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Abstract. For patients with liver cancer who are not suffi-
ciently fit for surgical resection, radiofrequency ablation
(RFA) is an effective and low risk treatment modality;
however, the mechanism underlying this procedure is not fully
understood. In the present study, a series of experiments were
conducted, which demonstrated that RFA therapy stimulates
innate antitumor immunity via directly enhancing natural
killer (NK) cell cytotoxicity, thus achieving a favorable
outcome for patients with liver tumors. It was determined that
the percentage of NK cells within the peripheral blood of the
rabbits in the RFA treatment groups were significantly higher,
compared with the control groups. The levels of interferon-y
and tumor necrosis factor-a in NK cells were also significantly
upregulated following thermal coagulation induced via RFA.
In addition, RFA enhanced the NK cell receptor, NK group 2D
(NKG2D), expression and NK cell antitumor cytotoxicity in
hepatic cancer cells. The results indicated that the RFA treat-
ment could effectively eliminate liver tumors via enhancing
NK-mediated antitumor activity and NKG2D expression.

Introduction

Primary liver cancer, particularly the most diagnosed subtype
of hepatocellular carcinoma (HCC), is a major health problem.
It is the fifth most common malignancy and the third leading
cause of cancer-associated mortality worldwide (1-3). The
incidence of liver cancer has significant global variations and
is particularly prominent in Eastern Asia (2,3). Liver cancer
has had the second highest mortality rate of cancer-associated
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death in China and 17.4% of cancer deaths in Chinese adults
in 2012 were from liver cancer (4). Although numerous studies
have conducted research to improve the prognosis of liver
cancer, run clinical studies and have achieved significant
progress over the past few decades, the overall outcome of
liver cancer management remains unsatisfactory, with the
overall survival rate <5 years (1,5). To date, curative resection
remains the only major therapeutic method for liver cancer (1);
however, there is a high frequency of postoperative recur-
rence (3,60). Patients with liver cancer may not be eligible for
resection due to complexities, including multifocal diseases,
the presence of multiple tumor metastases, insufficient func-
tional hepatic reserve or severe co-existent cirrhosis (1,2). One
of the major obstacles of liver cancer prognosis is metastasis,
which is the leading cause of tumor mortality (7-9); therefore,
for the majority of patients with primary or metastatic hepatic
malignancies who are not eligible for surgical resection, the
development of novel treatments is required to manage tumor
growth and prevent progression.

Radiofrequency ablation (RFA) is a technology for the
curative treatment of local liver cancer that has evolved during
the past few decades (10,11). RFA is a safe, minimally invasive,
effective and repeatable modality with fewer complications
than resection particularly for smaller tumors (12-14), and it
has become a first-line therapy for a number of patients with
non-resectable malignant cancer (15-18). The types of RFA
include percutaneous RFA using ultrasound, computed tomog-
raphy-guided laparoscopic RFA and laparotomy RFA (19).
Ultrasound-guided laparoscopic RFA therapy, which identifies
tumors and guides the placement of the RFA needle electrode
via ultrasonography, have gained widespread availability and
use over the past five years due to its precise targeting of the
tumor (20). RFA used on hepatic tumors induces thermal coag-
ulation necrosis of soft tissues, including partial or complete
ablation of non-resectable liver lesions (19); however, the mech-
anism underlying the production of thermal energy used to kill
the tumor cells, and whether the RFA treatment triggers any
specific antitumor effects has not been fully investigated (21).

The innate and adaptive immune cells actively prevent
tumorigenesis in a process termed cancer immunosurveil-
lance (22). The innate immune system, including monocytes,
macrophages, dendritic cells (DC) and natural killer (NK) cells,
can directly lyse tumor cells (23). NK cells are recognized by
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their strong cytolytic activity against tumors and virus infec-
tions (24,25). NK cells also regulate the innate and adaptive
immune responses through cell-to-cell contact and secretion
of immunoregulatory cytokines (26,27). Activated NK cells
promote DC cell maturation and the release of cytokines
via the production of interferon (IFN)-I and tumor necrosis
factor (TNF)-a, subsequently leading to a strong stimula-
tion of immune responses (24). In addition, mature NK cells
express high levels of the NK group 2D (NKG2D) protein (28).
Through recognizing ligands expressed on infected or tumor
cells, NKG2D modulates lymphocyte activation and promotes
the immune response, which kills the ligand-expressing
cells (29-31).

RFA local to tumors has been associated with enhanced
systemic antitumor T-cell immune responses (32); however,
whether NK cells are involved with RFA-treated tumor cells as
well as the underlying mechanism is not fully understood (33).
In the present study, the effects of NK cells function and the
immune state in animal models following laparoscopic RFA
were investigated. The activity of NK cells from animal models
following RFA administration was tested on a hepatoblastoma
cell line (HepG2) and it was verified that the cellular killing
ability of NK cells was able to be modulated by RFA. It was
additionally demonstrated that RFA therapy directly enhances
NK cell cytotoxicity via increasing NKG2D expression;
therefore, the results provided novel molecular insights into
the tumor suppression of immune cells during RFA-associated
tumor treatment.

Materials and methods

Animal model of tumorigenesis. A total of 5 New Zealand
white rabbits (3 males and 2 females, supplied by Hainan
Veterans General Hospital, Haikou, China), aged between
two to three months, weighing 2.5-3.0 kg were randomly
allocated and housed with free access to water and food, with
a 12:12-h day/night cycle and at a constant room temperature.
Rabbits were inoculated with VX2 cells (from the Chongqing
Medical University, Chongqing, China) in their hind limbs,
and served as donors for liver tumor implantation and strain
propagation. Briefly, lateral aspects of the hind limb of rabbits
were locally shaved and disinfected using alcohol spray,
following anesthetization by intravenous injection of sodium
pentobarbital (30 mg/kg). A 0.5-1.0 ml VX2 tumor cell
suspension, containing 1x10° VX2 cells, was injected into the
gluteal muscle of the hind limb of the rabbits. At two weeks
after the implantation, the substantial mass was palpable in
the tumor-bearing rabbits. All tumor-bearing animals were
sacrificed with minimal pain and distress, and the hind limb
tumors were harvested.

A total of seven New Zealand white rabbits were inoculated
with VX2 tumor cells from the donor rabbits. The implanta-
tion was conducted as described previously (34). The tumor
sections of 1-4 mm?, were implanted into the liver parenchyma
of anesthetic recipient rabbits. The liver incision was sealed
and the abdominal wall was closed, creating two layers. The
animal experiments in the present study were evaluated and
approved by the Institutional Animal Care and Use Committee
of Research Center for Drug Safety Evaluation of Hainan
(HNYWAPZX201607011).

7015

Radiofrequency ablation. At 2 weeks following the establish-
ment of the rabbit hepatic tumor model, RFA was applied
onto prominent tumor cells of the rabbits. The liver lobe
containing the VX2 tumor was explored and a single needle
or a needle cluster (for larger tumors, which were >3 cm) with
an internally cooled electrode was positioned to the tumor
under ultrasonographic guidance. The frequency for RFA was
500 kHz and not pulse modulated. An RF current was emitted
for 12 or 15 min (longer time for larger tumors >3 cm) using
a 200 W generator that delivered continuous RF energy using
an automatic impedance controller. Tumor cells were heated
above 50°C and a post-operative ultrasound was performed to
identify complications, including bleeding.

Histological studies. Tumor specimens were fixed using 10%
formaldehyde at 4°C overnight and embedded in optimal
cutting temperature compound. Hematoxylin and eosin (H&E)
staining was performed at room temperature to assess the
morphology of tissue sections, as described previously (35).

Flow cytometric sorting of NK cells. NK cells from the rabbit
peripheral blood were blocked with 1% BSA-PBS on ice for
10 min, stained with anti-rabbit CD56 (cat. no. 3606; 1:200;
Cell Signaling Technology, Inc., MA, USA), NKG2D (cat.
no. ab203353; Abcam) or CD69 antibody (cat. no. ab13168;
Abcam) at 4°C for 15 min. The cells were then washed by
1X PBS three times at 4°C prior to being re-suspended with
secondary antibody fluorescein isothiocyanate (1:500 diluted
in 5% BSA-PBS; cat. no. F2765; Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The different cellular
subsets were sorted using a FACSAria™ (BD Biosciences,
Franklin Lakes, NJ, USA) cell sorter. Data was analyzed by
using BD FACSDiva™ software (version 6.0; BD Biosciences).

IFN-y and TNF-a analysis. The IFN-y and TNF-a concentra-
tions in the cell culture supernatants were determined using
aduo-set ELISA kit (cat. no. H052), according to the manu-
facturer's instructions (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

In vitro killing assay. The killing activity of NK cells was
tested via flow cytometry. Briefly, NK cells were separated
using a CD56 positive selection kit (EasySep™ Human
CD56 Positive Selection kit; Stemcell Technologies, Inc.,
Beijing, China), according to the manufacturer's protocol. The
cytotoxicity assay was performed as described by the study
of Hoppner et al (36). Briefly, peripheral blood mononuclear
cells from VX2 tumor rabbits were incubated with selection
kit and separated with magnet. NK cells remained in the
tube while unwanted cells were poured off. The selected NK
cells together with macrophages from VX2 tumor rabbits
treated with/without RFA were used as effector cells. HepG2
human hepatoblastoma cells purchased from the Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology Chinese
Academy of Sciences, were cultured in in RPMI-1640 medium
supplemented with 10% (v/v) fetal bovine serum, 100 U/ml
penicillin and 100 pg/ml streptomycin glutamine (all Gibco;
Thermo Fisher Scientific, Inc.) and used as target cells. The
effector cells were co-cultured with HepG2 cells for 4 h at
37°C in an atmosphere containing 5% CO,, following which
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the cell mixture was stained with 7-aminoactinomycin D
(7-AAD; Beckman Coulter, Inc., Brea, CA, USA) in the
dark for 15 min. Flow cytometry data were resolved using
a FACSAria flow cytometer (BD Biosciences) and analyzed
using FlowJo 7.2.5 software (Tree Star Inc., Ashland, OR,
USA). NK cytotoxicity (%) was calculated as the proportion of
cells positive for 7-AAD.

Quantitative polymerase (qPCR). Reverse transcription and
followed by quantitative PCR was used to examine the expres-
sion level of FasL and perforin. Briefly, total RNA from rabbit
blood was extracted by TRIzol® reagent (Life Technologies;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. Total RNA (500 ng) was reversed transcribed with
Superscript IV Transcriptase (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol and
using random primers. qPCR analyses were performed with
primers for FasL and perforin with the SsoFast SYBR-Green
gPCR mix (cat. no. 1725201; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) according to the manufacturer's protocol
on an Eppendorf MasterCycler Realplex with the thermal
cycling conditions were composed of an initial denaturation
step at 98°C for 5 min, then 45 cycles at 95°C for 30 sec and
60°C for 30 sec. The experiments were carried out in duplicate
for each data point. The relative quantification in gene expres-
sion was determined using the 2244 method (37).

Statistical analysis. The results are expressed as the
mean + standard deviation from tumor cells in the control or
experimental animals. For calculations using one-way analysis
of variance (with Tukey's honest significant difference post
hoc test), SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) was used.
Graphs were produced using GraphPad Prism software v6.01
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Establishment and evaluation of the VX2 liver tumor model in
rabbits. The VX2 is a fast-growing adenocarcinoma cell line,
which has been extensively used to study various aspects of
tumor behavior (38). To establish the rabbit liver tumor model,
a VX2 cell suspension was inoculated into the sub-capsule of
the left anterior lobe of the rabbit liver. Then, seven rabbits
that exhibited considerable tumor growth at two weeks
following VX2 cell implantation were used in the present
study. The tumors were round in shape and were as large as
2 cm in diameter, with a total weight of 5.2+2.0 g (Fig. 1A).
Microscopic examination via H&E staining revealed that
the tumors had notable necrosis in their centers and that the
cells were irregularly arranged, indicating an invasive growth
capability (Fig. 1B).

Morphological changes following RFA. Next, the morpho-
logical alterations following RFA administration were further
examined. Representative venous thromboses were identified
in the portal or hepatic vein branches central to RFA zones
(Fig. 2A). At four weeks after thermal ablation, the coagula-
tion on the tumor gradually became white. The boundaries
between the tumor cells and surrounding non-tumorous
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Figure 1. Establishment and evaluation of the metastasis model of VX2 tumor
cell lines in rabbits. (A) Liver tumors were round in shape and contained no
notable capsules. The boundaries between tumor and non-tumor tissues were
clear. The cross section revealed hemorrhaging and necrosis in the center of
the tumor. (B) Microscopy indicated central necrosis of the tumor cells, and
that the peripheral tumor cells were disorderly. Scale bar, 100 ym.

Figure 2. Morphological changes following RFA. Representative tumor cells
stained with H&E (A) prior to and (B) following RFA. Note that thermal
coagulation gradually became white, and that the boundaries were less clear.
Notable inflammatory cell infiltration was observed. H&E, hematoxylin and
eosin; RFA, radiofrequency ablation. Scale bar, 100 gm.

cells were less clear, indicating a clearance of tumor cells.
Furthermore, inflammatory cell infiltration was observed in
parts of the remaining tumor cells (Fig. 2B).
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RFA activates primary NK cells. RFA has been reported to
induce inflammatory cell infiltration. Inflammation is asso-
ciated with immune activity; therefore, the innate immune
responses in the tumor cells were assessed. As one of the
most abundant components of the innate immune system, NK
cells account for 10-15% of peripheral blood lymphocytes,
and are defined by the expression of CD56. Furthermore, the
CDG69 differentiation antigen is one of the earliest cell surface
molecules expressed following NK cell activation; therefore,
FACS was used to determine the NK cell proportion in the
peripheral blood via calculation of the CD56*CD69* cell
percentage. Compared with cells in the normal control rabbit,
the CD56*CD69* NK cell number in the VX2 rabbit was
significantly decreased (P<0.01), indicating the suppression
of immune activity following tumor growth prior to RFA
treatment. Following 1 week of RFA treatment, the NK cell
number was increased (P<0.05), indicating a quick stimulation
of the innate immune system. The percentage of CD56*CD69*
NK cells was continuously upregulated in the fourth week
following RFA treatment (Fig. 3A).

As the major cytokines released by NK cells are IFN-y
and TNF-a, an ELISA assay was used to measure the levels
of cytokines in the cell medium. Similar to the increase in the
NK cell population, the IFN-y and TNF-a levels were also
significantly elevated following RFA treatment in the VX2
animals. Their levels were the highest following the first week
of RFA treatment and maintained through the fourth week
after RFA treatment, indicating the innate immune system was
induced and activated by RFA treatment (Fig. 3B and C).

RFA enhances NKG2D expression and NK cell function.
NKG2D is the most important activating receptor present on
the surface of NK cells. A variety of immune cell therapies
in cancer treatments rely on the recognition of tumor targets
via the expression of the NKG2D ligand. To explore whether
NKG2D contributed to the enhanced immune activity following
RFA treatment, the expression of NKG2D was examined using
FACS analysis. It was identified that the NKG2D expression
was notably low prior to RFA treatment; however, as depicted
in Fig. 4A, NKG2D was markedly upregulated at one week
following RFA treatment.

In order to further verify the role of NKG2D in enhancing
the killing activity of NK cells, NK cells sorted from the VX2
model cells were co-cultured with human hepatoblastoma
HepG?2 cells, and the neutralizing antibody against NKG2D
was added to the co-culture. The in vitro killing assay demon-
strated that a notable increase in killing activity was observed
in NK cells with macrophages from RFA-treated animals,
compared with NK cells with macrophages from non-treated
animals. Blocking NKG2D using a specific antibody notably
impaired the RFA-induced immune activity, as the NK
cell-mediated killing activity was significantly downregulated
(Fig. 4B). This confirmed that NKG2D is an important acti-
vating receptor in RFA-induced NK cell activation.

Perforin-mediated cytotoxicity and Fas ligand (FasL)
dependent antitumor activity are important targets for NK
cell therapy (39). The anti-metastatic activity following RFA
treatment was assessed. As depicted in Fig. 4C and D, RFA
treatment induced the notable upregulation of perforin and
FasL expression, compared with the control NK cells from
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untreated animals, or the NK cells incubated with a control
isotype antibody. In cells cultured with the NKG2D neutral-
izing antibody, the expression levels of the NK cell surface
marker CD69 and the NK cell effectors perforin and FasL
were significantly decreased. Taken in combination, these
experiments demonstrated that RFA treatment could suppress
tumor metastases, depending on the sensitivity of the tumor to
perforin or FasL, and reduce the expression of NKG2D ligands.

Discussion

In the present study, it was demonstrated that RFA treatment
could effectively eliminate liver tumors through enhancement
of NK-mediated antitumor activity and NKG2D expression.

Curative resection has been considered to be the first
choice therapeutic strategy for a number of malignant tumor
types (40); however, only ~20% of the patients with liver cancer
are eligible for surgical resection due to cancer multifocality,
including severe impairment of hepatic functional reserve,
extrahepatic metastases, involvement of the portal vein and
severe extrahepatic disease (7-9). To date, various treatment
strategies for liver cancer, including local ablative therapies,
transarterial embolization and liver transplantation, have been
developed. RFA has gained widespread acceptance as a local
ablative treatment option for patients, due to it being highly
effective, minimally invasive and a generally safe therapy for
primary and secondary hepatic malignancies (10,11,14,41).

Via the heating of tumor tissue to temperatures exceeding
50°C, RFA produces localized tumor coagulative necrosis,
which results in the final destruction of the tumor tissues (21).
Although the success rate for completely eliminating small
liver tumors is >85% with RFA, incomplete ablation frequently
occurs and leads to tumor reoccurrence (10,11,41). Depending
on the patient's medical situation, the overall complete abla-
tion rate ranges from 50-93%. The tumor size is another risk
factor, for tumors of diameter <3, 3-5 and =5 cm, the complete
ablation rate is 77-100, 84-93.5 and 41-71%, respectively,
following a single treatment session (41). Additionally, local
recurrence following RFA limits its application, with a rate
varying between 2-60% (42). The tumor recurrence rate may
be notably higher in a number of specific anatomical loca-
tions (43). In the present study, four weeks following thermal
ablation the coagulation of the tumor had become white, and
the boundary between the tumor and surrounding tissues
remained undistinguishable, indicating complete ablation in
the animal model. However, tumor recurrence should still be
determined over a longer time period.

Innate and adaptive immune cells actively prevent cancer
development (44). A notable inflammatory cell infiltration was
observed following RFA, which led to speculation that the
immune system was activated following RFA treatment. As
one of the most important components of the innate immune
system, NK cells serve critical roles in host immunity to
cancer (45). NK cells have the ability to lyse certain tumor
cells in the absence of prior stimulation (24). In response to
tumor invasion, NK cells exert their function via two principal
underlying mechanisms: i) Releasing cytoplasmic granules
containing perforin and granzymes that lead to tumor-cell
apoptosis; ii) secreting cytokines to modulate the functions of
other immunocytes (22). The cytotoxic activity of NK cells
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Figure 3. RFA activates primary NK cells. (A) The expression of CD69* and CD56* NK cells in the peripheral blood mononuclear cells of rabbit was analyzed
via flow cytometry during the 4 weeks following RFA. Control groups were blood cells from untreated rabbits. (B and C) The secreted levels of IFN-y and
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TNF-o in the NK cells from the peripheral blood mononuclear cells in the rabbits were evaluated using an ELISA. ""P<0.001. Control groups included cells
from untreated rabbits. IFN, interferon; TNF, tumor necrosis factor; NK, natural killer; RFA, radiofrequency ablation.
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Figure 4. RFA enhanced NKG2D expression and NK cell function. (A) NKG2D expression in the control cells, pre-surgery cells and cells at 1 week following
RFA treatment was determined via flow cytometry. The control group included cells from V2X rabbit tumors prior to RFA treatment. (B) The isolated NK
cells co-cultured with HepG2 cells were incubated with anti-NKG2D or isotype control antibodies (with or without RFA treatment), and the cytotoxic effects
were compared. (C and D) Cytotoxic effector molecules FasL and perforin were evaluated with an ELISA. “P<0.01 and ““P<0.001 vs. the NK and M¢ (RFA)
groups. NK, natural killer; FasL, Fas ligand; RFA, radiofrequency ablation; NKG2D, NK group 2D; M¢.

is modulated by NK cell receptors and cytokines (24,25). demonstrated that the RFA-induced immune activation is
The results indicated that RPA activates primary NK cells  dependent on the NK receptor NKG2D. RFA treatment also
and induces the stimulation of cytokines, including IFN-y  induced the elevation of the stimulatory receptor CD69 and
and TNF-a, in VX2 rabbit cells. Antibody neutralization effector molecules, including perforin and FasL; this indicates
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that RFA treatment induces antitumor mechanisms. It is
important for the mechanisms underlying liver tumor control
to be further characterized using a greater number and variety
of in vivo models.

Collectively, the results indicated that the RFA treatment
for liver cancer is a promising therapeutic strategy, and that
RFA-induced immune activation serves an important role in
suppressing cancer in animal models. While the present study
mainly focused on liver cancer, further investigations should
be conducted using other cancer types and in vivo models.
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