
Abstract. Background: The wild-type herpes simplex virus
type 1 (HSV-1) has strong infectivity and cytolytic effect on
almost all types of mammalian cells. Genetic engineering can
now restrict this cytolysis to only malignant cells. G207 is an
oncolytic HSV-1 vector developed based on this strategy.
Materials and Methods: We used G207 as the backbone and
integrated the exogenous endostatin-angiostatin fusion protein
gene to generate a new vector, AE618. Results: Marked
expressions of fusion protein in A549 and H460 lung cancer
cells and culture medium were found 24 hours after treatment
with AE618. In comparison with the G207 treatment group,
the secreted protein from H460 cells treated with AE618
significantly inhibited the growth of human umbilical vein
endothelial cells (HUVEC). AE618 also significantly inhibited
the growth of xenografted tumors in vivo. Conclusion: We
propose that AE618 has the potential to be a novel anticancer
agent with both oncolytic and anti-angiogenesis effects.

Although encouraging antitumoral efficacy and safety of

cancer gene therapy have been demonstrated in pre-clinical

animal models using various approaches, results of clinical

trials have been disappointing to date. In general, anti-

tumoral efficacy has been minimal or non-existent (1, 2).

The reasons for this are certainly varied, but genetic

modification for cancer therapy is mainly limited by the

inability to achieve sufficiently high levels of gene

expression in sufficiently large numbers of target cells for

clinical benefit. One approach to achieving high levels of

gene expression and widespread infection within tumors is

to use tumor-selective replication-competent agents (3, 4).

This approach capitalizes on the fact that microbial agents

such as viruses and bacteria can replicate within human

tissues to levels many logs higher than the input "dose", kill

the infected cell and subsequently spread to adjacent cells

(5, 6). Recent developments in recombinant DNA

technology and molecular biology make it possible to

engineer viruses to enhance the desired anticancer

phenotype. Martuza et al. first demonstrated the potential

utility of genetically-engineered replication-selective viruses

for cancer treatment more than 10 years ago (7). Since that

time tumor-selectivity has been genetically-engineered or 

-enhanced in a number of replication-competent microbes

(5, 8-10). One of the technologies used to generate tumor-

specific replication-competent viral vectors is to delete viral

genes that are necessary for efficient replication in normal

cells, but are expendable in tumor cells. The gene deletion

approach was first described with herpes simplex virus

(HSV) (7). HSV-1 is a common human virus that infects

both neurons and many non-neural cells. The virus has

double-stranded DNA, and possesses an icosahedral capsid

made up of 162 capsomers with an outer envelope bearing

glycoprotein spikes on its surface. The HSV genome is large

(153kb) and encodes about 84 proteins (11). HSV-1 was

proposed as a vector in gene therapy for the treatment of

cancer and other diseases in the 1980s (12-14). Compared

to other commonly-used viral vectors, HSV-1 has many

advantages including the largest capacity for genetic

modifications, genetic stability, a wide range of host cell

types, well-studied molecular and clinical virology, clinically

available anti-herpes medicine to discontinue an infection,

and the ability to be engineered to replicate conditionally

and specifically to target tumor cells. It is this last feature

that renders HSV-1 suitable as the first oncolytic virus

proposed for cancer treatment (7, 8). It is well known that if
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one of the viral early genes, such as thymidine kinase (tk)

or ribonucleotide reductase (i.e. ICP6 in HSV), is deleted,

HSV-1 can replicate and cause cytolysis in proliferating

cells, but not in post-mitotic or slowly-proliferating cells.

G207 is one of the HSV-1 mutants currently used for cancer

therapy in clinics; this virus is a derivative of wild-type HSV-1

strain F in which both copies of the ICP 34.5 gene are

deleted and a lacZ disruption disables the ICP6 gene. Such

genetic designs attenuate the neurovirulence and direct

G207 to preferentially replicate in rapidly proliferating

tumor cells (15). G207 has been shown to effectively kill

various cell types of human tumors both in vitro and in vivo
(16-18), and has passed Phase I clinical trial with no toxicity

in either humans or animals (19-22).

The specific aim of this study was to improve the anti-

tumoral efficacy of G207 by adding an angiostatic function

to its oncolytic effect. Primary tumors and their metastases

require new blood vessel formation (angiogenesis) for

growth and survival (23). Endostatin and angiostatin are

natural inhibitors of angiogenesis, that have been shown to

inhibit the growth of a number of human malignancies (24).

In the present study, we chose an endostatin-angiostatin

fusion gene (25-27) as the delivered gene, and lung cancer

as the target malignancy. Our choice was based on the

factors that non-small cell lung cancer is known to be highly

angiogenic (28, 29) and that co-expression of endostatin and

angiostatin may have a synergistic effect (30). We used G207

as the virus backbone to construct an angiostatic protein-

expressing virus vector. The delivered gene has an IL12

signal peptide at the 5’ end and is controlled by a human

elongation factor (hEF-1) gene promoter (31). The lacZ

gene in G207 was replaced with the delivered gene to disable

the ICP6 gene, and thus generated a new vector, AE618.

Our data indicated that the AE618 vector would not only kill

the infected lung cancer cells by viral replication, but also

inhibit the tumor growth by secreting angiostatic proteins.

Materials and Methods

Recombinant virus. The recombinant virus AE618, that carries an

endostatin-angiostatin fusion gene (retrieved from pGT65hEndo-

Angio, InvivoGen Inc, San Diego, CA, USA), was constructed

from the backbone of HSV-1 vector G207 kindly provided by

Neurovir Inc. (Vancouver, BC, Canada). The virus contains

deletions in both the ICP34.5 (neurovirulent) genes, and a beta-

galactosidase gene was inserted in the ICP6 ribonucleotide

reductase gene. To construct AE618, a plasmid pCIEN was made

that contained the above endostatin-angiostatin, fusion gene with

the hEF-1/ HTKV promoter, inserted between the two BamH I

sites in the HSV-1 ICP6 gene. Purified G207 viral DNA was co-

transfected with pCIEN into African Green Monkey kidney cells

VERO and the resulting viral plaques were selected for beta-

galactosidase negative by x-gal staining. The insertion of the

endostatin-angiostatin fusion gene was further confirmed by PCR

and the new recombinant virus was isolated through three runs of

plaque purification. Finally, the conjunction regions between the

ICP6 and endostatin-angiostatin fusion gene were sequenced. Both

G207 and AE618 viruses were propagated and titered on cultured

VERO cells. 

Cell lines. Non-small cell lung cancer cell lines, NCI-H460 (ATCC

HTB-177) and A549 (ATCC CCL-185), were obtained from the

American Type Culture Collection. Cells were cultured in

Dulbecco’s modified Eagle medium (DMEM) supplemented with

10% fetal calf serum (FCS). HUVEC were obtained from clinic

samples in Chang Gung Memorial Hospital in Chiayi, Taiwan (32).

Consent was obtained from mothers of the newborns. Cells were

cultured in medium MCDB 107 (JRH Biosciences, Lenexa, KS,

USA) supplemented with 2% FCS and a fibroblast growth factor-

enriched fraction of porcine brain extract (1 Ìg/ml).

Detection of fusion protein in AE618-infected cancer cells and the
culture medium. H460 or A549 cells (1x106) were plated in 10-cm

dishes and incubated for 4 hours at 37ÆC prior to infection. They

were then mock-infected or infected with either G207 or AE618

(multiplicity of infection (M.O.I.) = 1.0 each), and incubated for an

additional 24 hours. The culture medium was then collected for

immunoprecipitation. After incubation with the primary antibody for

1 hour at 4ÆC, the medium sample was added with Protein A

Sepharose CL-4B (Amersham Biosciences, Piscataway, NJ, USA)

and incubated again for 1 hour at 4ÆC with shaking. After

centrifugation and washing, the extracted proteins were re-

suspended with cell lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM

NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) to adequate

volumes. Polyclonal antibody to endostatin (Ab-5) and angiostatin

(AF226) used in immunoprecipitation were purchased from

Oncogene (San Diego, CA, USA) and R & D Systems Inc.

(Minneapolis, MN, USA), respectively. After removal of the culture

medium, cells were washed twice with PBS, scraped off the plates

and lysed in cell lysis buffer. Whole cell lysates or extracted proteins

from culture mediums were boiled, and the protein concentration

was determined using the Bradford assay (Bio-Rad, Hercules, CA,

USA). Equal amounts of proteins (100 Ìg) were separated by 

SDS-PAGE under reducing conditions using 15% acrylamide gels.

After transferring the proteins onto Immobilon-P (Millipore,

Bedford, MA, USA), the membranes were blocked in 5% non-fat

milk powder, 0.2% Tween-20 in TBS (TBS-T) overnight at 4ÆC and

incubated with the primary antibody for 1 hour at room temperature.

Membranes were then washed in TBS-T for 5 minutes x 3 times.

Monoclonal antibodies to endostatin (AF1098) and angiostatin

(MAB926) used in immuno- blotting were purchased from R & D

Systems Inc. A primary antibody to Á-tubulin (sc-7396) was

purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,

USA). Horseradish peroxidase conjugated rabbit anti-goat antibody

(Pierce, Rockford, IL, USA) was used as the secondary antibody.

Proteins were visualized using Chemiluminescence Luminol reagents

(Santa Cruz).

Measurement of viral cytolytic effect. H460 cells (1x105) were seeded

into 12-well tissue culture plates, incubated for 4 hours at 37ÆC,

then mock-infected or infected with G207 or AE618 at various

M.O.I., and incubated for additional days. Cells were then collected

after trypsinization and suspended in PBS. An equal volume of

PBS containing 0.1% trypan blue was added to the cell suspension.

Viable cells were then counted with a hemocytometer. All cell

counts were done on triplicate samples.
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HUVEC cell growth assay. HUVEC (3x104) were incubated in 

35-mm 6- well dual-layered culture dishes. After 24 hours, H460

cells (5x104), with mock-infection or infected with G207 or AE618

at M.O.I. of 0.1, were seeded onto the cell culture insert with 0.4-Ìm

micropores on the bottom (Cat. #353090, Becton Dickinson,

Franklin Lakes, NJ, USA) and placed in the wells growing

HUVEC. These micropores allowed the communication of

proteins in the medium between wells and inserts. The medium was

added with 0.2% of human Á-globulin (ICN Biomedicals, Inc.) to

protect HUVECs from the infection of viruses. Both HUVECs and

H460 cells were collected on day 1~4 after treatments, and viable

cells were then counted with a hemocytometer. All cell counts were

done on triplicate samples.

Animal study. One million (1x106) H460 cells in a volume of 0.05 mL

of sterile Hanks Buffered Salt Solution were injected

subcutaneously into the backs of SCID mice. Tumors were treated

with HSV-1 mutants 16~18 days after tumor implantation. AE618,

G207 (107 pfu in 50 Ìl for each animal) or PBS of the same volume

was injected into the tumor. There were 6 mice per treatment

group. The tumor size was calculated as Volume = Length x Width

x Width /2000 before (day 0) and after treatments (days 1~13).

The data were shown as fold change of the original tumor size, i.e.
the volume of each post-treatment day/the volume of day 0.

Statistical method. All experiments were conducted in triplicate

unless specified. Results are expressed as means ± standard error.

Statistical comparisons were made by two-sided t-test. A value of

p less than 0.05 was accepted as significant.

Results

The expression of secretable proteins from cancer cells infected
by AE618. Immunoblotting results revealed a marked

increase in the expression of fusion protein (molecular

weight ≅ 63 kD) containing both endostatin and angiostatin

in the culture medium and the lysate of either A549 or

H460 cells 24 hours after infection with AE618 at M.O.I. of

1.0 (Figure 1). Compared with mock-infection, G207

infection did not increase the expression of either

angiostatin or endostatin in infected cells or in the culture

medium. These data confirm the adequate functioning of

the endostatin-angiostatin fusion protein gene integrated in

the AE618 virus.

Comparisons of cytolytic effects of AE618 and G207. H460

cells were treated with mock-infection or infected with

AE618 or G207 at M.O.I. of 0.1. Numbers of viable cells

were counted day 1 through day 5 after treatments.

Compared with the mock control, the number of viable cells

significantly decreased in both virus-treated groups starting

from day 2 (p<0.001 in both comparisons). There was no

significant difference in cell viabilities between AE618-

treated and G207-treated groups (p>0.05, Figure 2A).

Additionally, H460 cells were also treated with AE618 or

G207 at M.O.I. from 0.001 to 10. Viable cells were counted

3 days after treatment. As shown in Figure 2B, there was no

significant difference between the two vectors at all M.O.Is.

The above findings indicate that the cytolytic effect of

AE618 on human lung cancer cells is as potent as its

parental virus vector, G207.

Inhibitory effect of secretable proteins from cancer cells
infected with AE618 on growth of HUVEC. HUVEC were co-

cultured with H460 cells infected with AE618 or G207 at

M.O.I. of 0.1 with 0.2% of human Á-globulin, which

prevented HUVEC cells from secondary infection of the

virus released from infected H460 cells. Even though

reduced growth rate was observed in HUVECs when co-

cultured with H460 cells infected with either virus, probably

due to general toxicity from the viral proteins in the

medium, the numbers of viable HUVEC in AE618-treated

groups on day 3 and day 4 after treatments were

significantly less than those of G207-treated groups

(p=0.003 and p=0.005, respectively; Figure 3).

Animal study. Compared to PBS, G207 and AE618 both

significantly inhibited the growth of xenografted H460

tumor from post-treatment day 2 (p=0.026 and p=0.018,

respectively) through day 13 (p=0.015 and p=0.012,

respectively) (Figure 4). Tumor sizes in AE618-treated

animals were consistently smaller than those treated with

G207 starting from day 6 post-treatment (p≤0.03).

Discussion

Anti-angiogenesis is a promising approach for human

cancer therapy (33). Angiostatin and endostatin have been

shown effective in inhibiting new vessel formation in

primary and metastatic malignancies (34). In clinical

settings, the major limitation for this strategy is how to

achieve sufficient therapeutic levels of proteins within the

tumor area. In the present work, the angiostatin and
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Figure 1. Representative assays for the expression of angiostatin-endostatin
fusion protein in H460 lung cancer cell lysate and culture medium treated
with mock-infection, or infected with G207 or AE618. Infection with
AE618 markedly increased the expression of fusion protein in both whole
cell lysate and culture medium. The primary antibody used was for
angiostatin. Treatments are shown on the top of the panel, and sample
types are shown on the left side of the panel.



endostatin fusion protein genes were integrated in a

replication-competent oncolytic HSV-1 vector G207, and

thus a novel vector AE618 was constructed. Upon

replication of AE618 within the infected malignant cells, the

host cells also secrete the angiostatic proteins to prevent the

blood supply to the solid tumor. While the infected cell was

destroyed by viral replication, the released viruses infect

adjacent cells and make more angiostatic proteins. The

present data indicate that the cancer cells infected by

AE618 were able to adequately secrete the angiostatic

proteins . The secreted proteins from AE618-infected cells

could significantly inhibit the growth of human endothelial

cells. Meanwhile, AE618 still maintains the same oncolytic

effects as potent as its parent virus, G207. We propose that

the combination of these two therapeutic modalities may

make targeting cancer gene therapy more feasible for

clinical applications. Because of the high tumor selectivity

and less tissue toxicity for both modalities, AE618 might be

a potential safe agent for cancer treatment.

In our dual-layered culture system, the numbers of viable

HUVEC co-cultured with H460 cells infected with G207

were also significantly less than those in mock controls,

suggesting that the human Á-IgG did not completely prevent

HUVEC from the virulence caused by either G207 or

AE618. Despite the same viral titer, AE618 still

demonstrated significantly greater inhibitory effect on

HUVEC growth than that of G207, suggesting that

endostatin-angiostatin fusion protein released from infected

H460 cells should be functioning. However, due to the

possible cytopathic effects of viral proteins on HUVEC, the
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Figure 3. HUVEC were co-cultured with H460 cell infected by AE618 or
G207 at M.O.I. of 0.1. In comparison to G207-treated groups, the
numbers of viable HUVEC decreased significantly in AE618-treated
groups on day 3 and day 4 after treatments. 

Figure 2. Comparisons for the cytolytic effects of AE618 and G207 in
H460 lung cancer cells. (A) At M.O.I. of 0.1, there was no significant
difference in numbers of viable H460 cells between AE618-treated and
G207-treated groups on day 1 through day 5 after treatments. (B) H460
cells were treated with AE618 or G207, and viable cells were counted 3
days after treatments. There was no significant difference between the two
treatments at M.O.I. of 0.001 to 10.

Figure 4. Anti-tumoral effect of AE618 on human tumor cells in SCID
mouse model. The in vivo anti-tumoral effects of AE618 were significantly
more potent than G207 on day 6 and day 8 post-infection (p=0.028 and
p=0.023, respectively). The data were shown as fold change of the original
tumor size on each post-treatment day.



inhibitory effects of secreted fusion protein could be

underestimated. In the animal study, species discrepancy is

another concern. Though we can not ensure human

angiostatin and endostatin function against mouse vessel

formation in human tumors on SCID mice, our in vivo study

demonstrated that AE618 could inhibit the growth of

human tumors in SCID mice more potently than G207.

Our data suggest the clinical potential of AE618 in the

treatment of human lung cancers. Since Ponnazhagan et al.
have indicated that anti-angiogenic gene therapies are

rational adjuvant modalities in combination with radiation

or chemotherapy for cancer treatment (35), and since G207

has also shown to improve the efficacy of cancer treatments

in combination with chemotherapeutic agents (36, 37),

further studies to test the synergistic or additive effects of

AE618 in combination with conventional chemotherapeutic

agent(s) on human malignancies are currently underway in

our laboratory.
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