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of hepatocellular carcinoma
Tian Huang1,5†, Hensong Cao2†, Shipeng Dai1†, Yonghua Zhu1, Hanyuan Liu2, Shuxian Zhu3, Zhengqing Lu1, 
Chuan Liu1, Chengyu Lv2*, Zhouxiao Li4*, Jinhua Song1* and Han Zhuo1* 

Abstract 

Background  Ablation is one of the main methods for local treatment of hepatocellular carcinoma (HCC). Differ-
ent from radiofrequency ablation (RFA), microwave ablation (MWA) is not limited by tissue conductivity, and can 
use multiple electrodes at the same time to improve ablation efficiency. In addition, MWA can form a larger ablation 
area, which makes it possible to completely ablate large HCC. However, MWA may be incomplete due to factors 
such as larger tumors or tumors in high-risk areas. The mechanism by which the cellular and tumor immune micro-
environment (TIME) is involved in the in vitro effects of incomplete microwave ablation (iMWA) needs to be further 
elucidated.

Methods  H22 tumor-bearing C57BL/6 mice were treated with iMWA with several combinations of ablation power 
and time duration. The effects of iMWA on the genes of HCC cancer cells and the TIME were investigated by RNA 
sequencing, mass cytometry, immunohistochemistry, and immunofluorescence. The effect of iMWA in combination 
with anti-Gr-1 on HCC tumor growth was also evaluated.

Results  Thermal stress generated by iMWA induced coagulative necrosis and apoptosis in the region of the abla-
tion center of HCC. RNA sequencing analysis showed that iMWA can boost chemokine CXCL5, which was fur-
ther confirmed by quantitative real time polymerase chain reaction (qRT-PCR). Mass cytometry results showed 
that relative to Ctrl group, iMWA-treated led to decreased CD4+ T, CD8+ T, Natural killer (NK), macrophages includ-
ing both M1 and M2 types but increased monocytes and bone marrow-derived suppressor cells (MDSC). There-
fore, inhibiting MDSC is the main target in the later stage of iMWA. In vivo results showed that the tumor volume 
and weight of iMWA+ anti-Gr-1 group were significantly reduced compared with iMWA+ anti-IgG group. In addition, 
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Introduction
Hepatocellular carcinoma (HCC) is one of the most 
common malignant tumors of digestive system, with the 
sixth incidence and the second mortality [1, 2]. In gen-
eral, the prognosis of HCC is poor, the ratio of morbid-
ity to mortality reaches 1:0.9, which seriously endangers 
people’s life and health. Like most malignant tumor of 
digestive system, surgery is still the best treatment for 
resectable HCC [3–5]. However, many prospective and 
retrospective studies have confirmed that the 5-year sur-
vival rate of local ablation for early small HCC is close to 
60%. There was no significant difference in the survival 
rate between local ablation and surgical resection in this 
group of patients [6–8]. Therefore, local ablation is an 
important treatment for patients with small HCC who 
are not suitable for surgical treatment.

Under the guidance of ultrasound, computer tomogra-
phy (CT) or Magnetic Resonance Imaging (MRI), local 
ablation can cause coagulation necrosis of tumor by phys-
ical or chemical methods, so as to achieve the purpose 
of local eradication of tumor. Radiofrequency ablation 
(RFA) is the most widely used local ablation technique 
for HCC. The principle of RFA therapy is that the head 
end of the radio frequency therapeutic electrode inserted 
into the tumor tissue emits radio frequency current, 
and then excites the tissue cells around the electrode to 
carry out ion oscillation, which making the intracellular 
temperature of the tumor tissue exceed 60 °C, High tem-
perature causes irreversible necrosis of cells, coagulates 
blood vessels around tumors and blocks blood supply to 
tumors [7, 9]. Different from RFA, microwave ablation 
(iMWA) is not limited by tissue conductivity, and can use 
multiple electrodes at the same time to improve ablation 
efficiency. In addition, MWA can form a larger ablation 
area, which makes it possible to completely ablate large 
HCC [10–12]. Cryoablation relies on freezing tempera-
ture to induce tumor cell death, which is the earliest local 
ablation technique for effective treatment of benign and 
malignant liver tumors [13, 14]. It can be seen that local 
ablation therapy not only has the curability of surgical 
resection, but also has its unique minimally invasive and 
cost-effective.

The efficiency of MWA in treating HCC is clearly lim-
ited by incomplete ablation of large tumors and tumors 
at high-risk sites. However, until now, few studies have 
explored the effect of incomplete MWA (iMWA) on 
tumor immune microenvironment (TIME) in HCC. 
Tumor immune microenvironment (TIME) include 
tumor cells, immune cells, cytokines, etc. The interac-
tions between these components, which are divided into 
anti-tumor and pro-tumor, determine the trend of anti-
tumor immunity. Although the immune system can elim-
inate tumor through the cancer-immune cycle, tumors 
appear to eventually evade from immune surveillance by 
shaping an immunosuppressive microenvironment [15, 
16]. Immunotherapy reshapes the TIME and restores 
the tumor killing ability of anti-tumor immune cells. In 
the present study, the effects of iMWA on the genes of 
HCC cancer cells and the tumor microenvironment were 
investigated by RNA sequencing, mass cytometry, immu-
nohistochemistry, and immunofluorescence. The goal of 
our study is to provide theoretical possibilities for a new 
protocol for patients with giant HCC, namely iMWA 
combined with immunotherapy.

Materials and methods
Cell cultures
We procured mouse HCC cell line H22 from the Chi-
nese Academy of Sciences Type Culture Bank. H22 were 
then grown in RIPA 1640 medium (Gibco, USA) supple-
mented with 10% fetal bovine serum and 1% penicillin/
streptomycin. The culturing of these cells was maintained 
at a steady temperature of 37 °C with a 5% CO2 environ-
ment in a temperature-controlled incubator.

In vivo tumor mice model and iMWA treatment
The Nanjing Medical University Animal Management 
Committee gave its approval for the animal experiment, 
and all experimental techniques and animal care adhered 
to the institutional ethical standards for animal-related 
investigations. The Nanjing Medical University Labora-
tory Animal Centre used specialised pathogen-free (SPF) 
breeding practise to raise all of its mice. The cervical dis-
location used to sacrifice mice.

the merged expressions of CD11b and Gr-1 proteins were found reduced in the iMWA+ anti-Gr-1 group compared 
with the iMWA+ anti-IgG group by immunofluorescence staining. Immunohistochemistry suggested that CD8 
was enriched in the iMWA+ anti-Gr-1 group but not in the iMWA+ anti-IgG group.

Conclusion  Our data suggests that iMWA and Gr-1 blocking combined therapy can further inhibit HCC growth 
and significantly improve the CD8+ T cells in the mouse subcutaneous tumor model, which brings good news to HCC 
patients.

Keywords  Microwave ablation, Gr-1, Cancer immunotherapy, Bone marrow-derived suppressor cells, Hepatocellular 
carcinoma
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C57BL/6 wild-type mice were bought from the Nan-
jing Medical University Model Animal Research Cen-
tre. Before tumour implantation, all animals were 
examined to make sure they were healthy and free of 
illness. C57BL/6 mice received subcutaneous injections 
of H22 cells. Four groups were created from the tumour 
model mice with transplanted carcinomas, Ctrl (no treat-
ment), iMWA, iMWA+ anti-IgG, iMWA+ anti-Gr-1, 
each group had 5 mice. When the tumors grew into 
150–200  mm3 in volume, iMWA, iMWA+ anti-IgG and 
iMWA+ anti-Gr-1 group received incomplete ablation. 
One week after ablation, 10 mg/kg anti-IgG or anti-Gr-1 
(MedChemExpress, Shanghai, China) was intraperi-
toneal injected into the mice in iMWA+ anti-IgG and 
iMWA+ anti-Gr-1 groups, and once a week. The tumor 
size was measured every 3  days and the tumor volume 
was calculated using the following formula: volume 
(mm3) = width2 × length/2.

iMWA treatment
When the original tumor reached 150–200  mm3, it was 
treated with MWA utilizing a microwave generator (KY-
2000, Canyon Medical, Nanjing, China) Intraperitoneal 
injection of avertin (1.25% avertin, EasyCheck, Nan-
jing AIBI Bio-Technology Co. Ltd., M2910) was used to 
anesthetize mice. After inserting a MWA antenna (KY-
2450A-1, Canyon Medical, Nanjing, China) into the 
primary tumor’s center, several powers and timings of 
iMWA treatment were used. In our investigations, we 
employed a microwave radiation frequency of 2450 MHz 
for 15 s.

RNA sequencing
Mice tumors from iMWA treatment and control were 
lysed in Trizol and then subjected to RNA sequenc-
ing. The total amount of RNA used as input material for 
the RNA sample preparations was 2  µg RNA per sam-
ple. Using the Illumina VAHTS mRNA-seq v2 Library 
Prep Kit, sequencing libraries were produced. index 
codes were applied to each sample in accordance with 
the manufacturer’s recommendations in order to assign 
sequences to it. In short, poly-T oligo-attached mag-
netic beads were used to separate mRNA from total 
RNA. Fragmentation buffer was used during the process. 
After first strand cDNA synthesis, second strand cDNA 
synthesis was carried out. The leftover overhangs were 
made into blunt ends. DNA fragments with their 3ʹ ends 
adenylated were ligated using an adapter with a hairpin 
loop shape. Next, the Polymerase Chain Reaction (PCR) 
was carried out. Finally, a final library size of roughly 
350 bp was achieved by Qubit HS quantification and Agi-
lent 2100 Bioanalyzer/Fragment Analyzer 5300 quality 
control. Following the manufacturer’s instructions, the 

libraries were sequenced on an Illumina NovaSeq plat-
form to produce 150 bp paired-end reads (Berry Genom-
ics, Beijing, China).

Bioinformatic analysis
RNAs differential expression analysis was performed 
by DESeq2 software between two different groups. 
The genes with the parameter of false discovery rate 
(FDR) ≤ 0.05 and |Fold change|≥ 2 were considered dif-
ferentially expressed genes. All DEGs were mapped to 
GO terms in the Gene Ontology database (http://​www.​
geneo​ntolo​gy.​org/), gene numbers were calculated for 
every term, significantly enriched GO terms in DEGs 
comparing to the genome background were defined by 
hypergeometric test. FDR ≤ 0.05 was used as the thresh-
old for the calculated p-value. GO terms meeting this 
condition were defined as significantly enriched GO 
terms. KEGG pathway enrichment analysis identified 
significantly enriched metabolic pathways or signal trans-
duction pathways in DEGs comparing with the whole 
genome background. The calculating formula and filter-
ing rules are the same as for the GO analysis. The Gene 
Ontology gene sets (c5.go.bp.v7.4.symbols) gene set was 
used for the enrichment analysis in GSEA v 4.3.0 soft-
ware (https://​www.​gsea-​msigdb.​org/​gsea/​index.​jsp). The 
genes identified to be on the leading edge of the enrich-
ment profile were subject to pathway analysis. The nor-
malized enrichment score (NES) is the primary statistic 
for examining gene set enrichment results. The nominal 
P value estimates the statistical significance of the enrich-
ment score. A gene set with nominal P ≤ 0.05 was consid-
ered to be significantly enriched in genes.

RNA extraction and quantificational real‑time polymerase 
chain reaction (qRT‑PCR)
We utilized the FastPure® Cell/Tissue Total RNA Isola-
tion Kit V2 (Vazyme, China) to extract total RNA from 
cells and samples as per the provided instructions by the 
manufacturer. By employing a reverse transcription kit 
(Vazyme, China), the RNA was transcribed in reverse 
into cDNA. The specific sequences of each primer are 
presented in Table  S1. In order to establish normalized 
mRNA expression levels, we used GAPDH as a reference.

ELISA
The evaluation of CXCL5 was conducted utilizing a 
CXCL5 ELISA kit commercially procured from Meim-
ian biotechnology, China. The assays were in compliance 
with the protocols stipulated by the kit manufacturer. 
Subsequent analysis was executed through a microplate 
reader, quantifying the sample’s absorbance (OD) at a 
wavelength of 450 nm.

http://www.geneontology.org/
http://www.geneontology.org/
https://www.gsea-msigdb.org/gsea/index.jsp
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Immunofluorescence and immunohistochemistry
Immunofluorescent cells were fixed with 4% Paraformal-
dehyde (Generalbiol, China) for a period of 20 min under 
ambient conditions, followed by cell permeabilization 
for 10  min using 0.05% Triton X-100 (Sigma-Aldrich, 
USA). The specimens were then blocked using PBS that 
contained 2% BSA and left to stand for 60 min at room 
temperature, following which they were incubated at 4 °C 
throughout the night with specific antibodies for CD11b, 
Gr-1, TUNEL, Ki67 (Bioss, China). Further, these sam-
ples underwent an additional 60-min incubation at room 
temperature with either Alexa Fluor or HRP-linked sec-
ondary antibodies (Abcam, UK). Nuclei were counter-
stained with Hoechst 33342 (Sigma-Aldrich, USA) and 
visuals were captured via laser scanning confocal micros-
copy. In terms of immunohistochemistry studies, the 
samples were kept overnight at 4 °C with antibodies tar-
geting CD8 (Bioss, China) and immune responses were 
detected the following day using 3ʹ-diaminobenzidine 
(DAB) (Generalbiol, China), in line with the supplier’s 
guidelines.

Mass cytometry
We obtained tissue samples from MWA treatment and 
control tumor-bearing groups. We then processed mouse 
tumor tissue using the Miltenyi Mouse Tumor Isolation 
Kit (Miltenyi Biotec, Germany), in which Percoll removes 
debris and divides red blood cells. More experimental 
details refer to our previous research work [17].

Statistical analysis
Data were shown as the mean ± standard deviation (SD). 
Graphpad Prism 8.0 was utilized as the primary tool for 
performing the bulk of the analytical tasks in this study, 
where a p-value of less than or equal to 0.05 was consid-
ered indicative of statistical significance. Independent 
t-tests were deployed for comparative analyses across the 
various groups within the study.

Results
Thermal stress induces cell necrosis and apoptosis 
in the central region of iMWA in HCC
To assess the effect of iMWA on HCC, we established a 
subcutaneous tumor bearing model of C57BL/6 mice 
using H22 cells. iMWA (~ 50% ablation) treatment was 
performed 2  weeks after tumor inoculation and sham 
surgery was performed in Ctrl group (Fig.  1A). H&E 
staining indicated that the areas of coagulative necrosis in 
tumor tissues of iMWA (Fig. 1B). In addition, immuno-
fluorescence also confirmed that iMWA induced apopto-
sis in a large number of HCC cells in the central ablation 

area (Fig. 1C). The above data confirm that thermal stress 
generated by iMWA induces coagulative necrosis and 
apoptosis in the region of the ablation center of HCC.

iMWA boosts chemokines based on RNA sequencing 
analysis in HCC mice model
But what is the effect of iMWA on the genetic level in 
HCC tissues? To confirm this, we used tumor tissues 
from Ctrl and iMWA group for RNA-sequencing in order 
to examine the potential molecular processes. Differ-
ential genes are visible on volcano map (Fig. 2A). In the 
iMWA group, 246 mRNAs were considerably upregu-
lated, while 12 mRNAs were significantly downregu-
lated (Fig. 2B). According to the results of the matching 
KEGG analysis, the majority of differentially expressed 
genes were enriched in the Chemokine signaling path-
way, Cytokine-cytokine receptor internation, and Viral 
protein interaction with cytokine and cytokine receptor 
(Fig.  2C, D). KEGG enrichment cycle diagram showed 
that differential gene enrichment of the top 20 path-
ways (Fig. 2E). KEGG-enriched bar chart show differen-
tial genes associated with signal transduction (Fig.  2F). 
GSEA-go and kegg suggest that iMWA is associated 
with the chemokine acivity, Cytokine-cytokine receptor 
interaction and Chemokine signalling pathway (Figure 
S2A–C). The chemokine pathway is important in mediat-
ing cellular signal transduction [18]. These results suggest 
that iMWA activates chemokine pathways.

To further investigate the correlation between iMWA 
and chemokines, we detected the key chemokines and 
receptors based on RNA sequencing results using qRT-
PCR and ELISA, mainly including CCL2, CCL5, CXCL2, 
CXCL5, CCR2, CXCR2 and CCR5. The results showed 
that chemokine CXCL5 and chemoreceptor CXCR2 were 
significantly increased in iMWA-treated groups (Fig. 3A–
C). The results suggested that iMWA treatment caused 
increased levels of CXCL5 and CXCR2, which in turn 
affected the HCC tumor immune microenvironment.

Changes of TIME after iMWA treatment in HCC mice model 
based on mass cytometry
To assess the effect of iMWA on the overall TIME of 
HCC, we measured the expression of the respec-
tive immune cell populations in the Ctrl group and 
the iMWA-treated group using mass cytometry. We 
cycled single, live, and intact CD45+ immune cells 
from the selected cells in the respective tissues. All 
samples showed clustering and subgroup annotation 
of CD45+ immune cells. There were 32 cell clusters in 
total, and we defined the respective cell cluster based 
on the specific markers of the respective cell type 
(Fig.  4A, B, Figure S1). Results showed that relative 
to Ctrl group, iMWA-treated led to decreased CD4+ 
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Fig. 1  Incomplete microwave ablation causes coagulative necrosis and apoptosis of cells in the ablation area. A Schematic diagram 
of experimental mice treatment. Mice were injected subcutaneously with H22 cells and treated with sham-operated (Ctrl) or iMWA (~ 50% ablation) 
2 weeks later, and were executed 3 days after treatment. B H&E staining of tumor tissues on Ctrl and iMWA group after iMWA treatment, Scale bar, 
200 μm. C TUNEL immunofluorescence detection of cell apoptosis at the ablation site of tumors after iMWA treatment. Scale bar, 20 μm.*P < 0.05; 
**P < 0.01; ***P < 0.001
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Fig. 2  iMWA induces chemokine alterations in the HCC tumor microenvironment. A Volcanic maps showing changes in gene expression 
after the iMWA in HCC. B Statistical map of up-regulated or down-regulated differential genes. C–E The enrichment of KEGG pathways 
among differentially expressed genes. F Differential gene KEGG enriched bar chart
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T, CD8+ T, Natural killer (NK), macrophages includ-
ing both M1 and M2 types but increased monocytes 
and bone marrow-derived suppressor cells (MDSC) 
(Fig. 4C, D). In addition, we also analyzed the changes 
in the proportion of different cell populations com-
pared to the total cell population, and the results 
showed the same trend, most notably a decrease in T, 

NK, and macrophages cells but an increase in MDSC 
cells in the iMWA-treated group (Fig.  4E). In particu-
lar, we showed that the C15 group is the MDSC group, 
which is highly enriched in iMWA-treated tissues, but 
the C17 group is the CD8+ T cell group, which is sig-
nificantly reduced in iMWA-treated tissues (Fig.  5A, 
B). In order to further study the effect of iMWA group 

Fig. 3  iMWA increases CXCL5 levels in mouse HCC tumor tissues and peripheral blood. A qRT-PCR analysis of CCL2, CCL5, CXCL2 and CXCL5 in HCC 
tissues of C57BL/6 mice after iMWA. B ELISA detection of CXCL5 levels in peripheral blood of iMWA-treated HCC tumor-bearing C57BL/6 mice. C 
qRT-PCR analysis of CCR2, CXCR2 and CCR5 in HCC tissues of C57BL/6 mice after iMWA.*P < 0.05; **P < 0.01; ***P < 0.001
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on MDSC, we used immunofluorescence staining of 
mouse tumor tissue in each group and found that the 
merged expressions of CD11b and Gr-1 proteins were 
higher in the iMWA-treated group compared with the 
Ctrl group (Fig. 5C). Immunohistochemistry suggested 

that CD8 was enriched in the control group but not in 
the iMWA-treated group (Fig. 5D).

We synchronously analyzed the detailed expression 
of some signature proteins in different groups. Results 
revealed that iMWA-treated group led to decreased CD8 

Fig. 4  Mass cytometry reflected the immune microenvironment of subcutaneous H22 tumors after iMWA treatment. A There were 32 cell clusters 
in total, which were defined in the respective groups. B TSNE plot showing distributions of 32 cell clusters. C TSNE diagram showing the distribution 
of cell clusters in the respective sample. D The bar chart showing the number of typical cell groups in each tissue. E The bar chart showing 
the number of typical cell populations in total population.*P < 0.05; **P < 0.01; ***P < 0.001
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MDSC CD8+TA

C

B

D

Fig. 5  Immunohistochemical and fluorescence results in different groups. A The histogram showing the number of MDSC in the respective 
sample based on mass cytometry. B The histogram showing the number of CD8 T in the respective sample based on mass cytometry. C 
Immunofluorescence of CD11b and Gr-1 in two groups, Scale bar, 20 μm. D Immunohistochemistry of CD8 in two groups, Scale bar, 20 μm.*P < 0.05; 
**P < 0.01; ***P < 0.001
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and CD4 expression but increased TNFa, IFNg, and Gr-1 
expression, which was assessed from the expression of 
the population sample (Fig. 6A–E). These results suggest 
that the iMWA group has a greater effect on TIME, espe-
cially the upregulation of MDSC and downregulation of 
CD8 T cells. MDSC express receptors such as CXCR2 
and can be converted by CXCL5 secreted by tumor 
cells [19]. Combined with the results of RNA sequenc-
ing and qRT-PCR, we hypothesized that iMWA chemo-
taxis MDSC by increasing the level of CXCL5 in the 
HCC tumor microenvironment, which in turn induces 
accumulation.

iMWA and Gr‑1 blocking combined therapy further inhibits 
HCC growth
Based on the previous conclusions, including the increase 
in chemokines, MDSC and decrease in CD8 T caused by 
iMWA, we searched the literature and found that these 
chemokines can recruit MDSC, and the increase of 
MDSC inhibits CD8 T cells [20–23]. Therefore, inhibit-
ing MDSC is the main target in the later stage of iMWA. 
We established a subcutaneous tumor bearing model of 
C57BL/6 mice using H22 cells. iMWA treatment was 
performed 2 weeks after tumor inoculation. Injection of 
anti-Gr-1 was started 3 days after iMWA and then once a 
week and anti-IgG was as a control (Fig. 7A). The results 
showed that the tumor volume and weight of iMWA+ 
anti-Gr-1 group were significantly reduced compared 
with iMWA+ anti-IgG group (Fig.  7B–D). In addition, 
we used immunofluorescence staining of mouse tumor 
tissue in each group and found that the merged expres-
sions of CD11b and Gr-1 proteins were reduced in the 
iMWA+ anti-Gr-1 group compared with the iMWA+ 
anti-IgG group (Fig.  7E). Immunohistochemistry sug-
gested that CD8 was enriched in the iMWA+ anti-Gr-1 
group but not in the iMWA+ anti-IgG group (Fig.  7F). 
Ki67 was significantly down-regulated in the iMWA+ 
anti-Gr-1 group, suggesting the growth of the cancer cells 
was effectively controlled (Fig. 7G).

These results suggest that iMWA and Gr-1 blocking 
combined therapy can further inhibit HCC growth and 
significantly improve the CD8+ T cells in the mouse sub-
cutaneous tumor model.

Discussion
MWA is based on dielectric heating, which occurs when 
an imperfect dielectric material is exposed to an alter-
nating electromagnetic (EM) field [24]. A microwave 
field oscillates rapidly (2450  MHz = 2.45 billion times a 
second), rotating polar molecules, primarily water, that 
oscillate out of phase, so some EM energy is absorbed 
and changed to heat. During treatment, MWA produces 
EM waves around an insulated, electrically independent 

antenna. The majority of the heat is due to the excitement 
of polar water particles, whereas ionic polarization influ-
ences for a much smaller part of the generated heat [25, 
26]. MWA has some theoretical benefits compared with 
RFA: the target to be treated can be larger because it pro-
duces a larger area of necrosis; the time of treatment is 
shorter; and MWA is less influenced by the defense of the 
neighboring tissues due to vaporization and charring, so 
as the heat‐sink effect influences less the efficacy of treat-
ment. Because of the EM nature of microwaves, MWA is 
not limited by tissue conductance, as the propagation of 
energy is not dependent on electrical tissues properties, 
unlike RFA treatment [27]. According to the literature, 
overall survival, local recurrence, complication rates, dis-
ease‐free survival, and mortality in patients with HCC 
treated with MWA (compared with RFA) vary between 
22  months for focal lesion > 3  cm (vs. 21  months) and 
50  months for focal lesion ≤ 3  cm (vs. 27  months), 
between 5% (vs. 46.6%) and 17.8% (vs. 18.2%), between 
2.2% (vs. 0%) and 61.5% (vs. 45.4%), between 14 months 
(vs. 10.5 months) and 22 months (vs. no data reported), 
and between 0% (vs. 0%) and 15% (vs. 36%), respectively 
[27]. Baker et al. assessed safety and efficacy of MWA in 
340 patients with HCC. Median value of lesion size was 
3.2 cm (range, 1–6). A total of 89.5% of patients had cir-
rhosis, 60.7% related to hepatitis C, and 8.2% related to 
hepatitis B. Slightly over one third (35.9%) were Child‐
Pugh class B/C cirrhotic. Laparoscopic MWA procedures 
were performed in 96.8% of the patients. Four patients 
died within 30 days (1.8%). Clavien–Dindo grade III com-
plications happened in 3.2% of patients. Complete necro-
sis was recognized in 97.1% of tumors, whereas local 
recurrence was 8.5% at 10.9  months median follow‐up 
(0–80  months). Local recurrence happened in 34.8% of 
patients at 10.9 months median follow‐up, and metastatic 
recurrence rate was appreciated in 8.1% of patients. At 
1 year, OS was 80.0%, whereas at 2 years OS was 61.5%. 
The researchers established that MWA could be per-
formed safely, even in patients with advanced disease. 
The minimally invasive procedure determines low mor-
bidity and mortality with acceptable incomplete necrosis 
rates and regional recurrence [28].

As one of the commonly used thermal ablation tech-
niques, some recent studies have reported the effect of 
RFA on the immune microenvironment of HCC. The 
peripheral blood levels of CD4+ T cells, CD4+ CD8+ 
T cells, and CD4+ CD25+ CD127+ Tregs were signifi-
cantly higher and levels of CD16+ CD56+ natural killer 
cells were significantly lower in HCC patients after RFA 
[29]. RFA promoted the release of large amounts of HSP-
70 in the serum leading to local inflammation and activa-
tion of antigen-presenting cells in the tumor region [30]. 
Thermal ablation-mediated upregulation of METTL1 
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Fig. 6  Specific marker changes after iMWA treatment in HCC mice model based on mass cytometry. A–E TSNE plot showing the distribution 
of some markers. *P < 0.05; **P < 0.01; ***P < 0.001
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enhanced TGF-β2 translation by inducing MDSC to cre-
ate an immunosuppressive environment [31]. In addition, 
studies have shown that thermal ablation remodels the 
HCC immune microenvironment by affecting cytokine 
expression levels. Inflammatory cytokines such as IL-1β, 
IL-6, and TNF-α are more expressed after RFA, induc-
ing enhanced immune response in HCC [32]. After RFA, 
the expression of immunosuppressive cytokines such as 
IL-10, TGF-β secreted in the HCC tumor microenviron-
ment was reduced. In contrast, IFN-γ levels increased 
after RFA [33].

Changes in circulating immune cells/factors and TIME 
have been explored by analyzing peripheral blood and 
tumor models. Studies have shown that in the tumor 
model established by 4T1 breast cancer cells, MWA 
can activate T cell immune response, and MWA-based 
combination therapy can significantly induce th1 type 
anti-tumor response [34]. MWA combined with TIGIT 
blocking has a synergistic anticancer effect [35]. LAG3 
blocking combined with MWA can reprogram TIME into 
an anti-tumor mode by promoting the function of CD8+ 
TIL [36]. Following thermal ablation, Katharina Leuchte 
et al. examined tumor-specific immune responses in the 
peripheral blood of HCC patients in relation to T cell 
responses and prognosis. While fluorospot analyses of 
specific T cell responses against seven tumor-associated 
antigens (TTAs) revealed de-novo or enhanced tumor-
specific immune responses in 30% of patients, compre-
hensive flow cytometric analyses in sequential samples 
of a prospective patient cohort (n = 23) revealed only 
moderate effects of MWA on circulating immune cell 
subsets. The presence of tumor-specific T cell responses 
(IFN-y and/or IL-5) was linked to longer progression-
free survival (27.5 vs. 10.0  months), and interferon-y 
and interleukin-5T cell responses against TAAs were 
more common in patients with a long-term remission 
(> 1 year) after MWA (7/16) compared to patients suffer-
ing from an early relapse (0/13 patients). These findings 
suggest that the anti-tumor immune response is related 
to tumor control. In patients getting combined MWA 
and resection, digital image analysis of immunohisto-
chemically stained archival HCC tissues (n = 18) showed 
that individuals with high T cell abundance at the time of 
thermal ablation had a greater disease-free survival (37.4 

vs. 13.1  months). Their data demonstrates remarkable 
immune-related effects of MWA in HCC patients and 
provides additional evidence for a combination of local 
ablation and immunotherapy in this challenging disease 
[37]. However, all the above studies focused on the influ-
ence of peripheral immunity after MWA, rather than the 
influence of the microenvironment of tumor tissue itself. 
However, our study adopted incomplete MWA to detect 
the change of TIME, which is of pioneering significance.

In our study, RNA sequencing analyses of HCC mouse 
models demonstrated that iMWA promotes the produc-
tion of chemokines. To validate these results, qRT-PCR 
analysis revealed a significant increase in the expression 
of chemokine CXCL5 and chemokine receptor CXCR2 in 
the iMWA group. Elevated chemokine CXCL5 has been 
reported to be strongly associated with the recruitment of 
MDSCs and suppression of CD8+ T-cells. In contrast, the 
chemokine receptor CXCR2, which is highly expressed 
in gMDSC, mediates MDSC aggregation, reduces CD8+ 
T-cell infiltration, and suppresses the activation of anti-
tumour T-cell immunity, ultimately leading to tumour 
progression and immune escape [38, 39]. Mass spec-
trometry analysis showed that iMWA treatment caused 
a decrease in CD4+ T cells, CD8+ T cells, NK cells, and 
macrophages (both M1 and M2 types), but an increase in 
monocytes and MDSCs, compared with untreated con-
trols. In terms of innate immunity, MDSCs inhibit the 
function of NK cells by downregulating the expression 
of NKG2D through membrane-bound TGF-β. Addition-
ally, MDSCs also induce Treg amplification and promote 
their negative regulatory effect on immunity. In terms of 
adaptive immunity, MDSCs can competitively deplete 
cysteine in the body’s environment and upregulate iNOS 
and Arg-1 activity, thereby depleting L-arginine. MDSCs 
can also inhibit T-cell immune responses by generating 
reactive oxygen species (ROS) [40, 41]. The findings of 
our study demonstrate that MDSCs play a significant role 
in the heightened risk of short-term tumour recurrence 
observed in the iMWA subgroup. To gain further insight 
into the impact of iMWA on MDSCs, immunofluores-
cence staining of tumour tissues from mice in each group 
was performed, which revealed a higher co-expression of 
CD11b and Gr-1 proteins in the iMWA group compared 
with the control group. Immunohistochemical staining 

(See figure on next page.)
Fig. 7  Specific effects of iMWA and Gr-1 blocking combined therapy in HCC mouse model. A Schematic diagram of treatment of experimental 
mice. Mice were injected subcutaneously with H22 cells and treated with sham operation (Ctrl) or iMWA (~ 50% ablation) after 2 weeks. After 
ablation, they received anti-IgG or Gr-1 treatment once a week and were executed at week 4. B Representative images of tumors from nude mice 
in two groups. C, D Tumor growth curves and tumor weights of each group. E Immunofluorescence of CD11b and Gr-1 in two groups, Scale bar, 
20 μm. F Immunohistochemistry of CD8 in two groups, Scale bar, 20 μm. G The expression level of Ki67 in nude mice-derived xenograft tumor 
was determined by Immunofluorescence, Scale bar, 20 μm. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 7  (See legend on previous page.)
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further showed that CD8+ T-cell infiltration was abun-
dant in the control group but not in the iMWA-treated 
group. A study reported that Gr-1 monoclonal antibody 
can be used to inhibit the recruitment of MDSC [42]. To 
validate this finding, we began injecting anti-Gr-1 into 
hormonal mice after 3  days of iMWA treatment. Solid 
tumour regression results showed a significant reduc-
tion in tumour volume and weight in the iMWA+ anti-
Gr-1 group compared with the iMWA+ anti-IgG group. 
Immunohistochemistry additionally showed a re-enrich-
ment of CD8+ T-cells and a significant down-regulation 
of Ki67 in the iMWA+ anti-Gr-1 group, indicating that 
Gr-1 monoclonal antibody effectively controlled cancer 
cell growth. Our study thereby illuminates the MDSC 
recruitment through the CXCL5-CXCR2 axis in the 
iMWA group and that this phenomenon can be reversed 
by Gr-1 monoclonal antibody.

Conclusion
To sum up, thermal stress generated by iMWA induces 
coagulative necrosis and apoptosis in the region of the 
ablation center of HCC. iMWA can boost chemokine 
CXCL5 and led to decreased CD4+ T, CD8+ T, NK, 
macrophages including both M1 and M2 types but 
increased monocytes and MDSC. iMWA and Gr-1 block-
ing combined therapy can further inhibit HCC growth 
and significantly improve the CD8+ T cells in the mouse 
subcutaneous tumor model, which brings good news to 
HCC patients.
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