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ABSTRACT
Background It is still a challenge to prevent tumor 
recurrence post radiofrequency ablation (RFA) of 
medium- to- large hepatocellular carcinomas (HCC). 
Immunochemotherapy, a combination of immunotherapy 
with chemotherapy, has demonstrated a great potential in 
augmenting the treatment efficacy for some malignancies. 
In this study, we validated the feasibility of using 
radiofrequency hyperthermia (RFH)- enhanced intratumoral 
immunochemotherapy of LTX- 315 with liposomal 
doxorubicin for rat orthotopic HCC.
Methods Different groups of luciferase- labeled rat 
HCC cells and rat orthotopic HCC models were treated 
by: (1) phosphate buffered saline; (2) RFH; (3) LTX- 
315; (4) RFH+LTX- 315; (5) liposomal doxorubicin; (6) 
RFH+liposomal doxorubicin; (7) LTX- 315+liposomal 
doxorubicin; and (8) RFH+LTX- 315+liposomal 
doxorubicin. Cell viabilities and apoptosis of different 
treatment groups were compared. Changes in tumor 
sizes were quantified by optical and ultrasound imaging, 
which were confirmed by subsequent histopathology. 
The potential underlying biological mechanisms of the 
triple combination treatment (RFH+LTX- 315+liposomal 
doxorubicin) were explored.
Results Flow cytometry and MTS assay showed the 
highest percentage of apoptotic cells and lowest cell 
viability in the triple combination treatment group 
compared with other seven groups (p<0.001). Tumors in 
this group also presented the most profound decrease in 
bioluminescence signal intensities and the smallest tumor 
volumes compared with other seven groups (p<0.001). 
A significant increase of CD8+ T cells, CD8+/interferon 
(IFN)-γ+ T cells, CD8+/tumor necrosis factor (TNF)-α+ T 
cells, and natural killer cells, and a significant decrease of 
regulatory T cells were observed in the tumors (p<0.001). 
Meanwhile, a significantly higher level of Th1- type 
cytokines in both plasma (interleukin (IL)- 2, IL- 12, IL- 18, 
IFN-γ) and tumors (IL- 2, IL- 18, IFN-γ, TNF-α), as well as a 
significantly lower Th2- type cytokines of IL- 4 and IL- 10 in 
plasma and tumor were detected.
Conclusions Intratumoral RFA- associated RFH could 
enhance the efficacy of immunochemotherapy of LTX- 315 
with liposomal doxorubicin for HCC, which may provide a 
new strategy to increase the curative efficacy of thermal 
ablation for medium- to- large HCC.

INTRODUCTION
Although radiofrequency ablation (RFA) has 
become an effective alternative to surgery 
for management of early- stage hepatocel-
lular carcinoma (HCC),1 there is still a high 
incidence of tumor recurrence at the abla-
tion zone margin, especially for medium- to- 
large tumors (>3 cm).2 Attempts have been 
made to address this challenge, such as RFA 
combined with transarterial chemoemboliza-
tion.3 However, the local tumor progression 
rate in medium- to- large HCCs is still up to 
30.4% after such combination treatment.4 
Thus, there is a pressing clinical need to 
develop more effective treatment strategies to 
target the residual tumor cells following RFA, 
and thereby improve the long- term survival of 
these patients.

Systemic therapy is recommended for 
advanced HCC according to Barcelona 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Hyperthermia induced by some sources can en-
hance immunotherapy in some preclinical cancer 
models, such as pancreatic cancer. LTX- 315 in 
combination with doxorubicin showed therapeutic 
benefit in breast cancer.

WHAT THIS STUDY ADDS
 ⇒ Direct immunochemotherapy of LTX- 315 in com-
bination with liposomal doxorubicin is effective 
in the treatment of rat hepatocellular carcinoma. 
Radiofrequency hyperthermia significantly enhanc-
es the effect of direct immunochemotherapy (LTX- 
315+liposomal doxorubicin) on rat hepatocellular 
carcinoma.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The concept of this study may open new avenues for 
reducing the rates of residual and recurrent tumors 
after radiofrequency ablation of medium- to- large 
hepatocellular carcinomas.
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Clinic Liver Cancer staging.5 However, some randomized 
controlled trials failed to show overall survival benefit 
of various chemotherapeutic regimens.6 Furthermore, 
high- dose chemotherapy often results in toxicity and 
resistance. One approach to improve the efficacy of tradi-
tional chemotherapy is to capsulate chemotherapeutics. 
For example, liposomal doxorubicin enables a long- 
term release of doxorubicin from liposome shells, allows 
for accumulation in tumors, and reduces undesirable 
systemic side effects of doxorubicin.7 8 Meanwhile, there 
is a growing focus on a new treatment approach using 
low- dose or medium- dose chemotherapeutics at short 
repeated intervals to activate antitumor immunity while 
selectively depleting immunosuppressive cells, such as 
regulatory T cells (Tregs).9 Furthermore, it was reported 
that doxorubicin can induce immunogenic cell death 
and inhibit immunosuppressive cells,10 11 thereby elimi-
nating the obstacles implemented on the immune system 
by such cells.

In recent years, the emergence of new immunother-
apies, such as immune checkpoint blockade, chimeric 
antigen receptor T cell therapies, and oncolytic viruses, 
has presented additional potential therapeutic options 
for advanced HCC.12 13 However, the response rate to 
these treatments has been low so far, primarily due to 
the formation of an immunosuppressive microenviron-
ment.14 The combination of immunotherapy with other 
therapeutic methods may enhance the antitumor effi-
cacy.15 16 Immunochemotherapy, a combination of immu-
notherapy with chemotherapy, has demonstrated a great 
potential in augmenting the treatment efficacy for some 
malignancies, such as lung cancer, esophageal cancer, 
and large B cell lymphoma.17–19

LTX- 315, a first- in- class oncolytic peptide, can kill 
cancer cells by a membranolytic effect on the cellular 
plasma membrane and intracellular organelles, such 
as mitochondria, golgi complex, and lysosomes, which 
further leads to a subsequent release of danger- associated 
molecular pattern molecules and tumor antigens that 
recruit and activate T cells for immunotherapy.20 21

Previous studies have demonstrated that radiofre-
quency hyperthermia (RFH) at approximately 42°C can 
significantly enhance the effect of chemotherapy or 
oncolytic immunotherapy (such as LTX- 401) effect on a 
variety of malignancies.22–25 The potential mechanisms 
may include (1) RFH- induced modulation of the tumor 
immune microenvironment via heat shock proteins and 
subsequent activation of immune systems26; (2) tissue 
fracturing by heating, increased permeability of the cyto-
plasmic membrane, deactivation of multidrug resistance 
pumps, and amplification of cellular metabolism, which 
facilitate the entrance of therapeutics into the targeted 
tumor cells.27

In the present study, LTX- 315 was used to kill HCC 
cells, and subsequently recruit and activate T cells for 
immunotherapy. Liposomal doxorubicin was used to 
improve immunosuppressive microenvironment of 
HCC by reducing Tregs. RFH was used to enhance the 

treatment efficacy of LTX- 315 and liposomal doxoru-
bicin. The purpose of the present study was attempted to 
fully combine and apply, at the first time, the advantages 
of three advanced image- guided therapy, including onco-
lytic immunotherapy, chemotherapy, and RFH, to explore 
a new strategy, so- called ‘interventional triple treatment’, 
for more effective management of HCC, one of the most 
common malignancies worldwide.

MATERIALS AND METHODS
Study design
This study included two phases: (a) in vitro demonstration 
of the synergistic therapeutic effect of LTX- 315 (MedChe-
mExpress, New Jersey, USA) with liposomal doxorubicin 
(Distributed by Dr. Reddy’s Laboratories, Princeton, New 
Jersey, USA, Made in India, 2 mg/mL) on HCC cells with 
and without RFH; and (b) in vivo validation of the tech-
nical feasibility of RFH- enhanced therapeutic effect with 
LTX- 315 plus liposomal doxorubicin in animal models 
with orthotopic HCCs.

In vitro experiments
Cell culture
McA- RH7777 cells (American Type Culture Collection, 
Manassas, Virginia, USA) were transfected with lentiviral 
luciferase/red fluorescence protein (Luc/RFP) genes 
to create Luc/RFP- positive HCC cells (GeneCopoeia, 
Rockville, Maryland, USA). The Luc/RFP- positive McA- 
RH7777 cells were sorted using fluorescence- activated cell 
sorting technique (Aria II, Becton Dickinson, Franklin 
Lakes, New Jersey, USA) and cultured in Dulbecco’s 
Modified Eagle’s Medium (Life Technologies, Carlsbad, 
California, USA) supplemented with 10% fetal bovine 
serum at 37°C in a humidified atmosphere containing 5% 
carbon dioxide. For statistical analysis, each in vitro cell 
experiment was repeated six times.

Determination of 50% inhibitory concentrations of LTX-315 and 
liposomal doxorubicin for rat HCC cells
Luc/RFP- positive McA- RH7777 cells were seeded in a 
96- well plate at a density of 1×104 cells per well in 100 µL 
cell culture medium. LTX- 315 and liposomal doxorubicin 
at various concentrations were added to the wells and incu-
bated for 24 hours. MTS assay was used to examine cell 
viability. Briefly, 10 µl MTS reagent was added into each 
cell, and then cells were incubated at 37°C for 4 hours. 
The absorbance was detected at 490 nm with a Microplate 
Reader (VersaMax; Molecular Devices, Sunnyvale, Cali-
fornia, USA). A non- linear regression was used to calculate 
the 50% inhibitory concentrations (IC50) of LTX- 315 and 
liposomal doxorubicin. The IC50 doses of LTX- 315 and 
liposomal doxorubicin were used for Luc/McA- RH7777 
cell treatment in the following in vitro experiments.

RFH-enhanced cytotoxic effect of LTX-315 and liposomal 
doxorubicin in HCC cells
Luc/RFP- McA- RH7777 cells were divided into the 
following eight treatment groups: (1) phosphate buffered 
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saline (PBS); (2) 30 min RFH at 42ºC alone; (3) LTX- 315 
alone; (4) LTX- 315 plus 30 min RFH at 42ºC; (5) lipo-
somal doxorubicin alone; (6) liposomal doxorubicin plus 
30 min RFH at 42ºC; (7) LTX- 315 plus liposomal doxo-
rubicin; and (8) triple combination treatment with LTX- 
315 and liposomal doxorubicin, immediately followed by 
30 min RFH at 42ºC. RFH was performed as previously 
described.23 28

Twenty- four hours after treatments, a cell suspension at 
density of 1×106 mL was made by digestion with 0.25% 
trypsin without EDTA, followed by PBS washing and 
resuspension in 200 µL binding buffer. Subsequently, 5 µL 
annexin V- FITC (BD Biosciences, San Diego, California, 
USA) and 5 µL 7- Amino- Actinomycin D (BD Biosciences) 
were added and incubated for 10 min. Then, flow cytom-
etry was used to quantify the necrotic/apoptotic cells. 
The data were analyzed by FloJo Data Analysis Software 
(V.10; Ashland, Oregon, USA).

Cells viability was evaluated by the 3- (4,5- dimethylthia
zol- 2- yl)−5- (3- carboxymethoxyphenyl)−2- (4- sulfophenyl
)−2H- tetrazolium (MTS) assay. The relative cell viability 
of each group was evaluated using the equation: Atreated − 
Ablank /Acontrol − Ablank, where A represents the absorbance.

Cells in culture chamber slides were washed two times 
with PBS, fixed with 4% paraformaldehyde, and then 
dried at room temperature. The cells were counter-
stained with 4’, 6- diamidino- 2- phenylindole (Southern-
Biotech, Birmingham, Alabama, USA) and imaged with 
a fluorescent microscope (IX73, Olympus, Tokyo, Japan).

Bioluminescence optical imaging of treated cells
Fluorescent signal intensity (SI) of treated cells was eval-
uated 24 hours after the treatment. Cells in each of eight 
groups were collected and suspended in 200 µL PBS, 
followed by adding 5 µL of Pierce D- Luciferin (Thermo 
Fisher Scientific, Rockford, Illinois, USA). The suspen-
sion was transferred to cylindrical glass tubes. Biolumines-
cence optical imaging was performed using an imaging 
system (In- Vivo Xtreme; Bruker, Billerica, Massachusetts, 
USA). Bioluminescence SI was quantified as the sum of 
all detected photon counts. Data were normalized to 
relative signal intensity (RSI) by using the following equa-
tion: RSI=SIT/SIC, where SI represents signal intensity, 
T represents the treatment group, and C represents the 
control group.

In vivo experiments
Creation of rat model with orthotopic hepatic cancer
The animal experiments were approved by our institu-
tional Animal Care and Use Committee (No: 4120–02). 
An orthotopic hepatic cancer model was created in 
Sprague- Dawley rats (Charles River, Hollister, California, 
USA), which weighed 200–250 g. To prevent spontaneous 
tumor regression of McA- RH7777 tumors, cyclosporine 
A (20 mg/kg/day; Novartis Pharma Stein AG, Stein, 
Switzerland) was subcutaneously administrated from 
one day before the tumor implantation through day 4 
after the tumor implantation.29 30 Under anesthesia with 

1–3% isoflurane (Piramal Healthcare, Andhra Pradesh, 
India) delivered in the inhalation of 100% oxygen 
and using an aseptic technique, the liver was exposed 
through a subxiphoid abdominal incision. Subsequently, 
0.5–1×107 Luc/RFP- positive McA- RH7777 cells mixed in 
50 µL of PBS and 50 µL of Matrigel (Discovery Labware, 
Bedford, Massachusetts, USA) were inoculated into the 
left lobe of the liver, followed by 5 min of compression 
of cell injection site with a gelatin sponge (Pharmacia & 
Upjohn, Division of Pfizer, New York, USA). The abdom-
inal incision was closed with layered sutures.

RFH-enhanced therapy of LTX-315 and liposomal doxorubicin for 
rat orthotopic HCCs
Forty- eight rats with orthotopic hepatic cancers were 
randomly assigned into eight treatment groups (n=6/
group): (1) intratumoral injection of 100 µL PBS; (2) 
intratumoral RFH (42°C for 30 min) alone; (3) intra-
tumoral injection of 1.0 mg LTX- 315 in 100 µL of PBS 
alone; (4) intratumoral injection of 1.0 mg LTX- 315 in 
100 µL of PBS, followed by intratumoral RFH; (5) intratu-
moral injection of 1 mg/kg liposomal doxorubicin alone; 
(6) intratumoral injection of 1 mg/kg liposomal doxoru-
bicin, followed by intratumoral RFH; (7) intratumoral 
injection of 1.0 mg LTX- 315 in 100 µL PBS and 1 mg/kg 
liposomal doxorubicin; and (8) triple combination treat-
ment with intratumoral injection of 1.0 mg LTX- 315 in 
100 µL PBS and 1 mg/kg liposomal doxorubicin, followed 
by intratumoral RFH.

The intratumoral RFH with LTX- 315 and liposomal 
doxorubicin injection was performed by precisely 
deploying a multiprong RFA electrode in tumor 
periphery under real- time ultrasound imaging guidance. 
A hamilton microsyringe was used for injection of ther-
apeutic agents at a rate of 100 µL per 3 min. The elec-
trode was connected to an RFA generator (WE7568- II, 
Welfare Electronics) to deliver thermal energy to the 
tumors at approximately 42°C for 30 min. The methods 
on measuring and controlling the temperature during 
RFH were detailed in previous studies.22 23

Optical and ultrasound imaging to assess tumor growth
Optical imaging was used to assess treatment response 
using the in vivo imaging system (Bruker) one day before 
treatment, as well as days 7 and 14 after the treatment. 
Optical images were acquired 20 min after the intraper-
itoneal administration of D- luciferin at 150 mg/kg. RSI 
was calculated using the equation: RSI=SIDn/SID0, where 
SI represents signal intensity, Dn represents day n after 
treatment, and D0 represents the day before treatment.

Contrast- enhanced ultrasound imaging was performed 
to follow- up the tumor growth 1 day before treatment, as 
well as 7 and 14 days after treatment. The tumor volume 
at axial, longitudinal, and depth diameters was calculated 
according to the following equation: v=x×y×z×π/6. Data 
were expressed as relative tumor volume (RTV) by using 
the following equation: RTV=VDn/VD0, where V represents 
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tumor volume, Dn represents the day n after treatment, 
and D0 represents the day before treatment.

Pathologic correlation/confirmation
Tumors were harvested respectively 2 weeks after the 
treatments. The samples were fixed with 4% paraformal-
dehyde, embedded in paraffin, and sectioned at 4 µm 
thickness. Six histology sections were assessed per tumor. 
Tissue sections were analyzed with H&E staining, terminal 
deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining, and Ki- 67 staining. The tumor necrosis 
rate was computed by the area percentage of the necrotic 
region in the total tumor, which was calculated from H&E 
staining sections as follows: tumor necrosis rate (%)=N/
(N+T), where N represents the necrotic area of the tumor, 
and T represents non- necrotic area of the tumor.31 32 The 
spatial orientation of necrotic regions after each different 
treatment was mainly in the center of tumor.

Different immunohistochemical staining techniques, 
including CD8 for CD8+ T cells, ANK61 for natural 
killer (NK) cells, and Foxp3 for Tregs were performed 
to analyze immune cell infiltration among different treat-
ment groups.

Flow cytometry analysis of tumor tissues
Tumors were digested to prepare cell suspensions with 
collagenase and hyaluronidase solution. Then, the cell 
suspensions were filtered through a cell mesh (70 µm, 
BD Biosciences). The antibodies to CD45 (clone OX- 1), 
CD3 (clone G4.18), CD4 (clone OX- 35), CD8 (clone 
OX- 8), NKR- P1A (clone 10/78), FoxP3 (clone FJK- 16s), 
IFN-γ (clone DB- 1), and TNF-α (clone TN3- 19.12) were 
obtained from BD Biosciences. For intracellular cytokine 
staining, the harvested cells were stimulated with PMA 
(50 ng/mL) and ionomycin (500 ng/mL) for 4 hours and 
incubated for 1 hour with brefeldin A (10 µg/mL). Then, 
the cells were permeabilized using an Foxp3 Fixation 
and Permeabilization Kit (BD Bioscience). Subsequently, 
Foxp3, IFN-γ, and TNF-α were stained. Flow cytometric 
analysis was performed using the FACS flow cytometer 
(LSRFortessa X- 20, BD). The data were analyzed by FloJo 
Data Analysis Software (V.10; Ashland, Oregon, USA).

ELISA assay and quantitative real-time PCR
Blood was collected via the tail vein into tubes containing 
EDTA. Plasma was obtained by centrifugation at 1000 g 
for 10 min and stored at −70℃ until analysis. Concentra-
tions of interleukin (IL)- 2, IL- 4, IL- 10, IL- 12, IL- 18, and 
interferon (IFN)-γ in plasma were measured by ELISA 
using High Sensitivity ELISA Kit (eBiosciences).

Tumors in all groups were collected and stored in 
RNA Later (Servicebio, CFX) at −20℃. Total RNA was 
extracted from tumors using Qiagen RNeasy Mini Kit 
(Qiagen, Germany) and complementary DNA (cDNA) 
was synthesized using iScript Reverse Transcription 
Supermix (Bio- Rad, Hercules, California, USA). Subse-
quently, cDNA was used to measure the messenger RNA 
level of IL- 2, IL- 4, IL- 18, tumor necrosis factor (TNF)-α, 

IFN-γ, IL- 10 by quantitative real- time PCR (qRT- PCR) 
using the ABI Viia7 RT- PCR System (Applied Biosystems). 
All the sequences of primers are listed in online supple-
mental table S1. A housekeeping gene GAPDH was used 
as an internal control. The relative quantification was 
performed with the comparative threshold cycle method 
as described by the manufacturer.

Statistical analysis
The non- linear regression analysis for IC50 determination 
was performed using GraphPad Prism V.8.0.1 (San Diego, 
California, USA). A two- tailed independent samples t- test 
with equal variance was used to compare cell apoptosis, 
cell viability, relative photo signal, RTV, relative tumor 
weight, tumor necrosis rate, TUNEL IOD sum, KI67 IOD 
sum, CD8 cells per 400×field, AKN61 IOD sum, Foxp3 
IOD sum, percentages of different immune cells subtypes 
in tumor tissues, and levels of different cytokines in 
plasma and tumors between two different groups. One- 
way analysis of variance with the Dunnett t- test was used 
to compare these factors above between the triple treat-
ment (RFH+LTX- 315+liposomal doxorubicin) group and 
each of the other groups. Statistical analysis was carried 
out using SPSS V.24.0 software (Chicago, Illinois, USA). P 
value<0.05 was considered statistically significant.

RESULTS
In vitro experiments
The IC50 of LTX-315 and liposomal doxorubicin for rat HCC cells
Both LTX- 315 and liposomal doxorubicin showed dose- 
dependent anti- proliferative effects on Luc/RFP- positive 
McA- RH7777 cells. The IC50 value of LTX- 315 was 
40.98 µg/mL, and the IC50 value of liposomal doxoru-
bicin was 2.207 mg/mL for McA- RH7777 cells.

Comparison of cytotoxic effects among different treatment groups
Apoptosis analysis by flow cytometry demonstrated signifi-
cantly higher percentages of necrotic/apoptotic cells in 
(1) cells treated with RFH+LTX- 315 than in those treated 
with LTX- 315 alone; (2) cells treated with RFH+liposomal 
doxorubicin than in those treated with liposomal doxoru-
bicin alone; and (3) cells treated with LTX- 315+liposomal 
doxorubicin than in those treated with either LTX- 315 
or liposomal doxorubicin alone. The highest percentage 
of necrotic/apoptotic cells was observed in the group 
treated with the triple combination treatment (RFH+LTX- 
315+liposomal doxorubicin) in comparison to other seven 
treatment groups (figure 1A,B, online supplemental table 
S2). The MTS assay further confirmed that the viability 
of cells was significantly lower in (1) the group treated 
with RFH+LTX- 315 compared with the group treated 
with LTX- 315 alone; (2) the group treated with RFH+li-
posomal doxorubicin compared with the group treated 
with liposomal doxorubicin alone; and (3) the group 
treated with LTX- 315+liposomal doxorubicin compared 
with LTX- 315 or liposomal doxorubicin alone. The lowest 
viability of cells was observed in the triple combination 
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treatment group compared with other seven treatment 
groups (figure 1C, online supplemental table S2).

Fluorescent microscopy performed 24 hours after the 
treatments showed fewer viable cells in the RFH+LTX- 315 
group compared with the LTX- 315 alone group, in the 
RFH+liposomal doxorubicin group compared with 
the liposomal doxorubicin alone group, and in the 

LTX- 315+liposomal doxorubicin group compared with 
either LTX- 315 group or liposomal doxorubicin group. 
The fewest number of survival cells was seen in the 
triple combination treatment (RFH+LTX- 315+liposomal 
doxorubicin) group compared with other seven groups 
(figure 1D). Bioluminescence optical imaging demon-
strated a significantly lower relative bioluminescence 

Figure 1 Flow cytometry, MTS assay, fluorescent microscopy, and bioluminescence optical imaging of the treated 
hepatocellular carcinomas cells. (A, B) Twenty- four hours after the treatment, flow cytometry shows significantly higher 
percentage of necrotic/apoptotic cells in the triple combination treatment group (RFH+LTX- 315 (L- 315)+DOX) in comparison 
to other seven groups (***p<0.001). (C) Twenty- four hours after the treatment, MTS assay demonstrates significantly lower 
cell viability in the triple combination treatment group, compared with other seven treatment groups (***p<0.001). (D) Twenty- 
four hours after the treatment, fluorescent microscopy shows fewer survival cells in the triple combination treatment group 
(Scale bars, 50 µm), while optical imaging (E, F) demonstrates the lowest relative fluorescent signal in the triple combination 
treatment group, compared with other seven groups (***p<0.001). All the data are from a representative experiment repeated six 
times. Error bars represent SD. RFH, radiofrequency hyperthermia; SI, signal intensity; 7- AAD, 7- Amino- Actinomycin D.
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signal in (1) the RFH+LTX- 315 group than in the LTX- 
315 alone group; (2) the RFH+liposomal doxorubicin 
group than in the liposomal doxorubicin alone group; (3) 
the LTX- 315+liposomal doxorubicin group than in either 
LTX- 315 or liposomal doxorubicin alone groups. The 
lowest relative bioluminescence signal was observed in 
the group with triple combination treatment (figure 1E, 
F, online supplemental table S2).

Altogether, these results confirmed that LTX- 315 in 
combination with liposomal doxorubicin has a better 
cell- killing effect on rat HCC cells compared with LTX- 
315 or liposomal doxorubicin alone. Additionally, RFH 
significantly enhances the cell- killing effect of LTX- 315, 
liposomal doxorubicin, and LTX- 315+liposomal doxoru-
bicin on rat HCC cells.

In vivo experiments
Creation of rat orthotopic hepatic cancer
The orthotopic hepatic cancer was detected in the left lobes 
of rat livers 7 days after tumor implantation (figure 2A, 
B). No significant difference in average baseline tumor 
volume was found among the eight groups before treat-
ment (p=0.999) (online supplemental table S3). Under 
ultrasound imaging guidance, a radiofrequency (RF) 

electrode was precisely placed in the tumor and multiple 
thermal infusion prongs were extended to cover the 
entire tumor for delivery of therapeutic agents, followed 
by delivery of RF- induced thermal energy to further 
enhance the treatment efficacy (figure 2C–F).

Optical and ultrasound imaging of rat orthotopic hepatic cancers in 
the eight groups
The follow- up assessment of treated rat hepatic tumors by 
bioluminescence optical imaging and contrast- enhanced 
ultrasound imaging, showed a significantly lower rela-
tive photon signal of tumors and a significantly smaller 
RTV treated with (1) RFH+LTX- 315 compared with those 
treated with LTX- 315 alone; (2) RFH+liposomal doxoru-
bicin compared with those treated with liposomal doxo-
rubicin alone; and (3) LTX- 315+liposomal doxorubicin 
compared with those treated with LTX- 315 alone or lipo-
somal doxorubicin alone. The lowest relative photon 
signals and the smallest RTV were seen in tumors treated 
with RFH+LTX- 315+liposomal doxorubicin compared 
with other seven treatment groups (figure 3, online 
supplemental table S3). Collectively, these in vivo results 
further confirmed the LTX- 315 in combination with lipo-
somal doxorubicin has a better treatment effect for rat 

Figure 2 Creation of rat orthotopic hepatic cancer for radiofrequency hyperthermia- enhanced treatment. (A) At 7 days after 
tumor implantation, an orthotopic hepatic tumor (arrow) is created in the rat liver. (B) Tumors were harvested 2 weeks after the 
treatments. H&E staining confirms the hepatocellular carcinomas formation (obtained from the controlled group). (C) Tumors 
received the treatments at 7 days after tumor implantation. The multimodal perfusion- thermal radiofrequency (RF) ablation 
electrode permits simultaneous peritumoral infusion of therapeutics and generation of RF hyperthermia. (D–F) Under real- time 
ultrasound imaging guidance, the multimodal ablation electrode is placed into the tumor and then multiple prongs are precisely 
deployed to cover the entire tumor to deliver therapeutics, followed by intratumoral radiofrequency hyperthermia to further 
enhance the treatment efficacy.
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HCC compared with LTX- 315 or liposomal doxorubicin 
alone, and the enhancement effect of RFH on LTX- 315, 
liposomal doxorubicin, and LTX- 315+liposomal doxoru-
bicin for rat HCC.

Histology analysis
Tumors were harvested and weighed. A significantly 
lower relative tumor weight was demonstrated when 
treated with: (1) RFH+LTX- 315 compared with LTX- 315 
alone; (2) RFH+liposomal doxorubicin compared with 

liposomal doxorubicin alone; (3) LTX- 315+liposomal 
doxorubicin compared with LTX- 315 alone or liposomal 
doxorubicin alone. The smallest relative tumor weight 
was noted in the triple combination treatment group 
(RFH+LTX- 315+liposomal doxorubicin) compared with 
other seven groups (figure 4A,B, online supplemental 
table S4). Tumor necrosis analysis by H&E staining, 
apoptosis analysis by TUNEL staining, and cell prolifer-
ation analysis by Ki- 67 staining corroborated the above 

Figure 3 Optical/X- ray imaging and contrast- enhanced ultrasound imaging follow- up of treated tumors among eight animal 
groups. The Optical/X- ray imaging (A) and contrast- enhanced ultrasound imaging (B) shows the tumors (golden- yellow color, 
red arrows) presented with smaller tumor size in the triple combination treatment (RFH+LTX- 315 (L- 315)+DOX) group, compared 
with other seven treatment groups (***p<0.001). (C, D) The quantitative analysis shows a significantly lower relative optical signal 
intensity and smaller relative tumor volume in the triple combination treatment (RFH+LTX- 315 (L- 315)+DOX) group, compared 
with other seven treatment groups (***p<0.001). (E) Tumor growth chart shows the tumors in the triple combination treatment 
group with the smallest tumor size at 7 and 14 days after treatments, compared with other seven treatment groups. n=6 in each 
group. Error bars represent SD. RFH, radiofrequency hyperthermia; SI, signal intensity.
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findings with a significantly higher rate of tumor necrosis, 
more apoptotic cells, and fewer proliferating cells in (1) 
the RFH+LTX- 315 group compared with the LTX- 315 
alone group; (2) the RFH+liposomal doxorubicin group 
compared with the liposomal doxorubicin alone group; 
and (3) the LTX- 315+liposomal doxorubicin group 
compared with the LTX- 315 alone group or liposomal 
doxorubicin alone group (figure 4A and C–E, online 
supplemental table S4). Significantly greatest number of 
apoptotic cells, least number of proliferation cells, and 
highest rate of tumor necrosis were found in the triple 
combination treatment (RFH+LTX- 315+liposomal doxo-
rubicin) group compared with other seven treatment 
groups (online supplemental table S4). These results 
further demonstrated the treatment effect of LTX- 315 
with liposomal doxorubicin, and the enhancement effect 
of RFH on LTX- 315, liposomal doxorubicin, and LTX- 
315+liposomal doxorubicin for rat HCC.

As shown in figures 5 and 6, the immunohistochemistry 
analysis and flow cytometry analysis showed a significant 
increase of CD8+ T cells, CD8+/IFN-γ+ T cells, CD8+/
TNF-α+ T cells, NK cells, a significant decrease of Tregs, 

and a significantly higher ratio of pro- immune (CD8+/
IFN-γ+ T cells+CD8+/TNF-α+ T cells) to Tregs in the tumors 
treated with (1) LTX- 315 or liposomal doxorubicin alone 
compared with those treated with RFH or control; (2) 
RFH+LTX- 315 compared with those treated with LTX- 
315 alone; (3) RFH+liposomal doxorubicin compared 
with those treated with liposomal doxorubicin alone; (4) 
LTX- 315+liposomal doxorubicin compared with those 
treated with LTX- 315 or liposomal doxorubicin alone; 
and (5) RFH+LTX- 315+liposomal doxorubicin compared 
with other seven treatment groups. These results further 
suggested that RFH could enhance the immunochem-
otherapeutic effect of LTX- 315+liposomal doxorubicin 
through increasing the number of CD8+ T cells and NK 
cells, and decreasing the number of Tregs, along with 
activating the function of CD8+ T cells.

ELISA assay and qRT-PCR of Th1-type cytokines and Th2-type 
cytokines
As shown in figure 7, a significantly higher level of Th1- 
type cytokines in both plasma (IL- 2, IL- 12, IL- 18, IFN-γ) 
and tumors (IL- 2, IL- 18, IFN-γ, TNF-α), as well as a 

Figure 4 Pathologic analysis of the tumors in eight treatment groups. (A, B) Representative tumors harvested from different 
groups, showing the smallest tumor size/weight in the triple combination treatment (RFH+LTX- 315 (L- 315)+DOX) group, 
compared with other seven treatment groups (***p<0.001). (A, C–E) The H&E, TUNEL, and Ki- 67 staining further confirms a 
significantly higher tumor necrosis rate, more apoptotic cells (yellow brown dots), and fewer proliferating cells (yellow brown 
dots) in the triple combination treatment, compared with other seven treatment groups (Scale bars, 20 µm) (***p<0.001). n=6 in 
each group. Error bars represent SD. RFH, radiofrequency hyperthermia; TUNEL, transferase dUTP nick end labeling.
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significantly lower Th2- type cytokines of IL- 4 and IL- 10 
in plasma and tumor were detected, when tumors treated 
with (1) LTX- 315 or liposomal doxorubicin alone, 
compared with those treated with RFH or control; (2) 
RFH+LTX- 315 compared with those treated with LTX- 
315 alone; (3) RFH+liposomal doxorubicin compared 
with those treated with liposomal doxorubicin alone; (4) 
LTX- 315+liposomal doxorubicin compared with those 
treated with LTX- 315 or liposomal doxorubicin alone; 
and (5) RFH+LTX- 315+liposomal doxorubicin compared 
with other seven groups. These results provided further 
evidence on the immunotherapeutic effect of LTX- 
315 with liposomal doxorubicin, and the enhancement 
immunotherapeutic effect of RFH on LTX- 315+liposomal 
doxorubicin for rat HCC.

DISCUSSION
Immunotherapy is a promising treatment method for 
HCC, but there are some barriers to immunotherapy 
for HCC, such as an immunosuppressive microenviron-
ment.33 Although immunotherapy has been shown to be 
effective in HCC, the response rates remain relatively low. 
For example, the CheckMate 459 trial, a randomized, 
open- label, multicenter, phase 3 trial study of an anti- 
programmed cell death protein- 1 checkpoint inhibitor 
(nivolumab) versus sorafenib for patients with advanced 
HCC, demonstrated an objective response rate of only 
14% in the group of nivolumab treatment, and nivolumab 
treatment did not significantly improve overall survival 
compared with sorafenib.34 Some previous studies 

demonstrated that hyperthermia has immunomodulatory 
effects,35 36 increases anticancers drug concentration in 
tumor cells,37 38 and overcomes resistance mechanisms to 
immunotherapy in HCC.33 The results of our study indi-
cated RFH could enhance the immunotherapy for HCC.

To achieve a successful RFA of tumor, a >5 mm abla-
tive margin around the entire tumor must be obtained. 
However, this is technically challenging to achieve such 
a safe margin for tumors larger than 3 cm and for those 
tumors located near large vessels or vital structures such 
as central bile ducts or gastrointestinal tract. In this study, 
we attempted to solve this critical clinical problem by 
integrating the advantages of the oncolytic peptide LTX- 
315, liposomal doxorubicin, and image- guided intra-
tumoral RFH. The results of our study showed that (1) 
the combination of LTX- 315 with liposomal doxorubicin 
has a better treatment effect in the treatment of rat HCC 
compared with LTX- 315 or liposomal doxorubicin alone; 
and (2) intratumoral RFH further enhanced the treat-
ment effect of LTX- 315 in combination with liposomal 
doxorubicin.

The present study further elucidated the potential 
underlying biological mechanisms for such antitumor 
efficacy. The signal treatment with LTX- 315 recruited 
and activated T cells, and the signal treatment with lipo-
somal doxorubicin improved immunosuppressive micro-
environment by reducing Tregs.11 39 The two combined 
therapy of LTX- 315 with liposomal doxorubicin or the 
triple combination treatment (RFH+LTX- 315+liposomal 
doxorubicin) (1) significantly increased infiltration of 

Figure 5 Immunohistochemical analysis of tumors among different treatment groups. (A with B, C) CD8 staining for CD8+T 
cells and ANK61 staining for natural killer (NK) cells in the treated tumors demonstrate a significantly higher number of CD8+ T 
cells and NK cells (brown color) in the triple combination treatment (RFH+LTX- 315 (L- 315)+DOX) group, compared with other 
seven treatment groups (***p<0.001). (A with D) The Foxp3 staining for regulatory T cells (Tregs, brown color) further confirms 
significantly decreased numbers of Tregs in the triple combination treatment, compared with other seven treatment groups 
(***p<0.001) (Scale bars, 20 µm). n=6 in each group. Error bars represent SD. RFH, radiofrequency hyperthermia.
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cytotoxic CD8+ T cells and NK cells, and significantly 
decreased Tregs in the tumor bed, which altered the 
tumor microenvironment by turning ‘cold’ tumors into 
‘hot’ tumors while converting the immunologically 
suppressive microenvironment from strong to weak; (2) 
significantly enhanced the immune function of CD8+ T 
cells with more CD8+/IFN-γ+ T cells and CD8+/TNF-α+ T 
cells; and (3) significantly increased Th1- type cytokines 
to activate Th1- type response, and significantly decreased 
Th2- type cytokines to inhibit Th2- type response, which 
thus resulted in an effective antitumor effect.40

One of the primary disadvantages of systemic ther-
apeutic administration is the insufficient dose of 

therapeutics delivered to the tumor targets, thus resulting 
in limited therapeutic efficacy with dose limiting toxicity 
for some patients. In the present study, we developed 
an innovative interventional oncology approach using 
image- guided local therapeutic/hyperthermia delivery to 
circumvent limitations of systemic administration of ther-
apeutic agents.

In the present study, we directly delivered LTX- 315 
and /or liposomal doxorubicin to the tumors through 
multiple infusion prongs of the multipolar RFA elec-
trode, which were precisely deployed under real- time 
ultrasound imaging guidance to ensure the full coverage 
of the tumor margin. Incomplete tumor ablation is 

Figure 6 The percentages of different immune cells subtypes in tumor tissues among eight treatment groups. 
(A) Representative dot plots of the morphological characteristics (SSC vs FSC) exhibited by triple combination treated tumors 
(RFH+LTX- 315 (L- 315)+DOX). Schematic illustration of gating: Tumor- infiltrating lymphocytes determined by forward and 
side scatter properties, stained with relevant antibodies for flow cytometric analysis, to identify NK (CD3–/NKR- P1A+) cell and 
T (CD3+/NKR- P1A–) cell populations (including CD4+ and CD8+ T- cell subsets). The percentage of Tregs is derived from the 
percentage of Foxp3+ cells within the total CD4+ T- cell population. The percentage of CD8+/IFN-γ+ T cells or CD8+/TNF-α+ 
T cells is derived from the percentage of IFN-γ+ or TNF-α+ cells within the total CD8+ T- cell population. Quantitative analysis 
further displays a significantly higher percentage of CD8+ T cells, CD8+/IFN-γ+ T cells, CD8+/TNF-α+ T cells (B–D), and NK cells 
(E), a significantly lower percentage of Tregs (F), and a significantly higher ratio of pro- immune (CD8+/IFN-γ+ T cells+CD8+/
TNF-α+ T cells) to Tregs (G) in the triple combination treatment group, compared with other seven treatment groups (**p<0.01, 
***p<0.001). n=6 in each group. Error bars represent SD. FSC- A, forward scatter area; IFN, interferon; NK, natural killer; RFH, 
radiofrequency hyperthermia; SSC- A, side scatter area; TNF, tumor necrosis factor; Treg, regulatory T cells.
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attributed to the challenge of creating an effective and 
safe ablation periphery with a 1 cm surgical margin or 
‘clear safety margin’ beyond the tumor confinement.41 42 
The inability to obtain this clear margin is usually caused 
by thermal ablation heat carried away by blood flow 
when presence of larger neighboring vasculatures at 
the tumor periphery (so- called ‘heat- sink’ effect). This, 
in turn, generated a sublethal RFH at the margin of the 
ablated tumor during RFA. The sublethal RFH further 
enhanced the tumoricidal effect of LTX- 315 in combina-
tion with liposomal doxorubicin by effectively facilitating 
the entrance of therapeutic agents into target tumor cells, 
and thereby promoting the destruction of tumor tissue. 
Therefore, the integration of image- guided RFH with the 
combined use of LTX- 315 and liposomal doxorubicin 

may optimize formation of tumor- free margin during an 
RFA procedure and thus improve its efficacy especially for 
larger HCC.

Our study has limitations. Follow- up was only conducted 
for up to 2 weeks, and survival was not assessed because it 
was not permitted by our Institutional Animal Care and 
Use Committee.

In conclusion, the immunochemotherapy of LTX- 315 
with liposomal doxorubicin resulted in an excellent effect 
on HCC treatment by creating an antitumorigenic immu-
nologic microenvironment. Image- guided intratumoral 
RFH can further enhance the treatment effect of LTX- 
315 in combination with liposomal doxorubicin for HCC. 
This novel concept may open new avenues for reducing 
the rates of residual and recurrent tumors after RFA of 

Figure 7 Quantitative analysis of Th1- type cytokines and Th2- type cytokines in plasma (A) and tumors (B), demonstrated a 
significant increase of Th1- type cytokines in plasma (IL- 2, IL- 12, IL- 18, IFN-γ) and tumors (IL- 2, IL- 18, IFN-γ, TNF-α), as well as 
a significant decrease of Th2- type cytokines (IL- 4, IL- 10) in both plasma and tumors in the triple combination treatment group 
(RFH+LTX- 315 (L- 315)+DOX), compared with other seven treatment groups (*p<0.05, **p<0.01, ***p<0.001). n=6 in each group. 
Error bars represent SD. IFN, interferon; IL, interleukin; RFH, radiofrequency hyperthermia; TNF, tumor necrosis factor.
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medium- to- large HCCs, which leads to explore further 
studies on clinical applications of this concept and effi-
cacy on other types of malignancy.
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