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ABSTRACT: The recently emerged concept of “vessel
normalization” implies that judicious blockade of vascular
endothelial growth factor (VEGF) signaling may transiently
“normalize” the tumor vasculature, making it more suitable for
tumor disposition of subsequently administered drugs. In this
study, therefore, the effect of pretreatment with SU5416, a
selective VEGF receptor-2 inhibitor, on tumor disposition and
in vivo antitumor activity of polyethylene glycol (PEG)-modified liposomal paclitaxel (PL-PTX) was evaluated in Colon-26 solid
tumor-bearing mice. To improve the solubility and in vivo disposition characteristics of SU5416, the inhibitor was formulated in
PEGylated O/W emulsion (PE-SU5416). Pretreatment with PE-SU5416 significantly enhanced the in vivo antitumor effect of
PL-PTX, although PE-SU5416 administration alone did not show any antitumor effect. Immunostaining for endothelial cells and
pericytes demonstrated that the pretreatment with PE-SU5416 enhanced the pericyte coverage of the tumor vasculature. In
addition, tumors treated with PE-SU5416 contained significantly smaller hypoxic regions compared with the nontreated control
group, demonstrating that structural normalization of the tumor vasculature resulted in an improvement in tumor vessel
functions, including oxygen supply. Furthermore, the pretreatment with PE-SU5416 increased the distribution of PEG liposomes
and included PTX in the core region of the tumor, as well as conversely decreasing the ratio of their peripheral distribution.
These results suggest that the structural and functional normalization of the tumor vasculature by the pretreatment with PE-
SU5416 enabled liposomes to reach the deeper regions within tumor tissues, leading to more potent antitumor activity of PL-
PTX.
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■ INTRODUCTION

It is known that a variety of pathophysiological features of solid
tumors compromise the efficacy of conventional nonsurgical
therapies.1 Angiogenesis is one of the factors that need to be
overcome to achieve efficient cancer chemotherapy. For the
sustained growth of solid tumors, it is necessary for cancer cells
to develop new capillaries from pre-existing blood vessels and
to expand the vascular network to obtain oxygen and other
nutrients.2 However, due to the imbalance between pro- and
antiangiogenic factors secreted in tumor tissues, the resulting
tumor vasculature is structurally and functionally abnormal.3−5

For example, vessel coverage by pericytes is generally poor in
solid tumors, and the impaired pericyte coverage contributes to
chaotic blood flow and excess permeability of the tumor
vasculature. Furthermore, regions of severe oxygen deprivation
(hypoxia) arise within solid tumors due to rapid division of
tumor cells and aberrant blood vessel formation. These
structural and functional abnormalities of the tumor vasculature
cause spatial and temporal heterogeneous tumor blood flow.6,7

In addition, proliferating cancer cells within tumor tissues

generate internal high pressures, resulting in the impairment of
blood flow due to the compression of intratumoral blood
vessels.8 These above-mentioned abnormalities in the tumor
vasculature lead to a unique tumor microenvironment
characterized by hypoxia, low pH, and elevated interstitial
fluid pressure (IFP).9 Specifically, from the therapeutic point of
view, impaired blood supply and elevated IFP pose a barrier
against delivering therapeutics to solid tumors.10

Jain et al. proposed that judicious attenuation of proangio-
genic (VEGF) signaling, within a dose- and time-dependent
schedule, may selectively prune immature blood vessels and
remodel others. The resultant vasculature is less chaotic with
greater pericyte coverage and reduced hyperpermeability,
resembling that of normal tissue (vessel normalization).10

These structural and functional transformations are further
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thought to be accompanied by physiological normalization of
parameters such as decreased IFP and improved blood flow,
leading to tumor oxygenation. These changes are considered to
make the overall vascular network more stabilized and better
suited to drug delivery.10,11

To date, a number of VEGF inhibitors have become
available, including neutralizing anti-VEGF antibodies and
small molecular weight compounds inhibiting VEGF receptor
tyrosine kinase activity.12 The concept of “vessel normalization”
has already been confirmed by using various VEGF inhibitors
such as bevacizumab,13 sorafenib,14 TSU68 (SU6668),15

pazopanib,16 DC101 (VEGF receptor-2 antibody),17,18 and
SU541619 in terms of the structural and functional transition of
tumor vasculature. However, there are only a few reports
addressing the antitumor effect of subsequently injected
anticancer drugs after pretreatment with these VEGF
inhibitors.13,19

In the present study, we selected SU5416, a hydrophobic
molecule with potent tyrosine kinase inhibitory activity toward
VEGF receptor-2 (VEGFR-2).20 Other groups have already
used this compound and demonstrated that structural and
functional transition of the tumor vasculature could be achieved
by treatment with this compound.19 In those studies, due to its
poor water solubility and poor tumor disposition, SU5416 was
dissolved in DMSO or Cremophor EL, which are known to
provoke undesirable side effects such as anaphylactic shock or
hemolysis,21 and it was administered as a peritoneal injection
frequently at high doses.19,22−24 To prepare safer dosage forms
with better tumor targeting properties, we formulated SU5416
in polyethylene glycol (PEG)-modified O/W emulsion (PE-
SU5416) and evaluated the effect of pretreatment with PE-
SU5416 on tumor disposition and in vivo antitumor efficacy of
subsequently administered PEG liposomal paclitaxel (PL-PTX)
developed by our group25 in Colon-26 (C26) solid tumor-
bearing mice.

■ EXPERIMENTAL SECTION

Materials. Egg yolk phosphatidylcholine (EPC), Tween 80,
tricaprylin, cholesterol (Chol), RPMI-1640, fetal bovine serum
(FBS), and penicillin−streptomycin solution were purchased
from Sigma (St. Louis, MO, USA). Gentamicin was purchased
from Gibco BRL, Co. (Grand Island, NY, USA). Distearoyl
phosphatidylethanolamine-N-[methoxy poly(ethylene glycol)-
2000] (PEG-DSPE) and hydrogenated soybean phosphatidyl-
choline (HSPC) were purchased from NOF Inc. (Tokyo,
Japan). SU5416 and paclitaxel (PTX) were kindly gifted from
Taiho Pharmaceutical Co., Ltd. (Tokushima, Japan) and Sawai
Pharmaceutical Co., Ltd. (Osaka, Japan), respectively. [3H]-
Cholesteryl hexadecyl ether (3H-CHE) and PTX [2-benzoyl
ring(U)-14C] (14C-PTX) were purchased from Perkin-Elmer
Life Science Inc. (Boston, MA, USA) and Moravek
Biochemicals Inc. (Brea, CA, USA), respectively. DiI (1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate)
was purchased from Invitrogen (Paisley, U.K.). All other
chemicals were commercial products of the finest grade.
Cells. Colon-26 carcinoma cells (C26) were kindly provided

by the Cell Resource Center for Biomedical Research, Institute
of Development, Aging and Cancer, Tohoku University
(Sendai, Japan). C26 were cultured in RPMI-1640 supple-
mented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100
U/mL penicillin, 100 μg/mL streptomycin, and 20 μg/mL
gentamicin at 37 °C under 5% CO2/95% air.

Preparation of SU5416-Encapsulated PEGylated O/W
Emulsions (PE-SU5416). PEGylated O/W emulsion of
SU5416 was prepared based on the method reported previously
with minor modifications.25 In brief, EPC, Tween 80,
tricaprylin, and SU5416 (160:120:400:6.8, weight ratio) and
PEG-DSPE (5 mol %) were dissolved in chloroform. Then, the
oil phase was dried under reduced pressure at 50 °C. The
aqueous phase composed of 2.25% (w/v) glycerol was mixed
with the oil phase, followed by the sonication for 30 min at 4
°C using a probe-type sonicator (50 W, Ohtake Works,
Tokyo).

Preparation of Paclitaxel-Encapsulated PEGylated
Liposomes (PL-PTX). PEGylated liposomes containing PTX
were prepared by the thin-film hydration method as reported
previously.25 In brief, HSPC, Chol, PEG-DSPE, and PTX
(90:10:5:8, molar ratio) were dissolved in chloroform. To
prepare radiolabeled PL-PTX for the evaluation of tumor
disposition and intratumoral distribution of PEG liposomes and
PTX, tracer amounts of 3H-CHE and 14C-PTX were further
added to the mixture. For the preparation of DiI-labeled PEG
liposomes, 1 mol % DiI was added to the lipid mixture as a
fluorescent marker. After evaporation of the solvent at 75 °C,
the lipid mixture was dried in vacuo at room temperature
overnight. The resultant dried lipid film was hydrated with
phosphate-buffered saline (PBS, pH 4.0) under mechanical
agitation. The obtained multilamellar preparations were sized
by repeated extrusion through polycarbonate membrane filters
(Millipore, Bedford, MA) with a pore size of 200 nm followed
by further extrusion through polycarbonate membrane filters of
100 nm pore size. The resulting liposomes were passed through
a Sephadex G-25 column (Amersham Biosciences, Uppsala,
Sweden) equilibrated with PBS (pH 7.4) to change the pH of
the external phase and remove nonencapsulated PTX.
Reproducible entrapment efficacy into liposomes was deter-
mined to be approximately 34%.

Animals and Preparation of the Tumor-Bearing Mice
Model. Male BALB/c mice (6−7 weeks) were purchased from
Charles River Laboratories Japan Inc. (Yokohama). Animals,
maintained at 25 °C and 55% humidity, were allowed free
access to standard chow and water. To prepare tumor-bearing
mice, 106 C26 cells were subcutaneously inoculated into the
backs of the mice. Our investigations were performed after
approval by the local ethics committee at Okayama University
and in accordance with the Principles of Laboratory Animal
Care (NIH publication 85-23).

In Vivo Antitumor Activity. When the tumor volume
reached about 100 mm3 after inoculation of C26 cells, PE-
SU5416 (5 mg/kg as SU5416) or PL-PTX (1 mg/kg as PTX)
was intravenously administered to the monotherapy groups.
For the combination therapy group, PE-SU5416 (5 mg/kg) was
intravenously administered when the tumor volume reached
about 100 mm3. Twenty-four hours later, PL-PTX was injected
at 1 mg/kg as PTX, while saline was injected into the control
group mice. The size of the tumor was measured every day with
a caliper in two dimensions, and the tumor volume was
calculated using the following equation:26

= × ×tumor vol (mm ) longer diam (shorter diam) 0.523 2

(1)

The slope of the tumor volume−time curve, representing the
growth rate of each tumor, was obtained from days 3 to 18 after
injection. The T/C index of the growth rate for the in vivo
therapeutic effect of the tumor-bearing mice model was
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obtained by dividing the growth rate of the treatment group
(T) by that of the saline-treated control group (C).
Effect of PE-SU5416 on Pericyte Coverage and Vessel

Morphology. To detect vascular endothelial cells and
pericytes within the same tumor section, dual immunostaining
was performed. PE-SU5416 (5 mg/kg as SU5416) or saline was
intravenously administered into tumor-bearing mice when the
tumor volume reached about 400−500 mm3. At 24 h after the
injection, tumor tissues were excised from mice and snap-frozen
in acetone. 10 μm thick sections of tumor tissues were prepared
with a cryostat (CM1850, Leica Microsystems, Wetzlar,
Germany) and fixed with acetone. These sections were
incubated with a rat anti-mouse CD31 antibody (550274, BD
Biosciences, San Jose, CA) used at 1:50 (v/v) dilution in PBS
containing 5% FBS (blocking buffer). This was followed by
incubation with a rhodamine isothiocyanate (RITC)-conju-
gated rabbit anti-rat IgG antibody (55764, MP Biomedicals
LLC-Cappel Products, Solon, CA). Immunostaining of αSMA
was performed using a VECTOR M.O.M. immunodetection kit
(FMK-2201, Vector Laboratories, Inc., Burlingame, CA)
according to the manufacturers recommended procedures. In
brief, after blocking using a protein block solution provided
within the kit, the sections were incubated with an anti-αSMA
antibody (MS-113, Thermo Fisher Scientific, Inc., Yokohama)
at 1:800 (v/v) dilution. Then, the sections were incubated with
a biotinylated anti-mouse IgG reagent, followed by fluorescein
avidin DCS. The sections were observed under a fluorescence
microscope (Biozero BZ-8000, KEYENCE, Osaka), and the
images obtained with different filters were afterward overlaid.
The fluorescence-positive area in the core part of tumor tissues
was quantified by a fluorescence microscope equipped with
image analysis software (VH-H1A5, KEYENCE).
Immunostaining of Carbonic Anhydrase 9 (CA9)

within Tumor Tissues. To prepare tumor sections, excised
tumor tissues were processed by the same method as described
in the section Effect of PE-SU5416 on Pericyte Coverage and
Vessel Morphology. To visualize hypoxic regions within tumor
tissues, immunostaining of CA9, the endogenous hypoxia-
inducible factor (HIF)-1-regulated protein, was performed. In
brief, the tumor sections were incubated with a rabbit anti-
mouse CA9 antibody (sc-25600, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) used at 1:200 (v/v) dilutions in blocking
buffer. As a second antibody, fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG antibody (BT-557,
Biomedical Technologies Inc., Stoughton, MA) was used at
1:500 (v/v) dilutions. The sections were observed under a
fluorescence microscope (Biozero BZ-8000). The fluorescence-
positive area was quantified by a fluorescence microscope
equipped with image analysis software (VH-H1A5). During the
staining procedure, an isotype-matched primary antibody that
did not recognize CA9 was also used as a negative control.
Since the staining using the isotype-matched control antibody
did not give any color on the specimen, we regarded the
staining procedure as adequate.
Tumor Disposition Characteristics of Both PEG Lip-

osomes and PTX. When the tumor volume reached about
400−500 mm3, PE-SU5416 (5 mg/kg as SU5416) or saline was
intravenously administered. Then, 24 h later, PL-PTX labeled
with 3H-CHE and 14C-PTX was injected at 1 mg/kg as PTX. At
24 h after PL-PTX injection, tumor tissues were excised, rinsed
with saline, and weighed. To solubilize the tumor tissues,
Soluvable (PerkinElmer Inc., MA) was added and they were
incubated for 2 h at 60 °C before the solubilized solution was

neutralized by HCl. Then, a scintillation medium (Clear-sol II,
Nacalai Tesque, Kyoto, Japan) was added to the samples, and
radioactivity derived from [3H] and [14C] was simultaneously
but separately measured in a liquid scintillation counter (TRI-
CARB 2260XL, Packard Instrument Inc., Meriden, CT, USA).

Intratumoral Distribution of PL-PTX. To assess the
intratumoral distribution pattern of PEG liposomes and PTX,
their distributed amounts into peripheral and central parts of
tumor tissues were quantitatively evaluated. At 24 h after the
injection of PL-PTX (1 mg/kg as PTX) labeled with 3H-CHE
and 14C-PTX, tumor tissues were excised from mice, snap-
frozen, and separated into peripheral and central parts using a
brain slicer (MB-A1-S, Muromachi Kikai Co., Ltd., Tokyo) and
scalpel. As shown in Figure 4A, tumor tissues were first
horizontally divided into three sections with the same thickness,
providing upper, middle, and lower sections. Then, the middle
section was vertically further divided into 4 × 4 grids, the four
central compartments (2 × 2 grids) of the section were defined
as the core part, and the rest including the upper and lower
sections was defined as the peripheral part. To measure
radioactivity, these fractions were processed as described in the
section Tumor Disposition Characteristics of Both PEG
Liposomes and PTX.

Distribution Pattern of DiI-Labeled PEG Liposomes.
DiI-labeled PEG liposomes (40 μmol total lipids/kg) were
intravenously injected at 24 h postadministration of PE-
SU5416 (5 mg/kg as SU5416). At 24 h after injection, tumor
tissues were excised from mice and snap-frozen. To prepare
upper, middle, and lower sections of tumor tissues, excised
tumor tissues were processed by the same method as described
in the section Intratumoral Distribution of PL-PTX. The upper
or lower section was defined as the peripheral region, and the
center part in the middle section was defined as the core region.
To visualize endothelial cells within each region of tumor
tissues, CD31 immunostaining was performed. In brief, the
tumor sections were incubated with a rat anti-mouse CD31
antibody (BD Biosciences) used at 1:50 (v/v) dilutions in a
blocking buffer. As a second antibody, a fluorescein-conjugated
goat anti-rat IgG antibody (Life Technologies) was used at
1:200 (v/v) dilutions. The sections were observed under a
fluorescence microscope (Biozero BZ-8000).

Statistical Analysis. Results are expressed as the mean ±
SD of three or more experiments. Analysis of variance
(ANOVA) was used to test the statistical significance of
differences among groups. Statistical significance in the
differences of the means was determined using the Student’s
t-test or Dunnett’s test for single or multiple comparisons of
experimental groups, respectively.

■ RESULTS AND DISCUSSION
In Vivo Antitumor Activity of PL-PTX with or without

Pretreatment with PE-SU5416. VEGF stimulates endothe-
lial cell migration, proliferation, survival, permeability, and
lumen formation27 and is indispensable to the initiation of
angiogenesis.28 Given its importance in cancer and numerous
other angiogenic disorders, VEGF has become a prime target
for antiangiogenic therapy.29,30 Apart from its pruning effects
on pre-existing vessels and inhibiting effect on growth of new
vessels, blockage of VEGF or its signaling pathways may also
induce normalization of the tumor vasculature to make
distribution of drug delivery devices more efficient.10 In the
present study, therefore, SU5416 was selected as a selective
inhibitor of VEGFR-2, and the effect of pretreatment with PE-
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SU5416 on liposomal PTX delivery to tumor tissue and the in
vivo antitumor activity of PL-PTX was evaluated in C26 solid
tumor-bearing mice.
Generally, most solid tumors possess unique pathophysio-

logical characteristics that are not observed in normal tissues/
organs, such as extensive angiogenesis, defective vascular
architecture, and an impaired lymphatic drainage/recovery
system. Therefore, nanoparticles that exhibit long-circulating
properties are expected to be accumulated preferentially in
many types of solid tumors due to the enhanced permeability
and retention (EPR) effect.31 In our previous study, PTX
formulated into a PEG liposome (PL-PTX) made it possible for
PTX to be distributed to tumor tissues efficiently based on the
EPR effect, which led to a prominent in vivo antitumor effect.25

It is believed that antitumor activity of compounds with
antiangiogenic activity like SU5416 partly depends on the
starvation of tumor tissues due to reduced tumor blood flow.32

Therefore, in the present study, the dose of SU5416 was
carefully chosen since preadministered SU5416 may reduce
regional tumor blood flow, leading to a decrease in the tumor
disposition of subsequently administered nanoparticles due to
an impaired EPR effect. In this study, we chose the dose of PE-
SU5416, 5 mg/kg single dose, based on our preliminary study,
where we found that the excessive dose of PE-SU5416, 5 mg/
kg × 5 times, significantly decreased CD31-positive vessels (48
± 13% of control, p < 0.001), reduced the tumor growth, and
tended to decrease the tumor distribution of subsequently
injected PEG liposomes (74 ± 41% of control), which would
be presumably due to the impaired EPR effect. As a result, we
reached the conclusion that 5 mg/kg single dose of PE-SU5416
would be an adequate dose that did not inhibit the tumor
growth alone (Figure 1) and made it possible to avoid the
impaired EPR effect due to the reduced regional blood flow
within tumor tissues. Figure 1 also shows the growth curves of
C26 tumors after intravenous injection of PL-PTX (1 mg/kg as
PTX) with or without pretreatment with PE-SU5416 (5 mg/kg
as SU5416). PL-PTX alone significantly inhibited tumor

growth (256.7 ± 78.7 mm3/day (n = 5), p < 0.01) compared
with the control group (514.4 ± 49.5 mm3/day (n = 5)).
Furthermore, it is noteworthy that PL-PTX administration after
the pretreatment with PE-SU5416 exhibited significantly more
prominent inhibition of tumor growth (143.0 ± 48.9 mm3/day
as growth rate (n = 5), p < 0.05) compared with PL-PTX alone.
Taken that the single dose of PE-SU5416 did not show a
significant antitumor effect, the result clearly indicated that the
combination use of PL-PTX with PE-SU5416 have provided a
certain synergistic antitumor effect. During the experiment, the
weight change was checked every other day and all the
treatment groups showed similar increases in body weights
compared with the control group, suggesting that no apparent
side effects occurred in the treatment groups.
Then, we tried to elucidate the mechanisms behind this

synergistic antitumor effect of PE-SU5416 and PL-PTX by
evaluating the effects of pretreatment with PE-SU5416 on the
structural and functional properties of the tumor vasculature,
since the concept of “vessel normalization” aims at making
tumor vessels structurally and functionally closer to normal
vessels. For these purposes, the following studies started when
tumor volume reached 400−500 mm3 because tumors that
were large enough to investigate the intratumoral distribution
of drugs and the morphology and function of tumor vessels
were needed. However, we already confirmed that vessel
density, assessed by CD31 staining, within tumors of 100 mm3

(41.5 ± 7.5 vessel number/field) was similar to that within
tumors of 400−500 mm3 (46.8 ± 6.3 vessel number/field, not
significant vs 100 mm3) and that no necrotic regions were
observed in either tumor in our preliminary study. Therefore,
the two tumors were still in an early phase of tumor growth,
and had similar phenotypes in their microenvironment.

Effect of PE-SU5416 on Pericyte Coverage of Vessels.
First, to assess the effect of PE-SU5416 on vessel structure in
the core part of tumor tissues, we performed immunofluor-
escence staining of CD31, a marker for vascular endothelial
cells, within the tumor at 24 h after intravenous administration
of PE-SU5416 (Figure 2). As shown in Figure 2A, it was found
that the area of CD31-positive vessels (red) in the PE-SU5416-
treated group tended to be lower compared with the control
group, but the difference was not statistically significant (p =
0.109, Figure 2A,D), demonstrating that PE-SU5416 treatment
attenuated tumor angiogenesis moderately. This result could
possibly be related to the above-mentioned lack of antitumor
effect of solely administered PE-SU5416 (Figure 1). Vessel
coverage by pericytes (cells that provide support for the
endothelial cells) is usually extensive in normal tissues with a
slow endothelial cell turnover. It is known that impaired
pericyte coverage contributes to chaotic blood flow and excess
permeability of tumor vasculature.33−35 Next, the area of
αSMA-positive pericytes in tumors was also evaluated by
immunostaining of αSMA (green), a marker for pericytes
(Figure 2B), and found to be no different in both tumors
(Figure 2B,E). On the other hand, CD31/αSMA-double
positive area (yellow) was found to be larger in PE-SU5416-
treated tumors than that in the control group (Figure 2C,F).
Since the absolute number of vessels was slightly different
between the control- and PE-SU5416-treated groups (Figure
2D), the index for pericyte coverage (ratio of pericyte-covered
vessels (yellow) (Figure 2C) to CD31-positive vessels (red)
(Figure 2A)) was also calculated and is shown in Figure 2F.
The index was significantly increased in PE-SU5416-treated
tumors compared with the control group (Figure 2F),

Figure 1. In vivo antitumor activity of PL-PTX with or without
pretreatment with PE-SU5416. Saline or PE-SU5416 was injected on
day 0, and PL-PTX was injected 24 h after administration of saline or
PE-SU5416 (on day 1). Keys: closed diamond, control (saline); gray
diamond, PE-SU5416; open triangle, PL-PTX; closed circle, PL-PTX
after pretreatment with PE-SU5416. Each point represents the mean
tumor volume with the vertical bar showing SD (n = 5). **p < 0.01;
*p < 0.05, compared with saline-treated group. ††p < 0.01; †p < 0.05,
compared with PL-PTX alone.
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demonstrating that PE-SU5416 treatment enhanced pericyte
coverage of the tumor vasculature. In this study, we used αSMA
as a pericyte marker. Since αSMA is also expressed in
myofibroblasts or activated fibroblasts in tumor stroma,36 the
data should be carefully interpreted. Myofibroblasts or activated
fibroblasts are located in tumor stroma being away from
vessels.36 Therefore, the αSMA-positive cells being away from
vessels may also include myofibroblasts or activated fibroblasts
in tumor stroma (Figure 2C), but the αSMA-positive cells
adjacent to the vessel lumen, colocalizing with CD31-positive
vessels, can be regarded as pericyte-covered vessels (Figure

2C,F). Our findings also coincide with the report that whereas
blood vessels of control tumors were characterized by a loose
and improper coverage by pericytes, blood vessels of SU5416-
treated tumors demonstrated an intimate or more rigid
pericytes−endothelial association.37 These results indicate
that, as a consequence of VEGFR-2 blockade by SU5416,
pericytes were recruited to the microvessels and intensified
their coverage, making tumor blood vessels more mature.

Effect of PE-SU5416 on the Function of Vessels.
Second, we tried to assess the effect of PE-SU5416 treatment
on the functional properties of the tumor vasculature. Since it is

Figure 2. Effect of pretreatment with PE-SU5416 on structural properties of vessels within tumor tissue. Representative immunohistochemical
staining images of (A) endothelial cells (CD31, red) and (B) pericytes (αSMA, green), and (C) merged images (pericyte-covered vessels, yellow)
within tumor tissues. (D) The area of CD31-possitive vessels (red). (E) The area of αSMA-positive pericytes (green). (F, left) CD31/αSMA-double
positive area (yellow). (F, right) The ratio of pericyte-covered vessels (yellow) to CD31-positive vessels (red). Results are expressed as the mean
with the vertical bar showing SD (n = 20). ***p < 0.001; *p < 0.05, compared with control. Scale bars, 100 μm.

Figure 3. Immunohistochemical detection of hypoxic regions in PE-SU5416-treated and control tumors. (A) Representative immunostaining image
of a hypoxic region (CA9-positive region, green). (B) The area of a hypoxic region within tumor tissues. Results are expressed as the mean with the
vertical bar showing SD (n = 10). ***p < 0.001, compared with control. Scale bars, 100 μm.
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known that vessel normalization can be accompanied by
improved tumor oxygenation,10,11 we investigated the effect of
pretreatment with PE-SU5416 on oxygen levels within tumor
tissues, where immunostaining was performed for hypoxia-
inducible factor-1 (HIF-1)-regulated protein CA9, a marker of
hypoxic regions within tumor tissues.38 In many types of
tumors, structurally and functionally abnormal tumor vessels
can easily extravasate intravascular fluids and plasma proteins.
This excess extravasation of proteins increases the extravascular
oncotic pressure, resulting in the interstitial hypertension within
tumors.39 This elevated IFP together with the mechanical stress
from the solid mass of proliferating tumor cells located in the
core region of tumor tissues and the extracellular matrix of
tumor tissues are able to collapse tumor vessels, closing their
lumen through compressive forces.40 This vascular collapse due
to elevated IFP hampers the efficient blood flow within tumor
tissues and produces regional hypoxia and acidosis especially in
the core region of tumor tissues.41 As shown in Figure 3,
tumors treated with PE-SU5416 contained significantly smaller
hypoxic regions (CA9-positive regions) than those in the
control group. The result suggests that part of tiny vessels in
the core region of C26 tumor tissues would have been
functionally insufficient due to the compressive pressure by
elevating IFP and increasing the solid mass of tumor cells, and
also suggests that PE-SU5416 would have improved oxygen
supply into the core region of tumor tissues presumably due to
the improvement of local blood flow. Although an increase in
tumor oxygenation might not be necessarily associated with
remodeling of tumor vasculature,19 this functional improve-
ment of vessels, together with the increase in the ratio of
pericyte-covered vessels (Figure 2C,F), a structural maturation
of vessels, would indicate the possible vessel normalization by
PE-SU5416. However, the direct measurements of regional
blood flow and IFP are of great importance to clarify these
mechanisms, and these are the subjects of our further studies.
Possible Mechanisms Behind “Vessel Normalization”

by PE-SU5416. Previous studies suggested that VEGF
inhibition would cause vessel normalization, in part by the
upregulation of angiopoietin-1 (Ang-1),18 a matrix metal-
loproteinase which remodels the vascular basement membrane
and surrounding matrix,18 and activates platelet-derived growth
factor receptor (PDGFR)-β signaling.42 Ang-1 secreted by
pericytes binds to the Tie2 receptor on endothelial cells,
promotes vessel normalization, counteracts the VEGF-induced
high vascular permeability by establishing tighter interendothe-
lial junctions,43,44 and favors tumor vessel maturation through
pericyte recruitment.45,46 PDGF-β, secreted by sprouting
endothelial cells, is also a well-characterized recruitment signal
for pericytes which express PDGFR-β.47 Considering these
factors, it can be speculated that VEGFR-2 blockade by PE-
SU5416 activates Ang-1/Tie2 and PDGF-B/PDGFR-β signal-
ing, leading to an improvement in pericyte coverage for tumor
vessels (Figure 2). Contrary to this speculation, pretreatment
with pazopanib, a novel multitargeted inhibitor of both
VEGFRs and PDGFRs, was reported to reduce the number
of pericyte-covered vessels and accordingly increased the area
of the hypoxic region within tumor tissues.16 Taken that
pazopanib antagonizes the signal transduction of not only
VEGFRs, including VEGFR-2, but also PDGFRs, and that
PDGFR-β signaling is important for pericyte recruitment, the
selective inhibition of VEGFR-2 with SU5416 would be a more
suitable approach to achieve “vessel normalization”. However,
since the different doses of PE-SU5416 showed the different

effects to microvessels within tumor tissues as described below,
a lower dose of pazopanib may also have entirely different
effects. Therefore, the theoretical benefits of inhibiting only the
VEGFR2 pathway, rather than both the VEGFR2 and PDGFR
pathways, should be carefully evaluated.

Effect of PE-SU5416 on Tumor and Intratumoral
Distribution of PEG Liposomes and PTX. We next assessed
the tumor disposition of both PEG liposomes and included
PTX injected after the treatment with PE-SU5416. Although
the pretreatment with PE-SU5416 slightly increased the tumor
disposition of both PEG liposomes and PTX, there was no
statistically significant difference between PE-SU5416-treated
and control mice (PEG liposome, p = 0.17; PTX, p = 0.21).
Although we speculated that the structural and functional
normalization of tumor vessels would lead to enhanced tumor
disposition of PL-PTX, the results obtained were not what we
expected.
In order to clarify the mechanisms behind the synergistic

antitumor effect of PE-SU5416 and PL-PTX, the effects of
pretreatment with PE-SU5416 on intratumoral distribution of
both PEG liposomes and PTX were evaluated (Figure 4). As

shown in Figure 4B, intratumoral distribution of PEG
liposomes in control tumors was exclusively limited to the
peripheral region of tumor tissues. On the other hand, the
pretreatment with PE-SU5416 increased the amount of PEG
liposomes distributed to the core region of tumors and
conversely reduced the ratio of its peripheral distribution.
More importantly, the distribution of PTX included in
liposomes in the core region was also significantly increased
by the pretreatment with PE-SU5416 (Figure 4C). In addition,
the extravasation of DiI-labeled PEG liposomes from the tumor
vasculature was also assessed (Figure 5). The extravasation of
PEG liposomes (red) from tumor vasculatures (green) was

Figure 4. Effect of pretreatment with PE-SU5416 on intratumoral
distribution of PL-PTX. Schematic representation of method to
separate core and peripheral parts of tumor tissues (A). Details about
how to separate the tumor tissues are described in the section
Intratumoral Distribution of PL-PTX. Tumor disposition levels were
separately measured for PEG liposomes (B) and paclitaxel (C) in the
core and peripheral parts of tumor tissues using radiolabeled
compounds. Keys: closed bar, core region; open bar, peripheral
region. Results are expressed as the mean with the vertical bar showing
SD (n = 5). ***p < 0.001; *p < 0.05, compared with control.
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observed exclusively in the peripheral region, and that in the
core region was hardly observed in tumors excised from the
nontreated control group. In the case of PE-SU5416-treated
tumors, it was confirmed that the extravasation of PEG
liposomes in the peripheral region did take place, but the extent
was lower compared with that in the nontreated control group,
presumably due to the reduced vascular permeability caused by
pretreatment with PE-SU5416. On the other hand, the
distribution and extravasation of PEG liposomes in the core
region of tumor tissues were found to be larger in PE-SU5416-
treated tumors than in the control group. These results were in
good accordance with the quantification of the intratumoral
distribution of PEG liposomes as shown in Figure 4. As
described above, elevated IFP in the core part of tumor tissues
impaired lymphatic drainage and hyperpermeability of the
tumor vasculature,9 and the elevated IFP suppresses convective
transport of solutes, proteins, and blood cells, which would also
be an obstacle for efficient drug delivery.48 Supporting these
results, a previous report demonstrated that the intratumoral
distribution of PEG liposomal doxorubicin (Doxil) was limited
exclusively to the tumor periphery.16 In addition, it was
reported that the treatment with an anti-VEGFR-2 antibody
reduced tumor IFP and made it possible for bovine serum
albumin (BSA) molecules to more deeply penetrate into
tumors.17,48 This would also be the case in the present study in
which structural and functional normalization of tumor vessels
by PE-SU5416 would reduce tumor IFP and extravascular
oncotic pressure and improve regional blood flow within tumor
tissues, leading to the enhancement of PL-PTX distribution to
the deeper regions of tumor tissues. This speculation is partly
supported by the results of CA9 staining, where the hypoxic
region in the core part of tumor tissues significantly decreased
(Figure 3).
Taken together, it is considered that vessel normalization by

PE-SU5416 would make it possible for liposomes to reach
deeper region of tumor tissues (Figures 4 and 5), leading to
more potent antitumor activity of PL-PTX (Figure 1). This is
the first report demonstrating that selective inhibition of the
VEGFR-2 signal transduction pathway improved intratumoral

distribution patterns of subsequently injected nanoparticles. In
our previous report, PL-PTX made it possible for PTX to be
distributed more efficiently to tumor tissues based on the EPR
effect.25 However, the present results suggest that distribution
of PEG liposomes and PTX tends to be limited to the
peripheral region of tumor tissues (Figure 4), and the poor
intratumoral distribution patterns of PTX still attenuated the
antitumor efficacy of PL-PTX.

For Further Optimization of the “Vessel Normal-
ization” Strategy. To design an optimal combination therapy,
we must further unravel the mechanism for the synergistic
effect and time dependency of tumor vessel normalization and
optimize the treatment schedule. Jain proposed that an optimal
schedule for antiangiogenic therapy combined with chemo-
therapy and/or radiation therapy requires knowledge of the
time window, termed as the “normalization window”, during
which the vessels initially become normalized, as well as an
understanding of how long they remain in such a “normalized
state”.10,49 A previous study, in which human tumors growing
in nude mice were treated with an antibody to VEGFR-2,
successfully clarified such a “normalization window”, and the
radiation therapy within the window yielded the best
therapeutic outcome.18 As described above, in our preliminary
study, the excessive dose of PE-SU5416 (5 mg/kg × 5 times) at
which CD31-positive vessels and the tumor growth significantly
decreased, tended to reduce the tumor distribution of
subsequently injected PEG liposomes, suggesting that angio-
genesis inhibitors should be dosed at levels below the point at
which they begin to strongly inhibit angiogenesis for the
success of the “vessel normalization” strategy presented here. In
this context, more detailed information on the optimum PE-
SU5416 dose and treatment schedule including the initial
tumor volume to start with the treatment will be necessary to
further improve the in vivo efficacy of combination therapy
with PL-PTX, which will be the subject of our further studies.
Another important issue is how to extrapolate the knowledge

obtained in the present study to other types of solid tumors. In
our previous study, C26 tumor cells were found to secrete large
amounts of VEGF in the in vivo condition, and this was
responsible for a large number of tiny vessels with high
permeability.50 This is the reason why the strategy described in
this manuscript was successful for C26 tumor-bearing mice and
the same strategy could be applicable for tumors with these
phenotypes. Although the use of an orthotopic tumor model
would have shown more benefit, the results obtained in murine
ectopic tumor models presented in this study give new insight
into the further optimization of combination therapy with
antiangiogenic and anticancer drugs formulated in nano-
particles. A recently reported paper showed the size depend-
ence of the vessel normalization strategy, in which blocking
VEGF receptor-2 with an antibody hindered the delivery of 125
nm particles, but aided 12 nm particles.51 The results shown in
the article were different from ours, but one of the main reasons
for it should be the difference in the type of tumor used. Since
different types of tumors have blood vessels with different
density and/or permeability,50 the effect of “normalization”
may also be dependent on the type of tumor. Therefore, a
follow-up study using tumor cells with different phenotypes and
using nanoparticles of different sizes will provide further
information which will be of great importance to appreciate the
potential of the “vessel normalization strategy” proposed here
for future therapeutic application.

Figure 5. Distribution pattern of DiI-labeled PEGylated liposomes
within core and peripheral regions of tumor tissues after pretreatment
with PE-SU5416. Fluorescence staining was performed for CD31 at 24
h after the injection of DiI-labeled PEG liposomes. Representative
image of extravasated DiI-labeled PEG liposomes (red) and
endothelial cells (CD31, green) within tumor tissues.
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■ CONCLUSION
We here demonstrated that the selective inhibition of VEGFR-2
normalized the abnormal structure and function of tumor
vasculature to provide more favorable intratumoral distribution
of subsequently administered PEG liposomal PTX, leading to
more effective in vivo antitumor activity in solid tumor-bearing
mice. These findings indicate the potency of combination
therapies using a VEGFR-2 inhibitor and anticancer agents in a
judicious treatment schedule for the development of more
efficient cancer chemotherapy.
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