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Abstract. Anti-angiogenic therapy represents a promising,
new therapeutic modality for malignant gliomas. The present
study was designed to define the malignant glioma cases most
suitable for anti-angiogenic therapy and to demonstrate the
efficacy of anti-angiogenic therapy using soluble-form Fltl
(sF1tl) gene delivery in mice. In human malignant glioma
samples (39 glioblastomas, 21 anaplastic astrocytomas and 4
anaplastic oligoastrocytomas), protein expression of VEGF, and
its specific natural inhibitor, sFlt1, as well as vessel architecture
were assessed. Among these variables, VEGF >1000 ng/ml,
VEGF/sFltl ratio >1, vessel density >30, and vessel area >7%
were prognostic factors for malignant gliomas. VEGF/sFItl
ratio >1 was the most powerful prognostic marker for survival
in multivariate analysis. The sFltl gene was also successfully
introduced into U87 glioma cells in vitro, resulting in 31% tumor
growth inhibition in vivo. sFltl-transfected tumor demonstrated
high sFlt-1 expression along with diminished vessel density and
area compared with the control tumor. In transfected tumor,
VEGF expression was decreased in the viable area, but still high
in the hypoxic area. sFltl and VEGF expression was re-evalu-
ated in vitro using glioma cells under normoxic and hypoxic
conditions. For sFltl-transfected cells, VEGF expression was
upregulated, but sFltl expression was downregulated, resulting
in an increase of VEGF/sFltl] ratio in hypoxic conditions. We
conclude that malignant gliomas with a high VEGF/sFltl ratio
and large vessel area are good candidates for anti-angiogenic
therapy. Soluble Fltl gene delivery was demonstrated to inhibit
glioma growth, but this was limited in hypoxic areas.

Introduction

Angiogenesis is crucial to the growth of malignant glioma.
Anti-angiogenic therapy thus represents a promising modality
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for treating this condition. Recently, reports were published on
large clinical trials for newly diagnosed glioblastoma treated
with standard chemoradiation therapy plus vascular endo-
thelial growth factor (VEGF) antibody, bevacizumab (1,2).
These reports demonstrated a significant improvement of
progression-free survival (PFS) with/without better quality of
life. However, there was no benefit for overall survival in either
trial. One reason for this is considered to be VEGF resistance.
As such, there is a need for further improvements in anti-
angiogenic treatment of glioma, for example, by identifying
useful biomarkers for VEGF antibody treatment, which was
not achieved in these two large clinical trials (3). Biomarkers
for bevacizumab have been reported in breast and prostate
cancer. Serum VEGF concentration was identified as a
predictive biomarker for breast cancer (4), but not for prostate
cancer (5). However, a preliminary report on a bevacizumab
biomarker project described that serum VEGF concentration,
as well as various angiogenic factors, including VEGFR-1,
VEGFR-2, E-selectin, VEGFR-3, IL-8, bFGF, PDGF-C,
VEGF-C, PIGF and ICAM-1, cannot be used as biomarkers,
and tissue vascular density and area are also not predictive
factors for bevacizumab (3,6). Further anti-angiogenic clinical
trials (on cilengitide, cediranib and enzastaurin) also failed
to reveal a survival benefit for glioblastoma (7). To achieve
a survival benefit for gliomas with anti-angiogenic therapy,
we need to establish a strong and useful biomarker for anti-
angiogenic therapy of gliomas and a new strategy combining
chemotherapy and/or immunotherapy with an anti-angiogenic
agent.

Current defined endogenous angiogenic stimulators
and inhibitors in neoplasms have been well described. In
particular, it has been shown that the balance between stimula-
tors and inhibitors regulates tumor angiogenesis, resulting in
tumor growth (8,9). Many endogenous angiogenesis inhibitors
have been discovered, and the list continues to grow (10,11).
Endogenous protein inhibitors have the advantages of low
toxicity, high tolerance, low risk of drug resistance, and a higher
likelihood of specifically blocking pathological neovascular-
ization without affecting the normal vasculature (12). Some
of them have reached the clinical trial stage or are already
on the market; these include endostatin (endostar) and angio-
statin (13-15). Other inhibitors have served as parent molecules
from which derivative analogues have been developed and
reached the clinical trial stage, such as thrombospondin-1
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and its analogue ABT-510 (16,17). Nevertheless, to date, the
clinical efficacy of these inhibitors in humans is still question-
able. Only endostar, a modified recombinant endostatin, has
been approved as an anticancer drug in China (18).

Soluble Flt-1 (sFltl) is a soluble form of VEGF receptor 1
(VEGFR-1), which is measurable in conditioned medium and
cell/tissue lysate and inhibits angiogenesis. The function of
sFltl is assumed to be mainly inhibitory, complexing VEGF
and thus acting as a regulator of VEGF-A bioavailability. Flt1
has more than 10-fold higher affinity to VEGF-A, even in
soluble form, but has approximately a 10-fold lower thyrosine
kinase activity than VEGFR-2. In addition, sFItl can form
heterodimers with transmembrane VEGFR-2, preventing
autophosphorylation, and thus, abolishing signaling in a
dominant-negative fashion (19). sFItl, an endogenous angio-
genesis inhibitor, is a candidate for anti-angiogenic therapy
for malignant gliomas. Among several different approaches
for transferring anti-angiogenic genes (sFltl, angiostatin and
endostatin), sFlt1 gene transfer was found to be the most potent
for inhibiting tumor growth in a preclinical animal model (20).

In the present study, sFltl and VEGF were measured
in a series of human glioma tissues using specific enzyme-
linked immunosorbent assay (ELISA) in order to determine
whether their concentrations, and especially the net balance of
VEGF/sFltl, predict patient survival and angiogenic potential.
The effectiveness of sFItl gene delivery as an endogenous
angiogenic inhibitor against glioma growth and angiogenesis
was also investigated in a mouse model.

Materials and methods

Tissue preparation. Tissues from 69 cases of human malig-
nant glioma (Table I) (glioblastoma 39, anaplastic astrocytoma
21 and anaplastic oligoastrocytoma 4) were obtained during
surgery at the University of Tsukuba Hospital between 1997
and 2004. The tissues were immediately stored at -80°C
until use. The tissues were thawed, 50-mg samples were
homogenized in 10-fold extraction buffer (25 mM Tris-HCI,
pH 7.4, 100 mM NaCl, 20 mM NH,HCO,) and then they were
again stored at -80°C until use. The protein concentration
was measured by DC protein assays (Bio-Rad Laboratories,
Hercules, CA, USA). The rest of the tissue was fixed in
formalin and embedded in paraffin.

sFltl and VEGF ELISA. The concentrations of sFItl and
VEGF were measured in tumor extract supernatants using
Quantikine™ Human sFltl and VEGFimmunoassays (DVR100
and DVEOQO, respectively; R&D Systems, Minneapolis, MN,
USA). sFltl and VEGF levels were normalized to total extract
protein concentrations, and are expressed as pg sFItl and
VEGF/mg total extract protein.

Immunohistochemistry and angiogenic profile. The Dako
LSAB?2 kit for mouse and rabbit primary antibody (Dako,
Glostrup, Denmark) was used (21). Tissue sections were
deparaffinized and incubated with 10% normal goat serum
in phosphate-buffered serum (PBS) for 20 min. The sections
were then incubated with a polyclonal anti-VEGF antibody,
A-20 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
at a concentration of 10 xg/ml, a monoclonal MIB-1 antibody
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Table I. Prognostic factors in malignant gliomas (Hazard
model).

Hazard ratio 95% C1 P-value
Univariate
VEGF (pg/mg)
>1000 vs. <1000 2.17 1.28-3.70 <0.01
sVEGFRI1 (pg/mg)
<1000 vs. >1000 0.95 0.56-1.61 ns
VEGF/R1 ratio
>1 vs. <1 2.79 1.61-4.86 <0.001
Pathology
Grade IV vs. IIT 2.65 1.53-4.58 <0.001
MIB1 (%)
>20 vs. <20 1.77 1.05-3.00 <0.05
P53 (%)
>10 vs. <10% 0.85 0.48-1.50 ns
Density
>30 vs. <30 1.18 0.70-1.97 ns
Vessel area (%)
>7 vs. <7 2.39 1.35-4.21 <0.01
Multivariate
VEGF/R1 ratio
>1 vs. <1 1.99 1.08-3.66  <0.05
Pathology
Grade IV vs. IIT 1.81 0.98-3.33 ns
MIB1 (%)
>20 vs. <20 1.47 0.86-2.49 ns

CI, confidence interval; ns, not significant.

(Immunotech Laboratories, Inc., Monrovia, CA, USA) in
phosphate-buffered saline (PBS) overnight at 4°C, a mono-
clonal p53 antibody (clone DO7; Dako) in PBS overnight at
4°C, and a monoclonal CD34 antibody (BD Biosciences, San
Jose, CA, USA) at a dilution of 1/50 (10 xg/ml) in PBS for
60 min at room temperature. Chromatographically purified
mouse IgG and rabbit IgG (Dako) at the same IgG concentra-
tion were used as negative controls. Sections were incubated
with biotin-conjugated goat anti-mouse or anti-rabbit immu-
noglobulin for 10 min, followed by washing in PBS for
10 min. The sections were then incubated with peroxidase-
conjugated streptavidin solution for 5 min, followed by
washing in PBS for 5 min. Sections were then stained with
freshly prepared aminoethylcarbazole solution for 10 min,
followed by washing for 5 min in tap water. Next, sections
were counterstained with hematoxylin and mounted with
aqueous mounting media. The intracellular VEGF immunos-
taining was assessed using a semi-quantitative scale (-, not
detected; +, moderate; and ++, strong). The rates of nuclei
positive for MIB-1 and p53 were determined by counting at
least 1000 tumor cells.
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The number of vessels, area occupied with vessels, and
mean vessel diameter at a x200 magnified field (1.0 mm?)
were morphometrically measured in microvessel ‘hot spots’
(i.e., microscopic areas containing the densest collections of
microvessels, as initially identified under low-power magni-
fication) using an Olympus microscope, AHBT3 (Olympus,
Tokyo, Japan) and WinROOF software (Mitani Corp., Tokyo,
Japan) on CD34-stained tissue sections. Vascular density and
area were determined by averaging the number of vessels and
area in the three most vascularized areas.

Cell culture and sFltl transfection. The human glioma cell
line U-87 MG was obtained from the American Type Culture
Collection (ATCC; Rockville, MD, USA). Cells were main-
tained in minimum essential medium (MEM) supplemented
with 10% fetal calf serum (FCS) in a humidified atmosphere
containing 5% CO, at 37°C.

In order to investigate the effect of sFltl gene overexpres-
sion in vitro and in vivo,a human sFltl gene (2223 bp)-encoding
plasmid, pBLAST45-hsFLT1 (#pbla-hsfitl; Invivogen, Inc.,
San Diego, CA, USA), was transfected into U87 malignant
glioma cells using Fugene6 (Invivogen). Transfectants were
selected using blasticidine. Among the three clones obtained,
two were confirmed to express sFltl by reverse transcription
polymerase chain reaction (RT-PCR). mRNA expression of
sFItl was not observed in U87 cells, which were the parental
cells, or in empty vector transfectant (empty), which did not
contain the sFltl gene. One of the clones expressing sFltl
(Fig. 3A, lane 1) was used in the subsequent experiments.

The cells were incubated with 5% CO, at 37°C for 24 h
under hypoxic (0.1% O,) or normoxic conditions (20% O,).
Hypoxic conditions were established by placing the cells in
a molecular incubator chamber (Model, APM-30D; Astec,
Columbus, OH, USA) with a gas mixture consisting of
1% O,, 5% CO, and balanced N, for the indicated period.
Conditioned medium was collected for western blot analysis
and ELISA.

Cell proliferation assay (MTT assay). Cell proliferation
assays were performed using the CellTiter 96™ Aqueous non-
radioactive proliferation assay (Promega Corp., Madison, WI,
USA), as previously described (22). This assay measures the
reduction of a tetrazolium compound,3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium (MTT), by living cells to a formazan product. Briefly,
5000 glioma cells, at 1x10°/ml in MEM with 10% FCS, were
plated in 96-well plates (Becton-Dickinson, Lincoln Park, NJ,
USA). The cells were incubated for 6, 18 or 36 h. At the end of
the incubation period, the microplate wells were supplemented
with 20 ul of a freshly prepared solution containing a mixture
of a tetrazolium compound and an electron coupling reagent
(phenazine methosulfate) and incubated for 2 h at 37°C.
Then, the optical density at 490 nm was read on an automatic
microplate reader (Model 550; Bio-Rad Laboratories). The
experiment was repeated at least three times in triplicate wells.

Western blot analysis. The tissues and the cell pellets were
homogenized with an ultrasonic homogenizer on ice in 1 ml
of extraction buffer [25 mM Tris, 100 mM NaCl, 20 mM
NH,HCO;, pH 7.5, protease inhibitor cocktail; Complete Mini
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(Roche), one tablet] per 100 mg wet weight of tissue and the
protein lysates were obtained after centrifugation at 50,000 x g
for 30 min at 4°C. Lysates containing 50 ug of total protein,
as estimated by the Bradford method using bovine serum
albumin (BSA) as a standard, were separated on 12% sodium
dodecyl sulfate polyacrylamide gel, electroblotted onto a
0.2-um nitrocellulose membrane (Bio-Rad Laboratories), and
immunoassayed with rabbit polyclonal anti-VEGF antibody
(A-20, 100 pg/ml; Santa Cruz Biotechnology) at a dilution
of 1:200 and mouse monoclonal anti-human sFItl antibody
(ab9540; Abcam) at a dilution of 1:100. The immunocomplexes
formed were visualized with alkaline phosphatase-conjugated
anti-rabbit or anti-mouse immunoglobulin G (IgG) using the
ECL Western blotting analysis system (Amersham Pharmacia
Biotech, Piscataway, NJ, USA).

U87 severe combined immunodeficiency (SCID) mouse subcu-
taneous model. After the implantation of 1x10° U87 cells (sFltl
transfectant: sFltl, empty transfectant:empty) in the flank of a
6-week-old male SCID mouse (Clea, Inc., Tokyo Japan), U87
transfectant tumor tissue fragments were removed and then
reimplanted into the flank of another SCID mouse. Harvested
tumor fragments 1 mm? in size were implanted into the flank of
6 SCID mice for each transfectant. The size of the subcutaneous
tumor was measured using calipers. Eighteen days after the
implantation, the tumor tissue was removed. Some of the tissue
was immediately fixed in 10% phosphate-buffered formalin for
48 h, embedded in paraffin, and used for routine pathological
diagnosis and immunohistochemistry. The rest of the tissue was
immediately homogenized for protein extraction, frozen with
liquid nitrogen for mRNA extraction, and stored at -70°C. Ethics
approval was from the University of Tsukuba, Tsukuba, Japan.

In order to evaluate the hypoxic area in tumor sections,
pimonidazole hydrochloride (Hypoxyprobe-1; Chemicon
International, Temecula, CA, USA) was administered at
120 mg/kg just before sacrifice. Paraffinized tissue sections
were stained with anti-pimonidazole antibody (Chemicon
International) at a dilution of 1:20 in PBS for 60 min at room
temperature to visualize the hypoxic area (22).

RNA isolation and RT-PCR. Total RNA was extracted from
the transfectants and from frozen tumor tissue derived from
them (5 empty transfectants and 6 sFItl transfectants) using
RNeasy Mini kit (Qiagen GmbH, Hilden, Germany).
Quantitative RT-PCR for sFltl and VEGF mRNA in glioma
cells and glioma tissues was performed. We performed
RT-PCR with the GeneAmp™RNA PCR kit (Perkin-Elmer
Cetus, Norwalk, CT, USA). Briefly, 1 ug of total RNA was
reverse-transcribed by MuLV reverse transcriptase in the pres-
ence of random hexamer, followed by the indicated cycles of
PCR reaction (95°C for 1 min, 55°C for 1 min and 72°C for
1 min) in the presence of 2 uM sFltl-specific primers (32
cycles), VEGF-specific primers (28 cycles) or [3-actin-specific
primers (16 cycles) as a control. The sFltl primers were
designed so that the reverse primer (5-TATGTTTCTTCCC
ACAGTCCCAAC-3") corresponds to positions 2178-2201, and
the forward primer (5'-CTAATTGTCAATGTGAAACC
CCAG-3") corresponds to positions 1821-1844. The VEGF
primers included a reverse primer (5'-CCTGGTGAGAG
ATCTGGTTC-3') spanning bases 861-842 and a forward


https://www.spandidos-publications.com/10.3892/ijo.2016.3810

518

VEGF concentration

>

8000
7000
6000
5000
4000
3000
2000
1000

P <0.001

VEGF (pg/mg)

AO

A

™ r=0.23
p=0.06

VEGF (pg/mg)
g
]
L ]
L ]

2000 Fo ¥ ..: ™

S ] B

0 1000 2000 3000 4000 S000
sFIt1 (pg/mg)

=

60 |
50 | .
40 | I Y .
300 % e "
20 1 e o e * * o
:-u’o.. .
10 |o by .
[
Dl] 1000 2000 3000 4000 5000
sFIt1 (pg/mg)

MIB1 (%)

TAKANO et al: SOLUBLE-FIt1 INHIBITS GLIOMA ANGIOGENESIS

B sFltl concentration

sFlt1 (pg/mg)
=
3

GBM AA AO

r=0.34
p=<0.01

120 L
100 |
80 - .

] .

40
o8,

20 :&.: '.. ’ .
0

sFIt1 (pg/mg)

Density
3

.y

90 . =021
80 =0.11
70, * ’
60 |
s01°,°
40 | ° o,
-

30 1 b * o .
20 .
10 - (X4 -
pap? ) AL PR e~ S

0 1000 2000 3000 4000 5000

sFlt1 (pg/mg)

P53 (%)

Figure 1. Angiogenic profiles of patients with malignant glioma. (A) VEGF concentration. VEGF concentration of GBM is significantly higher than that
of AA. (B) sFltl concentration. (C) Correlation between sFlt] and VEGF concentration. (D) Correlation between sFItl concentration and vascular density.
(E) Correlation between sFItl concentration and MIBI1 positivity. (F) Correlation between sFltl concentration and p53 positivity. GBM, glioblastoma; AA,

anaplastic astrocytoma; AO, anaplastic oligodendroglioma.

primer (5'-TCGGGCCTCCGAAACCATGA-3") spanning
bases 141-160. The (-actin primers included a reverse primer
(5'-GGAGTTGAAGGTAGTTTCGTG-3') spanning bases
2429-2409 and a forward primer (5'-CGGGAAATCGTGC
GTGACAT-3') spanning bases 2107-2126. The predicted sizes
of the amplified sFltl and B-actin DNA products were 380 and
214 bp, respectively. The VEGF primers were chosen because
they amplified exons 3-8 and allowed the different VEGF
splicing variants to be distinguished. PCR products of 516 and
648 bp corresponded to VEGF121 and VEGF165, respectively.
Quantification of the levels of these RT-PCR products was
performed on a Macintosh computer using the public domain
NIH Image program (developed at the U.S. National Institutes
of Health, Bethesda, MD, USA).

Statistical analyses. Vascular density, vessel area, vessel
diameter, vessel perimeter, vessel roundness, MIB-1 positivity,
tumor volume, VEGF concentration and sFlIt-1 concentration
are expressed as mean + standard deviation. Statistically
significant differences between the groups were determined
using a one-way analysis of variance and the Tukey's test. All

P-values are two-sided; values are considered statistically
significant at P<0.05. The survival time was calculated by the
Kaplan-Meier method. Differences in survival were assessed
by the log-rank test. For categorical variables, two-tailed
Fisher's exact test was used.

Results

Angiogenic profiles and angioarchitectural features as
prognostic factors in malignant gliomas. Our treatment
strategy for malignant gliomas in the study period was total or
subtotal removal, following by 40-Gy whole-brain and 20-Gy
local boost irradiation combined with PAV (procarbazine,
ACNU and vincristine) chemotherapy (23) and interferon-f§
administration. Upon recurrence, PE (cisplatin and etoposide)
and temozolomide chemotherapy and/or immunotherapy,
including locolesional natural killer or cytotoxic T lympho-
cyte injection (24) were carried out. The median survival time
of all cases of malignant glioma was 19.2 months (grade IV,
glioblastoma: 11.2 months, grade III, anaplastic astrocytoma/
anaplastic oligodendroglioma: 30.9 months).
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Figure 2. Survival curves with VEGF concentration (A), VEGF/sFltl ratio
(B) and vessel area (C). (A) Overall survival is significantly longer with
VEGF <1000 pg/mg (51.3 mo) than VEGF >1000 pg/mg (18.0 mo) [Stratified
hazard ratio, 2.17 (95% CI, 1.28-3.70), P<0.05 by log-rank test]. (B) Overall
survival is significantly longer with VEGF/sVEGFR ratio <1 (54.9 mo)
than VEGF/sVEGEFR ratio >1 (16.4 mo) [Stratified hazard ratio, 2.79 (95%
CI, 1.61-4.86), P<0.001 by log-rank test]. (C) Overall survival is signifi-
cantly longer with vessel area <7% (44.8 mo) than vessel area >7% (13.1%)
[Stratified hazard ratio, 2.39 (95% CI, 1.35-4.21), P<0.01 by log-rank test].
Please note statistically significant difference is stronger with VEGF/sFlt1
ratio compared with VEGF concentration alone.

Fig. 1 and Table I show the angiogenic profiles of each
case. VEGF concentration was significantly high in glio-
blastoma compared with that in anaplastic astrocytoma,
while sFItl concentration was not. sFltl concentration was
significantly correlated with vessel density (r=0.34, P<0.01)
and MIBI positivity (r=0.38, P<0.01), and weakly correlated
with VEGF concentration (P=0.06). VEGF/sFltl ratio (>1),
pathology (grade 1V), MIB1% (>20%) and vessel area (>7%)
were poor prognostic factors as determined by univariate
analysis. Among these, VEGF/sFltl ratio >1 was the strongest
independent prognostic factor by multivariate analysis (hazard
ratio 1.99, 95% confidence interval 1.08-3.66; P<0.05).

Survival time was evaluated by the Kaplan-Meier analysis
(Table II and Fig. 2). This analysis again demonstrated
the survival benefit associated with VEGF concentration
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Table II. Prognostic factors in malignant gliomas (Kaplan-
Meier).

Parameters n MST (month) Log-rank

VEGF (pg/mg)
>1000 34 18.0 <0.05
<1000 35 513

sVEGFR1 (pg/mg)
<1000 40 32.1 ns
>1000 29 36.0

VEGF/R1 ratio
>1 36 164 <0.001
<1 33 549

Pathology
Grade IV 40 195 <0.001
Grade IIT 29 53.7

MIB1 (%)
>20 34 20.2 <0.05
<20 35 48.2

p33 (%)
>10 24 26.2 ns
<10 37 399

Density/0.1 mm?
>30 38 31.8 ns
<30 31 36.2

Vessel area (%)
>7 20 13.1 <0.01
<7 49 44.8

ns, not significant.

(<1000 pg/mg), pathology (grade III), MIB-1% (<20%) and
vessel area (<7%). Although there was no survival benefit
associated with sFIt1 concentration itself, VEGF/sFIt1 concen-
tration ratio <1 was the variable with the strongest survival
benefit for cases of malignant glioma. The median survival
time was 11.3 months for those with a ratio >1 and 28.7 months
for those with a ratio <1 (P<0.001). These results suggest that
the balance of stimulators and inhibitors of angiogenesis
is particularly important for the angiogenic evaluation of
malignant gliomas. Each parameter was then evaluated only
for glioblastomas. VEGF, VEGF/sFltl ratio, MIB1 and vessel
density were not prognostic factors for this condition, but vessel
area >7% was a strong prognostic factor for the glioblastoma
group alone (data not shown).

The effect of sFltl overexpression on glioma angiogenesis
and growth. Under a microscope, both sFltl transfectant and
empty vector transfectant showed a fusiform shape similar
to that of the parental U87 cells. The growth rates of these
transfectants and the parents were similar, as determined by
the WST 8 assay (Fig. 3B-D).

In a subcutaneous model, glioma growth was significantly
inhibited for the sFItl transfectant compared with that for the
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Figure 3. sFltl transfectant behavior in vitro (A-D) and in vivo (E and F).
(A) sFltl expression of sFltl transfectant, empty vector transfectant and
parental U87 cells. (B) Proliferation of each cell type. (C) Morphology
of sFItl transfectant. (D) Morphology of empty vector transfectant. (E)
Transfectant (sFltl and empty vector) glioma cell growth in subcutaneous
model. Tumor volume is significantly smaller with sFltl transfectant com-
pared to empty vector transfectant at day 12, 14, 16 and 18 days ('P<0.05).
(F) Vessel density and vessel area of transfectant (sFltl and empty vector)
tumor tissues. Vessel density and vessel area are significantly lower with
sFlt1 transfectant compared to empty vector transefectant.

empty vector transfectant (Fig. 3E; P<0.05). Tumor volume
reduction for the sFltl transfectant was only 31%. In tissue
sections, vessel density and area were significantly decreased
for the sFltl transfectant (Figs. 3F and 4A and D; P<0.001).
VEGF expression was also inhibited in the viable tumor area
for the sFltl transfectant (Fig. 4B and E). However, even for
the sFltl transfectant, there was still a pimonidazole-stained
hypoxic area that was very similar to that in the empty transfec-
tant, in which positive VEGF staining was observed (Fig. 4B,
C, E and F). RT-PCR analysis of tumor tissues demonstrated
that sFltl mRNA expression was significantly upregulated for
the sFltl transfectant (Fig. SA and B). Western blot analysis of
tumor tissues also demonstrated that sFltl protein expression
was significantly upregulated (Fig. 5C). By contrast, VEGF
mRNA and protein expression levels were not changed by
sFltl transfection (Fig. SA-C).

In order to investigate the mechanism by which the hypoxic
area was maintained in tissue sections, the transfectant
profile under hypoxic conditions was evaluated in vitro. First,
RT-PCR analysis showed the upregulation of both VEGF,,
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Figure 4. Histopathological examination of empty vector transfectant (A-C)
and sFltl transfectant (D-F). (A and D) CD34 staining. (B and E) VEGF
staining. Note the strong VEGF expression in the viable area of empty
vector transfectant and downregulation of VEGF expression in the viable
area, but not adjacent to the necrotic area, of sFItl transfectant tissue.
(C and F) Pimonidazole staining. Note that the hypoxic area stained with
pimonidazole is still present in sFltl transfectant tissue.

and VEGF ¢, expression, but not sFItl expression, under
hypoxic conditions (1% O,, 24 h) compared with that under
normoxic ones (20% O,, 24 h) (Fig. 6A and B). Second, the
levels of VEGF and sFltl secretion into conditioned medium
for the sFltl transfectant, empty transfectant, and parent were
measured by western blotting under normoxic and hypoxic
conditions (1% O,, 24 h). As expected, VEGF secretion
was upregulated for the three types of cells under hypoxic
conditions. The sFItl transfectant secreted sFItl into the
conditioned medium under normoxic conditions, but secreted
little or none under hypoxia (Fig. 6C). sFltl concentration
in the conditioned medium was precisely measured by sFltl
ELISA and was detected only for the sFltl transfectant. The
sFItl concentration was 8340.3+890.4 pg/ml under normoxic
conditions and 1735.3+140.1 pg/ml under hypoxia, which
were significantly different (Fig. 6D; P<0.01).

Discussion

In the present study, we searched for prognostic factors for
the survival of patients with malignant gliomas by measuring
VEGF and sFltl concentrations, proliferation rate and vascular
architecture. VEGF concentration, VEGF/sFItl concentra-
tion ratio, pathological grade of tumor, and vessel area were
all identified as prognostic factors. Among these variables,
VEGF/sFltl ratio was the strongest independent prognostic
factor. The anti-angiogenic role of sFltl was then evaluated
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in vitro and in vivo by introducing the sFltl gene into glioma
cells. This resulted in the inhibition of glioma growth and
angiogenesis, but such effects were only moderate because
angiogenic inhibition was not achieved under hypoxic condi-
tions.

sFitl as a biomarker of glioma angiogenesis. For the potential
biomarker sFltl, two different variables can be measured,
namely, its levels in tissue and circulation. It is important to
verify this candidate for anti-angiogenic treatment in malignant
gliomas by considering both of these alternatives. Concerning
the tissue biomarker, the present study clearly showed that,
among the variables in angiogenic profiles, vessel area and
the ratio of VEGF to its endogenous inhibitor sFlt-1 strongly
predict the prognosis of patients with malignant gliomas.
Although the concentration of VEGF, but not that of sFltl,
was also a prognostic factor, the VEGF/sFltl concentration
ratio should be considered a stronger independent prognostic
factor. These results are useful for the further development of
individualized anti-angiogenic therapy because gliomas with a
high VEGF/sFltl ratio should be responsive to anti-angiogenic
treatment.

Lamszus et al (25) reported that the concentrations of sFlt1
protein were markedly increased in glioblastomas compared
with those in low-grade gliomas and normal brain. The

concentration of sFItl correlated with the malignancy grade
and was 12-fold higher in glioblastomas than in diffuse astro-
cytomas, with intermediate levels being exhibited in anaplastic
astrocytomas. Although the absolute levels of sVEGFR-1 were
increased in more malignant gliomas, the sSVEGFR-1:VEGF-A
ratio was decreased 2.6-fold in glioblastomas compared with
that in diffuse astrocytomas, suggesting that the ensuing
increased bioavailability of VEGF-A promotes angiogenesis.
sFltl could be useful as an angiogenesis inhibitor in the specific
context of human gliomas. In this study, the concentration of
sFltl did not differ between glioblastoma and grade III glioma
(anaplastic astrocytoma and anaplastic oligodendroglioma).
The net balance between VEGF and sFltl would still be tilted
towards angiogenesis in malignant gliomas. In the previous
study mentioned above, no survival data related to the net
balance of VEGF/sFltl were presented. However, we demon-
strated a survival benefit associated with a lower VEGF/sFlt1
ratio in malignant gliomas.

Several studies have focused on tissue biomarkers associ-
ated with bevacizumab treatment. It has been observed in tissue
studies conducted in patients with recurrent high-grade glioma
treated with bevacizumab and irinotecan that high expression
of VEGF was associated with a higher likelihood of achieving
a radiographic response, but not increased survival (26). It
was also observed in this same study that elevated levels of
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carbonic anhydrase 9, a hypoxic marker, were significantly
associated with poor one-year survival. In contrast, in a study
of patients with glioblastoma treated with bevacizumab and
irinotecan with or without cetuximab (an EGFR inhibitor), no
biomarker was predictive of response to treatment or prolon-
gation of PFS (27). Finally, a retrospective autopsy study of
patients with recurrent glioblastoma treated with various anti-
VEGEF agents including bevacizumab showed that elevated
numbers of CD68* and CDI11* tumor-associated macrophages
were associated with poor survival, indicating a potential
biomarker of escape (28). In summary, several studies have
identified different tumor tissue markers that may serve as
biomarkers for response to treatment. However, the ratio of
VEGF/sFltl concentrations, which we identified as an inde-
pendent prognostic factor in malignant gliomas, has not yet
been investigated in terms of response to anti-VEGF agents.
The incorporation of bevacizumab and other anti-VEGF
agents into the early treatment of cancer patients would
be significantly enhanced by the discovery of circulating
biomarkers that can be used to establish rational guidelines
for the selection and use of these agents. In rectal cancer,
baseline serum sFlt-1 was found to be a predictive biomarker
for therapies that include bevacizumab (29). However, reports

of circulating biomarkers for glioma are limited. The AVAglio
study, which included the evaluation of pretreatment plasma
VEGF and sVEGFR-2, found no association with PFS (6). A
similar lack of associations between pretreatment biomarkers,
including VEGF and sVEGFR-2, and treatment outcome in
patients with GBM was reported for cediranib, vatalanib and
vandetanib (30-33). However, increases in serum sVEGFR-1
(sFltl) have been found to be associated with poor survival
in patients treated with cediranib (31). Duda et al (29) also
reported that serum sFItl increased during anti-VEGF therapy
in rectal cancer cases; they proposed that an increase of sFltl
is a potential biomarker of resistance to anti-VEGF therapy.
Unfortunately, the significance of circulating biomarkers in
gliomas has still not been clarified.

sFitl as a target of anti-angiogenic molecules in malignant
gliomas. We demonstrated that a higher sFItl concentra-
tion was strongly associated with higher vascular density
in malignant glioma tissues. The levels of sFItl present in
human glioma tissues were clearly insufficient to prevent
neovascularization in malignant gliomas. A molar concen-
tration of sFItl that exceeds that of VEGF by 2- to 200-fold
was reported to be required to obtain significant effects on
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endothelial chemotaxis in vitro (25). Therefore, considerably
higher levels appear to be required to effectively inhibit the
angiogenic effects of VEGF on a glioma xenograft model
in vivo. We planned to perform sFItl gene transfer for glioma
cells that have no sFltl expression in vitro.

In several animal models, adenovirus-mediated overex-
pression of sFltl in tumor cells was shown to inhibit the growth
of melanoma and lung cancer in vivo (34,35) and a mamma-
lian cell-mediated approach effectively delivered sFlt-1 gene
therapy and inhibited the angiogenesis and growth of thyroid
cancer in vivo (36). However, some reports suggest that
intravenous delivery of the sFlt-1 gene via adenoviral vectors
results in the overexpression of sFlt-1 in the liver, leading to
unacceptable hepatotoxicity (37). Therefore, tumor-specific
targeting of vectors and tumor-specific expression strategies
should be used to ensure clinically useful anti-angiogenic
gene therapy. Previously, Goldman et al (38) reported that
the growth of tumor cells transfected with sFltl-expressing
plasmid was inhibited in fibrosarcoma cells in a subcutaneous
tumor model and prolonged the survival time of glioma cells in
a transcranial model. In our in vitro study, sFltl was success-
fully expressed in glioma cells at the gene and protein levels
and we confirmed its secretion into conditioned medium by
transfectants in vitro. However, our in vivo study demonstrated
that the growth inhibitory effect of sFltl-transfected glioma
cells was only 31%, even with significant upregulation of sFtl
gene and protein expression in tumor tissues. We found that
the target molecule VEGF was still present in the hypoxic area
of tumor tissue in vivo. We also confirmed the downregulation
of sFltl secretion of sFltl transfectants under hypoxic condi-
tions in vitro. VEGF expression in the sFltl transfectants was
upregulated similarly to that in the parental cells, resulting in
the net balance of VEGF/sFltl being increased under hypoxic
conditions. This increase was considered to limit the growth
inhibitory effect in brain tumors in vivo. Downregulation of
sFltl overexpression in lentiviral-constructed human endothe-
lial cells under hypoxic conditions has been reported to occur
by a mechanism involving mRNA alternative processing (39).
In this study, under hypoxic conditions, mRNA expression was
maintained, but protein secretion was inhibited.

Most solid tumors develop regions of low oxygen tension
because of an imbalance between oxygen supply and consump-
tion (40,41). Several ideas have been proposed to overcome
the downregulation of VEGF/sFIt-1 ratio under hypoxic
conditions. For example, strategies to treat tumors have been
developed in which tumor cells are targeted with drugs or gene
therapy vectors specifically activated under hypoxic condi-
tions (42). Hypoxia in the tumor microenvironment provides
ideal conditions for anaerobic microbes to survive. For
example, Bifidobacterium infantis is a type of bifidobacteria
that is non-pathogenic and anaerobic; thus, it can be trans-
fected with an anti-angiogenic gene and selectively localize
and proliferate in the hypoxic environment in several types
of solid tumor after systemic application (43,44). A hypoxia-
responsive glial cell-specific gene therapy vector for targeting
pathological neovascularization has also been utilized (45). A
wide variety of nanomedicine has been designed for cancer
therapy, of which hypoxia-responsive copolymer for siRNA
delivery is one example (46). New strategies for the delivery
of anti-angiogenic agents, such as sFltl, into hypoxic areas
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are required to ensure the long-term maintenance of an anti-
angiogenic effect.

In conclusion, a VEGF/sFItl ratio of >1 was identified as
a predictor of poor survival in cases of malignant glioma,
suggesting that the sFltl activity as an endogenous angio-
genesis inhibitor regulates glioma angiogenesis. sFltl is thus,
a candidate molecular target for glioma angiosuppression.
However, future work should focus on the regulation of sFltl
overexpression under hypoxic conditions.
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