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Abstract

Newcastle disease virus (NDV)-mediated gene therapy is a promising new approach for
treatment of cancer but shows limited anti-angiogenesis. VEGF-Trap plays a vital role in
anti-angiogenesis. To enhance the anti-tumor effect of NDV, VEGF-Trap gene was incorpo-
rated into the genome of rNDV in this study (named rNDV-VEGF-Trap). Results showed
that rNDV-VEGF-Trap reduced cell growth ratio by 85.37% and migration ratio by 87.9% in
EA.hy926 cells. In vivo studies, INDV-VEGF-Trap reduced tumor volume and weight of
CT26-bearing mice by more than 3 folds. Immunohistochemistry analysis of CD34 showed
rNDV-VEGF-Trap significantly decreased the number of vascular endothelial cells in the
tumor tissues. Moreover, Western blot analysis demonstrated that treatment with rNDV-
VEGF-Trap significantly decreased the phosphorylation levels of AKT, ERK1/2 and STAT3
and increased the expression levels of P53, BAX and cleaved caspase-3 in the tumor tissue.
In addition, to evaluate the toxicity of INDV-VEGF-Trap, serum chemistries were analyzed.
The results showed that rINDV-VEGF-Trap caused insignificant changes of creatinine lev-
els, alanine aminotransferase and aspartate transaminase. Furthermore, administration of
rNDV-VEGF-Trap did not cause the diarrhoea, decreased appetite, weight decrease and
haemorrhage of the experimental mice. These data suggest that NDV-VEGF-Trap exhibits
an enhanced inhibition of CT26-bearing mice by enhancing anti-angiogenesis and apopto-
sis and may be a potential candidate for carcinoma therapy especially for colon cancer.

Introduction

Colon cancer is one of the main causes of cancer death in humans [1]. It is similar to most
other malignancies possessing the risk of malignant invasion and metastasis [2, 3]. One-half of
patients with colon cancer will develop liver or lung metastasis, which are associated with
abundant vascular distribution [4]. Currently, surgery, radiotherapy and chemotherapy are the
major strategies for colon cancer. However, the high recurrence rate and adverse reactions
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decreased overall survival rate [5]. Therefore, optimizing the treatment strategy is a major
challenge to improve the survival rate [6-8]. Besides traditional methods, immunotherapy has
become a hot field, which includes oncolytic viruses, tumor vaccines and immune checkpoint
inhibitors etc. [9-14]. With the development of genetic engineering and related disciplines,
oncolytic viruses have been widely applied to treat colon cancer in recent years [15].

Newcastle disease virus (NDV) is affiliated to the family Paramyxoviridae, which is an avian
paramyxovirus type I virus [16, 17]. The 15186 nucleotides of NDV genome encode six struc-
tural proteins, which are nucleocapsid protein (NP), phosphoprotein (P), RNA-dependent
RNA polymerase (L), matrix protein (M), hemagglutinin-neuraminidase (HN) and fusion
protein (F) [18, 19]. NDV causes severe infection in avian species, but there is no significant
symptoms to humans. NDV is safe in humans due to host range restriction and there is no
pre-existing antibody to NDV in the human population. NDV is antigenically distinct from
common human pathogens [20]. Moreover, it exhibits oncolytic ability through specifically
replicates in tumor cells rather than normal cells [21, 22]. The oncolytic potency relies on the
ability to induce apoptosis in infected cancer cells [23, 24]. However, the clinical application of
NDV isn’t satisfactory. The reason may be that anti-angiogenesis effect of NDV is still limited
[25, 26].

Angiogenesis plays a crucial role in tumor growth and metastasis [27, 28]. The growth, local
tissue invasion and distant metastasis of colon cancer are highly dependent on angiogenesis
[29, 30]. Colon cancer is one of the ideal angiogenesis-dependent solid tumors. In tumor cells,
the activation of oncogenes and inactivation of tumor suppressor genes lead to the upregula-
tion of VEGF [31, 32]. Overproduction of VEGF leads to abnormal changes in tumor vessels,
such as distortion, fragmentation, and lack of pericytes. These dysfunctional and leaky vessels
promote the development of tumor tissue microenvironment, which limits the delivery of
anti-tumor drugs to the targets [33]. VEGF and its signaling pathway represent attractive tar-
gets for the treatment of cancer, because the growth factor plays an important pro-angiogenic
cytokine role in various cancer types [34]. A previous study describes anti-angiogenic therapy
using vascular endothelial growth factor trap (named VEGF-Trap or aflibercept), which is an
effective protein that blocks the tumor-associated VEGF signaling pathway. VEGF-Trap, as a
fusion protein, is composed of some extracellular domains of VEGF 1 receptor and VEGF 2
receptor and FC segment of human IgG antibody [35]. VEGF-Trap blocks the signal transduc-
tion of VEGF/VEGEFR and inhibits angiogenesis and the tumor growth by binding with VEGF
[36]. However, repeated injections of VEGF-Trap lead to adverse reactions, such as aspartate
transaminase (AST) increase, serum creatinine increase, alanine aminotransferase (ALT)
increase, diarrhea, decreased appetite, weight decrease and haemorrhage of the patients [37].
Therefore, the treatment of VEGF-Trap still needs to overcome these limitations.

In this study, we attempt to enhance the antitumor effect of NDV by modifying it to express
VEGE-Trap. Antitumor efficacy and security were evaluated in vitro and in vivo. Our results
suggest that the virus possesses a significant inhibitory effect on vascular endothelial cells line
EA hy926 and shows an enhanced oncolytic activity and security in the CT26-bearing model
mice.

Materials and methods
Virus and cell lines

The strain E.coli DH5a0, strain E.coli STBL2, recombinant Newcastle disease virus vector,
VEGE-Trap gene, auxiliary plasmid (PTM-NP, PTM-P and PTM-L), human colon cancer cell
line (HCT116), human umbilical vein endothelial cell line (EA.hy926), mouse colon cancer
cell line (CT26), mouse breast cancer cell line (4T-1), hamster kidney cell line (BHK-21), were

PLOS ONE | https://doi.org/10.1371/journal.pone.0264896  April 5, 2022 2/17


https://doi.org/10.1371/journal.pone.0264896

PLOS ONE

Newcastle disease virus expressing an angiogenic inhibitor exerts an enhanced therapeutic efficacy

supplied by northeast agricultural university biological pharmaceutical teaching and research
section. CT26 and 4T-1 were maintained in RPMI 1640 supplemented with 10% (v/v) FBS, 1%
(v/v) penicillin/streptomycin. BHK-21 were maintained in DMEM containing 10% new-born
calf serum (NCS) and 1% penicillin/streptomycin. HCT116 was maintained in McCoy’5A sup-
plemented with 10% (v/v) FBS, 1% (v/v) penicillin/streptomycin. All cell lines were authenti-
cated using Short Tandem Repeat profiling, tested for mycoplasma contamination and grown
at 37°C humidified incubator with 5% CO, atmosphere.

Other reagents

DMEM, McCoy’5A, RPMI 1640 were purchased from GIBCO company, and fetal bovine
serum was purchased from PAN-Biotech; Restriction enzymes (Pmel, Sacll), rTaqg DNA poly-
merase, T4 DNA ligase purchase since NEB company; DNA Marker, PMD18-T and dNTPs
were purchased from TaKaRa Company. Lipofectmine 3000 transfection reagent purchased
from Invitrogen company; The plasmid extraction kit was purchased from OMEGA; DNA
recovery kit and PCR product purification kit were purchased from Qiagen Company. DNA
PCR primers were synthesized by Shanghai Sangon. Anti-human IgG4 Fc (HRP) antibodies,
anti-mouse Bcl-2, VEGF-Trap and CD34 antibodies were purchased from Abcam. Anti-
mouse B-actin, caspase-3, BAX, STAT3, AKT, p44/42MAPK(ERK1/2), phospho-STAT3
(named P-STAT3), phospho-AKT (named P-AKT) and phospho-p44/42MAPK(ERK1/2)
(named P-ERK1/2) antibodies were purchased from cell signaling technology.

Recombinant Newcastle disease virus

The clone30 strain was used to provide a backbone for construction of the recombinant virus,
which could cause syncytia formation in mammalian cells. Reverse-genetics technology was
used for the construction of INDV [38]. In order to improve the oncolytic effect of the virus,
the recombinant plasmid was constructed by exchanging the F gene of lentogenic strain
Clone30 with Anhinga, and then the chimeric virus INDV was constructed [24] and
sequenced by reverse transcription PCR for fidelity.

Analysis of viral growth in CT26 cell line

Viral growth was determined in the CT26 cell line. Cells planted in 24-well plates were infected
with 0.1 MOI rNDV or INDV-VEGF-Trap. The supernatants were collected at 12, 24, 36, 48,
60 and 72h post infection. The viral concentration was measured at end-point titration on
CT26 cells and calculated as 50% tissue culture infective dose (1IgTCIDs,) per mL.

Determination of exogenous VEGF-Trap protein expression

CT26 cells (5 x 10° cells) were respectively infected with 1 MOI tNDV-VEGE-Trap and rINDV
and the control group received PBS. The methods were accorded to description of Ying An’s
paper [24]. After 24h incubation, cell supernatant and cells resuspended in lysis buffer supple-
mented with proteases inhibitor were harvested for Western blot. Samples were separated by
10% sodium dodecylsulfate-poly acrylamide gel electrophoresis (SDS-PAGE), and transferred
to a nitrocellulose membrane. The blot was visualized by chemiluminescence and autoradi-
ography using X-ray film. Each gel was tested with mouse anti-human IgG4 Fc (HRP) anti-
body to identify VEGF-Trap.
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Cell viability assay

Cell viability was quantified by a short-term microculture tetrazolium (MTT) assay [24].
Approximately 1-2 x 10* CT26, 4T-1, HCT116 and EA.hy926 cells were plated into 96-well
plates in complete medium. Then, these cells were infected with INDV-VEGF-Trap, INDV at
the dose of 0.01 MOI, 0.1 MOI, 1 MOI and 10 MOI in triplicate. 20 pL MTT solutions (5 mg/
mL in sterile phosphate-buffered saline) were added to the cell after 48h of incubation. After 4
hours, the MTT solution in the wells was discarded, then 150 pL dimethyl sulfoxide (DMSO)
was added. The absorption was measured by a microplate reader at 490 nm (OD490). The cell
viability was converted and expressed as the percentage of the control. The cells without any
treatment were used as negative control.

Inhibition rate = (control group OD—treatment group OD)/control group OD x 100%

Migration assay

The effect of INDV-VEGF-Trap on cell migration was measured by wound healing experi-
ments [24]. The same EA hy926 cell numbers were respectively seeded into 6-well plates as
control and treatment groups. Then, a cell-free area of confluent monolayer cells was created
by scratching with a 1 mL pipette tip. After washing the isolated cells, monolayer cells were cul-
tured in a maintenance medium containing 2% FBS. The cells were incubated with 1 MOI
rNDV or —INDV-VEGE-Trap for 24h and 48h, then washed with PBS and photographed. The
representative images were captured with a camera (Nikon, Japan) attached to a microscope.
For comparing the migration rate, scratches were photographed in three separate fields, and
then the scratch area was measured by Image]. The experiment was repeated three times.

Analysis of tumor growth in colon cancer model

All procedures involving animals were according to the guidelines issued by National Institute
of Health and the Institutional Animal Care and Use Committee of Northeast Agriculture
University. Healthy 6-week-old female BALB/c mice with a weight of 19 + 1 g were permitted
to feed and drink freely. CT26 cells (1 x 10°) were subcutaneously implanted into the right
groin of mice and tumors were allowed to grow until the average diameter reached 5-8 mm.
Reference to previous publications [23, 24], Mice were randomly divided into different groups
(n = 10), and intratumorally injected with allantoic fluid or 1 x 10” pfu of the indicated viruses
every two day. Tumor volumes were calculated using the following formula: tumor volume
(V) =4/3 x mx §2/2 x L/2, where S is the smallest measured diameter and L is the largest diam-
eter. Animals were humanely culled when tumor size reached 18 mm in any dimension or at
defined experimental time points. After the treatment, animals of each group were sacrificed,
their tumors and spleens were excised, weighted, frozen, or fixed in 4% paraformaldehyde.

Histological analysis and immunohistochemical (IHC) assay

According to the method of Elham Assareh paper [39], the tumor tissues of tumor-bearing
mice were fixed with 4% formalin at room temperature for 2 days, treated with graded concen-
trations of ethanol and xylene, and embedded in paraffin. The sections of 4-5 mm were
mounted on adhesive glass slides. Tumor tissue sections were stained with Hematoxylin and
eosin (HE) for investigation of morphological changes in treatment and control groups. IHC
staining analysis was performed to localize specific tissue antigens. The sections were incu-
bated at 4°C with the primary mouse monoclonal antibodies CD34 (1:2500) for overnight.
Antigens is detected with 3,3-diaminobenzidine (DAB). All images were analyzed using Image
] software.
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Western blot analysis

CT26 tumor tissues were lysed with RIPA buffer containing protease and phosphatase inhibi-
tors (Beyotime, China) as described by Maryam Farizaneh Behelgardi report [40]. After centri-
fugation, the protein samples were treated with 5 x loading buffer (Beyotime, China). Protein
concentrations were determined by the BCA quantitative kit (Beyotime, China). Equal
amounts of total proteins were added into 12% sodium dodecyl sulfate-polyacrylamide gel for
electrophoresis. Proteins were transferred to polyvinyl difluoride (PVDF) membranes followed
by blocking with 5% non-fat milk for 2h. The primary antibodies including anti-P-AKT, anti-
total-AKT, anti-P-STAT3 (1:2000), anti-P-ERK1/2, anti-total-STAT3, anti-total-ERK1/2, anti-
P53, anti-BAX, anti-Bcl-2 and anti-caspase-3 (1:1000) were incubated overnight at 4 °C. After
three times washing in Tris Buffered Saline-Tween, the membranes were incubated with an
appropriate HRP-conjugated secondary antibody for 1 h at room temperature. Protein bands
were visualized using ECL reagent.

Toxicity study

Based on the exposure of VEGF-Trap in clinical treatment of various adverse reactions, the
diarrhoea, appetite, weight and haemorrhage of the experimental mice were recorded through-
out the treatment phase. At the end of the animal experiment, whole blood was collected
through the eyeballs of the experimental mice. Then the serum was isolated from whole blood
for determination of serum concentrations of AST, ALT and creatinine. All key organs were
observed and viral residues were detected in the normal tissues.

Statistical analysis

The statistical significance of quantitative data between different groups were determined with
GraphPad prism software (Version 5.01, GraphPad Software Inc., La Jolla, California). All data
were expressed as mean + SEM, significance was determined by performing one- or two-sided
Student’s t tests and defined as a p value < 0.05, p value < 0.01.

Results
Generation of INDV-VEGF-Trap

The VEGF-Trap gene was incorporated at the position between the phosphoprotein and
matrix protein genes of the INDV genome (Fig 1A). Recombinant NDV were then rescued by
transfecting BHK-21 cells with incorporated plasmid along with the helper plasmid PTM-NP,
PTM-P and PTM-L. The culture supernatant was harvested at 72h post transfection and inocu-
lated into 10 days SPF embryo chicken eggs. After 3 days, the allantoic fluid was harvested and
the titers were determined by hemagglutination Assay (HA) test. The successful generation of
rNDV-VEGEF-Trap virus were evaluated by the high titers of virus.

Growth and VEGEF-Trap protein expression of INDV-VEGF-Trap

In order to verify the proliferation ability of INDV-VEGEF-Trap in tumor cells, CT26 cells were
infected with 0.1 MOI rNDV or rNDV-VEGF-Trap. The supernatant was harvested at differ-
ent time points. Then the viral titers in the supernatants were determined in triplicate. Com-
pared with INDV, rINDV-VEGEF-Trap has no significant difference in the kinetics of
replication (Fig 1B). To investigate the expression of VEGF-Trap protein, CT26 cells were
treated with 1 MOI rINDV-VEGEF-Trap. After 24h incubation, cell supernatant and cells resus-
pended in lysis buffer supplemented with proteases inhibitor were harvested for Western blot.
Result showed that the VEGF-Trap expression was detected in the mixture of cell lysate and
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Fig 1. Schematic representation of the genomes, characterization and VEGF-Trap protein of INDV-VEGF-Trap.
(A) Diagram showed insertion of the VEGF-Trap gene into the INDV genomes at the position between the P and M
genes. Recombinant NDV were rescued by transfecting BHK-21 cells with incorporated plasmid along with the helper
plasmid PTM-NP, PTM-P and PTM-L. The culture supernatant was harvested at 72h post transfection and inoculated
into 10 days SPF embryo chicken eggs. After 3 days, the allantoic fluid was harvested and the titers were determined by
hemagglutination Assay (HA) test. (B) Growth curves of INDV-VEGEF-Trap. CT26 cells were infected with rNDV and
rNDV-VEGF-Trap at 0.1 MOI. Cell monolayers were lysed at 12, 24, 48, 60 and 72h post-infection for intracellular
titer measurement by TCID50. (C) The expression of VEGF-Trap proteins in CT26 cells. CT26 cells were respectively
infected with 1 MOI INDV-VEGF-Trap or rNDV and the control group received PBS. After 24h incubation, cell
supernatant and cells resuspended in lysis buffer supplemented with proteases inhibitor were harvested for Western
blot. Result showed that the VEGF-Trap expression was detected in the mixture of cell lysate and supernatant. (D) In
vivo, tumor tissues were selected from each group and assayed using Western blot. Result demonstrated that the
expression of VEGF-Trap in the tumor tissues of INDV-VEGEF-Trap treated group was significantly higher than that
in INDV-treated group and model group.

https://doi.org/10.1371/journal.pone.0264896.9001

supernatant (Fig 1C). In vivo, tumor tissues were selected from each group and assayed using
Western blot. Result demonstrated that the expression of VEGF-Trap in the tumor tissues of
rNDV-VEGE-Trap treated group was significantly higher than that in NDV-treated group
and model-treated group (Fig 1D). Overall, these results indicate that INDV-VEGF-Trap
expresses VEGF-Trap protein at a high level.

rNDV-VEGF-Trap suppresses tumor cells and vascular endothelial cells
growth

To better characterize the INDV-VEGEF-Trap vrus in comparison to the parental virus NDV,
the direct cytotoxic activity of INDV-VEGF-Trap was measured in CT26, 4T-1, HCT116, EA.
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hy926 cells in this study. Results showed that there is no significant difference in other three
cell types between rNDV and rNDV-VEGEF-Trap. The growth inhibition rates of INDV and
rNDV-VEGF-Trap treated group increased along with virus concentration in four cell lines
(Fig 2A). These data indicate that there is no significant difference in cytotoxic activity
between -INDV and rNDV-VEGF-Trap. However, when EA.hy926 were infected with
rNDV-VEGE-Trap or INDV of 10 MOI for 48h, the inhibition rates were respectively 85.37%
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Fig 2. In vitro studies. (A) Cytotoxic effects of INDV-VEGF-Trap on cancer cells and vascular endothelial cells. 4T-1,
CT26, HCT116, and EA.hy926 cells incubated with PBS were used as controls. MTT method was used to measure the
cell density. The data are the mean + SEM of triple samples. (B) Inhibition of cell migration by recombinant virus.
Wound healing assay was performed on EA.hy926 cells, the cells were infected with 1 MOI rINDV-VEGF-Trap or
rNDV and cell migration was evaluated at regular time points post-infection. The number of migrated cells were
assessed by microscope. The assay was performed in triplicate. The data are the means + SEM of triple samples (ns
means no significance; *P < 0.05; **P < 0.01; P < 0.01).

https://doi.org/10.1371/journal.pone.0264896.g002
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+3.20% and 74.26% =* 2.12%. These data suggest that INDV-VEGEF-Trap significantly inhibits
the growth of EA.hy926 cells compared with INDV.

Effects of INDV-VEGF-Trap on EA.hy926 cell migration

Scratch test was used to investigate changes in the migration of EA.hy926 cells after treatment
with INDV and rNDV-VEGEF-Trap for 48h. The migration rates of EA.hy926 cell in PBS
group, INDV group and INDV-VEGEF-Trap group were respectively 81.79%, 26.5% and 12.1%
at 48h (Fig 2B). The results showed that INDV-VEGF-Trap further inhibited EA.hy926 cell
migration compared with INDV.

rNDV-VEGF-Trap further suppresses tumor growth in mice

When the tumor size reached about 100 mm®, the mice were divided into three groups. Their
tumor volume and weight were recorded every 2 days. The average tumor sizes of the model
group, INDV group and INDV-VEGEF-Trap group were respectively 1889.18+408.16 mm?>,
728.49+287.41 mm’ and 351.1+142.58 mm’ (Fig 3A). After necropsy, tumors excised from each
group showed that INDV-VEGF-Trap significantly ameliorates tumor texture and vascular den-
sity compared to both model and rNDV groups (Fig 3B). Moreover, the average tumor weights
of each group were respectively 1.456+0.459 g, 0.603+0.311 g and 0.169+0.154 g (Fig 3C). The
average rates of tumor weight in each group were respectively 5.34+0.81, 2.22+0.33 and 0.64
10.24 (Fig 3D). Taken together, these data demonstrate that treatment with INDV-VEGF-Trap
further inhibits tumor growth compared with rDNV or model group in the colon cancer model.

rNDV-VEGF-Trap shows enhanced antineoplastic activity and anti-
angiogenesis

As shown in Fig 4A, H&E staining tumor sections showed that tumors derived from
rNDV-VEGEF-Trap group demonstrated significant suppression to tumor cell viability than
rNDV and model group. Then we evaluated the inhibition of INDV-VEGEF-Trap on vascular
endothelial cell proliferation in the tumor tissue by CD34 IHC assay. Compared with model
and rNDV group, we found that the expression of CD34 was significantly decreased by treat-
ment with INDV-VEGEF-Trap (Fig 4B). These data suggest that INDV-VEGF-Trap exhibits an
enhanced therapeutic efficacy in colon cancer model.

rNDV-VEGF-Trap modulates the related protein expression of
angiogenesis and apoptosis

To elucidate the antiangiogenic mechanisms of INDV-VEGEF-Trap, the related proteins of
VEGF signaling pathway were analyzed by Western blot. As shown in Fig 5A, the expression
levels of P-AKT, P-ERK and P-STAT in INDV-VEGEF-Trap group were significantly reduced
compared with INDV, while there was no significant difference in the total expression levels of
AKT, ERK, and STATS3. The relative protein expression levels were expressed as the ratio of
P-AKT to AKT, P-ERK1/2 to ERK1/2 and P-STAT3 to STATS3 (arbitrary units). The results
showed that INDV-VEGEF-Trap exhibited the ability to inhibit the related protein activation of
VEGF/VEGEFR downstream signaling pathways. Besides, the related protein expressions of
tumor apoptosis were measured by Western blot. As shown in Fig 5B, the expression levels of
P53, BAX and cleaved caspase-3 were significantly increased and the expression level of Bcl-2
was significantly downregulated in INDV group compared with model group. Moreover,
compared with INDV, rINDV-VEGEF-Trap significantly increased the expression levels of P53,
BAX, and cleaved caspase-3 and significantly downregulated the expression level of Bcl-2.
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Fig 3. INDV-VEGF-Trap further suppresses tumor growth of CT26-bearing mice. Six-week-old female BALB/c
mice were injected with 10® CT26 cells in the right groin. When the tumor size reached about 100 mm?, the mice were
intratumorally treated with INDV or rNDV-VEGE-Trap at 107 pfu. The mice were euthanized and necropsy was
performed after 15 days of treatment. (A) The tumor volume of CT26-bearing mice was measured in two dimensions
every other day using digital calipers. (B) Tumor collected at the end of the experiment. (C) Tumor Weight. (D) The

ratio of tumor weight to body weight. Model: mice treated with allantoic fluid (n = 10); ns: no significance; *P < 0.05;
**P < 0.01.

https://doi.org/10.1371/journal.pone.0264896.9003

These data suggest that INDV-VEGEF-Trap further promotes apoptosis and anti-angiogenesis

by the related proteins of VEGF signaling pathway, consequently further inhibiting the growth
of tumor tissue.
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Fig 4. INDV-VEGF-Trap enhances oncolytic effect in CT26 model. Six-week-old female BALB/c mice were injected
with 10° CT26 cells in the right groin. When the tumor size reached about 100 mm®, the mice were intratumorally
injected with rINDV or rINDV-VEGF-Trap at 10” pfu. The mice were euthanized and necropsy was performed after 15
days of treatment. (A) H&E staining of CT26 tumor section after treatment. (B) CD34 in the tumor tissues were
visualized by IHC assay. The proliferation of vascular endothelial cells were shown in brown. Model: mice treated with
allantoic fluid. N = 3. Magnification: 100x, 200x, 400x.

https://doi.org/10.1371/journal.pone.0264896.9004

rNDV-VEGF-Trap demonstrates therapeutic safety

Previous papers demonstrate that administration of VEGF-Trap exhibits common adverse
events in clinical, including diarrhoea, decreased appetite, weight loss, haemorrhage, deterio-
rated creatinine levels, AST and ALT [41]. In this study, our results showed these common
adverse events were not significantly observed in each group (normal, model, INDV,
rNDV-VEGF-Trap) of the CT26-bearing mice (Fig 6 and Table 1). These results suggest that
rNDV-VEGF-Trap exhibits therapeutic safety.

Discussion

As one of the oncolytic viruses, Newcastle disease virus represents a new class of therapeutic
agents of cancer therapy [42]. But, due to anti-angiogenesis effect of NDV is still limited, the
clinical application of NDV isn’t satisfactory [43]. At present, VEGF-Trap, bevacizumab,
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Fig 5. INDV-VEGF-Trap inhibits the phosphorylation of the VEGF signaling pathway related proteins AKT,
ERK1/2, STAT3 and mediates the expression of the apoptosis-related proteins P53, Bcl-2, BAX, caspase-3. Six-
week-old female BALB/c mice were injected with 10° CT26 cells in the right groin. When the tumor size reached about
100 mm?, the mice were intratumorally treated with INDV or INDV-VEGE-Trap at 10” pfu. The mice were
euthanized and necropsy was performed after 15 days of treatment. CT26 tumor tissue (each group 0.5 g) was
homogenized, the supernatant was collected after centrifugation. The expression of the VEGF signaling pathway
related proteins and the apoptosis-related proteins in supernatant were detected by Western blot. (A) Treatment with
rNDV-VEGF-Trap significantly reduced the expression levels of P-AKT, P-ERK and P-STAT3 compared with INDV.
The relative protein expression levels were expressed as the ratio of P-AKT to AKT, P-ERK1/2 to ERK1/2 and
P-STAT3 to STATS3 (arbitrary units). (B) INDV-VEGEF-Trap significantly increased the expression levels of P53, BAX
and cleaved caspase-3 and significantly downregulated the expression level of Bcl-2 compared with rNDV. B-actin was
used as reference to quantify the protein bands by densitometry using Image] software. All data were expressed as
mean +SEM, N = 3, (ns, no significant; *P < 0.05; **P < 0.01) compared to the model.

https://doi.org/10.1371/journal.pone.0264896.9005

cetuximab and panitumumab show promising in antiangiogenic therapy, in which VEGF-
Trap has the advantages of significant therapeutic effect and long Half-Life compared with
others [44, 45]. However, VEGF-Trap inevitably arises multiple adverse effects in the clinical
treatment of colon cancer [37]. Previous study shows that researchers use recombinant AAV2
as a delivery vehicle to achieve long-lasting expression of VEGE-Trap protein in a mouse
model, simultaneously suppressing primary tumor growth and preventing the metastases of
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Fig 6. INDV-VEGF-Trap demonstrates therapeutic safety. At the end of the animal experiment, whole blood was
collected through the eyeballs of the experimental mice. Then the serum was isolated from whole blood for
determination of serum concentrations of AST, ALT and creatinine (A). The serum biochemistry data of the
experimental mice values were expressed as mean + SEM. ALT: alanine aminotransferase; AST: aspartate
transaminase; CREA: creatinine; Normal: normal mice. (ns: no significance).

https://doi.org/10.1371/journal.pone.0264896.9006

tumors [46]. However, the therapeutic effect need to be optimized for improving the survival
rate. Therefore, these problems indicate that it is necessary to find a potential candidate for the
treatment of colon cancer.

In this study, we generated INDV-VEGF-Trap using reverse genetics. As anticipated, the
kinetics of replication of INDV-VEGEF-Trap did not show significant changes and
rNDV-VEGEF-Trap successfully expressed VEGF-Trap protein in the CT26 tumor cells and
the tumor tissues. NDV specifically replicates in cancer cells rather than in normal cells
because of the defective IFN signal pathways in cancer cells [24]. EA. hy926 cells are hybridized
by HUVEC cells and lung cancer cells A549, which have the dual characteristics of vascular
endothelial cells and lung cancer cells [47]. Therefore, we choose EA. hy926 cells as antiangio-
genic model. MTT results showed that the EA.hy926 cells were infected with the virus at 10
MOI for 48h, the inhibitory rate treated by INDV-VEGF-Trap was 85.37% and rNDV was
74.26%. The results showed that INDV-VEGE-Trap enhanced inhibitory efficacy of the virus.
Results of scratch test show that the EA.hy926 cells were infected with the virus at 1 MOI for
48h, the relative mobility rate treated by INDV-VEGEF-Trap was 12.1% and rNDV was 26.5%.
The results showed that INDV-VEGEF-Trap enhanced the ability of the virus to inhibit the
migration of EA.hy926 cells. The results are similar to the previously report that VEGF-Trap
protein inhibits vascular endothelial cell proliferation and migration [36]. In summary,
rNDV-VEGF-trap was successfully generated in this study. I vitro, INDV-VEGF-Trap further
inhibits the proliferation and migration of vascular endothelial cells.

Based on the encouraging in vitro results, we investigated the therapeutic efficacy of
rNDV-VEGE-Trap in CT26-bearing mice. The results showed that treatment with
rNDV-VEGEF-Trap reduced tumor volume of CT26-bearing mice by more than 3 folds and
tumor weight by more than 4 folds. The results indicate that INDV-VEGF-Trap effectively

Table 1. Diarrhoea, appetite, weight and haemorrhage situation of CT26-bearing mice throughout the treatment phase.

Normal Model rNDV rNDV-VEGF-Trap
Diarrhoea no no no no
Decreased appetite no no no no
Weight (g) 26£1.3 25+0.5 24+1.6 25+0.8
Haemorrhage no no no no

Data was presented from ten mice per group. no: No clinical symptoms were observed during the experimental period.

https://doi.org/10.1371/journal.pone.0264896.t001
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inhibits tumor growth. Previous studies have shown that tumor tissue angiogenesis is caused
by excessive and abnormal proliferation of vascular endothelial cells [48, 49]. As surface mark-
ers of vascular endothelial cells, CD34 is commonly applied to detect the situation of vascular
proliferation [50, 51]. Immunohistochemistry results of CD34 showed rINDV-VEGEF-Trap sig-
nificantly reduced the number of vascular endothelial cells in the tumor tissues of the tumor-
bearing mice. The results indicate that INDV-VEGF-Trap has a significant antiangiogenic
ability in tumor tissue than rNDV. In summary, INDV-VEGE-Trap significantly improves the
inhibiting effect on the tumor growth of the CT26 tumor-bearing mice.

Based on the results of in vivo experiments, we have shown that INDV-VEGF-Trap has the
ability to inhibit tumor growth and angiogenesis in the tumor. However, the mechanisms of
rNDV-VEGEF-Trap inhibiting angiogenesis and tumor growth are not clear. Previous studies
have shown that VEGF-Trap binds VEGF and prevents its binding and activation of VEGF
receptor [36]. As a pivotal and pervasive pro-angiogenic factor, VEGF regulates multiple
aspects of tumor angiogenesis through VEGF receptor [52]. In response to its binding,
VEGFR initiates signaling through the Raf-MEK-ERK, PI3K-AKT kinase cascades [53-55]
and STATS3 [56]. Signaling through these pathways promotes proliferation, survival and che-
motaxis in endothelial cells and ultimately produces the characteristic effects of VEGF on ves-
sels, such as increased vascular permeability and angiogenesis [57, 58]. In general, these
signaling pathways in endothelial cells are not activated in normal mouse organs, but only in
blood vessels of tumor tissues. In addition, these signaling pathways are activated not only by
VEGE-VEGF receptor, but also by other angiogenic promoters (such as basic FGF) and thus,
may serve as general indicators of angiogenic activation [59, 60]. To determine whether these
signaling pathways are blocked in tumor vessels in vivo by INDV-VEGEF-Trap, we employed
Western blot for detection of ERK (P-ERK), AKT (P-AKT) and STAT3 (P-STAT?3) in the
tumor tissue of mice. The results showed that treatment with INDV-VEGE-Trap significantly
reduced the ratios of P-AKT/AKT, P-ERK/ERK and P-STAT3/STATS3. This suggests that
rNDV-VEGEF-Trap inhibits tumor tissue angiogenesis by blocking the activation of VEGEF-
VEGEF receptor related signaling pathways. Previous studies demonstrated that VEGF-Trap
indirectly induces apoptosis of tumor cells by inhibiting angiogenesis [36]. In order to demon-
strate whether INDV-VEGF-Trap enhances virus-mediated tumor tissue apoptosis, we
detected the expression levels of P53, BAX, Bcl-2 and cleaved caspase-3 in tumor tissues by
Western blot. The results showed that the expression levels of P53, BAX, and cleaved caspase-3
in INDV-VEGEF-Trap treatment group were significantly increased and the expression levels
of Bcl-2 were significantly decreased compared with INDV. This indicates that INDV-VEGEF-
Trap further promotes the apoptosis of tumor tissue. In this study, we preliminarily confirmed
the mechanism by which INDV-VEGEF-Trap inhibits angiogenesis and tumor growth. First,
rNDV-VEGE-Trap inhibits the activation of AKT, ERK and STAT?3 signaling pathways by
blocking VEGF and VEGEF receptor binding, leading to a reduced tumor angiogenesis. Sec-
ondly, the VEGF-Trap effectively enhanced the viral-vector-mediated tumor tissue apoptosis
by inducing the expression levels of apoptotic related protein P53, BAX, Bcl-2 and cleaved cas-
pase-3. The other potential mechanisms will be further investigated in next experiment.

In previous studies, purified VEGF-Trap proteins were applied to cancer therapy, and the
main problem was the side effects [37]. In order to evaluate the adverse reactions of
rNDV-VEGE-Trap, toxicity analysis was performed. Our results showed that there were no
obvious clinical symptoms between infected and uninfected groups, including diarrhoea,
appetite, weight and haemorrhage. Besides, analysis of serum chemistries showed no signifi-
cant changes in AST, ALT and creatinine levels. Finally, we observed all key organs and didn’t
find obvious lesions. The virus residues were not detected in the normal tissues at the end of
experiment (S1 Fig). At the same time, some published papers have demonstrated NDV safety
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[24, 38]. The purpose of this study was to evaluate the enhanced therapeutic effect of the
recombinant virus expressing VEGF-Trap on colon cancer. Furthermore, additional experi-
ments will be performed, for example: improving injected frequency and survival rates study.
These data suggest that administration of INDV-VEGF-Trap is relatively safe in the treatment
of colon cancer.

In conclusion, we show a promising oncolytic agent INDV-VEGEF-Trap consisting of an
ideal vector and a suppressor gene VEGF-Trap. Our results demonstrate that INDV-VEGE-
Trap exhibits a better anticancer efficacy than rINDV in CT26 model. In addition,
rNDV-VEGF-Trap effectively reduces the adverse reactions induced by the treatment of puri-
fied VEGF-Trap and demonstrates safety. Thereby, this study provides a potential candidate
for the treatment of colon cancer.

Supporting information

S1 Fig. INDV-VEGF-Trap residue were not detected in normal tissues at the end point. At
the end of experiment, we performed the hemagglutination test (HA). The results showed that
the HA titer in the tumor tissue was 1:32 and in the normal tissues was none.

(DOCX)

S1 Raw images.
(PDF)

Author Contributions

Conceptualization: Fanrui Meng.

Data curation: Fanrui Meng, Yukai Cao, Wei Xiao.

Formal analysis: Fanrui Meng, Han Su, Tianyan Liu, Limin Tian.
Funding acquisition: Deshan Li.

Investigation: Fanrui Meng, Yukai Cao, Yu Zhang.

Methodology: Fanrui Meng, Tianyan Liu, Limin Tian, Jiarui Yang.
Resources: Wei Xiao.

Software: Yukai Cao, Han Su, Jiarui Yang.

Supervision: Fanrui Meng, Yukai Cao, Tianyan Liu, Yu Zhang, Wei Xiao, Deshan Li.
Validation: Han Su.

Visualization: Deshan Li.

Writing - original draft: Fanrui Meng.

Writing - review & editing: Fanrui Meng.

References

1. Siegel R. L. Miller K. D. & Jemal A. Cancer Statistics, 2017. CA Cancer J Clin. (2017); 67, 7-30: https://
doi.org/10.3322/caac.21387 PMID: 28055103

2. LiuH. etal. Anti-tubulin agent vinorelbine inhibits metastasis of cancer cells by regulating epithelial-
mesenchymal transition. Eur J Med Chem. (2020); 200, 112332: https://doi.org/10.1016/j.ejmech.
2020.112332 PMID: 32473523

PLOS ONE | https://doi.org/10.1371/journal.pone.0264896  April 5, 2022 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264896.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264896.s002
https://doi.org/10.3322/caac.21387
https://doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
https://doi.org/10.1016/j.ejmech.2020.112332
https://doi.org/10.1016/j.ejmech.2020.112332
http://www.ncbi.nlm.nih.gov/pubmed/32473523
https://doi.org/10.1371/journal.pone.0264896

PLOS ONE

Newcastle disease virus expressing an angiogenic inhibitor exerts an enhanced therapeutic efficacy

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Yuan L. et al. Resveratrol inhibits the invasion and metastasis of colon cancer through reversal of epi-
thelial mesenchymal transition via the AKT/GSK3beta/Snail signaling pathway. Mol Med Rep. (2019);
20, 2783-2795: https://doi.org/10.3892/mmr.2019.10528 PMID: 31524255

Stewart C. L. et al. Cytoreduction for colorectal metastases: liver, lung, peritoneum, lymph nodes, bone,
brain. When does it palliate, prolong survival, and potentially cure? Curr Probl Surg. (2018); 55, 330—
379, https://doi.org/10.1067/j.cpsurg.2018.08.004 PMID: 30526930

Wang W. et al. Molecular subtyping of colorectal cancer: Recent progress, new challenges and emerg-
ing opportunities. Semin Cancer Biol. (2019); 55, 37-52, https://doi.org/10.1016/j.semcancer.2018.05.
002 PMID: 29775690

Zugazagoitia J. et al. Current Challenges in Cancer Treatment. Clin Ther. (2016); 38, 1551-1566:
https://doi.org/10.1016/j.clinthera.2016.03.026 PMID: 27158009

Masi G. et al. Liver metastases from colorectal cancer: how to best complement medical treatment with
surgical approaches. Future Oncology 7. (2011); 1299-1323, https://doi.org/10.2217/fon.11.108
PMID: 22044204

Esther Ua Ciddn. The Challenge of Metastatic Colorectal Cancer. Clinical Medicine Insights: Oncology.
(2010); 4, 55-60, https://doi.org/10.4137/cmo.s5214 PMID: 20711244

Shi G. et al. Modulating the Tumor Microenvironment via Oncolytic Viruses and CSF-1R Inhibition Syn-
ergistically Enhances Anti-PD-1 Immunotherapy. Mol Ther. (2019); 27, 244—260, https://doi.org/10.
1016/j.ymthe.2018.11.010 PMID: 30527756

Kim S. I. et al. Vitamin D as a Primer for Oncolytic Viral Therapy in Colon Cancer Models. Int J Mol Sci.
(2020); 21: https://doi.org/10.3390/ijms21197326 PMID: 33023064

Sarvizadeh M. et al. Vaccines for colorectal cancer: an update. J Cell Biochem. (2019); 120, 8815—
8828, https://doi.org/10.1002/jcb.28179 PMID: 30536960

Weijing Y. et al. In Situ Dendritic Cell Vaccine for Effective Cancer Immunotherapy. ACS Nano (2019);
13, 3083-3094, https://doi.org/10.1021/acsnano.8b08346 PMID: 30835435

Lazarus J. et al. Spatial and phenotypic immune profiling of metastatic colon cancer. JCI Insight.(2018);
3, https://doi.org/10.1172/jci.insight.121932 PMID: 30429368

Gordon S. R. et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and
tumour immunity. Nature. (2017); 545, 495-499: https://doi.org/10.1038/nature22396 PMID: 28514441

Lee C. L. et al. Virotherapy: Current Trends and Future Prospects for Treatment of Colon and Rectal
Malignancies. Cancer Invest. (2019); 37, 393—414, https://doi.org/10.1080/07357907.2019.1660887
PMID: 31502477

Wang Y. et al. Newcastle disease virus induces G0/G1 cell cycle arrest in asynchronously growing
cells. Virology. (2018); 520, 67—74, https://doi.org/10.1016/j.virol.2018.05.005 PMID: 29793075

Afonso C. L. et al. Taxonomy of the order Mononegavirales: update 2016. Arch Virol. (2016); 161,
2351-2360, https://doi.org/10.1007/s00705-016-2880-1 PMID: 27216929

Ramp K. et al. Coexpression of avian influenza virus H5 and N1 by recombinant Newcastle disease
virus and the impact on immune response in chickens. Avian Dis. (2011); 55, 413-421, https://doi.org/
10.1637/9652-011111-Reg.1 PMID: 22017039

Liu H., de Almeida R. S., Gil P. & Albina E. Comparison of the efficiency of different Newcastle disease
virus reverse genetics systems. J Virol Methods. (2017); 249, 111-116, https://doi.org/10.1016/].
jviromet.2017.08.024 PMID: 28867302

Kim S. H. & Samal S. K. Newcastle Disease Virus as a Vaccine Vector for Development of Human and
Veterinary Vaccines. Viruses. (2016); 8, https://doi.org/10.3390/v8070183 PMID: 27384578

Fountzilas C. Patel S., & Mahalingam D. Review: Oncolytic virotherapy, updates and future directions.
Oncotarget. (2017); 8, 102617—102639, https://doi.org/10.18632/oncotarget.18309 PMID: 29254276

Zhang S. SunY.ChenH.DaiY.,ZhanY., YuS., et al. Activation of the PKR/elF2a signaling cascade
inhibits replication of Newcastle disease virus. Virology journal (2014); 11, 62: https://doi.org/10.1186/
1743-422X-11-62 PMID: 24684861

Bai F. L. et al. Genetically engineered Newcastle disease virus expressing interleukin-2 and TNF-
related apoptosis-inducing ligand for cancer therapy. Cancer Biol Ther. (2014); 15, 1226—1238, https:/
doi.org/10.4161/cbt.29686 PMID: 24971746

Ying An et al. Recombinant Newcastle disease virus expressing P53 demonstrates promising antitumor
efficiency in hepatoma model. Journal of Biomedical Science. (2016); 14, 1247-1258, https://doi.org/
10.1186/s12929-016-0273-0 PMID: 27465066

Al-Shammari A. M. Rameez H. & Al-Taee M. F. Newcastle disease virus, rituximab, and doxorubicin
combination as anti-hematological malignancy therapy. Oncolytic Virother. (2016); 5, 27-34, https://
doi.org/10.2147/0OV.S95250 PMID: 27579294

PLOS ONE | https://doi.org/10.1371/journal.pone.0264896  April 5, 2022 15/17


https://doi.org/10.3892/mmr.2019.10528
http://www.ncbi.nlm.nih.gov/pubmed/31524255
https://doi.org/10.1067/j.cpsurg.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30526930
https://doi.org/10.1016/j.semcancer.2018.05.002
https://doi.org/10.1016/j.semcancer.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29775690
https://doi.org/10.1016/j.clinthera.2016.03.026
http://www.ncbi.nlm.nih.gov/pubmed/27158009
https://doi.org/10.2217/fon.11.108
http://www.ncbi.nlm.nih.gov/pubmed/22044204
https://doi.org/10.4137/cmo.s5214
http://www.ncbi.nlm.nih.gov/pubmed/20711244
https://doi.org/10.1016/j.ymthe.2018.11.010
https://doi.org/10.1016/j.ymthe.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30527756
https://doi.org/10.3390/ijms21197326
http://www.ncbi.nlm.nih.gov/pubmed/33023064
https://doi.org/10.1002/jcb.28179
http://www.ncbi.nlm.nih.gov/pubmed/30536960
https://doi.org/10.1021/acsnano.8b08346
http://www.ncbi.nlm.nih.gov/pubmed/30835435
https://doi.org/10.1172/jci.insight.121932
http://www.ncbi.nlm.nih.gov/pubmed/30429368
https://doi.org/10.1038/nature22396
http://www.ncbi.nlm.nih.gov/pubmed/28514441
https://doi.org/10.1080/07357907.2019.1660887
http://www.ncbi.nlm.nih.gov/pubmed/31502477
https://doi.org/10.1016/j.virol.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29793075
https://doi.org/10.1007/s00705-016-2880-1
http://www.ncbi.nlm.nih.gov/pubmed/27216929
https://doi.org/10.1637/9652-011111-Reg.1
https://doi.org/10.1637/9652-011111-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/22017039
https://doi.org/10.1016/j.jviromet.2017.08.024
https://doi.org/10.1016/j.jviromet.2017.08.024
http://www.ncbi.nlm.nih.gov/pubmed/28867302
https://doi.org/10.3390/v8070183
http://www.ncbi.nlm.nih.gov/pubmed/27384578
https://doi.org/10.18632/oncotarget.18309
http://www.ncbi.nlm.nih.gov/pubmed/29254276
https://doi.org/10.1186/1743-422X-11-62
https://doi.org/10.1186/1743-422X-11-62
http://www.ncbi.nlm.nih.gov/pubmed/24684861
https://doi.org/10.4161/cbt.29686
https://doi.org/10.4161/cbt.29686
http://www.ncbi.nlm.nih.gov/pubmed/24971746
https://doi.org/10.1186/s12929-016-0273-0
https://doi.org/10.1186/s12929-016-0273-0
http://www.ncbi.nlm.nih.gov/pubmed/27465066
https://doi.org/10.2147/OV.S95250
https://doi.org/10.2147/OV.S95250
http://www.ncbi.nlm.nih.gov/pubmed/27579294
https://doi.org/10.1371/journal.pone.0264896

PLOS ONE

Newcastle disease virus expressing an angiogenic inhibitor exerts an enhanced therapeutic efficacy

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Tysome J. R. Lemoine N. R. & Wang Y. Update on oncolytic viral therapy-targeting angiogenesis. Onco
Targets Ther. (2013); 6, 1031-1040, https://doi.org/10.2147/OTT.S46974 PMID: 23940420

Jaszai J. & Schmidt M. H. H. Trends and Challenges in Tumor Anti-Angiogenic Therapies. Cells.
(2019); 8, https://doi.org/10.3390/cells8091102 PMID: 31540455

Li X. et al. The Tumor Vessel Targeting Strategy: A Double-Edged Sword in Tumor Metastasis. Cells.
(2019); 8, https://doi.org/10.3390/cells8121602 PMID: 31835465

Amerizadeh F. Khazaei M., Maftouh M., Mardani R. & Bahrami A. miRNA Targeting Angiogenesis as a
Potential Therapeutic Approach in the Treatment of Colorectal Cancers. Curr Pharm Des. (2018); 24,
4668-4674, https://doi.org/10.2174/1381612825666190110161843 PMID: 30636586

Battaglin F. et al. The role of tumor angiogenesis as a therapeutic target in colorectal cancer. Expert
Rev Anticancer Ther. (2018); 18, 251-266, https://doi.org/10.1080/14737140.2018.1428092 PMID:
29338550

Lopez-Ocejo O. Viloria-Petit A. Bequet-Romero M., Mukhopadhyay D., Rak J., & Kerbel R. S. Onco-
genes and tumor angiogenesis: the HPV-16 E6 oncoprotein activates the vascular endothelial growth
factor (VEGF) gene promoter in a p53 independent manner. Oncogene. (2000); 19, 4611-4620,
https://doi.org/10.1038/sj.onc.1203817 PMID: 11030150

Rak J. Yu J. L., Klement G., & Kerbel R. S. Oncogenes and angiogenesis: signaling three-dimensional
tumor growth. The journal of investigative dermatology. Symposium proceedings. (2000); 5, 24-33,
https://doi.org/10.1046/j.1087-0024.2000.00012.x PMID: 11147671

Chung A. S. & Ferrara N. Developmental and pathological angiogenesis. Annu Rev Cell Dev Biol.
(2011); 27, 563-584, https://doi.org/10.1146/annurev-cellbio-092910-154002 PMID: 21756109

Seeber A. Gunsilius E. Gastl G. & Pircher A. Anti-Angiogenics: Their Value in Colorectal Cancer Ther-
apy. Oncol Res Treat. (2018); 41, 188—193: hitps://doi.org/10.1159/000488301 PMID: 29562227

Holash J. Davis S. Papadopoulos N. et al. VEGF-Trap: a VEGF blocker with potent antitumor effects.
Proceedings of the National Academy of Sciences of the United States of America. (2002); 99, 11393—
11398, https://doi.org/10.1073/pnas.172398299 PMID: 12177445

Lassoued W. et al. Effect of VEGF and VEGF Trap on vascular endothelial cell signaling in tumors. Can-
cer Biol Ther. (2010); 10, 1326—1333, https://doi.org/10.4161/cbt.10.12.14009 PMID: 21079419

Ivanova J. I. et al. Real-world treatment patterns and effectiveness among patients with metastatic colo-
rectal cancer treated with ziv-aflibercept in community oncology practices in the USA. Med Oncol.
(2017); 34, 193, https://doi.org/10.1007/s12032-017-1049-4 PMID: 29103187

Wu Y. et al. Recombinant Newcastle disease virus Anhinga strain (NDV/Anh-EGFP) for hepatoma ther-
apy. Technol Cancer Res Treat. (2014); 13, 169-175, https://doi.org/10.7785/tcrt.2012.500356 PMID:
23819497

Elham Assareh et al. A cyclic peptide reproducing the helix of VEGF-B binds to VEGFR-1 and VGEFR-
2 and inhibits angiogenesis and tumor growth. Biochemical Journal. (2018); 25, 361-367: https://doi.
org/10.1042/BCJ20180823

Maryam Farzaneh Behelgardi, Saber Zahri et al. A peptide mimicking the binding sites of VEGF-A and
VEGF-B inhibits VEGF-R1/2 drive angiogenesis, tumor growth and metasis. Scientific Reports. (2018);
8:17924: https://doi.org/10.1038/s41598-018-36394-0 PMID: 30560942

Yin L. et al. Veratramine suppresses human HepGz2 liver cancer cell growth in vitro and in vivo by induc-
ing autophagic cell death. Oncol Rep. (2020); 44, 477—-486: hitps://doi.org/10.3892/0r.2020.7622
PMID: 32468056

Schirrmacher V. van Gool S. & Stuecker W. Breaking Therapy Resistance: An Update on Oncolytic
Newcastle Disease Virus for Improvements of Cancer Therapy. Biomedicines. (2019); 7, https://doi.
org/10.3390/biomedicines7030066 PMID: 31480379

Taguchi S. Fukuhara H., Homma Y. & Todo T. Current status of clinical trials assessing oncolytic virus
therapy for urological cancers. Int J Urol. (2017); 24, 342-351, https://doi.org/10.1111/iju.13325 PMID:
28326624

Zirlik K. & Duyster J. Anti-Angiogenics: Current Situation and Future Perspectives. Oncol Res Treat.
(2018); 41, 166—171, https://doi.org/10.1159/000488087 PMID: 29562226

Modest D. P. Pant S. & Sartore-Bianchi A. Treatment sequencing in metastatic colorectal cancer. EurJ
Cancer. (2019); 109, 70-83, https://doi.org/10.1016/j.ejca.2018.12.019 PMID: 30690295

Lu L. et al. AAV2-mediated gene transfer of VEGF-Trap with potent suppression of primary breast
tumor growth and spontaneous pulmonary metastases by long-term expression. Oncol Rep. (2012);
28, 1332—1338, https://doi.org/10.3892/0r.2012.1915 PMID: 22824831

LiZ., etal., Transplantation of a Novel Recombinant Adeno-Associated Virus (pPAAV-HE1B19K-TE1A)
Demonstrates Higher Anti-Tumor Effects in Tumor Cells. Annals of Transplantation, 2020. 25. https://
doi.org/10.12659/A0T.925013 PMID: 32883945

PLOS ONE | https://doi.org/10.1371/journal.pone.0264896  April 5, 2022 16/17


https://doi.org/10.2147/OTT.S46974
http://www.ncbi.nlm.nih.gov/pubmed/23940420
https://doi.org/10.3390/cells8091102
http://www.ncbi.nlm.nih.gov/pubmed/31540455
https://doi.org/10.3390/cells8121602
http://www.ncbi.nlm.nih.gov/pubmed/31835465
https://doi.org/10.2174/1381612825666190110161843
http://www.ncbi.nlm.nih.gov/pubmed/30636586
https://doi.org/10.1080/14737140.2018.1428092
http://www.ncbi.nlm.nih.gov/pubmed/29338550
https://doi.org/10.1038/sj.onc.1203817
http://www.ncbi.nlm.nih.gov/pubmed/11030150
https://doi.org/10.1046/j.1087-0024.2000.00012.x
http://www.ncbi.nlm.nih.gov/pubmed/11147671
https://doi.org/10.1146/annurev-cellbio-092910-154002
http://www.ncbi.nlm.nih.gov/pubmed/21756109
https://doi.org/10.1159/000488301
http://www.ncbi.nlm.nih.gov/pubmed/29562227
https://doi.org/10.1073/pnas.172398299
http://www.ncbi.nlm.nih.gov/pubmed/12177445
https://doi.org/10.4161/cbt.10.12.14009
http://www.ncbi.nlm.nih.gov/pubmed/21079419
https://doi.org/10.1007/s12032-017-1049-4
http://www.ncbi.nlm.nih.gov/pubmed/29103187
https://doi.org/10.7785/tcrt.2012.500356
http://www.ncbi.nlm.nih.gov/pubmed/23819497
https://doi.org/10.1042/BCJ20180823
https://doi.org/10.1042/BCJ20180823
https://doi.org/10.1038/s41598-018-36394-0
http://www.ncbi.nlm.nih.gov/pubmed/30560942
https://doi.org/10.3892/or.2020.7622
http://www.ncbi.nlm.nih.gov/pubmed/32468056
https://doi.org/10.3390/biomedicines7030066
https://doi.org/10.3390/biomedicines7030066
http://www.ncbi.nlm.nih.gov/pubmed/31480379
https://doi.org/10.1111/iju.13325
http://www.ncbi.nlm.nih.gov/pubmed/28326624
https://doi.org/10.1159/000488087
http://www.ncbi.nlm.nih.gov/pubmed/29562226
https://doi.org/10.1016/j.ejca.2018.12.019
http://www.ncbi.nlm.nih.gov/pubmed/30690295
https://doi.org/10.3892/or.2012.1915
http://www.ncbi.nlm.nih.gov/pubmed/22824831
https://doi.org/10.12659/AOT.925013
https://doi.org/10.12659/AOT.925013
http://www.ncbi.nlm.nih.gov/pubmed/32883945
https://doi.org/10.1371/journal.pone.0264896

PLOS ONE

Newcastle disease virus expressing an angiogenic inhibitor exerts an enhanced therapeutic efficacy

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ahn J. B. et al. Circulating endothelial progenitor cells (EPC) for tumor vasculogenesis in gastric cancer
patients. Cancer Lett. (2010); 288, 124—132, https://doi.org/10.1016/j.canlet.2009.06.031 PMID:
19619937

Greenfield J. P. Cobb W. S. & Lyden D. Resisting arrest: a switch from angiogenesis to vasculogenesis
in recurrent malignant gliomas. J Clin Invest. (2010); 120, 663-667, https://doi.org/10.1172/JC142345
PMID: 20179347

Sasano H. & Suzuki T. Pathological evaluation of angiogenesis in human tumor. Biomedicine & phar-
macotherapy. (2005); 59, S334-S336. https://doi.org/10.1016/s0753-3322(05)80068-x PMID:
16507403

Nai Q. et al. Primary Small Intestinal Angiosarcoma: Epidemiology, Diagnosis and Treatment. J Clin
Med Res. (2018); 10, 294-301, https://doi.org/10.14740/jocmr3153w PMID: 29511417

Olsson A. K., Dimberg A., Kreuger J. & Claesson-Welsh L. VEGF receptor signalling—in control of vas-
cular function. Nat Rev Mol Cell Biol. (2006); 7, 359-371, https://doi.org/10.1038/nrm1911 PMID:
16633338

Suzuma K. et al. Vascular endothelial growth factor induces expression of connective tissue growth fac-
tor via KDR, Flt1, and phosphatidylinositol 3-kinase-akt-dependent pathways in retinal vascular cells. J
Biol Chem. (2000); 275, 40725-40731: https://doi.org/10.1074/jbc.M006509200 PMID: 11018037

Gerber H. P. et al. Vascular endothelial growth factor regulates endothelial cell survival through the
phosphatidylinositol 3'-kinase/Akt signal transduction pathway. Requirement for Flk-1/KDR activation. J
Biol Chem. (1998); 273, 30336—30343, https://doi.org/10.1074/jbc.273.46.30336 PMID: 9804796

Trinh X. B. et al. The VEGF pathway and the AKT/mTOR/p70S6K1 signalling pathway in human epithe-
lial ovarian cancer. BrJ Cancer. (2009); 100, 971-978, https://doi.org/10.1038/sj.bjc.6604921 PMID:
19240722

Chen S. H. et al. Activated STAT3 is a mediator and biomarker of VEGF endothelial activation. Cancer
Biol Ther. (2008); 7, 1994—2003, https://doi.org/10.4161/cbt.7.12.6967 PMID: 18981713

Shibuya M. & Claesson-Welsh L. Signal transduction by VEGF receptors in regulation of angiogenesis
and lymphangiogenesis. Exp Cell Res. (2006); 312, 549-560, https://doi.org/10.1016/j.yexcr.2005.11.
012 PMID: 16336962

Nagy J. A., Benjamin L., Zeng H., Dvorak A. M. & Dvorak H. F. Vascular permeability, vascular hyper-
permeability and angiogenesis. Angiogenesis. (2008); 11, 109—119, https://doi.org/10.1007/s10456-
008-9099-z PMID: 18293091

Shono T. Kanetake H. & Kanda S. The role of mitogen-activated protein kinase activation within focal
adhesions in chemotaxis toward FGF-2 by murine brain capillary endothelial cells. Exp Cell Res.
(2001); 264, 275-283: https://doi.org/10.1006/excr.2001.5154 PMID: 11262184

Holnthoner W. Kerenyi M., Groger M., Kratochvill F. & Petzelbauer P. Regulation of matrilysin expres-
sion in endothelium by fibroblast growth factor-2. Biochem Biophys Res Commun (2006) 342, 725-733:
https://doi.org/10.1016/j.bbrc.2006.02.011 PMID: 16494848

PLOS ONE | https://doi.org/10.1371/journal.pone.0264896  April 5, 2022 17/17


https://doi.org/10.1016/j.canlet.2009.06.031
http://www.ncbi.nlm.nih.gov/pubmed/19619937
https://doi.org/10.1172/JCI42345
http://www.ncbi.nlm.nih.gov/pubmed/20179347
https://doi.org/10.1016/s0753-3322%2805%2980068-x
http://www.ncbi.nlm.nih.gov/pubmed/16507403
https://doi.org/10.14740/jocmr3153w
http://www.ncbi.nlm.nih.gov/pubmed/29511417
https://doi.org/10.1038/nrm1911
http://www.ncbi.nlm.nih.gov/pubmed/16633338
https://doi.org/10.1074/jbc.M006509200
http://www.ncbi.nlm.nih.gov/pubmed/11018037
https://doi.org/10.1074/jbc.273.46.30336
http://www.ncbi.nlm.nih.gov/pubmed/9804796
https://doi.org/10.1038/sj.bjc.6604921
http://www.ncbi.nlm.nih.gov/pubmed/19240722
https://doi.org/10.4161/cbt.7.12.6967
http://www.ncbi.nlm.nih.gov/pubmed/18981713
https://doi.org/10.1016/j.yexcr.2005.11.012
https://doi.org/10.1016/j.yexcr.2005.11.012
http://www.ncbi.nlm.nih.gov/pubmed/16336962
https://doi.org/10.1007/s10456-008-9099-z
https://doi.org/10.1007/s10456-008-9099-z
http://www.ncbi.nlm.nih.gov/pubmed/18293091
https://doi.org/10.1006/excr.2001.5154
http://www.ncbi.nlm.nih.gov/pubmed/11262184
https://doi.org/10.1016/j.bbrc.2006.02.011
http://www.ncbi.nlm.nih.gov/pubmed/16494848
https://doi.org/10.1371/journal.pone.0264896

