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ABSTRACT
Primary liver cancer (PLC) significantly affects the health of patients globally owing to its high 
morbidity and low survival rate. Radiofrequency ablation (RFA) has recently been introduced for 
the clinical treatment of PLC. However, significant immunosuppressive effects are induced by RFA, 
which limits its application. This study aimed to explore the potential of combination therapy with 
RFA by investigating the effects of siRNAs against programmed death receptor 1 (PD-1) and 
transforming growth factor-β (TGF-β) on the antitumor effect induced by RFA. We observed that 
compared with si-NC, cell viability was reduced, apoptosis rate was elevated, release of inflam
matory factors and percentage of CD3+CD8+ cells were increased, and the PI3K/AKT/mTOR path
way was repressed in the co-culture of RFA-treated H22 cells and CD8+ T cells by transfection with 
si-PD-1 and si-TGF-β; these effects were further enhanced by co-transfection with si-PD-1 and si- 
TGF-β. Additionally, in H22 cell xenograft-bearing mice treated with RFA, compared with the si-NC 
group, repressed tumor growth, prolonged survival, increased production of inflammatory factors 
and expression of CD3 and CD8 in tumor tissues, and downregulation of the PI3K/AKT/mTOR 
pathway were observed in the si-PD-1 and si-TGF-β groups; these effects were further enhanced in 
the si-PD-1 + si-TGF-β group. Taken together, our data revealed that suppression of the TGF-β 
signaling pathway produced a synergistic antitumor effect of combination therapy with PD-1 
blockade and RFA against PLC.
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Introduction

Primary liver cancer (PLC) is a common malignant 
tumor with increased morbidity in recent years [1]. 
Currently, the clinical treatments for PLC include 
surgery, radiofrequency ablation, hepatic arterial che
moembolization, radiotherapy, immune checkpoints 
[2,3], and targeted drug therapy [4]; among these 
alternatives, radical surgical excision has been the 
first-line treatment. However, 80% of patients with 
PLC are first diagnosed at either intermediate or 
advanced phase, and most patients have complica
tions such as cirrhosis and abnormal liver function, 
which are not tolerant to radical surgical excision [5]. 
Radiofrequency ablation (RFA) is a minimally inva
sive in situ tumor treatment technology. Guided elec
trode needles are directly inserted into the tumor with 
the help of ultrasound or computed tomography 
imaging technology, and radiofrequency energy is 
used to generate high temperature that shrinks and 
destroys the soft tissue and tumor [6]. Compared to 
surgical resection, RFA has the advantages of being 
minimally invasive, having a little impact on liver 
function, simple, safe, and strong repeatability. RFA 
is gradually attracting attention as multidisciplinary 
comprehensive treatment method for PLC and pro
vides a novel treatment method for patients who are 
not tolerant to radical surgical excision [7]. The com
prehensive treatment method with RFA as the main 
treatment and in combination with various methods 
has gradually become the first-line choice for the 
treatment of PLC. Significant progress has been 
made in recent years. However, it is difficult to 
break through the bottleneck of high metastasis and 
recurrence rates after PLC treatment [8]. Therefore, 
more effective combination treatments are urgently 
needed.

With the development of immunotherapy, patients 
with PLC have significantly benefited from immune 
checkpoint blockade therapy represented by pro
grammed cell death protein 1 (PD-1) antibodies. 
However, the overall efficacy of this therapy is limited 
and is only observed in patients with high expression 
of programmed cell death ligand 1 (PD-L1) [9]. 
According to an in-depth study of the PLC tumor 
microenvironment, tumor cells evade immune mon
itoring via several mechanisms and interact with 
immune cells and inflammatory factors in the liver 
to produce a unique immunosuppressive microenvir- 

onment inside the tumor [10]. Myeloid-derived sup
pressor cells (MDSCs) are proliferated and activated 
after the development of liver progenitor cell, which 
further secrete interleukin 10 (IL-10) and activate 
regulatory T (Treg) cells. This results in increased 
expression of immune checkpoints that repress the 
immune response of T cells [11]. PD-L1 is upregulated 
in tumor cells via activation of the transforming 
growth factor beta (TGF-β) signaling pathway, the 
inactivation of which contributes to improved efficacy 
of PD-1 antibodies. TGF-β is a multifunctional poly
peptide cytokine that regulates cell growth, mediates 
cell phenotype, and inhibits tumor growth in vivo and 
in vitro [12].

The present study was aimed to prove the 
hypothesis that inactivation of the TGF-β signaling 
pathway in the tumor microenvironment exerts 
a positive synergistic effect on PD-1 antibody 
treatment combined with RFA against PLC. The 
present study elucidates the mechanistic role of 
TGF-β, PD-1, and RFA against tumor, and pro
vides basis for the development of more effective 
combination therapies for the clinical treatment of 
PLC to bring benefits to patients.

Materials and methods

Cells and animals

H22 cells (mouse PLC cell line) and CD8+ T cells were 
purchased from Novo Biotechnology Co., Ltd. 
(Beijing, China) and cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine 
serum under 5% CO2 and 37°C. Thirty male C57BL/6 
mice were obtained from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. (Beijing, 
China).

RFA treatment

When the cell density reached 1 × 107 cells/well 
and the tumor size reached 100 mm3, RFA was 
performed using EPT-1000 XPTM cardiac radio
frequency generator (Boston Scientific, 
Massachusetts, USA), equipped with a 4 mm car
diac ablation probe, according to a previously 
described method [13]. The performance test was 
conducted under defined conditions: a power out
put of 80°C for a duration of 60s.
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Transfection[14]

To achieve PD-1 knockdown and TGF-β knock
down in H22 cells, the cells were transfected with 
siRNA targeting mouse PD-1 (si-PD-1) and siRNA 
targeting mouse TGF-β (si-TGF-β) for 48 h, respec
tively. Lipofectamine 3000 (Invitrogen, Carlsbad, 
CA, USA) was used as the transfection reagent, 
and si-NC was used as the negative control. The 
sequences for si-PD-1 and si-TGF-β were 5′- 
CCAGGAUGGUUCUUAGACUUU-3′ and 5′- 
CCGCAACAACGCCATCTATGA-3′, respectively.

In vitro assay

When the cell density reached 1 × 107 cells/well, 
H22 cells were co-cultured with 1 × 106 mouse 
CD8+ T cells and subjected to RFA in the presence 
or absence of si-PD-1, si-TGF-β, or si-NC for 24 h, 
followed by collection of cells for subsequent func
tional assays.

MTT assay[15]

Cells were incubated with 0.25 mg/mL MTT solu
tion (R&D Systems, Minneapolis, MN, USA) at 
37°C for 3 h and the culture medium was 
removed, followed by the addition of dimethyl 
sulfoxide to produce blue formazan. Finally, absor
bance at 630 nm was measured using a microplate 
reader (Mindray, Shenzhen, China).

Flow cytometry[16]

Apoptosis rate of cells was evaluated by flow cyto
metry. The cells were collected and detected using 
FITC Annexin V Apoptosis Detection Kit I (BD 
Pharmingen, San Jose, CA, USA) according to the 
manufacturer’s instructions. Finally, the cells were 
loaded into BD flow cytometer (BD Pharmingen) 
after filtration for apoptosis analysis.

The percentage of CD3+CD8+ cells was measured 
by flow cytometry. In brief, cells were collected and 
resuspended in phosphate-buffered saline, followed 
by the addition of anti-CD3 antibodies (1:1000; 
R&D Systems) for 30 min in the dark at 4°C. After 
washing thrice, the cells were incubated with anti- 
CD8 antibodies (1:1000; R&D Systems) for 
30 min in the dark at 4°C. After washing thrice, 

the cells were transferred to a flow tube and loaded 
into BD flow cytometer (BD Pharmingen) to deter
mine the percentage of CD3+CD8+ cells.

ELISA[17]

ELISA was used to measure the levels of IL-6, IL- 
1β, tumor necrosis factor alpha (TNF-α), and 
TGF-β in the cell supernatant. Briefly, test samples 
and standards were seeded in 96-well plates, fol
lowed by incubation with the conjugate reagents 
for 1.5 h. After adding 3,3ʹ5,5ʹ- 
tetramethylbenzidine solution to each well, the 
samples were incubated at 37°C for 15 min. 
Finally, the stop solution was added to terminate 
the reaction, and absorbance was measured at 
450 nm using a microplate reader (Mindray).

Western blot analysis[18]

After isolating total proteins from cells or 
tumor tissues, proteins were quantified using 
the bicinchoninic acid kit (Ziker, Guangdong, 
China), followed by loading into 12% SDS- 
PAGE. After separating for 1.5 h, proteins 
were transferred to a polyvinylidene fluoride 
membrane (Invitrogen, CA, USA), followed by 
incubation in tris-buffered saline with Tween 
20 (TBST) buffer containing 5% bovine serum 
albumin (BSA). Then, the primary antibodies 
against PD-1 (1:1000; R&D Systems), PD-L1 
(1:1000; R&D Systems), PI3K (1:1000, R&D 
Systems), AKT (1:1000; R&D Systems), p-AKT 
(1:1000; R&D Systems), mTOR (1:1000; R&D 
Systems), p-mTOR (1:1000; R&D Systems), 
and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (1:1000; R&D Systems) were intro
duced, followed by the addition of the second
ary antibody (1:2000; R&D Systems). Finally, 
the enhanced chemiluminescence reagent was 
added, and the bands were visualized using 
ImageJ software.

Xenograft model[19]

H22 cells treated with si-NC, si-PD-1, or si-TGF-β 
were transplanted into C57BL/6 mice; when the 
tumor size reached 100 mm3, RFA was performed. 
The length (L), width (W), and weight of tumor 
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tissues were measured at the end of animal experi
ments. The tumor volume (V) was calculated 
using the following formula: V = L × W2 × 0.5.

Immunohistochemical analysis[20]

Briefly, tumor tissues were fixed with 4% par
aformaldehyde, dehydrated, and embedded in 
paraffin. Subsequently, the tissues were cut 
into 5-μm sections, deparaffinized, and rehy
drated. After incubation in 5% BSA for 
30 min, the sections were incubated with pri
mary antibodies against PD-1 (1:200; Abcam, 
Cambridge, UK), PD-L1 (1:200; Abcam), CD3 
(1:200; Abcam), or CD8 (1:200; Abcam), fol
lowed by incubation with HRP-conjugated sec
ondary antibody. Finally, images were captured 
using a light microscope (Laird Technologies, 
Inc., Missouri, USA). Five high-power fields 
were selected randomly for imaging of each 
slide.

Statistical analysis

The data were analyzed using GraphPad software 
and expressed as the mean ± SD. Student’s t-test 
was used to compare data between two groups, 
whereas data among more than three groups 
were analyzed using one-way analysis of variance. 
Differences were considered statistically significant 
at p < 0.05.

Results

We hypothesized that inactivation of the TGF-β 
signaling pathway in the tumor microenviron
ment exerts a positive synergistic effect on PD- 
1 antibody treatment combined with RFA 
against PLC. The present study aimed to explore 
a potential combination therapy having synergis
tic effect against PLC. We first explored the 
synergistic antitumor effect of co-treatment 
with RFA, si-PD-1, and si-TGF-β in H22 cells 
by determining the cell viability, apoptosis rate, 

Figure 1. Proliferation of H22 cells was synergistically inhibited by si-PD-1 combined with si-TGF-β. RFA was performed on the co- 
culture of H22 and CD8+ T cells, followed by transfection with si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β. A. The proliferation of 
the cells was evaluated by the MTT assay. B. The apoptosis rate was measured by flow cytometry (*p < 0.05 vs. si-NC, **p < 0.01 vs. 
si-NC, #p < 0.05 vs. si-PD-1, ##p < 0.01 vs. si-PD-1).
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cell proliferation, and cytotoxicity of CD8+ 

T cells and the activity of the PI3K/AKT/ 
mTOR pathway. Subsequently, the synergistic 
antitumor effect of co-treatment with RFA, si- 
PD-1, and si-TGF-β was confirmed in 
a xenograft model by measuring the tumor 
growth, survival rate, infiltration of CD8+ 

T cells, and activity of the PI3K/AKT/mTOR 
pathway.

Synergistic inhibitory effect against proliferation 
of H22 cells was observed after co-treatment 
with RFA, si-PD-1, and si-TGF-β

First, for in vitro assay, RFA of H22 and CD8+ 

T cells was performed in the presence of blank 
medium, si-NC, si-PD-1, si-TGF-β, or both si-PD 
-1 and si-TGF-β, and cell viability and apoptosis 
rate were determined. As shown in Figure 1a, 

compared with the si-NC group, cell viability 
was significantly reduced in the si-PD-1 and si- 
TGF-β groups. Moreover, compared to the si-PD 
-1 group, significantly reduced cell viability was 
observed in the si-PD-1 + si-TGF-β group 
(*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, 
##p < 0.01 vs. si-PD-1). In addition, compared 
with the control, the apoptosis rate (Figure 1b) 
was significantly elevated from 7.27% to 20.38% 
and 15.86% after transfection with si-PD-1 and 
si-TGF-β, respectively. Compared with the si-PD 
-1 group, the apoptosis rate was dramatically 
increased to 22.66% after co-transfection with si- 
PD-1 and si-TGF-β (**p < 0.01 vs. si-NC, 
#p < 0.05 vs. si-PD-1). These data indicated that 
the inhibitory effect of RFA on proliferation of 
PLC cells was synergistically enhanced by knock
down of PD-1 or TGF-β, particularly by knock
down of both PD-1 and TGF-β.

Figure 2. TGF-β and PD-1/PD-L1 expression was suppressed by si-PD-1 and si-TGF-β. RFA was performed on the co-culture of H22 
and CD8+ T cells, followed by transfection with si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β. A. The secretion of TGF-β was 
measured by ELISA. B. The expression levels of PD-1 and PD-L1 were determined by western blotting (*p < 0.05 vs. si-NC, **p < 0.01 
vs. si-NC, ##p < 0.01 vs. si-PD-1).
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TGF-β and PD-1/PD-L1 were suppressed by si-PD 
-1 and si-TGF-β

To check the efficacy of knockdown of PD-1 and 
TGF-β, the expression levels of TGF-β and PD-1/ 
PD-L1 were determined in the culture. As shown in 
Figure 2a, compared with the si-NC group, the pro
duction of TGF-β was significantly reduced from 
153.5 pg/mL to 121.9 pg/mL and 101.7 pg/mL in 
the si-PD-1 and si-TGF-β groups, respectively. 
Compared with the si-PD-1 group, the level of 
TGF-β was greatly declined to 71.2 pg/mL in the si- 
PD-1 + si-TGF-β group (**p < 0.01 vs. si-NC, 
##p < 0.01 vs. si-PD-1). In addition, the expression 
level of PD-1/PD-L1 was dramatically lower in the 
si-PD-1 and si-TGF-β groups and significantly lower 
in the si-PD-1 + si-TGF-β group than that in the si- 
NC group (*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, 
##p < 0.01 vs. si-PD-1).

Proliferation and cytotoxicity of CD8+ T cells 
were synergistically enhanced by si-PD-1 
combined with si-TGF-β

The levels of inflammatory factors and percentage of 
CD3+CD8+ T cells in the cell culture were measured 
to evaluate the cytotoxic effects of si-PD-1 and si-TGF 
-β on T cells. As shown in Figure 3a, compared with 
the si-NC group, the release of IL-6 was elevated from 
15.9 pg/mL to 24.5 pg/mL and 20.3 pg/mL after 
transfection with si-PD-1 and si-TGF-β, respectively. 
Compared with the si-PD-1 group, the production of 
IL-6 was greatly promoted to 31.2 pg/mL in the si-PD 
-1 + si-TGF-β group. The concentrations of IL-1β in 
the control, si-NC, si-PD-1, si-TGF-β, and si-PD-1 
+ si-TGF-β groups were 16.7, 17.2, 31.9, 24.5, and 
54.5 pg/mL, respectively. In addition, compared with 
the si-NC group, the production of TNF-α was ele
vated from 51.8 pg/mL to 98.2 pg/mL and 75.9 pg/mL 

Figure 3. Si-PD-1 combined with si-TGF-β synergistically enhanced the proliferation and cytotoxicity of CD8+ T cells. RFA was 
performed on the co-culture of H22 and CD8+ T cells, followed by transfection with si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β. 
A. The production of IL-6, IL-1β, and TNF-α was measured by ELISA. B. The percentage of CD3+CD8+ T cells was determined by flow 
cytometry (**p < 0.01 vs. si-NC, ##p < 0.01 vs. si-PD-1).
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after transfection with si-PD-1 and si-TGF-β, respec
tively. Further, compared with the si-PD-1 group, the 
secretion of TNF-α was greatly promoted to 134.6 pg/ 
mL in the si-PD-1 + si-TGF-β group (**p < 0.01 vs. si- 
NC, ##p < 0.01 vs. si-PD-1). As shown in Figure 3b, 
compared with the si-NC group, the percentage of 
CD3+CD8+ T cells was elevated from 6.4% to 9.6% 
and 8.1% in the si-PD-1 and si-TGF-β groups, respec
tively, and was greatly increased to 11.6% after co- 
transfection with si-PD-1 and si-TGF-β.

The PI3K/AKT/mTOR pathway was synergistically 
repressed by si-PD-1 combined with si-TGF-β

We further investigated the impact of si-PD-1 and 
si-TGF-β on the proliferation-related pathway in 
PLC cells. As shown in Figure 4, compared with si- 
NC, the expression levels of PI3K, p-AKT/AKT, 

and p-mTOR/mTOR were significantly downregu
lated by transfection with si-PD-1 and si-TGF-β. 
Compared with the si-PD-1 group, PI3K, p-AKT/ 
AKT, and p-mTOR/mTOR were dramatically 
downregulated in the si-PD-1 + si-TGF-β group 
(*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, 
##p < 0.01 vs. si-PD-1). These data collectively 
revealed that the PI3K/AKT/mTOR pathway in 
PLC cells was synergistically inhibited by si-PD-1 
combined with si-TGF-β.

Tumor growth was suppressed and survival was 
prolonged synergistically by si-PD-1 combined 
with si-TGF-β

To identify the synergistic antitumor effect of si-PD-1 
combined with si-TGF-β, H22 cells treated with blank 
medium, si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si- 

Figure 4. The PI3K/AKT/mTOR pathway was synergistically repressed by si-PD-1 combined with si-TGF-β. RFA was performed on the 
co-culture of H22 and CD8+ T cells, followed by transfection with si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β. The expression 
levels of PI3K, AKT, p-AKT, mTOR, and p-mTOR was determined by western blotting (*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, 
##p < 0.01 vs. si-PD-1).
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TGF-β were transplanted into mice to establish the 
xenograft animal model; when the tumor size reached 
100 mm3, RFA was performed. As shown in Figure 5, 
compared with si-NC, significantly reduced tumor 
volume and weight, and prolonged survival were 
observed in the si-PD-1 and si-TGF-β groups. 
Compared with the si-PD-1 group, tumor volume 
and weight were dramatically declined accompanied 
by prolonged survival in the si-PD-1 + si-TGF-β 
group (**p < 0.01 vs. si-NC, ##p < 0.01 vs. si-PD-1). 
These data collectively indicated that si-PD-1 com
bined with si-TGF-β synergistically suppressed tumor 
growth and prolonged survival in RFA-treated H22 
cell xenograft-bearing mice.

TGF-β and PD-1/PD-L1 were suppressed by 
knockdown of PD-1 and TGF-β in tumor tissues

We further verified whether the knockdown of PD-1 
and TGF-β in tumor tissues was consistent with the 
results observed in in vitro studies. As shown in 

Figure 6a, compared with the si-NC group, the pro
duction of TGF-β in tumor tissues was significantly 
reduced from 155.4 pg/mL to 131.8 pg/mL and 
106.1 pg/mL in the si-PD-1 and si-TGF-β groups, 
respectively. Compared with the si-PD-1 group, 
TGF-β secretion in tumor tissues was greatly declined 
to 70.0 pg/mL in the si-PD-1 + si-TGF-β group 
(*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, ##p < 0.01 
vs. si-PD-1). In addition, the expression levels of PD-1 
and PD-L1 in the si-PD-1 and si-TGF-β groups were 
lower than those in the si-NC group, which was 
further downregulated in the si-PD-1 + si-TGF-β 
group.

Percentage and cytotoxicity of CD8+ T cells were 
synergistically enhanced by si-PD-1 combined 
with si-TGF-β in tumor tissues

The concentrations of inflammatory factors and 
expression levels of CD3 and CD8 in tumor tis
sues were measured. As shown in Figure 7a, 

Figure 5. Si-PD-1 combined with si-TGF-β synergistically enhanced the inhibitory effect of RFA on tumor growth in H22 cell 
xenograft-bearing mice. H22 cells treated with blank medium, si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β were transplanted into 
mice to establish the xenograft animal model; when the tumor size reached 100 mm3, RFA was performed. A. The image of tumor 
tissues. B. The volume of tumor tissues isolated from each group. C. The weight of tumor tissues isolated from each group. D. The 
percentage of survival as time went on in different group (**p < 0.01 vs. si-NC, ##p < 0.01 vs. si-PD-1).
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compared with si-NC, the concentration of IL-6 
was elevated from 16.5 pg/mL to 27.0 pg/mL and 
24.6 pg/mL by transfection with si-PD-1 and si- 
TGF-β, respectively. Compared with the si-PD-1 
group, the production of IL-6 was greatly pro
moted to 43.0 pg/mL in the si-PD-1 + si-TGF-β 
group. The concentrations of IL-1β in the con
trol, si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si- 
TGF-β groups were 18.2, 17.9, 31.9, 25.8, and 
51.7 pg/mL, respectively. In addition, compared 
with si-NC, the production of TNF-α was ele
vated from 53.9 pg/mL to 109.0 pg/mL and 
74.2 pg/mL by transfection with si-PD-1 and si- 
TGF-β, respectively. Compared with the si-PD-1 
group, TNF-α secretion was significantly pro
moted to 138.5 pg/mL in the si-PD-1 + si-TGF 
-β group (*p < 0.05 vs. si-NC, **p < 0.01 vs. si- 
NC, ##p < 0.01 vs. si-PD-1). As shown in 
Figure 7b, compared with the si-NC group, the 
expression levels of CD3 and CD8 were elevated 
in the si-PD-1 and si-TGF-β groups. Compared 

with the si-PD-1 group, CD3 and CD8 were 
further upregulated in the si-PD-1 + si-TGF-β 
group.

The PI3K/AKT/mTOR pathway in tumor tissues 
was synergistically inhibited by si-PD-1 combined 
with si-TGF-β

We further investigated the status of the PI3K/ 
AKT/mTOR pathway in tumor tissues. As shown 
in Figure 8, compared with si-NC, PI3K, p-AKT/ 
AKT, and p-mTOR/mTOR were significantly 
downregulated in the si-PD-1 and si-TGF-β 
groups. Compared with the si-PD-1 group, PI3K, 
p-AKT/AKT, and p-mTOR/mTOR were dramati
cally downregulated in the si-PD-1 + si-TGF-β 
group (*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, 
##p < 0.01 vs. si-PD-1). These data collectively 
revealed that the PI3K/AKT/mTOR pathway in 
tumor tissues of H22 cell xenograft-bearing 

Figure 6. TGF-β and PD-1/PD-L1 were suppressed by si-PD-1 and si-TGF-β in tumor tissues. H22 cells treated with blank medium, si- 
NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β were transplanted into mice to establish the xenograft animal model; when the tumor 
size reached 100 mm3, RFA was performed. A. The release of TGF-β in tumor tissues was measured by ELISA. B. The expression levels 
of PD-1 and PD-L1 were determined by immunohistochemical assay (*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, ##p < 0.01 vs. si-PD-1).
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animals was synergistically repressed by si-PD-1 
combined with si-TGF-β.

Discussion

Several studies have confirmed that RFA stimu
lates adaptive T-cell immunity in the tumor 
microenvironment, and exerts an inhibitory effect 
on tumors [21]. However, the antitumor effect of 
RFA is short-lived and insufficient to effectively 
prevent tumor recurrence. Moreover, RFA acti
vates the immune response of T cells and induces 
adaptive immunosuppression, which is mainly 
manifested as inactivation of tumor-infiltrating 
T cells, amplification of Tregs and MDSCs in 
the tumor microenvironment, transformation of 
Th1 cells to Th2 cells, and induction of PD-L1 
expression on the T cell surface after ablation 
[22]. At this point, the transformation of effector 
T cells to Treg cells after RFA treatment can be 
prevented by co-therapy with anti-PD-1 

antibodies. Additionally, the expansion of 
MDSCs in tumors outside the ablation area can 
be inhibited by blocking PD-1 that significantly 
reduces the number of MDSCs that infiltrate 
tumor tissues, thus blocking and reversing immu
nosuppression. Maintaining antitumor immunity 
in the body after RFA treatment effectively 
reduces tumor recurrence and metastasis rates 
[23]. In the present study, we observed that com
pared with RFA monotherapy, co-treatment with 
RFA and si-PD-1 significantly repressed prolifera
tion of H22 cells, facilitated apoptosis of H22 
cells, considerably enhanced cytotoxicity of 
CD8+ T cells, and inhibited in vivo growth of 
H22 cells, indicating that a promising synergistic 
antitumor effect was achieved by combining RFA 
and blocking PD-1.

Studies have shown that RFA combined with 
PD-1 monoclonal antibody treatment results in 
more effective and prolonged antitumor immu
nity. However, the bottleneck that PD-1 

Figure 7. Si-PD-1 combined with si-TGF-β synergistically enhanced the percentage and cytotoxicity of CD8+ T cells in tumor tissues. 
H22 cells treated with blank medium, si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β were transplanted into mice to establish the 
xenograft animal model; when the tumor size reached 100 mm3, RFA was performed. A. The production of IL-6, IL-1β, and TNF-α in 
tumor tissues was measured by ELISA. B. The percentage of CD3+CD8+ T cells in tumor tissues was determined by flow cytometry 
(*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, ##p < 0.01 vs. si-PD-1).
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monoclonal antibody benefits less than 20% of 
patient population with malignant tumor is still 
difficult to improve by the combination of RFA 
and PD-1 monoclonal antibody [24]. Therefore, 
exploring ways to improve the expression of PD- 
L1, thereby increasing the efficiency of PD-1/PD- 
L1 antibody therapy might be an effective method 
for the treatment of PLC. Studies have revealed 
that the regulatory effect of TGF-β on tumor 
growth is bidirectional. In the early stage, TGF-β 
functions as a tumor suppressor by inhibiting 
tumor growth. However, in the advanced stage, 
the TGF-β signaling pathway stimulates immune 
evasion of tumor cells by inhibiting the activation 
of T/B lymphocytes and natural killer cells, inhi
biting the phagocytic ability of macrophages, and 
activating the classical Smad pathway or non- 

Smad pathway [25,26]. Moreover, proliferation of 
vascular endothelial cells can be facilitated by 
TGF-β, which is conducive to the formation of 
tumor tissues and plays a role in promoting 
tumor progression [27]. Several studies have 
shown that the occurrence and development of 
PLC are closely related to the activation of the 
TGF-β signaling pathway, and inhibition of this 
pathway represses the phenotypic differentiation 
of Tregs from Th1 to Th2, stimulates the role of 
Th1-type cytokines and M1-type macrophages, 
and activates the function of CD8+ 

T lymphocytes, natural killer cells, and dendritic 
cells. More importantly, PD-L1 is upregulated in 
tumor cells through targeted inhibition of TGF-β, 
which contributes to the improved efficacy of PD- 
1/PD-L1 therapy in PLC [28]. In the present study, 

Figure 8. The PI3K/AKT/mTOR pathway in tumor tissues was synergistically inhibited by si-PD-1 combined with si-TGF-β. H22 cells 
treated with blank medium, si-NC, si-PD-1, si-TGF-β, and si-PD-1 + si-TGF-β were transplanted into mice to establish the xenograft 
animal model; when the tumor size reached 100 mm3, RFA was performed. The expression levels of PI3K, AKT, p-AKT, mTOR, and 
p-mTOR in tumor tissues were determined by western blotting (*p < 0.05 vs. si-NC, **p < 0.01 vs. si-NC, ##p < 0.01 vs. si-PD-1).
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under RFA treatment, we observed that compared 
with the PD-1 knockdown group, significantly 
decreased proliferation of H22 cells, increased 
apoptosis rate of H22 cells, enhanced cytotoxicity 
of CD8+ T cells, and decreased tumor growth in 
H22 cell xenograft model were observed in the 
PD-1 + TGF-β knockdown group, indicating that 
blocking TGF-β synergistically promoted the anti
tumor effect of RFA combined with PD-1 block
ade therapy. Additionally, enhanced antitumor 
effect of the combination therapy with RFA, si- 
PD-1, and si-TGF-β was accompanied by the inhi
bition of the PI3K/AKT/mTOR pathway. In our 
future work, the crosstalk between the down
stream of TGF-β and PI3K/AKT/mTOR pathways 
will be further investigated to support the potential 
application of combined RFA, PD-1 blocking, and 
TGF-β blocking therapy for the treatment of PLC.

The findings of the present study assure that the 
bottleneck of high metastasis and recurrence rates 
after PLC treatment with RFA can be solved by 
combining RFA with PD-1 blockade through sup
pression of the TGF-β signaling pathway. 
However, there are still some knowledge gaps 
such as species variation and individual differ
ences. The future studies should verify synergistic 
antitumor effect through multicenter clinical trials 
to validate practical applications of the present 
findings. We believe that in the next five years, 
the combination of RFA with PD-1 blockade will 
be applied for the clinical treatment of PLC to 
benefit a large population of patients with PLC.

However, the present study has some limita
tions. First, only siRNA technology was used to 
block PD-1 and TGF-β to investigate the synergis
tic effect. However, in clinical treatment, inhibitors 
are widely used to block specific targets. Therefore, 
our future work will be focused on mutant PD-1 
antibodies and TGF-β-specific inhibitors to further 
verify the synergistic effect of combination of RFA 
and PD-1 blockade for the treatment of PLC.

Conclusion

Our data revealed that blocking the TGF-β signal
ing pathway produced a synergistic effect of com
bination therapy of PD-1 blockade and RFA 
against PLC.
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