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Abstract

Objective: Osteosarcoma (OS) is highly metastatic and the most common primary malignant bone tumor.

Hypoxia and CXCR4-overexpression in OS may play a role in resistance to radiotherapy. Using a metastatic OS
mouse model, we investigated whether combining radiotherapy with a stroma-modifying drug (the angiotensin
receptor 1 blocker losartan) and an anti-metastatic agent (the CXCR4 inhibitor AMD3100) is an effective OS
treatment strategy.

Material and Methods: A highly metastatic, CXCR4-overexpressing Os-P0107 cell line was used to generate
subcutaneous isografts in syngeneic C3Hf/Sed mice. When the tumors reached 6 mm in diameter, we treated
the mice with either losartan (40 mg/kg body weight, gavage), AMD3100 (AMD, 5 mg/kg body weight, i.p.), or a
combination of both drugs daily for 14 days, with 20 Gy local irradiation (IR) on day 7. We evaluated the tumor-
growth delay (TGD), distant metastases and host survival, as well as tumor vascular perfusion and tumor hypoxia.

Results: Treatment with IR, Losartan+IR, or AMD+IR resulted in a significant and comparable TGD (12 to 20
days) in Os-P0107 tumors versus the controls (all p<0.01). However, only the combination of Losartan+AMD+IR
significantly enhanced tumor response to radiation by increasing TGD (additional 12 days, Losartan+AMD+IR
vs. IR p=0.0215), decreasing distant metastasis (p=0.008), and increasing survival (p=0.025). Losartan treatment
significantly increased CD31 positive tumor vascular density and decreased pimonidazole positive (hypoxic) areas
(Percentage of CD31 and Pimo positive area; Losartan vs. Control, both p<0.01).

Conclusion: The combination of Losartan+AMD+IR significantly increases the efficacy of radiotherapy in a
highly metastatic OS mouse model. The therapeutic effects are most likely due to the targeting both of tumor
hypoxia and CXCR4 by losartan and AMD3100 with local irradiation. Our finding strongly suggests that losartan and

AMD3100 with radiotherapy could be a potential new strategy for clinical metastatic OS treatment.

Keywords: Radiotherapy; Angiotensin 1 receptor; CXCR4; Metastatic
osteosarcoma; Mouse model

Abbreviations: OS: Osteosarcoma; BW: Body Weight; IR:
Irradiation; TGD: Tumor-Growth Delay; CAFs: Cancer Associated
Fibroblasts; DMEM: Dulbecco’s Modified Eagle’s Medium; FBS: Fetal
Bovine Serum; PE: Plating Efficiency; SF: Surviving Fraction; qRT-PCR:
Quantitative Reverse Transcription Polymerase Chain Reaction; DAB:
Diaminobenzidine; MFP: Mammary Fat Pad

Introduction

Osteosarcoma (OS) is the most common primary malignant bone
tumor that often occurs in children and young adults [1-4]. Most OS
are high grade, very aggressive, and tend to rapidly develop distant
metastases [3-6]. OS is commonly considered a radioresistant tumor,
thus experience with radiotherapy in the treatment of OS is limited.
However, recent data suggests that the administration of radiotherapy
may be useful in patients treated with multi-agent chemotherapy who
are unable to undergo complete resection or who have microscopic
residual tumor foci following attempted resection [7]. Increased tumor
hypoxia and the expression of the pro-metastatic receptor CXCR4 are
both significantly elevated in human metastatic OS and have been shown
to be associated with resistance to radiation therapy and poor clinical

outcome [5,8-14]. Thus, developing approaches to reduce hypoxia
and to target CXCR4 and combining them with radiation therapy are
attractive strategies for improving treatment response in metastatic OS
[2,6,7,14-16]. AMD3100, a small molecular weight drug that inhibits
CXCR4 has been shown to decrease the in vitro and in vivo migration
and invasion of OS and other cancer cells [17-21]. AMD3100 can also
enhance tumor radio-sensitivity as reported in multiple cancer mouse
models [22,25]. Unfortunately, highly spontaneous metastatic OS animal
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models with CXCR4 expression are lacking [26,27], making it difficult to
study the efficacy of targeting CXCR4 with radiotherapy in OS.

We have established a novel OS tumor line (Os-P0107) exhibiting
high in vivo tumorigenicity, transplant ability, and potential for
spontaneous metastasis to multiple host organs after primary tumor
resection [28]. Our recent studies showed that Os-P0107 cells are
highly resistant to radiation in vitro, resembling the clinical situation.
We detected high CXCR4 expression in primary, locally recurrent,
and metastatic Os-P0107 tumor tissues. Moreover, these tumor tissues
exhibited a high collagen density stroma. Thus, this highly metastatic
Os-P0107 tumor line may serve as a useful in vivo model to study
new therapeutic strategies targeting tumor hypoxia and CXCR4 in
metastatic OS.

We previously found that cancer cells and cancer-associated
fibroblasts (CAFs) actively exert physical forces (solid tress) to
compress tumor blood vessels, thus reducing vascular perfusion [29].
These cellular components store and transmit the solid stress through
the interstitial matrix molecules collagen and hyaluronan, making
both CAFs and matrix critical targets for decompressing tumor
vessels [30-32]. We have reported that losartan - a drug commonly
used in the clinic to treat hypertension - improves the outcome of
cancer treatment by decompressing collapsed tumor blood vessels to
increase tumor perfusion in both breast and pancreatic cancer models
[30-32]. Losartan, through its activity as an angiotensin II receptor 1
antagonist, deactivates CAFs and thus reduces the expression of the
profibrotic signals TGF-B, CCN2, and ET-1, leading to a reduction
in stromal collagen and hyaluronan production [33,34]. As a result,
losartan can reduce solid stress and increase vascular perfusion in
tumors. Through this physical mechanism, losartan can improve drug
and oxygen delivery to tumors [30-32]. Here, we evaluated the effect
of combining losartan and AMD3100 with ionizing radiation in a
collagen rich and high CXCR4-expressing Os-P0107 metastatic tumor
model by measuring local tumor response, distant metastases and host
survival, as well as tumor vascular perfusion and tumor hypoxia. Our
results show that combining losartan and AMD3100 with radiotherapy
not only significantly enhances Os-P0107 isograft tumor-gowth delay, but
also decreases metastatic burden and prolongs the survival of host mice.

Materials and Methods

Cell culture and proliferation assay

The Os-P0107 tumor line used in the present study was established
in our laboratory as previously reported [28]. The cell line was routinely
cultured and maintained in 25 cm? tissue culture flasks containing 5 ml
of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco, Carlsbad, CA,
USA), incubated in 5% CO, at 37°C. For colony forming efficiency
assay, Os-P0107 cells were plated into 5 T-25 flasks with 100, 200, 400,
600, and 800 cells respectively, and cultured in DMEM supplemented
with 13% FBS in incubator for 12 days. Then colonies (formed with 50
or greater cells) were fixed, stained and counted. The plating efficiency
(PE) was calculated by the formula: PE = colony number/cell number x
100%. All in vitro experiments were repeated at least three times.

In vitro colony formation assay

The colony formation assay was used to examine the therapeutic
effects of radiation, AMD3100, or losartan on Os-P0107 cells in vitro.
For radiation effects, a single cell suspension of the cells was prepared,
counted, plated into culture flasks (25 cm?), and irradiated 20-24 hours
later with 320-kV, 12.5 mA, X-ray at a nominal dose rate of 1.67 Gy per
minute (6 doses: 0 Gy to 10 Gy). The surviving fraction (SF) data were

corrected for initial and final multiplicity determined 4 to 6 hours after
plating and at the time of irradiation [35]. At each dose point, 5 flasks
containing a 2-4-fold range of cell numbers were plated. Following
irradiation, the cells were routinely cultured for 12 (for control cells)
to 14 days (for cells exposed to high doses of radiation), i.e., when the
number of colonies (formed with 50 or greater cells) per flask did not
change. The colonies were then fixed, stained and counted. The cell SFs
were calculated by the formula: SF = (number of colonies/number of
cells plated)/PE.

For losartan or AMD3100 therapeutic effects, a single cell
suspension with different number of cells was cultured in DMEM
supplemented with 15% FBS and different concentrations of losartan
or AMD3100 for 10 to 14 days; then the colony formation assay was
performed. A single dose of AMD3100 combined with radiation
treatment was also tested by in vitro colony formation assay using the
above methods.

Animal and in vivo tumor growth

Six to eight weeks old male C3Hf/Sed (C3H) mice were used in
our study. All mice were bred and maintained in our Cox-7 defined
flora animal facility [36], and experimental mice were housed in micro-
isolator cages, fed with sterile laboratory pellets, and given acidified
sterile water ad libitum. All animal care and studying procedures were
carried out following the Public Health Service Policy on Humane Care
of Laboratory Animals and approved by the Institution Animal Care
and Use Committee at the Massachusetts General Hospital.

To generate the source tumors of the Os-P0107 tumor line in vivo
(which were initiated from in vitro cell cultures), approximately 10°
tumor cells (in 0.5 ml PBS) were injected into the subcutaneous (s.c.)
tissue of C3H mice in their right hind limbs. Mice then were observed
weekly for tumor development and growth. The tumor “take” rate of
0s-P0107 in C3H mice was 80 to 100% as before [28].

Tumor responses to combining radiotherapy

Small (1-2 mm diameter) fragments from Os-P0107 source tumors
(in vivo F2 to F4 passages of isografts) were implanted s.c. into the right
hind limb of C3H mice (10-20 mice/each group). A single source tumor
from each passage was used to initiate all tumors for each experimental
cohort. After implantation, two perpendicular diameters of the tumors
were measured once to twice per week with calipers. Tumor volume
(V) was calculated as V = a x b*/2, where a and b are the long and short
axes, respectively [28]. When the isografted tumors reached a size of 5
x 6 mm in diameter (or approximately 75 mm?®), they were randomly
assigned to control or treatment groups. Experimental mice were
treated for 14 days with either Losartan, 40 mg/kg body weight (BW)
or PBS 0.2 ml as a control by oral gavage daily with and without a 20
Gy single dose local irradiation (IR) on day7; Alternatively, mice were
treated for 14 days with AMD3100, 5 mg/kg BW (AMD) or PBS 0.2 ml
as a control by i.p. injection once a day with and without a 20 Gy IR on
day 7. In addition, one arm of the animals received triple combination
treatment of Losartan+AMD+IR. Single dose (20 Gy) irradiation (320-
kV, 12.5 mA, 3.76 Gy per minute) was given under normal blood flow
conditions utilizing a 1 cm field centered over the tumor; then the
tumor-growth delay (TGD) was determined.

Metastasis and survival assay

To determine their metastatic frequency, the isografted primary
tumors in the right hind-limbs of mice were removed. When the
primary tumors reached a size of 13 mm x 13 mm (or approximately
1000 mm?), the mice were anesthetized (90 mg/kg Ketamine and 9 mg/
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kg Xylazine, i.p.), and the tumor-bearing legs were sterilized using 70%
alcohol. The blood flow was stopped by means of a clamp attached
at mid-thigh for 5 minutes, and the tumor bearing legs then were
amputated. Any bleeding was controlled, and the resulting wound was
closed with a 9-mm wound autoclip (Clay Adams, Division of Becton
Dickinson and Co., Parsippany, NJ), the wound clips were removed
2 weeks later. The surgical procedure was described previously [37].
Post-operative analgesia was supplied by administering buprenorphine
(0.1 mg/kg s.c. q 12 hours) for 3 days. The first dose of buprenorphine
was administered about 30 minutes pre-procedurally as a pre-emptive
analgesia for post-operative pain control. All the mice with limb removal
were weighted at one day post amputation for future comparison
of body weight changes. In our experience, mice undergoing such a
procedure could fully ambulate within two days of the procedure and
could reach a normal active condition compared to the un-amputated
mice at one-week post-operation. The mice were euthanized 3 months
after primary tumor implantation or when they became moribund,
whichever came first. Gross autopsy and histopathological analyses
were performed then. Survival experiments were terminated when
mice became moribund, or lost more than 15% of body weight, or
reached the end-point.

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

qRT-PCR was performed to test CXCR4 expression in Os-P0107
cells, and in primary and metastatic tumors. In brief, total RNA was
extracted from Os-P0107 cells and fresh tumor tissues using an RNeasy
Mini Kit (QIAGEN). cDNAs were synthesized using the TagMan RT
Kit (Applied Biosystems, Branchburg, NJ). Primers specific for f-actin
and CXCR4 were used, and relative gene expression was determined
using Real-Time SYBR Green PCR Master Mix (Applied Biosystems)
on a Stratagene Mx3000P qPCR System, as described [38].

Immunohistochemistry and Immunofluorescence

To evaluate CXCR4 expression in Os-P0107 tumors, the
polyclonal rabbit anti-CXCR4 antibody was used (dilution 1:100).
Five-micrometer sections of formalin-fixed paraffin-embedded tumor
tissues were mounted on Poly-L-lysinecoated slides. The slides were
air dried and the tissue was deparaffinized. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide in 50% methanol
for 10 minutes at room temperature. The sections were rehydrated
and washed with PBS and then pretreated with citrate buffer (0.01
M citric acid, pH 6.0) for 15 minutes at 97°C in a microwave oven.
After nonspecific binding sites were blocked by incubating slides in
2% normal goat serum in PBS for 15 minutes at room temperature,
the sections were incubated overnight at 4°C with the primary rabbit
anti-CXCR4 antibody. The sections were then washed with PBS and
incubated with the secondary HRP-conjugated antibody for 30 minutes
at room temoerature. Staining was performed by incubating slides with
fresh 3,3’diaminobenzidine (DAB) buffer. The sections were washed
in running water and counterstained with hematoxylin, followed by
dehydration and mounting. PBS was utilized in place of the primary
antibody for the negative control.

For evaluation of tumor vascular density, frozen tumor sections
(7-8 micrometer thick) were immuno-stained with primary anti-
CD31 (for endothelial cells) antibody and counter stained with DAPI.
Samples were imaged by using an Olympus confocal microscope.
Pimonidazole (Hypoxyprobe; Hypoxyprobe, Inc.) was used as a marker
of tumor hypoxia. Hypoxyprobe (60 mg/kg BW) was injected i.p. 30
minutes before the mice were euthanized. Tumors were harvested

and processed immediately. Hypoxia was assessed in frozen tissue
sections by immunofluorescence staining of pimonidazole by anti-
Hypoxyprobe-fluorescein isothiocyanate (FITC)-labeled antibody, as
described [20,38].

Statistical analysis

Unless otherwise noted, data are presented as mean + SEM. The
one-way ANOVA method followed by the Dunnett’s post hoc test,
and the Unpaired t test (two-tailed) was used to compare the tumor
volumes and the days of tumor-growth delay of the treatment groups
against the control. Difference in tumor metastatic rates was analyzed
by Kendall’s tau with the Holm-Bonferroni adjustment. Host survival
times (curves) were compared with Gehan-Breslow-Wilcoxon test. All
statistical analyses were performed using GraphPad Prism 7 and SPSS
version 24. A difference was considered statistically significant when
the P value was less than 0.05.

Results

Os-P0107 cells are resistant to radiation in vitro and express
higher levels of CXCR4 both in vitro and in vivo

The cultured Os-P0107 cell line maintained its original characters
as previously reported [28] (Supplemental Figure 1). The data are
well fit by the linear-quadratic cell survival model, i.e., alpha = 0.160
Gy, beta = 0.023 Gy?, R? = 0.998. Similar to previous reports, the
surviving fractions of Os-P0107 cells at 2 and 10 Gy are 0.662 and 0.198
respectively are substantially more resistant to radiation than most
other cultured cell types [39] (Figure 1A). Neither the CXCR4 inhibitor
AMD3100 nor the Angiotensin 1 receptor blocker losartan alone
showed any significant effect on the colony forming efficiency of this
cell line (Figures 1B and 1C). In addition, AMD3100 also did not alter
the in vitro radiosensitivity of Os-P0107 cells (Figure 1D). Figure 1D
shows that both Os-P0107 cells and tumors (primary and metastatic)
expressed high levels of CXCR4 mRNA as evaluated by qRT-PCR. This
finding has been confirmed at protein level by Immunohistochemistry
staining in the tumor tissues confirmed abundant presence of CXCR4
protein (Figure 1E).

Combination treatment with losartan and AMD3100
significantly increases Os-P0107 tumor-growth delay by
radiotherapy

As shown in Figure 2, a single dose of 20 Gy irradiation (IR)
exhibited a significant TGD in Os-P0107 tumors (~13 days more
required to reach the tumor volume of 500 mm?®) as compared to the
control and the losartan or AMD3100 monotherapy groups (IR vs.
Control, and IR vs. Losartan, or IR vs. AMD, all p<0.01; Losartan vs.
Control, or AMD vs. Control, both p>0.05). Combined Losartan+IR
or AMD+IR treatment did show an improvement in TGD (~18 to 20
days more required to reach the tumor volume of 500 mm?), although
their comparable TGDs to IR alone did not increased significantly
(Losartan+IR, or AMD+IR vs. IR group, both p>0.05). These results
show that losartan or AMD3100 combined with IR did not significantly
increase tumor response to IR alone in the Os-P0107 isografts in vivo.
However, triple combination treatment with Losartan+AMD+IR
significantly increased Os-P0107 TGD by 12 days compared to IR
alone (Figure 2C, p<0.01).

Combining losartan and AMD3100 with radiotherapy
significantly improves the treatment of metastatic Os-P0107
isograft

When evaluating treatment efficacy in survival experiments,
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Figure 1: Os-P0107 cell response to treatment in vitro and their CXCR4 expression in vivo. (A-C) Cell survival curves from the colony formation assay show Os-
P0107 cell response to irradiation and irradiation combined with AMD3100, AMD3100 or losartan alone treatments in vitro. Panel C shows the absence of losartan
cytotoxicity at doses up to 40 pmol/L; thus, losartan in vitro alone did not play an anti-Os-P0107 cell effect. (D) Higher CXCR4 expression in Os-P0107 tumor
tissues (primary, local recurrent, and metastatic tumors) when compared with the host C3H mice normal tissues (heart, kidney, and liver, except the lung tissues)
by gPCR; (E) CXCR4 expression was confirmed by immunohistochemistry staining in primary isografted Os-P0107 tumor. Bar, 50 ym.
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Figure 2: Os-P0107 tumor response to combined losartan, AMD3100, and radiation treatment. (A) Os-P0107 tumors growth and response curves of control,
or losartan with/without 20 Gy local irradiation (IR); (B) Tumor growth curves of control, or AMD3100 (AMD) with/without 20 Gy local irradiation; and (C) Tumor
growth curves of control, IR, AMD, AMD+IR, and AMD+losartan+IR groups. Results show that IR, Losartan+IR, AMD+IR, or AMD+Losartan+IR treatment could
significantly delay tumors growth when compared to control, losartan, or AMD3100 alone groups; but neither losartan nor AMD3100 could significantly improve
the Os-P0107 tumors response to radiotherapy (Losartan+IR vs. IR, and AMD+IR vs. IR, both P>0.05). Only triple combination treatment of AMD+Losartan+IR
can significantly enhance Os-P0107 tumors response to radiation by an additional TGD for 12 days (AMD+Losartan+IR vs. IR, p=0.0215). Data are presented as
Mean + SEM; P<0.05 is considered statistically significant (N=10-20/group).
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Figure 3: Combining losartan and AMD3100 with radiotherapy decreased Os-P0107 tumor metastasis and increased host survival. (A-D) Photographs of Os-
P0107 isografts metastases to lungs (A & B), left leg (C), and humeri (D). (E) Kaplan-Meier survival distribution show that combining losartan and MAD3100 with
20 Gy IR significantly increased host survival (Losartan+AMD+IR vs. Control p=0.025; Losartan+AMD+IR vs. IR p=0.002).

Figure 4: Representative immunohistochemistry of CD31 staining and pimonidazole immunofluorescence in treated and control Os-P0107 tumor tissues. (A-

C) CD31 positive vascular is shown in red and pimonidazole positive hypoxic area in green. Sections of untreated normal control (A), losartan treated (B), and
AMD3100 treated group tumor tissue (C). Bar=50 uym.
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Figure 5: Losartan treatment significantly increased tumor vascular density and decreased tumor hypoxic in Os-P0107 tumor tissues. (A) Losartan treatment
significantly increases CD31 positive vascular area (Losartan vs. Control, p=0.0001). (B) Losartan treatment significantly deceases hypoxia measured as
pimonidazole positive area (Losartan vs. Control, p=0.0003) in Os-P0107 tumor tissues. (N=5-10 areas/group).
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Group (N=Mice) Macro Metastases (Lung/Liver/Bone/Kidney)
Non-Metastasis One Organ Metastasis Two/More Organ Metastases Chi-Square (X?) Test
‘Control (N=11) 2 1 8 --

“AMD (N=8) 3 3 2 ‘vs” p=0.096
IR 20Gy (N=10) 1 4 5 ‘vs™ p=0.457
*AMD+IR (N=10) 3 5 2 ‘vs*  p=0.093

“#AMD+Los+IR (N=9) 5 3 1 ‘vs*  p=0.008

Table 1: Combining Losartan and AMD3100 with radiotherapy in metastatic Os-P0107 tumors.

our results showed that triple combination treatment with
Losartan+AMD+IR significantly decreased metastaticburden in the Os-
P0107 tumor model (Losartan+AMD+IR vs. Control group, p=0.008;
Table 1 and Figures 3A-3D). Furthermore, only Losartan+AMD+IR
triple combination treatment significantly increased overall survival
(Losartan+AMD+IR vs. Control group, p=0.025; Losartan+AMD+IR
vs. IR group, p=0.002; Figure 3E). Thus, combining losartan and
AMD3100 with irradiation could significantly delay Os-P0107 tumor
growth, and decrease metastases to distant organs, thereby increasing
host survival.

Losartan may increase tumor blood perfusion and AMD3100
delivery to Os-P0107 isografts

Next, we have examined tumor vascular density and tumor hypoxia
by CD31 and pimonidazole immunofluorescence staining in control
and treated Os-P0107 tumors. We found that losartan treatment
significantly increased CD31 positive tumor vascular density and
decreased pimonidazole positive (hypoxic) areas (Percentage of CD31
and Pimo positive area: Losartan vs. Control, both p<0.01; Figures 4
and 5), and AMD3100 treatment alone did not significantly decrease
the pimonidazole positive areas (Percentage of Pimo positive area:
AMD vs. Control, p>0.01; Figure 5B). This result indicates that losartan
plus AMD3100 enhanced the Os-P0107 tumors response to radiation
treatment possibly by losartan reducing solid stress in these stromal
collagen-rich OS isografts, then increasing tumor blood perfusion and
improving AMD3100 delivery to tumors.

Discussion

OS is one of the most common primary high-grade malignant
bone tumors with a poor prognosis [1-6]. In the clinic, localized
OS is typically treated with surgical resection and chemotherapy;
radiotherapy is reserved for rare unresectable cases [40-42]. Distant
metastasis is present at diagnosis in approximately 10-20% of OS
patients and develops in 30-50% of patients who initially present with
localized OS. The ten-year survival of OS patients with metastatic
disease is approximately 24% [40]. Multiple organ metastases are the
main factors for the clinical failure. Despite numerous attempts in
large clinical trials to augment therapy via dose intensification and the
addition of chemotherapeutic agents, OS survival rates have stagnated
over the past three decades [41,42]. The debilitating side effects of
the surgical treatment suggest the need for alternative local control
approaches and adding radiotherapy could potentially improve patient
outcomes [41-44]. However, OS has been commonly considered
to be a low radiosensitive tumor, and few reports have described
treatment outcome of OS using radiotherapy, thus the experience with
radiotherapy in treatment of OS is limited [7,43,44].

In this study, we first report that combining an angiotensin
receptor blocker (losartan) and a CXCR4 inhibitor (AMD3100) with
radiotherapy can significantly enhance tumor-growth delay, decrease
metastasis, and increase host survival time in a metastatic Os-P0107
mouse model. Os-P0107 is an established and well maintained in vitro

and in vivo spontaneous OS mouse model in our laboratory and is
highly metastatic in C3H background transgenic and wild-type mice
as previously reported [28]. High levels of CXCR4 expressions have
been detected in cultured Os-P0107 cells and in in vivo primary and
metastatic tumors. The Os-P0107 tumor is also a stromal collagen-
rich tumor (Supplemental Figure 2; Dr. Yves Boucher, unpublished
data). Tumor and tumor stromal cells actively exert physical forces
(solid stress) to compress tumor blood vessels, thus reducing vascular
perfusion [29-32]. Our previous studies have demonstrated that
losartan could reduce stromal collagen and hyaluronan production,
then reduce solid stress in tumors resulting in increased vascular
perfusion [31,32]. Thus, losartan could improve drug and oxygen
delivery to tumors, thus potentiating chemotherapy and reducing
hypoxia in breast and pancreatic cancer models [31].

Here, we report that combining losartan and AMD3100 can
significantly enhance radiation response in local Os-P0107 tumors,
resulting in a substantial TGD compared to that by irradiation alone
(12 days). Recently, there are studies showing losartan is a potential
therapeutic agent in cancer treatment [45]. However, our studies show
that either losartan nor AMD3100 alone could radiosensitize Os-P0107
cells in vitro or isografted tumors in vivo. Losartan treatment could
significantly increase tumor vascular density (CD31 positive vessels)
and decrease tumor tissue hypoxia (the pimonidazole positive areas)
in Os-P0107 isografts. All these results together may indicate that
losartan can increase tumor blood perfusion and improve tumor tissue
oxygenation and drug delivery to Os-P0107 tumors by reducing their
tumor solid stress, thus enhancing tumor response to radiotherapy and
AMD3100.

We have performed studies in another tumor line, MCa-M3C, to
test the combination of losartan plus radiation on the tumor response
to radiotherapy recently. MCa-M3C is a novel HER2/neu-positive
metastatic breast tumor model established and characterized in vitro
and in vivo in our laboratory (Unpublished data). Our studies showed
that combining losartan with radiotherapy (20 Gy single dose or 5 Gy
x 4 fractions) increased the responses of the MCa-M3C orthotopic
mammary fat pad (MFP) tumors. The combination treatment
significantly enhanced TGD, decreased MCa-M3C MFP-to-lung
metastases, and prolonged host survival. Our studies also showed that
losartan significantly increased MCa-M3C MFP tumor vascular volume
and reduced tumor hypoxia (Unpublished data). These combination
treatment results from the MCa-M3C tumor line are consistent with
our Os-P0107 studies.

Recent research by others has revealed that tumor hypoxia and
high-level expression of the pro-metastatic receptor CXCR4 are both
significantly elevated in clinical metastatic OS and is associated with
resistance to radiotherapy and poor outcome [7-14]. Numerous reports
have shown that targeting tumor hypoxia and CXCR4 alone, and in
combination with radiotherapy could improve treatment outcome
in metastatic OS [6,7,14-16]. Prior reports showed that AMD3100
enhances tumor radio sensitivity of other tumor models [22-25]. Our
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studies in OS suggest that combining a CXCR4 inhibitor (AMD3100)
with radiotherapy may delay Os-P0107 tumor growth compared with
IR alone, although the magnitude of the additional delay did not achieve
statistical significance. Nevertheless, triple combination treatment
of losartan and AMD3100 with radiotherapy in Os-P0107 isografted
tumors significantly delayed local tumor growth when compare to IR
alone, decreases distant metastases, and increases host survival. This
combination therapeutic effect was most likely due to the targeting of
tumor solid stress by losartan, resulting in decompressed tumor vessels
and increased vascular perfusion, and AMD3100 delivery to tumors.
Our finding may provide a novel therapeutic strategy to complement
current metastatic OS treatments [45].

Conclusion

In summary, using an established mouse model of spontaneously
metastatic OS with CXCR4 overexpression and collagen-rich stromal
component, we show that combining losartan and AMD3100 with
radiotherapy can significantly enhance local tumor growth delay,
decrease metastases, and increase host survival. These therapeutic
effects are most likely due to the targeting both of tumor hypoxia and
CXCR4 by losartan and AMD3100 with local irradiation. Our finding
strongly suggests that losartan, and AMD3100 with radiotherapy could
be a potential new strategy for clinical metastatic OS treatment.
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