ORIGINAL RESEARCH

Combination of anginex gene therapy and radiation
decelerates the growth and pulmonary metastasis of human
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Introduction

Osteosarcoma is the most common primary malignant
tumor of the bone and has a high incidence in children
and adolescents. Because of its invasive growth and early
pulmonary metastasis, osteosarcoma often results in poor
prognosis [1]. In the past two decades, the routine man-
agement of osteosarcoma has involved a combination of
chemotherapy and radical surgical resection; this approach
has increased the 5-year survival rate from 50% to 70%
in patients who do not have metastatic diseases at
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Abstract

Investigate whether rAAV-anginex gene therapy combined with radiotherapy
could decrease growth and pulmonary metastasis of osteosarcoma in mice and
examine the mechanisms involved in this therapeutic strategy. During in vitro
experiment, multiple treatment regimes (rAAV-eGFP, radiotherapy, rAAV-
anginex, combination therapy) were applied to determine effects on proliferation
of endothelial cells (ECs) and G-292 osteosarcoma cells. During in vivo analysis,
the same multiple treatment regimes were applied to osteosarcoma tumor-bearing
mice. Use microcomputed tomography to evaluate tumor size. Eight weeks after
tumor cell inoculation, immunohistochemistry was used to assess the therapeutic
efficacy according to microvessel density (MVD), proliferating cell nuclear an-
tigen (PCNA), and terminal-deoxynucleotidyl transferase-mediated nick-end
labeling (TUNEL) assays. Metastasis of lungs was also evaluated by measuring
number of metastatic nodules and wet weight of metastases. The proliferation
of ECs and the tumor volumes in combination therapy group were inhibited
more effectively than the other three groups at end point (P < 0.05). Cell clone
assay showed anginex had radiosensitization effect on ECs. Immunohistochem-
istry showed tumors from mice treated with combination therapy exhibited the
lowest MVD and proliferation rate, with highest apoptosis rate, as confirmed
by IHC staining for CD34 and PCNA and TUNEL assays (P < 0.05). Combina-
tion therapy also induced the fewest metastatic nodules and lowest wet weights
of the lungs (P < 0.05). rAAV-anginex combined with radiotherapy induced
apoptosis of osteosarcoma cells and inhibited tumor growth and pulmonary
metastasis on the experimental osteosarcoma models. We conclude that the
primary mechanism of this process may be due to sensitizing effect of anginex
to radiotherapy.

presentation [2—4]. However, for patients with early metas-
tasis, those who react poorly to chemotherapy, and those
who develop recurrent disease after surgical treatment,
the prognosis remains poor. Additionally, considering the
long-term and short-term toxicities of chemotherapeutic
agents commonly used to treat osteosarcoma, alternative
treatments are required to support conventional manage-
ment strategies and improve survival rates in patients with
this malignancy.

Novel anti-angiogenic therapies may represent an effec-
tive approach for the treatment of osteosarcoma [5, 6];
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these therapies aim to suppress or eradicate tumors by
interfering with blood supply to the tumor. Anginex is
one such artificial B-sheet-forming peptide with potent
anti-angiogenic activity. Anginex was designed based on
the sequence and three-dimensional structure of other
anti-angiogenic agents, including platelet factor-4, inter-
leukin-8, and bactericidal permeability-increasing protein
(BPI) [7]. Moreover, anginex, which has been shown to
efficiently block endothelial cell (EC) growth, acts by
specifically blocking the adhesion and migration of angio-
genically activated ECs, leading to apoptosis and ultimately
to inhibition of angiogenesis in vitro and in vivo [8].
The antitumor activity of anginex has been demonstrated
in many previous studies [7-10], although few studies
have focused on its therapeutic effects in osteosarcoma.
Previous studies have shown that anginex alone is not
as effective as when combined with radiotherapy or chemo-
therapy [11, 12]. Although the mechanism is still con-
troversial, some researchers have proposed the “vascular
normalization theory” [13], in which more efficient delivery
of drugs and oxygen to the targeted cancer cells is achieved
through the modified vessels following treatment with
anti-angiogenic agents [14]. This would make the cancer
cells more sensitive to radiotherapy and chemotherapy,
thereby increasing the efficacy of treatment. However,
others have proposed that anginex has a radiosensitizing
effect on the ECs, in which ECs would be more sensitive
to anginex after radiotherapy, resulting in increased induc-
tion of apoptosis [12].

Therefore, in this study, we evaluated the inhibitory
effects of anginex combined with radiotherapy on the
growth and pulmonary metastasis of osteosarcoma, which
is not sensitive to radiation. Because of the short half-life
and low biological availability of the peptide itself, we
chose to use the recombinant adeno-associated virus
(rAAV)-anginex-enhanced green fluorescent protein
(eGFP) construct, a rAAV carrying ¢cDNA of anginex
and eGFP [10] that possessed comparable angiostatic
properties as the synthetic peptide [15]. The in vitro
anti-angiogenic effects of this peptide have been studied
extensively in previous studies, and its anti-angiogenic
mechanisms were also revealed [16]. This study investi-
gated the inhibitory effects of anginex on an in vivo
osteosarcoma model using severe combined immunode-
ficient (SCID) mice and the effects of a combination
therapy with radiotherapy. We used the classic SCID
model of osteosarcoma [17], in which SCID mice act as
hosts for inoculation of G-292 human osteosarcoma cells.
Our results demonstrated that anginex combined therapy
exhibited strong inhibition of tumor blood vessels and
the growth and metastasis of the tumor itself, making
it a promising agent with potential applications in the
treatment of osteosarcoma.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Materials and Methods

Materials and antibodies

The rAAV vectors encoding anginex and eGFP (titer:
1 x 10'° vg/mL) were kindly provided by Dr. DanFeng
Dong of Xi’an Jiaotong University. The human osteo-
sarcoma cell line G-292 and human umbilical vein
endothelial cells (HUVECs) were both purchased from
American Type Culture Collection (Manassas, VA).
McCoy’s 5a medium, RPMI 1640, phosphate-buffered
saline (PBS), fetal bovine serum (FBS), and 0.25% trypsin
were purchased from Gibco BRL (Life Technologies, Inc,
Rockville, MD). 3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheny
Itetrazolium bromide (MTT) reagent was purchased from
BD Biosciences (Bedford, MA). Anti-CD34 antibodies,
antiproliferating cell nuclear antigen (PCNA) antibodies,
and the terminal-deoxynucleotidyl transferase-mediated
nick-end labeling (TUNEL) kit were commercially avail-
able in Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture and conditions

The human osteosarcoma cells (G-292) were cultured in
McCoy’s 5a medium supplemented with 10% FBS and
1% penicillin/streptomycin at 37°C in a humidified 5%
CO, incubator. Cells were subcultured at 1:3 twice a week
when they reached 75-80% confluence. HUVECs were
cultured in the same manner, except that RPMI 1640
medium was used, and cells were passaged at a 1:2 ratio
twice a week.

Animals

Thirty SCID mice (4 weeks of age) were purchased germ-
free from Shanghai SLAC Laboratory Animal Co. Ltd.
(Shanghai, China). Mice were allowed to acclimate for
1 week before inoculation and were housed in sterile cages
at the Orthopaedic Department Sterile Facility with an
artificial 12-h light/12-h dark cycle. Mice were fed irradi-
ated rat chow and acidified (pH 2.5) tap water. Before
manipulations, including tumor inoculation and eutha-
nasia, mice were anesthetized with an intraperitoneal
injection of 50 mg/kg ketamine, 5 mg/kg xylazine, and
0.75 mg/kg acepromazine.

In vitro study
rAAV-anginex gene transfection

G-292 cells were seeded in 96-well plates at a density of
5000 cells/well with McCoy’s 5a medium complemented
with 10% FBS. After 12 h, the medium was changed into
FBS-free McCoy’s 5a medium supplemented with 100 uL
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of 10'° vg/mL rAAV-anginex, yielding a multiplicity of
infection (MOI) of 10°. Four hours later, the G-292 cells
were washed with PBS twice, followed by addition of
200 pL of full McCoy’s 5a medium to each well. Forty-
eight hours after viral vector transduction, images of G-292
cells were acquired using a fluorescence microscope, and
the efficiency of transgene production was calculated, and
also the morphology of G-292 cells was observed under
light microscope.

Analysis of HUVEC proliferation using MTT
colorimetric assays

To investigate the inhibitive effect of radiotherapy and
rAAV-anginex on the HUVECs and G-292 cells, the pro-
liferation of the two cell lines was separately measured
by MTT assay. The two cells were separately seeded in
96-well plates and randomly divided into four groups for
each cell line: (1) rAAV-eGFP control group (control
group), in which each well was treated with 100 yL of
10'° vg/mL rAAV-eGFP; (2) radiotherapy group, in which
24 h after cell seeding, cells were irradiated at 2 Gy; (3)
rAAV-anginex treatment group (anginex group), in which
each well was treated with 100 uL of 10'° vg/mL rAAV-
anginex-eGFP; (4) combination treatment group (combi-
nation group), in which cells were treated with 100 uL
of 100 vg/mL rAAV-anginex and then irradiated with
2 Gy at 24 h after anginex treatment. Cells were then
incubated for up to 72 h at 37°C in an atmosphere con-
taining 5% CO,; 50 yL of 5 mg/mL MTT was added to
wells at 12, 24, 36, 48, 60, and 72 h. Absorbance was
read at 570 nm using a DIAS Microplate Reader. The
proliferation values were recorded as the absorbance
values.

Test of the radiosensitizing effects of anginex on
ECs using plate clonogenic formation assay

ECs and G-292 cells were separately seeded in 6-well plate
with 100, 200, 400, 600, 800, 1000 cells in one well, and
24 h later when cells attached to the wall, both of cells
were randomly divided into the following groups, respec-
tively: (1) radiotherapy only group (control group): wells
with different gradient cells were successively irradiated
at 0, 2, 4, 6, 8, 10 Gy; (2) combination treatment group
(combination group): this group was treated with 1 uL
of 10'° vg/mL rAAV-anginex, which made MOI at 10°
and then received radiation at 0, 2, 4, 6, 8, 10 Gy. After
that, these cells were cultured at 37°C in 5% CO, and
saturated humidity environment for 2 weeks. Stop the
assay once clones were visible to the naked eye. The
colonies were stained with 0.1% Crystal violet (Sigma)
for 1 h 37°C, and then, we counted clones which
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containing cells above 50 by microscope. Using the equa-
tion: plating efficiency (PE) = number of clones in control
group/cells of plating X 100%; then used PF as correction
factor to calculate surviving fraction (SF): SF = number
of clones in combination group/(cells of platingxPF). Use
the single-hit multitarget (SHMT) model to calculate
integrated cell survival curves,quasithreshold dose (Dq),
mean lethal dose (DO0), and survival fraction of 2 Gy
(SF2). The radiosensitization effect was represented as
radiosensitization rate (SER,;) = DO of control group/D0
of combination group.

In vivo study

Establishment of the osteosarcoma model

G-292 cells at logarithmic growth phase were trypsinized,
resuspended in FBS-free RPMI 1640 medium to a con-
centration of 1 X 107 cells/mL, and then taken up into
a 1-mL syringe. All animal procedures were approved by
the Institutional Animal Ethics Committee of Jinan Central
Hospital Affiliated to Shandong University. After inducing
anesthesia in the SCID mice, the needle of the syringe
was inserted into the proximal part of the tibial tuberosity
of the right leg with a drill-like motion to prevent cortical
fracture. Once the cortex was traversed, the needle was
inserted into the metaphysis and diaphysis of the bone
by injection of 10-uL suspensions (10° cells) into the
medullary cavity. After all inoculations were completed,
radiographic examination was performed to determine
whether injection led to cortex fracture.

Treatment variation

Radiographic examination was performed at the end of
the second week after tumor inoculation, revealing a tumor
inoculation percentage of 86.7%. Twenty-four mice were
randomly selected from mice showing successful tumor
inoculation and then randomly divided into four groups:
the rAAV-eGFP control group (control group), the radio-
therapy treatment group (radiotherapy group), the rAAV-
anginex treatment group (anginex group), and the
combination treatment group (combination group), with
six mice in each group.

The treatment was first given to each group through
multisite intertumor injection when the tumor grew to
a visible size at the third week after tumor inoculation.
Animals in the control group received rAAV-eGFP at
1 X 10° vg/tumor, animals in the radiotherapy group
received local irradiation with 2 Gy once a week for
5 weeks, and animals in the anginex group received rAAV-
anginex at 1 X 10° vg/tumor. For the combination group,
animals received 1 X 10° vg/tumor, and 4 days later,

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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tumor-bearing mice received local irradiation with 2 Gy
once a week for 5 weeks.

All animals were monitored daily by visual inspection
to evaluate general health and tumor development. All
animals were sacrificed at 8 weeks after tumor cell
inoculation.

Microcomputed tomography (CT) evaluation and
tumor volume measurements

After inoculation, SCID mice were subjected to micro-CT
(GE Medical Systems, London, ON, Canada) examinations
every week to monitor tumor growth. Scan parameters
were as follows: isotropic voxel size, 45 pm; projections,
400; exposure time, 400 msec; voltage, 80 kW; and cur-
rent, 450 pA. Tumor volume was determined by measuring
the diameters of tumors in micro-CT images and calculated
by the equation V = 4/3n (1/4[D1 + D2])?, where D1
is the width of the tumor and D2 is the length of the
tumor.

Histological and morphometric analysis of
the tibial osteosarcoma tissue and
pulmonary metastasis nodules

The tumor tissues of the tibiae and lungs were harvested
from mice, washed in PBS, fixed in PBS-buffered 3.7%
formalin. Paraffin-embedded sectioning was performed
and stained with hematoxylin and eosin (HE). The slides
of tibiae were viewed and photographed under a fluo-
rescence microscope to determine the transduction effi-
ciency of rAAV-eGFP.

Pulmonary metastasis was assessed by counting the
number of nodules from a macroscopic view and using
pathological slides with HE staining. The wet weight of
the lungs was also measured.

Immunohistochemistry (IHC) of paraffin-
embedded tissues

The tumor tissue from the tibia was sliced into 7-ym-thick
sections and embedded in paraffin. SP-ABC assays were
then used for ITHC.

To assess the microvessel density (MVD), immunohis-
tochemical staining was performed using anti-CD34 anti-
bodies (Santa Cruz Biotechnology), as detailed previously
[5]. To quantify tumor MVD, paraffin sections were fixed
and stained with anti-CD34 primary antibodies. ECs stained
in brown and were CD34 positive. Single ECs and EC
clusters stained as CD34 positive were counted as a single
vessel. For each tumor, the sections were examined at a
magnification of 100 X under a light microscope, three

regions of highest MVD were chosen, and the
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microvessels in these regions were quantified at a mag-
nification of 100x. The number of microvessels was then
recorded. The average number was calculated as the MVD
of the tumor. The branching and length of the vessels
were also determined at a magnification of 100X under
a light microscope in three different regions.

The proliferation and apoptosis of the primary tumor
tissues were assessed by PCNA and TUNEL staining (Santa
Cruz Biotechnology), respectively. To quantify PCNA and
TUNEL staining, the number of positive cells and total
number of tumor cells were counted in five random fields
at 100x magnification, followed by calculation of the
percentage of positive cells.

All THC examinations were individually evaluated by
two different experienced pathologists.

Statistical analysis

Statistical analysis of differences between groups was per-
formed using ANOVA (Analysis of Variance) with SPSS
18.0 software (for Windows). Differences with P values
of <0.05 were considered significant. Data are expressed
as means + standard deviations.

Result

Combination treatment inhibited the
proliferation of HUVECs in vitro

Forty-eight hours after transfection, images of G-292 cells
were acquired under a fluorescence microscope to evaluate
the transgene production of rAAV-anginex-eGFP. As shown
in Figure 1A and B, when the MOI was 10°, the trans-
duction efficiency of the G-292 cells was 85.78%, and
under the light microscope, we saw that the gene transfer
did not substantially affect the morphology of G-292 cells
(Fig. 1A and B).

The MTT results of ECs and G-292 cell lines demon-
strated that ECs in the combination, radiotherapy, and
anginex groups exhibited significant decreases in prolifera-
tion capacity compared to ECs in control groups
(P < 0.05), and the proliferation capacity of ECs in the
combination group was significantly weak compared with
that in the anginex group (P < 0.05) (Fig. 1C). In con-
trast, for G-292 cells, the radiotherapy and combination
groups showed the same tendency toward inhibition of
proliferation, suggesting that the inhibitive effects were
mostly related to radiation, not anginex. But compared
with the significant inhibitive result of Ecs by radiotherapy,
the effect of radiation on G-292 cells was very limited,
most because this osteosarcoma cell was not very sensitive
to radiotherapy, at least under this radiation equivalent
(2 Gy) (Fig. 1D).
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Figure 1. (A) The cellular morphology of G-292 under light microscope, and B was the cellular morphology of G-292 of the same culture plate under
fluorescence microscope. When MOI at 105, the transfection efficiency of the human osteosarcoma cell line G-292 was 85.78% (A, B). Anginex
inhibited proliferation of ECs in vitro. Every 8h, MTT assay was performed in the separate four groups of endothelial cells and G-292 cells (control
group, treated with rAAV-eGFP; radiotherapy group: 24 h after cell seeding, radiation at 2 Gy was used; anginex group: each well was treated with
100 wl of 10'%vg/mL rAAV-anginex; combination treatment group: this group was treated with 100 uL of 100 vg/mL rAAV-anginex, and 24 h later
receive radiation at 2 Gy). The absorbance of cell lysates at 570 nm was read. The results were expressed as mean proliferation rate + SD. C shows:
in both anginex group and combination group, the proliferation of Ecs was inhibited significantly, there was also significant difference between the
two groups; D shows the radiotherapy and the combination treatment were both effective at inhibiting the proliferation of G-292 cell line, but the
difference of the two groups with the other two was small.

Anginex had radiosensitizing effect on ECs of Ecs was 1.36, while the SER ), of G-292 cells was 1.05,
which means anginex had radiosensitizing on ECs rather
At the endpoint of the clone formation assay, the ECs than G-292 cells.
and G-292 cells showed different trends. ECs of combina-
tion group had fewer clones than the control group
(Fig. 2A1-2), while the G-292 cells of both groups had
the same clone morphology (Fig. 2B1-2).

Integrated cell survival curves of the two cells were

Suppression of tumor growth by
intratumoral injection of the rAAV-anginex
vector combined with radiotherapy

shown in Figure 2C and D, and the Dq, DO, SF2 of the
ECs in combination group were respectively 2.43, 1.88,
and 0.42, which was significantly lower than the control
group (6.96, 2.56, 0.82), while the same parameters of
G-292 cells has no significant difference (Table 1). SER,,
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After transplantation of the tumor cells, orthotopic osteo-
sarcoma was observed by micro-CT in the proximal tibiae
from the third week after tumor cell inoculation. The
tibial tumors were then injected directly with the rAAV-
eGFP or rAAV-anginex vector. In the radiotherapy group,
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B Clone assay of G-292 at 2Gy
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Figure 2. (A, B) The images of cells clone assay of ECs and G-292 cells at the radiation dose of 2 Gy. A-1 is the control group of ECs, which had more
cell clones than the combination group (A-2), while B is the clone images of G-292 cells at the radiation dose of 2 Gy, which had the no significant
difference between the two groups (B1-2). (C, D) The integrated cell survival curves of the two cell lines. In the ECs, as the radiation dose rose, the SF
difference between the control group and the combination group was becoming significant, while the trend of G-292 cells was nearly the same.

Table 1. The Dqg, DO, SF2, and SER,, of the ECs group and the G-292
cell line group.

Groups Dq DO SF2 SERp,
Control (ECs) 6.96 2.56 0.82 1.36
Combination (ECs) 2.43 1.88 0.42

Control (G-292) 5.04 3.62 0.74 1.05

Combination (G-292) 4.95 3.45 0.72

In the ECs, the Dq, DO, SF2, and SER,, of the combination group were
2.43,1.88, and 0.42, which was significantly different from the control
group, which was 6.96, 2.56, and 0.82. While in the G-292 cell line, the
three parameters were nearly the same.

mice were irradiated with 2 Gy at the lesion area for
5 weeks, and in the combination group, radiation at the
same dose was administered at the lesion area 4 days
after injection of rAAV-anginex. Every week, micro-CT
scans were used to monitor the development and growth
of the primary tumor (Fig. 3A-C).

Using the MicroView program, we found that tumor
volumes at week 8 after tumor cell inoculation were

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

37.25 £ 4.23 mm? in the control group, 27.50 + 3.02 mm?
in the radiotherapy group, 14.51 + 2.25 mm? in the ang-
inex group, and 7.12 + 1.24 mm?® in the combination
group; these differences were statistically significant
(Fig. 3D). Anginex treatment strongly inhibited tumor
growth, but the combination treatment showed significantly
synergetic effects compared to anginex or radiation alone
(P < 0.05). Also, the radiotherapy alone could decrease
the tumor volume, as the tumor cell is not so sensitive
to radiation at this radiation equivalent. Therefore, we
concluded that the decrease in tumor volume in combi-
nation group was due to the effect of anginex and radio-
therapy on ECs rather than the tumor cell itself.
Immunohistochemical staining of the tumors with anti-
CD34 antibodies on week 8 after osteosarcoma implanta-
tion showed that the combination treatment significantly
reduced the number of blood vessels in the tumors when
compared with those in the other groups. On week 8
after tumor formation, the blood vessel counts were
47.5 * 7.55 in the control group, 31.7 * 523 in the
radiotherapy group, 21.66 + 4.55 in the anginex group,
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Figure 3. At the second week after tumor cells inoculation, the typical primary osteosarcoma was seen from micro-CT scan (A). The tumor was
located in the tubercle of tibia with cortical destructions and periosteal reaction, and as time passed by, the lesion became bigger (B, C). Tumor
volumes were calculated using the equation V = 4/3r[1/4(D1 + D2)]2, where D1 is the width and D2 is the length of the tumor scanned from micro-
CT. The size of Orthotopic tumor since the second week after inoculation of the G-292 cells was seen in D. Since the fourth week, anginex group
showed decelerated growth of tumor, while from the fifth week, tumor of the combination group grew slower than the other three groups and
maintained the same tendency until the end point. Data are presented as mean volume + SD (n = 6, Bars represent average value. Error bars represent
standard deviations.*means compare with control and radiotherapy group P < 0.05, #means compare with the other three groups, P < 0.05).

and 14.35 + 2.35 in the combination group (Figs 4A-D
and 5A); the intergroup difference was significant
(P < 0.05). And the combination treatment effectively
induced apoptosis in ECs, making it difficult to count
the vessels.

Additionally, PCNA and TUNEL staining in the com-
bination group were significantly different from those in
the other three groups. The proliferation index in the
combination treatment group was lower than those in
the other groups by PCNA staining and higher than those
in the other three groups by TUNEL staining (PCNA:
20.15% =+ 4.12%; TUNEL: 76.21% =+ 9.41%; Figs 4E-L
and 5B).

Inhibitory effects of combination treatment
on pulmonary metastasis

At the eighth week after tumor inoculation, mice in the
combination groups resulted in a marked less metastatic
nodules in the lungs in comparison with the groups
(Fig. 5C and D). In addition, the combination group had
the lowest lung wet weight (P < 0.05). In contrast, two
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mice in the control group developed huge metastatic
lesions that the nodular capsular surface even adhered to
the pericardium.

All the data including MVD, branch points, vessel length,
PCNA (%), TUNEL (%), lung wet weight (mg) pulmonary
metastasis nodules of the four groups are detailed in
Table 2.

Discussion

Since the discovery that the development, growth, spread,
and invasion of malignant tumors depend on angiogenesis,
researchers have focused on the potential clinical treat-
ment strategies targeting angiogenesis. Angiogenesis plays
an important role in the development, growth, metastasis,
and recurrence of tumors, including osteosarcoma, and
provides oxygen and nutrients to the tumor cells [18].
Importantly, anti-angiogenic agents can arrest tumor
growth and prevent metastasis formation because tumors
generally cannot grow beyond 1-2 mm in diameter without
formation of new blood vessels to supply nutrients and
oxygen and to remove waste products [19, 20]. ECs, which

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Control Combination

Radiotherapy

Anginex

CD34
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TUNEL

X200 X200
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Figure 4. The ICH of the tumor slides at the eighth week after tumor cell inoculation was shown in figure (x200). The CD 34 staining of the primary
tibial osteosarcoma in the different groups was shown in A-D, which reflects the density of microvessels. The MVD of anginex and combination group
was smaller than the other two groups, while the combination group had the lowest MVD. The PCNA staining of the primary tibial osteosarcoma in
the different groups was shown in E-H, which reflected the proliferation of the tumor. The yellow-stained nucleus which represented the proliferation
of tumor cells was obviously seen in control and radiotherapy groups, moderately seen in anginex group, but seldom seen in combination group. The
Tunel staining of the primary tibial osteosarcoma in the different groups was shown in I-L, which reflected the apoptosis of the tumor. The yellow-
stained nucleus which represented the apoptosis of tumor cells was obviously seen in combination group, moderately seen in anginex group, but

seldom seen in control and radiotherapy groups.

are involved in the processes of angiogenesis, can act as
the therapeutic target because ECs are more accessible
than other cells to pharmacologic agents delivered via the
blood. Additionally, ECs are genetically stable and are
not easily mutated into drug-resistant variants [7, 8].
Some anti-angiogenic agents such as endostatin [21],
vasostatin [22], thrombospondin [23], angiostatin [24],
and BPI [25] have been successfully produced to inhibit
the growth and adhesion of ECs, thus resulting in tumor
cell apoptosis. Many types of cancer, including osteosar-
coma, have been shown sensitive to these anti-angiogenic
agents [5, 6, 26]. However, there are still challenges pre-
venting the wide applications of these agents, including
drug resistance, renal and hepatic toxicity, and inhibition
of normal vascularization. The development of the arti-
ficially synthesized peptide anginex helped to overcome
some of these problems. Studies have revealed that anginex
acts by specifically blocking the adhesion and migration
of angiogenically activated ECs, leading to apoptosis and

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

ultimately to inhibition of angiogenesis in vitro and in
vivo [8], with minor toxicity to normal tissues and organs
[18]. Previous studies have also demonstrated the inhibi-
tory effects of this drug on the growth and metastasis of
some types of tumors, including human ovarian carcinoma
[12], human hepatoma [10], and other cancers [18].
However, the effects of anginex on osteosarcoma are still
unknown. In this study, we used rAAV-mediated gene
transfer technique to investigate the inhibitory effects of
anginex in osteosarcoma.

Compared with retroviruses and adenoviruses, AAV
appears more efficient, less host inflammatory response,
and longer expression period following in vivo transduc-
tion [27]. These features make AAV an ideal carrier in
gene therapy applications. Moreover, AAV is a nonpatho-
genic, replication-defective single-stranded DNA virus,
capable of persisting by integrating into the host genome
[10, 28]. A previous study showed that sustained delivery
of anti-angiogenic factors is essential for successful
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Figure 5. The column chart of MVD, PCNA, Tunel, lung wet weight, and the pulmonary metastasis nodules was shown in figure. The MVD of the
orthotopic tumor of each group at the eighth week was shown in A. Compared with the control and radiotherapy groups, anginex and combination

group had the lower MVD, but there was difference between them, which m
of the orthotopic tumor of each group at the eighth week was shown in

combination group had the lower proliferation rate and higher apoptosis rate,

eant the combination group had the lowest MVD. The PCNA and Tunel
B. Compared with the control and radiotherapy groups, anginex and
but there was also difference between them. The lung wet weight and

pulmonary metastasis nodules of each group at the eighth week were shown in C. Compared with the other three groups, the combination group

had the lowest lung weight and the fewest metastasis nodules, which was

shown in D (n = 6, Bars represent average value. Error bars represent

standard deviations. **means compare with control group P < 0.05, *means compare with control and radiotherapy group P < 0.05, #means

compare with the other three groups, P < 0.05).

Table 2. The MVD, branch points, vessel length, PCNA, Tunel, lung wet weight, and pulmonary nodules.

Lung wet weight  Pulmonary
MVD Branch points ~ Vessel length  PCNA (%) TUNEL (%) (mg) nodules
Control 10,027.21 £ 2014.65 9.44 + 148 1265+ 1.69 7846 +7.45 1049 + 498 32845+ 2157 9.38+2.76
Radiotherapy 9258.56 + 1835.42** 8.68 +1.36 1136197 67.35+5.01 15.25+3.54 29821 +24.68 4.698 +2.46**
Anginex 5682.25 + 1536.58*  3.14 + 0.87* 9.64 + 1.35* 40.61 +£5.66* 50.69 +4.89* 184.15+ 17.25%  3.85+ 1.24*
Combination 3616.68 + 1265.68"* 1.35 + 0.54* 6.25+ 1.06% 20.15+4.12% 7621 +9.41% 9154+ 10.88* 1.02 + 0.55%*

n = 6, Bars represent average value. Error bars represent standard deviations.
**Means compare with control group P < 0.05

*Means compare with control and radiotherapy group P < 0.05

#Means compare with the other three groups, P < 0.05.

suppression of tumor growth [29]. Direct protein delivery
through veins or through intratumoral injection of phar-
maceutical reagents has limited efficacy in treating tumors.
When given intraventricularly, the short half-lives of these
proteins made them difficult to maintain an appropriate
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concentration. Frequent intratumoral injections of the
therapeutic proteins may elicit local immunological prob-
lems and induce certain complications, such as infections
and hemorrhage. In a study by Dings, osmotic minipumps
were implanted subcutaneously as continuous and systemic

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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modes of treatment for 28 days; however, the long implan-
tation time of such continuous indwelling infusion devices
increases the risk of infection, and this approach is often
considered too expensive for widespread application [12].
In our study, an AAV-mediated gene transfer technique
was used to transduce the therapeutic gene rather than
delivering the peptide itself, resulted in high transduction
efficiency and a continuous transgene production. In our
case, at the end of the eighth week of treatment, the
fluorescent light in the tumor cells was still strong in the
rAAV-eGFP group, indicating persistent expression, and
the transgene product could be detected for at least 8 weeks
in our animal study, indicating the prolonged functional
stage of the targeting transgene.

In our study, we first investigate whether the anginex
alone had effect on the growth of osteosarcoma, the
results of tumor volume and ICH of the anginex group
revealed anginex had anti-angiogenic effect on this tumor,
the main mechanism is its inhibition on the proliferation
of ECs, and this conclusion is in accordance with our
expectation, which formed the basis of the combination
therapy. Then, we found the tumor volume of combina-
tion treatment group was smaller than the anginex group,
and the possible reason was as the following: (1) the
radiation of the combination treatment group had effect
on ECs; (2) the radiation of the combination treatment
group had effect on G-292 cells, as in the MTT assay
the radiation had limited effect on the tumor cells
(Fig. 1D), which means this tumor cell is not so sensi-
tive to radiation at this radiation equivalent, and combined
with the results of the clone formation assay, then we
can conclude that the radiation in combination treatment
group may play a role on ECs, not tumor cells. And
the decrease in MVD in the radiotherapy group also
confirmed this conclusion (Fig. 5A). So what is the
mechanism of the combination therapy on ECs? Through
the previous researches, we could know that there are
mainly two mechanisms of the combined radiation with
anti-angiogenic agents [30-32]. One is so-called vascular
normalization, which means the anti-angiogenic agents
can make the tumor vessels become normal. As we know
the vessels of tumor have different morphology with that
in other tissues, these vessels are twisted, distorted, and
arranged in disorder, which make the tumor cannot get
enough oxygen and then become resistant to the chemo-
therapy and radiotherapy. But the use of anti-angiogenic
agents can reverse these abnormal vessels, then the varied
vessels can provide more oxygen to the tumor which let
them more sensitive to radiation and also the varied
vessels can bring more chemotherapeutic agents to the
target cells. The other theory is called “radio-sensitizing
effect” of anginex on tumor vessels. This effect was first
described by Dings [12], who used ovarian tumor cells

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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and models to investigate the involved mechanisms and
found that anginex functioned as an EC-specific radio-
sensitizer because anginex did not affect the in vitro
radiosensitivity of MA148 ovarian carcinoma cells, but
significantly enhanced the in vitro radiosensitivity of ECs.
In our study, as shown in Figure 1D, G-292 osteosarcoma
cells were only weakly radiosensitive at default radiation
equivalent, and the following clone formation assay showed
the SER,, of Ecs was 1.36, so we tend to ascribe the
combination effect to the second theory “radio-sensitizing
effect,” which means the anginex made the ECs become
more sensitive to the radiation. Our data suggest that
anginex combined with radiation may be an excellent
therapeutic strategy for prolonged and effective inhibition
of angiogenesis during osteosarcoma development and
progression.

Our results also confirmed the inhibitory effects of
anginex combined with radiation on pulmonary metastasis.
Compared with the combination group in which only
one or two small metastatic nodules were observed, the
metastatic nodules in the control group mice were large
and adhered to the pericardium. Our data revealed that
nearly all the mice in the treatment group had pulmonary
nodules, which indicated that the AAV-anginex had no
effect on inhibiting early metastasis of the tumor, consist-
ent with the theory that the growth of solid tumors greater
than 1-2 mm?® is critically dependent on angiogenesis.
However, after the metastatic nodules grew to larger than
2 mm?, when the vessels became the main supply of
nutrition for the tumor, the combination therapy showed
good efficacy.

In summary, data from this study suggested that com-
bination regimens of anti-angiogenic approaches and
radiotherapy effectively and synergistically halted the pri-
mary tumor growth compared with the individual treat-
ment and control groups, may provide a potential
therapeutic avenue for osteosarcoma. However, this strategy
did not completely recess the growth and progression of
the tumor, suggesting that angiogenesis is a complex
mechanism involving multiple factors and pathways.
Further investigations are warranted to explore the detailed
mechanisms and potential applications of this combination
strategy, such as the detailed cellular pathway.
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