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Non–small-cell lung cancer (NSCLC) constitutes about 
80% of pulmonary malignant tumors (1). Although 

surgical resection is the standard of care for early-stage 
NSCLC (2), most of the patients with lung cancer are not 
eligible for surgery at the time of diagnosis because of lo-
cally advanced disease, poor cardiopulmonary function, or 
other medical comorbidities (3,4).

During the past decade, imaging-guided percutaneous 
thermal ablation techniques, such as radiofrequency abla-
tion and microwave ablation, have emerged as minimally 
invasive, low-cost, and repeatable approaches for local tu-
mor control of unresectable NSCLC (5–7). However, it is 
challenging to achieve a sufficient and predictable volume of 
coagulative necrosis within and around the tumor (so-called 
surgical margin, 10 mm from the tumor edge) because of the 

heat-sink effect of the surrounding blood flow in the bron-
chovascular network and the low conductivity of the aerated 
lung parenchyma (6,8). In addition, the undertreated lung 
tumors often recur with infiltrative growth patterns to form 
microsatellite lesions or microvenous tumor emboli (6).

Suicide gene therapy is a promising method with which 
to treat cancer. One of the most commonly recognized sui-
cide gene therapy systems uses the thymidine kinase (TK) 
gene of the herpes simplex virus (HSV). The TK gene ex-
pressed in cancer cells can phosphorylate a prodrug, gan-
ciclovir (GCV), into the active triphosphate form, which 
kills not only the targeted tumor cells but also neighboring 
cells via the bystander effect (9). HSV-TK and GCV–me-
diated suicide gene therapy (hereafter, HSV-TK/GCV) has 
been investigated as an effective and valuable approach in 
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Purpose:  To validate the feasibility and efficacy of intratumoral radiofrequency hyperthermia (RFH)-enhanced herpes simplex virus 
(HSV) thymidine kinase (TK) and ganciclovir (GCV) (hereafter, HSV-TK/GCV) gene therapy for non–small-cell lung cancer 
(NSCLC).

Materials and Methods:  This study was performed from November 11, 2015, to April 14, 2017, and included (a) in vitro experi-
ments with human NSCLC cells to establish the proof of principle, (b) in vivo experiments using mice with subcutaneous NSCLC 
to further demonstrate the principle, and (c) in vivo experiments using rats with orthotopic NSCLC to validate the technical fea-
sibility. Cells, nude mice, and nude rats were randomly divided into four groups (six animals per group): (a) combination therapy 
(HSV-TK/GCV combined with RFH), (b) RFH, (c) HSV-TK/GCV, and (d) phosphate-buffered saline. Data were analyzed by 
using the Dunnett t test or Kruskal–Wallis test.

Results:  For in vitro experiments, the cell proliferation assay showed significantly diminished viable cells with combination therapy 
(mean, 0.56; 95% confidence interval [CI]: 0.44, 0.68) versus RFH (mean, 0.89; 95% CI: 0.82, 0.97), HSV-TK/GCV (mean, 
0.71; 95% CI: 0.56, 0.86), and phosphate-buffered saline (mean, 1; 95% CI: 1, 1) (P , .05 for all). For in vivo experiments, opti-
cal imaging showed significantly decreased relative bioluminescence signal with combination therapy (mean, 0.71 [95% CI: 0.03, 
1.39] in mice; 1.29 [95% CI: 0.51, 2.06] in rats) compared with RFH (mean, 2.66 [95% CI: 1.73, 3.59] in mice; 2.26 [95% CI: 
1.51, 3.01] in rats), HSV-TK/GCV (mean, 1.37 [95% CI: 0.65, 2.08] in mice; 1.76 [95% CI: 1.20, 2.31] in rats), and phosphate-
buffered saline (mean, 3.07 [95% CI: 2.50, 3.65] in mice; 2.94 [95% CI: 2.29, 3.58] in rats) (P , .001 for all). US showed that 
the smallest relative tumor volumes occurred with combination therapy (mean, 0.60; 95% CI: 0.15, 1.05) versus RFH (mean, 
2.43; 95% CI: 1.80, 3.06), HSV-TK/GCV (mean, 1.32; 95% CI: 0.75, 1.89), and phosphate-buffered saline (mean, 2.56; 95% 
CI: 1.75, 3.38) (P , .05 for all) in the mouse subcutaneous model.

Conclusion:  Intratumoral radiofrequency hyperthermia–enhanced herpes simplex virus thymidine kinase and ganciclovir gene 
therapy for non–small-cell lung cancer is feasible and can be guided by molecular imaging.

© RSNA, 2018



Ji et al

Radiology: Volume 288: Number 2—August 2018  n  radiology.rsna.org	 613

Abbreviations
CI = confidence interval, GCV = ganciclovir, GFP = green fluorescent 
protein, HSV = herpes simplex virus, NSCLC = non–small-cell lung 
cancer, RFH = radiofrequency hyperthermia, SI = signal intensity, TK =  
thymidine kinase, TUNEL = terminal deoxynucleotidyl transferase–
mediated 29-deoxyuridine, 59-triphosphate nick end labeling 

Summary
Radiofrequency hyperthermia-enhanced gene therapy  may introduce a 
paradigm for effective management of unresectable lung cancer by inte-
grating the advantages of interventional molecular imaging with direct 
intratumoral gene therapy.

Implication for Patient Care
This technical development may introduce a paradigm for effective 
management of unresectable lung cancer by integrating the advantages 
of interventional molecular imaging, radiofrequency technology, and 
direct intratumoral gene therapy.

Figure 1:  Flowchart shows study design and implementation. In 
vitro experiments using human non–small-cell lung cancer (NSCLC) 
cells (A549) labeled with mCherry/luciferase/lentivirus, in vivo experi-
ments in mice with subcutaneous lung cancers, and in vivo experiment 
in rats with orthotopic human lung cancers were divided into four 
treatment groups: (a) combination therapy (herpes simplex virus [HSV] 
thymidine kinase [TK]/ganciclovir [GCV] gene therapy combined with 
radiofrequency hyperthermia [RFH]), (b) RFH alone, (c) HSV-TK/GCV 
gene therapy, and (d) phosphate-buffered saline.

the treatment of many cancer types, such as hepatocellular car-
cinoma (10), ovarian cancer (11), and NSCLC (12). Although 
the efficacy of HSV-TK/GCV has been confirmed in studies of 
cancer cells and rodent models, it has not been demonstrated in 
clinical studies, primarily because of the low gene transduction 
efficiency via systemic administration (13). Direct intratumoral 
injection of high-dose HSV-TK genes using radiofrequency hy-
perthermia (RFH) is a proposed solution to improve the HSV-
TK gene transfection and thus maximize its clinical potential 
(14–16). The aim of our study was to validate the feasibility of 
implementing intratumoral RFH-enhanced HSV-TK/GCV 
gene therapy for NSCLC by using molecular imaging.

Materials and Methods

Study Design
The institutional animal care and use committee approved the 
animal protocols. This single-center study was divided into 
three phases: (a) in vitro evaluation to establish proof of prin-
ciple for RFH-enhanced HSV-TK/GCV gene therapy in hu-
man NSCLC cells, (b) in vivo confirmation of the concept in 
mouse models with subcutaneous NSCLC xenografts, and (c) 
in vivo validation of the technical feasibility of molecular imag-
ing–monitored intratumoral RFH-enhanced HSV-TK/GCV 
gene therapy in rat models with orthotopic NSCLC (Fig 1).

In Vitro Evaluation

Experimental set-up.—Human NSCLC cells (A549, ATCC, 
Manassas, Va) were transfected with mCherry/luciferase len-
tiviral particles to create mCherry/luciferase–positive cells  
according to the manufacturer’s protocol (GeneCopoeia, Rock-
ville, Md). Recombinant green fluorescent protein (GFP)/
HSV-TK lentiviral particles were produced by transient trans-
fection of 293FT cells with GFP/HSV-TK lentiviral plasmid 
vectors and third-generation lenti-combo packing mix, accord-
ing to the manufacturer’s protocol (Applied Biologic Materials, 
Richmond, British Columbia, Canada) (17). Because GFP and 
HSV-TK gene expressions were simultaneously driven by the 

same promoter, the detection of GFP with optical imaging al-
lowed for the assessment of HSV-TK expression.

A total of 2 3 104 A549 mCherry/luciferase-positive cells 
were seeded in a 24-well cell culture plate (Becton Dickinson, 
Franklin Lakes, NJ). Cells were collected at 1, 2, 3, 5, and 7 
days after the GFP/HSV-TK lentiviral infection for quantita-
tive analysis of GFP expression with flow cytometry and GFP 
fluorescence microscopy.

RFH-enhanced gene therapy.—A total of 2.5 3 104 lucifer-
ase-positive A549 cells were seeded in four-chamber cell cul-
ture slides that were placed in a 37°C water bath (NalgeNunc 
International, Rochester, NY). The cells were treated with (a) 
combination therapy of GFP/HSV-TK plus RFH at 41°C– 
42°C for 30 minutes and subsequent GCV exposure (hereaf-
ter, combination therapy), (b) RFH alone, (c) GFP/HSV-TK  
gene therapy alone, and (d) phosphate-buffered saline. RFH was 
performed by attaching a custom-made 0.022-inch radiofre-
quency heating wire under the bottom of the chamber and 
connecting it to a radiofrequency generator. A sterilized 1.1-
mm fiberoptic temperature probe was placed in the bottom of 
each chamber and connected to a thermometer (PhotonCon-
trol, Burnaby, British Columbia, Canada) for real-time moni-
toring of the temperatures during the RFH.

Cell viability was evaluated via a cell proliferation assay 72 
hours after GCV treatment. The absorbance was measured at 
490 nm (SpectraMax; Molecular Devices, Sunnyvale, Calif ). 
Relative cell proliferations were evaluated by using the following 
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equation: (Atreated 2 Ablank)/(Acontrol 2 Ablank), where Atreated is the 
absorbance of the treated cells, Ablank is absorbance of cell cul-
ture medium, and Acontrol is the absorbance of cells in the con-
trol group. Cells on slides were subsequently counterstained with 
49,6-diamidino-2-phenylindole (Vector Laboratories, Burlin-
game, Calif ) and were imaged with fluorescent microscopy. The 
experiment was repeated six times in each group.

In vitro bioluminescent imaging was performed for the other 
set of four treatment groups. Cells in each group were treated with 
5 mL of Pierce d-Luciferin (ThermoFisher Scientific, Rockford, 
Ill). Then, 50 mL of cells were mixed with 50 mL of 1% agarose 
(Invitrogen, Carlsbad, Calif) in a transparent cylindrical glass tube 
for optical imaging (In-Vivo Xtreme; Bruker, Billerica, Mass). Bio-
luminescent signal intensity was calculated as the mean of all de-
tected photon counts within a manually derived region of interest 
by using MI software (Bruker). Relative signal intensity (SIrelative) 
was determined with the following equation: SIr elative = SItreatment/ 
SIcontrol, where SItreatment represents signal intensity in the treatment 
group and SIcontrol represents signal intensity in the control group.

In Vivo Confirmation in Mice with NSCLC Xenografts

Creation of mouse models with NSCLC xenografts.—
Treatments were performed in nude mice (Charles River Labo-
ratories, Wilmington, Mass) with subcutaneous NSCLC xeno-
grafts, created by inoculating (0.5–1.0) 3107A549 mCherry/
luciferase cells into the subcutaneous tissue of the back unilat-
erally. Once the tumor reached 5–8 mm in diameter, we started 
treatment procedures.

RFH-enhanced HSV-TK gene therapy of mouse tumors.—
Twenty-four female mice with subcutaneous tumors were ran-
domly allocated to four treatment groups (six animals per group): 
(a) combination therapy with 50 µL GFP/HSV-TK gene ther-
apy with RFH at 41°C –42°C for 30 minutes, followed by 7 days 
of intraperitoneal injection of 5 mg per kilogram of body weight 
GCV, (b) RFH alone, (c) HSV-TK/GCV gene therapy alone, 
and (d) phosphate-buffered saline. With US guidance (Sonosite, 
Bothell, Wash), the custom-made 0.022-inch RF heating guide-
wire was inserted into the tumor, with its hot spot at the center 
of each mass, while a 400-µm microfiber optical thermal probe 
was placed at the tumor margin for instant measurement of tem-
perature within the radiofrequency-heated tumor.

US was performed to measure tumor size changes at 0, 7, 
and 14 days after treatment. Tumor size was measured in three 
orthogonal axes, with the x- and y-axes defining the largest pla-
nar dimension and the z-axis defining the depth. The volume 
(V) of each tumor was calculated with the following equation: 
V = x 3 y 3 z 3 p/6, where x, y, and z refer to the axes. Data 
were normalized to relative tumor volume (Vrelative) by using the 
following equation: Vrelative = VDn/VD0, where VDn represents vol-
ume at a given number of days after treatment, and VD0 repre-
sents volume the day before treatment.

Bioluminescence imaging was used to acquire the biolu-
minescence signals of tumors 0, 7, and 14 days after treat-
ment. After intraperitoneal injection of 150 mg/kg of d-lucif-
erin, images were captured at an exposure time of 8 minutes 

and an emission wavelength of 530 nm. Signal intensity was 
quantified by using the aforementioned software. Relative 
signal intensity (SIrelative) was calculated with the equation 
SIrelative = SIDn/SID0, where SIDn stands for signal intensity at 
a given number of days after treatment and SID0 represents 
signal intensity the day before treatment.

In Vivo Technical Validation in Rat Models  
with Orthotopic NSCLC and Clinical  
Radiofrequency System

Creation of rat models with molecular imaging–detectable  
orthotopic NSCLC.—Female athymic nude rats (Charles 
River Laboratories) aged 10–12 weeks were imaged by using 
an in vivo optical imaging system (In Vivo Xtreme; Bruker). 
With the x-ray and optical imaging guidance of this imag-
ing system, a 26-gauge needle was percutaneously advanced 
into the lower lobe of the right lung through the seventh 
intercostal space at the midaxillary line. A total of (0.5–
1.0) 3 107 mCherry/luciferase A549cells mixed in 20 µL 
of phosphate-buffered saline, 10 µL of x-ray contrast agent 
(350 mg iodine per milliliter, Omnipaque; GE Healthcare, 
Westborough, Mass), and 20 µL of Matrigel (Corning, Bed-
ford, Mass) were injected into the lung parenchyma. The 
success of intrapulmonary cell inoculation was confirmed 
by deposition of the x-ray contrast agent in the lung. Biolu-
minescent imaging was then used to monitor tumor growth 
every week. When the tumor size reached 8–10 mm, the rat 
was enrolled for the following treatment.

RFH-enhanced HSV-TK gene therapy of orthotopic rat 
lung tumors.—Twenty-four female nude rats with orthotopic 
lung tumors were allocated into four treatment groups: (a) 
combination therapy of GFP/HSV-TK followed by RFH at 
41°C–42°C for 30 minutes followed by 7 days of intraperito-
neal injection of 5 mg/kg GCV, (b) RFH alone, (c) HSV-TK/
GCV gene therapy alone, and (d) phosphate-buffered saline. 
A total of 50 µL HSV-TK/lentivirus (1 3 108 plaque-form-
ing units) was directly injected into the tumor via the perfu-
sion needle of an 18-G single polar radiofrequency electrode 
(Welfaremedic, Beijing, China) under x-ray and optical im-
aging guidance. The radiofrequency electrode had multiple 
functions for simultaneously generating radiofrequency heat, 
therapeutic drug delivery, and temperature monitoring. Im-
mediately after intratumoral gene delivery, RFH at 41°C–
42°C was generated, while the temperature in the tumor was 
monitored with the thermal sensors at the perfusion needle 
tip of the same electrode. GCV (50 mg/kg) was intraperi-
toneally administered for 7 days immediately after gene de-
livery. Bioluminescence imaging was used to follow-up the 
changes of the bioluminescence signals and sizes of tumors at 
7 and 14 days after treatment.

Immunoblotting
Cells and tumor tissues of the mouse and rat models were 
processed via homogenization. Proteins (range, 40–80 mg) 
were subjected to Western blotting analysis according to the 
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manufacturer protocol (ThermoFisher Scientific). The level of 
gene expression was quantified by measuring the density of the 
immunoreactive bands and subsequently normalizing them 
to the relative area (RA) according to the following equation:  
RA = ARFH+gene/Agene, where ARFH+gene and Agene represent the che-
miluminescence area of the RFH+gene and gene, respectively.

Pathologic Assessment
Tumor tissue samples were fixed in 4% paraformaldehyde solu-
tion, embedded in paraffin, and sliced at 5-µm intervals. The 
tissue slices were stained with hematoxylin-eosin to confirm 
the formation of cancer nodules. Apoptosis of treated tumors 
was analyzed with immunohistochemical staining by using the 
terminal deoxynucleotidyl transferase–mediated 29-deoxyuri-
dine, 59-triphosphate nick end labeling (TUNEL) apoptosis 
detection kit (R&D Systems, Minneapolis, Minn). Ki-67 an-
tibody (Abcam, Cambridge, Mass) was used to evaluate cell 
proliferation according to the manufacturer protocol.

Statistical Analyses
Results are expressed as the mean, with 95% confidence inter-
vals (CIs). Statistical analyses were performed by using SPSS 
22.0 software (IBM, Chicago, Ill). Two-tailed P ,.05 was 
considered to indicate a significant difference. The Dunnett t 
test was used to estimate the relative viabilities of cells assessed 
with a cell proliferation assay, relative bioluminescent imaging 
signals, apoptotic index, and sizes of mouse tumors, as well as 
bioluminescent imaging signals and Ki67 levels of rat tumors, 
between the combination group and each of the other groups, 
respectively. The Kruskal-Wallis test was used to compare the 
relative bioluminescent imaging of cells and apoptotic index of 
rat tumors between the combination group and each of other 
groups, respectively. The Student t test was used to compare 
GFP/HSV-TK expression levels in lung cancer cells, mouse 
subcutaneous lung cancers, and rat orthotopic lung cancers 
between the group with and the group without radiofrequency 
hyperthermia enhancement.

Results

In Vitro Evaluation of RFH-enhanced HSV-TK Killing 
Effect on NSCLC Cells
Both confocal microscopy (Fig 2a) and flow cytometry (Fig 
2b) showed GFP expression reached its peak on day 3 after 
gene transduction. Confocal microscopy (Fig 3a) qualitatively 
showed that fewer cells survived combination therapy than sur-
vived the other three treatments. Cell proliferation analysis en-
abled us to confirm cell viability was lower in the combination 
therapy group than in any other treatment group, manifesting 
as significantly decreased relative cell proliferation (mean, 0.56 
[95% CI: 0.44, 0.68] vs 0.89 [95% CI: 0.82, 0.97] for RFH; 
0.71 [95% CI: 0.56, 0.86] for HSV-TK/GCV; and 1 [95% 
CI: 1, 1] for phosphate-buffered saline; all P , .05) (Fig 3b). 
In addition, the quantitative analysis of cell bioluminescence 
signal revealed a significant decrease in relative photon signal 
intensity in the combination therapy group compared with the 
other treatment groups (mean, 0.17 [95% CI: 0.01, 0.34] vs 

0.85 [95% CI: 0.64, 1.07]; 0.47 [95% CI: 0.10, 0.83], and 
1.00 [95% CI: 1.00, 1.00], respectively; P , .05) (Fig 3c). 
Immunoblotting analysis showed that RFH significantly in-
creased GFP/HSV-TK gene expression by 2.11-fold (P , .05) 
compared with no RFH enhancement (Fig 3d).

In Vivo Confirmation of RFH-enhanced HSV-TK 
Gene Therapy in Mouse Tumors
The quantitative analysis of subcutaneous tumor biolumines-
cence signal in mice showed a significantly reduced biolumi-
nescent signal intensity with combination therapy compared 
with other treatments (mean, 0.71 [95% CI: 0.03, 1.39] vs 
2.66 [95% CI: 1.73, 3.59] for RFH; 1.37 [95% CI: 0.65, 
2.08] for HSV-TK/GCV, and 3.07 [95% CI: 2.50, 3.65] for 
phosphate-buffered saline; P , .001] (Fig 4a). US further con-
firmed that the tumor growth after combination therapy was 
significantly inhibited, showing as the lowest relative tumor 
volume compared with other treatments (mean: 0.60 [95% CI: 
0.15, 1.05] vs 2.43 [95% CI: 1.80, 3.06] for RFH, 1.32 [95% 
CI: 0.75, 1.89] for HSV-TK/GCV, and 2.56 [95% CI: 1.75, 
3.38] for phosphate-buffered saline; all P , .05). Pathologic 
analysis was correlated with the imaging findings and demon-
strated that the smallest tumor size and the highest apoptotic 
index occurred in the combination therapy group when com-
pared with the other groups (mean: 0.41 [95% CI: 0.36, 0.46] 
vs 0.04 [95% CI: 0.02, 0.06] for RFH, 0.11 [95% CI: 0.07, 
0.14] for HSV-TK/GCV, and 0.01 [95% CI: 20.06, 0.03] for 
phosphate-buffered saline; all P , .001) (Fig 4c). Furthermore, 
the Western blotting analysis of gene expression in tumor tis-
sues (Fig 4d) displayed a 1.79-fold increase in GFP/HSV-TK 
gene expression with combination therapy compared with 
GFP/HSV-TK gene transduction alone (P , .01).

RFH-enhanced Direct Intratumoral HSV-TK Gene 
Therapy for Rat Orthotopic NSCLC
Bioluminescence imaging analysis and histologic assessment 
enabled us to confirm the technical feasibility of directly in-
oculating NSCLC cells in the rat lung to create an orthotopic 
lung cancer model (Fig 5). Within 2–3 weeks after percutane-
ous intrapulmonary tumor cell inoculation (Fig 5a, 5b), opti-
cal imaging depicted bioluminescence signals emitting from 
the tumors (Fig 5c). These tumors were confirmed as adeno-
carcinoma at subsequent pathologic evaluation (Fig 5d). With 
x-ray and optical imaging guidance, GFP/HSV-TK/lentivi-
ruses were percutaneously injected into the lung tumors by  
using the perfusion needle of the radiofrequency electrode 
(Fig 6). Follow-up bioluminescence imaging (Fig 7a, 7b) 
demonstrated a significantly lower relative photon signal in-
tensity of tumors in the combination therapy group than in 
the other groups (mean: 1.29 [95% CI: 0.51, 2.06] vs 2.26 
[95% CI: 1.51, 3.01] for RFH, 1.76 [95% CI: 1.20, 2.31] 
for HSV-TK/GCV, and 2.94 [95% CI: 2.29, 3.58] for phos-
phate-buffered saline; P , .001). Gross pathologic evaluation 
revealed tumor size was smallest in the combination therapy 
group (Fig 7a). Immunoblotting analysis indicated that in-
tratumoral RFH increased GFP/HSV-TK gene expression by 
57% (P , .05) (Fig 7c). Immunohistochemical analysis (Fig 8)  
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Figure 3:  In vitro experiments on therapeutic effect of different treatments on various cell groups. (a) Confocal microscopy showed that 
fewer cells survived in the combination therapy group than in the other three groups. (b) Cell proliferation analysis showed the lowest 
cell viability in the combination therapy group compared with the other groups (mean: herpes simplex virus [HSV] thymidine kinase [TK]/
ganciclovir [GCV] plus radiofrequency hyperthermia [RFH], 0.56 [95% confidence interval {CI}): 0.44, 0.68] vs radiofrequency hyper-
thermia [RFH], 0.89 [95% CI: 0.82, 0.97]; HSV-TK/GCV, 0.71 [95% CI: 0.56, 0.86]; and phosphate-buffered saline, 1 [95% CI: 1, 1]; 
all P , .05). Error bar indicates standard deviation of cell viability. (c) In vitro quantitative bioluminescence analysis further demonstrated 
the lowest photon signal in cells treated with combination therapy (mean: HSV-TK/GCV plus RFH, 0.17 [95% CI: 0.01, 0.34] vs RFH, 
0.85 [95% CI: 0.64, 1.07]; HSV-TK/GCV, 0.47 [95% CI: 0.10, 0.83]; and phosphate-buffered saline, 1.00 [95% CI: 1.00, 1.00]; P 
, .05). Error bar indicates standard deviation of relative photon. (d) Western blotting analysis confirmed increased expression of green 
fluorescent protein (GFP) in cells treated with RFH compared with cells without RFH treatment (mean: GFP/HSV-TK plus RFH, 2.11 [95% 
CI: 1.15, 3.07] vs GFP/HSV-TK, 1.00 [95% CI: 1.00, 1.00]; P , .05; six animals per group). Error bar indicates standard deviation of 
relative gene expression level. GAPDH = glyceraldehyde 3-phosphate dehydrogenase. * = P < .05, ** = P < .01, and *** = P < .001. 

Figure 2:  Human lung adenocarcinoma cells (A549) were transduced with green fluorescent protein (GFP)/herpes simplex virus thymidine 
kinase/lentiviral particles. (a) Fluorescent microscopy showed increasing expression of GFP in cells over 7 days. (b) Quantitative assay with flow 
cytometry enabled confirmation of the level of GFP gene expression (mean ± standard deviation), reaching a peak on day 3 after gene transduc-
tion and maintaining a relatively high level over the following days.
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Figure 4:  In vivo 
experiments for es-
tablishing proof of 
principle by using 
nude mice with sub-
cutaneous xenografts 
of lung tumors. Biolu-
minescence imaging 
and US were used 
to monitor responses 
of tumors to different 
treatments over time 
(herpes simplex virus 
[HSV] thymidine ki-
nase [TK]/ganciclovir 
[GCV] plus radiofre-
quency hyperthermia 
[RFH], RFH alone, 
HSV-TK/GCV alone, 
and phosphate-buff-
ered saline). (a) X-ray 
and optical imaging 
revealed a significant 
decrease of mean 
photon signals (red-
yellow) in the combi-
nation therapy group 
(mean: HSV-TK/GCV 
plus RFH, 0.71 [95% 
confidence interval 
{CI}: 0.03, 1.39] vs 
RFH, 2.66 [95% CI: 
1.73, 3.59]; HSV-TK/
GCV, 1.37 [95% 
CI: 0.65, 2.08]; and 
phosphate-buffered 
saline, 3.07 [95% 
CI: 2.50, 3.65]; P 
,.001). Error bars 
show the standard 
deviation. (b) US 
showed that the 
smallest mean tumor 
size occurred with 
combination therapy 
compared with the 
other treatments 
(mean: HSV-TK/GCV 
plus RFH, 0.60 [95% 
CI: 0.15, 1.05] vs 
RFH, 2.43 [95% CI: 
1.80, 3.06]; HSV-TK/
GCV, 1.32 [95% 
CI: 0.75, 1.89]; and 
phosphate-buffered 
saline, 2.56 [95% 
CI: 1.75, 3.38]; all 
P ,.05). Error bars 
show the standard 
deviation. (c) Assess-
ment of gross specimens of tumors confirmed that the smallest tumor size occurred in the combination therapy group (upper panel). Terminal de-
oxynucleotidyl transferase–mediated 29-deoxyuridine, 59-triphosphate nick end labeling staining for apoptosis analysis (original magnification, 
3200) displayed more apoptotic cells (brown stains, lower panel) in the combination therapy group than in the other groups (mean: HSV-TK/
GCV plus RFH, 0.41 [95% CI: 0.36, 0.46] vs RFH, 0.04 [95% CI: 0.02, 0.06]; HSV-TK/GCV, 0.11 [95% CI: 0.07, 0.14]; and phosphate-
buffered saline, 0.01 [95% CI: 20.06, 0.03]; all P , .001). (d) Western blotting analysis confirmed a significant increase of GFP gene 
expression in tumors treated with RFH compared with tumors without RFH treatment (mean: [green fluorescent protein [GFP]/HSV-TK plus RFH, 
1.79 [95% CI: 1.32, 2.26] vs GFP/HSV-TK, 1.00 [95% CI: 1.00, 1.00]; P , .01; n = 6 per group]. Error bars show the standard deviation. 
GAPDH = glyceraldehyde 3-phosphate dehydrogenase. * = P < .05, ** = P < .01, and *** = P < .001.  
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Figure 6:  X-ray and optical imaging–guided intratumoral gene therapy of rat or-
thotopic lung cancer. (a) Monopolar radiofrequency and perfusion electrode was 
used to deliver radiofrequency hyperthermia and herpes simplex virus thymidine 
kinase/lentiviral particles simultaneously into the tumor. (b) Under x-ray and opti-
cal imaging guidance, the radiofrequency and perfusion electrode was precisely 
positioned into the lung tumor.

Figure 5:  Creation of rat model with orthotopic lung cancer. (a, b) Under x-ray imaging guidance, a 26-gauge needle was posi-
tioned in the lower lobe of the right lung for cell inoculation. Chest radiographs obtained in posteroanterior and lateral projections helped 
confirm the deposit of injected cell pellet mixed with x-ray contrast agent (arrowheads) in the lung. (c) Bioluminescence imaging 3 weeks 
after cell injection depicted bioluminescence signals emitted from the lung cancer (orange-yellow). (d) Gross pathologic and histologic as-
sessments further helped confirm formation of adenocarcinoma within the right lower lobe (original magnification, 3200).

with Ki-67 staining showed suppressed cell prolif-
eration with combination therapy compared with 
other treatments (mean: 0.11 [95% CI: 0.07, 0.15] 
vs 0.47 [95% CI: 0.42, 0.51] for RFH, 0.26 [95% 
CI: 0.20, 0.33] for HSV-TK/GCV, and 0.55 [95% 
CI: 0.48, 0.61] for phosphate-buffered saline; all P , 
.001). The TUNEL assay demonstrated remarkably 
increased apoptosis in the combination therapy group 
(mean: 0.55 [95% CI: 0.31, 0.79] vs 0.02 [95% CI: 
0.01, 0.04] for RFH, 0.04 [95% CI: 0.01, 0.07] for 
HSV-TK/GCV, and 0.001 [95% CI: 0.001, 0.02] for 
phosphate-buffered saline; all P , .05).

Discussion
Our study has validated the feasibility and efficacy of 
using RFH to enhance intratumoral HSV-TK/GCV 
gene therapy for human NSCLC, as evidenced by 
decreased cell survival in in vitro experiments and de-
creased tumor volumes and optical signal intensities 
of both mouse subcutaneous NSCLC xenografts and 
rat orthotopic lung cancers. Our study also demon-
strated that (a) it is feasible to deliver GFP/HSV-TK/
lentivirus directly into the NSCLC tumors in the set-
ting of concomitant RFH generation with x-ray and 
optical imaging guidance and (b) optical imaging 
is a useful tool with which to assess the response of 
NSCLC tumors to the RFH-enhanced intratumoral 
gene therapy.

Numerous preclinical studies on rodent cancer 
models have confirmed the efficacy of HSV-TK/
GCV–mediated gene therapy on tumors (14,18–20). 
However, most of these treatments were performed via 
systemic delivery approaches, which are limited by low 
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delivery doses of therapeutic genes to target tumors. Inability 
to specifically deliver a high dose of therapeutic genes has been 
a major obstacle in translating the HSV-TK/GCV–mediated 
suicide gene therapy to wide clinical practice. In our study, we 
directly injected GFP/HSV-TK/lentiviruses into rat orthotopic 
lung tumors through the perfusion needle of a multifunctional 
radiofrequency electrode, thus establishing a method of image-
guided local delivery of high-dose therapeutic genes into the tar-
get tumor while simultaneously applying thermal energy to en-
hance the tumoricidal effects. This combinatorial local-regional 
approach can potentially minimize the toxicity and immunoge-
nicity caused by the systemic administration of exogenous genes, 
thereby improving the safety profile of gene therapy in patients.

Currently, the most widely used animal models of lung tu-
mors are created in immunodeficient rodents, such as nude 
and severe combined immunodeficiency mice with subcutane-
ous lung cancer xenografts. However, these types of lung cancer 
models cannot exhibit the site-specific pathophysiologic proper-
ties of human lung cancers and the interactions between tumors 
and host organs. We created a molecular imaging–detectable 
rat model with orthotopic lung tumors via an imaging-guided 

Figure 7:  In vivo experiments for validating the feasibility of the technique using rat models with orthotopic lung tumors, with four different treat-
ment groups (herpes simplex virus [HSV] thymidine kinase [TK]/ganciclovir [GCV] plus radiofrequency hyperthermia [RFH], RFH alone, HSV-TK/
GCV alone, and phosphate-buffered saline). (a, b) X-ray and optical imaging showed a smaller increase of mean bioluminescence signals (red-
yellow) in the combination therapy group compared with the other three groups (HSV-TK/GCV plus RFH, 1.29 [95% confidence interval {CI}, 
0.51, 2.06] vs RFH, 2.26 [95% CI: 1.51, 3.01]; HSV-TK/GCV, 1.76 [95% CI: 1.20, 2.31]; phosphate-buffered saline, 2.94 [95% CI: 2.29, 
3.58]; P , .001). Error bars indicate the standard deviation. Subsequent pathologic evaluation showed that the smallest tumor size occurred in 
the combination therapy group. (c) Western blotting analysis of tumor tissues was used to confirm significantly enhanced green fluorescent protein 
(GFP) gene expression in tumors treated with RFH compared with tumors without RFH treatment (GFP/HSV-TK plus RFH, 1.57 [95% CI: 1.08, 
2.06] vs GFP/HSV-TK, 1.00 [95% CI: 1.00, 1.00]; P , .05; six animals per group). Error bar indicates the standard deviation. GAPDH = glycer-
aldehyde 3-phosphate dehydrogenase. * = P < .05, ** = P < .01, and *** = P < .001. 

percutaneous intrapulmonary approach. We confirmed that this 
rat model is large enough to accommodate investigation with a 
clinically used radiofrequency ablation device. In addition, we 
prelabeled the lung cancer cells with the luciferase gene, which 
enabled us to use bioluminescence optical imaging to detect the 
tumor in vivo, guide the targeted interventions, and follow-up 
treatment responses.

Our study had some limitations. We followed-up the thera-
peutic effects on animals over only 14 days. This limit was set be-
cause tumors in the control group might grow larger than 10% of 
the host body weight after 14 days, which was not approved by 
the institutional animal care and use committee. For our proof-
of-principle study, we did not compare the treatment efficacies 
between the intratumoral and systemic administration approaches 
and the RFH-enhanced HSV-TK/GCV gene therapy.

In conclusion, intratumoral RFH can enhance the HSV-TK/
GCV–mediated suicide gene therapy for NSCLC, as guided and 
monitored with molecular imaging. This method may introduce 
a way to effectively manage unresectable lung cancer by inte-
grating advances in interventional molecular imaging, radiofre-
quency technology, and direct intratumoral gene therapy.
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Figure 8:  Immunohistochemical staining of rat orthotopic tumor tissues after the four different treatments. Ki-67 staining showed sub-
stantial inhibition of cancer cell proliferation in the combination therapy group, as evidenced by the fewest brown-stained cells (mean: 
herpes simplex virus [HSV] thymidine kinase [TK]/ganciclovir [GCV] plus radiofrequency hyperthermia [RFH], 0.11 [95% confidence 
interval {CI}: 0.07, 0.15] vs RFH, 0.47 [95% CI: 0.42, 0.51]; HSV-TK/GCV, 0.26 [95% CI: 0.20, 0.33]; and phosphate-buffered 
saline, 0.55 [95% CI: 0.48, 0.61]; all P , .001). Terminal deoxynucleotidyl transferase–mediated 29-deoxyuridine, 59-triphosphate 
nick end labeling staining for apoptosis demonstrated an enhanced tumoricidal effect of combination therapy, as evidenced by the 
largest number of brown-stained cells in this treatment group (original magnification, 3200) (mean: HSV-TK/GCV plus RFH, 0.55 
[95% CI: 0.31, 0.79] vs RFH, 0.02 [95% CI: 0.01, 0.04]; HSV-TK/GCV, 0.04 [95% CI: 0.01, 0.07]; and phosphate-buffered 
saline, 0.001 [95% CI: 0.001, 0.02; P , .05). TUNEL = terminal deoxynucleotidyl transferase–mediated 29-deoxyuridine, 59-triphos-
phate nick end labeling. 
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