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1. Introduction

Hepatocellular carcinoma is one of the most common 
causes of cancer-related mortality worldwide, and it 
was also the sixth most common malignancy in 2020 
(1). The stage, location, and comorbidities of the tumor 
largely determine the choice of an appropriate treatment 
including surgical resection, liver transplantation, 
percutaneous ablation, hepatic arterial infusion 
chemotherapy (HAIC), transarterial chemoembolization 
(TACE), and radiation embolization (2). Due to the high 
recurrence and metastasis rates of HCC, there are also 
certain limitations to regional therapy. Therefore, the 
advent of effective systemic therapies that have been used 
as preoperative neoadjuvant and postoperative adjuvant 
therapies may be beneficial in reducing recurrence (3). 
Nonetheless, in HCC, some specific immunotherapy 
attempts tended to result in short-term drug resistance 
and failed to dramatically improve efficacy and clinical 
outcome in HCC patients due to a strong intrinsic 

immune microenvironment. Excitedly, several high-level 
clinical studies have recently confirmed that immune 
checkpoint inhibitors (ICIs) are an effective and well-
tolerated treatment option for patients with HCC (4-
6). In particular, programmed cell death-1 (PD-1) and 
its ligand (PD-L1), cytotoxic T lymphocyte-associated 
antigen-4 (CTLA-4), and others obtained early success 
in clinical trials of HCC. Recently, with advances in 
combination of immune therapy and local therapy or 
targeted systemic therapy, a growing number of patients 
with HCC have achieved longer survival. Based on the 
comprehensive guidelines for the management of HCC 
published worldwide, the main difference between the 
guidelines is the different staging systems which were 
used to select the best treatment option for patients with 
HCC. But the safety and efficacy of various combination 
immunotherapies requires further confirmation.

2. Immune response induced by locoregional 
treatments (LRTs)
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Hepatocellular carcinoma (HCC) is associated with a highly heterogeneous immune environment that 
produces an immune response to various locoregional treatments (LRTs), which in turn affects the 
effectiveness of immunotherapy. Although LRTs still dominate HCC therapies, 50-60% of patients 
will ultimately be treated with systemic therapies and might receive those treatments for the rest of 
their life. TACE, SIRT, and thermal ablation can dramatically increase the immunosuppressive state 
of HCC, a condition that can be addressed by combination with immunotherapy to restore the activity 
of lymphocytes and the secretion of cellular immune factors. Immune treatment with locoregional 
and systemic treatments has dramatically changed the management of HCC. In this review, we 
examine the research on the changes in the immune microenvironment after locoregional or systemic 
treatment. We also summarize the regulation of various immune cells and immune factors in the 
tumor microenvironment and discuss the different infiltration degrees of immune cells and factors on 
the prognosis of HCC to better compare the efficacy between different treatment methods from the 
perspective of the tumor microenvironment. This information can be used to help develop treatment 
options for the upcoming new era of HCC treatment in the future.
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Locoregional treatment (LRT) is an essential treatment 
for patients with HCC. Surgical resection, liver 
transplantation, and ablation techniques might also 
have a stimulatory effect on oncogenesis, related to the 
proliferation of HCC tumor cells, microenvironmental 
changes, and both angiogenetic and metastasis triggers of 
HCC. LRTs enable de novo immune priming by inducing 
the release of tumor-associated antigens after cell death. 
Therefore, LRTs, both thermal and nonthermal, and 
invasive and noninvasive, applied to HCC as well as to 
other conditions in the liver have been correlated with a 
more changeable immune microenvironment (Figure 1).

2.1. Surgical resection

Surgical resection (partial hepatectomy, PH) is one of 
the main radical treatments for HCC, but recurrence is 
still the main cause of death. It has been demonstrated 
that surgical resection may impact the liver regeneration 
microenvironment through suppression of the immune 
system, inflammation, and the vascular environment 
during HCC development (7). The immune response 
after surgical resection is mainly manifested in changes 
in the degree of infiltration of  Tregs and the type and 
robustness of T-cell responses via an increase in the 
depletion of T cells in peripheral blood. As effector factors 
of liver innate immunity, liver Kupffer cells, natural 
killer (NK) cells, and natural killer T (NKT) cells can 
directly affect liver regeneration. After PH, the number 
of NKT cells and the proportion of CD11b+ Kupffer cells/
macrophages (Mφ) shows an increasing trend, and the 
consumption of NKT cells and NK cells can promote 
liver regeneration (8,9). Dendritic cells (DCs) and hepatic 
stellate cells (HSCs) have also been shown to promote 
liver regeneration and to have immunomodulatory effects 
in the inflammatory environment of the liver (10,11). 
Moreover, cold hepatic ischemia‒reperfusion injury 
(IRI), an innate immunity-driven inflammatory response 
induced by hepatic vascular occlusion, is a major 
complication of liver resection and mainly manifests 
as damage to hepatic sinusoidal endothelial cells and 
destruction of the microcirculation (12). However, IRI is 
extremely complex, involving a large number of changes 
in cellular components, factors, and mediators. IRI can 
induce YAP/Hippo expression, amplified macrophage/
neutrophil sequestration and increased the expression 
of cytokines and ischemia during PH activates Kupffer 
cells and adherent neutrophils to create reactive oxygen 
species (ROS) during the initial reperfusion period and. 
Which can stimulate the transcription factors NF-κB and 
activator protein-1 (AP-1) and enhance the expression of 
genes, such as tumor necrosis factor-α (TNF-α), TNF-α, 
Interleukin (IL)-1β, and IL-6, inducible nitric oxide 
(NO) synthase (iNOS), heme oxygenase-1, C-X-C motif 
ligand (CXC) chemokines, and adhesion molecules to 
inhibit HSC activation (13,14). In a mouse model, IRI 
triggered macrophage-specific T-cell immunoglobulin 

mucin-4 (TIM-4) activation by stressed hepatocellular 
phosphatidylserine (PS) presentation (15), which may 
provide us with an IRI therapeutic target to minimize 
innate inflammatory responses after liver resection. In 
patients following hepatectomy, C5L2 expression on 
monocytes and neutrophils decreases after liver resection, 
and there is a parallel decrease in the chemotactic response 
of neutrophils to C5a stimulation. C3a, C4a, and their 
des-Arg forms also showed significant distinct changes 
in plasma levels after liver resection (16). Therefore, after 
surgery, rapid and dramatic immune responses occur in 
the liver microenvironment, and postoperative adjuvant 
immunotherapy maybe necessary for high-risk recurrent 
patients with hepatocellular carcinoma (Figure 2).

2.2. Liver transplantation

Due to the special immune environment, HCC has a 
high recurrence rate after liver transplantation (LT). In 
numerous animal experiments that have investigated 
the changes in the immune microenvironment after LT, 
as a radical treatment method for HCC, the number 
and infiltration degree of immune cells in the HCC 
microenvironment had drastically changed after LT. As a 
predictor of HCC recurrence, the postoperative C-reactive 
protein (CRP) level is increased to varying degrees 
before, during, and after LT. However, the specificity 
and sensitivity of CRP have certain limitations. There 
are numerous reports suggesting that CD4+CD25+FoxP3 
Tregs are elevated at the graft site at the time of rejection 
in clinical transplant recipients, which decreased to 
baseline numbers by day >100 in the population of cells 
within the liver allografts of long-surviving recipients 
(17). These results indicate that CD4+CD25+FoxP3 
Tregs, as the most specific Tregs, are more capable of 
assessing the prognosis of transplantation than CRP. On 
the other hand, after liver transplantation, recipient NK 
cells exhibit tolerant phenotypes, with the downregulation 
of activating receptors and reduced cytotoxicity and 
cytokine production (18). In addition, the animal model 
of HCC showed that the levels of intragraft TGF-β in Day 
35 liver allografts after LT increased markedly; however, 
they diminished by Day 100. In contrast, intragraft IL-
10 mRNA is increased persistently in liver allografts 
(17). In addition to the changes in immune cells and 
immune factors, the changes in the infiltration degree 
of immune factors can also explain the changes in the 
immune microenvironment of the recipient and donor 
after LT to a certain extent. The lymphocyte-to-monocyte 
ratio (LMR) could reflect the immune status of the 
tumor microenvironment after LT, in particular, for HCC 
patients undergoing living donor liver transplantation 
(LDLT). Clear studies have indicated that the LMR 
values decreased within one month and increased again 
one year after surgery in almost all patients who received 
LDLT. The reduction in CD3+/CD68+ cells was greater in 
patients with a lower LMR (19). In addition, macrophages 
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patients before and one month after TACE treatment, it 
was discovered that the expression of PD-L1 and PD-1 
after TACE treatment was significantly higher in patients 
with poor TACE response. Moreover, PD-L1 mRNA 
expression was higher in peripheral blood monocytes, 
while the ratio of CD4+ to CD8+ cells decreased(22). In 
contrast, in research on tumor pathology in HCC patients, 
there was no difference in the expression of coinhibitory 
proteins, including PD-L1, Indoleamine2,3-dioxyge-
1(IDO-1), lymphocyte activation gene-3 (LAG-3), TIM-3, 
or CTLA-4 corepressor proteins, in HCC tissue samples 
treated with TACE(23). On the other hand, using high-
throughput sequencing technologies to verify the changes 
in gene expression within the TME, the results showed 
evidence of the significant upregulation of a number of 
proinflammatory genes in TACE-pretreated samples (23). 
Other studies support this conclusion. Cytometric bead 
immunoassays were used to simultaneously measure 
cytokines in the sera of patients with HCC after TACE, 
which revealed that the inflammatory cytokines IL-6 
and IL-22 significantly increased early and that Th2 

and Kupffer cells are relevant to immune tolerance due 
to T-cell apoptosis through the factor-associated suicide/
factor-associated suicide ligand (Fas/Fasl) pathway 
(20). In addition to the changes in immune cells, the 
nonimmune cells in the immune microenvironment 
after LT were also changed to varying degrees. Based 
on plasma metabolomics profiling, phosphatidylcholine 
(PC), nutriacholic acid, and 2-oxo-4-methylthiobutanoic 
acid were decreased in 122 patients undergoing LT 
(21). Controversially, there is no consensus on the use 
of postoperative immunosuppressants because the 
balance between rejection and tumor response is still an 
unresolved barrier after LT (Figure 3).

2.3. Transarterial chemotherapy

As the standard treatment for patients with intermediate-
stage HCC, transarterial chemotherapy (TACE) 
is generally performed as the treatment for large, 
unresectable, or multinodular HCC in well-functioning 
patients. By collecting peripheral blood from liver cancer 

Figure 1. Overview of immune response 
induced by locoregional treatments via the 
release of tumor-associates antigens after 
cell death in hepatocellular carcinoma.

Figure 2 . Surg ica l resec t ion may 
trigger immune response during the 
liver regeneration and after ischemia-
reperfusion in immune microenvironment 
of hepatocellular carcinoma.
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cytokines (IL-4, IL-5, or the suppressive cytokine IL-10) 
were also increased in the late phase (24). In addition, 
evidence from other studies suggests that the levels of 
several cytokines, including IL-1β, IL-2R, IL-6, IL-22, 
and IL-8, were all increased after TACE (25). Regarding 
the changes in the tumor microenvironment of HCC 
patients caused by TACE, retrospective studies have 
proven that patients who received TACE were found 
to experience peritumoral portal lipiodol enhancement 
(26). Additionally, hypoxia regulators such as vascular 
endothelial growth factor (VEGF), which are induced by 
HIF-1α, also underwent dynamic changes after TACE 
in HCC patients (27,28). Researchers evaluated the 
levels of VEGF and tryptase serum concentrations from 
71 unresectable HCC patients before and after hepatic 
TACE and obtained higher serum VEGF levels and lower 
tryptase levels (28). In addition to VEGF, the levels of 
AST, ALT, and lactate dehydrogenase (LDH) in the sera 
of patients with HCC who underwent TACE reached peak 
values within 1 day, while basic fibroblast growth factor 
(bFGF) and TNF-α levels exhibited mild increases during 
the 1st week. Conversely, angiogenin, epidermal growth 
factor (EGF), and TGF-β levels decreased following 
TACE (29).
 Whereas hepatic arterial infusion chemotherapy 
(HAIC) entails infusing chemotherapeutic agents directly 
into hepatic tumors, which can avoid the first-pass effect 
and provide a higher intratumoral concentration of 
chemotherapeutic agents.Theoretically, compared with 
TACE, HAIC yields less hepatocellular injury and greater 
treatment efficacy. In a study involving 36 HCC patients 
treated with HAIC, the frequency of TAA-specific T cells 
and Tregs and myeloid-derived suppressor cells (MDSCs) 
was measured by interferon-gamma enzyme-linked 
immunospot assays and multicolor fluorescence-activated 
cell sorting analysis (30). In 22.2% of patients, after 
HAIC, the frequency of TAA-specific T cells increased. 
However, the frequency of Tregs decreased. Patients 
with a low MDSC frequency were also found to have 

a longer overall survival time. In addition to the levels 
of various immune cells, and similar to the changes in 
cytokines after TACE, for example, the increase in serum 
cytokine levels, chemokines, and other growth factors 
in the HCC microenvironment (31), the combination 
of the neutrophil-to-lymphocyte ratio and the ratio of 
early des-carboxyprothrombin changes (32) can also be 
a useful predictor of HAIC. Among 90 patients from 
a retrospective study evaluating AFP and des-gamma-
carboxyprothrombin (DCP) levels after half a course 
of HAIC, 8 (8.9%), 19 (21.1%), and 63 (70.0%) had an 
elevated level of AFP, elevated level of DCP, or elevated 
level of both of these tumor markers, respectively (33). 
In recent studies, the changes in 20 serum cytokines 
and growth factors were proven to be associated 
with prognosis in HCC patients who were treated 
and underwent HAIC, such as von Willebrand factor 
(VWF) and VEGF (34). The serum level of VEGF was 
significantly decreased after HAIC, and it is an important 
predictive factor for therapeutic effect and survival in 
patients with advanced HCC undergoing HAIC. In 
addition, the ADAMTS13 activity-VWF levels and 
serum cell-derived factor 1 levels in HCC patients with 
stable disease and partial response to HAIC treatment 
were significantly higher than those in patients with 
progressive disease and lower serum hepatocyte growth 
factor (HGF) and IL-4 levels than nonresponders (34). 
Nonetheless, cytokines have limited roles in predicting 
HCC responses in patients who receive HAIC. Because 
HAIC mainly targets cancer epithelial cells in HCC, the 
exposed important biomarkers have greater predictability 
in advanced HCC patients (Figure 4).

2.4. Radiation therapy

The importance of transarterial radioembolization (TARE) 
in the treatment of patients with unresectable HCC cannot 
be ignored. Clinical studies have suggested that higher 
doses of radiation to the tumor increase the likelihood of 

Figure 3. The changes in the immune 
microenvironment after liver transplantation 
summarized in this review.
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inducing a positive immune response (35). A retrospective 
assessment of the dynamic changes in lymphocytes 
following TARE of HCC and its association with normal 
liver dose (NLD) of TARE found a moderate negative 
association between the NLD and lymphocyte count 
at 1 month posttreatment that was most significant at 3 
months posttreatment (36). In an early prospective clinical 
study, after TARE, proinflammatory (IL-6 and IL-8) and 
oxidative stress (malondialdehyde) markers continued 
to increase, endothelial damage markers (vW factor and 
PAI-1) and coagulation cascades (factor VIII, PAI-1, 
and D-dimer) were induced, and a significant increase in 
factors associated with liver regeneration (FGF-19 and 
HGF) was observed (36).
 TARE with yttrium 90 is one kind of palliative lobar 
therapy for HCC patients with advanced disease or for 
those in whom other therapies have failed; it delivers 
local high-dose radiation to tumors through microembolic 
microspheres, preserving blood flow to promote radiation 
injury to the tumor. An earlier follow-up trial of the 
hepatic artery involving (yttrium)-Y-90 microspheres 
showed that lymphocyte subsets except for NK cells were 
significantly (> 50% from pretherapy values), promptly 
(as early as 24 h) and persistently (up to 30 months) 
depleted post-(90)Yttrium microsphere therapy (37), 
which may lead to increased levels of IL-10 and IP-10 
(38). ILs isolated after Y90-RE showed signs of local 
immune activation: elevated granzyme B expression and 
infiltration of CD8+ T cells, CD56+ NK cells, and CD8+ 
CD56+ NKT cells.
 Stereotactic body radiotherapy (SBRT) is a treatment 
option for advanced HCC patients who are not candidates 
for local therapies such as surgery that uses high doses 
of radiation per fraction in fewer fractions with high 
precision and accuracy to achieve local tumor control. In 
preclinical studies, SBRT has been shown to induce tumor 
cell death by causing tumor-associated endothelial cell 
death and vascular damage (39). SBRT could preserve 
lymphocytes and increase the expression of various 

immunostimulatory cytokines within the irradiated tumor 
microenvironment and the activation of antitumor T cells, 
thereby eliciting enhanced antitumor immunity. The 
principle of SBRT in HCC, however, differs partially from 
that of other radiotherapy methods. The inflammatory 
environment can be modified to become suitable for 
HCC after undergoing SBRT. To determine the changes 
in circulating levels of a panel of soluble cytokine 
receptors and liver-secreted proteins in HCC patients 
during SBRT, Sylvia S et al. (40) assessed the plasma 
levels of these soluble factors following one to two 
fractions of SBRT. The researchers found that in patients 
with HCC after one to two fractions of SBRT, those who 
developed liver toxicity had significantly higher levels 
of soluble tumor necrosis factor receptor II and lower 
levels of soluble CD40 ligand (sCD40L) and chemokine 
CXCL1 compared to levels in those who did not develop 
liver toxicity. In addition, plasma sCD40L levels are 
positively associated with platelet number, and the low 
platelet and sCD40L levels in HCC patients contribute in 
part to a decrease in liver immune function (41). On the 
other hand, with the development of immuno-oncology, 
increasing evidence has suggested that the changes in 
the neutrophil-to-lymphocyte ratio (NLR), platelet-to-
lymphocyte ratio (PLR), and cytokines can respond 
to antitumor therapies. Several retrospective studies 
collected peripheral blood cell count, NLR, and PLR 
data before and after SBRT and found that circulating 
blood cell, total leukocyte, neutrophil, lymphocyte, 
and platelet counts decreased significantly after SBRT 
(42,43). While no significant difference was observed for 
hemoglobin levels, it was found that the NLR and PLR 
were significantly increased post-SBRT compared with 
pre-SBRT and were complementary predictors of OS in 
HCC patients treated with SBRT (42) (Figure 5).

2.5. Ablation therapy

2.5.1. Radiofrequency ablation (RFA)

Figure 4. Various immune cells, cytokines, 
chemokines and growth factors emerging 
in the blood and liver tissues after trans-
arterial chemotherapy and hepatic arterial 
infusion chemotherapy, respectively.



www.biosciencetrends.com

BioScience Trends. 2023; 17(6):427-444.BioScience Trends. 2023; 17(6):427-444.432

RFA is the most validated and widely used technique in 
the early stages of HCC, and it is the most commonly 
used technique for local ablation of HCC tumors smaller 
than 5 cm in diameter. Both local and systemic immune 
responses induced by RFA have been extensively 
documented. RFA is performed by using frictional heat 
generated by the high-frequency alternating current to 
induce HCC cell death, and the available studies clearly 
demonstrate that there is a greater release of immunogenic 
intracellular substrates in areas subjected to heat-induced 
cell necrosis (44).
 Thermal ablation induced by RFA can induce a 
large number of changes in the expression of immune 
cytokines in HCC tissues, especially in incompletely 
ablated tissues. One study found that the changes in Th1/
Th2 cytokines in HCC patients after RFA exhibit clear 
upregulation and downregulation trends (45). After RFA, 
the levels of Th1 cytokines, including TNF-α, IFN-γ, and 
IL-2, were significantly upregulated, and the levels of Th2 
cytokines, including IL-4, IL-6, and IL-10, were markedly 
downregulated, while the serum level of AFP decreased, 
which indicates that RFA could change the expression of 
immune cytokines, promoting tumor antigen presentation 
and activating T lymphocytes. In addition to Th1/Th2 
cytokines, after RFA, there is a release of circulating 
histones, including myeloperoxidase (46), and an increase 
in tumor-specific antibodies, CD4+ T cells (47), CD8+ 
T cells, and NK cells (48). Apart from T helper cells, 
earlier studies have demonstrated that the number of 
tumor-associated antigen-specific T cells after RFA was 
inversely correlated with the frequency of CD14+ HLA-
DR/low myeloid-derived suppressor cells (MDSCs) (49).
 On the other hand, RFA can not only effectively kill 
HCC tumor cells but can also release tumor antigens to 
induce an immune response or trigger an inflammatory 
response, resulting in the accumulation of a large number 
of antigen-presenting cells (APCs). For example, the 
nuclear proteins high mobility group B1 and heat shock 
proteins (HSPs) may induce antitumor immune responses 
by activating dendritic cells (DCs). In particular, the 

expression levels of HSP70 and HSP90 showed the 
most pronounced increasing trend after RFA, with 8-fold 
and 1.2-fold increases, respectively (50). In serological 
studies, three proteins, namely, CLU, Ficolin-3, and 
RBP4, were also identified as having significantly 
altered expression, especially Ficolin-3, which showed 
marked overexpression affected by thermal ablation (51). 
Palliative RFA (pRFA) has also been shown to accelerate 
residual tumor progression by increasing tumor-
infiltrating MDSCs and reducing the T-cell-mediated 
antitumor immune response (52).
 Although it is well established that thermal radiation 
can alter the expression of various immune cells and 
cytokines in the microenvironment of HCC, the impact 
of these changes on HCC progression and recurrence 
remains to be confirmed in further studies. Many 
available studies have noted that the main actors of RFA 
immune dynamics are innate immune cells (e.g., NK 
cells and DCs) and that they are closely linked to HCC 
recurrence, and the specific mechanisms involved are a 
hot topic for future studies.

2.5.2. Cryoablation

The safety and feasibility of cryoablation as a new 
nonthermal locoregional treatment have been verified. 
Cryoablation is used to promote tumor cell death 
indirectly or directly through repeated cycles of freezing, 
and the host immune system can use tumor antigens to 
trigger the activation of innate and adaptive immunity 
against tumor antigens. The process of repeated 
freezing and thawing and cell membrane lysis can 
promote the release of cellular antigens and trigger a 
cryoimmunological response.
 In a  rat  l iver  model ,  cryoablat ion induces 
inflammation and coagulation, and the production by 
splenocytes of tumor necrosis factor TNF-α, interferon 
INF-γ, and the interleukins IL-4, IL-6 and IL-10 increased 
significantly after cryoablation (53). In addition, there 
were increases in WBCs and decreases in platelets 

Figure 5. The immune response induced by 
radiation therapy including trans-arterial 
radioembolization (TARE), TARE with yttrium 
90 (Y-90-RE) and stereotactic body radiotherapy.
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and hemoglobin. Cryoablation also has an effect on 
angiogenesis, with upregulation of VEGF expression in 
tumor tissue and a significant increase in angiogenesis in 
the residual tumor (54).
 In addition to rat liver models, similar results 
have been found in clinical studies. A study using 
flow cytometry to measure the Treg frequency in the 
peripheral blood of 111 patients with liver cancer showed 
that the numbers of CD8+ CD4+ and FoxP3+ cells were 
significantly decreased after cryoablation cycles (55). 
In addition, it has been shown that the PD-1 and PD-
L1 receptors on activated T cells and B cells are also 
altered. The expression of PD-1/PD-L1 decreased 
after cryoablation but was elevated at the time of 
tumor recurrence (56). The argon-helium cryosurgery 
system (AHCS) has now been clearly demonstrated 
to be effective in killing tumor cells and maximizing 
the protection of normal liver tissue. By monitoring 
the percentage of CD4+ and CD8+ T cells and NK cells 
in HCC patients after AHCS, it was found that the 
percentage of CD4+ T cells and NK cells was significantly 
higher compared to pretreatment, but the percentage of 
CD8+ T cells was significantly lower (57). These studies 
can preliminarily demonstrate an excellent synergistic 
effect between cryoablation and immunotherapy in the 
treatment of HCC.

2.5.3. Microwave ablation (MWA)

MWA, similar in immune action to RFA, delivers a 
microwave oscillating electric field through a needle 
that greatly increases the temperature in the targeted 
cancer tissue. The effect of MWA on immune cells is 
well established, with several demonstrations of altered 
numbers of T cells, B cells and NK cells following 
MWA. For example, there was a significant increase in 
Th17 cell levels and a significant increase in CD3+ cells 
and CD4+ cells 1 month after MWA (58). In addition, 
the percentage of immune cell subsets was also affected 
by MWA, with the frequency of effector memory T 
cells decreasing at 7 days after MWA, the percentage of 
plasmablasts increasing at Day 7 after treatment, and NK 
cells consistently increasing after MWA treatment. In 
particular, a significant increase in subsets of activated T 
and B cells was observed in patients with long survival 
times (59).
 As in RFA, in addition to the alteration of immune 
cells, corresponding immune cytokines were also 
altered by ablation, such as a significant increase in the 
frequency of IFN-y and IL-5 responses in patients with 
long-term remission relative to patients in early relapse 
and a significant enhancement of IL-12 and a significant 
decrease in IL-4 and IL-10 1 month after MWA (59,60).

2.5.4. High-Intensity focused ultrasound

High-intensity focused ultrasound (HIFU), as a 

noninvasive medical technique, is safe and well tolerated 
and has a significant survival advantage compared with 
other ablation treatments. It is a kind of hyperthermia 
and ultrasound therapy that can produce mechanical and 
thermal effects. The mechanical effect is caused by the 
negative pressure of ultrasound that forms cavitation to 
destroy the tumor tissue. The thermal effect induced by 
the ultrasound beam causes coagulative necrosis of the 
tissue.
 As early as a decade ago, studies were conducted to 
compare the changes in circulating levels of all measured 
immunosuppressive cytokines in patients with malignant 
tumors before and after high-intensity focused ultrasound 
(HIFU) treatment. The results showed that the levels of 
serum immunosuppressive cytokines decreased after 
HIFU treatment, especially VEGF, TGF-β1 and TGF-β2, 
which were all significantly reduced (61). Regarding the 
changes in cellular immune factors in a short period of 
time after HIFU treatment, an ultrasound-guided HIFU 
study from Germany showed that tumor ablation with 
HIFU induced early sterile inflammation and an increase 
in leukocytes, CRP, and LDH within the first 20 h after 
HIFU (62). However, a major issue with HIFU is that 
it is difficult to achieve complete tumor ablation. The 
decrease in the levels of HIFs, including HIF-1α and HIF-
2α, are the result of HIFU, and the levels of these factors 
increased significantly in residual tumor tissue following 
HIFU treatment. In addition, a high antigen-specific 
T-cell response was observed after 2 weeks and did not 
decrease, even after 10 months (63).

2.5.5. Laser ablation

Laser ablation (LA) is an efficient and safe novel 
treatment for HCC. The technology mainly causes 
photochemical damage to biological tissue with the 
formation of radicals and inflammation and causes protein 
denaturation with heat damage (64).
 In existing animal studies, the moderate heat stress 
induced by LA could induce the expression of growth 
factors in HCC cells and hepatocytes, including heparin-
binding growth factor, fibroblast growth factor 21, 
and nerve growth factor (65). In addition to immune 
cytokines, temperature can induce alterations in the 
tissue constituents and their structural organization, 
thus resulting in a measurable change in tissue optical 
properties. Hyperspectral imaging (HSI) has potential 
for diagnostic purposes such as the detection of cancers, 
and it can also provide valid support for therapy and 
surgery guidance. The thermal response in porcine 
hepatic tissue induced by laser ablation was assessed 
based on the spectral and spatial information provided 
by HSI. It was found that methemoglobin (MetHb) 
and deoxyhemoglobin (Hb) decreased with increasing 
temperature and then gradually reached a plateau phase 
with an increase in temperature > 80℃ (66). However, 
the effect of LA on the microenvironmental changes and 
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immune response of HCC prognosis needs to be further 
studied.

2.5.6. Irreversible Electroporation (IRE)

Irreversible electroporation (IRE), as a new nonthermal 
ablation technique, is unlikely to damage cancer tissue 
by thermal effects, which are found with RFA, MWA, 
HIFU, and LA. Because of this feature, IRE can be used 
for tumor ablation in special sites such as those adjacent 
to bile ducts and blood vessels without destroying the 
adjacent structures (67).
 IRE can affect many immune factors in the 
HCC microenvironment to varying degrees. Animal 
experimental models of IRE in recent years have 
illustrated the advantages and disadvantages of 
this ablation method in terms of the postoperative 
inflammatory response and the degree of immune cell 
infiltration. On Day 1 after IRE, activated T cells and NK 
cells increased, and Treg cells and circulating CD4 T-cell 
subsets (but not CD8) decreased (68). Furthermore, a 
significant increase in the infiltration of cytotoxic CD8 
T cells was observed in post-IRE tumors in mice. The 
serum IFN-γ level was also significantly increased after 
IRE in rats (68). Moreover, the results from the animal 
model indicated that IRE could induce antitumor adaptive 
immunity dominated by the infiltration of cytotoxic CD8+ 
T cells into the tumors, accompanied by reduced Tregs. 
IRE can evoke CD8+ T-cell immunity by inducing cell 
necrosis and significant release of risk-related molecular 
patterns, including ATP, high mobility group box 1, and 
calreticulin, helping to prevent HCC progression after 
ablation (69). However, studies on the prognostic value of 
IRE in HCC in clinical patients are limited, and most of 
the current studies are focused on comparing the survival 
rate of patients after IRE treatment or on comparing the 
effects of different ablation modalities in mouse models. 
Therefore, the changes in the tumor microenvironment 
when IRE is applied to human HCC need to be further 
discussed and verified (Figure 6).

3. Immune response induced by systemic therapy

Systemic therapy for HCC has changed drastically since 
the combination of atezolizumab and bevacizumab was 
approved by the FDA and shown to improve overall 
survival relative to sorafenib. Many clinical randomized 
trials have demonstrated that combined immunotherapy, 
such as atezolizumab plus bevacizumab and apatinib 
plus camrelizumab (70), can improve prognosis in all 
aspects compared with sorafenib monotherapy. However, 
changes in the immune microenvironment of HCC after 
systemic therapy remain a major cause of resistance and 
recurrence, and the mechanisms underlying the altered 
immune response to systemic therapy due to the robust 
immunosuppression state involve many stromal cells, 
humoral mediators, and inhibitory checkpoint molecules, 
which need to be further explored.

3.1. Tyrosine kinase inhibitors (TKI)

Currently, tyrosine kinase inhibitors (TKIs) are used 
as first-line therapy for HCC. There are clinical shreds 
of evidence that suggest that the acquisition of somatic 
mutations can lead to TKI resistance. Since the adaptive 
immunity of HCC can inhibit tumor recurrence, TKIs can 
act on multiple tumor-activated signaling pathways, such 
as KIT, RET, vascular endothelial growth factor receptor 
(VEGFR), PDGFR, and fibroblast growth factor receptor 
(FGFR), thus showing the universality and persistence of 
efficacy.
 Sorafenib can facilitate apoptosis, mitigate 
angiogenesis and inhibit tumor cell proliferation. To 
explain the effects of RFA alone and in combination with 
sorafenib, growth factor measurement in a standing tumor 
in a two-tumor rat model of HCC revealed that sorafenib 
treatment decreased HGF levels and microvessel density, 
whereas VEGF, macrophages, T cells and IL-10 levels 
were increased by sorafenib (71). Macrophages serve as 
an important component of the immune system and are 
the key for antitumor activity in HCC. In contrast, clinical 

Figure 6. The immune response induced by 
various ablation therapies summarized in this 
review.
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trials have proven that when dendritic cells are inhibited 
by sorafenib, macrophages are reduced or activated by 
altered polarization (72).
 Lenvatinib has potent antiangiogenic activity, which 
suppresses VEGFR 1–3, FGFR 1–4, platelet-derived 
growth factor receptor (PDGFR)-α, and the proto-
oncogenes RET and KIT (73). Currently, lenvatinib 
has been approved as a first-line treatment for HCC in 
Japan, the United States, and China. In addition to the 
angiogenic effects due to the inhibition of kinases, it also 
has a regulatory effect on immune function. Lenvatinib 
reduced tumor PD-L1 levels, Tregs, and the proportion of 
monocyte and macrophage populations and increased the 
proportion of CD8 T-cell populations (74).
 Donafenib is a novel multikinase inhibitor that is 
similar to sorafenib. As a second-line treatment for 
patients with HCC, donafenib is superior to sorafenib in 
terms of improved survival and safety tolerance. Serum 
cytokines, including IL-6, TNF-α and IFN-γ, were 
strongly upregulated in a rabbit VX2 liver tumor model 
after treatment with donafenib (75).
 Apatinib selectively blocks VEGFR2 by occupying 
its binding site, thereby preventing the formation of new 
blood vessels in tumor tissues. In an immunodeficient 
mouse xenograft model of HCC, apatinib was shown to 
cause metabolomic changes, with a significant increase 
in 3-hydroxybutyric acid (3-HB) in serum, tumor tissue, 
and liver(76). In an in vitro study on apatinib inhibiting 
the invasion and metastasis of HCC, the expression of 
tissue inhibitors of metalloproteinases (TIMPs)-3 and 
TIMP-4 was upregulated, while the expression of matrix 
metalloproteinases (MMPs)-1, MMP-2, MMP-3, MMP-
7, MMP-9, MMP-10, MMP-11, and MMP-16 was 
downregulated by apatinib treatment (77). However, there 
is also much evidence that apatinib can cause immune 
and hematological adverse effects, mainly leukopenia, 
granulocytopenia and thrombocytopenia (76).
 As an orally available multitargeted TKI, regorafenib 
has better efficacy than sorafenib. It can prevent the 
progression of HCC by reducing cell proliferation, 
invasion and metastasis; inducing cell death and 
autophagy; and exerting great antitumor activity. Most 
importantly, similar to other TKI inhibitors, it can 
reduce the expression and secretion of the metastasis-
related markers MMP-2 and MMP-9. Regorafenib also 
decreased the levels and secretion of angiogenesis-related 
proteins, including VEGF, TNF-α, IL-1β and IL-6 (78). 
In addition, regorafenib can regulate tumor-associated 
macrophages to enhance the body's antitumor immunity, 
and it can induce T-cell activation and M1 macrophage 
polarization (79).
 A growing number of clinical studies have 
demonstrated that, regardless of the stage of HCC, 
corresponding TKI therapy can support other treatments 
for HCC patients, which can help patients achieve better 
efficacy or improve the prognosis and tumor recurrence 
to a certain extent.

3.2. Immune checkpoint inhibitor (ICI)

In the application of ICIs in HCC, pembrolizumab and 
nivolumab, anti-PD-1 humanized antibodies, were 
approved by the US FDA as a second-line treatment 
for HCC patients. The main antitumor mechanism of 
immune checkpoint inhibitors is the reversal of anti-PD-1/
anti-PD-L1 CD8 T-cell failure. The major suppressed 
inhibitory immune checkpoint receptors include PD-1, 
CTLA4, LAG3 and TIM3, which play an important role 
in maintaining self-tolerance. Mechanistically, PD-1 binds 
to T-cell receptors upon binding to its ligand PD-L1, 
leading to broad dephosphorylation of T-cell-activating 
kinases and resulting in apoptosis of T cells (80). Both 
in mouse model of primary HCC and in clinical trials, 
a reduction in PD-L1 and TGF-β expression and Treg 
infiltration, a significant increase in circulating CD8+ T 
cell activity, and downregulation of neutrophil-related 
markers were found during pembrolizumab treatment 
(80,81). More specifically, in a recent study evaluating 
the efficacy of PD-1 immunotherapy based on single-cell 
sequencing, patients treated with ICIs were identified as 
having an increase in B cells and a decrease in dendritic 
cells, regulatory T cells, and NK cells (especially those 
overexpressing CD16, CD38, and CD11c)(82).
 Anti-CTLA-4 is most strongly expressed on Tregs, 
so the effect of anti-CTLA-4 antibodies may be related 
to the inhibition of Treg activity. The two most common 
anti-CTLA-4 antibody drugs are ipilimumab and 
tremelimumab. A result from survival analyses and an 
immune monitoring study of tremelimumab therapy 
showed that CD3+ T-cell infiltration and PD-1 expression 
increased in the tumor tissue, and CD4+-HLA-DR+, 
CD4+PD-1+, CD8+HLA-DR+, CD8+PD-1+, CD4+ICOS+ 
and CD8+ICOS+ T cells in the peripheral blood also 
increased after tremelimumab therapy (83). Similar results 
were obtained in a study in which CTLA-4 blockade 
suppressed the progression of tumors in a subcutaneous 
murine hepatoma model. IHC showed that the expression 
of CD4+ and CD8+ T cells and the level of IFN-γ were 
increased in tumor tissues treated with an anti-CTLA-4 
antibody alone compared with untreated tumor tissues 
(84). In other words, anti-CTLA-4 antibodies might exert 
antitumor effects by depleting the Treg cell population in 
the tumor microenvironment.
 According to numerous former studies on the poor 
prognosis of anti-CTLA-4 antibodies, the adverse effects 
of CTLA-4 inhibition occur mainly after activation of T 
cells in lymphoid organs (85). These insights may also 
provide evidence for why anti-CTLA-4 antibodies should 
be used in combination with other immunotherapies.
 In addition to anti-PD-1, anti-PD-L1 and anti-
CTLA-4 antibodies that have been widely used in the 
clinical treatment of HCC, Tim-3, as a newly discovered 
immune checkpoint molecule, also shows antitumor 
effects in the targeted treatment of HCC. In contrast 
to the limited expression of PD-1 on depleted T cells, 
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Tim-3 is an immune checkpoint molecule that is widely 
expressed in humans. Previous research has established 
that there are biointerfacing antagonizing T-cell inhibitory 
nanoparticles (BAT NPs) for HCC, which were developed 
by cloaking the platelet membrane on the PLGA 
microsphere surface to load T-cell immunoglobulin 
domain and mucin domain-3 antibodies (anti-TIM-3) as 
well as PD-L1. This therapeutic effect could subsequently 
activate effector T lymphocytes and the polarization of 
M1-type macrophages as well as antigen presentation 
by dendritic cells (86). Finally, the relationship between 
the high expression of Tim-3 and the poor prognosis of 
HCC has been clearly confirmed, and it can regulate 
the microenvironment of stem cells and affect the 
regulation of the biological behavior of HCC. Although 
the development of anti-TIM-3 antibodies in HCC is still 
relatively new, it must be a potential strategy for HCC 
immunotherapy. The immune response of hepatocellular 
carcinoma induced by systemic therapies is summarized 
in Table 1.

4. Combination of LRTs and immunotherapy

One of the theoretical bases of combination therapy is 
that LRTs can induce an immune response and inform 
the immunosuppressive microenvironment of HCC. The 
combination of LRTs and immunotherapy has synergistic 
antitumor effects. Previous studies have shown that LRTs 
such as TACE, SIRT, and thermal ablation can increase 
tumor immunogenicity by inducing inflammation and 
releasing more tumor-associated antigens, thereby 
increasing tumor invasion cytotoxicity and inducing 
systemic antitumor immune responses. Immunotherapy 
can address these immunosuppressive states by 
modulating the activity of lymphocytes and the secretion 
of cellular immune factors, helping patients achieve 
longer survival; for example, the combination of TACE 
and sorafenib has both efficacy and safety benefits due to 
the use of either treatment alone (87). The combination 
therapy of RFA and adoptive cell immunotherapy 
has shown excellent clinical efficacy, and RFA and 
RetroNectin activated killer cells effectively increase 
the proportion of CD3+/CD8+ cells and decrease the 
ratio of CD4+/CD8+ cells (88). Additionally, a phase I 
clinical study evaluating the safety of MWA combined 
with adoptive immunotherapy in HCC patients showed 
a reduction in the percentage of CD4+CD25high Treg 
cells and an increase in CD8+CD28- effector cells after 1 
month (89).
 As mentioned earlier, treatment with anti-CTLA-4 
antibody alone may produce cytotoxicity and adverse 
effects, and combination therapy with anti-CTLA-4 
antibody with other LRTs is able to achieve a better 
prognosis. In a clinical trial of tremelimumab in 
combination with ablation, six-week tumor biopsies 
following treatment demonstrated a clear increase in 
CD8 T cells in patients showing clinical benefit (90). 

To demonstrate the efficacy of the combination of 
RFA and anti-CTLA-4 antibody, Zhang et al. divided 
forty mice with tumors established on their right flanks 
into four groups: control group (no treatment), RFA 
group (insufficient RFA alone), anti-CTLA-4 group 
(anti-CTLA-4 monotherapy), and RFA + anti-CTLA-4 
group (insufficient RFA + anti-CTLA-4). The IFN-γ 
concentration and CD4+ and CD8+ lymphocyte expression 
in the mice of the RFA + anti-CTLA-4 group were 
significantly higher than those of the other three groups 
(84).
 Nevertheless, there are still clinical findings that run 
counter to the points mentioned above. As mentioned 
earlier, sorafenib can affect VEGF and HGF levels in the 
tumor environment, but sorafenib combined with arterial 
infusion chemotherapy was more likely to cause adverse 
events including neutropenia and thrombocytopenia 
than sorafenib alone. In conclusion, to achieve the best 
outcome of immunotherapy, the specific implementation 
of LRTs and immunotherapies needs to be further verified. 
Table 2 reviews the clinical trials of the combinations of 
LRTs and immunotherapy in HCC.

5 .  C o m b i n a t i o n  o f  s y s t e m i c  t h e r a p y  a n d 
immunotherapy

Although monotherapy for advanced HCC did not show a 
statistically significant change in efficacy, the combination 
of immunotherapies has shown an advantage in various 
survival assessment efficacy values. The combination 
of an inhibitor of VEGF and PD-1 or its ligand PD-L1 
is a standard of care for patients with advanced HCC. 
Recently, the combination of atezolizumab (anti-PD-L1 
antibody) plus bevacizumab (an anti-VEGF monoclonal 
antibody) demonstrated significantly longer OS and 
PFS than sorafenib in patients who were not previously 
treated (91). In orthotopic-grafted or induced-murine 
models of HCC, combination therapy with anti-PD-1 
and anti-VEGFR-2 increased cluster CD8+ cytotoxic 
T-cell infiltration and activation, shifted the M1/M2 
ratio of TAMs and reduced Treg and chemokine (C-C 
motif) receptor 2-positive monocyte infiltration in HCC 
tissue (92). Furthermore, under anti-PD-1 therapy, CD4+ 
cells promote normalized vessel formation in the face 
of antiangiogenic therapy with anti-VEGFR-2 antibody 
(92). Compared with PD-1 antibody monotherapy, 
the combination therapy enhanced T-cell infiltration, 
improved the efficacy of the PD-1 antibody and 
prolonged survival. Mechanistically, Peg-IFNα promotes 
the cytotoxic CD8+ T-cell infiltration microenvironment 
by inducing the secretion of chemokine CCL4, and the 
PD-1 antibody was able to restore the cytotoxic capacity 
of CD8+ T cells by inhibiting the IFNα-IFNAR1-JAK1-
STAT3 signaling pathway (93).
 A series of recent studies involving multiplex IHC, 
suspension mass cytometry (CyTOF), and Imaging Mass 
Cytometry™ (94) were performed to elucidate both 
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systemic and local immune responses to the combination 
with cabozantinib and nivolumab, and the preliminary 
findings indicated that cabozantinib and nivolumab 
promote T-cell-mediated antitumor immunity locally and 
systemically (95). Specifically, the tumor tissue samples 
from HCC patients with a better response exhibited 
a greater presence of CD8+ and CD4+ T cells. In 
addition to the difference in the lymphocyte profile, the 

combination treatment also promoted the differentiation 
of macrophage clusters with low CD163 and arginase-1 
expression, which was associated with higher plasma 
levels of CXCL9/10/11, CCL2 and CCL26 (96). In 
conclusion, combination therapy resulted in a sustained 
twofold increase in response rates, with a complete 
response rate of ~5% and encouraging survival beyond 
18 months (97).
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Table 1. Summary of the immune response of hepatocellular carcinoma induced by systemic therapies

Systemic Therapy

TKI

Immune checkpoint 
inhibitor (ICI)
     PD-1 PD-L1

     CTLA-4

     Tim-3

Increased

macrophage, T-cells,NK cell

CD8 T cell

T cell activation and M1 
macrophage

cytotoxic T-cell and CD8+ T 
cells

B cells

CD3+ T cells (in tumor 
tissue)

C D 4 + - H L A - D R + , 
CD4+PD-1+, CD8+HLA-
D R + ,  C D 8 + P D - 1 + , 
C D 4 + I C O S +  a n d 
CD8+ICOS+ T cells (in the 
peripheral blood)

CD4+ and CD8+T cell

T cells (in lym-phoid organs)

T  l y m p h o c y t e s  a n d 
polarization of M1-type 
macrophages

Abbreviation: TKI: Tyrosine kinase inhibitors; VEGF: vascular endothelial growth factor; HGF: hepatocyte growth factor; NK: natural killer cell; 
VEGFR: growth factor receptor; FGFR: fibroblast growth factor receptor; PDGFR: platelet-derived growth factor receptor; PD-L1: Programmed cell 
death 1 ligand 1; TNF-α: tumor necrosis factor-α; IFN-γ: interferon-γ; 3-HB: 3-hydroxybutyric acid; TIMP: tissue inhibitor of metalloproteinases; 
MMP:  matrix metalloproteinase; CXCL chemokine (C-X-C motif) ligand; TGF-β1: tansforming growth factor-β: CTLA-4: cytotoxic T lymphocyte-
associated antigen-4.

Up

VEGF and IL-10 
levels

serum cytokines 
including IL-6, 
TNF-α and IFN-γ, 
3-hydroxybutyric
acid (3-HB)

TIMPs -3 and 
TIMP-4

CXCL9

PD-1 expression

IFN-γ

Decreased

Treg, and the proportion of 
monocyte and macrophage 
populations

leukopenia, granulocytopenia 
and thrombocytopenia

T cells

Tregs

DCs, regulatory T cells, and NK 
cells(over-expressing CD16, 
CD38, and CD11c)

Tregs

Down

HGF levels and microvessel 
density (MVD),growth factor 
receptor (VEGFR)1–3, fibroblast 
growth factor receptor (FGFR) 
1–4, platelet-derived growth factor 
receptor (PDGFR)-α

PD-L1

MMP-1, MMP-2, MMP-3, MMP-
7, MMP-9, MMP-10, MMP-11, 
and MMP-16

VEGF, TNF-α, IL-1β and IL-6

PD-L1

neutrophil-associated markers

TGF-β

Ref
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80
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6. Conclusion and prospect

The immune microenvironment of HCC is a system 
composed of hepatocytes, immune cell subsets, immune 
receptors and ligands, cytokines and chemokines, 
extracellular matrix, and other elements (98,99). From 
the above studies, we know that local therapy, systemic 
therapy, or immunotherapy can affect the immune 
microenvironment of HCC. Immunotherapy is an 
increasingly recognized and used method in clinical 
practice, and its combination with LRTs and systemic 
therapy is also increasingly used in the clinical treatment 
of HCC. However, there is great individual variability 
in combination therapy, which is affected by the tumor 
size, location, sequence and duration of treatment, and 
frequency of treatment. More clinical trials are needed 
to explore the specific time and regimen of immune 
combination therapy and to continue to optimize the 
development of the most accurate treatment.
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