
Apoptosis (2025) 30:55–68
https://doi.org/10.1007/s10495-024-02019-3

such as radiofrequency ablation (RFA), which is most effec-
tive for tumors less than 3 cm in size. RFA induces immu-
nogenic cell death, potentially stimulating local anti-tumor 
immunity [2, 3]. However, for larger tumors or tumors close 
to blood vessels, RFA may not achieve complete ablation, 
leading to recurrence or metastasis due to an inadequate 
immune response.

Current knowledge indicates that percutaneous ablation 
techniques, such as RFA and microwave ablation (MWA), 
not only induce direct tumor necrosis but also modulate the 
immune system. These procedures trigger an inflammatory 
response by releasing tumor antigens and damage-associ-
ated molecular patterns(DAMPs), which subsequently stim-
ulate both innate and adaptive immune responses. Dumolard 
et al. reported increased immune cell infiltration within the 
tumor microenvironment after ablation [4]. Mizukoshi et al. 
found that RFA increases tumor-specific T cells, particularly 
CD8 + T cells [5]. Additionally, combining ablation with 
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immunotherapy can enhance anti-tumor immunity and pre-
vent recurrence, as reviewed by Li et al. [6]

The abscopal phenomenon refers to a rare systemic 
response where localized radiation therapy (RT) on a pri-
mary tumor leads to regression of distant metastases. This 
effect is mediated by the immune system. RT induces immu-
nogenic cell death, releasing tumor antigens and cytokines 
that activate dendritic cells and T-cells, thus generating 
a systemic anti-tumor response [7]. In clinical settings, 
the abscopal effect has been documented in various can-
cers, including melanoma and non-small cell lung cancer 
(NSCLC). These responses usually occur within months of 
RT, indicating a synergistic effect between RT and immuno-
therapy [8].

Recent studies emphasize the importance of the tumor 
microenvironment (TME) in HCC, particularly the role of 
CD8+T cells, regulatory T cells (Tregs), and M1/M2 mac-
rophage polarization in disease progression and treatment 
response. After radiofrequency ablation, the tumor micro-
environment experiences significant changes. The activity 
of CD8+T cell may be affected, which can impact their abil-
ity to response cytotoxically. Additionally, regulatory T cell 
within the TME have the potential to suppress anti-tumor 
immunity. Furthermore, changes in macrophage polar-
ization toward either a pro-inflammatory M1 phenotype 
or an immunosuppressive M2 phenotype may influence 
tumor recurrence and patient outcomes. M1 macrophages 
promote inflammation that targets tumor cells, while M2 
macrophages often support tumor growth and contribute 
to immune evasion [9]. After RFA, an increase in immuno-
suppressive cells like polymorphonuclear myeloid-derived 
suppressor cells (PMN-MDSCs) has been observed, which 
diminishes CD8+T cell activity. Modifying the TME could 
potentially improve HCC management post-RFA [10]. Fur-
ther exploration is necessary to enhance therapeutic strat-
egies and improve prognosis, given the intricate interplay 
between these components and their collective impact on 
HCC pathogenesis and treatment response, especially fol-
lowing RFA [11].

The microenvironment that follows radiofrequency 
ablation is immunosuppressive and involves complex 
interactions between immune cells, which are not yet 
fully understood. Recent evidence has shown a significant 
increase of PD-L1 expression in this context, highlighting 
its potential as a therapeutic target [12–14]. Recent studies 
indicate that PD-L1 is expressed not only by tumor cells 
but also by various immune cells, including dendritic cells 
(DCs) and macrophages, in both human and mouse mod-
els. In human cancers, particularly lung adenocarcinoma, 
PD-L1 expression on macrophages has been shown to con-
tribute significantly to immune suppression and the tumor 
microenvironment. Similarly, research in murine models 

has demonstrated that PD-L1 on DCs plays a crucial role in 
regulating antitumor T cell responses through interactions 
with CD8 + T cells. This regulation affects T cell priming 
and expansion, highlighting the complex role of PD-L1 
beyond simply reversing T cell exhaustion [15].Our research 
aims to explore the details of the tumor microenvironment 
after RFA to improve the clinical effectiveness of combining 
RFA with anti-PD-L1 therapy. We investigate the complex 
communication between diverse immune cells and evaluate 
the effects of targeted therapies. Our goal is to uncover the 
mechanisms that drive immune cell dynamics and discover 
new approaches to enhance anti-tumor responses, ultimately 
improving patient outcomes in the treatment of hepatocel-
lular carcinoma.

Methods

Single-cell data sources and quality enhancement

The datasets GSE112271, GSE210679, and GSE242889, 
comprising single-cell RNA sequencing data from 13 hepa-
tocellular carcinoma specimens, were meticulously acquired 
using the 10X Genomics platform (Supplementary Table). 
To analyze the scRNA-seq data, a systematic series of ana-
lytical steps was followed. The initial step involved pre-
processing the scRNA-seq data with the “Seurat” software 
package. Various methods were then employed, including 
the PercentageFeatureSet function, to assess the proportion 
of mitochondrial gene expression. Additionally, correlation 
analyses were performed to explore the relationships among 
sequencing depth, mitochondrial gene frequencies, and total 
intracellular gene counts.

To ensure the integrity of the analysis, a stringent gene 
filtration strategy was implemented, requiring that genes 
be expressed in at least five cells. Moreover, strict criteria 
were applied to select cells with a gene expression profile 
of more than 300 but fewer than 5000 genes, less than 10% 
mitochondrial gene content, and a minimum of 1000 unique 
molecular identifiers (UMIs) per cell. Following this care-
ful data curation, the scRNA-seq datasets were normalized 
using the LogNormalize method to enhance the accuracy of 
subsequent analyses and interpretations.

In-depth single-cell transcriptome analysis

Fifteen principal components were identified through prin-
cipal component analysis, utilizing the 2,000 most variably 
expressed genes to minimize batch effects from differ-
ent dataset origins. The dataset was further refined using 
Harmony, t-SNE, and UMAP methodologies to enable 
unsupervised clustering and the identification of cellular 
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subpopulations within a two-dimensional framework. Dif-
ferential gene expression among clusters was analyzed with 
the “FindAllMarkers” function, applying a significance 
threshold of an absolute log2 fold change greater than 1 and 
an adjusted P-value below 0.05. The resolution parameter 
was set at 1.0 to achieve precise cluster delineation. The 
resulting clusters were classified into known cellular pheno-
types using CellMarker 2.0, based on characteristic marker 
genes. Additionally, the CellChat R package was employed 
to elucidate the complex network of cell-to-cell communi-
cation, offering a comprehensive understanding of intercel-
lular signaling networks.

Cell lines

The Hepa1-6 mouse hepatoma cell line was obtained from 
the American Type Culture Collection (ATCC) cell bank. 
The culture medium was supplemented with 10% fetal 
bovine serum and 1% penicillin-streptomycin (Gibco).

Cell transfection

A lentiviral vector containing the luciferase gene was engi-
neered and synthesized by Shanghai Hanheng Biotechnol-
ogy Co., Ltd. Lentiviral packaging was performed using 
293T cells, and the collected supernatant was used to trans-
fect Hepa1-6 cells. Resistant clones were selected 24 h post-
transfection using puromycin [16].

Establishment of liver tumor in situ in C57BL/6L 
mice

The mouse hepatoma cell line Hepa1-6-Luc cells were sus-
pended in PBS at a density of 1 × 10^6 cells /ml. C57BL/6J 
mice aged 4–5 weeks were anesthetized and their abdo-
men was disinfected with iodophos. A small incision of 
approximately 0.8 cm was made in the abdominal skin, and 
the left and middle lobes of the liver were exposed. A 25ul 
cell suspension was injected slowly using a 1 ml syringe to 
form tumors in the left and middle lobes of the liver. After 
injection, the injection site was pressed with a cotton ball 
and the needle was removed. The abdomen was then closed 
layer by layer after confirming no bleeding. Tumor growth 
was observed in situ by intraperitoneal injection of substrate 
fluorescein every 3 days.

Radiofrequency ablation of liver tumors in situ

The mice were anesthetized and positioned to expose the 
abdomen through the original incision. The upper frequency 
limit was set to 7 W, and the temperature was maintained at 
70 °C. After the instrument setup, a unipolar radio frequency 

probe (17G) was inserted into the center of the tumor along 
its longitudinal axis, and the power was activated. The left 
lobar liver tumor was fully ablated for 10–20 s once the tem-
perature at the ablation needle tip, monitored automatically, 
reached 60 °C. The maximum temperature was controlled 
between 70 and 80  °C. Half of the mice underwent com-
plete radiofrequency ablation of the left lobar tumor, while 
the other half served as a control group and underwent only 
abdominal incision and closure. Mice were euthanized by 
cervical dislocation on days 3 and 6 post-radiofrequency 
ablation, and liver tissue was collected from all mice.

RFA and anti-PD-L1 combined therapy in tumor-
bearing mice

Mice were injected with liver cancer cells to induce tumors 
both in the liver (single tumor in the left lobe) and subcuta-
neously. To establish the subcutaneous tumor model, 0.2 ml 
of a prepared liver cancer cell suspension (1 × 10^6 cells/
ml) was drawn into a 1 ml syringe and injected into the sub-
cutaneous tissue of the mice. Once the intrahepatic tumor 
reached a diameter of approximately 0.8–1 cm (achieved in 
about 7–8 days, as confirmed by in vivo fluorescence imag-
ing), the tumor-bearing mice were randomly assigned to one 
of four groups: RFA + Anti-PD-L1, RFA only, Anti-PD-L1 
only, and untreated. Starting the day after RFA treatment, 
mice received intraperitoneal injections of 200 µg (25 µl) 
of anti-PD-L1 monoclonal antibody every three days for 
a total of four injections. Tumor growth and survival time 
were subsequently monitored and recorded.

Collection of tumor infiltrating cells

After completely removing the central liver tumor, we 
diluted specified amounts of collagenase I and IV, hyaluron-
idase, and DNase were diluted in DMEM medium and used 
them for enzymatic digestion of tumor tissue. The tissue 
was then incubated at 37 °C for 2 h. Next, we transfected the 
tissue to a sterile glass petri dish and mechanically dissoci-
ated it to create a homogenate. The cell suspension was then 
filtered through a 40 μm mesh to remove particulate debris 
and cellular aggregates. Then the resulting cell suspension 
was washed and re-suspended to obtain a homogeneous sin-
gle-cell suspension suitable for downstream applications. 
The characterization and quantification of immune cell sub-
sets within the suspension were characterized and quanti-
fied through immunophenotyping using flow cytometry and 
specific staining protocols.
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solution B. The interferon gamma (INF-γ) antibody, pre-
diluted in permeabilization solution B, was added to the 
cells and incubated at 4 °C, protected from light, for 25 min. 
Following incubation, the cells were centrifuged, washed 
with PBS, and re-suspended for analysis by flow cytometry. 
Similarly, for the analysis of tumor necrosis factor alpha 
(TNF-α), the TNF-α antibody, pre-diluted in permeabiliza-
tion solution B, was added to the cells and incubated at 4 °C, 
protected from light, for 25 min. After incubation, the cells 
were centrifuged, washed with PBS, and re-suspended for 
analysis by flow cytometry.

Statistical analysis

Statistical analyses of the experimental outcomes were con-
ducted using SPSS software version 23.0. Data were pre-
sented as mean ± standard deviation. Normality tests were 
performed to ascertain whether the sample data conformed to 
a normal distribution. For comparisons between two groups, 
Student’s t-test was employed if the data exhibited normal 
distribution; otherwise, a nonparametric test was utilized. 
For comparisons among more than two groups, Analysis of 
Variance (ANOVA) was used for normally distributed data, 
while suitable nonparametric tests were applied for data not 
meeting normality assumptions, with the significance level 
set at p < 0.05. Single-cell RNA sequencing data analysis 
was performed using R software version 4.2.1, incorpo-
rating quality control, normalization, and differential gene 
expression identification through specialized R packages 
designed for scRNA-seq analysis.

Results

Unveiling the complexity of immune cell dynamics

Single-cell RNA sequencing has been used to delineate 
the intricacies of immune cell interplay, capturing the 
transcriptional heterogeneity of discrete immune popula-
tions. Dimensionality reduction methodologies, specifically 
t-SNE and UMAP, have facilitated the visualization of dis-
tinct cellular assemblages, encompassing B cells, NK cells, 
monocytes, and, notably, CD8+T cells and M2 macrophages 
(Supplementary Figs. 1–3). Each aggregation represents a 
unique transcriptional signature, highlighting the intricate 
complexity of the immune cellular environment (Fig.  1A 
and B). The pseudotime trajectory analysis, which was 
applied to single-cell sequencing data, organizes cells along 
a two-dimensional continuum defined by Component 1 and 
Component 2. A gradient from darker to lighter hues indi-
cates the progression through pseudotime, with the darker 
tones representing the beginning and the the lighter tones 

Flow cytometry

The study utilized a Beckman-Coulter flow cytometer 
equipped with blue (488  nm), red (640  nm), and violet 
(405  nm) lasers to detect various fluorochromes. Flow 
cytometry controls included unstained cells to establish 
background fluorescence and isotype controls (IgG2b - 
FITC, IgG2b - PE-Cy5, IgG2α - PE-Cy7, IgM - PE, IgG2α 
- PE, IgG2α - PE-Cy7 from eBioscience) to determine non-
specific binding. FlowJo software was used for collecting 
and analyzing the FACS data. The specific antibodies and 
fluorochromes used in the flow cytometry panels were: 
Anti-mouse CD3 - FITC (Biolegend), Anti-mouse PD-L1 
- PE (Biolegend), Anti-mouse CD4 - ECD (eBioscience), 
Anti-mouse FoxP3 - FITC (eBioscience), Anti-mouse CD8 
- APC (eBioscience), Anti-mouse CD45 - AF-700 (eBiosci-
ence), Anti-mouse TNF-α - PE (Biolegend), Anti-mouse 
IFN-γ - FITC (Biolegend), Anti-mouse Gr1 - FITC (eBio-
science), Anti-mouse CD11c - PE (Biolegend), Anti-mouse 
Ly6G - PE-594 (Biolegend), Anti-mouse PD-L1 - PC7 (Bio-
legend), Anti-mouse F4/80 - APC (Biolegend), Anti-mouse 
CD11b - AF-700 (Biolegend), Anti-mouse Ly6C - BV-421 
(Biolegend), Anti-mouse CD45 - BV-570 (Biolegend) 
[17–19].

The prepared cell suspension was adjusted to a con-
centration of 5.0 × 10^6 cells/ml. Then, 100 µl of the cell 
suspension was added to each EP tube, followed by the cor-
responding fluorescently labeled detection antibody, mixed 
according to the instructions. After incubating at 4 °C for 
30 min and washing away the unbound antibody with PBS, 
300 µl of PBS was added, mixed, and transferred to the flow 
tube for machine detection.

IFN-γ and TNF-α staining

Phorbol 12-myristate 13-acetate (PMA) and ionomycin 
were prepared at working concentrations of 50 ng/ml and 
1 µg/ml, respectively. The cells were then harvested and re-
suspended in DMEM medium supplemented with 1% Fetal 
Calf Serum (FCS), 50 ng/ml PMA, and 1 µg/ml ionomycin. 
The cell suspension was then allocated into a 24-well plate 
and incubated at 37 °C for 1 h. After incubation, the termi-
nation solution was added, and the culture was continued 
for an additional 3–4 h. The cells were resuspended every 
30 min. Following stimulation, the cells were collected and 
washed once with Phosphate-Buffered Saline (PBS) con-
taining 1% FCS, followed by a subsequent wash with PBS 
alone. The cells were initialy labeled with a specific antibody 
and washed with PBS before decarding the supernatant. 
Subsequently, 200 µl of fixation solution A was added, and 
the cells were incubated at 4 °C in the dark for 15 min. After 
fixation, the cells were washed with 1X permeabilization 
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Fig. 4). This framework emphasizes the collaborative and 
crucial roles of M2 macrophages and CD8+T cells in regu-
lating the immune system.

Effect of RFA on immune microenvironment of liver 
cancer in mice

Using the insights gained from our single-cell analysis 
of the tumor microenvironment’s immune landscape, we 
established an in situ bimodal hepatic tumor model in mice 
(refer to Fig. 2). This model’ enabled subsequent flow cyto-
metric analyses of intrahepatic tumors that are not subjected 
to ablation. The study revealed trends of increased immune 
cell infiltration in the tumor microenvironment, including 
CD8 + T lymphocytes, CD4 + T lymphocytes, and macro-
phages (see Supplementary Fig. 5 for details). Conversely, 
a notable decrease in the presence of immunosuppressive 
populations, such as myeloid-derived suppressor cells 
(MDSCs) and dendritic cells, was observed (further elabo-
ration in the Supplementary Fig. 5).

Furthermore, there was a noticeable increase in the infil-
tration of other immunosuppressive mesenchymal cells, 
such as MDSCs and macrophages, which also exhibited 
elevated PD-L1 expression, as detailed in the supplemen-
tary figure. These findings support the hypothesis that local-
ized inflammatory responses induced by RFA can create a 
tumor-suppressive immune microenvironment. This high-
lights the complex interaction between therapeutic interven-
tions and the immune system’s crucial role in oncological 
management.

T cell appears functionally exhausted at the late 
stage of RFA treatment

In our subsequent analysis of the antitumor immune response 
triggered by RFA, we investigated the dynamics of immune 
cell infiltration following the procedure. We quantified the 
infiltration of CD45 + leukocytes within tumor tissues after 
ablation. Our results showed a significant increase in the pro-
portion of CD45 + immune cells in ablated tumors by day 
three post-RFA. This increase persisted, with a substantial rise 
in the CD45 + lymphocyte population by day six, suggesting 
that the infiltration was sustained over time (Supplementary 
Fig. 5). These findings underscore the persistence and ampli-
fication of the RFA-induced inflammatory response, extend-
ing into the period of accelerated tumor growth. Notably, 
the density of cytotoxic CD8 + T lymphocytes was signifi-
cantly higher on day six post-ablation compared to day three 
(Fig. 3A), indicating enhanced adaptive immune surveillance 
that could improve antitumor efficacy during the critical 
phase of tumor regrowth following ablation. On day three 
post-ablation, CD4 + T lymphocytes expressing TNF-α and 

represnting the subsequent stages (see Fig. 1C). The trajec-
tory originates from a nodal point, which may indicate a 
progenitor or a naive state. Subsequent cellular divergence 
occurs along bifurcating paths, suggesting discrete differ-
entiation or maturation processes. It is noteworthy that the 
distribution of CD8+T cells aligns predominantly with the 
early phases of tumorigenesis, as evidenced by the trajec-
tory analysis (see Fig. 1D). Our network interaction assays 
(Fig. 1E) show reciprocal signaling between CD8+T cells 
and M2 macrophages, facilitated by a repertoire of signal-
ing molecules and their cognate receptors. This establishes 
a crucial axis of regulation within the immune schema. An 
exhaustive network analysis (Fig.  1F) illustrates the cen-
trality of CD8+T cells and M2 macrophages within the 
immune signaling nexus This interaction map highlights the 
important roles these cell types play in modulating immune 
responses. A heatmap of ligand-receptor pairs (Fig.  1G) 
emphasizes the MIF signaling pathway as a key mediator of 
CD8+T cell and M2 macrophage communication. This anal-
ysis reveals the extensive nature of their interaction, high-
lighting the essential role of MIF in corrdinating immune 
dynamics.

The MIF signaling pathway schematic highlights M2 
macrophages and CD8+T cells as the main actors. M2 mac-
rophages are shown to be influential regulators within the 
pathway, while CD8 + T cells are highlighted as important 
responders to MIF signaling (Fig.  1H and Supplementary 

Fig. 1  Comprehensive Immune Landscape Analysis and Signal-
ing Pathway Communication. A) T-distributed Stochastic Neighbor 
Embedding (t-SNE) plot demonstrating the distribution of immune 
cell subsets in the tumor microenvironment. Each color represents a 
unique cell type, with annotations indicating predominant immune 
populations such as Regulatory T cells, NK cells, and various macro-
phage phenotypes. B) Uniform Manifold Approximation and Projec-
tion (UMAP) plot delineating cellular clusters and their inferred devel-
opmental trajectories. Key immune subsets are identified and labeled 
correspondingly. C) t-SNE plot highlighting the pseudo-temporal 
ordering of cells, with color gradation from dark to light representing 
the progression from early to late differentiation states. D) Pseudo-
time trajectory analysis of immune cells across the first two principal 
components, revealing discrete lineage commitment points and dif-
ferentiation pathways. E) Cell-cell interaction network diagrams for 
select immune subsets, with arrows depicting the directionality of 
signaling interactions. Node size corresponds to the number of outgo-
ing interactions (sender) and edge thickness represents the interaction 
strength. F) Global interaction network across multiple immune cell 
types, integrating the strength of bidirectional signaling communica-
tions. Dominant signaling pathways are emphasized with thicker, col-
ored edges, while secondary interactions are represented by thinner 
lines. G) Dot plot matrix showing the cell-type-specific expression of 
key signaling ligands and their receptors. Dot size indicates the level 
of gene expression, while color intensity reflects the probability of 
intercellular communication mediated by the respective signaling axis. 
H) Heatmap of the Macrophage Inflammatory Factor (MIF) signaling 
pathway network, categorizing cell types as senders, receivers, media-
tors, and influencers based on their role in the signaling cascade. Color 
intensity denotes the relative contribution to the MIF pathway
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Synergistic effects of ablation and anti-PD-L1 
therapy on distant tumors and survival in mice

To assess whether the combination of RFA and anti-PD-
L1 antibody therapy could produce synergistic antitumor 
effects, we developed a dual tumor model in mice. This 
model included both in situ liver tumors and subcutaneous 
tumors on the dorsum. After 7–8 days post-tumor implanta-
tion, which was confirmed by fluorescence imaging (tumors 
measuring 0.8–1.0 cm in diameter), we performed complete 
ablation was performed on the hepatic tumors (Fig.  4A). 
The mice were randomly allocated mice into four groups: 
an untreated control group (n = 7), a group treated with 
RFA alone (n = 7), a group treated with anti-PD-L1 anti-
body alone (n = 8), and a group treated with combined RFA 
and a-PD-L1 antibody therapy (n = 8). Details on the treat-
ment regimen for each group are provieded in Fig. 4A-B. 
The comparative analysis revealed that, in contrast to the 
RFA and a-PD-L1 groups, mice in the combined treatment 

IFN-γ were significantly higher in the RFA group compared 
to the control. By day six, these levels decreased, with no 
significant difference between groups (Fig. 3B).

To assess the antitumor activity of the infiltrating T cells, 
we performed flow cytometry to measure the production 
of IFN-γ and TNF-α by CD8 + T cells and CD4 + T cells. 
Three days after the ablation procedure, the proportions of 
IFN-γ + and TNF-α + CD8 + tumor-infiltrating lymphocytes 
(TILs), as well as IFN-γ + and TNF-α + CD4 + TILs, were 
significantly higher in the treatment group—approximately 
2–3 times greater than those in the control group. However, 
by day six post-ablation, there was a marked reduction in 
the proportions of both CD8 + and CD4 + TILs in the abla-
tion group. Furthermore, the levels of IFN-γ + CD8 + TILs 
and TNF-α + CD4 + TILs had returned to levels compara-
ble to the control group (Fig.  3C-D). These findings sug-
gest that the functionality of activated T cells diminishes 
in the later stages following RFA, indicating the onset of 
immunosuppression.

Fig. 2  Murine Model Evaluation of Tumor Development and Radio-
frequency Ablation (RFA) Efficacy. A) Longitudinal visual compari-
son of tumor development in a rodent model, demonstrating the initial 
appearance of the hepatic tumor at Day 0 and its size increase by Day 
8. B) Left: Thermographic image illustrating the distribution of heat 
during RFA treatment on Day 8, with the color intensity indicating 
temperature variation. Right: Gross morphology of the excised hepatic 
tumor post-RFA intervention, showing the extent of tissue necrosis. 

C) Illustrative diagram depicting the rodent subject with the total RFA 
model setup, indicating the precise application of the RFA probe to the 
targeted hepatic tumor. D) Intraoperative comparison between the con-
trol (untreated) and treated groups within the study. The control dis-
play reveals a hepatic tumor without RFA intervention, and the treated 
image demonstrates the effects post-RFA, including areas of ablation 
and tissue alteration
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analysis focused on the changes in the proportions of mono-
nuclear cell populations, including Tregs (CD4+FoxP3+ 
regulatory T cells), macrophages (CD11b+F4/80+), 
myeloid-derived suppressor cells (MDSCs, CD11b+Gr1+), 
and dendritic cells (DCs, CD11c+).

After post-combined anti-PD-L1 treatment, there was an 
observed increase in the infiltration of antigen-presenting 
cells, including macrophages and DCs, was observed in the 
subcutaneous tumors. The infiltration of macrophages in the 
anti-PD-L1 group was statistically significant when com-
pared with the RFA group. Furthermore, the recruitment 
of DC cells in the combination therapy group also showed 
a significant difference compared to the other groups (see 
Fig.  5A, B). Analysis of PD-L1 expression across dif-
ferent cell populations revealed that tumor cells exhibit 
lower PD-L1 expression, while MDSCs exhibit the highest 
expression rate (refer to Fig. 5C). Treatment with anti-PD-
L1 significantly reduced PD-L1 expression intensity in vari-
ous immune cells, although this effect was not pronounced 
in the combined treatment (refer to Fig. 5D). These results 
collectively suggest that combined anti-PD-L1 blockade 

group exhibited slower tumor growth and smaller dorsal 
subcutaneous tumor volumes (Fig. 4C-D, p > 0.05, indicat-
ing no significant difference though). The median survival 
times for mice for the four groups were 6.3, 7.5, 16, and 30 
days, respectively. The combination treatment group had a 
significantly longer survival time (p < 0.05, Fig.  4E). The 
RFA group, a-PD-L1 group, and the combination group all 
exhibited temporary tumor growth inhibition during treat-
ment. However, this antitumor effect decreased after treat-
ment, leading to accelerated tumor growth. In contrast, mice 
in the RFA combined with a-PD-L1 treatment groups 1 and 
2 demonstrated progressive tumor regression, with a reduc-
tion in tumor volume exceeding 90% (refer to Fig. 4F-I).

Enhanced tumor immune microenvironment and T 
cells efficacy with combined ablation and anti-PD-L1 
therapy

To determine whether anti-PD-L1 treatment could reverse 
the suppressive tumor microenvironment induced by RFA, 
we analyzed the subcutaneous tumors of four treatment 
groups of tumor-bearing mice using flow cytometry. Our 

Fig. 3  Immune Response Characterization Following Radiofrequency 
Ablation (RFA) in a Rodent Model. A) Bar graphs depicting the per-
centage of CD8 + T cells expressing TNF-α and IFN-γ at Day 3 and 
Day 6 post-RFA compared to the control group. There is a marked 
increase in IFN-γ expression by Day 6 in the RFA-treated group, indi-
cating an enhanced Th1 response (*p < 0.05; statistical test: Two-way 
ANOVA). B) Similar bar graphs for CD4 + T cells showing a signifi-
cant rise in TNF-α expression by Day 3 in the RFA group, suggest-

ing early activation of the Th1 subset (*p < 0.05; statistical test: Two-
way ANOVA). C) Flow cytometry plots illustrating the expression of 
TNF-α and IFN-γ in CD8 + T cells at Day 3 and Day 6. The RFA group 
shows an elevated proportion of cytokine-expressing cells, particularly 
for IFN-γ at Day 6. D) Flow cytometry analysis for CD4 + T cells with 
corresponding expression patterns for TNF-α and IFN-γ. A clear shift 
towards higher IFN-γ expression is observed in the RFA group at Day 
6
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The basis of the body’s anti-tumor response is mainly 
mediated by T cell-led immune responses [20]. The efficacy 
of the immune response against tumors is determined by the 
number and functional state of these cells infiltrating the 
tumor microenvironment [21]. Tumor-infiltrating lympho-
cytes (TILs) are closely associated with type 1 interferon 
(IFN) secretion [22, 23]. Their presence has been shown 
to be a favorable prognostic factor in many cancers [24, 
25]. Studies have shown that, the tumor microenvironment 
contains various T cell subsets including regulatory T cells 
(Tregs) [26], exhausted T cells, and anergic T cells [27], in 
addition to CD8+ cytotoxic T lymphocytes (CTLs). These 
subsets can suppress the tumor immune response and pro-
mote tumor invasion and metastasis [28–30].

Percutaneous RFA is a widely accepted alternative treat-
ment method for patients with liver tumors, due to its safety 
and low rate of major complications. RFA treatment is 
believed to cause extensive cell necrosis, releasing cellu-
lar debris that serves as a source of tumor antigens. This 
triggers an immune response against the tumor, including 
the activation of immune and cryptic antigens that induce 
tumor-specific T cell responses. However, there are rela-
tively few reports on the overall impact of ablative therapy 
on the body’s immune status. Therefore, we are investigat-
ing the effects of RFA on the body’s immune function, spe-
cifically the changes in the immune microenvironment such 
as macrophages and exhausted T cells after RFA, and moni-
toring the expression of PD-L1 after ablation.

Compared to typical liver cancer tissues, there was a 
significant increase in PD-L1 expression in residual liver 
cancer tissues after incomplete RFA [31]. This suggests that 
RFA-induced local microenvironmental changes may lead 
to the upregulation of PD-L1 expression. we further inves-
tigated the changes in the immune microenvironment after 
ablation and successfully established a dual tumor model 
in mice. In this model, we observed that non-ablative liver 
tumors exhibited an increase in immune cell infiltration 
within the tumor tissue. This infiltration was predominantly 
characterized by a higher presence of macrophages, CD8+T 
cells, and CD4+T cells, indicating a significant change in 
the immune landscape after RFA treatment. Interestingly, 
tumor regression at non-irradiated distant tumor sites in 
some circumstances, which is called the “abscopal effect” 
[32, 33]. we assume that the upregulation of macrophages, 
CD8+T cells, and CD4+T cells is due to abscopal effect 
change immunosuppression to immune stimulation. Absco-
pal effect as a stimulator of immune system in combination 
with immunotherapy. Increase in antigen presentation fol-
lowing higher ratio of immunologic cell death within TME 
can amplify anti-tumor immunity [32]. By leveraging this 
principle, the study aims to elucidate the mechanisms by 
which RFA influences immune responses in non-targeted 

therapy can positively modulate the immune microenviron-
ment balance in distant tumors post-ablation.

Flow cytometry analysis revealed that the combined 
therapies regimen resulted in a significant increase in CD8+ 
tumor-infiltrating lymphocytes (TILs) with the combined 
therapies group compared to only one form of treatment. 
This increase led to a marked boost in the secretion of 
cytotoxic cytokines IFN-γ and TNF-α (Fig. 6A). Although 
CD4+TILs did not vary significantly across the cohorts, the 
combined treatment group exhibited a substantial increase in 
IFN-γ and TNF-α levels compared to both the single-treat-
ment groups and the control group. This suggests that effec-
tor T cells have an enhanced anti-tumor efficacy (Fig. 6B). 
On the eleventh day after treatment, a significant decrease in 
Treg cell presence was observed in the cohorts treated with 
anti-PD-L1 alone and in synergy with RFA, in contrast to 
the group treated exclusively with RFA (srefer to Fig. 6C). 
It is noteworthy that the CD8+/Treg ratio was significantly 
higher in the combined therapy group compared to all other 
groups (refer to Fig. 6D). Furthermore, the analysis suggests 
that anti-PD-L1 therapy inhibits the growth and movement 
of MDSCs in subcutaneous tumors. The combination ther-
apy group showed a statistically significant difference from 
the untreated group.

Discussion

Hepatocellular carcinoma (HCC) is known for its complex 
etiology and often presents at an advanced stage, resulting 
in a staggeringly low five-year survival rate. Therefore, 
innovative and more effective therapeutic approaches are 
urgently needed.

To gain a deeper understanding of the tumor microenvi-
ronment in HCC, we performed a single-cell analysis of HCC 
samples using publicly available datasets. Thirteen HCC 
samples were carefully selected for detailed investigation. 
Following a rigorous cell filtration process, we identified 
various cell types within the HCC microenvironment based 
on specific markers, allowing us to distinguish populations 
such as CD8 + T cells, regulatory T cells (Tregs), M1 and 
M2 macrophages, and CD4 + memory T cells. To explore 
the relationship between these cells and their evolution dur-
ing the initiation and progression of HCC, we conducted a 
cell trajectory analysis. This analysis revealed a significant 
increase in CD8 + T cells in the early stages of HCC. While 
CD8 + T cells are typically known for their tumor-killing 
ability, their increased presence did not halt tumor progres-
sion, leading us to hypothesize that these CD8 + T cells may 
become exhausted. This exhaustion could contribute to the 
continued progression of HCC, suggesting a complex inter-
play between the immune response and tumor development.
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Inhibitory stromal cells, such as MDSCs and macrophages, 
also showed significant increases in infiltration and pre-
dominantly expressed PD-L1. These findings suggest that 
RFA-mediated local inflammatory responses can induce the 
formation of a suppressive tumor immune microenvironment. 

tumors, thereby contributing to a more comprehensive 
understanding of tumor-immune dynamics and informing 
the development of novel therapeutic strategies.

The PD-L1 expression in the tissue outside the ablation 
site showed an increasing trend, primarily in tumor cells. 

Fig. 4  Therapeutic Efficacy of Radiofrequency Ablation (RFA) Combined with Anti-PD-L1 Immunotherapy. A) Tumor cells were implanted in 
the liver on Day 0. Radiofrequency ablation (RFA) of the liver tumor was performed on Day 7. Anti-PD-L1 (200 µg) was administered intra-
peritoneally (i.p.) on Days 8, 11, 14, and 17 B) Collection of excised livers depicting the variability in tumor burden post-intervention. C) Line 
graph presenting tumor size quantification across four experimental groups: untreated, RFA alone, a-PD-L1 monotherapy, and RFA combined 
with a-PD-L1. The combination therapy group shows a significant reduction in tumor growth over time. D) Representative liver specimens from 
each treatment group showcasing comparative outcomes. Notable tumor regression is observed in the RFA combined with a-PD-L1 cohort. E) 
Kaplan-Meier survival curves for the four groups, illustrating enhanced survival benefit in the RFA plus a-PD-L1 treatment group (statistical test: 
Log-rank (Mantel-Cox) test). F-I) Individual tumor growth kinetics within each group, demonstrating the heterogeneity of response. The RFA/a-
PD-L1 group (I) exhibits a marked suppression of tumor progression compared to other treatments

Fig. 5  Immunomodulatory Effects of RFA and Anti-PD-L1 Therapy on 
Tumor Microenvironment A) Bar graphs representing the frequency 
of CD45 + leukocytes, macrophages, MDSCs, and DCs in untreated, 
RFA, anti-PD-L1 (a-PD-L1), and combination therapy (RFA + a-PD-
L1) groups, indicating alterations in immune cell populations upon 
different treatments(statistical test: Two-way ANOVA). B) The expres-
sion of PD-L1 on tumor cells, CD45 + leukocytes, macrophages (M&), 
MDSCs, and DCs across the same treatment groups, with significant 
upregulation noted in certain populations post-treatment, especially 

with the combination therapy(statistical test: Two-way ANOVA). 
C) Flow cytometry contour plots illustrating the gating strategy for 
immune cell populations and their subsets within the tumor microen-
vironment, highlighting differences in cell frequency and phenotype 
post-treatment. D) Histograms of PD-L1 expression on CD45 + leuko-
cytes, macrophages (M&), MDSCs, and DCs for each treatment group 
(untreated, RFA, a-PD-L1, RFA + a-PD-L1), demonstrating the impact 
of RFA and anti-PD-L1 therapy on PD-L1 levels within these immune 
cell subsets
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treatment, which may be the cause of tumor immune escape 
after treatment.

Studies have shown that combining PD-1 blockade with 
RFA can significantly improve outcomes for patients with 
recurrent HCC. This combined therapy appears to reduce 
local tumor recurrence and enhance overall survival com-
pared to RFA alone [37].

PD-1 is expressed on T cells and interacts with its ligand 
PD-L1, which can be expressed on both tumor cells and 
immune cells within the tumor microenvironment. This 
interaction plays a crucial role in tumor immune evasion. 
By blocking PD-1/PD-L1, the immune response against 
tumor cells is reactivated, potentially leading to improved 
control of tumor growth and reduced recurrence rates [38].

To test the hypothesis that RFA combined with anti-
PD-L1 tumor treatment could have synergistic anti-tumor 
effects, we established a dual tumor model in mice with in 
situ liver tumor and subcutaneous back tumor. Compared 
to the RFA or a-PD-L1 alone group, the combination group 
exhibited relatively slower tumor growth and smaller tumor 
volume in subcutaneous back tumors. Additionally, their 
survival time was significantly prolonged compared with 
other treatment groups. Our results suggest that anti-PD-L1 
therapy may counteract the suppressive tumor microenvi-
ronment induced by RFA, our results revealed a remark-
able observation. After ablation treatment, infiltration of 
Treg cells infiltration was significantly reduced in both the 

To evaluate the anti-tumor capabilities of infiltrating T cells, 
we analyzed the abiliy of CD8+ and CD4+T cells to secrete 
IFN-γ and TNF-α. Three days after ablation, a significant 
increase in both IFN-γ+ and TNF-α+ was observed among 
CD8+ tumor-infiltrating lymphocytes, as well as in the IFN-
γ+ and TNF-α+CD4+TILs within the treatment group. This 
finding highlights a significant improvement in the immune 
response after treatment. Interestingly, the ratio of lympho-
cyte infiltration in tumor tissues, especially CD8+T cells, 
significantly increased in the post-ablation period compared 
to the control group. However, their secretion of tumor-kill-
ing cytokines IFN-γ and TNF-α showed a decreasing trend, 
similar to the control group levels, suggesting that most T 
cells experienced functional exhaustion and were unable to 
sustain their anti-tumor effects. Notably, this finding high-
lights the importance of considering the functional status of 
T cells in cancer immunotherapy.

Tumors may utilize the expression of co-inhibitory 
PD-L1 molecules to bind with PD-1 on the surface of T 
cells. This can lead to effector T cell exhaustion, suppress-
ing T cell-mediated immune responses, promoting immune 
escape of tumor cells. This indicates a poor prognosis. 
PD-L1 appears to play a bridging role in mediating the tran-
sition from ‘immune activation’ to ‘immune tolerance’ in 
tumors [34–36]. Our research indicates that PD-L1 expres-
sion is significantly upregulated in tumor tissues after RFA 

Fig. 6  Functional and Regulatory T Cell Profiles Following RFA and 
PD-L1 Inhibition A) Bar graphs show the percentages of TNF-α + and 
IFN-γ + among CD8 + T cells, with an adjacent set of flow cytometry 
contour plots for each treatment group. Enhanced cytokine expression 
is observed post-RFA and PD-L1 inhibition, with a notable synergistic 
increase in the dual-treated cohort(statistical test: Two-way ANOVA). 
B) For CD4 + T cells, the data display a similar trend in cytokine pro-
duction as CD8 + T cells, with the RFA + a-PD-L1 group exhibiting 
the most substantial elevation in TNF-α and IFN-γ expression (statisti-

cal test: Two-way ANOVA). C) The proportion of T regulatory cells 
(CD4 + FoxP3+) is quantified, showing a decrease in Treg frequency 
following combined RFA and anti-PD-L1 therapy, as visualized in 
the corresponding flow cytometry plots (statistical test: Two-way 
ANOVA). D) The ratio of CD8 + T cells to Tregs is graphed, indicat-
ing an increased ratio in the RFA and RFA + a-PD-L1 groups, sugges-
tive of an immune environment more conducive to anti-tumor activity 
(statistical test: Two-way ANOVA)
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