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Previous studies have demonstrated that angiogenesis inhibitors can enhance tumor inhibitory effects of
chemo- and radiotherapy via their action on tumor vessels. Here, we studied the effect of the angiogenesis
inhibitor, bevacizumab (Avastin), on boron distribution in a murine tumor model. The human head and
neck squamous cell carcinoma cell line was used for inoculation into mice. Boron-10 concentrations in
tissues were measured by prompt γ-ray spectrometry (PGA). Hoechst 33342 perfusion and p-boronopheny-
lalanine (BPA) distribution were determined by immunofluorescence staining. Our results revealed
enhanced tumor blood perfusion and BPA accumulation in tumors after Avastin treatment, suggesting that
combination of angiogenesis inhibition with treatment with boron compound administration may improve
the efficacy of boron neutron capture therapy (BNCT) by modifying tumor vessels. In addition, our results
also demonstrated the usefulness of immunofluorescence staining for investigating boron compound distri-
bution at the cellular level.
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INTRODUCTION

The advantages of boron neutron capture therapy (BNCT)
have been demonstrated in the treatment of malignant glio-
blastomas, melanomas and other cancers because of its
selective destruction of tumor cells [1–3]. In essence, a non-
cytotoxic boron compound is selectively enriched in tumor
cells. During the subsequent irradiation of thermal neutrons,
10B captures thermal neutrons and emits high-energy α and
lithium (7Li) particles with an energy level of 2.79 MeV
and paths ≤10 µm. Since the path length is approximately
the size of a cell, it destroys tumor cells selectively without
affecting the surrounding normal tissues [4].
BNCT is a binary treatment modality based on the reac-

tion between a stable boron isotope and thermal neutrons.
Its efficacy is primarily dependent on boron compound

distribution in tumor cells. However, the abnormal structure
and function of tumor vessels leads to a decreased uptake
of the boron compound into tumors [5]. Thus, the regula-
tion of tumor vessels and improvement of blood perfusion
is important for increasing the uptake of the boron com-
pound into tumors.
Bevacizumab (Avastin), the first anti-vascular endothelial

growth factor (VEGF) agent, is a recombinant humanized
monoclonal antibody to VEGF [6]. VEGF is over-expressed
in tumors, and contributes to angiogenesis, tumor growth
and metastasis [7]. In clinical trials, Avastin has been
shown to improve the efficacy of both chemo- and radio-
therapy [8, 9]. It acts by normalizing tumor vessels, thus in-
creasing drug and oxygen delivery to the tumor, thereby
contributing to tumor inhibition induced by chemo- and
radiotherapy [10]. Here, we investigated the effects of
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Avastin on boron compound distribution in a mouse model
of the human head and neck squamous cell carcinoma.

MATERIALS AND METHODS

Cell lines and culture conditions
The human head and neck squamous cell carcinoma cell
line SAS (SAS/neo, transfected with neo vector), was cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich Co. LLC, St. Louis, MO, USA) supplemented with
10% fetal bovine serum, and maintained at 37°C in an at-
mosphere of 95% air and 5% CO2.

Animals and tumor model
Female BALB/C nu-nu mice, aged 6 weeks, were pur-
chased from Japan Animal Co., Ltd, Osaka, Japan. The
animals were housed in a pathogen-free room under con-
trolled conditions of temperature, humidity, and a 12-hour
dark/light cycle, and acclimatized for 1 week before tumor
cell transplantation. SAS cells (1 × 105) cells were inocu-
lated subcutaneously into the hind legs of the 7-week-old
BALB/C nude mice. Fourteen days after cell inoculation,
the tumor had reached approximately 10 mm in diameter.
Tumor volume was calculated using the following formula:
V = π/6 × a × b2, where a and b are the longest and shortest
diameters of the tumors, respectively. All animal experi-
ments were carried out in accordance with the Guidelines
for Handling of Laboratory Animals for Biomedical
Research, compiled by the Committee on Safety Handling
Regulations for Laboratory Animal Experiments, Kyoto
University.

Treatment with the boron compound and
bevacizumab
The boron-10 compound, p-boronophenylalanine (BPA), was
purchased from Boron Biologicals, Inc. (Raleigh, NC, USA)
and an aqueous solution of BPA (24.2 mg/ml, 10B: 1300 mg/l)
was prepared. Bevacizumab (Avastin, 21900AMX00921) was
purchased from CHUGAI Pharmaceutical Co., Ltd (Tokyo,
Japan). For in vitro experiments, SAS cells were incubated
with the BPA solution at different 10B concentrations (0, 0.65,
1.3, 3.9, 7.8, 15.6 and 31.2 ppm) (1 ppm = 1 mg/l) for 1 h.
For in vivo experiments, mice received a single-dose intraperi-
toneal injection (i.p.) of Avastin [125, 250 and 375 μg/25 g
body weight (BW)], and the tumors were excised 0.5–7 days
later. BPA (250 mg/kg BW) was administered by i.p. injection
1 h before tumor excision.

Tumor blood perfusion and histological analysis
In brief, Hoechst 33342 (16 mg/kg) was injected via the
tail vein 1 min before tumor excision. The tumors samples
were flash-frozen in liquid nitrogen. Five-micrometer-thick
slices of tumor sections were cut and mounted on glass-
slides using 50% glycerol containing propidium iodide

(PI). Hematoxylin–eosin (HE) staining was used for histo-
logical analysis.

Immunofluorescence staining for examining BPA
distribution
SAS cells were cultured on cover glass at a concentration
of 5 × 105 cells per well in six-well plates. One hour after
incubation with the BPA solution, the cells were washed
with phosphate buffer solution (PBS) and immediately
fixed with a 4% formaldehyde buffer solution for 20 min at
4°C. The cells were then permeabilized with 0.2% Triton
X-100 for 15 min and blocked with 1% bovine serum
albumin (BSA) in PBS for 60 min at room temperature.
The cells were then incubated with a BPA monoclonal anti-
body [11] (10 μg/ml) (supplied by Dr Mitsunori Kirihata,
Osaka Prefecture University, Japan) for 1 h at room tem-
perature, washed three times in PBS, and then incubated
with Alexa Fluor 594 labeling antibody (1:400) (Molecular
Probes, Eugene, OR, USA) for 1 h in the dark. Cells were
then mounted on slides using 50% glycerol with
4,6-diamino-2-phenylindole (DAPI) (1:500). Normal serum
was used instead of primary antibodies as a negative
control.
The tumor tissue obtained was flash-frozen with liquid

nitrogen after treatment with BPA or Avastin. Five-
micrometer-thick sections of the tumor were cut and pro-
cessed for immunofluorescence staining as mentioned
above for the cultured SAS cells.
All images were obtained using a fluorescence micro-

scope (BZ-9000, KEYENCE, Japan).

Quantitative analysis of BPA distribution in cells
For quantitative analysis, the BPA distribution in cells was
measured as an immunofluorescence intensity number.
Absorption/emission wavelengths of 590/617 nm were used
for measuring Alexa Fluor 594 fluorescence. Briefly, cells
were selected from the images obtained, and the immuno-
fluorescence intensity per cell was measured for every cell.
A total of 300–500 cells were tested for each experiment,
using Adobe Photoshop (Adobe Systems, San Jose, CA,
USA).

Measurement of boron-10 concentration in tissues
The tumors and surrounding normal muscle tissues were
obtained after BPA administration, and the 10B concentra-
tions were measured by prompt γ-ray (PGA) spectrometry
using a thermal neutron guide tube at Kyoto University
Research Reactor Institute.

Double immunofluorescence staining of tumor
vessels
Briefly, frozen tumor tissue sections were fixed with 4%
formaldehyde buffer solution for 20 min at 4°C. The
slices were then permeabilized with 0.2% Triton X-100
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for 15 min, blocked with 1% BSA in PBS for 60 min at
room temperature, and then incubated with a 1:200 dilution
of goat anti-PECAM1(CD31) polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit anti-
collagen IV polyclonal antibody (Abcam, Cambridge, MA,
USA) overnight at 4°C. The slides were then washed in PBS
and incubated with 1:1000 dilution, tetramethylrhodamine-
5(and-6)-isothiocyanate (TRITC)-conjugated rabbit F(ab,)2
fragment to goat IgG (MP Biomedicals, Solon, OH, USA) and
FITC-conjugated goat affinity purified IgG against rabbit IgG
(MP Biomedicals, Solon, OH, USA). Immunofluorescence
staining was observed using a fluorescence microscope
(BZ-9000, KEYENCE, Japan).

For quantitative analysis of blood perfusion and tumor
vessels in tumor tissues, the levels of Hoechst perfusion
and CD31 staining were measured as blue and red pixel
numbers using Adobe Photoshop, according to the analytic-
al digital photomicroscopy (ADP) technique [12]. Briefly,
the brightness and contrast of each image was adjusted, the
best blue or red range for all images was chosen, and the
pixel number of each was recorded.

Statistical analysis
All experiments were repeated four to six times. Data are
presented as mean ± standard deviation. Statistical analyses
were performed using Student’s t-test with KaleidaGraph

Fig. 1. Representative immunofluorescence staining of BPA (A, B) and average BPA distribution in SAS cells (C). Cont:
cells treated with PBS. Bars represent 50 µm.
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Fig. 2. Effect of Avastin treatment on tumor blood perfusion. Representative immunofluorescence
staining of Hoechst 33342 (A), and quantitative analysis of Hoechst 33342 (B) after treatment with
increasing concentrations of Avastin for 1 day. Time-dependent boron concentration in mice tumors
treated with Avastin (250 μg/25 g BW) (C). Bars represent 50 μm. *P < 0.05, NS: not significant.
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(Version 4.0, Synergy Software). P values < 0.05 were con-
sidered statistically significant.

RESULTS

BPA distribution in SAS cells
The BPA distribution in SAS cells was analyzed by im-
munofluorescence staining. The results showed that BPA
accumulated specifically around the nucleus of the cells
(Fig. 1A, B). No immunofluorescence staining was observed in
the non-treated control cells. The average distribution of BPA
in SAS cells was determined by immunofluorescence intensity
1 h after BPA treatment. The immunofluorescence intensity of
BPA staining increased with increasing concentrations of 10B
up to 31.2 ppm in SAS cells; the intensity of BPA staining
increased in a dose-dependent manner (Fig. 1C).

Effect of Avastin treatment on BPA distribution in
tumors
The effect of Avastin on blood perfusion in tumors was
investigated by Hoechst 33342 perfusion, 1 day after
Avastin treatment at doses of 125, 250 or 375 μg/25 g BW.
Avastin treatment at a dose of 250 μg/25 g BW. significant-
ly increased blood perfusion as compared with control mice
treated by saline instead of Avastin. However, a significant
change in Hoechst 33342 perfusion was not found after

treatment with 125 μg/25 g BW and 375 μg/25 g BW com-
pared with control mice treated by saline instead of Avastin
(Fig. 2A, B).
To study the time-dependent effect of Avastin on BPA

distribution in tumors, we analyzed 10B concentrations 0.5–
7 days after administration of 250 μg/25 g BW. Avastin.
The concentration of 10B in tumors increased significantly
from 0.5–1 day after Avastin treatment as compared with
the saline-treated control mice, and then decreased to the
control level, 3 days after Avastin treatment (Fig. 2C).

Effect of Avastin treatment on tumor volume
Immunofluorescence staining showed improved BPA distri-
bution in tumor tissues 1 day after Avastin treatment (250
μg/25 g B.W). as compared with the saline-treated control
mice (Fig. 3A). However, a significant difference in tumor
volume was not found from 0.5–7 days as compared with
the controls (Fig. 3B).

Effect of Avastin treatment on tumor vessels
The effect of Avastin on tumor vessels was analyzed by im-
munofluorescence staining with antibodies against CD31
and collagen IV. As shown in Fig. 4A, CD31 and collagen
IV expression decreased 1 day after Avastin treatment (250/
25°g BW) as compared with the control mice. In addition,
the colocalized region appeared more normalized after

Fig. 3. Effect of Avastin treatment on tumor BPA distribution and tumor volume. Representative
immunofluorescence staining of BPA distribution (A) and volume of SAS tumors (B). Cont: mice treated
with saline. BPA treatment: 250 μg/25 g BW for 1 day. Bars represent 50 µm.
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Avastin treatment. In addition, Hoechst distribution in
Avastin-treated mice was significantly greater as compared
with that of control mice, with decreased CD31 staining
(Fig. 4B).

DISCUSSION

The use of BNCT for cancer treatment has become popular
due to its successful use in the treatment of melanomas and
other malignant tumors [13, 14]. BNCT is a tumor cell-
targeted radiation therapy, based on the highly selective distri-
bution of boron compound in tumor cells [15]. The delivery
of boron into tumors is considered to be the key to the
success of BNCT [16, 17]. Tumor vessels are abnormal in
structure and function differently from the normal vascula-
ture, which leads to insufficient delivery of oxygen and
drugs [18, 19]. Thus, improving the blood supply to tumors
as well as normalization of tumor vasculature might be
more important to BNCT treatment.
Tumor growth, invasion and subsequent metastasis

depend on an adequate blood supply through the process of
angiogenesis [20]. VEGF is a key pro-angiogenesis factor

and can be produced by a variety of cells, including tumor
cells, which promote invasion and migration of endothelial
cells, thus contributing to tumor growth and metastasis to
distant sites. Avastin is a humanized monoclonal antibody,
which can bind soluble VEGF and inhibit the interaction of
VEGF with its receptors on the surface of endothelial cells,
thereby neutralizing its activity. Anti-angiogenesis therapy
is designed to destroy or block the function of tumor-
associated vessels in order to deprive the tumor cells of
oxygen and nutrients, thereby inhibiting tumor growth
[21, 22]. However, the efficacy of anti-angiogenesis therapy
depends on the time and dose of administration. Jain et al.
have suggested that VEGF inhibitors can increase tumor
oxygen and drug delivery by modifying tumor vessels at a
certain dose, which was named as the normalization
window [10]. In the present study, our results showed that
the Hoechst perfusion and 10B concentration in tumors
increased significantly 1 day after a 250-μg/25 g BW.
Avastin dose. However, Hoechst tumor perfusion decreased
at an Avastin dose of 375 μg/25 g BW, demonstrating the
concentration-dependent effects of Avastin treatment in
inhibiting tumor angiogenesis and reducing tumor blood

Fig. 4. Effect of Avastin treatment on tumor vessels. Representative images of CD31, Collagen IV
and Hoechst 33342 distribution (A), quantitative analysis of CD31 and Hoechst 33342 (B) after
Avastin treatment at a dose of 250 μg/25 g BW for 1 day. Cont: saline-treated mice. Bars represent
50 µm. *P < 0.05.
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perfusion. In addition, we found that the 10B concentration
in the tumor cells increased significantly 1 day after
Avastin treatment, but decreased from Day 3 after Avastin
treatment, suggesting time-dependent effect of Avastin
treatment on blood perfusion. These showed that the nor-
malization of tumor vessels induced by Avastin treatment
existed in a time and dose range. Blood perfusion in tumor
can be improved in the normalization window. However,
existing tumor vessels and angiogenesis were inhibited with
increasing dose and duration of Avastin treatment by affect-
ing VEGF signaling, which decreased the drug delivery
and distribution into the tumor tissue [10].
Tumor blood perfusion generally decreased with increase

in tumor volume due to a necrosis region. Although the 10B
concentration in cells and Hoechst distribution increased
1 day after Avastin treatment at a dose of 250 μg/25 g BW, a
single dose of Avastin was not found to have an effect
on tumor volume. In our previous study, bevacizumab
(Avastin) treatment improved acute hypoxia in B16-BL6
melanoma [23]. The above results all suggested that Avastin
treatment improves tumor blood perfusion. Further, studies
have shown that following Avastin treatment, the viability of
leaky and torturous tumor vessels decreased significantly,
but vessels covered with collagen IV became larger and
more robust. These results suggest that a single-dose Avastin
treatment (250 μg/25 g BW) enhances boron compound
distribution in tumors by modifying tumor vessel structure
and improving tumor blood perfusion, but does not cause
tumor volume inhibition. In addition, in some tumor vessels,
the collocation of Hoechst perfusion with CD31 was not
evident after Avastin treatment, suggesting that some tumor
vessels might be impervious to the Avastin treatment. Tumor
vessel normalization induced by other angiogenesis inhibi-
tors, including Anginex and thalidomide [24, 25], has also
been shown to improve the efficacy of traditional radiation
treatment and BNCT. The pharmacologically (VEGF inhibi-
tors) induced normalization is transient, characterized by a
time window of 1–2 days after treatment, and is concentra-
tion dependent. Studies have demonstrated Rgs5 (regulator
of G protein signaling 5), Ang-1, 2 (angiopoietin-1, 2) and
PHD2 (HIF-prolyl hydroxylases 2) to be directly implicated
in the development of abnormal tumor vessel formation
and normalization in a VEGF-independent manner [26–28].
PGA and ICP are currently employed techniques, but could

not be used to evaluate the cellular distribution of boron in
tumor tissues and cancer cells in detail. In this study, we
investigated boron compound distribution in cells by im-
munofluorescence staining using an antibody designed for the
boron compound. Our results demonstrated that immunofluor-
escence staining is specifically effective for investigating the
delivery of boron.
In summary, our studies demonstrated that Avastin treat-

ment, when used at a suitable dose and for a specific time
frame, can improve boron compound distribution in tumor

tissues. In addition, immunofluorescence staining of boron
compound is effective in evaluating the boron compound
distribution at the cellular level. Further investigation
regarding the structure and function of tumor vasculature
structure may be necessary to enhance the effects of BNCT
treatment.
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