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Abstract: Hepatocellular carcinoma (HCC) represents a highly aggressive form of liver neoplasm that presents various therapeutic 
obstacles. Recently, the synergistic use of transarterial chemoembolization (TACE) in conjunction with immunotherapy has attracted 
considerable interest within the medical community. This review aims to explore the synergistic mechanisms between TACE and 
immunotherapy, analyze the current research evidence, and discuss their potential applications in the treatment of HCC. By examining 
how TACE can enhance the efficacy of immunotherapy, we seek to provide direction for future research and emphasize the importance 
of personalized treatment strategies in managing HCC.
Keywords: Hepatocellular carcinoma, HCC, TACE, transarterial chemoembolization, immunotherapy, synergistic mechanisms, 
epigenetics

Introduction
Hepatocellular carcinoma (HCC) represents a significant portion of the worldwide cancer burden, as it is the most 
common type of liver cancer. The frequency of HCC cases has been increasing, especially in areas with elevated 
incidences of hepatitis B and C infections, in addition to populations afflicted by metabolic disorders like obesity and 
type II diabetes.1 The clinical presentation of HCC is often insidious, with many patients being diagnosed at advanced 
stages, which complicates treatment options and outcomes.2

Current locoregional treatment modalities for HCC include surgical resection, ablation, and transarterial interven
tional therapies such as transarterial chemoembolization (TACE).3 However, the effectiveness of these treatments is often 
limited by the stage of the disease at diagnosis and the underlying liver function. The overall prognosis for HCC remains 
poor, with a high recurrence rate following locoregional treatments.4 This necessitates a multifaceted approach to 
management, including early detection and innovative therapeutic strategies.

TACE has been emerged as a preferred therapeutic option, particularly for patients with intermediate-stage HCC who 
are not candidates for curative therapy. It involves the selective delivery of chemotherapeutic agents directly to the tumor 
via the hepatic artery, combined with embolic agents to obstruct blood flow and induce ischemic necrosis.5 Despite its 
utility, TACE is not without limitations, including potential damage to surrounding normal liver tissue, the risk of post- 
embolization syndrome, and of course, the post-operation high recurrence rate.6

In recent years, the integration of immunotherapy into the treatment landscape for HCC has garnered attention, 
particularly with the advent of immune checkpoint inhibitors (ICIs).7 As the results of IMbrave150 were reported in 
2020, atezolizumab combined with bevacizumab had recommended as the preferred first-line treatment option for HCC,8 
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demonstrating the superior of immunotherapy for HCC. Other ICI-based clinical trials, such as HIMALAYA9 and 
ORIENT-32,10 also yielded promising results, solidifying the role of immunotherapy in the evolving narrative of HCC 
treatment. These agents work by boosting the immune system’s response to tumor cells and have demonstrated potential 
in enhancing the prognosis for individuals diagnosed with advanced HCC. However, a considerable proportion of HCC 
patients have a ‘cold’ tumor immune microenvironment (TME), which is characterized by low immune cell infiltration 
and immunosuppressive conditions, making immunotherapy essentially ineffective. In contrast, a ‘hot’ TME exhibits 
high immune cell infiltration and active immune responses, which are more responsive to immunotherapy.11 Hence, it has 
been demonstrated that immunotherapy can play a synergistic anti-tumor role with a wide range of modalities, including 
targeted therapy, radiotherapy, chemotherapy or immunomodulator,12–14 the main reason of which is that these methods 
can convert ‘cold’ TME to ‘hot’ TME. Up to now, the optimal sequencing and combination of TACE and immunotherapy 
remain areas of active investigation.15

In summary, while significant strides have been made in the understanding and treatment of HCC, challenges remain 
in optimizing therapeutic approaches and improving patient outcomes. Continued research into the mechanisms of 
disease progression and treatment response is essential to develop effective strategies for this complex malignancy, 
especially for the combination therapy. Herein, we focus on the synergistic anti-tumor effect and mechanism of TACE 
and immunotherapy (Figure 1), with the purpose of providing comprehensive understanding and future exploratory 
direction.

Figure 1 The synergistic anti-tumor effect and mechanism of TACE and immunotherapy. The combination of TACE and immunotherapy seeks to transform a “cold” tumor 
microenvironment (TME) into a “hot” TME, marked by enhanced immune cell activity and a better response to immunotherapy. After receiving TACE treatment, the tumor 
undergoes immunogenic cell death (ICD), leading to an increased release of tumor antigens and the recruitment of more effector CD8+ T cells and NK cells for intratumoral 
infiltration. Meanwhile, the quantity and proportion of Tregs and other immunosuppressive cells are significantly reduced. Additionally, the expression of immune 
checkpoints on the surface of CD8+ T cells is markedly upregulated, thereby further enhancing the efficacy of immunotherapy.
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Synergistic Mechanisms of TACE and Immunotherapy
Upregulation of the Antigen Release
TACE has received acknowledgment not only for its direct cytotoxic impact on tumors but also for its capacity to bolster the 
immune response against HCC. One of the key mechanisms underlying this phenomenon is the release of tumor antigens 
(Figure 2).16 TACE induces localized tumor necrosis, leading to the release of tumor-associated antigens. This antigen release 
is critical as it primes the immune system for an adaptive response. Studies have shown that TACE can increase the levels of 
circulating tumor antigens, which may activate dendritic cells and promote T-cell activation and proliferation.17 For instance, 
expression levels of major histocompatibility complex (MHC) molecules on the surface of tumor cells may be increased, 
which in turn enhances the antigen presentation capabilities to T cells.18 Additionally, the release of damage-associated 
molecular patterns (DAMPs) during cell death can further invigorate the immune response, creating a more robust anti-tumor 
immunity. This antigen release mechanism is crucial for the sequential application of immunotherapies, such as ICIs, which 
can leverage the pre-existing immune activation initiated by TACE.

Modulation of the Tumor Microenvironment (TME)
TME is crucial in influencing both the advancement of tumors and their responses to therapies. TACE not only exerts 
a direct cytotoxic effect on neoplastic cells but also modifies the TME in a manner that could potentially improve the 
efficacy of later immunotherapeutic interventions (Figure 2).19 Following TACE, there is often a significant change in the 
immune cell composition within TME. For example, studies have reported an increase in the infiltration of effector 
T cells and a decrease in immunosuppressive cells such as regulatory T cells (Tregs) and myeloid-derived suppressor 
cells (MDSCs) after receiving TACE; research has demonstrated that tumor-associated macrophages (TAMs) can adopt 
different phenotypes depending on the TME, which can either promote or inhibit anti-tumor immunity.20,21

TAMs, Tregs, and MDSCs are pivotal in shaping the immunosuppressive TME following TACE, thereby influencing tumor 
progression and therapeutic resistance. TACE-induced hypoxia promotes the polarization of TAMs toward the M2-like 

Figure 2 The synergistic mechanisms of TACE and immunotherapy. The synergistic mechanisms of TACE combined with immunotherapy mainly include upregulation of the 
antigen release, modulation of the TME, and the impact of epigenetic reprogramming.
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phenotype, which secretes immunosuppressive cytokines such as IL-10 and TGF-β, driving angiogenesis and facilitating tumor 
regrowth and metastasis.22 Similarly, hypoxia and tissue injury recruit Tregs that suppress cytotoxic T cells and NK cells while 
releasing TGF-β and IL-10, further dampening anti-tumor immunity.23 Additionally, MDSCs expand post-TACE, secreting 
immunosuppressive factors and supporting angiogenesis and tumor survival under hypoxic conditions.24 These immunosup
pressive cells hinder the efficacy of ICIs and contribute to resistance mechanisms. Combining TACE with strategies that target 
TAMs (eg, CSF-1R inhibitors), deplete Tregs (eg, anti-CD25 antibodies), or reduce MDSCs (eg, CXCR2 inhibitors) holds 
promise for overcoming immunosuppression. This approach can synergize with immunotherapy to reprogram the TME, enhance 
immune activation, and improve therapeutic outcomes in HCC. As for the involved pathways, immunogenic cell death (ICD) 
triggered by TACE leads to the release of damage-associated molecular patterns (DAMPs), activating antigen-presenting cells 
(APCs) via pathways such as STING and TLR signaling.25 Besides, increased antigen presentation stimulates T cell activation via 
the MHC-I pathway, leading to the recruitment and expansion of effector immune cells while reducing immunosuppressive 
components like Tregs and M2 macrophages.26 Further research is essential to optimize these combination strategies for clinical 
application.

The relationship between tumors and the immune system is a complex and evolving interaction influenced by multiple 
factors.27 Tumor cells possess the ability to alter the immune response by secreting cytokines and expressing immune checkpoint 
proteins, thereby establishing an immunosuppressive microenvironment that facilitates tumor advancement. Additionally, the 
recruitment of various immune cell types, such as Tregs and MDSCs, can further tilt the immune response in favor of tumor 
tolerance. This complex interplay underscores the importance of understanding the changes that govern immune cell behavior 
within the TME, as these alterations can profoundly affect the effectiveness of immunotherapies and the overall prognosis for 
patients.28

The combination of TACE with immunotherapy, therefore, aims to convert “cold” TME into “hot” TME, characterized by 
increased immune cell activity and improved response to immunotherapy.29 This synergistic interaction between TACE and 
immunotherapy underscores the importance of understanding the dynamic changes within the TME to optimize treatment 
strategies for HCC.

Impact of Epigenetic Reprogramming
Epigenetic modifications are increasingly recognized as important factors in HCC biology, influencing both tumor 
progression and response to therapy. It has been reported that TACE can induce epigenetic changes of HCC, which 
may enhance their susceptibility to immunotherapy (Figure 2). For instance, cellular demise induced by TACE may 
result in the release of cytokines that modify the epigenetic landscape of residual surviving tumor cells, potentially 
increasing the immunogenicity.18 This epigenetic reprogramming may involve changes in DNA methylation patterns, 
histone modifications, and the expression of non-coding RNAs, all of which can affect gene expression profiles 
related to immune evasion and tumor progression. Research has shown that TACE can downregulate immune 
checkpoint molecules, thereby enhancing T-cell responses against tumor antigens.30 Furthermore, the interplay 
between metabolic reprogramming and epigenetic changes following TACE can create a more favorable environ
ment for the action of ICIs, leading to improved outcomes.31 Hypermethylation of the PD-L1 promoter can suppress 
its expression, reducing immune recognition and response to PD-1/PD-L1 inhibitors. Conversely, hypomethylation 
can upregulate PD-L1, making tumors more responsive to checkpoint blockade therapy.32 EZH2, a histone methyl
transferase, catalyzes H3K27me3, leading to transcriptional repression of tumor suppressor genes and immune- 
related genes. Inhibition of EZH2 can promote antigen presentation and T cell infiltration, thereby increasing 
sensitivity to immunotherapy.33 Downregulation of miR-200 promotes epithelial-mesenchymal transition (EMT), 
leading to reduced antigen presentation and immune escape. Restoring miR-200 expression enhances MHC-I 
presentation, improving response to immunotherapy.34 Understanding these epigenetic mechanisms may provide 
new avenues for enhancing the efficacy of combination therapies involving TACE and immunotherapy in HCC 
patients.
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Current Evidence
China’s TACE Studies - CHANCE Series
The combination of ICIs with anti-VEGF antibodies has become the standard first-line treatment for advanced HCC.35 

Over the past decade, there has been ongoing exploration of treatment options for advanced HCC, with significant 
attention focused on combining TACE with systemic therapies, primarily targeted treatments. The success of combining 
TACE with targeted therapies in treating HCC has sparked enthusiasm for integrating interventional treatments with 
immunotherapy.36 Both preclinical and clinical evidence increasingly suggests that interventional oncology (IO) com
bined with immunotherapy (IO+IO) holds promise for improving the efficacy of inoperable HCC.37 The CHANCE 
alliance is committed to establishing a clinical research platform for the Chinese HCC experts. This alliance focuses on 
multidisciplinary treatment as its core concept, pooling expertise from various disciplines to actively promote and 
transform the current state of HCC interventional therapies, thus contributing to the high-quality development of HCC 
treatment in China (Table 1).

CHANCE001 Study
The CHANCE001 study is a multi-center, retrospective study in China assessing the efficacy of combining TACE with 
immunotherapeutic and targeted treatment modalities for HCC.38 This study was launched on April 16, 2021, based on 
the CHANCE research platform, with clinical registration number NCT04975932. The study includes HCC patients from 
59 top-tier hospitals across 22 provinces in China. It enrolled patients from January 2018 to May 2021, including those 
receiving TACE combined with PD-(L)1 inhibitors and targeted therapies, as well as a control group receiving TACE 
alone. A total of 1142 patients were initially screened, and after matching and selection according to the study protocol, 
228 patients were included in both groups for analysis. The study population primarily consisted of patients with HBV 
infection (71.5%), advanced-stage disease (65.8%), and high tumor burden (75.9%), including some with Child-Pugh 
B liver function (14.0%) and extrahepatic metastasis (33.3%). The findings indicated that the group receiving combina
tion therapy achieved a progression-free survival (PFS) of 9.5 months, which was significantly superior to the 8.0 months 
observed in the TACE-only group (HR = 0.70, 95% CI: 0.56–0.88, P = 0.002). Furthermore, the median overall survival 
(OS) for the combination therapy cohort was 19.2 months, in contrast to 15.7 months for the TACE-alone cohort (HR = 
0.63, 95% CI: 0.47–0.83, P = 0.001). The objective response rate (ORR) was recorded at 60.1% for the combination 
therapy group, compared to 32.0% for the TACE-only group (P < 0.001). This investigation illustrates that the integration 
of TACE with PD-(L)1 inhibitors and targeted therapies markedly enhances PFS, OS, and ORR in patients suffering from 
advanced HCC, while maintaining an acceptable safety profile.

CHANCE2211 Study
The CHANCE2211 study, a national multi-center retrospective cohort study, investigated the combination of 
Camrelizumab, Apatinib, and TACE in treating HCC.39 This investigation, utilizing the CHANCE research platform, 
included a total of 586 patients diagnosed with HCC. Following propensity score matching at a ratio of 1:2, the study 
comprised 84 individuals receiving the combined treatment and 147 individuals undergoing TACE exclusively. The 
findings indicated that the cohort receiving the combination treatment exhibited markedly superior median OS, PFS, and 
ORR in comparison to the TACE-only group (median OS: 24.1 months versus 15.7 months; median PFS: 13.5 months 
versus 7.7 months; ORR: 59.5% versus 37.4%). This research represents the most extensive real-world dataset to date 
that evaluates the efficacy of Camrelizumab in conjunction with Apatinib against TACE alone for the management 
of HCC.

CHANCE2201 Study
The CHANCE2201 study is a nationwide multi-center real-world clinical trial that aims to evaluate whether combining 
TACE with systemic therapies benefits advanced HCC patients.40 The study included 1244 patients from 65 top-tier 
hospitals across 30 provinces. The findings indicated that the integration of TACE with targeted and immunotherapy 
yielded a median OS of 22.6 months, which is markedly superior to the median OS of 15.9 months reported with 
systemic therapy alone. Furthermore, the median PFS for the combination therapy was recorded at 9.9 months, in 
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Table 1 China’s TACE Series Studies

Study Study Type Treatment Groups Number of 
Patients

Key Findings PFS OS ORR HR (P-value)

CHANCE00138 Multi-center, 
retrospective

TACE + PD-(L)1 inhibitors + 
Targeted therapies 

(Experimental group)

456 (228 in 
each group)

TACE combined with PD-(L)1 inhibitors 
and targeted therapies significantly 

improved PFS, OS, and ORR in advanced 

HCC

9.5 months 
(Experimental)

19.2 months 
(Experimental)

60.1% 
(Experimental)

PFS: HR = 0.70 
(P = 0.002)

TACE alone (Control group) 8.0 months 
(Control)

15.7 months 
(Control)

32.0% 
(Control)

OS: HR = 0.63 
(P = 0.001)

CHANCE221139 Multi-center, 

retrospective

Camrelizumab + Apatinib + 

TACE (Experimental group)

586 (84 in 

experimental, 
147 in 

control)

The combination of Camrelizumab, 

Apatinib, and TACE resulted in 
significantly higher OS, PFS, and ORR 

compared to TACE alone

13.5 months 

(Experimental)

24.1 months 

(Experimental)

59.5% 

(Experimental)

PFS: 13.5 vs 7.7 

months (P < 
0.001)

TACE alone (Control group) 7.7 months 
(Control)

15.7 months 
(Control)

37.4% 
(Control)

OS: 24.1 vs 
15.7 months  

(P < 0.001)

CHANCE220140 Multi-center, 
real-world

TACE + Targeted + 
Immunotherapy 

(Experimental group)

1244 (802 in 
experimental, 

442 in 

control)

Combining TACE with targeted and 
immunotherapy significantly improved 

OS, PFS, and ORR in advanced HCC 

compared to systemic therapy alone

9.9 months 
(Experimental)

22.6 months 
(Experimental)

41.2% 
(Experimental)

PFS: 9.9 vs 7.4 
months

Systemic therapy alone 
(Control group)

7.4 months 
(Control)

15.9 months 
(Control)

22.9% 
(Control)

OS: 22.6 vs 
15.9 months

Abbreviations: PFS, progression-free survival; OS, overall survival; ORR, objective response rate; HR, hazard ratio.
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contrast to the 7.4 months noted in the monotherapy cohort. The ORR for the combination treatment reached 41.2%, 
whereas the monotherapy group exhibited an ORR of 22.9%. Although the incidence of adverse events was higher within 
the combination therapy cohort, these events were found to be manageable. The observed survival advantages were 
consistent across various sensitivity analyses and clinical subgroups. The study CHANCE2201 extends previous research 
and offers significant real-world evidence supporting the amalgamation of TACE with systemic therapies in the 
management of advanced HCC.

Future Outlook
With the publication of subsequent prospective multi-center randomized controlled trial data, it is expected that the 
treatment landscape for intermediate and advanced HCC will be significantly revolutionized.

International TACE Trials
Clinical investigations evaluating the effectiveness of TACE in conjunction with immunotherapy have reported encoura
ging outcomes.41 The EMERALD-1 trial (NCT03778957), a Phase III study encompassing 724 participants, assessed the 
effectiveness of a triple therapy regimen comprising TACE, Durvalumab, and Bevacizumab, in comparison to TACE 
alone for patients diagnosed with HCC.42 Preliminary findings presented at the 2024 ASCO-GI indicated that the 
combination therapy significantly enhanced PFS, yielding a median PFS of 15.0 months for the combination group, as 
opposed to 8.2 months for the TACE-only cohort (HR = 0.77, P = 0.032). Additionally, the LEAP-012 trial 
(NCT04246177), another Phase III investigation involving 450 participants, examined the efficacy of combining 
TACE with Pembrolizumab and Lenvatinib relative to TACE alone for HCC treatment.43 Mid-term results presented 
at the 2024 ESMO demonstrated a substantial improvement in PFS for the combination therapy, with a median of 14.6 
months (95% CI: 12.6–16.7) in the treatment group compared to 10.0 months (95% CI: 8.1–12.2) for the placebo group 
(HR = 0.66, P = 0.0002). Although interim OS data did not achieve statistical significance (HR = 0.80, P = 0.0867), 
a noticeable trend toward improved OS was evident. The one-year survival rates were 89.0% for the combination group 
and 83.1% for the placebo group, while the two-year survival rates were recorded at 74.6% and 68.6%, respectively. 
These results suggest that the amalgamation of locoregional and systemic treatment modalities may yield a more 
efficacious strategy for managing advanced HCC. Nevertheless, concerns have arisen regarding the safety profiles of 
these combined therapies, highlighting the need for continuous surveillance of treatment-related adverse events (TRAEs). 
Overall, the outcomes from these clinical trials emphasize the potential of TACE in conjunction with immunotherapy to 
improve patient outcomes in HCC cases.

In the intermediate stage of HCC, ongoing researches are evaluating the combination of TACE and immunotherapy. 
Notably, influential ongoing international randomized clinical trials exploring these combinations are summarized in 
Table 2. Collectively, these findings imply that the integration of immunotherapy with TACE not only amplifies 
therapeutic efficacy but also provides a feasible treatment alternative for patients with advanced HCC. Nonetheless, 
further investigation is crucial to refine treatment protocols and to thoroughly comprehend the long-term advantages and 
potential hazards associated with this combined therapeutic approach.

Epigenetic Influences
TACE Induced Epigenetic Modifications
TACE is a common interventional treatment for HCC that not only aims to reduce tumor size but also induces significant 
epigenetic changes in the TME.44 Recent research has shown that TACE has the capacity to modify the expression of 
genes associated with apoptosis, cellular proliferation, and immune responses via epigenetic mechanisms, including 
DNA methylation and histone modifications.31 For instance, TACE has been shown to promote the expression of pro- 
apoptotic genes while silencing anti-apoptotic genes via hypermethylation, thereby enhancing tumor cell death.45 

Additionally, TACE can influence the TME by inducing immune checkpoint molecules that modulate T cell 
responses.46 The interplay between TACE-induced epigenetic modifications and the subsequent immune response 
highlights the complex relationship between therapy and tumor biology, suggesting that understanding these modifica
tions can result in enhanced therapeutic approaches and better clinical outcomes for individuals diagnosed with HCC.47
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Table 2 Ongoing International Randomized Clinical Trials Testing Combinations of TACE and Immunotherapy

Trial Phase Enrollment Treatment Comparator Primary 
Endpoint

NCT 
Number

Preliminary Results

EMERALD-1 III 724 TACE + 

Durvalumab + 

Bevacizumab

TACE Progression-free 

survival (PFS)

NCT03778957 Compared to TACE alone, the triple combination of Durvalumab, TACE, and 

Bevacizumab significantly improved PFS. The median PFS was 15.0 months for 

the combination group and 8.2 months for the TACE-alone group (HR = 0.77, 
P = 0.032).

EMERALD-3 III 725 TACE + 

Durvalumab + 
Tremelimumab + 

Lenvatinib

TACE PFS NCT05301842 Not reported

LEAP-012 III 450 TACE + 
Pembrolizumab + 

Lenvatinib

TACE PFS, overall 
survival (OS)

NCT04246177 A mid-term study demonstrated that the PFS of the Lenvatinib + Pembrolizumab 
+ TACE group was significantly superior to that of the placebo + TACE group 

(HR = 0.66, 95% CI: 0.51–0.84, P = 0.0002). The median PFS was 14.6 months 

(95% CI: 12.6–16.7) and 10.0 months (95% CI: 8.1–12.2), respectively. The 
interim OS data remain immature and have not yet reached statistical 

significance (HR = 0.80, 95% CI: 0.57–1.11, P = 0.0867). However, a trend 

toward OS improvement was observed with the combination therapy. Median 
OS has not been reached in either group, with 1-year survival rates of 89.0% and 

83.1% and 2-year survival rates of 74.6% and 68.6%, respectively.

ML-42612 III 342 TACE + 
Atezolizumab + 

Bevacizumab

TACE Time to failure 
of treatment 

strategy (TTFTS)

NCT04712643 Not reported

ABC-HCC III 434 Atezolizumab + 
Bevacizumab

TACE PFS by mRECIST NCT04803994 Not reported

RENOTACE III 496 Nivolumab + 

Regorafenib

TACE PFS by mRECIST NCT04777851 Not reported
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Clinical Significance and Potential Biomarkers
The clinical significance of epigenetic modifications in HCC is substantial, especially regarding the identification of 
prospective biomarkers for diagnosis, prognosis, and therapeutic response.48–52 Alterations in the epigenome, including 
modifications in DNA methylation patterns and histone changes, have been linked to numerous cancers and may function 
as biomarkers for the early detection and surveillance of disease advancement. Notably, specific microRNAs and long 
non-coding RNAs have surfaced as encouraging candidates, attributed to their involvement in the modulation of gene 
expression and their stability in body fluids.53 Moreover, the identification of epigenetic signatures in tumors can help 
stratify patients based on their likely response to specific therapies, including targeted therapy and immunotherapy. As 
research continues to uncover the intricate relationship between epigenetic changes and tumor biology, the development 
of epigenetic-based biomarkers holds great promise for promoting precision medicine in HCC.54

Challenges and Limitations
Impact of Tumor Heterogeneity
Tumor heterogeneity is a significant challenge for HCC treatment, as it can manifest both intertumoral and intratumor 
variations.55 Intertumoral heterogeneity refers to the difference observed among different patients, while intratumor 
heterogeneity pertains to the variations within one lesion. This heterogeneity can arise from genetic, epigenetic, and 
environmental factors, contributing to difference as to tumor behavior, treatment response, and outcomes. For example, 
research indicates that the existence of various cancer cell subpopulations within a tumor may result in differing 
responses to identical therapeutic interventions, complicating treatment strategies and potentially leading to treatment 
resistance.56 Furthermore, the dynamic nature of tumor evolution can result in the emergence of resistant clones during 
treatment, making it essential to develop personalized therapeutic approaches that consider the unique tumor hetero
geneity. Therefore, understanding and addressing tumor heterogeneity is crucial for improving therapeutic efficacy and 
outcomes in HCC.57

Effects of Hypoxic Environment on Treatment Outcomes
Hypoxia, or low oxygen levels within the tumor microenvironment, is a well-recognized factor that adversely affects the 
outcomes of patients with HCC.58 The most important characteristic of TACE for HCC is that it induces hypoxia in tumor 
tissues and cells. First, TACE blocks tumor-feeding arteries, leading to oxygen depletion. Second, after embolization, 
surviving tumor cells exhibit elevated glycolysis, consuming remaining oxygen. Finally, as tumors expand, they outgrow 
their oxygen supply, exacerbating hypoxia. The main indicators for measuring hypoxia levels include hypoxia-inducible 
factor-1α (HIF-1α), vascular endothelial growth factor (VEGF) and glucose transporters (GLUT1). Malignancy often suffers 
from hypoxic condition due to inadequate blood supply and rapid growth, leading to an environment that promotes resistance 
to therapies, such as chemotherapy and radiotherapy. Hypoxia can induce a range of biological responses that contribute to 
tumor aggressiveness, including enhanced angiogenesis, altered metabolism, immune evasion, and so on.59,60 Additionally, 
hypoxic tumor regions are often less sensitive to treatment, as the low oxygen levels can diminish the effectiveness of radiation 
therapy, which relies on oxygen to generate reactive oxygen species that damage lesions.61,62 As a result, strategies to target 
hypoxia within tumor, such as the use of hypoxia-activated prodrugs (HAPs) or oxygen delivery systems, are currently under 
investigation to enhance the effectiveness of treatments and improve patient outcomes. The classification of HAPs mainly 
includes Quinone-Based HAPs, Nitroaromatic HAPs, Aliphatic N-Oxide HAPs, and Cobalt Complex HAPs.63 Addressing the 
challenges posed by hypoxic environments is essential for optimizing HCC therapies.

Toxicity Reactions and Tolerability Issues
The treatment of HCC typically encompasses a range of therapeutic modalities, such as chemotherapy, targeted therapies, and 
immunotherapeutic approaches. Nevertheless, the administration of these treatments is frequently associated with the potential 
for adverse effects, which can considerably affect both the quality of life of patients and their adherence to treatment 
protocols.64 The spectrum of toxic reactions may vary from mild symptoms, including nausea and fatigue, to more serious 
complications that may lead to organ dysfunction and life-threatening situations. The variability in tumor response to this 
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treatment can be attributed to factors such as genetic predisposition, pre-existing comorbidities, and the specific characteristics 
of the administration agents.65 Additionally, the development of tolerance to certain drugs can lead to dose escalation, further 
increasing the risk of adverse effects. Therefore, it is crucial for healthcare providers to monitor patients closely, implement 
strategies to manage side effects, and come up with personalized approaches to minimize toxicity while maximizing the 
therapeutic benefits. Besides, in patients receiving transarterial chemoembolization (TACE) combined with immune check
point inhibitors (ICIs), common irAEs include diarrhea (26.5%), pruritus (22.9%), rash (22.4%), decreased appetite (17.0%), 
fatigue (17.0%), pyrexia (12.9%), nausea (12.1%), increased AST levels (12.4%), and hypothyroidism (10.3%).66 Severe 
adverse events (grade 3 or higher) attributed to immunotherapy have been observed in approximately 10% of patients 
undergoing multimodal treatment.67 Elderly patients (≥65 years) are more prone to cardiotoxicity, fatigue, and endocrino
pathies, such as hypothyroidism, while those with pre-existing liver diseases (eg, cirrhosis, HBV, or HCV) face an increased 
risk of acute liver decompensation, with HBV reactivation occurring in 5–10% of cases without antiviral prophylaxis.68 Liver 
function impairments post-TACE and immunotherapy are common, with ALT/AST levels rising beyond three times the upper 
limit of normal (20–40% of cases) and bilirubin elevation leading to jaundice in 5–10% of severe cases. Additionally, patients 
with Child-Pugh Class B/C liver function often experience higher rates of hepatic encephalopathy and exacerbated ascites.69

Future Perspectives
Exploration of Novel Combination Therapies
The landscape of HCC treatment is rapidly evolving, with novel combination therapies emerging as a promising frontier in 
oncology. Traditional monotherapy has often fallen short due to the complex nature of tumor, particularly in aggressive 
malignancies. Recent research has underscored the promising advantages of integrating ICIs, particularly anti-PD-1/PD-L1 
agents, with various other treatment strategies to augment therapeutic effectiveness and address the resistance mechanisms 
that are naturally present in tumors. For example, a comprehensive review discussed the synergistic potential of combining 
anti-PD-1/PD-L1 therapy with chemotherapy and targeted therapies, indicating that such combinations may enhance the 
immunosuppressive TME and lead to improved clinical outcomes.70 Besides, most patients exhibited resistant to TACE, 
which is called as “TACE refractory” or “TACE unsuitable”.71 For these patients, TACE may not be able to improve TME to 
play synergistic anti-tumor effect. For example, it was reported that intratumor Trem2+ macrophage significantly elevated 
after receiving TACE, affecting the curative effect.20 Hence, Targeting Trem2 or other similar targets may further improve the 
clinical efficacy of TACE combined with immunotherapy. Additionally, ongoing clinical trials are investigating the optimal 
sequencing and combination of these therapies to maximize therapeutic effects while minimizing adverse effects (Table 2). As 
research continues to elucidate the mechanisms behind these combination strategies, the future of HCC treatment may 
increasingly rely on tailored regimens that address the unique characteristics of individual patient.

Development and Application of Biomarkers
The advancement of biomarkers in HCC has become a pivotal aspect of personalized medicine, offering insights into prognosis, 
response and stratification.72 Recent literature underscores the importance of developing and validating biomarkers that can guide 
therapeutic decisions, particularly in the context of immunotherapy. For example, the identification of biomarkers such as serum 
amyloid A (SAA) expression has been crucial for predicting responses to ICIs in HCC.73 However, the search for more robust 
and comprehensive biomarkers needs to continue to explore, as existing markers often lack reliability across diverse patient 
populations. Emerging technologies, including genomic and proteomic analyses, are utilized to identify new biomarkers that can 
enhance the prediction of treatment results and track the advancement of diseases.74 Additionally, the integration of artificial 
intelligence in biomarker discovery holds promise for improving the accuracy and efficiency of identifying predictive and 
prognostic markers, enabling more personalized treatment approaches.75 As the field progresses, the successful implementation 
of biomarkers into clinical practice will be essential for optimizing patient care and improving outcomes.

Prospects and Challenges of Personalized Treatment
The future of HCC treatment is increasingly leaning towards individualized treatment, which tailor therapeutic strategies 
based on individual characteristics and tumor biology.76 This approach has shown great potential in improving treatment 
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efficacy and reducing side effects. However, several challenges remain in the implementation of personalized strategy. One 
significant hurdle is the identification of predictive biomarkers that can reliably indicate which patients will benefit from 
specific therapy. For instance, the heterogeneity of tumor often complicates the development of universal biomarkers, 
necessitating a more nuanced understanding of tumor genetics and patient profiles.77 Moreover, the integration of advanced 
technologies such as next-generation sequencing and artificial intelligence into clinical workflows poses logistical and 
regulatory challenges that need to be addressed.78 Additionally, the cost-effectiveness of personalized therapy remains 
a concern, as these treatments can be expensive and may not be accessible to all patients.79–81 Despite these challenges, the 
ongoing research and technological advancements in the field of personalized medicine offer a hopeful outlook for the future 
of cancer treatment, with the potential for more effective, targeted, and patient-centric therapies.82,83

Conclusion
In conclusion, the integration of TACE with immunotherapy has emerged as a promising strategy for improving the 
prognosis of patients with HCC. Current evidence suggests that while TACE effectively reduces tumor burden, but 
combining it with immunotherapy may boost immunity, leading to improved overall survival and disease-free intervals. 
This dual approach appears to synergize the cytotoxic effects of TACE with the immune checkpoint blockade, potentially 
overcoming the limitations of each modality when applied independently.

However, the path forward is not without challenges. The variability in tumor response to combined therapies necessitates 
a nuanced understanding of the underlying biological mechanisms at play. Future research should focus on identifying 
biomarkers that can predict which patients are most likely to benefit from this combination therapy. Additionally, the timing 
and sequencing of TACE and immunotherapy administration remain critical areas for investigation. Tailoring these treatment 
modalities to the individual patient will be essential in maximizing therapeutic efficacy.

Moreover, as we look to the future of HCC treatment, the significance of multidisciplinary collaboration cannot be 
overstated. Oncologists, radiologists, immunologists, and other healthcare professionals must work together to develop 
integrated treatment protocols that leverage the strengths of each discipline. Such collaboration will not only facilitate the 
sharing of knowledge and expertise but also accelerate the translation of research findings into clinical practice.

In summary, the combination of TACE and immunotherapy holds significant potential for improving outcomes in 
HCC patients. Continued exploration of this therapeutic strategy, coupled with a commitment to collaborative practice, 
will be paramount in advancing HCC treatment paradigms and ultimately enhancing patient care. The advancement of 
HCC management depends on our capacity to integrate various research outcomes and clinical perspectives, thereby 
facilitating the development of novel strategies that tackle the intricate nature of this formidable condition.
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