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Abstract

Objective: To validate the feasibility of molecular imaging-monitored intratumoral
radiofrequency hyperthermia (RFH) enhanced direct oncolytic virotherapy for hepatocellular
carcinoma (HCC).

Methods: This study included /n vitro experiments using luciferase-labeled rat HCC cells and /n
vivo validation experiments on rat models with orthotopic HCCs. Both cells and HCCs in four
groups (7= 6/group) were treated by: (1) combination therapy of oncolytic virotherapy (T-VEC)
plus RFH at 42 °C for 30 min; (2) oncolytic virotherapy alone; (3) RFH alone; and (4) saline. For
in vitro confirmation, confocal microscopy and bioluminescence optical imaging were used to
evaluate the cell viabilities. For /n vivo validation, oncolytic viruses were directly infused into rat
HCCs through a multi-functional perfusion-thermal RF electrode, followed by RFH. Ultrasound
and optical imaging were used to follow up size and bioluminescence signal changes of tumors
overtime, which were correlated with subsequent laboratory examinations.

Results: For in vitro experiments, confocal microscopy showed the lowest number of viable
cells, as well as a significant decrease of bioluminescence signal intensity of cells with
combination therapy group, compared to other three groups (p < .001). For /n vivo experiments,
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ultrasound and optical imaging showed the smallest tumor volume, and significantly decreased
bioluminescence signal intensity in combination therapy group compared to other three groups (o
<.05), which were well correlated with pathologic analysis.

Conclusion: It is feasible of using molecular imaging to guide RFH-enhanced intratumoral
oncolytic virotherapy of HCC, which may open new avenues to prevent residual or recurrent
disease of thermally ablated intermediate-to-large HCCs.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignancy worldwide and the
third most common cause of cancer-related death [1]. Although hepatic resection and
transplantation are considered as the curative therapy for early-stage HCC, only 20% of
HCC patients are candidates for resection due to decompensated cirrhosis, portal
hypertension, or various comorbidities [2,3]. Liver transplantation is precluded for a
majority of patients because of the shortage of liver donors [4,5]. Radiofrequency ablation
(RFA) is the most effective locoregional treatment of early-stage HCC, with outcomes
similar to resection for HCC tumors up to 3 cm in diameter [6-11]. Nonetheless, local
recurrence at the margin of intermediate (3-5 cm) and large (5-7 cm) HCC tumors after
RFA remains a pitfall [12]. Therefore, there is a pressing demand to develop techniques to
improve local control after RFA of larger HCC tumors. Although combined transarterial
chemoembolization (TACE) and RFA has shown improved efficacy compared to RFA alone,
the local tumor progression rate in large tumors is still up to 32% after the combination
treatment [13].

Oncolytic virus immunotherapy is a fast developing and promising therapeutic approach that
utilizes native or genetically modified viruses to selectively infect, replicate within, and
thereby lyse cancer cells without harming normal tissues [14-17]. The distinct mechanisms
of oncolytic viruses that mediate the antitumor activity are thought to be associated with the
selective replication of virus within neoplastic cells, which results in a direct lytic effect on
tumor cells and the induction of systemic antitumor immunity [14].

To date, many oncolytic viruses have been developed to treat human cancers in early-phase
clinical trials, such as adenoviruses, poxviruses, herpes simplex virus-1 (HSV-1), coxsackie
viruses, poliovirus, measles virus, newcastle disease virus (NDV), reovirus [14]. Talimogene
laherparepvec (T-VEC), a HSV-1-derived and genetically-modified oncolytic virus, is the
first one that has been approved by US Food and Drug Administration (FDA) for treating
advanced melanoma [16]. A randomized Phase 11 clinical trial showed an improved and
durable tumor response in patients treated with systemic administration of T-VEC for their
advanced melanoma [14].

Our previous studies have confirmed that image-guided radiofrequency hyperthermia could
increase the uptake of intratumoral chemotherapy in cancer cells and thus significantly
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enhance the effect chemotherapy on HCC [18-20]. This groundwork led to our current study
design, combining intratumoral administration of T-VEC-mediated virotherapy with the
same session of radiofrequency hyperthermia (RFH). The purpose of this study was to
determine the feasibility of using intratumoral RFH to enhance the direct oncolytic
virotherapy of orthotopic HCC in rats, which was monitored by molecular imaging.

Materials and methods

Study design

Our study was divided into two stages: (a) serial /n vitro experiments to confirm that RFH
could enhance the therapeutic effect of T-VEC on rat HCC cells (McA-RH 7777, ATCC,
Manassas, Virginia); (b) serial in vivo experiments to validate the feasibility that RFH
combined with intratumoral oncolytic virotherapy has the synergistic therapeutic effect on
rat models with orthotopic HCCs. Observers were blinded to the animals performed.

In vitro evaluation

Cell culture and RFH-enhanced killing effect of T-VEC—MCcA-RH7777 cells were
transduced with luciferase/red fluorescence protein/lentivirus to create luciferase and red
fluorescence protein positive HCC cells according to the manufacturer’s protocol
(GeneCopoeia, Rockville, Md). Luciferase and red fluorescence protein positive cells were
sorted by using a fluorescence-activated cell sorting technique (Aria Il, Becton Dickinson,
Franklin Lakes, NJ). Cells were then seeded in four-chamber cell culture slides (Nalge Nunc
International, Rochester, NY) and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technologies, Carlshad, CA) supplemented with 10% fetal bovine serum
(Gibco, Grand island, NY). RFH was performed by placing a .022-inch MR imaging heating
guidewire under the bottom of chamber four of the chamber slides. A 400-um fiber optical
temperature probe (Photon Control, Burnaby, British Columbia, Canada) was placed in the
chamber for temperature measurement. By adjusting RF output power at approximately 10
W, the temperature of chamber four was kept at 42 °C, while chamber one at 37 °C [21].
Cells in different groups were treated with (1) T-VEC (MOI = 0.2) plus 30 min of RFH at
42 °C; (2) T-VEC (MOI = 0.2) alone; (3) 30 min of RFH at 42 °C alone; (4) saline to serve
as a control group. We used the 50% inhibitory concentration (ID, infectious dose 50) doses
of T-VEC for cell treatment, which were determined by means of MTS assay (3-[4, 5-
dimethylthiazol-2-yl] 11-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazoliu,
CellTiter 96 Aqueous One Solution Cell Proliferation Assay; Promega, Madison, WI). All
experiments for each of the cell groups were repeated six times.

Cell proliferation assay—Cells proliferation was evaluated by MTS assay 24 h after the
treatments. Relative cell proliferations of different cell groups were calculated by using the
equation of Atreated — Ablank! Acontrol — Ablank, Where A is absorbance. Cells on cell culture
slides were subsequently washed twice with PBS (phosphate buffered saline), fixed in 4%
paraformaldehyde, counter-stained with 4”,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA), and then imaged with a fluorescence microscope [22,23].
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Apoptosis assay—The percentages of viable as well as apoptotic cells were quantified by
flow cytometry using Annexin V-fluorescein isothiocyanate and propidium iodide (PI)
staining (BD Biosciences, San Diego, CA). Cells were stained with Annexin-V/FITC and Pl
in a binding buffer along with the appropriate control. Total number of Annexin V and PlI
positive cells were counted using a FACScan flow cytometer (BD Biosciences). The data
was analyzed using software (FlowJo version 10; FloJo Data Analysis Software, Ashland,
OR).

Bioluminescence optical imaging of treated cells—Fluorescent signal intensity was
also evaluated 24 h after the treatments. Cells in four groups were collected and suspended
in 50 pL saline. Subsequently, 5 pL of Pierce p-Luciferin (ThermoFisher Scientific,
Rockford, IL) was added into the cells suspension and incubated for an additional 20 min.
The cells suspension was transferred to cylindrical glass tubes and mixed with 50 puL 1%
agarose. Bioluminescence optical imaging was performed for the cells using an /n vivo
imaging system (In Vivo Imaging, Bruker Corp., USA). Bioluminescence signal intensity
was quantified as the sum of all detected photon counts. Data were normalized to relative
signal intensity (RSI) by using the following equation: RSI = SI¢/Sl¢, where S/is signal
intensity, 7 represents the treatment group, and C represents the control group.

In vivo confirmation

Creation of animal models—The animal protocol was approved by our institutional
animal care and use committee. Nude rats (RNU Rat, Charles River, Skokie, IL) were
anesthetized with 1-3% isoflurane (Piramal Healthcare, Andhra Pradesh, India) in 100%
oxygen. Twenty-four rats, weighed 180-220 g, were used for creation of rat models with
orthotopic HCCs. The rats were positioned supine on the surgical table. A sterile laparotomy
was performed to expose the left lobe of the liver, followed by an injection of 0.5-1 x 107
luciferase positive McA-RH7777 cells in 100 pL of saline into the liver parenchyma, 5-min
compression of cell injection site with a small piece of gelatin sponge (Pharmacia & Upjohn
Co, Division of Pfizer Inc, NY), and the closure of the abdominal incision with layered
sutures. Ultrasound and bioluminescence optical imaging were used to follow up the growth
of rat orthotopic HCCs, until the tumors reached to 8-10 mm in diameter. The twenty-four
rats with orthotopic HCCs were randomly allocated into four groups. Six rats in each of the
four groups were treated with (1) T-VEC plus 30 min of RFH at 42 °C; (2) T-VEC alone; (3)
30 min of RFH at 42 °C alone; (4) saline to serve as a control group.

RFH-enhanced direct oncolytic virotherapy of orthotopic HCCs—We used a
multi-functional perfusion-thermal RF electrode (Welfare Electronics Co., Beijing), which
consists of multiple prongs. Each prong has an infusion channel and thermal sensor at its tip
(Figure 1(A)). Via laparotomy, the RF electrode was precisely positioned in the center of the
tumor under ultrasound guidance (Sonosite; Bothell, WA). The array of the multiple prongs
was opened to cover the periphery of the tumor, where 10° pfu T-VEC oncolytic virus in 100
pL saline was directly infused within 3 min (Figure 1(B,C)). Immediately after T-VEC
oncolytic virus delivery, RFH was delivered to the tumor by using a radiofrequency ablation
system (We7568-11, Welfare Electronics Co.). By adjusting RF output power at
approximately 30 W, the temperature at the tumor periphery was kept at 42 °C for 30 min.
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Post-treatment follow-up with US and optical imaging—US imaging was
performed to assess the tumor growth at days 0, 7, and 14 after the treatment. The axial (x)
and longitudinal ()) diameters of tumors and tumor depths (2) were measured on the US
images at the largest dimension. The volume of each tumor was then calculated according to
the following equation: v= x- y- z- n/6. Data were expressed as relative tumor volume
(RTV) by using the following equation: RTV = V), /V,, where Vis tumor volume, Dy,
represents days after treatments, and 0 is the day before treatment.

win addition, we also used optical imaging to follow up tumor response to the treatments.
Optical imaging was conducted using the /77 vivo imaging system (Bruker). Each animal was
imaged at days 0, 7, and 14. Optical images were acquired 20 min immediately after an
intraperitoneal administration of p-luciferin at 150 mg/kg (Pierce p-Luciferin; ThermoFisher
Scientific, Rockford, I1). Signal intensity of the tumor was quantified by using the Bruker
software. Relative signal intensity (RSI) was calculated by using the following equation: RSI
= Slp,/SI py, where Sl is signal intensity, D, represents days after treatment, and L is the
day before treatment.

Pathologic correlation/confirmation—Tumors were harvested at day 14 after
treatment. Tumor tissues were fixed with 10% formalin for 4 h and then embedded in
paraffin. Hematoxylin and Eosin (H & E) staining was performed to confirm the formation
of the tumors, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay was carried out according to the manufacturer’s protocol (Roche Molecular
Biochemicals, Mannheim, Germany) to evaluate the apoptosis. A brown or tan-colored
staining of cells indicated the apoptotic cells. The apoptosis level of tumors was expressed as
apoptotic index, defined as the number of apoptotic cells/total number of cells x 100%. At
least 1000 cells from 10 fields at the magnification of 20x were counted using the
DMRCQ550 system (Olympus, Tokyo, Japan) technology.

Statistical analysis

Results

Statistical software (SPSS 19.0; SPSS, Chicago, IL) was used for all data analyses. The non-
parametric Mann-Whitney U'test was used to compare (a) relative proliferation rates among
different cell groups; (b) relative optical signal intensities as well as (c) relative tumor
volumes at different time points among the animal groups with various treatments. The data
were reported as mean = standard error. A pvalues of less than .05 was considered
statistically significant.

In vitro evaluation: RFH-enhanced killing effect of T-VEC on HCC cells

Confocal microscopy performed 24 h after treatments demonstrated diminished cell survival
with the combination therapy group, compared with those of the other three treatment
groups (Figure 2(A)). Quantitative MTS assay further quantitatively confirmed that cell
proliferation with combination therapy was significantly lower than those in the groups
treated with T-VEC therapy alone, RFH alone, and saline (relative absorbance of formazan:
24.2 + 3.0% vs 39.1 + 3.7%, 67.5 + 3.4%, 70.9 £ 3.7%, p<.001) (Figure 2(B)). Apoptosis

Int J Hyperthermia. Author manuscript; available in PMC 2020 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Page 6

analysis by flow cytometry further demonstrated more apoptotic cells in the combination
therapy group than the other three groups (35.4 £ 4.9% vs 19.8 £ 4.2% vs 6.9 + 2.4% vs 5.0
+ 1.5%, respectively, p< .001) (Figure 2(C,D)).

Bioluminescence optical imaging showed a significant decrease in relative bioluminescence
signal with combination therapy, compared to the other three treatment groups (0.27 + 0.02

x 107 vs 0.48 + 0.02 x 107 vs 0.93 + 0.03 x 107 vs 0.97 + 0.02 x 107, respectively, P< .001)
(Figure 3).

In vivo confirmation: Intrahepatic RFH-enhanced oncolytic virotherapy of orthotopic HCCs

All animals survived after the experimental procedures without complications. Follow-up
US images demonstrated the smallest relative tumor volume in the combination therapy
group (0.63 + 0.1, 7= 6) compared with T-VEC-only group (1.8 + 0.33, n=6, p=.001), RF
hyperthermia-only group (2.82 £ 0.64, n=6, p=.002), and control group (3.1 + 0.14, n=6,
p<.001) (Figure 4(A,B)). Optical imaging demonstrated significantly lower relative photon
signal in the combination therapy group (0.62 x 107 + 0.1; 7= 6) compared with that of T-
VEC-only group (1.65 x 107 +0.28; n=6, p=.01), RFH-only group (3.13 x 107 + 0.53; n=
6, p<.001), and control group (3.25 x 107 + 0.24; n=6, p< .001) (Figure 4(C,D)). Gross
specimens were obtained at the end of the experiment, which revealed the smallest tumor
size in the combination therapy group compared to other three groups (Figure 5). Histologic
analysis of apoptosis by TUNEL staining further confirmed more apoptotic cells in the
combination therapy group than the other three treatment groups (53.2 = 0.9% vs 22.0
+2.9% vs 4.0 £2.2% vs 2.4 + 1.0%, n= 6/group, p<.001) (Figure 6).

Discussion

Although the ability of viruses to kill cancer cells has been recognized for nearly a century,
clinical trials have just documented a therapeutic benefit in patients with cancer over the past
decade [24-26]. Recent experiments have demonstrated the effectiveness of oncolytic
viruses in the treatment of HCCs [27-30]. Wide clinical practice of radiofrequency ablation
of small (<3cm) HCC’s has been shown to be highly efficacious, however, recurrence rates
of larger HCC’s remains problematic. Given our previous groundwork in RFH combined
with chemotherapy, we attempted to explore using RFH to enhance oncolytic virotherapy in
treatment of HCC. The mechanism of hyperthermia-enhanced virotherapy may be attributed
to heating-induced tissue fracture, enhanced T-VEC replication, accelerated tumor cell
apoptosis, and consequently cytolysis of tumor cells [30-32].

We investigated delivering RFH immediately after intratumoral infusion of oncolytic virus
into HCCs through a unique multi-functional perfusion-thermal RF electrode. Our study
shows decreased survival of HCC cells in both /in vitro experiments and in vivo experiments
when combination therapy of oncolytic virotherapy and RFH is performed. Our study also
demonstrates the utility of US and optical imaging in assessing response, which correlated
well with pathologic analysis.

Our study has limitations. We applied a hyperthermia temperature at 42 °C and one dose of
virus only. Further studies are necessary to investigate the synergistic effect of combining
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local oncolytic virotherapy at different doses with RFH at a higher temperatures similar to
ablative temperatures used in clinical practice. Meanwhile, this project focused on
establishing the “Proof-of-principle” that RFH can enhance destruction of hepatic tumor.
Our next step is to validate the new technique on larger animal models such as rabbit, to
specifically investigate the possibility of using RFH to specifically enhance the “cleaning” of
cells/tissues at the tumor margin, and thereby to inhibit the recurrences and persistence after
thermal ablation of larger tumors. Folllow-up was also limited to two weeks after the
treatments. Longer durations would have resulted in orthotopic tumor masses in the control
group greater than ten percent of the body weight, which is not approved by our institutional
committees. In order to improve successful rate of orthotopic HCC models, we used nude
rats with orthotopic HCCs. However, the nude rat model didn’t allow us to investigate the
systemic immune response to T-VEC.

In conclusion, we have validated the feasibility of using image-guided RFH to enhance
intratumoral high dose oncolytic virotherapy of HCC in nude rats, which is successfully
monitored by US and optical imaging techniques. This combination technique offers great
potential for improving local tumor control of larger HCCs and reducing systemic toxicity of
virotherapy through intratumoral delivery of high-dose oncolytic viruses.
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Figure 1.
(A) The photograph shows the multi-functional perfusion-thermal electrode, with multi-

prongs for delivery of oncolytic viruses and thermal energy simultaneously. (B) The RF
electrode is positioned in the center of a rat hepatic HCC (open arrow) under ultrasound
guidance. (C). Oncolytic viruses are locally delivered into the tumor margin through the
infusion prongs (arrows), where RF hyperthermia is simultaneously generated to further
enhance the uptake of oncolytic viruses by the HCC (open arrows) cells.

Int J Hyperthermia. Author manuscript; available in PMC 2020 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al. Page 11

(A)
@ | . an o
250 % Jom 143

Control RFH

T-VEC T-VEC+RFH T-VEC T-VEC+RFH
(C) * (D)

1.0- _ "

X

~ 0.8 o 407
3 S
£ 0.61 §3°“
S <
> 0.4 2 207
3 ]

0.2 = 10

o
0.0- 0- &
™
«° Qg‘b ~\<°'° & «© QE* Q/O ((Q‘
o A7 x O Q‘ A Q"
® & o &> &
& RS
«!
Figure 2.

(A) Confocal microscopy shows the lowest number of viable cells in the group treated with
combination therapy, compared with other three groups. (B) MTS assay further
demonstrates the lowest cell viability in combination therapy group (*p<.001). (C&D) Flow
cytometry shows the highest percentage of early apoptotic HCC cells in combination therapy
group, compared with other three groups (*p<.001).
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Figure 3.
Fluorescent signal intensity is quantified 24 h after the treatments. There is a significant

decrease in relative fluorescent signal (golden-yellow color) with combination therapy
group, compared to other three treatments (*p<.001).
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Figure 4.
(A&B) Ultrasound imaging is used to follow up the tumor growth (arrows) at days 0, 7 and

14, showing a significant decrease in relative tumor volume with combination therapy
compared with other three treatments (/7=6/group, *p<.005). (C&D) Optical/X-ray imaging
is used to follow up tumor responses to the treatments at days 0, 7 and 14, demonstrating a
significant decrease in both relative fluorescent signal (golden-yellow color) and tumor size
with combination therapy compared to other three treatments (/7=6/group, *p<.05).
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Figureb.
Representative tumors harvested from four different animal groups, demonstrating the

smallest tumor size in the combination therapy group (T-VEC+RFH) compared to other
three groups (r7=6/group, *p<.05).
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Figure®6.
Apoptosis analysis using TUNEL staining further confirms more apoptotic cells (brown

dots, 20x) in the combination therapy group than other three groups (/7=6/group, *p<.001).
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