creates
tumor vessels with closer resemblance to normal vessels in structure and function [12].
Improved perfusion, and therefore oxygen delivery is essential for improved effectiveness of
IR. Increased oxygen delivery augments the ability of the target tumor tissue to create free
radicals to cause DNA injury and apoptosis.

It is interesting to note that the highest intratumoral oxygen tension on the morning of IR
delivery occurred in the group treated with bevacizumab 5 days prior. This was also the group
in which the greatest antitumor activity was observed, actually effecting tumor regression.

Our cumulative results suggest combination therapy with bevacizumab as an adjuvant to IR
may be effective in the treatment of alveolar RMS and improve patient outcomes. Careful
consideration of the timing of bevacizumab as an adjuvant to IR will be needed to optimize
the effectiveness of combination therapy.
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Figure 1. A single dose of bevacizumab restricts orthotopic alveolar rhabdomyosarcoma growth
Growth curves showing no significant difference in tumor size between the bevacizumab
treated and control groups at the start of therapy (p=0.88). Bevacizumab treated tumors were
significantly smaller compared to control tumors on day 2 (*p=0.003), 5 (**p=0.00003), and

10 (***p=0.02).
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Figure 2. Bevacizumab decreases intratumoral endothelial cell counts and increases the vascular

maturity index in RMS

A) CD34 staining for vascular endothelial cells reflects microvessel density. No significant
difference in microvessel density between the bevacizumab treated and control tumors was
seen on day 0 (p=0.62). A significantly lower microvessel density was observed among the
bevacizumab treated tumors on days 2 (*p=0.005), 5 (**p=0.00008), and 10 (***p=0.01).

B) The vessel maturity index is the ratio of perivascular cells to endothelial cells. A significant
increase in VMI between the treated and control groups was measured on days 2 (*p=0.03)
and 5 (**p=0.005), but abated by day 10 (p=0.25). C) Representative slides stained with an
anti CD34 antibody of a control and bevacizumab treated tumor 5 days after treatment, 200X.
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Figure 3. Bevacizumab decreases vascular permeability and increases intratumoral oxygen tension
A) Evans blue dye assay was used to quantify tumor vessel permeability. Bevacizumab treated
tumors demonstrated a significant decrease in tumor vessel permeability 5 and 10 days after
treatment compared to control tumors (*p=0.01, **p=0.02). B) Oxygen tension was
significantly higher in the bevacizumab treated tumors compared to control tumors on day 5
after bevacizumab treatment (*p=0.001), suggesting a transient, but significant increase in
tumor perfusion and oxygenation.
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Figure 4. Intratumoral oxygenation is significantly increased after bevacizumab administration
and results in augmentation of the tumor response to ionizing radiation

A) Significant increases in intratumoral oxygenation were seen in the bevacizumab given 2
days prior to IR and bevacizumab given 5 days prior to IR groups compared to controls
(*p=0.016 and **p=0.0026). B) Murine tumors in all six treatment groups were measured on
the day of IR (day 0) and two weeks after IR. No significant difference was seen between any
of the groups on the day 0. On day 14 after IR, a significant decrease in tumor size was observed
between the IR only, bevacizumab given 2 days prior to IR, bevacizumab given 5 days prior
to IR, and bevacizumab given 10 days prior to IR groups compared to the control group
(*p=0.04, **p=0.03, ***p=0.007, and ****p=0.02). Bev 2/IR= bevacizumab given 2 days
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before IR, Bev 5/IR = bevacizumab given 5 days before IR, Bev 10/IR = bevacizumab given
10 days prior to IR.
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