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ABSTRACT
Oncolytic virotherapy is being developed as a promising platform for cancer 

therapy due to its ability to lyse cancer cells in a tumor-specific manner. Vaccinia virus 
has been used as a live vaccine in the smallpox eradication program and now is being 
potential in cancer therapy with a great safety profile. Vaccinia strain Guang9 (VG9) 
is an attenuated Chinese vaccinia virus and its oncolytic efficacy has been evaluated 
in our previous study. To improve the tumor selectivity and oncolytic efficacy, we 
here developed a thymidine kinase (TK)-deleted vaccinia virus based on Guang9 
strain. The viral replication, marker gene expression and cytotoxicity in various cell 
lines were evaluated; antitumor effects in vivo were assessed in multiple tumor 
models. In vitro, the TK-deleted vaccinia virus replicated rapidly, but the cytotoxicity 
varied in different cell lines. It was notably attenuated in normal cells and resting 
cells in vitro, while tumor-selectively replicated in vivo. Significant antitumor effects 
were observed both in murine melanoma tumor model and human hepatoma tumor 
model. It significantly inhibited the growth of subcutaneously implanted tumors and 
prolonged the survival of tumor-bearing mice. Collectively, TK-deleted vaccinia strain 
Guang9 is a promising constructive virus vector for tumor-directed gene therapy and 
will be a potential therapeutic strategy in cancer treatment.

INTRODUCTION

Oncolytic virotherapy has recently been emerged as 
a promising and appealing strategy for combating cancer 
[1–5]. Replicating viruses infected to tumor cells will lead 
to an expanding replication within the tumor, then lysing 
tumor cells and spreading within tumor tissues. Currently, 
a variety of viruses are under investigation for treatment 
of cancer, including adenovirus, herpes virus, Newcastle 
disease virus, and vaccinia virus [6–9]. Of these, vaccinia 
virus has some excellent characteristics over other viruses, 
such as large transgene-encoding capacity, efficient 
foreign gene expression using its own enzyme systems, 
and selective replication in tumor tissues.

Vaccinia virus has been used as a live vaccine in the 
smallpox eradication campaign and recently as a vaccine 
against other infectious diseases and cancer [10, 11]. Its 
safety profile has been established through the use as a 
smallpox vaccine in tens of millions of humans globally. 
However, due to the safety as a systemically administered 

replicating virus, it has not been extended applied as the 
tumor-directed gene therapy vector [12, 13]. Case reports 
of vaccinia-associated encephalitis have been described 
in the immunosuppressed population [14–17]. Therefore, 
various modifications toward improving tumor specificity 
and safety have been explored [18–20].

In the previous study, pathogenicity was decreased 
significantly in viral thymidine kinase (TK)-negative 
phenotype [21]. It was also demonstrated that the 
disruption of the vaccinia virus TK gene led to significant 
attenuation in normal tissues, while tumor tissues were 
able to complement this gene deletion and support viral 
replication [22, 23]. A recent research showed that a 
systemically injection of TK-deleted vaccinia virus 
expressing luciferase induced about 3000-fold higher 
gene expression in tumors compared with all other normal 
tissues [24]; other studies also indicated that viral TK 
deletion resulted in specific replication in tumor tissues 
[23, 25]. The viral TK gene is not required for dividing 
cells, while is essential for infection of resting cells [21], 
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permitting tumor-selective replication in vivo. All of these 
indicate that tumor targeting can be enhanced through 
viral thymidine kinase gene deletion. 

Such oncolytic vaccinia virus (TK-deleted virus) has 
demonstrated promising results in the treatment of cancer 
in Western Reserve strain (WR) [23, 24, 26, 27] and Lister 
strain [28]; however, the potential as tumor-selective 
agent of Chinese vaccine strain with TK deletion remains 
unknown. Vaccinia strain Guang9 (VG9) is an attenuated 
Chinese vaccinia virus, which was derived from Chinese 
vaccinia strain Tian Tan (VTT) by consecutive plaque-
cloning selection [29–31]. The biological characteristics 
of VG9 have been studied clearly and it is supposed to 
become an encouraging construction of recombinant 
vaccinia virus vector [32]. We have previously 
demonstrated the antitumor effect of VG9 both in vitro 
and in vivo. In this study, we constructed a TK-deleted 
vaccinia virus expressing enhanced green fluorescent 
protein (EGFP) based on VG9 strain. We examined the 
antitumor effects of this recombinant vaccinia virus both 
in vitro and in vivo and compared the results with TK-
deleted WR strain.

RESULTS

Construction of a TK-deleted vaccinia virus

The TK-deleted recombinant vaccinia virus 
expressing EGFP gene was generated from the attenuated 
Chinese vaccinia strain VG9. A shuttle plasmid was 
used to insert EGFP into TK locus by homologous 
recombination, creating TK-deleted vaccinia virus, VG9-
EGFP (Figure 1A). PCR using primers designed to amplify 
the EGFP gene and spanning the site of recombination 
confirmed the insertion of EGFP (Figure 1B). Fluorescent 
microscope also demonstrated that recombinants produced 
green fluorescent protein (Figure 1C). At 2 days post-
infection of VG9-EGFP, all plaques were observed green 
fluorescent expression (Figure 1D).

Virus replication in vitro

The ability of TK-deleted vaccinia strain VG9-
EGFP to replicate and spread was determined in various 
cancer cell lines and normal cell lines. The yield of 
infectious virus in cells at indicated time points was 
quantified by plaque assays in BSC-40 cells. As shown 
in Figure 2, VG9-EGFP increased rapidly in all types of 
cancer cells, reaching to a maximum within 48 hours with 
no significant difference compared with wild-type (VG9). 
Maximum virus production occurred in MDA-MB-231 
cells, followed by B16 cells, while the yield in Hepa1-
6 cells was a little lower. The viral yield of VG9-EGFP 
was much less in normal cells compared with cancer 
cells. These results indicated that TK-deleted vaccinia 
strain has gained specificity to cancer cells while the 

ability of replication is as well as wild-type. However, the 
VG9-EGFP production in confluent NIH3T3 cells was 
notably lower compared with wild-type virus (VG9) at 
all indicated time points. The results were consistent with 
the supposition that TK deletion would lead to attenuation 
in resting cells, while similar replication to wild-type in 
dividing cells owing to sufficient nucleotides provided for 
synthesis. 

Green fluorescent protein expression

In order to quantify the EGFP expression, total 
fluorescence of VG9-EGFP from Vero cells was 
determined at various time points. As shown in Figure 3A, 
the intensity of fluorescent was increased with time going 
on, indicating continuous expression of EGFP. Then, we 
observed whether the fluorescence was different in various 
cancer cell lines and normal cells (Figure 3B). The results 
showed that the fluorescence produced by MDA-MB-231 
cells was most intensive, followed by B16 cells, while 
the fluorescence intensities in two normal cell lines were 
much lower, which were consisted with the ability of viral 
replication.

Cytotoxic effect in vitro

We then evaluated the oncolytic potency in various 
cancer cell lines. Cells were cultured in 96-well plates and 
then infected with increasing doses of viruses. The cell 
viability was measured by MTT assay at 72 hours after 
infection (Figure 4). The results showed that the cytotoxic 
effects of VG9-EGFP were similar to VG9 in all cell 
lines. MDA-MB-231 and B16 cells were more sensitive 
to virally-induced cell killing with the survival of less than 
20% at 10 MOI. The cytotoxic effects between TK-deleted 
VG9 strain and WR strain had no significant difference. 
Results indicated that TK-deleted vaccinia strain remained 
its oncolytic ability with diverse sensitivity to different 
tumor cell lines.

Virus replication in vivo

The in vivo replication of TK-deleted vaccinia strain 
was assessed 5 days post-infection by analyzing virus titers 
in tumors and normal organ tissues (brain, spleen, lung, 
liver, and kidney). Infectious viruses in these tissues were 
titered on BSC-40 cells, and viral yield was calculated per 
milligram tissue (Table 1). Virus administration directly 
into the peritoneal cavity led to markedly higher viral yield 
in tumors compared with other normal organ tissues.

Antitumor effect in multiple tumor models

The oncolytic efficacy of TK-deleted vaccinia strain 
was evaluated in two tumor models. In mouse cancer 
model, immunocompetent C57BL/6 mice bearing B16 
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murine melanoma tumors were injected intratumorally 
with PBS (control), VG9 or TK-deleted vaccinia virus 
when tumors reached 3~5 mm in diameter, and followed 
for survival. As shown in Figure 5A, tumors in control 
group had notably increased in size by 12 days following 

the initiation of treatment, while those in virus-treated 
groups had stabilized. However, by 25 days post-treatment, 
an increase in tumor burden was observed in VG9-treated 
mice; in contrast, tumor development was delayed in 
the TK-deleted groups (VG9-EGFP and WR-EGFP).  

Table 1: Viral yield in tumor and normal tissuesa

VG9 VG9-EGFP
Tumor 1.32 (1.06–1.82) × 105 9.6 (7.86–16.24) × 104

Brain 26 (0–102) 8 (0–16)
Lung 2 (0–18) 0 
Liver 0 (0–8) 2 (0-6)
Spleen 86 (15–264) 11 (0–92) 
Kidney 36 (27–76) 24 (0–65)

aThe median (range) viral yields, PFU/mg tissue on day 5 after injection with VG9 or VG9-EGFP.

Figure 1: Construction of a TK-deleted vaccinia virus. (A) Generation of a shuttle plasmid containing EGFP gene. (B) PCR  
analysis of viral DNA from VG9-EGFP confirming homologous recombination. M, 1Kb Plus DNA Ladder (Invitrogen); Lane 1  
(VG9-EGFP), P1/P2 primers amplify a 2210-bp fragment across the region of recombination, which confirms the absence of TK. The TK 
positive fragment (534-bp) amplified of VG9 is shown in Lane 2 and negative control (H2O) is shown in Lane 3. Lane 4 (VG9-EGFP), 
P3/P4 primers amplify EGFP to product a 736-bp band, which is absent in VG9 (Lane 5). Negative control (H2O) is shown in Lane 6.  
(C) Recombinants expressed green fluorescent protein. (D) Vero cells infected with VG9-EGFP for 2 days. Bar: 50 μm.
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All control mice died within 12 days, while VG9-treated 
mice lived for 25 days and mice in TK-deleted groups 
survived extended up to 36 days. 

In the second human hepatoma tumor model, 6 × 106 
SMMC-7721 cells were injected subcutaneously into the 
left armpit of nude mice. 10 days after inoculation, PBS 
(control), VG9 or TK-deleted vaccinia virus (1 × 107 PFU) 
was injected intratumorally. As is obvious in Figure 6, 
antitumor effect was significant in virus-treated mice 
(P < 0.01 as compared with control group). VG9-treated 
mice developed tumor and died with 55 days, while TK-
deleted groups (VG9-EGFP and WR-EGFP) displayed 
prolonged survival. The antitumor effect of TK-deleted 
VG9 strain is as potent as TK-deleted WR strain. However, 
skin ulceration was observed in WR-EGFP treated mice, 
which was possibly due to higher virulence of WR strain.

Notably, the significant antitumor effect is due to the 
viral replication alone with no therapeutic gene insertion. 
All these results suggest that the TK-deleted vaccinia 
displays better antitumor efficacy. 

DISCUSSION

The generation of a recombinant vaccinia virus 
vector that specifically target and efficiently infect tumor 

tissue in vivo offers a potent approach to tumor-directed 
gene therapy. Such tumor-selective vector targeting and 
replication could theoretically cause direct lysis of tumor 
cells as well as enhance local therapeutic gene expression, 
leading to a significant antitumor effect.

Currently available vectors for tumor-directed 
gene therapy are nonviral delivery systems or replication 
defective viruses, such as retroviruses and adenoviruses. 
The inefficiency of these vectors limited their potential 
therapeutic effects. Herpes simplex virus has recently been 
investigated as a constitutive replication-competent virus 
in cancer treatment [33–35]. It is characterized similarly 
to vaccinia virus; however, the disadvantage of being a 
human pathogen limited its application. On the other hand, 
vaccinia virus has many attractive advantages over these 
other systems for cancer therapy. It is a large, cytoplasmic 
virus, with the capacity to accommodate multiple 
foreign genes. Unlike other viruses, it is independent on 
the cellular factors and carries its native and synthetic 
promoters to achieve high levels of transgene expression. 
Here, we have shown that vaccinia strain VG9 efficiently 
infects and expresses the EGFP marker gene in various 
cancer cell lines across different species. The most 
appealing feature, however, is the targeted nature and 
ability to replicate and express genes in tumor tissues. 

Figure 2: Viral replication in vitro. Various cancer cell lines (B16, Hepa1-6, A594, MDA-MB-231, SCG-7901, SMMC-7721) and 
two normal cell lines (L-O2, NIH3T3) in 12-well plate were infected with VG9 or VG9-EGFP at 0.1 MOI and samples were collected at 
indicated times. Virus titers were determined on BSC-40 cells. Each bar represents the mean ± SD (n = 3). *p < 0.05 versus VG9 group.
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When we tested in vivo, VG9 specifically expresses 
the EGFP marker gene in tumor tissue compared with 
normal tissues. Lastly, there is a long history of human 
use with vaccinia virus clinically as a vaccine for the 
eradication of smallpox. The safety of vaccinia viruses 
in humans has been proven and specific antiviral agents 
are available [36, 37]. The predominant toxicity is mild 
flu-like symptoms, no treatment-related changes in the 
parameters of hematological, hepatic, and renal function 
and no significant normal tissue toxicity has been reported 
to date [38–40]. According to these favorable attributes, 
vaccinia virus has potential ability to be a novel platform 
for cancer gene therapy.

Nowadays, the complete mechanism of selective 
vaccinia infection of tumor cells has not yet to be fully 
elucidated. Several possible explanations are proposed. 
Vaccinia virus is known to replicate preferentially in 
metabolically active cells such like tumor cells, in which 
functional nucleotides are higher. Vaccinia virus encodes 

a thymidine kinase gene (TK) that, when deleted, leads 
to dependence of the virus on cellular thymidine kinase 
expression. Cellular thymidine kinase, which is regulated 
by the E2f transcription factors, is transiently expressed 
during the S phase of the cell cycle in proliferating normal 
cells, but is constitutively expressed at high levels in the 
majority of cancers regardless of proliferation status [41]. 
Therefore, TK-deleted vaccinia virus is dependent on host 
cell nucleotides, which compensate for the loss of viral 
TK, thus leading to predominant replication in tumor cells. 
Besides, as macromolecule, vaccinia virus is much easier 
to extravasate through permeable tumor vasculature than 
normal blood vessels [20]. Recent reports also indicate 
that the major factor in viral infection is the presence 
of heparin sulfate proteoglycans in the binding of the 
viral protein to cell surfaces [42]. Some evidences have 
suggested that heparin sulfate is more accessible within 
aggressively growing tumors [43]. Other studies revealed 
that vaccinia virus is inherently tumour-selective due to 

Figure 3: EGFP expression in different cell lines. (A) Total fluorescence of VG9-EGFP from Vero cells at indicated time points.  
(B) Total fluorescence of VG9-EGFP from various cancer cell lines and normal cell lines harvested at 72 hour time point. Each bar 
represents the mean ± SD (n = 3).
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its dependency on the endothelial growth factor receptor 
(EGFR)-ras pathway [44, 45] as well as resistance to the 
type-I IFN response pathway [46, 47]. Future studies to 
illuminate mechanism clearly will make better application 
in cancer therapy.

In this study, we have shown that the TK-deleted 
vaccinia virus strain VG9 has significant antitumor effect 
both in vitro in various cancer cell lines and in vivo in 
murine or human tumor models. Such antitumor effects are 
as potent as TK-deleted WR strain, which has been widely 
used in laboratories and extensively tested in clinical trials. 
However, the virulence of WR strain is about 5000-fold 
higher than Chinese vaccinia strain Tian Tan (VTT) based 
on previous reports [48], while the virulence of VG9 in 

various animal models was found to be lower than its 
parental virus (VTT) [49]. TK-deletion can further reduce 
the virulence as well as enhance tumor targeting. Taking 
together, we conclude that TK-deleted VG9 may become a 
safer tumor-directed vector for cancer gene therapy.

In summary, we have shown here that TK-deleted 
vaccinia alone, without the presence of a therapeutic 
gene, is able to induce a notable antitumor effect through 
viral replication and subsequent cell death. In future, the 
antitumor effect may be enhanced by expressing suicide or 
immune cytokine genes as well as tumor-associated antigens 
or enzyme-prodrug. Given the enhanced oncolytic efficacy, 
tumor selectivity, and demonstrated safety, it is considered 
to be a promising therapeutic strategy in cancer treatment.

Figure 4: In vitro cytotoxicity assay. B16, Hepa1-6, A594, MDA-MB-231, SCG-7901, and SMMC-7721 cells were infected with 
VG9, VG9-EGFP, or WR-EGFP at different MOIs. 72 hours post-infection, cell viability was measured by MTT assay.
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MATERIALS AND METHODS

Cell lines

Cell lines including HEK-293 (human embryonic 
kidney cell line), Vero (African green monkey kidney 
epithelial cell line), BSC-40 (African green monkey 
kidney epithelial cell line), B16 (murine melanoma cell 
line), Hepa1-6 (murine hepatoma cell line), A594 (human 
lung carcinoma cell line), MDA-MB-231 (human breast 
carcinoma cell line), SCG-7901 (human gastric carcinoma 
cell line), SMMC-7721 (human hepatocellular carcinoma 
cell line), L-O2 cells (human normal liver cell line), 
and NIH3T3 (murine embryo fibroblast cell line) were 
cultured under the conditions suggested by the American 
Type Culture Collection (ATCC, Manassas, VA, USA). 

Construction of TK gene deleted vaccinia virus

The vaccinia virus VG9 strain was obtained from 
National Institutes for Food and Drug Control (NIFDC, 

Beijing 100050, China). The vaccinia virus Western 
Reserve strain (WR) was kindly provided by Professor 
Liu (Institute of Biochemistry and Cell Biology, Shanghai 
Institutes for Biological Sciences, The Graduate School, 
Chinese Academy of Sciences). Enhanced green fluorescent 
protein (EGFP; GenBank: BAP87017.1) gene was inserted 
into TK locus to generate recombinant vaccinia virus. The 
vaccinia shuttle plasmid (pCB) used for construction was 
also kindly gifted from Professor Liu. The pCB plasmid 
is flanked by portions of the vaccinia TK gene (vTK-L, 
vTK-R), which facilitates homologous recombination 
into this locus (Figure 1A). The EGFP gene was under the 
control of the vaccinia synthetic early/late promoter [50] 
by cloning into the EcoRI and XbaI sites of pCB. After 
2 hours infection with wild-type VG9, this recombinant 
shuttle plasmid was then transfected into HEK-293 cells 
by Effectene® Transfection Reagent (Qiagen, Venlo, 
Netherlands). Recombinant isolation was performed in 
Vero cells by xanthine-guanine phosphoribosyltransferase 
(XGPRT) selection due to the presence of  E.coli gpt 
gene. Following several rounds of selection, the virus 

Figure 5: Antitumor efficacy in a murine melanoma model. (A) Tumor development in mice treated with PBS (Control group), 
VG9 (VG9 group), or TK-deleted vaccinia virus (VG9-EGFP group, WR-EGFP group). (B) Kaplan-Meier survival curves for B16 tumor-
bearing mice treated with PBS (Control group), VG9 (VG9 group), or TK-deleted vaccinia virus (VG9-EGFP group, WR-EGFP group).  
n = 5 per group.
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was plaqued to confirm that a pure recombinant stock had 
been obtained. Vaccinia viruses were amplified in Vero 
cells and purified over a sucrose gradient centrifugation. 
Plaque-forming unit (PFU) virus titers were determined by 
plaque assay. The presence of recombinant vaccinia virus 
was observed by fluorescence microscope and verified by 
polymerase chain reaction (PCR). Total fluorescence was 
assayed at 488/597 nm with a spectrophotometric system 
(SpectraMax M5e, Molecular Devices, USA).

Polymerase chain reaction

Viral DNA was extracted by Generay kit (Shanghai 
Generay Biotech Co., Ltd). A standard PCR was performed 
using primers external to the site of recombination (P1: 
5′- ATGAACGGCGGACATATTCA-3′; P2: 5′-TTATGA 
GTCGATGTAACACTTTC -3′) and within the EGFP gene 
(P3: 5′-ATGGTGAGCAAGGGCGAGG-3′; P4: 5′-TTAC 
TTGTACAGCTCTCCATG-3′). The amplification was 
performed in 25-µl PCR reactions, containing 1× TaKaRa 
Taq buffer (MgCl2

+), 1 U of Taq DNA polymerase, 

0.2 mM of each deoxynucleoside triphosphate (dNTP), 
0.04 µM of each primer, and 50 ng of viral DNA. PCR 
parameters consisted of 30 s denaturing (94°C), 30 s 
annealing (55°C), and 30 s or 2 min extension (72°C) for 
35 cycles (2720 Thermal Cycler, Applied Biosystems, 
Waltham, MA, USA).

Viral replication in vitro

Actively growing cells were prepared in advance, 
when dividing cells were become a confluent monolayer 
in 12-well plate, viruses were infected at the multiplicity of 
infection (MOI) of 0.1 PFU/cell. After incubated in growth 
medium containing 2% fetal bovine serum for 2 hours, cells 
were then incubated in complete growth medium. Cells 
and supernatant were harvested at indicated time points  
(24, 48, and 72 h). To establish resting cells, confluent 
NIH3T3 cells were incubated for 3 days in growth medium 
with 5% FBS and then were infected as above and harvested 
at the same time points. Viral titers were determined on 
BSC-40 cells after three cycles of freezing and thawing.

Figure 6: Antitumor efficacy in a human hepatoma tumor model. (A) Mean tumor volume in mice treated with PBS (Control 
group), VG9 (VG9 group), or TK-deleted vaccinia virus (VG9-EGFP group, WR-EGFP group). (B) Kaplan-Meier survival curves for 
tumor-bearing mice treated with PBS (Control group), VG9 (VG9 group), or TK-deleted vaccinia virus (VG9-EGFP group, WR-EGFP 
group). n = 5 per group.
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In vitro cytotoxicity assay

Cells (104/well) seeded in 96-well plates were 
infected with different concentrations of virus suspended 
in growth medium containing 2% fetal calf serum. Three 
days after infection, cell viability was analyzed by the 
MTT [3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-
tetrazolium bromide] cytotoxicity assay.

Mice

All animal studies were approved by the Institutional 
Animal Care and Use Committees (IACUC) of Jiangsu 
Institute of Nuclear Medicine (JSINM2010007). Female 
nude mice (7-week-old) and C57BL/6 immunocompetent 
mice (6-week-old) were purchased from Shanghai 
Laboratory Animals Center (SLAC; Shanghai, China). They 
were housed under standardized conditions with controlled 
temperature and humidity and a 12 h-12 h day-night light 
cycle. Mice were given free access to diet and water.

Virus replication in vivo

To assess virus replication in vivo, C57BL/6 
immunocompetent mice were intraperitoneally injected 
with VG9 or VG9-EGFP (1 × 107 PFU). After 5 days, 
whole sections of brain, lung, liver, spleen, kidney, and 
tumor were harvested and homogenized, and a standard 
plaque assay was performed on BSC-40 cells.

Tumor models and antitumor effects

To establish murine melanoma tumor model, about 
5 × 105 B16 cells in 100 μl phosphate-buffered saline 
(PBS) were injected subcutaneously into the right flanks 
of C57BL/6 mice. To establish human hepatoma tumor 
model, 6×106 SMMC-7721 cells in 200 μl PBS were 
injected subcutaneously into the left armpit of nude mice.

When tumors reached the size of 3–5 mm in 
diameter, PBS (control), 107 PFU of VG9, VG9-EGFP, 
WR-EGFP was injected intratumorally. Tumor growth 
was followed every other day and tumor volume was 
calculated as [(width)2  × length] × 0.52 [51]. Mice were 
euthanized when tumors reached their maximal permitted 
size according to the animal regulations, and Kaplan-
Meier survival curves were plotted.

Statistical analysis

Data are presented as mean ± standard deviation (SD). 
A statistical analysis was performed by using the Mann-
Whitney test for nonparametric data or Student’s t-test 
for two independent samples when appropriate. Survival 
analysis was performed using the method of Kaplan-Meier, 
and differences between curves were assessed using the 
log-rank test. All statistics were generated by SPSS 19.0 
software (SPSS Statistics, Inc., Chicago, IL, USA).

Abbreviations 

TK: thymidine kinase; VG9: vaccinia strain 
Guang9; EGFP: enhanced green fluorescent protein; 
XGPRT: xanthine-guanine phosphoribosyltransferase; 
PFU: plaque-forming unit; MOI: multiplicity of infection

Authors’ contributions

Lili Deng and Biao Huang conceived the study. 
The manuscript was written by Lili Deng and revised 
by Jue Zhang. Jun Fan carried out the animal study and 
contributed to design the study. Yuedi Ding assisted 
with the in vivo experiments and vector construction. 
Statistical analysis was performed by Jue Zhang. Bin 
Zhou contributed to the viral replication in vitro. Yi 
Zhang contributed to cytotoxic assay. All authors read and 
approved the final manuscript.

ACKNOWLEDGMENTS

The authors sincerely thank Professor Xinyuan Liu 
(Institute of Biochemistry and Cell Biology, Shanghai 
Institutes for Biological Sciences, The Graduate School, 
Chinese Academy of Sciences) for providing the vaccinia 
shuttle plasmid (pCB) and the vaccinia virus Western 
Reserve strain. Thank the National Institutes for Food and 
Drug Control (NIFDC) for providing the vaccinia virus of 
Tian Tan strain VG9.

CONFLICTS OF INTEREST

The authors have no conflicts of interest.

REFERENCES

1. Kirn D, Martuza RL, Zwiebel J. Replication-selective 
virotherapy for cancer: Biological principles, risk management 
and future directions. Nat Med. 2001; 7:781–787.

2. Thorne SH, Hermiston T, Kirn D. Oncolytic virotherapy: 
approaches to tumor targeting and enhancing antitumor 
effects. Semin Oncol. 2005; 32:537–548.

3. Everts B, van der Poel HG. Replication-selective oncolytic 
viruses in the treatment of cancer. Cancer Gene Ther. 2005; 
12:141–161.

4. Liu TC, Galanis E, Kirn D. Clinical trial results with 
oncolytic virotherapy: a century of promise, a decade of 
progress. Nat Clin Pract Oncol. 2007; 4:101–117.

5. Guo ZS, Bartlett DL. Oncolytic viruses as platform for 
multimodal cancer therapeutics: a promising land. Cancer 
Gene Ther. 2014; 21:261–263.

6. Heise C, Sampson-Johannes A, Williams A, McCormick F, 
Von Hoff DD, Kirn DH. ONYX-015, an E1B gene-
attenuated adenovirus, causes tumor-specific cytolysis and 



Oncotarget40542www.impactjournals.com/oncotarget

antitumoral efficacy that can be augmented by standard 
chemotherapeutic agents. Nat Med. 1997; 3:639–645.

 7. Walker JR, McGeagh KG, Sundaresan P, Jorgensen TJ, 
Rabkin SD, Martuza RL. Local and systemic therapy of 
human prostate adenocarcinoma with the conditionally 
replicating herpes simplex virus vector G207. Hum Gene 
Ther. 1999; 10:2237–2243.

 8. Phuangsab A, Lorence RM, Reichard KW, Peeples ME, 
Walter RJ. Newcastle disease virus therapy of human 
tumor xenografts: antitumor effects of local or systemic 
administration. Cancer Lett. 2001; 172:27–36.

 9. Parviainen S, Ahonen M, Diaconu I, Kipar A, Siurala M, 
Vaha-Koskela M, Kanerva A, Cerullo V, Hemminki A. 
GMCSF-armed vaccinia virus induces an antitumor 
immune response. Int J Cancer. 2014; 136:1065–1072.

10. Zeh HJ, Bartlett DL. Development of a replication-
selective, oncolytic poxvirus for the treatment of human 
cancers. Cancer Gene Ther. 2002; 9:1001–1012.

11. Kirn DH, Thorne SH. Targeted and armed oncolytic 
poxviruses: a novel multi-mechanistic therapeutic class for 
cancer. Nat Rev Cancer. 2009; 9:64–71.

12. Thorne SH, Bartlett DL, Kirn DH. The use of oncolytic 
vaccinia viruses in the treatment of cancer: a new role for 
an old ally? Curr Gene Ther. 2005; 5:429–443.

13. Shen Y, Nemunaitis J. Fighting cancer with vaccinia 
virus: teaching new tricks to an old dog. Mol Ther. 2005;  
11:180–195.

14. Robinson MJ, Muragasu R, Thong YH, Chen ST. A fatal 
case of progressive vaccinia--clinical and pathological 
studies. Aust Paediatr J. 1977; 13:125–130.

15. Turkel SB, Overturf GD. Vaccinia necrosum complicating 
immunoblastic sarcoma. Cancer. 1977; 40:226–233.

16. Keane JT, James K, Blankenship ML, Pearson RW. 
Progressive vaccinia associated with combined variable 
immunodeficiency. Arch Dermatol. 1983; 119:404–408.

17. Gurvich EB, Vilesova IS. Vaccinia virus in postvaccinal 
encephalitis. Acta Virol. 1983; 27:154–159.

18. Buller RM, Chakrabarti S, Cooper JA, Twardzik DR, 
Moss B. Deletion of the vaccinia virus growth factor gene 
reduces virus virulence. J Virol. 1988; 62:866–874.

19. Flexner C, Moss B, London WT, Murphy BR. Attenuation 
and immunogenicity in primates of vaccinia virus 
recombinants expressing human interleukin-2. Vaccine. 
1990; 8:17–21.

20. Moss B. Genetically engineered poxviruses for recombinant 
gene expression, vaccination, and safety. Proc Natl Acad Sci 
USA. 1996; 93:11341–11348.

21. Buller RM, Smith GL, Cremer K, Notkins AL, Moss B. 
Decreased virulence of recombinant vaccinia virus 
expression vectors is associated with a thymidine kinase-
negative phenotype. Nature. 1985; 317:813–815.

22. Whitman ED, Tsung K, Paxson J, Norton JA. In vitro and 
in vivo kinetics of recombinant vaccinia virus cancer-gene 
therapy. Surgery. 1994; 116:183–188.

23. Gnant MF, Puhlmann M, Bartlett DL, Alexander HR Jr. 
Regional versus systemic delivery of recombinant vaccinia 
virus as suicide gene therapy for murine liver metastases. 
Ann Surg. 1999; 230:352–360; discussion 360–351.

24. Puhlmann M, Brown CK, Gnant M, Huang J, Libutti SK, 
Alexander HR, Bartlett DL. Vaccinia as a vector for tumor-
directed gene therapy: biodistribution of a thymidine 
kinase-deleted mutant. Cancer Gene Ther. 2000; 7:66–73.

25. McCart JA, Puhlmann M, Lee J, Hu Y, Libutti SK, 
Alexander HR, Bartlett DL. Complex interactions between 
the replicating oncolytic effect and the enzyme/prodrug 
effect of vaccinia-mediated tumor regression. Gene Ther. 
2000; 7:1217–1223.

26. McCart JA, Ward JM, Lee J, Hu Y, Alexander HR, 
Libutti SK, Moss B, Bartlett DL. Systemic cancer therapy 
with a tumor-selective vaccinia virus mutant lacking 
thymidine kinase and vaccinia growth factor genes. Cancer 
Res. 2001; 61:8751–8757.

27. Puhlmann M, Gnant M, Brown CK, Alexander HR, 
Bartlett DL. Thymidine kinase-deleted vaccinia virus 
expressing purine nucleoside phosphorylase as a vector 
for tumor-directed gene therapy. Hum Gene Ther. 1999; 
10:649–657.

28. Whilding LM, Archibald KM, Kulbe H, Balkwill FR, Oberg D,  
McNeish IA. Vaccinia virus induces programmed necrosis in 
ovarian cancer cells. Mol Ther. 2013; 21:2074–2086.

29. Products NiftCoPaB. A summary report on the selection 
of VG9 vaccinia virus strain which acquired in the 
collaborative work of the national smallpox vaccine. 
Compil Commun Vac Virus Strains. 1974; Beijing:45–49.

30. Products CIoB. Comparison of reactogenicity in 
experimental animals of five vaccinia virus strains of 
domestic and abroad. 1978; 7:70–73.

31. Products CIoB. Comparison of reactogenicity and 
immunogenicity in experimental animals of five vaccinia 
virus strains of domestic and abroad. 1978; 4:13–19.

32. Zhu R, Liu Q, Huang W, Yu Y, Wang Y. Comparison of the 
replication characteristics of vaccinia virus strains Guang 
9 and Tian Tan in vivo and in vitro. Arch Virol. 2014; 
159:2587–2596.

33. Andreansky SS, He B, Gillespie GY, Soroceanu L, 
Markert J, Chou J, Roizman B, Whitley RJ. The application 
of genetically engineered herpes simplex viruses to the 
treatment of experimental brain tumors. Proc Natl Acad Sci 
USA. 1996; 93:11313–11318.

34. Han ZQ, Assenberg M, Liu BL, Wang YB, Simpson G, 
Thomas S, Coffin RS. Development of a second-generation 
oncolytic Herpes simplex virus expressing TNFalpha for 
cancer therapy. J Gene Med. 2007; 9:99–106.

35. Kaufman HL, Kim DW, DeRaffele G, Mitcham J, 
Coffin RS, Kim-Schulze S. Local and distant immunity 
induced by intralesional vaccination with an oncolytic 
herpes virus encoding GM-CSF in patients with stage IIIc 
and IV melanoma. Ann Surg Oncol. 2009; 17:718–730.



Oncotarget40543www.impactjournals.com/oncotarget

36. De Clercq E. Cidofovir in the therapy and short-term 
prophylaxis of poxvirus infections. Trends Pharmacol Sci. 
2002; 23:456–458.

37. Wittek R. Vaccinia immune globulin: current policies, 
preparedness, and product safety and efficacy. Int J Infect 
Dis. 2006; 10:193–201.

38. Klatzmann D, Herson S, Cherin P, Chosidow O, Baillet F, 
Bensimon G, Boyer O, Salzmann JL. Gene therapy for 
metastatic malignant melanoma: evaluation of tolerance 
to intratumoral injection of cells producing recombinant 
retroviruses carrying the herpes simplex virus type 1 
thymidine kinase gene, to be followed by ganciclovir 
administration. Hum Gene Ther. 1996; 7:255–267.

39. Park BH, Hwang T, Liu TC, Sze DY, Kim JS, Kwon HC, 
Oh SY, Han SY, Yoon JH, Hong SH, Moon A, Speth K, 
Park C, et al. Use of a targeted oncolytic poxvirus, JX-
594, in patients with refractory primary or metastatic liver 
cancer: a phase I trial. Lancet Oncol. 2008; 9:533–542.

40. Breitbach CJ, Burke J, Jonker D, Stephenson J, Haas AR, 
Chow LQ, Nieva J, Hwang TH, Moon A, Patt R, Pelusio A, 
Le Boeuf F, Burns J, et al. Intravenous delivery of a multi-
mechanistic cancer-targeted oncolytic poxvirus in humans. 
Nature. 2011; 477:99–102.

41. Hengstschlager M, Knofler M, Mullner EW, Ogris E, 
Wintersberger E, Wawra E. Different regulation of 
thymidine kinase during the cell cycle of normal versus 
DNA tumor virus-transformed cells. J Biol Chem. 1994; 
269:13836–13842.

42. Chung CS, Hsiao JC, Chang YS, Chang W. A27L protein 
mediates vaccinia virus interaction with cell surface heparan 
sulfate. J Virol. 1998; 72:1577–1585.

43. Brunner G, Reimbold K, Meissauer A, Schirrmacher V, 
Erkell LJ. Sulfated glycosaminoglycans enhance tumor cell 

invasion in vitro by stimulating plasminogen activation. Exp 
Cell Res. 1998; 239:301–310.

44. Yang H, Kim SK, Kim M, Reche PA, Morehead TJ, Damon IK,  
Welsh RM, Reinherz EL. Antiviral chemotherapy facilitates 
control of poxvirus infections through inhibition of cellular 
signal transduction. J Clin Invest. 2005; 115:379–387.

45. Thorne SH, Hwang TH, O’Gorman WE, Bartlett DL, Sei S, 
Kanji F, Brown C, Werier J, Cho JH, Lee DE, Wang Y, 
Bell J, Kirn DH. Rational strain selection and engineering 
creates a broad-spectrum, systemically effective oncolytic 
poxvirus, JX-963. J Clin Invest. 2007; 117:3350–3358.

46. Kirn DH, Wang Y, Le Boeuf F, Bell J, Thorne SH. Targeting 
of interferon-beta to produce a specific, multi-mechanistic 
oncolytic vaccinia virus. PLoS Med. 2007; 4:e353.

47. Luker KE, Hutchens M, Schultz T, Pekosz A, Luker GD. 
Bioluminescence imaging of vaccinia virus: effects of 
interferon on viral replication and spread. Virology. 2005; 
341:284–300.

48. Fang Q, Yang L, Zhu W, Liu L, Wang H, Yu W, Xiao G, 
Tien P, Zhang L, Chen Z. Host range, growth property, and 
virulence of the smallpox vaccine: vaccinia virus Tian Tan 
strain. Virology. 2005; 335:242–251.

49. Zhu R, Huang W, Yan Z, Wen Z, Wang W, Zhou Y. Studies 
on the virulence of a novel attenuated vaccinia virus VG9 
strain in animals. Chin J Viral Dis. 2011; 1:2–6. 

50. Chakrabarti S, Sisler JR, Moss B. Compact, synthetic, 
vaccinia virus early/late promoter for protein expression. 
Biotechniques. 1997; 23:1094–1097.

51. O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, 
Lane WS, Flynn E, Birkhead JR, Olsen BR, Folkman J. 
Endostatin: an endogenous inhibitor of angiogenesis and 
tumor growth. Cell. 1997; 88:277–285.


