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Abstract: The aim of this study was to develop an interventional oncologic technique, “Image-guided intratumoral 
radiofrequency hyperthermia (RFH)-enhanced herpes simplex virus-thymidine kinase (HSV-TK) gene therapy of ovar-
ian cancer. This study consisted of three portions: (1) serial in-vitro experiments to establish “proof-of-principle” of 
this novel technique using human ovarian cancer cells; (2) serial in-vivo experiments to validate technical feasibility 
using animal models with the same orthotopic ovarian cancers; and (3) serial investigations into the underlying bio-
molecular mechanisms of this technique. We included four subject groups: (i) combination therapy with RFH+HSV-
TK gene therapy; (ii) gene therapy-only; (iii) RFH-only; and (iv) Phosphate-buffered saline (PBS). For in-vitro experi-
ments, confocal microscopy and MTS assays were performed to quantify HSV-TK gene expression and assess cell 
viability. For in-vivo experiments, bioluminescence optical and ultrasound imaging were used to assess therapeutic 
effectiveness. These results were correlated with subsequent pathologic/laboratory studies to further elucidate 
the biologic mechanisms of this technique. In in-vitro experiments, combination therapy resulted in the lowest cell 
proliferation and greatest increase in HSV-TK gene expression among four subject groups. In in-vivo experiments, 
combination therapy lead to significant decreases of bioluminescence signals and sizes of tumors in combination 
therapy by optical and ultrasound imaging. Pathology/laboratory examinations confirmed the significantly increased 
expression of Bax, Caspase-3, HSP70, IL-2, and CD94 in cancer tissues subjected to combination therapy. “Image-
guided intratumoral RFH-enhanced direct gene therapy” is an effective interventional oncologic technique which 
functions through apoptotic/anti-tumor immunity pathways. This technical development may open new avenues for 
treating ovarian cancer. 

Keywords: Radiofrequency hyperthermia, gene therapy, HSV-TK/GCV, ovarian cancer, molecular image

Introduction

Ovarian cancer is one of the deadliest known 
malignancies [1]. This is in large part because it 
is usually diagnosed at an advanced stage due 
to the absence of specific symptoms in most 
patients and lack of reliable screening modali-
ties [2]. Although different chemotherapeutic 
agents are available for ovarian cancers, this 
malignancy is usually characterized by repeat-
ed remission and relapse. In most cases, the 
disease will eventually develop resistance to all 
chemotherapeutic agents and become incur-

able [3, 4]. Thus, the development of new thera-
peutic modalities is highly desirable. 

The herpes simplex virus-thymidine kinase 
(HSV-TK)/ganciclovir (GCV) suicide gene therapy 
system has been extensively investigated as a 
promising approach in the treatment for a vari-
ety of cancers [5-7]. Effective HSV-TK/GCV gene 
therapy depends on sufficient transfection of 
HSV-TK genes into tumor cells, where it con-
verts nontoxic GCV to highly toxic phosphory-
lated GCV. Phosphorylated GCV disrupts DNA 
replication and induces cell death, which can 
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be further amplified via “bystander effect” to 
induce death of neighboring untransfected 
cells [8, 9]. Although effectiveness of this tech-
nique has been proven in cancer cells and 
rodent cancer models, clinical studies have not 
been widely applied, primarily due to the low 
gene transfection efficiency observe in the cur-
rently utilized systemic approach to administer-
ing HSV-TK genes. An image-guided, interven-
tional approach for local delivery of high-dose 
genes to tumors could potentially solve this 
problem. 

To date, percutaneous image-guided thermal 
ablation techniques, such as radiofrequency 
ablation (RFA) and microwave ablation (WMA), 
have emerged as an effective, minimally inva-
sive, and reproducible method in the locore-
gional treatment of solid tumors. Previous stud-
ies have confirmed that radiofrequency hyper-
thermia (RFH) can significantly enhance the 
effectiveness of chemotherapy, gene thera-
pies, and immunotherapies in treating various 
malignancies [10-12]. It is believed that RFH 
can increase permeability of cell membranes, 
allowing for more influx of therapeutic agents 
into the cancer cells [13]. Encouraged by these 
exciting preliminary results, we aimed to devel-
op a new interventional oncology technique, 
namely “Image-guided intratumoral RFH-en- 
hanced direct gene therapy”, for the treatment 
of ovarian cancer. 

Materials and methods

Study design

This study included three components: (1) seri-
al in-vitro experiments to establish “proof-of-
principle” of our novel technique; (2) serial in-
vivo experiments to validate the feasibility of 
the technique using living animal models afflict-
ed with the same orthotopic ovarian cancers; 
and (3) serial laboratory examinations to deter-
mine underlying biomolecular mechanisms in-
vivo and in-vitro, to further improve the te- 
chnique.

In-vitro confirmation with ovarian cancer cells

Cells: Human epithelial ovarian cancer cell 
(SKOV 3) were cultured in McCoy’s 5A (Gibico-
Life Technologies, Mulgrave, Australia) adjust-
ed to contain 1.5 mM L-glutamine with 10% 
fetal bovine serum. They were incubated at 
37°C in a humidified atmosphere with 5% CO2.

SKOV 3 cells were transfected with mCherry/
Luciferase lentiviral particles to create mCher-
ry/Luciferase-positive cells according to the 
manufacturer’s protocol (GeneCopoeia Inc., 
Rockville, MD). Recombinant green fluorescent 
protein (GFP)/HSV-TK lentiviral particles were 
produced by transient transfection of 293FT 
cells with GFP/HSV-TK lentiviral plasmid vec-
tors and third-generation lenti-combo packing 
mix (Applied Biological Materials Inc., Rich- 
mond, BC, Canada). Since GFP and HSV-TK ge- 
ne expressions were simultaneously driven by 
the same promoter, the detection of GFP by in-
vitro fluorescent microscopy and in-vivo biolu-
minescence optical imaging allowed for assess-
ment of HSV-TK expression efficiency.

2 × 104 cells/chamber mCherry/Luciferase-po- 
sitive SKOV 3 cells were cultured in 4-chamber 
cell culture slides (Nalge Nunc International, 
Rochester, NY, USA). Slides were placed in a 
37°C water bath. A 0.032-inch heating wire was 
attached under the bottom of chamber 4 of the 
four-chamber cell culture slide, and then con-
nected to a 2450-MHz radiofrequency genera-
tor (GMP150, OPTHOS, Rockville, MD, USA) to 
induce RFH. A sterile 1.1 mm fiber optic tem-
perature sensor was placed at the bottom of 
each chamber and connected to a temperature 
thermometer (PhotonControl, Burnaby BC, 
Canada) for real-time monitoring of tempera-
ture change during RFH. By adjusting RF output 
power to approximately 5-8 W, the temperature 
of chamber 4 was maintained at 42°C, while 
the temperature of chamber 1 was kept at 
37°C.

For comparison of therapeutic effects acro- 
ss different treatments, mCharry/Luciferase-
SKOV-3 cells were divided into four groups: (i) 
no treatment, as a control; (ii) RFH-only (42°C 
for 30 minutes); (iii) gene therapy-only with 
GFP/HSV-TK/lentivirus gene transduction fol-
lowed by ganciclovir administration for 72 
hours; and (iv) combination therapy of RFH 
+gene (GFP/HSV-TK/lentivirus gene transduc-
tion followed by RFH at 42°C for 30 minutes 
and ganciclovir administration for 72 hours).

Cell proliferation assay: Cell proliferation was 
evaluated by MTS assay 72 hours after the GCV 
treatment. Briefly, MTS [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] agent 
was added to the cell chamber and incubated 
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for 4 hours. The absorbance was measured 
using a microplate reader at 490 nm. The rela-
tive cell proliferations of the different cell 
groups were evaluated using the equation 
Atreated-Ablank/Acontrol-Ablank, where “A” represents 
absorbance. Cells on slides were subsequently 
imaged with fluorescent microscopy to detect 
mCherry/Luciferase-positive cells. The experi-
ment was repeated six times for each group.

In-vitro bioluminescent optical imaging (BOI) 
was performed for additional cell sets of four 
treatment groups. Cells in each group were 
treated with 5-μL Pierce D-Luciferin (Thermo 
Fisher Scientific, Rockford, IL). Then 50-μL cells 
was mixed with 50-μL 1% agarose (Invitrogen, 
Carlsbad, CA) in a transparent cylindrical glass 
tube for BOI (Bruker In-Vivo Xtreme, Billerica, 
MA). The bioluminescent signal intensity of 
each tube was calculated as the mean of all 
detected photon counts within a manually 
derived region of interest (ROI) using the Bruker 
MI software. Relative signal intensity (RSI) was 
determined by the following equation: RSI = SIT/
SIC, where “SI” represents signal intensity, “T” 
represents the treatment group, and “C” repre-
sents the control group.

Confirmation of transfection efficiency of GFP/
HSV-TK lentivirus to SKOV 3 cells: 4 × 104 
mCherry/Luciferase-positive SKOV 3 cells were 
seeded in a six-well cell culture plate (Becton 
Dickinson and Company, Franklin Lakes, NJ, 
USA). For comparison of transduction effects 
with or without hyperthermia, the SKOV 3 cells 
were divided into two groups: with RFH [RFH (+)] 
and without RFH [RFH (-)]. After 24-hour cell 
incubation, the culture medium was replaced 
with fresh medium containing lentiviral parti-
cles (106 IU/cell) and polybrene (8 μg/mL, 
Santa Cruz Biotechnology, Dallas, TX) accord-
ing to protocol. Then, the RFH (+) group cells 
subjected to hyperthermia at 42°C for 30 min-
utes. Cells were collected at the time points of 
72 hours after GFP/HSV-TK/lentiviral transduc-
tion for quantitative analysis of GFP expression 
by Western blot (WB). To quantify GFP expres-
sion by BOI, treated cells on plate were washed 
twice with phosphate-buffered saline (PBS), 
fixed in 4% paraformaldehyde, counterstained 
with 4’,6-diamidino-2-phenylindole (DAPI, Vec- 
tor Laboratories, Bur-lingame, CA), and imaged 
with a laser confocal microscope (A1R; Nikon, 
Tokyo, Japan).

In-vivo validation with living animal models of 
orthotopic ovarian cancers

Animal models: The animal protocol was ap- 
proved by our Institutional Animal Care and Use 
Committee. All animals underwent general an- 
esthesia with 1%-3% isoflurane (Piramal Health 
care, Andhra Pradesh, India) delivered in 100% 
oxygen. Nude rat models (Charles River Labo- 
ratories, Wilmington, MA) with orthotopic hu- 
man ovarian tumors were created by inoculat-
ing mCherry/luciferase-SKOV 3 into the right 
ovaries by a sub-capsular injection approach 
during laparotomy. The nude rat is deficient of 
some T-cell subtypes, but has normal comple-
ment and B-cell function [14, 15]. Once the size 
of the tumor reached 8-10 mm in diameter, we 
started the experimental procedures.

RFH-enhanced HSV-TK gene therapy of ortho-
topic ovarian tumors: Twenty-four rats with 
orthotopic ovarian cancers were allocated into 
four groups to receive the different treatments 
of (i) intratumoral injection of 50-µL PBS as a 
control; (ii) RFH-only with 20 minutes of intratu-
moral RFH; (iii) gene therapy-only with intratu-
moral injection of 50-µL (1 × 108) HSV-TK/lenti-
virus, followed by 7 days of intraperitoneal 
administration of 5-mg/kg ganciclovir; and (iv) 
combination therapy (RFH+Gene) by intratu-
moral injection of 50-µL (1 × 108) HSV-TK/lenti-
virus with simultaneous RFH at 42°C for 30 
minutes, followed by 7 days of intraperitoneal 
injection of 5 mg/kg ganciclovir. GFP/HSV-TK/
lentiviral particles were directly injected into 
the tumor through the agent perfusion needle 
of a single polar perfusion-thermal RF elec-
trode (Welfaremedic, Beijing, China), which was 
initially inserted into the tumor center under 
real-time sonographic imaging guidance (Son- 
osite Inc., Bothell, WA). Im mediately after the 
intratumoral delivery of genes, RFH was gener-
ated by connecting the electrode to an RF gen-
erator. The temperature in the tumor was moni-
tored by the thermal sensor integrated into the 
electrode, which was set at 42°C±0.5°C for 30 
minutes. 

Bioluminescence optical imaging and ultra-
sound imaging were used to follow up the 
changes in bioluminescence emitting from the 
tumors and tumor sizes at the time points of 7 
and 14 days post-treatment. Bioluminescent 
signal intensity of each tumor was quantified by 
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summing detected photon counts using Bruker 
MI software (Brucker, Billerica, MA). Data were 
normalized to relative signal intensity (RSI) by 
using the following equation: RSI = SIDn/SID0, 
where “SI” is signal intensity, “Dn” represents 
days after treatment and “D0” is the day before 
treatment. 

Pathology/laboratory correlation and confirma-
tion: After achieving satisfactory images at day 
14 after the treatments, the tumors were har-
vested. The volume of each harvested tumor 
was calculated according to the formula: vol-
ume = (W2 × L)/2, where “W” is the tumor width 
and “L” is the tumor length, which were mea-
sured by caliper [16]. 

TUNEL assay: Apoptosis of treated tumors was 
analyzed by immunohistochemical (IHC) sta- 
ining using the terminal deoxynucleotidyl tr- 
ansferase-mediated dUTP nick end labeling 
(TUNEL) apoptosis detection kit (R&D Systems, 
Minneapolis, MN). TUNEL-positive cells were 
imaged using a microscope (Olympus, Japan). 
The apoptotic index (AI) was defined as the per-
centage of positive cells counted per total num-

ber of cells in ten randomly-selected fields 
under a light microscope. Cells with brown 
nuclei were interpreted as apoptotic positive. 

Investigation of underlying bio-molecular 
mechanisms

Immunohistochemistry (IHC): Briefly, tumors 
were fixed in PBS-buffered 10% formalin for 24 
hours, and then embedded in paraffin. The 
samples were sectioned using a slicing machine 
(Leica, Germany) and mounted in Poly-L-Lysine-
coated slides for IHC examination. For examin-
ing the proteins/molecules expressed through 
apoptosis and anti-tumor immunity pathways, 
the sections were incubated with the following 
primary antibodies (1:200): (i) caspase-3 and 
(ii) Bax for activating apoptosis; (iii) Bcl-2 for 
overcoming apoptosis resistance; and (iv) a 
group of C-type lectin receptors related to 
immune-regulatory, including heat shock pro-
tein (HSP)-70 for immunoreaction, IL-2 for in- 
flammation, and CD94 for macrophages. After 
incubating with horseradish peroxidase-conju-
gated secondary antibodies, whole section digi-
tal histological scans were acquired with the 

Figure 1. In-vitro experiment on RFH-enhanced killing of HSV-TK/GCV in human ovarian cancer (SKOV 3) cells. A. 
Fluorescence microscopy demonstrates decreased numbers of cells in RFH+Gene combination therapy, compared 
with other treatments. Scale bar = 50 μm. B. Results of MTS assay showing the lowest cell proliferation in combina-
tion therapy. C, D. Results of in-vitro quantitative bioluminescence analysis demonstrating the lowest photon signal 
in cells treated with combination therapy, compared with the other three treatments. **P < 0.01, ***P < 0.001.
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Olympus digital camera using its image pro-
cessing software (Image-pro plus 6.0), and 
quantitative data were counted randomly from 
six fields of each sample slice.

Western blot analysis: Cells and tumor tissues 
of rats were processed by homogenation. 
40-80 μg proteins were subjected to western 
blotting (WB) analysis (Thermo Scientific). Bri- 
efly, 50 μg of lysates were separated by 10% 
SDS-PAGE and then electro-transferred to a 
nitrocellulose membrane. After being blocked 
in blocking buffer, each nitrocellulose mem-
brane was incubated with various primary an- 
tibodies overnight at 4°C. Then, antigen-anti-
body complexes were visualized using enhan- 
ced chemo-luminescence reagents. The level 
of protein expression was quantified by mea-
suring the density of the immune-reactive 

bands and subsequently normalizing to Glyce- 
raldehyde-3-Phosphate Dehydrogenase (GA- 
PDH).

Statistical analysis: Results are expressed as 
the mean ± SDs of six independent experi-
ments. The statistical significance of differenc-
es between groups was obtained by the stu-
dent’s t-test or ANOVA multiple comparisons 
using GraphPad Pro6.0 (Graphpad, San Diego, 
CA). Statistical significance was assume for P < 
0.05.

Results

In-vitro confirmation

RFH-enhanced killing of HSV-TK/GCV in ovari-
an cancer cells: Fluorescence microscopy dem-

Figure 2. In-vitro experiments on RFH-enhanced GFP/HSV-TK gene expression in SKOV 3 cells. A. Confocal micros-
copy demonstrates a significantly increased number of GFP-positive cells in RFH (+) group, compared with RFH (-) 
group. Blue fluorescence indicates nuclei and green fluorescence indicates GFP-positive cells. Scale bar = 100 μm. 
B, C. Western blotting further confirms a significantly increased level of GFP protein expression in the RFH (+) group, 
compared to the RFH (-) group. *P < 0.05.
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Figure 3. In-vivo experiments on RFH-enhanced HSV-TK gene therapy of rat models with orthrotopic SKOV 3 tumors. (A) Both optical and ultrasound imaging show 
the lowest relative photons (B) and smallest tumor volume (C) in cells treated by combination therapy with RFH+Gene compared with other three treatments. These 
results are confirmed by gross pathology. (D) TUNEL stain further confirms the highest quantity of apoptotic cells in combination therapy, compared with other treat-
ments. *P < 0.05，**P < 0.01, ***P < 0.001. Scale bar = 50 μm. 
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onstrated a significant attenuation of cells 
treated with combination therapy, compared 
with the other three treatments (Figure 1A). 
MTS assay demonstrated the lowest cell viabil-
ity in combination therapy, compared to treat-
ments of gene, RFH, and control (35.97±3.68 
vs. 75.34±2.39 vs. 97.23±4.64 vs. 100%, P < 
0.05) (Figure 1B). In addition, the quantitative 
analysis of cell bioluminescence signal revealed 
a significant decrease in photon signal and rel-
ative photon signal intensity in combination 
therapy, compared to the other treatments 
(0.27±0.15 vs. 0.45±0.21, 0.87±0.68, and 1, P 
< 0.05) (Figure 1C, 1D). 

RFH-enhanced GFP/HSV-TK lentivirus trans-
duction in ovarian cancer cells: Confocal mi- 
croscopy demonstrated a significantly incre- 
ased number of GFP/TK-positive cells in the 
RFH (+) group compared with the RFH (-) group 
(Figure 2A), which was quantitatively confirmed 
by WB assay (69±5.9 vs. 36.4±3.4, P < 0.05) 
(Figure 2B, 2C). 

In-vivo validation

Intratumoral RFH-enhanced direct HSV-TK ge- 
ne therapy for orthotopic ovarian cancer: Bio- 
luminescence optical imaging of treated tumors 
exhibited significantly lower photon signal of 
tumors in combination therapy, compared with 
RFH alone, gene therapy alone, and PBS (Figure 
3A, 3B). This result was confirmed by follow-up 
ultrasound imaging and ultimately gross pathol-

ogy of the harvested ovarian cancers, with the 
smallest tumor volume observed in combina-
tion therapy, compared to the other three treat-
ment groups (Figure 3A, 3C). Furthermore, the 
highest apoptic index by TUNEL staining was 
observed in combination therapy (Figure 3A, 
3D).

Investigations on underlying bio-molecular 
mechanisms

Combination of RFH and HSV-TK/GCV therapy 
inducing anti-tumor immunity: In both in-vitro 
and in-vivo experiments, both IHC staining and 
WB assay showed significantly increased ex- 
pression of HSP70, IL-2, and CD94 in combina-
tion therapy, compared with RFH alone, HSV-TK 
gene therapy alone, and PBS treatment (Figures 
4, 5). 

Combination of RFH and HSV-TK/GCV therapy 
induced apoptosis: In both in-vitro and in-vivo 
experiments, both IHC staining and WB assay 
further demonstrated the significantly decrea- 
sed expression of the anti-apoptotic protein 
Bcl-2 and significantly increased expression of 
the activating apoptotic proteins Bax and cas-
pase-3 in combination therapy, compared to 
the other three groups (Figures 4, 6). 

Discussion

The treatment of ovarian cancer has proven to 
be a worldwide critical medical challenge, with 

Figure 4. In-vitro investigation of underlying bio-molecular mechanisms with SKOV 3 cells. (A) Western blot assay 
shows more expression (as wide and darken bands) for HSP70, Bax, and Caspase-3, and less expression of Bcl-2 in 
combination treatment compare with other treatments, as further confirmed by quantitative Western blot analysis 
(B). **P < 0.01, ***P < 0.001. GAPDH = internal control.
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a paucity of effective non-invasive and minimal-
ly invasive treatments to date. In this study, we 
developed a novel interventional oncologic 

technology for the treatment of ovarian can-
cers, namely “image-guided intratumoral RFH-
enhanced direct gene therapy”. The present 

Figure 5. In-vivo investigation of underlying bio-molecular mechanisms with ovarian cancer tissues, confirming the 
synergetic effect of RFH plus gene therapy via the anti-tumor immunity pathway. A. Immunohistochemistry stain of 
HSP70, IL-2, and CD94 proteins, demonstrating more blown-colored stains in combination therapy than other treat-
ments. Scale bar = 50 μm. B. Quantitative western blot analysis further shows significantly increased expressions of 
HSP70, IL-2, and CD94 in combination therapy. **P < 0.01, ***P < 0.001. GAPDH = internal control. 
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study has yielded a number of promising find-
ings. First, we confirmed that RFH can increase 
HSV-TK gene expression, which in turn enhanc-

es the killing efficacy of HSV-TK/GCV on human 
ovarian cancer cell lines-manifested as signifi-
cantly decreased cell viability and biolumines-

Figure 6. In-vivo investigation of underlying bio-molecular mechanisms with ovarian cancer tissues, confirming the 
synergetic effects of RFH plus gene therapy via the apoptotic pathway. (A) Immunohistochemistry stain of Bcl-2, Bax, 
and Caspase-3 proteins, demonstrating more brown-color stains for Bax and Caspase-3 with less brown-color stain 
for Bcl-2 in combination therapy compared to other treatments, which are further confirmed by quantitative western 
blot analysis (B). **P < 0.01, ***P < 0.001. Scale bar = 50 μm. GAPDH = internal control.
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cent signal intensity in our serial in-vitro confir-
mation experiments. In our in-vivo validation 
experiments, we found that intratumoral RFH 
can enhance the direct anti-tumor effect of 
HSV-TK/GCV on orthotopic ovarian cancers, 
which we observed in decreased optical signal 
intensities and volumes of treated tumors. We 
determined that the enhanced therapeutic 
effect of RFH and HSV-TK/GCV synergies 
occurs via two basic biomolecular pathways: (1) 
activation of anti-tumor immunity, evidenced by 
significantly increased expression levels of 
HSP70, IL-2, and CD94; and (2) activation of 
apoptosis, seen in significantly increased ex- 
pressions of apoptosis-inducing proteins Bax 
and caspase-3, with accordantly decreased 
expression of the apoptosis-resistance protein 
Bcl-2.

One of the key steps promoting successful 
gene therapies primarily involves selecting an 
efficient method to boost gene transfection 
and expression in the target tumors. In this 
study, we attempted to fully apply the unique 
advantage of image-guided interventions to 
locally and directly deliver high-dose therapeu-
tic genes, HSV-TK, into the target tumors. We 
were able to further enhance the therapeutic 
effective of these delivered genes via simulta-
neous RFH within the tumors [9, 17]. One 
potential mechanism for RFH-enhanced gene 
transduction may be increased cell membrane 
permeability and cell metabolism induced by 
hyperthermia, facilitating both gene entry and 
gene expression in the tumor cells [11, 18]. In 
addition, in this study we used a unique multi-
modal perfusion-thermal electrode, which 
could be precisely inserted into the tumor cen-
ter under real-time ultrasound imaging guid-
ance and then used to deliver sufficient genes 
into the tumors. This image-guided local deliv-
ery approach overcomes the disadvantages of 
systemic gene administration while minimizing 
widely circulating gene/lentivirus toxicity and 
immunogenicity to other vital organs. This so- 
lution may address the safety issue of lentivir- 
al vector-mediated systemic gene therapy in 
patients-one of the most important factors 
impeding the clinical application of tumor gene 
therapy. 

Hyperthermia is associated with several addi-
tional cellular and molecular effects involved in 
eliciting complex immunological alterations in 
host cells [19]. Notably, hyperthermia up-regu-

lates the expression of heat shock proteins in 
tumor cells; these heat shock proteins (HSP) 
are associated with antigen presentation and 
anti-tumor immunity [20]. HSP70, in particular, 
is a multi-functional protein which protects indi-
vidual cells from environmental stressors, such 
as aging, metabolic challenge, oxidative stress, 
and hyperthermia [21]. Additionally, HSP70 is 
responsible for the generation of innate adap-
tive immune responses against tumor cells [20, 
22, 23]. In our study, both immunohistochemis-
try staining and Western blot assay confirmed 
the significantly increased expressions of 
HSP70, as well as IL-2 and CD94, in tumor cells 
treated with RFH. This indicates that the syner-
getic anti-tumor effect of RFH and HSV-TK/GCV 
gene therapy on ovarian cancer is achieved 
through the anti-tumor immunity pathway.

Apoptosis-related proteins/molecules play criti-
cal roles in the regulation of apoptosis by either 
activating pro-apoptotic proteins such as Bax 
and caspase-3 or deactivating anti-apoptotic 
proteins such as Bcl-2 [24-27]. In ovarian can-
cer especially, over-expression of Bcl-2 can pro-
tect cancer cells from death and promote resis-
tance to avariety of anti-tumor agents [28]. 
Caspase-3 is known to act downstream of 
Bcl-2/Bax control and plays an essential role in 
inducing apoptosis [29, 30]. In the present 
study, both RFH or gene therapy alone signifi-
cantly increased expression of pro-apoptotic 
proteins, Bax and caspase-3 while decreasing 
expression of the anti-apoptotic protein, Bcl-2, 
as confirmed by WB and IHC examinations. 
These results indicate that RFH-enhanced HSV-
TK/GCV gene therapy of ovarian cancer func-
tions through the apoptosis pathway.

Since this study primarily focused on the devel-
opment of a novel technique, we did not com-
pare treatment efficacy of our locoregional 
(intratumoral) approach versus traditional sys-
temic administration approaches, or that of dif-
ferent anti-tumor agents. In addition, in our in-
vivo experiments, the follow-up time was limit-
ed to two weeks post-treatment. This is because 
longer follow-up periods would result in ortho-
topic tumor masses in the control group greater 
than ten percent of test subject body weight, 
which was not approved by our institute’s ani-
mal care and use committee. 

In conclusion, we introduce a new intervention-
al oncology technique, “image-guided intratu-
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moral RFH-enhanced direct gene therapy”, wh- 
ich functions through the biomolecular mecha-
nisms of inducing anti-tumor immunity and 
apoptotic pathways. Our technique incorpo-
rates the advantages of three advanced scien-
tific fields: image-guided interventional oncolo-
gy, RF technology, and direct gene therapy. We 
believe this technique may lead to new clinic- 
al therapies for effectively treating ovarian 
cancer.
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