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Purpose: Sunitinib (SU) is a multitargeted receptor tyrosine kinase inhibitor of the vascular endothelial growth
factor and platelet-derived growth factor receptors. The present study examined SU and radiotherapy (RT) in a ge-
netically engineered mouse model of soft tissue sarcoma (STS).

Methods and Materials: Primary extremity STSs were generated in genetically engineered mice. The mice were
randomized to treatment with SU, RT (10 Gy x 2), or both (SU+RT). Changes in the tumor vasculature before
and after treatment were assessed in vivo using fluorescence-mediated tomography. The control and treated
tumors were harvested and extensively analyzed.

Results: The mean fluorescence in the tumors was not decreased by RT but decreased 38—44% in tumors treated
with SU or SU+RT. The control tumors grew to a mean of 1378 mm” after 12 days. SU alone or RT alone delayed
tumor growth by 56% and 41%, respectively, but maximal growth inhibition (71%) was observed with the com-
bination therapy. SU target effects were confirmed by loss of target receptor phosphorylation and alterations in
SU-related gene expression. Cancer cell proliferation was decreased and apoptosis increased in the SU and RT
groups, with a synergistic effect on apoptosis observed in the SU+RT group. RT had a minimal effect on the tumor
microvessel density and endothelial cell-specific apoptosis, but SU alone or SU+RT decreased the microvessel den-
sity by >66% and induced significant endothelial cell apoptosis.

Conclusion: SU inhibited STS growth by effects on both cancer cells and tumor vasculature. SU also augmented the
efficacy of RT, suggesting that this combination strategy could improve local control of STS. © 2009 Elsevier Inc.

Sarcoma, radiotherapy, angiogenesis, sunitinib.

INTRODUCTION increase the efficacy of RT on tumors through effects on cancer

cells, as well as effects on the tumor microenvironment. Vas-

Soft tissue sarcomas (STSs) are a heterogeneous group of ] )
cular endothelial growth factor (VEGF) is overexpressed by

tumors derived from cells usually of mesenchymal origin. De-
spite aggressive surgery and radiotherapy (RT), STSs located
in difficult anatomic locations or adjacent to vital structures

most human cancers, and numerous preclinical studies and
a few human studies have demonstrated that anti-VEGF ther-

still have a significant risk of local recurrence. Drugs can

apies can improve the efficacy of RT (1). Sunitinib (SU11248,
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Sutent) is an oral, multitargeted tyrosine kinase inhibitor tar-
geting the vascular endothelial growth factor receptors 1-3
(VEGFR1-3) and platelet-derived growth factor receptors
aand B (PDGFR-« and -3) (2). We hypothesized that sunitinib
(SU) would be an optimal agent to combine with RT for STSs.
We had several reasons for this hypothesis. First, STSs, as with
nearly all tumors, require angiogenesis to grow beyond a few
millimeters, and SU targets receptors critical to endothelial cell
activation and tumor angiogenesis, including VEGFRs and
PDGFRs (3). Second, PDGFR-« and -§ are mutated and/or
overexpressed in many STSs. In our own gene expression mi-
croarray analysis comparing STSs and normal tissues,
PDGFR-« expression was sevenfold greater in the STSs
than in the normal tissues (4). Third, preclinical studies have
demonstrated that SU enhances the effects of radiation in vitro
(5) and in murine xenograft tumor models (6).

We recently described a genetically engineered mouse
model of STSs in which intramuscular delivery of an adeno-
virus expressing Cre recombinase into mice with conditional
mutations in K-ras and p53 resulted in primary, high-grade
STS at the site of injection in >90% of mice at a median in-
terval of approximately 80 days (7). Taking into account that
human sarcomas are highly heterogeneous, sarcomas that de-
velop in these genetically engineered mice closely resemble
some human sarcomas according to the genetic and histo-
logic analyses. Thus, we used this mouse model of STSs to
examine the efficacy of SU and/or RT.

METHODS AND MATERIALS

Mouse studies

The Massachusetts Institute of Technology Institutional Animal
Care and Use Committee and the Subcommittee on Research Ani-
mal Care at Massachusetts General Hospital approved all animal
studies and procedures. Hindlimb tumors were generated in trans-
genic mice with conditional mutations in oncogenic K-ras and the
p53 tumor suppressor gene, as previously described (8). Once tu-
mors reached 100200 mm®, they were randomized to treatment
with SU, RT, both SU and RT, or carrier alone (n = 5—7 mice/group).
Sunitinib suspension was delivered by oral gavage at a dose of 40
mg/kg daily for 12 consecutive days. The mice that did not receive
SU received carrier by oral gavage daily. After anesthesia, RT was
delivered to the tumor-bearing hind limb using a 4-MV linear accel-
erator, using a total dose of 20 Gy administered in two fractions of
10 Gy on Days 4 and 5. The mice were irradiated in a plastic box so
that the 4-MV beam passed through 1 cm of material (Fig. Ela). In
addition, 1 cm of bolus was placed over the STS. The tumor volume
was determined every 2-3 days by measuring the tumor in three
dimensions and calculating the tumor volume using the following
formula: tumor volume = (A x B x C x m)/6. At the end of 2 weeks
of treatment, the tumors were harvested.

Fluorescence-mediated tomography

Our methods and analysis of tumor vascular volume using fluores-
cence-mediated tomography (FMT) have been previously described
(9). In brief, AngioSPARK 680 and AngioSPARK 750 probes,
which are pegylated nanoparticles coupled to a near infrared fluoro-
chrome, were purchased from VisEn Medical (Bedford, MA) for im-
aging of the tumor vasculature. After intravenous injection, the
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probes remain in the vasculature for =4 h. The mice were serially im-
aged before and after treatment. A commercially available three-di-
mensional FMT imaging system (VisEn Medical) was used to detect
the AngioSPARK probe and to calculate the quantitative levels of
fluorescence within the tumors. The FMT software was then used
to calculate the mean fluorescent signal intensity.

Histologic tumor analysis

CD31 and proliferating cell nuclear antigen (PCNA) immunobhisto-
chemistry (10) and CD31 and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) immunofluores-
cence (11) were performed, as previously described. For phospho-
VEGFR-2 and phospho-PDGFR-# immunofluorescence, deparaffi-
nized sections were treated with 10 mM citrate buffer (pH 6.0) for
20 min at 95°C and were blocked with 5% normal horse serum in
0.3% Triton-X 100/phosphate-buffered saline for 1 h. The sections
were co-immunostained with mouse anti-CD31 monoclonal antibody
(1:100; Pharmingen, San Jose, CA) and rabbit anti-phospho-VEGFR-
2 (1:100, Cell Signaling, Danvers, MA) or rabbit anti-phospho-
PDGFR- (1:100, Cell Signaling) overnight at 4°C. After washing,
the sections were incubated with goat anti-rabbit Alexa 488 (1:500,
Molecular Probes, Carlsbad, CA) and goat anti-mouse Alexa 594
conjugated secondary antibody (1:500, Molecular Probes) in 0.3%
Triton-X 100/phosphate-buffered saline for 1 h at room temperature.
Cell nuclei were labeled with Hoechst dye (1 pug/mL). The images
were obtained on a Zeiss microscope and analyzed using AxioVision,
version 4.0 software (Carl Zeiss Vision, San Diego, CA).

Microarray analysis

RNA was isolated from tumor tissue using the Qiagen RNeasy
kit. The samples were profiled on Illumina’s MouseRef-8, version
1.1., Expression BeadChips, which contain >24,000 50-mer oligo
probes. Image analysis was performed using [llumina’s BeadStudio,
version 3.0.14 (San Diego, CA), Gene Expression Module.

All statistical analyses were conducted using the statistical soft-
ware R (available from www.r-project.org) with microarray analysis
tools from the Bioconductor project (www.bioconductor.org). Five
samples were excluded because, on histologic examination, a signif-
icant amount of normal muscle or other nontumor tissue was present.

Quantitative reverse transcriptase-polymerase chain
reaction

For quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR), total RNA was isolated from tumor tissue preserved in
RNA Later (Qiagen, Valencia, CA) using the RNeasy Mini Kit (Qia-
gen), according to the manufacturer’s instructions. RNA was iso-
lated from cell lines in vitro using Trizol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. cDNA was syn-
thesized using the Superscript First-Strand Synthesis System (Invi-
trogen) with random hexamers according to the manufacturer’s
instructions. Quantitative real time PCR analysis was done using
the LightCycler Detection System (Roche Diagnostics, Madison,
WI) using 500 ng of cDNA product and LightCycler FastStart
DNA Master™ VS SYBR Green I, according to the manufacturer’s
instructions. The primers for 18S RNA were obtained from Quan-
tumRNA Classic 18S Internal Standard (Ambion, Austin, TX).
See Table E1 for primers for mouse VEGF, angiopoietin 1 and 2,
basic fibroblast growth factor, PDGF-« and PDGF-8. The concen-
trations of 18S RNA and angiogenic factors were calculated from
the crossing point using a standard curve. The relative value was
then determined by the dividing the calculated angiogenic factor
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Fig. 1. Generation and treatment of primary sarcomas induced in genetically engineered mice. (A) Schematic diagram
demonstrating generation of extremity soft-tissue sarcomas in mice with conditional mutations in K-ras and p53. Black
arrow points to extremity sarcoma. (B) Table showing genotype of mice, sarcoma incidence, and interval in days to tumors
developing. (C) Schematic diagram demonstrating treatment of randomized mice. RT = radiotherapy; FMT = fluorescence-

mediated tomography.

level by the calculated 18S level for each sample and then normal-
izing the data so that the lowest relative value was 1.

Statistical analysis
The treatment groups were compared using the nonparametric
Kruskal-Wallis test (12).

RESULTS

Treatment of extremity sarcomas with SU and/or RT

We recently described a mouse model of STS in which pri-
mary high-grade sarcomas could be generated under spatial
and temporal control after injection of adenovirus expressing
Cre recombinase (13). The primary STSs generated in these
mice were used to assess the efficacy of SU and RT. A total of
24 mice with conditional mutations in p53 and K-ras were in-
jected in the left lower extremity with adenovirus expressing
Cre recombinase to generate the tumors (Fig. 1A). All mice
had conditional mutations in oncogenic K-ras (LSL-K-
ras®!?P). The conditional mutations in p53 were point muta-
tions (p53-SERITOWEL op p53LSLRITZHELY 1 5 floxed p53
allele (pSSFL/F 1. Overall, 22 mice (92%) developed extremity
STSs at a median of 84 days (Fig. 1B). Once the tumors had
reached approximately 100—200 mm?, the mice were ran-
domized to one of four treatment groups: carrier alone, SU
alone, carrier and RT, or SU and RT (Fig. 1C).

Treatment effects on phosphorylation of target receptors
and gene expression

To determine whether SU blocked target tyrosine kinases in
the STSs in vivo, we harvested the tumors treated with SU or
carrier alone and analyzed the tyrosine kinase receptors
VEGFR-2 and PDGR-£, known targets of SU, by immunoflu-
orescence using phospho-specific antibodies. The tumors
treated with carrier alone showed positive staining for phos-
phorylated VEGFR-2 (Fig. 2A), suggesting activation of en-
dothelial cell VEGFR-2 in these tumors. This staining was
co-localized to both CD31 and VE-cadherin (Fig. E1b). After

treatment with SU, the immunofluorescence for phosphory-
lated VEGFR-2 was greatly attenuated. Similarly, tumors
treated with carrier alone had high levels of phosphorylated
PDGFR-f, and tumors treated with SU had little or no expres-
sion of phosphorylated PDGFR-g (Fig. 2A). The tumor cells
and endothelial cells usually both expressed PDGFR-§ in
this mouse model (data not shown).

RNA from all 22 tumors was submitted for microarray
analysis using [llumina MouseRef-8 Expression BeadChips;
however, five samples were excluded from analysis because
of poor histologic quality (see the ‘““Methods and Materials”
section). Changes in the global gene expression patterns re-
lated to treatment were examined. Using hierarchical cluster-
ing based on the 500 most variable genes, all tumors treated
with carrier alone were clustered in the same group (Fig. 2B).
Three other clusters emerged from this analysis: one cluster
contained tumors treated with RT and tumors treated with
both RT and SU, another cluster contained only SU-treated
tumors, and a final cluster contained tumors from all three
treatment groups.

Hierarchical clustering was also performed using a gene
set of only 20 probes, which included receptors targeted by
SU and their associated ligands (Fig. 2C). This analysis pro-
duced two clusters; one cluster contained all five tumors
treated with carrier alone, along with one SU-treated tumor.
The other cluster contained tumors treated with SU or RT
plus SU. This analysis suggested that SU treatment was ex-
erting effects on its target pathways. In addition to the SU-re-
lated gene set, an additional gene set related to the Gene
Ontology response to RT (GO:0009314) was analyzed. The
response to the RT gene set was significantly altered in the
RT vs. carrier comparison (p = .018) and in the RT/SU+RT
vs. control comparisons (p = 0.047), suggesting that RT
altered expression of these RT-related genes.

The microarray data were also analyzed for highly upregu-
lated and downregulated genes. When contrasting tumors
treated with SU with the control tumors, 26 genes were
downregulated at least threefold and had a q value of
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<0.025, and 6 genes were upregulated at least threefold and
had a q value of <0.025 (Table E2). The macrophage scaven-
ger receptor 2, which has been previously demonstrated to be
upregulated after colony-stimulating factor 1 treatment (14),
was the most downregulated gene (12.3-fold). In addition,
the colony-stimulating factor 1 receptor was downregulated
4.5-fold. Downregulations of macrophage scavenger recep-
tor 2 was confirmed at the RNA and protein levels by quan-
titative reverse transcriptase PCR and Western blot analysis,
respectively (Fig. 2D,E). Several genes associated with an-
giogenesis, including chemokine receptor CX3CR1 (also
known as fractalkine), were also significantly downregulated.
Significantly upregulated genes included Cdknla, which en-
codes the cyclin-dependent kinase inhibitor p21 (15). It is
noteworthy that p21, a target of the tumor suppressor p53,
was upregulated in these p53-mutant STSs with SU treat-
ment. Upregulation of Cdknla/p21 was also confirmed by
Quantitative reverse transcriptase PCR and Western blot
analysis (Fig. 2D,E).

Treatment effects on tumor growth

We measured the tumor growth in the four treatment
groups. The mean tumor size for all groups was 170 mm? at
the onset of treatment. The tumors in the mice treated with car-
rier alone grew to a mean of 1378 4 310 mm? after 12 days
(Fig. 3A). The tumors of the mice treated with RT or SU av-
eraged 810 + 353 mm® (p = .024) and 600 =+ 240 mm® (p =
.001), respectively, after 12 days. The tumors in these two
groups also appeared to be growing slowly when the mice
were sacrificed. The tumors in the mice treated with both
RT and SU were the smallest, averaging only 401 £+ 90
mm?® (p < .0001) at 12 days, 29% of the volume of the tumors
treated with carrier alone. In addition, the tumors in this group
were not growing when the mice were sacrificed.

Examination of cancer cell effects

The tumors were harvested after 12 days of treatment. His-
tologic tumor analysis after hematoxylin-eosin staining was
performed by an experienced sarcoma pathologist (G.P.N.).
The control tumors were all high-grade spindle cell and pleo-
morphic STSs resembling human high-grade undifferenti-
ated STSs or malignant fibrous histiocytomas (Fig. 3B).
These tumors were often infiltrative into the surrounding
skeletal muscle. Tumors treated with RT had increased pleo-
morphism and contained large, hyperchromatic cells. SU-
treated tumors had even more pleomorphism than the tumors
treated with RT alone. These tumors also contained similar,
large, hyperchromatic cells. The tumors treated with both
RT and SU were also highly pleomorphic. Although

untreated tumors often contained gross areas of central necro-
sis, only the tumors treated with both SU and RT contained
focal areas of necrosis in apparently viable areas of tumor
(Fig. 3B, far right). Thus, according to routine histologic
analysis, only the combination of SU and RT resulted in focal
areas of necrotic cell death.

The use of RT and SU can affect tumor growth by decreas-
ing cancer cell proliferation or increasing cell death. To deter-
mine whether these mechanisms might be involved in the
tumor response, we examined the tumor sections for prolifer-
ation by proliferating cell nuclear antigen immunohistochem-
istry (Fig. 3B). Nearly all cancer cells in tumors treated with
carrier alone showed proliferation by proliferating cell nu-
clear antigen staining, and tumor cells treated with RT alone
or SU alone caused a 46—54% reduction in cancer cell prolif-
eration (Fig. 3B,C). However, the greatest reduction in prolif-
eration (77%) was observed in STSs treated with both SU and
RT (p <.0001). To detect apoptosis, TUNEL immunofluores-
cence was performed. Control tumors showed little TUNEL
staining (three tumor cell nuclei per high powered field). After
treatment with RT alone or SU alone, on average, 11 and 14
TUNEL-positive nuclei per high powered field, respectively
(Fig. 3B,D). STSs treated with both SU and RT showed dra-
matically increased apoptosis, with an average of 149 TU-
NEL-positive nuclei per high powered field (p < .0001).

Fluorescence-mediated tomographic imaging of tumor
vasculature

Both SU and RT have known effects on endothelial cells
and the formation and stability of tumor vasculature. Angio-
SPARK probes and an FMT imaging system were serially
used to assess tumor vasculature and permeability in vivo be-
fore and after treatment in all mice treated in our study. Once
the tumors became palpable, tumor-bearing mice were in-
jected with AngioSPARK750 and imaged on the FMT sys-
tem within 15 min. The mean fluorescence was equivalent
in all groups before treatment (Fig. 4A,B). After treatment,
the mice were injected with AngioSPARK680 and imaged.
RT at 20 Gy when delivered in two 10-Gy fractions had no
significant effect on mean fluorescence, and SU decreased
mean fluorescence by 38% (Fig. 4A,B). The addition of RT
to SU did not significantly decrease mean fluorescence fur-
ther compared with SU alone.

Examination of effects on tumor vasculature and
angiogenesis-related gene expression

The microvessel density of tumors was also analyzed
by CD31 immunohistochemistry. RT (two doses of 10 Gy)
resulted in mild reductions in microvessel density 6 days

Fig. 2. Effects of sunitinib on target receptors and gene expression. (A) Hematoxylin-eosin images and immunofluores-
cence images for phosphorylated vascular endothelial growth factor receptor (pVEGFR-2, green) or phosphorylated plate-
let-derived growth factor receptor-8 (PDGFR@, green). Scale bar, 20 um. (B) Dendrogram following hierarchical
clustering of tumors using 500 most variable genes. (C) Dendrogram and heat map following hierarchical clustering using
only 20 sunitinib-related genes. Blue represents high expression, white moderate, and red low. (D) Quantitative reverse
transcriptase polymerase chain reaction (RT-PCR) for macrophage scavenger receptor (Msr2) and Cdknla (p21) in tumors
treated with carrier vs. sunitinib. Bars represent standard deviation. (E) Western blot analysis of MSR2 and p21 levels. 3-

actin levels served as loading control.
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Fig. 4. Fluorescence-mediated tomography. (A) Mean fluorescence after intravenous injection with intravascular probes
(AngioSPARK680 or AngioSPARK750) and (B) representative images before and after treatment. RT = radiotherapy.
Bars represent standard deviation. *p <.05 compared with carrier group.

after RT, and SU markedly reduced microvessel density
(Fig. 5A,B). The addition of RT (20 Gy) to SU did not signif-
icantly decrease the microvessel density further compared
with SU treatment alone. To determine whether endothelial
cells were undergoing apoptosis, we performed co-immuno-
fluorescence with CD31 and TUNEL on tumor sections
7 days after RT (Fig. SC). The largest numbers of apoptotic
endothelial cells were present in tumors treated with both
RT and SU compared with either alone.

Quantitative real-time PCR for a panel of pro-angiogenic
factors was performed on tumors treated with SU and un-
treated tumors of similar size (Fig. 5D). VEGF expression,
but not PDGF-« or PDGF- expression, was significantly up-
regulated in tumors treated with SU (Fig. 5D). In addition, no
significant differences were found on examination of basic
fibroblast growth factor and angiopoietin 1 and 2 levels.

DISCUSSION

The present study examined the effects of SU and/or RT in
a genetically engineered mouse model of STS. Using a novel

imaging system, we were able to assess treatment effects on
tumor vasculature in vivo and found that SU decreased the
mean fluorescence in tumors but RT had no effect. SU alone
or RT alone delayed tumor growth, but maximal growth in-
hibition was observed with combination therapy. The pri-
mary mechanism by which the combination of SU and RT
inhibited tumor growth was by induction of tumor cell and
endothelial cell apoptosis.

There could be some advantages in the use of geneti-
cally engineered mouse tumor models over explant
models. Explant models, which generally involved the sub-
cutaneous injection of murine cancer cell lines into synge-
neic mouse strains or injection of human cancer cell lines
into immunocompromised mouse strains, might not fully
re-create the complex relationship between developing tu-
mors and their host microenvironment. Therefore, the re-
sults of RT and biologic therapies in these models might
not accurately predict the results in human cancer patients
(16). For example, tumor endothelial cells isolated from
xenografts of human tumors on a murine host demonstrate
differential responses to VEGF compared with tumor

Fig. 3. Treatment effects on tumor size and cancer cells. (A) Tumor growth curve of four treatment groups. RT = radio-
therapy. (B) Representative hematoxylin-eosin (H&E), proliferating cell nuclear antigen (PCNA), and terminal deoxynu-
cleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) images of tumors treated with carrier, RT,
sunitinib, or both RT and sunitinib. Arrow points to area of focal necrosis. Scale bar, 100 um. (C) PCNA-positive nuclei
per 5 high-powered fields. (D) TUNEL-positive nuclei per 5 high-powered fields. Bars represent standard deviation. *p
<.05 compared with carrier group. **p <.05 compared with 3 other groups.
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real-time polymerase chain reaction of carrier and sunitinib-treated tumors for vascular endothelial growth factor
(VEGF), platelet-derived growth factors A and B (PDGF-A, PDGF-B), basic fibroblast growth factor (bFGF), and angio-
poietins 1 and 2. *p <.05 compared with carrier group.

endothelial cells isolated from oncogene-induced spontane- tumor model (18). These limitations might be especially
ous tumors (17). Recent studies have demonstrated differ- relevant with drugs such as SU that target not only cancer
ential therapeutic effects of rapamycin on a Xxenograft cells but also the host-derived vasculature and tumor
tumor model vs. a spontaneous genetically engineered microenvironment.
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Sunitinib and other targeted biologic agents act differently
from traditional cytotoxic chemotherapeutic agents. Thus, al-
ternative methods to radiologic evidence of tumor regression
might be needed to assess drug activity during treatment.
Using AngioSPARK intravascular probes and FMT imaging,
we found that RT had little effect on mean fluorescence but
that SU or SU plus RT significantly reduced mean fluores-
cence. These results corresponded to treatment effects on mi-
crovessel density, and thus FMT imaging might be an
alternative to traditional dynamic contrast-enhanced mag-
netic resonance imaging (19) or perfusion computed tomog-
raphy (20) in assessing the effects of anti-angiogenic agents
on tumors. Other new technologies such as contrast ultraso-
nography with microbubbles show great promise in evaluat-
ing the effects of anti-angiogenic agents in vivo (21).

We tried to separately examine the effects of SU on cancer
cells and the effects on tumor vasculature, although these ef-
fects are interconnected. In terms of cancer cell effects, SU in-
creased the expression of the cyclin-dependent kinase inhibitor
p21, which correlated with decreased cancer cell proliferation.
The decrease in cancer cell proliferation with combination ther-
apy appeared to be additive and not synergistic. The combina-
tion of SU and RT inhibited tumor growth by way of the
induction of cancer cell apoptosis, and this effect was clearly
synergistic. The levels of cancer cell apoptosis as measured
by TUNEL staining were 10-fold greater with combination
therapy than with either therapy alone. Cancer cells isolated
from tumors were analyzed using an in vitro clonogenic sur-
vival assay in the presence or absence of 1 uM SU. Although
SU inhibited VEGFR-2 phosphorylation at this concentration
(Fig. E2a), SU had no effect on clonogenic survival in vitro
(Fig. E2b), suggesting that SU augments RT primarily through
changes in the tumor microenvironment rather than by direct
effects on the cancer cells.

The mechanisms by which SU could limit tumor angio-
genesis include inhibition of endothelial cell proliferation, in-
duction of endothelial cell apoptosis, and inhibition of
pericyte coverage of immature vessels. Seven days after 20
Gy (10 Gy x 2), RT alone had had only a minor effect on mi-
crovessel density and endothelial cell-specific apoptosis, but
SU had profoundly reduced the microvessel density and
caused some degree of endothelial cell apoptosis. In another
study, SU induced apoptosis in human umbilical vein endo-

thelial cells in vitro, but SU treatment of implanted gliomas
resulted in no endothelial cell apoptosis in vivo (22).

Our study had several limitations. First, >50 different his-
tologic subtypes of human STSs exist, and any one mouse
model will not account for this diversity. However, the tu-
mors formed in the genetically engineered mouse model
used in the present study histologically resemble one of the
most common human STSs: high-grade undifferentiated sar-
coma or malignant fibrous histiocytoma (7). Second, the im-
aging modality used in this study, FMT with pegylated
nanoparticles coupled to a near-infrared fluorochrome, is
a new modality, and only two points were measured (before
treatment and at the end of treatment). Exactly how much
fluorescence resulted from an intravascular probe vs. a probe
that had leaked out of tumor vessels is unknown. Nanopar-
ticles have been demonstrated to have enhanced permeability
and retention within tumors (20), and RT has been shown to
increase the enhanced permeability and retention of tumors
(21). To address this issue, additional studies of FMT using
these imaging probes in this mouse model are needed. Third,
although the present study analyzed the effects of sunitinib
and/or RT using a wide variety of modalities, clearly addi-
tional analyses can be performed. For example, our analysis
of global gene expression changes in tumors and our analysis
of specific changes in angiogenesis-related genes could pave
the way for the discovery of predictive biomarkers of the
treatment response.

CONCLUSION

The results of the present study have added to the limited
preclinical data on the efficacy of combining SU and RT in
the treatment of solid tumors. In contrast, numerous preclin-
ical studies (22) and at least 1 human study (23) have dem-
onstrated that specific inhibition of the VEGF pathway
enhances the efficacy of RT. SU targets the VEGF path-
way, along with other pathways involved in tumor growth
and angiogenesis; thus, the combination of SU and RT
might be equal to, or better than,. the combination of bev-
acizumab and RT. Owing to the encouraging results from
the present study and other preclinical studies, the combina-
tion of SU and RT should be investigated in future clinical
trials.
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