


Image-guided RFH-enhanced HSV-TK gene therapy of ovarian cancer

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.

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).

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

&RPELQDWLRQ RI 5)+ DQG +69 7. *&9 W

inducing anti-tumor immunity: In both in-vitro
and in-vivo experiments, both IHC staining and
WB assay showed significantly increased ex-

5)+ HQKDQFHG *)3 +69 7. OHQW br¥skibhX%MSRVQ) IDZ)ahd CD4 in combina-

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

,QWUDWXPRUDO 5)+ HQKDQFHG

ne therapy for orthotopic ovarian cancerBio-
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-
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tion therapy, compared with RFH alone, HSV-TK
gene therapy alone, and PBS treatment (Figures
4,5).

Combination R1 5)+ DQG +69 7. *&9 WKHUDS\

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
tﬁel‘alétwa'%i»%é ago% otiz prdlcé—ilns 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
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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 uym. 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.

a paucity of effective non-invasive and minimal- technology for the treatment of ovarian can-
ly invasive treatments to date. In this study, we cers, namely “image-guided intratumoral RFH-
developed a novel interventional oncologic enhanced direct gene therapy”. The present
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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 ym. GAPDH = internal control.

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-
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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-

387

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-
edtotwo 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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