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Background and aims: Radiofrequency ablation (RFA) is the first-line treatment for early-stage hepato-
cellular carcinoma (HCC). However, recurrence after curative RFA remains a significant challenge for HCC
patients. Although RFA induces an immune response, the anti-tumor effect is often limited by the
immunosuppressive tumor microenvironment. Enhancing anti-tumor immunity is essential to improve
treatment efficacy and prevent recurrence. In this study, we explore the efficacy and underlying
mechanisms of the combination of RFA and anti-PD-1 in suppressing abscopal and recurrent tumors.
Methods: We established a bilateral subcutaneous HCC mouse model and performed complete RFA on
the right-flank tumor. Anti-PD-1 or anti-IgG was administered post-RFA. Tumor growth, immune cell
profiles, and molecular pathways were assessed using flow cytometry, immunohistochemistry staining,
RNA-sequencing, and Western blot. Chemokines released by the tumor were detected by ELISA. An
in vivo tumor rechallenge experiment was performed after a complete tumor regression to evaluate the
immune memory induced by the RFAþanti-PD-1 treatment.
Results: RFA combined with anti-PD-1 significantly suppressed abscopal tumor growth and prolonged
survival. Compared with RFA monotherapy, the infiltration of CD8þT cells and dendritic cells was sig-
nificantly increased in the combined treatment group, while PMN-MDSCs were markedly reduced.
Mechanistically, the chemokine signaling pathway and JAK-STAT signaling pathway were activated in the
tumor of the RFAþanti-PD-1 group with upregulation of CXCL10 to recruit CD8þT cells. In addition, the
combination therapy induced durable immune memory that inhibited rechallenge tumor outgrowth.
Conclusions: Our study discovered that RFA combined with anti-PD-1 induced anti-tumor immunity to
inhibit abscopal tumors and durable immune memory to prevent recurrence, suggesting RFAþanti-PD-1
as a potential therapeutic strategy for multifocal HCC and preventing recurrence.
© 2025 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer and ranks as the fourth leading cause of
cancer-related death globally.1,2 Radiofrequency ablation (RFA) is
the first-line curative treatment modality and is widely used for
HCC.1,3 RFA, a minimally invasive modality, utilizes high-frequency
electrical currents to generate localized hyperthermia, inducing
protein denaturation and coagulative necrosis of tumor cells.4 The
destruction of the tumor releases a large amount of tumor-specific
rvices by Elsevier B. V. on behalf of KeAi Communications Co. Ltd. This is an open
c-nd/4.0/).
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antigen (TSA), which triggers anti-tumor immunity.5e9 Accumu-
lating studies have demonstrated that RFA increases the production
of proinflammatory cytokines, which recruit dendritic cells (DCs)
and plasma cells, further enhancing anti-tumor immune
response.8,9

In addition to the eradication of local tumors, increasing evi-
dence shows that tumor ablation can also induce spontaneous
distant tumor regression, which is known as the abscopal effect.10,11

Previous studies have shown that the ablation of a unilateral tumor
can significantly inhibit the growth of distant tumors in pancreatic
ductal adenocarcinoma (PDAC) and HCC.6,12 However, in clinical
practice, the anti-tumor immune response induced by RFA is
insufficient to completely prevent HCC recurrence.5 Moreover,
incomplete ablation of tumor lesions can reshape the immuno-
suppressivemicroenvironment to inhibit anti-tumor immunity and
promote tumor recurrence.6,12 Another study reported that RFA
upregulated the expression of programmed cell death protein-1
(PD-1) and lymphocyte activation gene 3 (LAG-3) in distant tu-
mors, which suppressed anti-tumor immunity and caused rapid
tumor regrowth.13 These studies suggest that adjuvant therapy is
needed to boost anti-tumor immunity and enhance the abscopal
effect of RFA.

Immune checkpoint inhibitors (ICIs) have revolutionized cancer
treatment. Targeting PD-1 or its ligand PD-L1 can rescue Tcells from
exhaustion and restore immune responses against cancer cells.14

Previous studies suggest that RFA and anti-PD-1 (aPD-1). treat-
ment can effectively eliminate primary tumors and enhance the
abscopal effect.15 The observed effect depends on CD8þ T cells, but
further investigation is needed to fully understand how RFA com-
bined with PD-1 therapy affects tumor progression at distant sites.

In this study, we aimed to investigate whether combining RFA
with aPD-1 therapy could enhance the abscopal effect and improve
survival in a bilateral murine HCC model. We also explored the
underlying mechanisms by which this combination strategy en-
hances anti-tumor immunity, with a focus on CD8þT cells and
cytokine-mediated signaling pathways.

2. Materials and methods

2.1. Ethics approval

All animal procedures in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) of Sun Yat-
sen University (approval No. SYSU-IACUC-2023-000249) and con-
ducted in accordance with the ARRIVE guidelines and international
ethical standards. During the experiment, all animal care and
procedures adhered to humane principles, minimizing animal
suffering and discomfort to the greatest extent possible.

2.2. Animal experiment

Male C57BL/6J mice (6e8 weeks old) were purchased from
GemPharmatech Co., Ltd. (Nanjing, China) and were maintained
under specific pathogen-free conditions with a 12-h light/dark
cycle, at a temperature of ~18e23 �C, and air humidity of 40%e60%
in the animal facility of the Animal Experiment Center of Sun Yat-
sen University.

Hepa 1e6 cells (5 � 106 cells) in 200 mL phosphate-buffered
saline (PBS) solution were subcutaneously injected into both the
left and right flanks of the mice. Tumor growth was monitored
using caliper measurements. All mice underwent RFA treatment 14
days after tumor implantation, when the tumor volume reached
500 mm3. All mice were randomly divided into two groups using
a computer-generated randomization sequence with stratification
by initial tumor volume and body weight: RFA (n ¼ 7) and
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RFAþaPD-1 (n ¼ 10). The allocation ratio was adjusted based on
preliminary data indicating that RFAþaPD-1 induced complete
regression of abscopal tumors in 85% of mice (versus 0% in RFA
alone). To ensure adequate abscopal tumor samples for down-
stream analyses (flow cytometry and immunohistochemistry (IHC)
staining), we predetermined a minimum target of n ¼ 9 for the
combination group while maintaining randomization integrity
through blinded allocation procedures. For survival analysis, we
performed the same experiments, and the number of mice was 16
for each group. Survival time was recorded from the day of tumor
implantation until euthanasia. Complete RFAwas performed on the
right-flank tumors of the mice, while the left-flank tumors
remained untreated. After RFA treatment, 100 mg aPD-1 antibody
(catalog number: RMP1-14; Bio X Cell, Lebanon, NH, USA) or 100 mg
isotype-matched IgG antibody (catalog number: 2A3; Bio X Cell,
Lebanon, NH, USA) were respectively peritoneally injected into the
mice from RFAþaPD-1 or RFA group every five days for three doses.
Tumor size was monitored and calculated with the formula:
Volumes¼ (Length � Width2)/2.

After completing the experimental procedures, mice were
euthanized in accordance with ethical guidelines by cervical dis-
location under deep anesthesia induced by isoflurane, ensuring
a quick and humane death.

For the rechallenge study, a total of 32 mice were used, with 16
mice in the RFA group and 16mice in the RFAþ aPD-1 group. For all
procedures involving tumor implantation, RFA, and combination
treatments, mice were anesthetized using isoflurane (Forene®;
Abbott GmbH & Co. KG, Wiesbaden, Germany) via inhalation. Mice
underwent RFA treatment 14 days after tumor implantation, when
the tumor volume reached 500 mm3. In the RFA group, mice were
euthanized upon reaching humane endpoints, specifically when
the tumor diameter exceeded 1500 mm or if signs of distress (e.g.,
ulceration, impaired mobility, or weight loss >15%) were observed.
In the RFAþaPD-1 group, mice with complete tumor
regressionddefined as no visible tumor and no palpable mass
under the skindunderwent rechallenge 56 days after tumor
inoculation. To perform the rechallenge experiment, these mice
were inoculated with 5 � 106 Hepa 1e6 cells on the left flanks
again. Tumor growth was monitored weekly, and peripheral blood
was collected before and after tumor rechallenge for flow
cytometry analysis. Twenty-five days after the rechallenge, all mice
were sacrificed to collect blood for further analysis.

2.3. Cell culture

Hepa 1e6 cells, a murine HCC cell line, were obtained from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and 1% penicillin-
streptomycin. Cells were maintained at 37 �C in a humidified
incubator with 5% CO2. When cells reached approximately 80%
confluency, they were harvested and resuspended in PBS (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) for subsequent
experiments.

2.4. Hematoxylin and eosin (H&E) staining

H&E staining was performed on tissue sections using a standard
protocol. The tissues were cut into 4 mm sections. After deparaffi-
nization in xylene, sections were rehydrated through a graded
ethanol series (100%, 90%, and 80%). The tissue was then stained
with Mayer’s hematoxylin, followed by eosin. After eosin staining,
the sections were dehydrated using 95% and 100% ethanol and
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cleared in xylene. Finally, the slides were mounted with mounting
medium and imaged using an automatic digital pathology slide
scanner (model: KF-PRO-020; KFBIO, Ningbo, China).

2.5. IHC staining

After deparaffinization and rehydration of tissue sections, IHC
staining was carried out. Endogenous peroxidase activity was
blocked by incubating the sections in 3% hydrogen peroxide for
10 min. Antigen retrieval was performed using a pressure cooker at
high pressure for 2.5 min. Once cooled, the sections were incubated
with 20% goat serum at room temperature for 30 min to minimize
nonspecific binding. Primary antibodies against CD8a (D4W2Z,
1:500; CST, Danvers, MA, USA), CD11b (EPR1344, 1:2000; Abcam,
Cambridge, UK), lymphocyte antigen 6 complex locus G (Ly6G;
E6Z1T,1:200; CST, Danvers, MA, USA), and CD11c (EPR21826,1:100;
Abcam, Cambridge, UK) were applied overnight at 4 �C; the details
are shown in Supplemental Table 1. After washing with PBS, the
sections were incubated with a secondary antibody (Dako REAL
EnVision/HRP, Rabbit/Mouse (ENV)) for 30 min at room tempera-
ture. The reaction was developed using a diaminobenzidine (DAB)
chromogen kit (catalog number: K5007; Dako, Glostrup, Denmark),
and counterstaining was performed with hematoxylin. The slides
were mounted and visualized using an automatic digital pathology
slide scanner (model: KF-PRO-020; KFBIO, Ningbo, China). ImageJ
(version 1.54d; National Institutes of Health, Bethesda, Maryland,
USA) was employed to determine the percentage of tumor-
infiltrating immune cells.

2.6. Flow cytometry

Flow cytometry analysis was performed to evaluate immune cell
populations. Single-cell suspensions were prepared by mechani-
cally dissociating the tumors and spleen and filtering the cell
mixture through a 70 mm mesh. To exclude dead cells, samples
were stained with a fixable viability dye (FVS700; Cat# 564997; BD
Biosciences, Franklin Lakes, NJ, USA) according to the manufac-
turer’s protocol. The cells were washed with PBS containing 1% FBS
and incubated with a blocking antibody (anti-Fc receptor) for
20 min at 4 �C to reduce nonspecific binding. The cells were then
stained with fluorochrome-conjugated antibodies against CD45
(30-F11, BD Biosciences, Franklin Lakes, NJ, USA), CD11b (M1/70, BD
Biosciences, Franklin Lakes, NJ, USA), CD11c (N418, BioLegend, San
Diego, CA, USA), F4/80 (BM8, BioLegend, San Diego, CA, USA), Gr-1
(RB6-8C5, BD Biosciences, Franklin Lakes, NJ, USA), Ly6C (HK1.4,
BioLegend, San Diego, CA, USA), Ly6G (1A8, Thermo Fisher Scien-
tific, Waltham, MA, USA), CD3e (145-2C11, BD Biosciences, Franklin
Lakes, NJ, USA), CD4 (GK1.5, BD Biosciences, Franklin Lakes, NJ,
USA), CD8a (53e6.7, BioLegend, San Diego, CA, USA), CD19 (1D3, BD
Biosciences, Franklin Lakes, NJ, USA), NK1.1 (PK136, BD Biosciences,
Franklin Lakes, NJ, USA), CD62L (MEL-14, BD Biosciences, Franklin
Lakes, NJ, USA), CD44 (IM7, BioLegend, San Diego, CA, USA) for
30 min at 4 �C in the dark. After staining, the cells were washed and
resuspended in PBS containing 1% FBS, and flow cytometry was
performed using a 5-laser flow cytometer (Aurora; Cytek Bio-
sciences, Fremont, CA, USA). Data were analyzed with FlowJo
software (version 10.8; BD Biosciences, Franklin Lakes, NJ, USA) to
identify specific immune cell subsets based on fluorescence in-
tensity. The antibodies used in this study are listed in Supplemental
Table 2.

2.7. T cell proliferation assay

For the assessment of autologous T cell proliferation,
CD3þCD8þT cells were isolated from the spleens of C57BL/6J mice
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and labeled with carboxyfluorescein succinimidyl ester (CFSE;
5 mmol/L; catalog number: c34554; Invitrogen, Carlsbad, CA, USA),
and then co-cultured with Ly6Gþ polymorphonuclear myeloid-
derived suppressor cells (PMN-MDSCs) that were isolated from
abscopal tumors of RFA or RFAþaPD-1 group using an MDSC iso-
lation kit (catalog number: 130-094-538; Miltenyi Biotec, Bergisch
Gladbach, Germany). The co-culture was conducted in the presence
of CD3/CD28 dynabeads (catalog number: 11452D; Invitrogen,
Carlsbad, CA, USA) and recombinant interleukin-2 (IL-2; catalog
number: 402-ML-100; R&D Systems, Minneapolis, MN, USA) for
a duration of 5 days. T-cells with or without dynabead stimulation
served as positive or negative controls, respectively. Flow cytom-
etry was performed using a Cytek Aurora to obtain the surface
staining for CD3/CD8 T cell markers and CFSE signals on T-cells. The
percentage of proliferating cells was determined and analyzed us-
ing FlowJo software (version 10.8; BD Biosciences, Franklin Lakes,
NJ, USA).

2.8. Pathway and gene set enrichment analysis

Differential gene expression analysis was performed using the R
package “DESeq2” (v1.38.3). Raw read counts were imported into R
and processed through the DESeq2 pipeline. Genes were consid-
ered differentially expressed if they met the thresholds of
|Log2FC|� 1 and adjusted P-value (padj) < 0.05. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis was
performed using the R package “fgsea” (v1.24.0) to identify path-
ways enriched in specific gene lists. Pathways with an adjusted P-
value<0.05 were deemed significantly enriched. Gene set enrich-
ment analysis (GSEA) was carried out with the R package “clus-
terProfiler” using pathways from the KEGG database (https://www.
kegg.jp/).

2.9. Quantitative polymerase chain reaction (qPCR)

qPCR was performed to assess the messenger RNA (mRNA)
expression of target genes. Total RNA was extracted from tumor
tissue samples using TRIzol reagent (catalog number: 15596018CN;
Thermo Fisher Scientific, Waltham, MA, USA) and reverse tran-
scribed into complementary DNA (cDNA) using the PrimeScript RT
Master Mix Kit (catalog number: RR036A; Takara Bio, Shiga, Japan).
cDNA was then amplified using specific primers for the target
genes. Gene expression levels were normalized to Gapdh, and rel-
ative expression was calculated using the DDCt method. Three in-
dependent biological replicates were performed, and each qPCR
reaction was run in three technical replicates. The primers used in
this study are listed in Supplemental Table 3.

2.10. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of chemokine (CeC motif) ligand 3 (CCL3),
CCL4, CCL5, CCL19, C-X-C motif chemokine ligand 10 (CXCL10),
CXCL12, and CXCL16 inmouse plasmawere detected by an ELISA Kit
(R&D Systems, Minneapolis, MN, USA) according to the manufac-
turer’s protocols. For each cytokine, three biological replicates were
performed, with independent samples from different animals.

2.11. Western blot

Cellular lysates were prepared using lysis buffer containing 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), supplemented with the protease inhibitor (catalog number:
36978; Thermo Fisher Scientific, Waltham, MA, USA) and the
phosphatase inhibitor (catalog number: 4906837001; Sigma-
Aldrich, St. Louis, MO, USA). Protein quantification was performed

https://www.kegg.jp/
https://www.kegg.jp/
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with the Pierce™ BCA protein assay kit (catalog number: 23225;
Thermo Fisher Scientific, Waltham, MA, USA). Protein samples (20
mg/lane) were electrophoresed through 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and
subsequently transferred to preactivated nitrocellulose mem-
branes. The membranes were blocked with 5% skim milk and then
incubated with primary antibodies at 4 �C overnight, followed by
secondary antibodies for 1 h at room temperature. Finally, the
protein signals were detected using the Amersham Imager 600
Imaging System (GE HealthCare Life Sciences, Chicago, IL, USA). For
western blot analysis, a minimum of three biological replicates
were carried out. The antibodies used in this study are listed in
Supplemental Table 4.

2.12. Statistical analysis

Data are expressed as mean ± standard deviation (SD) from at
least three independent experiments. Statistical analyses were
performed using GraphPad Prism 8.3.0 (GraphPad Software, San
Diego, CA, USA). Comparisons between the two groups were per-
formed using the independent Student’s t-test or Wilcoxon’s test,
depending on the data distribution. Survival curves were generated
using the Kaplan-Meier method, and statistical differences be-
tween survival groups were evaluated using the Log-rank (Mantel-
Fig. 1. RFA combined with aPD-1 suppresses non-ablated tumor growth and prolongs s
injected with Hepa 1e6 cells on both the right and left flank. Complete RFA treatment of th
volume reached 500 mm3. Mice were administered with aIgG/aPD-1 every 5 days respecti
administration. All mice were sacrificed 1 day after the last treatment. (B) Left, tumor weigh
(n ¼ 10). Yellow boxes highlight the subcutaneous tumor sites. (C) Tumor volume of non-abl
(D) Kaplan-Meier survival curves of the two treatment groups (n ¼ 16 per group). (E) Rep
(n ¼ 7) and RFAþ aPD-1 groups (n ¼ 6). Necrotic areas are demarcated with white dashed lin
groups is shown. Data are presented as mean ± SD. **P < 0.01; ***P < 0.001; ****P < 0.000
hematoxylin and eosin; RFA, radiofrequency ablation; SD, standard deviation.
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Cox) test. Tumor size comparisons were performed using two-way
ANOVA. A P-value of <0.05 was considered statistically significant,
and all statistical tests were two-sided.
3. Results

3.1. RFA combined with aPD-1 inhibits the growth of distant tumors

To investigate the abscopal effect of RFA combined with aPD-1
therapy, we established a bilateral subcutaneous HCC model. The
right-flank tumors underwent complete RFA, while the left-flank
tumors remained untreated. Mice were randomly divided into
RFA or RFAþaPD-1 groups (Fig. 1A). Compared with monotherapy,
the combination of RFA and aPD-1 therapy significantly reduced
the weight and volume of the non-ablated left-flank tumors
(Fig. 1BeC). Furthermore, mice receiving the combined treatment
demonstrated prolonged survival (Fig. 1D). H&E staining revealed
extensive necrosis in the non-ablated left-flank tumors following
combination therapy (Fig. 1E). Moreover, no significant toxicity was
observed in mice after combination therapy (Supplemental Fig. 1).
These findings suggest that RFA synergizes with aPD-1 immuno-
therapy to suppress abscopal tumor growth and prolong the sur-
vival of HCC-bearing mice.
urvival. (A) Schematic diagram of the experimental design. Mice were subcutaneously
e right-flank tumor was performed 2 weeks after tumor inoculation, when the tumor
vely, for three doses. Blue markers indicate the time points of aIgG or aPD-1 antibody
t; right, representative gross images of mice treated with RFA (n ¼ 7) and RFAþaPD-1
ated tumors in the RFA (n ¼ 7) and RFAþaPD-1 groups (n ¼ 10) at different time points.
resentative H&E staining images of non-ablated tumors from the left flank in the RFA
es. On the right, statistical analysis of the differences in necrotic areas between the two
1. Scale bar: 2 mm. Abbreviations: aPD-1, anti-programmed cell death protein 1; H&E,
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3.2. RFAþaPD-1 shapes the immune microenvironment in distant
tumors

It has been reported that RFA can induce systemic anti-tumor
immune responses in various tumors.16,17 However, research on
the immune modulation of non-ablated distant tumors remains
limited. Therefore, we further assessed the immune landscape of
non-ablated left-flank tumors in the RFA monotherapy and RFA-
þaPD-1 groups using flow cytometry analysis (Supplemental
Fig. 2A). We found that total CD45þ immune cells were sig-
nificantly increased in non-ablated left-flank tumors of the com-
bination therapy group (Supplemental Fig. 3A), suggesting that
local tumor ablation may trigger a significant immune response in
abscopal tumors. The proportions of CD3þ T cells and CD8þ T cells
were markedly higher in the combined treatment group, while
CD4þ Tcells, B cells, natural killer (NK) cells, andmacrophages were
comparable between the two groups (Fig. 2A; Supplemental
Fig. 3A). In addition, CD11b�CD11cþ DCs increased in the RFA-
þaPD-1 group (Fig. 2BeC). In contrast, total MDSCs and PMN-
MDSCs were significantly reduced in the RFAþaPD-1 group
(Fig. 2DeE). To assess the immunosuppressive function of PMN-
MDSC, we isolated PMN-MDSCs from tumors of both the mono-
therapy and combination therapy groups and co-cultured them
with CFSE-labeled splenic CD8þ T cells at a 1:1 ratio. The results
showed that the immunosuppressive ability of PMN-MDSCs to
suppress CD8þ T cell proliferation was decreased in the combined
treatment group (Fig. 2F). Taken together, these data suggest that
RFA combined with aPD-1 elicits an anti-tumor immune response
in abscopal tumors.

3.3. RFA combined with aPD-1 increases CD8þT cell and DC
infiltration while reducing PMN-MDSCs in abscopal tumors

To further validate the infiltration and proportion of CD8þ Tcells
and PMN-MDSCs in the non-ablated left-flank tumors, we con-
ducted IHC staining for CD8, CD11b, and CD11c. We showed that,
compared to the RFA monotherapy group, tumors in the combi-
nation therapy group exhibited increased infiltration of CD8þ and
CD11cþ cells (Fig. 3AeB). Conversely, the expression of CD11b and
Ly6G, which are markers commonly associated with PMN-MDSCs,
was notably reduced (Fig. 3CeD). This shift in immune cell infil-
tration indicates that RFA combined with aPD-1 induces a favorable
immune environment in the tumor microenvironment, particularly
at abscopal, non-ablated tumor sites.

3.4. RFAþaPD-1 increases circulating T, B, and NK cells and reduces
MDSCs in peripheral blood

To elucidate the impact of RFA combined with aPD-1 therapy on
systemic immunity, we analyzed the dynamics of immune cells in
peripheral blood and spleen by flow cytometry. Consistent with
tumors, the proportions of CD3þ T cells, CD4þ T cells, and CD8þ T
cells in peripheral blood of the combination therapy group were
notably increased compared to the RFA group, while the pro-
portions of MDSCs and PMN-MDSCs were significantly decreased
(Fig. 4AeD). Additionally, the combination therapy group also
exhibited a significant increase in B cells and NK cells in peripheral
blood (Supplemental Fig. 3B). However, there were no significant
differences in the proportions of T cell subsets (CD4þ/CD8þ T cells),
DCs (CD11cþ), and MDSCs in the spleen between the two groups
(Supplemental Fig. 3C). These data indicate that local RFAþaPD-1
therapy can induce systemic immune response with increased
CD3þ, CD4þ, and CD8þ T cells but decreased immunosuppressive
PMN-MDSCs. However, its impact on the proportion of immune
cells in the spleen was limited.
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3.5. JAK-STAT1 activation and CXCL10 upregulation mediate the
abscopal effect

To elucidate the molecular mechanism underlying the abscopal
effect, we performed transcriptome sequencing on distant tumor
tissues of the two groups. GSEA revealed that cytokine-cytokine
receptor signaling, chemokine signaling, and Janus kinase-signal
transducer and activator of transcription (JAK-STAT) signaling
pathways were upregulated in the combined therapy group,
whereas those related to ribosome and DNA replication were
downregulated (Fig. 5AeC). Compared with the RFA group, 3567
genes were upregulated in the RFAþaPD-1 group, including 7
chemokines that were reported to be associated with T cell and DC
chemotaxis (Fig. 5D). Furthermore, we detected the expression
levels of these cytokines and chemokines in plasma and distant
tumors from mice in both groups by ELISA and qPCR, respectively,
and found that the CXCL10 concentration was significantly higher
in the plasma and distant tumors of the RFAþaPD-1 group
(Fig. 5EeF). Previous studies have demonstrated that STAT1 can
directly bind to the interferon-stimulated response element in the
promoter region of the CXCL10 gene and initiate its tran-
scription.18e20 Given that RNA-sequencing indicated activation of
the JAK-STAT signaling pathway in the combined treatment group,
we further validated this finding by western blot. The results
showed that STAT1 phosphorylationwas upregulated in the distant
tumor tissues of the combined therapy group (Fig. 5GeH). Taken
together, these results suggest that RFA combined with aPD-1
therapy activates the JAK-STAT1 pathway in distant tumor tissues
to upregulate CXCL10 expression, which attracts T cells and DCs
into the tumor tissue, thereby inhibiting abscopal tumor growth.

3.6. RFAþaPD-1 induced durable immune memory against
recurrent tumor

To investigate whether RFAþaPD-1 therapy could induce long-
term immune memory to prevent tumor recurrence, we subcuta-
neously implanted HCC tumors on both flanks of the mice and
performed RFA treatment with or without aPD-1. Then, we moni-
tored tumor growth in the mice and found that 68.8% (11/16) of the
mice in the RFAþaPD-1 group showed complete regression of both
primary and distant tumors, wherea distant tumors in 100% (16/16)
of the mice in the RFA group were not cured (Fig. 6AeC). Next, we
reimplanted HCC tumors into the 11mice that had been completely
cured by RFAþaPD-1 at 56 days after tumor inoculation, and 25
days after rechallenge, all mice were sacrificed to collect blood for
further analysis. The proportion of immune cells in peripheral
blood was detected by flow cytometry. Interestingly, the rechal-
lenge tumors were completely inhibited in these mice (Fig. 6B).
After rechallenge, the proportions of total CD4þ Tcells, CD8þ Tcells,
and central and effector memory CD4þ/CD8þ T cells in the pe-
ripheral blood were significantly increased, indicating the activa-
tion of anti-tumor immune memory (Supplemental Fig. 2B,
Fig. 6DeF). Taken together, RFA combined with aPD-1 therapy not
only effectively suppresses primary tumors but also induces long-
lasting immune memory to prevent the outgrowth of recurrent
tumors.

4. Discussion

In this study, we found that the combination of RFA and PD-1
inhibition enhanced the abscopal effect to suppress non-ablated
distant tumors, prolonged survival, and activated immune mem-
ory against recurrent tumors. Through flow cytometry, IHC stain-
ing, and RNA sequencing, we provided evidence of increased DCs
and CD8þT cells, reduced PMN-MDSC infiltration, and activation of



Fig. 2. Flow cytometric analysis of immune cell populations in distant (non-ablated) tumors. (A) Representative flow cytometry plots and percentages of CD3þT cells, CD8þT
cells, and CD4þT cells within CD45þ cells. RFA, n ¼ 7; RFA þ anti-PD-1, n ¼ 6. (B) Representative flow cytometry plots. (C) Percentages of CD11b�CD11cþ DCs within CD45þ cells. RFA,
n ¼ 7; RFA þ anti-PD-1, n ¼ 6. (D) Representative flow cytometry plots. (E) Percentages of MDSCs, PMN-MDSCs, and M-MDSCs within CD45þ cells. RFA, n ¼ 7; RFA þ anti-PD-1,
n ¼ 6. (F) PMN-MDSCs isolated from distant tumors of RFA and RFAþaPD-1 mice were co-cultured with CFSE-labeled splenic CD8þ T cells at the ratio of 1:1 in the presence of CD3/
CD28 and IL-2, and percentage of proliferating CD8þT cells is shown (n ¼ 5 per group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant. Abbreviations: aPD-1,
anti-programmed cell death protein 1; CFSE, carboxyfluorescein succinimidyl ester; DCs, dendritic cells; IL-2, interleukin-2; Ly6G, lymphocyte antigen 6 complex locus G; M-MDSCs,
monocytic myeloid-derived suppressor cells; MDSCs, myeloid-derived suppressor cells; PMN-MDSCs, polymorphonuclear myeloid-derived suppressor cells; RFA, radiofrequency
ablation.
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cytokine, chemokine, and JAK-STAT signaling pathways in the tu-
mors of the combined treatment group, which was associated with
tumor regression. In addition, the RFAþaPD-1 treatment induced
durable immune memory against tumors, accompanied by an
increase in total CD4þT cells, CD8þT cells, and central and effector
memory T cells. Our study suggests that aPD-1 synergizes with RFA
treatment to suppress abscopal tumors and activate immune
memory to prevent tumor recurrence.
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RFA is aminimally invasive therapeutic modality with a superior
safety profile and has been widely used for early HCC. Compared
with surgical resection, RFA treatment reduces the incidence of
complications and shortens the hospitalization duration.1 Emerg-
ing evidence suggests that RFA transiently activates anti-tumor
immune responses through mechanisms involving immunogenic
cell death e a process characterized by the release of damage-
associated molecular patterns and subsequent presentation of



Fig. 3. Validation of CD8þ T cell, DC, and PMN-MDSC infiltration in abscopal tumors by IHC staining. (AeD) IHC staining and statistical analysis of CD8 (A), CD11c (B), CD11b (C),
Ly6G (D) in abscopal tumors of RFA and RFAþaPD-1 group. RFA group, n ¼ 7; RFAþaPD-1 group, n ¼ 6. Scale bars: overview image ¼ 100 mm; inset ¼ 20 mm. **P < 0.01;
***P < 0.001; ****P < 0.0001. Abbreviations: aPD-1, anti-programmed cell death protein 1; IHC, immunohistochemistry; Ly6G, lymphocyte antigen 6 complex locus G; MDSC,
myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell; RFA, radiofrequency ablation.

K. Lei, S. Li, J. Chen et al. Liver Research 9 (2025) 132e143
tumor antigens to elicit tumor-specific T cell responses.21e23

However, Mizukoshi et al.5 reported a paradoxical decline in cyto-
toxic T lymphocyte proportions within 87.5% of patients at the early
post-ablation stage, indicating the transient nature of RFA-induced
immune activation and its insufficiency to confer durable protec-
tion against tumor recurrence. To address this limitation, adjuvant
therapeutic strategies have been explored to potentiate RFA effi-
cacy. The phase III STORM trial (NCT00692770), a double-blind
randomized controlled study, evaluated sorafenib administration
following RFA or surgical resection versus placebo.24 Unfortunately,
this investigation failed to demonstrate a statistically significant
improvement in recurrence-free survival, underscoring the
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complexity of achieving sustained therapeutic synergy between
locoregional ablation and systemic molecular therapies.

Due to the immune-activating effects of RFA, several combined
strategies have been explored. A retrospective clinical study
observed that RFA combined with aPD-1 immunotherapy showed
better efficacy thanRFAalone inpatientswith recurrentHCC (1-year
recurrence-free survival, 10.0% vs. 32.5%).25 Preclinical studies also
showed that the combination of RFA and aPD-1 can effectively
extend survival and improve prognosis inmouseHCCmodels.15,26 In
our study, we observed no significant toxicity associated with the
combination of RFA and aPD-1 therapy, which is consistent with
findings from other studies on HCC and prostate cancer.27,28



Fig. 4. Immune cell profiling of peripheral blood by flow cytometry. (A) Representative flow cytometry plots. (B) Percentages of CD3þ T cells, CD4þ T cells, and CD8þ T cells in
CD45þ cells. (C) Representative flow cytometry plots. (D) Percentages of MDSCs, PMN-MDSCs, and M-MDSCs in CD45þ cells. RFA, n ¼ 7; RFAþaPD-1, n ¼ 10. *P < 0.05; ns, not
significant. Abbreviations: aPD-1, anti-programmed cell death protein 1; Ly6G, lymphocyte antigen 6 complex locus G; M-MDSCs, monocytic myeloid-derived suppressor cells;
MDSCs, myeloid-derived suppressor cells; PMN-MDSCs, polymorphonuclear myeloid-derived suppressor cells; RFA, radiofrequency ablation.

K. Lei, S. Li, J. Chen et al. Liver Research 9 (2025) 132e143
However, the underlying mechanisms remained incompletely un-
derstood. Although RFA has been reported to have an abscopal ef-
fect,15,29 current research on HCC primarily focuses on the tumor on
the RFA-treated side, with limited exploration of the distant tu-
mors.12 In our study, we found that, compared with RFA alone, the
combination therapy effectively suppressed distant tumors and
prolonged survival in mice, which is consistent with previous find-
ings.15 Consistent with tumor findings, increased CD8þ T cells but
decreased PMN-MDSCs were observed in peripheral blood, while
there was no difference in immune cell infiltration in the spleen
between the RFA and the combined treatment group. The discrep-
ancy between the peripheral blood and spleen immune cell com-
positions may be due to the dynamic nature of immune cell
activation and trafficking. Peripheral blood reflects circulating im-
mune cells, which can be rapidly mobilized in response to systemic
inflammation or antigen exposure, such as RFA-induced tumor ne-
crosis and PD-1 blockade. In contrast, the spleen, a secondary lym-
phoid organ, may not show such acute fluctuations due to localized
treatment. Additionally, the short observation period post-
treatment might not allow for measurable changes in the splenic
immune compartments. Further studieswith additional time points
and lymphoid tissue analyses are needed to better understand these
spatial immunological dynamics.

It is well established that the tumor immunemicroenvironment
is essential to tumor development, progression, and treatment
response. The formation of the tumor microenvironment is influ-
encedbyvarious factors, including secreted factors fromtumor cells,
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immune cell infiltration, and angiogenesis.30 Previous studies have
shown that RFA activates multiple signaling pathways, such as the
heat shock protein 70 (HSP70) and proinflammatory cytokine
pathways, which can alter immune cell functions and enhance
tumor-specific T cell responses.30e32 RFA significantly increases
HSP70 expression in tumor tissues,which activatesDCs and initiates
anti-tumor immune responses. Furthermore, the necrosis induced
by RFA releases immunogenic factors, including damage-associated
molecular patterns like high mobility group box 1 (HMGB1), which
activates antigen-presenting cells and promotes a more robust im-
mune response, contributing to anti-tumor immunity.31,33 In this
study, by RNA sequencing analysis of abscopal tumor tissue, we
found that the cytokine_cytokine_receptor_interaction, chemo-
kine_signaling_pathway, and JAK_STAT_signaling_pathway were
activated in the combined treatment group. The JAK-STAT signaling
pathway is critically involved in the regulation of immune re-
sponses, cell proliferation, differentiation, and apoptosis. It is pri-
marily activated by the binding of cytokines or growth factors to
their respective receptors, which induces receptor dimerization or
oligomerization. JAKs, associated with the intracellular domains of
these receptors, undergo autophosphorylation and subsequently
phosphorylate and activate STAT proteins. The phosphorylated
STATs form dimers, translocate into the nucleus, and bind to specific
DNA sequences to regulate the transcription of target genes.34e36

Notably, the mRNA expression of chemokines such as CCL3, CCL4,
CCL5, CCL19, CXCL10, CXCL12, and CXCL16 was upregulated. Previ-
ous studies reported that CCL3, CCL4, CCL5, and CCL19 can recruit



Fig. 5. Combined RFA and aPD-1 therapy activates JAK-STAT signaling and enhances CXCL10-mediated immune chemotaxis in abscopal tumors. (A) Differentially enriched
pathways in abscopal tumors (RFA, n ¼ 3; RFAþaPD-1, n ¼ 3). (BeC) GSEA of the chemokine signaling pathway and the JAK-STAT signaling pathway. (D) Volcano plot showing DEGs
between RFA and RFAþaPD-1 group. (E) CCL3, CCL4, CCL5, CCL19, CXCL10, CXCL12, and CXCL16 levels in mouse plasma were detected by ELISA (RFA, n ¼ 4; RFAþaPD-1, n ¼ 4). (F)
qPCR analysis of Cxcl10 mRNA in distant tumors of RFA and RFAþaPD-1 group, which were normalized to Gapdh. (RFA, n ¼ 3; RFAþaPD-1, n ¼ 3). (G) Western blot analysis of STAT1
and p-STAT1. b-actin was used as control. (H) Statistical analysis of p-STAT1/STAT1 ratio differences between RFA and RFAþaPD1 groups (n ¼ 4). *P < 0.05; **P < 0.01; ns, not
significant. Abbreviations: aPD-1, anti-programmed cell death protein 1; CCL3, chemokine (CeC motif) ligand 3; CXCL10, C-X-C motif chemokine ligand 10; DEGs, differentially
expressed genes; ELISA, enzyme-linked immunosorbent assay; GSEA, gene set enrichment analysis; JAK-STAT, Janus kinase-signal transducer and activator of transcription; p-STAT1,
phosphorylated signal transducer and activator of transcription 1; qPCR, quantitative polymerase chain reaction; RFA, radiofrequency ablation; STAT1, signal transducer and
activator of transcription 1.
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Fig. 6. RFAþaPD-1 therapy induces long-lasting immune memory to inhibit rechallenge tumors. (A) Schematic diagram of the in vivo tumor rechallenge experiment. C57BL/6J
mice were subcutaneously injected with Hepa 1e6 cells on both flanks, followed by RFA treatment. aIgG or aPD-1 was injected every 5 days for 3 doses. Mice in the RFA þ aPD-1
group that achieved complete tumor regression were rechallenged on day 56 with the same tumor cells. Mice were sacrificed 25 days after rechallenge. (B) Tumor volume of right-
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flank tumors in RFA and RFAþaPD-1 mice at different time points (RFA, n ¼ 16; RFAþaPD-1, n ¼ 16). (C) The percentage of mice with or without abscopal tumors. (D) Representative
flow cytometry plots and percentage of CD3þT cells, CD4þT cells, and CD8þT cells in CD45þ cells. n ¼ 11. (E) Representative flow cytometry plots and percentages of CD4þ central
memory T cells and CD4þ effector memory T cells in CD45þ cells. n ¼ 11. (F) Representative flow cytometry plots and percentages of CD8þ central memory T cells and CD8þ effector
memory T cells in CD45þ cells. n ¼ 11. ***P < 0.001; ****P < 0.0001. Abbreviations: aIgG, anti-immunoglobulin G; aPD-1, anti-programmed cell death protein 1; Pre, pre-
rechallenge; Post, post-rechallenge; RFA, radiofrequency ablation; Tcm, central memory T cell; Tem, effector memory T cell.
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CD4þ and CD8þ T cells, as well as DCs, to the tumor site, thereby
enhancing their anti-tumor effects.37e39 CXCL10 and CXCL12 can
promote the directional migration and functional activation of im-
mune cellswithin the tumormicroenvironment.37e39UsingELISA to
detect these chemokines, we validated that CXCL10, a proin-
flammatory chemokine that promotes recruitment of CD8þ effector
and CD4þ T cells, was upregulated in peripheral blood of the RFA-
þaPD-1 group. In addition, the JAK-STAT signaling pathway was
activated in the abscopal tumorof the combined treatment groupby
westernblot.Overall, the combination therapymodulates the tumor
immunemicroenvironmentbyactivating the JAK-STATpathwayand
upregulating CXCL10 expression to recruit effector T cells for anti-
tumor immunity.

Immune responses against cancer rely on T cells that are specific
to cancer-related antigens. Immune memory plays a critical role in
providing long-term protection against tumor recurrence, thus
offering prolonged protection to the host.40 Here, we showed that
PD-1 blockade synergized with RFA treatment to induce immune
memory, and remarkably inhibited outgrowth of rechallenge tu-
mor. The total number of CD4þ, CD8þ T cells, and central and
effector memory T cells in blood was significantly increased after
tumor rechallenge.

However, this study has several limitations. First, the subcu-
taneous tumor model may not fully recapitulate the immunobiol-
ogy of orthotopic or spontaneous liver tumors. Second, only one
HCC cell line (Hepa 1e6) was employed; further validation in other
syngeneic or patient-derived models is warranted. Finally, the ef-
ficacy of RFAþaPD-1 in HCC awaits further investigation in clinical
trials.
5. Conclusions

This study found that compared with RFA monotherapy, the
combination of RFA and aPD-1 significantly suppressed abscopal
tumors by activating the JAK-STAT pathway to recruit cytotoxic T
cells. In addition, the combined treatment activated immune
memory to inhibit rechallenge tumors. The combination of RFA and
aPD-1 may be a potential therapeutic strategy for HCC patients
with a high risk of recurrence, but awaits further investigation in
clinical trials.
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