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Abstract
Hepatocellular carcinoma (HCC) is a malignant tumor originating from hepatocytes, often developing against a 
backdrop of chronic inflammation and liver fibrosis. The primary risk factor for HCC is cirrhosis, and early detection 
is crucial for improving outcomes. Despite advances in treatment, the prognosis remains poor, with a 5-year 
survival rate of approximately 15%-38%. Growing evidence highlights the critical role of the tumor 
microenvironment (TME) in modulating tumor initiation, growth, progression, and, in some cases, suppression. The 
TME is a complex ecosystem composed of immune cells, cancer-associated fibroblasts, extracellular matrix 
components, and other factors such as growth factors and cytokines. By shaping tumor cell behavior, the TME 
facilitates immune evasion and contributes to resistance to treatment. Tumor-associated immune cells, including 
regulatory T cells, myeloid-derived suppressor cells, and tumor-associated macrophages, contribute to immune 
suppression and progression. On the other hand, immune activation via immune checkpoint inhibition has shown 
promise in improving outcomes, especially when combined with other treatments such as transarterial 
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chemoembolization (TACE), selective internal radiation therapy (SIRT), and systemic therapies. Studies have 
demonstrated the potential of targeting the TME to enhance treatment efficacy, with immune modulation 
emerging as a key therapeutic strategy. This review explores the complex interactions within the TME in HCC, 
highlighting its role in therapy resistance and immune evasion. It also discusses current therapeutic approaches to 
target the TME to improve clinical outcomes in HCC patients.

Keywords: Hepatocellular carcinoma, extracellular matrix, transarterial chemoembolization, selective internal 
radiation therapy, systemic therapy, drug resistance, immune evasion, immune checkpoint inhibitors

INTRODUCTION
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide, with its 
incidence rising in Western countries[1-3]. Chronic liver inflammation triggers cycles of cell death and 
regeneration, which may culminate in cirrhosis and potentially progress to neoplastic transformation[4]. 
Indeed, cirrhosis is the predominant risk factor for HCC, carrying an annual risk of 2%-4% for progression 
to malignancy, and one-third of cirrhotic patients are estimated to develop HCC during their lifetime[5,6]. 
Therefore, early detection of HCC through surveillance is crucial in increasing the likelihood of patients 
accessing curative treatments[7].

Despite advances in therapy, the prognosis for HCC remains poor. The 5-year survival rate is approximately 
15%-38%, mainly due to late-stage diagnosis, therapeutic resistance, high recurrence rates, and frequent 
metastases[8,9]. For early-stage, liver-confined HCC, curative treatments such as liver transplantation (LT), 
surgical resection, and radiofrequency ablation are effective[10,11]. However, the majority of HCC cases (50%-
60%) present at advanced stages, requiring systemic therapy[12]. Progress in immunology has revolutionized 
cancer treatment, positioning immuno-oncology as a promising approach to improve outcomes in HCC 
management[13]. However, challenges persist in accurately predicting and systematically addressing 
resistance mechanisms across diverse patient populations, often leading to suboptimal outcomes[14]. Tumor 
response to therapy is significantly shaped by the dynamic interplay between tumor cells and the 
surrounding tumor microenvironment (TME)[15]. Research has consistently shown that the TME is a highly 
intricate ecosystem that influences cancer progression, therapeutic efficacy, and resistance to treatment[16,17].

This review aims to delve into the current understanding of the complex interplay within the TME in HCC, 
highlighting its role in modulating treatment responses, exploring its potential as a therapeutic target, and 
shedding light on how it drives immune resistance to both transarterial and systemic therapies.

TME IN HCC
The TME in HCC, a complex and dynamic landscape, is a key player in tumor development, progression, 
and immune evasion[18]. It comprises cellular and non-cellular elements, including mesenchymal and 
immune cells, extracellular matrix (ECM), growth factors, pro-inflammatory cytokines, and bacterial 
products translocated via the enterohepatic circulation[19]. The cellular part includes impaired hepatocytes, 
liver progenitor cells, and a variety of immune cells. The other part encompasses the tumor stroma, 
enriched with growth and inhibitory factors, proteolytic enzymes, and cytokines with pro- and anti-
inflammatory roles[20] [Figure 1].

The nature and dynamics of the TME are shaped by the underlying causes of chronic liver disease and by 
genetic, epigenetic, and metabolic factors that influence cellular behavior. The immune landscape of the 
liver includes diverse populations such as neutrophils, monocytes, Kupffer cells, natural killer (NK) cells, 
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Figure 1. The TME balance in HCC (Created with Biorender using https://www.biorender.com/). CAFs: Cancer-associated fibroblasts; 
DC: dendritic cells; MDSC: myeloid-derived suppressor cells; NK: natural killer; TAMs: tumor-associated macrophages; Treg: regulatory 
T cells; TME: tumor microenvironment; HCC: hepatocellular carcinoma.

natural killer T (NKT) cells, and circulating and resident lymphocytes (e.g., CD4+ and CD8+ T cells, B cells, 
and γδ T cells)[21]. In a healthy liver, these cells maintain homeostasis and regulate inflammation. Thus, the 
liver is predisposed to induce immune tolerance, a state of reduced immune responsiveness. Its unique 
architecture and blood flow dynamics facilitate this, particularly within the sinusoids, where immune cells 
interact with tolerogenic antigen-presenting cells, such as hepatocytes and Kupffer cells. Moreover, immune 
cells within the TME show contrasting roles because cytotoxic CD8+ T cells are pivotal for antitumor 
responses[22].

In contrast, suppressive populations such as regulatory T cells (Tregs), myeloid-derived suppressor cells 
(MDSCs), tumor-infiltrating lymphocytes (TILs), and tumor-associated macrophages (TAMs) contribute to 
immune evasion and tumor progression[23]. Indeed, in chronic liver disease, prolonged necroinflammation 
disrupts the immune liver balance, fostering a microenvironment conducive to tumorigenesis. In this 
context, the TME supports tumor growth and provides a protective niche for cancer cells, enabling immune 
escape[18].

Stromal cells such as cancer-associated fibroblasts (CAFs) are key elements that remodel the ECM and 
secrete factors that enhance tumor invasion and metastasis. Their activation is driven by signals such as 
transforming growth factor-β (TGF-β) and platelet-derived growth factor (PDGF)[24]. Moreover, the ECM 
plays a crucial role in modulating tissue stiffness while serving as a reservoir for signaling molecules such as 
vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1a (HIF-1a), which are 
upregulated under hypoxic conditions commonly associated with rapidly growing tumors. This promotes 
angiogenesis, further sustaining tumor survival[14]. Extracellular vesicles (EVs), including exosomes, facilitate 
intercellular communication within the TME, playing critical roles in immune modulation, angiogenesis, 
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and metastasis[25]. In addition to stromal and immune cells, cancer stem cells (CSCs) represent a subset 
within the TME, characterized by their ability to self-renew and differentiate. These cells contribute 
significantly to tumor heterogeneity, resistance to therapy, and recurrence. Crosstalk between CSCs, cancer 
cells, and stromal components drives aberrant signaling pathways, such as Wnt, which promote tumor 
growth, invasion, and metastasis[26].

Moreover, the gut microbiota significantly impacts the TME through the gut-liver axis, where dysbiosis and 
microbial translocation amplify inflammatory signaling and fibrosis, thereby accelerating HCC 
pathogenesis[27]. Understanding the intricate interactions within the HCC microenvironment, including the 
roles of stromal components, immune cells, CSCs, and microbial influences, opens avenues for therapeutic 
innovation. Targeting these elements, as this research suggests, has the potential to significantly improve 
treatment outcomes for HCC patients[28].

Furthermore, recent research utilizing single-cell RNA sequencing (scRNA-seq) has revealed significant 
variability among HCC cells between different patients, while the TME shows more consistent gene 
expression patterns across individuals[29]. Using RNA and clinical data from 371 patients in The Cancer 
Genome Atlas (TCGA), a 3-gene signature was developed and validated to classify patients into high- and 
low-risk groups, with low-risk patients showing significantly better survival outcomes. Functional 
enrichment analyses highlighted ECM architecture, tumor-associated pathways, and immune 
microenvironment suppression in high-risk groups. DLAT, a key gene in the signature, was shown to 
promote liver cancer cell migration, proliferation, and drug resistance, making it a potential prognostic 
marker and therapeutic target[30]. These findings suggest that therapies targeting the TME, particularly 
immunotherapies, hold remarkable promise for treating patients with HCC, inspiring and motivating 
further research and development in this area[31].

Immune activation
The processes of tumor cell proliferation, necrosis, and specific therapeutic interventions continuously lead 
to the release of cancer cell antigens. These antigens, crucial for the immune response, are captured by 
dendritic cells (DCs) via toll-like receptors (TLR2 and TLR4). The captured antigens trigger the maturation 
of DCs, enabling their migration to lymph nodes[32,33]. This migration is guided with precision by 
chemokines, underscoring the meticulous orchestration of the immune response. In the lymph nodes, DCs 
present the antigens to CD8+ cytotoxic T lymphocytes (CTLs) via co-stimulatory molecules like CD40. The 
activation of CTLs is further facilitated by IFN-γ from NK cells and TH1 cells, tumor necrosis factor-alpha 
(TNF-α), and IL-12 from macrophages, and chemokines (CXCL-9, CXCL-10, CCL-5)[34]. The interactions 
between lymphocyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-
1) enable CTLs to infiltrate tumors, recognize cancer cells via T cell receptors, and induce cell death[34].

In recent years, high-resolution techniques such as scRNA-seq and spatial transcriptomics have expanded 
our understanding of T cell heterogeneity and function within the TME[29]. Single-cell analyses in HCC have 
revealed that CD8+ T cells exhibited a spectrum of exhaustion, marked by distinct transcriptional profiles 
that reflect varying degrees of dysfunction and differing capacities to respond to immune checkpoint (IC) 
inhibition[35]. A unique subset of CXCL13+ CD8+ T cells has been identified within HCC tissues, notably 
enriched in individuals showing favorable responses to anti-PD-1 therapy. These cells appear to play a 
pivotal role in establishing immune cell niches and coordinating antitumor responses. Additionally, a 
population of stem-like CD8+ T cells characterized by TCF1 expression persists in HCC and serves as a self-
renewing source of effector T cells during PD-1 blockade, highlighting their relevance as therapeutic targets 
and biomarkers. These cells have emerged as important targets and biomarkers for immunotherapy[36].
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However, the immune system faces a significant challenge in the form of immune checkpoints (ICs), such 
as CTLA-4 and PD-1 on T cells. These ICs interact with CD80/86 and PD-L1 on DCs, effectively 
suppressing the immune response. The upregulation of PD-1 on T cells and PD-L1 on DCs by 
immunosuppressive cytokines (e.g., IL-10, TGF-β, prostaglandin E2) further exacerbates this challenge[37]. 
Additionally, VEGF produced by cancer cells suppresses T cell infiltration by activating the PI3K/AKT 
pathway, adding another layer of complexity to the immune response[38].

Immune suppression
Several immune cells are involved in the immune suppression mechanisms occurring in the TME of 
HCC[39]. Neutrophils, integral to immunity, play dual roles in tumor development. Initially, tumor-
associated neutrophils (TANs) display an anti-tumorigenic phenotype (N1), but under the influence of 
factors like TGF-β and CXCL6, CAFs polarize TANs toward a pro-tumorigenic (N2) phenotype[40]. N2 
TANs form neutrophil extracellular traps (NETs) via NETosis, enhancing tumor growth, invasiveness, and 
resistance to therapies by activating TLR4/9-COX2 pathways. N2 TANs also contribute to 
immunosuppression by inhibiting neutrophil recruitment through the PD-1/PD-L1 pathway[41-44]. TANs 
recruit macrophages and Tregs via CCL-2 and CCL-17, promoting resistance to treatments like sorafenib 
and releasing pro-metastatic factors, which stimulate angiogenesis and enhance tumor cell migration[45].

Beyond CD8+ T cells, regulatory CD4+ T cells (Tregs) are recognized as key mediators of 
immunosuppression in the TME. Surface molecules such as CCR8 and TIGIT have been proposed as 
selective targets to deplete intratumoral Tregs while sparing peripheral immune regulation[46].

DCs are specialized immune cells that capture tumor antigens and present them to naïve T cells, initiating 
immune activation and their differentiation into effector T cells. DCs are categorized based on their 
differentiation stage and environment into conventional DCs (cDCs), plasmacytoid DCs (pDCs), and 
inflammatory DCs[47]. In HCC, reduced levels of cDCs and pDCs and impaired co-stimulatory molecule 
expression create a favorable TME for cancer progression. Specifically, BDCA2+ pDCs recruit Treg cells 
that secrete IL-10, promoting immunosuppression. DC subsets, such as LAMP3+ DCs, are linked to T cell 
exhaustion and immunosuppressive regulation[48]. The TME further disrupts dendropoiesis, polarizing DCs 
toward immunosuppressive phenotypes. DC-based vaccines and immunotherapies are under clinical 
evaluation and show promise in enhancing antitumor immunity and improving T cell responses[49].

The liver also has a high macrophage density, and TAMs play dual roles depending on their phenotype: 
pro-inflammatory M1 macrophages (CD86+) or immunosuppressive M2 macrophages (CD163+, 
CD206+)[50]. TAMs, marked by CD68+, are common in HCC and associated with aggressive disease 
phenotypes. Elevated levels of M2 macrophages relative to M1 macrophages correlate with metastasis, 
immunosuppression, angiogenesis, and drug resistance[51]. At the same time, TAMs promote tumor 
progression by secreting cytokines such as IL-6, IL-10, TNF-α, and VEGF, which inhibit T cells and NK cells 
and promote Treg differentiation[52,53].

Monocytes recruited by CCL-2 initially have antitumor functions but later promote tumor progression. In 
advanced HCC, CD14+ monocytes expressing PD-L1, IL-10, and CCL-1 suppress immune responses, 
aiding immune escape and angiogenesis. MDSCs, immature immune cells, are classified into 
polymorphonuclear (PMN) and monocytic (M-MDSCs)[54]. PMN-MDSCs suppress immunity, while M-
MDSCs utilize IL-10, TGF-β, nitric oxide, and PD-L1 to inhibit NK cell activity and promote Tregs. These 
cells suppress excessive immune responses and inflammation and are classified into natural Tregs (FOXP3+, 
CD25+, CTLA-4+) and induced Tregs (FOXP3+, CD4+). They inhibit T cell activation and function 
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through genetic and cytokine-mediated mechanisms, and their infiltration into the TME suppresses 
immunity. However, CCR4+ Tregs are implicated in resistance to immune checkpoint inhibitors (ICIs) in 
HCC patients[55].

Indeed, CAFs are specialized fibroblasts originating from mesenchymal cells, cancer cells, or bone marrow 
stem cells. They are classified into myofibroblastic CAFs (myCAFs) and inflammatory CAFs (iCAFs)[56]. 
myCAFs secrete ECM components and respond to TGF-β, while iCAFs produce high levels of IL-6 and IL-
11. CAFs contribute to tumor progression through angiogenesis by releasing VEGF and CXCL-12, invasion, 
metastasis, immune suppression by recruiting immunosuppressive cells, and therapy resistance through 
recruitment of cytokines[57].

Detection and monitoring of the TME in HCC
Characterizing the TME in HCC is essential for understanding disease progression and optimizing 
therapeutic strategies. Traditional histopathological methods provide limited insights into the complexity of 
the TME[58]. Recent advances have led to the development of high-resolution, multiparametric technologies 
capable of profiling both spatial and functional aspects of the TME.

Among the most widely used methods, scRNA-seq and spatial transcriptomics enable the deconvolution of 
heterogeneous cell populations and the identification of cellular subtypes and states within the TME[59]. 
These technologies reveal the transcriptional activity of individual cells and preserve spatial context, which 
is critical for mapping cell-cell interactions and immune niches. Multiplex immunohistochemistry (mIHC) 
and imaging mass cytometry (IMC) enable simultaneous visualization of dozens of proteins in tissue 
sections, supporting the phenotypic and functional characterization of immune and stromal cells in situ[60,61].

Flow cytometry and mass cytometry (CyTOF) remain invaluable tools for profiling immune populations in 
both tumor tissues and peripheral blood, offering dynamic quantification of immune signatures over time. 
Looking toward future applications, liquid biopsy technologies - such as the analysis of circulating tumor 
DNA (ctDNA), circulating tumor cells (CTCs), EVs, and tumor-derived exosomes - are gaining momentum 
as minimally invasive approaches to monitor changes in the TME[62]. These tools allow for longitudinal 
sampling, providing insights into tumor evolution, immune escape, and therapy-induced shifts in the 
microenvironment. Moreover, advanced molecular imaging techniques, including positron emission 
tomography (PET) with immune-specific tracers and contrast-enhanced MRI targeting stromal 
components, may offer non-invasive, real-time visualization of TME components. Together, these 
approaches promise to transform our ability to monitor the TME dynamically, enabling personalized 
treatment adjustments and early identification of therapeutic resistance.

TME IN HCC PATIENTS TREATED WITH TRANSARTERIAL CHEMOEMBOLIZATION
According to the Barcelona Clinic Liver Cancer (BCLC) 2022 update and the last European Association for 
the Study of the Liver (EASL) clinical practice guidelines on the management of HCC, transarterial 
chemoembolization (TACE) is recommended as the first-line treatment for intermediate-stage HCC[11,63]. 
However, TACE is also commonly employed in early-stage HCC as a bridging for LT or in advanced stages 
for downstaging to curative therapies such as liver resection or in combination with systemic therapies[10]. 
The procedure works by directly delivering chemotherapy agents to the tumor while simultaneously 
obstructing its blood supply. It achieves tumor regression in up to 50% of patients by combining the direct 
cytotoxic effects of intra-arterial chemotherapy delivery with ischemic damage resulting from the 
interruption of blood flow[64]. Two main drug delivery methods exist for TACE: conventional TACE 
(cTACE) and the drug-eluting bead TACE (DEB-TACE). The principle behind cTACE is the injection into 
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tumor-feeding arteries of a viscous emulsion that combines a chemotherapeutic agent (e.g., doxorubicin, 
idarubicin, or cisplatin) with iodized oil (Lipiodol®) and is often followed by embolization with gelatin 
sponges or other agents to block blood flow[65]. This mixture can persist in the tumor tissue for over a year 
due to the tumor’s siphon effect on iodized oil. Repeated chemotherapy increases toxicity, while arterial 
embolization intensifies tumor ischemia and hypoxia. These conditions reshape the TME, enabling immune 
evasion and promoting glycolysis, which accelerates tumor growth, recurrence, and metastasis[66]. In DEB-
TACE, the chemotherapeutic agent (e.g., doxorubicin, pirarubicin, epirubicin, and Adriamycin) is 
incorporated into microspheres for slow drug release. However, the microspheres cannot penetrate the 
peribiliary capillary plexus and reach the tumor directly, and the drug is released in the distal arterioles and 
spreads via diffusion, convection, or both[67]. The immunosuppressive nature of the hepatic 
microenvironment significantly limits the efficacy of chemotherapeutic agents. Moreover, these agents 
further modify the composition of hepatic inflammatory cell populations, complicating their therapeutic 
impact. Doxorubicin, the most widely used drug in TACE, directly induces apoptosis, triggering 
immunogenic cell death and immune activation in the liver. Following TACE, the peripheral immune 
profile can show an increased CD4/CD8 ratio, a rise in Th17 cells, and a significant reduction in T regs. 
Additionally, TACE can stimulate the early release of pro-inflammatory cytokines, such as IL-22 and IL-
6[68]. Apart from doxorubicin, among the other chemotherapeutic agents, idarubicin stands out due to its 
higher lipophilicity and smaller polar molecular surface area[69]. This enables greater idarubicin 
concentration in Lipiodol®, leading to improved permeability across biological membranes, and increased 
contact time between the drug and cancer cells, potentially improving therapeutic outcomes. Idarubicin’s 
superior cytotoxicity is particularly evident in chemo-resistant HCC cells, strongly suggesting a therapeutic 
advantage over doxorubicin, and a promising alternative.

The therapeutic effect of TACE differs between individuals, giving rise to the concept of TACE 
refractoriness or failure[70-72]. The mechanisms underlying TACE failure remain unclear, though key 
contributors are thought of as resistance to chemotherapeutic agents following repeated TACE treatments. 
Key contributors include VEGF upregulation-driven angiogenesis and neovascularization[73]. The 
effectiveness of TACE is partially attributed to its ability to modulate innate and adaptive immunity[74,75]. 
Following intra-arterial chemotherapy delivery and tumor embolization, the release of cellular debris, pro-
inflammatory cytokines, and danger-associated molecular patterns (DAMPs) has a priming effect on 
adaptive immunity[76,77]. However, the precise functional characteristics of the TME in response to TACE are 
unknown.

Spontaneous TACE-induced T cell responses have been associated with improved clinical outcomes, 
suggesting that the modulation of adaptive immunity may play a key role in the effectiveness of TACE. A 
study evaluated the impact of TACE on T cell function by analyzing intratumoral (IT), peritumoral (PT), 
and non-tumoral (NT) tissues in 119 patients resected or transplanted with or without prior TACE 
treatment[78]. Fifty-eight TACE-treated patients had liver samples displaying reduced IT Tregs CD4+/
FOXP3+ (P = 0.006) and immune-exhausted T cells CD8+/PD-1+ (P < 0.001) compared to 61 who did not 
receive TACE before liver surgery, which correlated with improved recurrence-free survival (P = 0.005). 
Transcriptomic analysis revealed upregulation of pro-inflammatory pathways, including IRF2 (P = 0.01), a 
factor in immune evasion[78]. These findings highlight the dual effects of TACE on the TME and support the 
integration of immunotherapy with TACE to enhance treatment outcomes. The landscape of post-TACE 
HCC was also investigated with scRNA-seq. This method and functional assays revealed a reduction in 
CD8+ T cells and an increase in TREM2+ TAMs in the post-TACE TME. TREM2+ TAMs suppress CD8+ T 
cells by altering CXCL9 and Galectin-1 secretion, with Galectin-1 promoting PD-L1 overexpression in 
endothelial cells. TREM2 deficiency enhanced CD8+ T cell infiltration, inhibited tumor growth, and 
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improved the efficacy of anti-PD-L1 therapy. These findings highlight TREM2 as a potential 
immunotherapeutic target to counter HCC progression and improve post-TACE outcomes[79].

Several scoring systems have been developed to predict outcomes following TACE, utilizing routinely 
measured biomarkers generally specific to HCC rather than the TACE procedure[80,81]. Thus, using 
associations between transcriptomic data and the response to TACE, a gene expression database from Gene 
Expression Omnibus (GEO) was employed to develop a predictive gene signature for the response to TACE. 
At the same time, an external validation confirmed the model’s ability to distinguish survival outcomes in 
patients receiving adjuvant or post-recurrence TACE[82,83]. Furthermore, the trans-arterial procedure can 
stimulate the production of proangiogenic cytokines and trigger immunogenic cell death, leading to tumor 
angiogenesis and alterations in the tumor immune cell microenvironment[84]. TACE refractoriness may lead 
to a poor prognosis in patients with HCC[70,72]. Consequently, identifying novel biomarkers to predict TACE 
refractoriness and prognosis has become critical in advancing HCC treatment strategies. In this context, 
TACE refractoriness diagnostic (TRD) and prognostic (TRP) scores were developed with four novel TACE 
refractoriness-related genes (TRGs). Tumors with a high TRP score exhibited an immunosuppressive 
phenotype, with increased infiltration of Tregs and macrophages, defining a good response to ICIs and 
sorafenib[85].

The biomarker NABP1 was validated in a cohort of patients with HBV-related HCC[86]. In particular, 
scRNA-seq and analysis of HBV-related HCC specimens revealed that TACE treatment increases tumor 
heterogeneity and induces a pro-inflammatory microenvironment. Bulk data analysis linked a higher 
proportion of NABP1+ hepatocytes with poor TACE response and prognosis, suggesting NABP1 as a 
valuable tool for identifying patients likely to respond to first-line TACE and shed light on the mechanisms 
of postoperative progression[86]. Another study investigated the role of MDSCs, particularly M-MDSCs and 
early-stage MDSCs (eMDSCs), in HCC and their changes following microparticle TACE (mTACE)[87]. 
Among 75 HCC patients, 16 with liver cirrhosis, and 20 healthy controls, M-MDSC levels were significantly 
elevated in HCC and correlated with aggressive clinical features such as tumor size, vascular invasion, and 
metastasis. Post-mTACE, M-MDSC levels significantly decreased, while eMDSC levels remained 
unchanged. These findings underscore M-MDSCs as key players in HCC progression and suggest mTACE’s 
potential to mitigate immunosuppression, paving the way for combined immunotherapeutic approaches in 
HCC treatment[87].

In another context, biomarkers for predicting TACE response in HCC patients were explored and 
correlated with the TME and pre-TACE radiomics features[88]. Five key genes (ADH1C, CXCL11, EMCN, 
SPARCL1, LIN28B) were incorporated into a TACE Failure Signature (TFS) model, effectively predicting 
TACE response and overall survival (OS). A radiomics-based Rad-score model was developed using 
imaging data, showing significant correlations with TFS scores and hub gene expression. High TFS scores 
were linked to an immunosuppressive TME and poor responses to immunotherapy (PD-1, CTLA-4 
inhibitors)[88]. This integrated biomarker approach demonstrated insights into TACE efficacy, tumor 
immune dynamics, and potential personalized treatment strategies.

The observed changes in inflammatory populations and inhibitory ICIs following TACE highlight the need 
for further investigation into combining TACE with ICIs. Indeed, TACE induces liver tumor cell necrosis, 
but also activates T cell responses, while simultaneously increasing PD-1/PD-L1 expression in the TME[89]. 
This makes anti-PD-1 drugs potential candidates for enhancing therapeutic outcomes. Combining TACE 
with ICIs can reduce the accumulation of MDSCs and Tregs, potentially improving immune response[90]. 
However, this combination is under investigation in clinical trials.



Page 9 of Franzè et al. Cancer Drug Resist. 2025;8:33 https://dx.doi.org/10.20517/cdr.2024.212 20

TME IN HCC PATIENTS TREATED WITH SELECTIVE INTERNAL RADIATION THERAPY
Selective internal radiation therapy (SIRT) is a recent therapeutic alternative option proposed for the 
management of intermediate-stage HCC (BCLC stage B) in patients who are not eligible for other 
locoregional therapies, as well as for locally advanced HCC (BCLC stage C)[91,92]. SIRT has demonstrated 
efficacy in tumor downstaging and delaying disease progression with sustained therapeutic response despite 
the Y90 isotope’s relatively short half-life. Maximal clinical effects, such as tumor regression and reduced 
serum alpha-fetoprotein levels, emerge 3-6 months after treatment. However, the mechanisms behind this 
delayed yet sustained antitumor response remain unclear[93]. The feasibility and safety of this treatment were 
initially demonstrated in numerous retrospective multicenter studies and later validated in prospective 
studies. The widespread use of SIRT in recent years has led to the study of prognostic factors that could 
predict a response to this treatment[94]. This search is necessary in the context of SIRT to better select HCC 
patients who may benefit from this treatment. In this context, the TME may play a significant role. Ionizing 
radiation from therapies like TARE can provoke modest inflammation in the TME, leading to upregulation 
of chemokines and cytokines, as demonstrated in preclinical models[95,96]. Yet, a comprehensive 
understanding of how these changes affect local and systemic immunity in cancer patients is lacking. To 
address this, researchers analyzed immune profiles of surgically resected HCC tumors post-Y90-RE using 
time-of-flight mass cytometry (CyTOF) for high-dimensional immunophenotyping. This revealed 
significant antitumor immune responses, including activating immune subsets and recruiting granzyme B-
positive CD8+ T cells[97]. Complementary next-generation sequencing (NGS) identified pathways facilitating 
these immune cell infiltrations. A recent Asian study investigated the immunological effects of Yttrium-90 
radioembolization (Y90-RE) in HCC, demonstrating its ability to activate both local and systemic immune 
responses, contributing to sustained therapeutic outcomes. Key findings include increased infiltration of 
immune cells (CD8+ T cells, NK cells, and NKT cells) in treated tumors and upregulation of innate and 
adaptive immunity genes. Chemotactic pathways involving CCL5 and CXCL16 were correlated with the 
recruitment of GB+ CD8+ T cells activated in tumors treated with SIRT. Comparing peripheral blood 
mononuclear cells before and after SIRT, the authors observed an increase in TNF-α on CD8+ and CD4+ T 
cells, as well as an increase in the percentage of antigen-presenting cells after SIRT[98].

Moreover, a prediction model based on pretreatment PBMC immune profiles has been developed to 
identify sustained responders, offering the potential for personalized therapeutic approaches. These data 
strongly suggest that the characteristics of the intratumoral immune microenvironment before treatment 
play a significant role in the sensitivity of HCC to SIRT. As predictive factors for response to SIRT are still 
poorly defined, determining the pretreatment immune profile could help better select patients and provide a 
rationale for defining new therapeutic strategies, such as the combination of SIRT and immunotherapy[99]. 
This research underscores the potential of the intratumoral immune microenvironment in the sensitivity of 
HCC to SIRT, sparking further interest in this area of study.

Table 1 summarizes studies investigating TME in HCC and factors related to response to TACE and SIRT.

TME IN HCC PATIENTS TREATED WITH SYSTEMIC THERAPIES
According to international guidelines, systemic therapy is the preferred treatment for patients with 
advanced HCC (BCLC stage C) and those in stages A or B when other therapies are not feasible or have 
failed[11,63]. Immunotherapy uses the body’s natural defense mechanisms to fight tumor cells. ICs are 
molecules expressed on lymphocytes that regulate T cell functions and play a key role in tumor-associated 
immune tolerance. PD-L1 and PD-L2, for example, are expressed by various immune cells - including T 
lymphocytes, NK cells, and myeloid cells - as well as by tumor cells. Their interaction with PD-1 receptors 
on effector T cells suppresses immune activity, contributing to an immunosuppressive TME[26]. ICIs work 
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Table 1. Studies investigating TME in HCC and factors related to response to TACE and SIRT

Author 
(year) Country Key findings

Huang et al.[84]

 (2016)
China TACE-induced hypoxia in HCC elevates HIF-1α and COX-2 expression, promoting EMT and increasing 

tumor invasion and metastasis. These changes may underlie poor prognosis in HCC patients post-TACE 
treatment

Tampaki et al.[75] 
(2020)

Greece Serum TIM-3 levels are elevated in advanced HCC and increase significantly after TACE, with higher 
post-TACE levels in complete responders, suggesting a potential role in antitumor immunity

Pinato et al.[78] 
(2021)

Italy/Japan/
Spain/UK

TACE reduces intratumoral densities of immune-exhausted cytotoxic T cells and Tregs while upregulating 
pro-inflammatory pathways, such as IRF2 expression, in the TME, supporting the potential for combining 
immunotherapy with TACE to enhance antitumor immunity

He et al.[85] 
(2022)

China A novel TRP score based on four genes (TTK, EPO, SLC7A11, PON1) accurately predicts TACE 
refractoriness and prognosis in HCC, identifying tumors with immunosuppressive phenotypes and guiding 
therapy decisions, including ICIs and sorafenib

Tang et al.[82] 

(2022)
China A 10-gene expression model accurately predicts HCC patient response to TACE, linking nonresponse to 

higher tumor stemness and distinct immune profiles, such as increased M0 macrophages

Tan et al.[79] 
(2023)

China TACE promotes TREM2+ TAMs, which suppress CD8+ T cells and contribute to HCC progression. 
TREM2 deficiency enhances CD8+ T cell activity and improves anti-PD-L1 therapy, making TREM2 a 
potential immunotherapy target post-TACE

Wang et al.[86] 
(2024)

China TACE induces tumor heterogeneity and a pro-inflammatory microenvironment, with elevated interactions 
between NABP1+ malignant hepatocytes, neutrophils, and CD8+ T cells linked to poor prognosis. NABP1 
emerges as a potential biomarker for identifying HCC patients likely to respond to TACE

Yue et al.[87] 
(2024)

China mTACE effectively reduces immunosuppressive mMDSC levels in HCC patients, correlating with 
improved modulation of the TME. These findings position mMDSCs as potential therapeutic targets and 
support combining mTACE with immunotherapy for enhanced HCC management

Wang et al.[88]

 
(2024)

China A transcriptomic biomarker (TFS) predicts TACE response in HCC patients, correlating with radiomics 
features, an immunosuppressive TME, and poor immunotherapy outcomes, offering a tool for 
personalized treatment strategies

Chew et al.[98] 
(2019)

Singapore Y90-radioembolization activates local and systemic immune responses, including increased granzyme 
B+CD8+T cells and antigen-presenting cells, correlating with sustained clinical response. A prediction 
model using pretreatment immune profiles identifies potential responders to Y90-RE

TME: Tumor microenvironment; HCC: hepatocellular carcinoma; TACE: transarterial chemoembolization; SIRT: selective internal radiation 
therapy; HIF-1α: hypoxia-inducible factor-1α; EMT: epithelial-to-mesenchymal transition; TIM-3: T cell immunoglobulin and mucin domain 3; IRF2: 
interferon regulatory factor 2; TRP: TACE refractoriness prognostic score; ICIs: immune checkpoint inhibitors; TREM2: triggering receptor 
expressed on myeloid cells 2; TAMs: tumor-associated macrophages.

by blocking these pathways, thereby restoring and enhancing antitumor immune responses with the 
TME[100].

In fact, the TME plays a pivotal role in modulating immune responses, particularly those involving CD8+ 
CTLs, that infiltrate both the tumor core and peritumoral regions, where their presence correlates with 
improved clinical outcomes[101]. However, the TME exerts strong immunosuppressive pressure, limiting the 
effectiveness of CD8+ T cells through multiple mechanisms. These include the release of inhibitory 
cytokines (e.g., TGF-β, IL-10), the expression of IC molecules (e.g., PD-L1), and the accumulation of 
suppressive immune cell populations such as Tregs and MDSCs. Although CD8+ T cells possess potent 
cytotoxic mechanisms, only a fraction of tumor-infiltrating cells are fully functional, with many exhibiting 
exhaustions marked by elevated PD-1, TIM-3, or LAG-3 expression. Activation occurs through antigen 
presentation by DCs via the TCR and co-stimulatory molecules (e.g., CD28, CD27), which leads to the 
release of perforin, granzymes, and Fas ligand, as well as cytokines such as IFN-γ and TNF-α. However, the 
TME’s metabolic constraints - such as glutamine deprivation - can further impair mitochondrial function 
and induce apoptosis in CD8+ T cells, weakening their antitumor activity[102]. Recent studies have identified 
specific CD8+ T cell subpopulations associated with better prognosis in HCC[103]. High intratumoral levels of 
CD103+ CD8+ T cells, as well as PD-1+ CD161+ subsets, have been linked to improved survival[104]. 
Moreover, CXCR5+ CD8+ T cells have shown the ability to promote antitumor immunity by stimulating 
IL-21–mediated B cell activation and IgG production[105]. These findings underscore the clinical relevance of 
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restoring CD8+ T cell function through ICIs and combination therapies aimed at overcoming the 
immunosuppressive features of the TME[106].

However, tumors are categorized as cold and hot tumors based on their immune environment. Cold tumors 
have low T cell infiltration, high CAF and MDSC populations, immunosuppressive cytokines, and a lack of 
PD-L1 expression, making them unresponsive to immunotherapy[107]. Hot tumors show increased T cell 
infiltration, pro-inflammatory cytokines, PD-L1 expression, and CD8+ T cells, making them more 
susceptible to ICIs. Understanding these TME components opens avenues for developing effective 
immunotherapies targeting immune suppression and enhancing antitumor immunity[108]. In HCC, 
persistent chronic inflammation often leads to the upregulation of IC molecules, such as PD-1, PD-L1, and 
CTLA-4. This increased expression contributes to the functional exhaustion and apoptosis of CD8+ T cells, 
thereby impairing their antitumor efficacy. An effective therapeutic strategy to overcome this immune 
evasion involves blocking IC pathways that normally serve to regulate immune responses and maintain self-
tolerance by limiting T cell activation. However, cancer cells often exploit them to escape immune-mediated 
destruction. Checkpoint inhibitors - including PD-1 blockers (e.g., nivolumab, pembrolizumab), PD-L1 
inhibitors (e.g., atezolizumab, durvalumab), and CTLA-4 antagonists (e.g., tremelimumab, ipilimumab) - 
have shown promise in restoring CD8+ T cell function and antitumor immunity[109]. Nivolumab and 
pembrolizumab, both anti-PD-1 monoclonal antibodies, received accelerated FDA approval as second-line 
monotherapies for advanced HCC based on durable responses from early-phase trials (CheckMate-040 and 
KEYNOTE-224)[110,111]. However, subsequent phase III studies (CheckMate-459 and KEYNOTE-240) 
showed mixed results, underscoring the need for improved patient selection strategies[112,113]. These ICIs act 
by reactivating exhausted CD8+ T cells within the TME, enhancing T cell infiltration and IFN-γ–mediated 
cytotoxicity. Preclinical models have shown that combining PD-1/PD-L1 blockade with anti-angiogenic 
agents (e.g., VEGF inhibitors) or immune modulators can further improve efficacy by promoting DC 
maturation and reducing immunosuppressive MDSCs.

In this context, Atezolizumab (a monoclonal anti-PD-1 antibody) combined with Bevacizumab (a 
monoclonal anti-VEGF antibody) has been approved as a first-line therapy for advanced HCC[114]. The 
IMbrave150 trial demonstrated that Atezolizumab/Bevacizumab resulted in a 12-month OS rate of 67.2% 
compared to 54.6% in the sorafenib (400 mg BID) group. Further analyses showed a median OS of 19.2 vs. 
13.4 months and progression-free survival (PFS) of 6.9 vs. 4.8 months for Atezolizumab/Bevacizumab and 
sorafenib, respectively, in patients with unresectable HCC[115]. The benefits of this combination were 
consistent across patients with BCLC stages B and C, extrahepatic metastases, and portal vein invasion. A 
multicenter, real-world retrospective analysis confirmed that the Atezolizumab/Bevacizumab combination 
was well tolerated. There were no treatment-related deaths or new adverse events, achieving a median OS of 
14.9 months and PFS of 6.8 months[116].

Nivolumab (anti-PD-1) received FDA approval in 2017 as second-line monotherapy after sorafenib for 
advanced HCC based on the CheckMate 040 phase I/II trial[111]. Similarly, pembrolizumab (anti-PD-1) was 
approved in 2018 following the Keynote-224 phase II study, which enrolled 104 patients with advanced 
HCC previously treated with sorafenib[110]. The trial demonstrated an overall response rate of 17% per 
RECIST v1.1, with a median PFS of 4.9 months and a median OS of 12.9 months. However, subsequent 
Phase III trials - CheckMate-459 and KEYNOTE-240 - produced mixed outcomes, emphasizing the need 
for improved strategies to identify patients most likely to benefit from treatment[112,113].

Tremelimumab, targeting CTLA-4, especially in patients with HCV-related HCC, has demonstrated 
immunologic and clinical activity by enhancing tumor-specific T cell activation and intratumoral CD8+ 
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infiltration[117]. Most recently, the HIMALAYA trial evaluated a single priming dose of the anti-CTLA-4 
inhibitor tremelimumab 300 mg daily combined with the anti-PD-L1 agent durvalumab 1,500 mg every 4 
weeks in patients with unresectable HCC. The trial demonstrated a significant improvement in median OS 
by 2.5 months (16.4 vs. 13.8 months) compared to sorafenib (400 mg twice daily). Thus, these findings have 
positioned the combination of tremelimumab and durvalumab as a recommended first-line therapy for 
patients with unresectable HCC[118].

Clinical trials investigating adjuvant and neoadjuvant immunotherapies in early- or intermediate-stage 
HCC have shown encouraging results. Moreover, pilot neoadjuvant studies explore using anti-PD-1 
antibodies alone or combined with anti-CTLA-4 antibodies[118]. Neoadjuvant immunotherapies have shown 
promising results in early-stage HCC, with improvements in T cell infiltration and pathological complete 
response rates. However, these treatments still need to be included in clinical guidelines due to limitations 
in trial designs and the absence of validation studies.

Additionally, the CheckMate 040 randomized clinical trial evaluated the therapeutic potential and safety 
profile of combining ipilimumab and nivolumab in patients with advanced HCC previously treated with 
sorafenib, suggesting that dual checkpoint blockade may offer clinical benefit even after prior 
immunotherapy[119]. Further validation through Phase III trials is essential before incorporating these 
strategies into clinical practice, and in this context, TME plays a fundamental role.

In addition to the PD-1/PD-L1 axis, recent studies have highlighted the critical role of the LAG-3/FGL1 axis 
in contributing to T cell exhaustion and resistance to ICIs in HCC[120]. LAG-3, a co-inhibitory receptor 
expressed on dysfunctional CD8+ T cells, interacts with its high-affinity ligand fibrinogen-like protein 1 
(FGL1), which is often upregulated in HCC. This interaction suppresses T cell activation and promotes 
immune escape. Preclinical models have demonstrated that blockade of LAG-3 or FGL1 restores T cell 
activity and enhances antitumor immunity, particularly when used in combination with anti-PD-1/PD-L1 
therapies[120,121]. Novel ICI combinations targeting both PD-1/PD-L1 and LAG-3/FGL1 pathways are 
currently under investigation and have shown synergistic effects in enhancing T cell infiltration and 
function within the TME[122]. These findings support the inclusion of LAG-1/FGL1-targeted strategies as a 
promising avenue in immunotherapy for HCC[123].

Tumor resistance to ICIs presents a significant challenge and is driven by various factors. One such factor is 
the mutational burden in HCC, where total somatic mutations influence immune cell regulation[124]. A study 
analyzing 134 HCC samples showed that the activation of the Wnt/β-catenin pathway leads to “immune 
exclusion”, characterized by poor infiltration of CD8+ T cells in the TME. Indeed, HCC variants with β-
catenin pathway activation exhibit significantly reduced CD8-positive T cell infiltration and PD-L1 
expression, suggesting diminished responsiveness to PD-1/PD-L1 antibody therapies. However, tumors 
with Wnt/β-catenin pathway activation showed progressive disease compared to those without such 
mutations, which demonstrated complete/partial response and stable disease. PFS was markedly shorter in 
cases with Wnt/β-catenin activation (2.0 vs. 7.4 months, P < 0.0001)[125]. Another study analyzed 34 patients 
with unresectable HCC treated with anti-PD-1 antibodies. β-catenin pathway activation was found in 41.2% 
of cases, and three positive prognostic factors were identified: lack of β-catenin activation, PD-L1-combined 
positive score (CPS) ≥ 1, and high CD8-positive cell infiltration. Patients with more positive prognostic 
factors had significantly improved PFS and OS[126]. These findings highlight β-catenin activation as a key 
factor in ICI resistance, with poor CD8-positive cell infiltration and low PD-L1 expression associated with 
reduced therapeutic efficacy. However, due to the limited sample sizes, further research is needed to validate 
these observations.
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A recent study evaluated the molecular analyses of tumor samples from 358 HCC patients participating in 
the IMbrave150 phase 3 trial. Key findings show that pre-existing immunity, characterized by high levels of 
CD274 expression, a T-effector gene signature, and dense intratumoral CD8+ T cells, was linked to 
improved clinical outcomes with combination therapy. Conversely, reduced benefit was observed in 
patients with a high Treg to effector T cell ratio and elevated expression of oncofetal genes such as GPC3 
and AFP. Enhanced effectiveness of the combination therapy compared to atezolizumab alone was 
associated with high VEGF receptor 2 (KDR) expression and signatures of Tregs and myeloid 
inflammation[127]. Thus, the study suggested that anti-VEGF enhances the activity of anti-PD-L1 by 
addressing angiogenesis, Treg expansion, and myeloid cell-driven inflammation.

In addition to VEGF and PD-L1 regulation, several intracellular signaling pathways are involved in shaping 
the TME and modulating immune resistance in HCC. Among these, the MAPK/ERK and STAT3 pathways 
play key roles in promoting tumor progression, immune evasion, and resistance to immunotherapy. The 
MAPK pathway, often activated by receptor tyrosine kinases, regulates cell proliferation, survival, and 
cytokine expression in tumor cells and immune cells. Hyperactivation of this pathway contributes to the 
immunosuppressive microenvironment by enhancing PD-L1 expression, thus impairing T cell 
cytotoxicity[128].

Meanwhile, the STAT3 signaling pathway, activated by cytokines such as IL-L6 and growth factors like 
VEGF, is a central regulator of immune tolerance and tumor-promoting inflammation. STAT3 upregulates 
immunosuppressive mediators including PD-L1, IL-10, and TGF-Beta, while inhibiting DC maturation and 
T cell activation. Persistent STAT3 activation in TAMs and MDSCs reinforces immunosuppression in the 
TME, limiting the efficacy of ICIs. Therefore, targeting the MAPK and STAT3 pathways has emerged as a 
strategy to overcome resistance to immunotherapy in HCC[129]. Ongoing trials are evaluating inhibitors of 
these pathways in combination with ICIs to restore immune surveillance and improve patient outcomes.

Other factors involved in tumor resistance to ICIs are inactivating mutations in TP53. The p53, a tumor 
suppressor encoded by TP53, not only regulates cancer cell behavior but also influences the immune 
response. Its loss or mutation in cancer cells can promote immune evasion by altering myeloid and T cell 
activity. Additionally, p53 functions in immune cells, with effects that may either suppress or support tumor 
growth[130]. In this context, understanding these roles could guide therapies targeting the differing p53 
statuses in tumors and normal tissues. Furthermore, T cell exhaustion caused by the interaction of 
lymphocyte-activation gene 3 (LAG-3) molecules with overexpressed FGL1, a liver-secreted protein and a 
key ligand for LAG-3, in TME has been linked to poor prognosis and resistance to anti-PD-1 therapy[131]. 
Targeting ICs such as PD-L1 or LAG-3 with ICIs in HCC can reverse this T cell exhaustion in the TME. 
Pro-inflammatory cytokines such as type I interferons (IFN-I) play a key role in promoting T cell activation 
within the TME and creating favorable conditions for immunotherapy[132]. However, recent research 
indicated that prolonged inflammatory cytokine signaling contributes to the severe exhaustion of CD8+ T 
cells, resulting in reduced efficacy of ICIs and worse outcomes for HCC patients[35].

MDSCs contribute to immunotherapy resistance through various mechanisms, including the production of 
MMP9 and angiogenic factors, recruitment via CCL2, and regulation of IDO by CARD9. They secrete 
cytokines such as IL-6, IL-10, and IL-23, promoting cell survival and activating Tregs, which suppress 
immunity. Additionally, MDSCs release NO, ROS, and peroxynitrite, impairing T cell function and 
migration. MDSC-derived EVs enhance immunosuppression via PD-L1 and TGF-β secretion, while ARG1 
depletes L-arginine, weakening T cell responses[133]. Even TAMs can suppress T cells through PD-L1/PD-1 
interactions, inducing immunosuppressive factors (TGF-β , IDO), and creating a hypoxic, 
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immunosuppressive microenvironment. TANs can support immunoresistance by releasing cytokines (e.g., 
VEGF, MMP9) and promoting tumor growth[134]. They can also form NETs, which shield tumor cells, 
inhibit T cell infiltration, and trap activated T cells, particularly in liver fibrosis-associated environments. 
These mechanisms contribute to immune exclusion and HCC progression[42]. CAFs can create 
immunosuppressive niches through ECM remodeling, TGF-β signaling, and collagen deposition, which act 
as physical barriers to immune cell infiltration[135]. They also modulate Tregs, further enhancing immune 
suppression and resistance to therapy[136].

Recently, Zhu et al. identified a gene signature, the atezolizumab–bevacizumab response signature (ABRS), 
with genes (CXCR2P1, ICOS, TIMD4, CTLA4, PAX5, KLRC3, FCRL3, AIM2, GBP5, and CCL4) involved 
in the regulation of T cell activation (CTLA4 and ICOS) and innate immunity (KLRC3, FCRL3, and AIM2), 
and associated with PFS after atezolizumab–bevacizumab initiation[127]. Then, using an AI model to predict 
the ABRS directly from histological slides, researchers found that high ABRS-P values were significantly 
associated with improved PFS. The authors performed a comprehensive scRNA-seq analysis of TILs across 
21 cancer types from 316 patients. This effort resulted in the construction of a high-resolution atlas 
including 397,810 high-quality T cells, which revealed distinct T cell composition patterns and multiple 
state-transition pathways involved in CD8+ T cell exhaustion. By applying advanced bioinformatics 
techniques - including batch effect correction, clustering algorithms, and trajectory inference - the study 
uncovered the heterogeneity and dynamic states of TILs. Spatial transcriptomics further showed that areas 
with high ABRS-P values had elevated immune effector activity[35]. These results highlight the TME’s role in 
resistance and suggest AI-based approaches as valuable tools for understanding and overcoming therapeutic 
resistance.

Combining immunotherapy with TKIs or locoregional treatments such as tumor ablation, TACE, or TARE 
has shown potential, as these therapies enhance antigen presentation following tumor cell destruction[137]. 
Subsequent immune effects, called “abscopal” effects, can be amplified with ICIs[138]. Tremelimumab has 
been shown to increase CD8+ T cell infiltration in HCC patients, suggesting its potential combination with 
partial ablation or TACE. Early findings from the PETAL study, which explored pembrolizumab after 
TACE, indicate good tolerability. Ongoing Phase III trials are investigating combinations of other ICIs with 
TACE[139]. Additionally, adding anti-angiogenic drugs to locoregional therapy and ICIs may improve 
efficacy, with several Phase III trials currently evaluating this approach.

A Chinese study demonstrated significantly improved OS, PFS, and objective response rates with TACE 
plus Atezolizumab/Bevacizumab compared to Atezolizumab/Bevacizumab alone. TACE reduces the tumor 
burden and immunosuppressive factors like Treg cells while inducing hypoxia, which upregulates VEGF 
expression and enhances the efficacy of ICIs[140].

Studies have shown that combining ICIs like tremelimumab (anti-CTLA-4) with local ablation enhances 
CD8+ T cell activity in the tumor periphery, resulting in promising antitumor effects[141].

However, the etiology of the underlying liver disease may determine a different efficacy of immunotherapy 
due to TME. HCC of viral origin tends to be more immunogenic, responding better to ICIs. A systematic 
review analyzing systemic therapies for HCC revealed that immunotherapies were more effective in HCC 
with viral etiology than non-viral causes, contrasting with the performance of TKIs or anti-VEGF therapies. 
Metabolic dysfunction-associated steatotic liver disease (MASLD)-related HCC accumulates exhausted 
CD8+PD-1+ T cells in the TME, and preclinical studies showed that anti-PD-1 treatment led to tumor 
progression rather than regression in such cases[142].
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CONCLUSIONS
In conclusion, the intricate TME in HCC plays a pivotal role in shaping tumor progression, therapeutic 
resistance, and immune evasion. Advances in locoregional therapies like TACE and SIRT and in systemic 
immunotherapies have demonstrated the potential to modulate the TME and improve patient outcomes. 
However, variability in treatment responses, influenced by factors such as the etiology of liver disease and 
tumor heterogeneity, underscores the need for personalized approaches. Future research focusing on 
integrating predictive biomarkers, innovative combination strategies, and a deeper understanding of TME 
dynamics will be crucial to optimizing HCC management and advancing toward more effective and tailored 
therapies.

DECLARATIONS
Authors’ contributions
Made substantial contributions to the conception and design of the study, did the literature search, analysis 
and interpretation of data, created the artwork and drafted the original manuscript: Franzè MS
Made substantial contributions to the conception and design of the study and made critical revisions: 
Saffioti F
Made substantial contributions to the conception and design of the study, supervised the study, and made 
critical revisions: Mavroeidis VK
All authors prepared the final draft and approved the final version.

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2025.

REFERENCES
Rumgay H, Arnold M, Ferlay J, et al. Global burden of primary liver cancer in 2020 and predictions to 2040. J Hepatol. 
2022;77:1598-606.  DOI  PubMed  PMC

1.     

Kulik L, El-Serag HB. Epidemiology and management of hepatocellular carcinoma. Gastroenterology. 2019;156:477-91.e1.  DOI  
PubMed  PMC

2.     

Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49.  DOI  PubMed

3.     

Llovet JM, Kelley RK, Villanueva A, et al. Hepatocellular carcinoma. Nat Rev Dis Primers. 2021;7:6.  DOI  PubMed4.     
Singal AG, Lampertico P, Nahon P. Epidemiology and surveillance for hepatocellular carcinoma: new trends. J Hepatol. 
2020;72:250-61.  DOI  PubMed  PMC

5.     

Villanueva A. Hepatocellular carcinoma. N Engl J Med. 2019;380:1450-62.  DOI  PubMed6.     
European Association for the Study of the Liver. EASL Clinical Practice Guidelines: management of hepatocellular carcinoma. J 7.     

https://dx.doi.org/10.1016/j.jhep.2022.08.021
http://www.ncbi.nlm.nih.gov/pubmed/36208844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9670241
https://dx.doi.org/10.1053/j.gastro.2018.08.065
http://www.ncbi.nlm.nih.gov/pubmed/30367835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6340716
https://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.1038/s41572-020-00240-3
http://www.ncbi.nlm.nih.gov/pubmed/33479224
https://dx.doi.org/10.1016/j.jhep.2019.08.025
http://www.ncbi.nlm.nih.gov/pubmed/31954490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6986771
https://dx.doi.org/10.1056/NEJMra1713263
http://www.ncbi.nlm.nih.gov/pubmed/30970190


Page 16 of Franzè et al. Cancer Drug Resist. 2025;8:33 https://dx.doi.org/10.20517/cdr.2024.21220

Hepatol. 2018;69:182-236.  DOI  PubMed
Xu L, Kim Y, Spolverato G, Gani F, Pawlik TM. Racial disparities in treatment and survival of patients with hepatocellular 
carcinoma in the United States. Hepatobiliary Surg Nutr. 2016;5:43-52.  DOI  PubMed  PMC

8.     

Altekruse SF, Henley SJ, Cucinelli JE, McGlynn KA. Changing hepatocellular carcinoma incidence and liver cancer mortality rates 
in the United States. Am J Gastroenterol. 2014;109:542-53.  DOI  PubMed  PMC

9.     

Koza A, Bhogal RH, Fotiadis N, Mavroeidis VK. The role of ablative techniques in the management of hepatocellular carcinoma: 
indications and outcomes. Biomedicines. 2023;11:1062.  DOI  PubMed  PMC

10.     

Reig M, Forner A, Rimola J, et al. BCLC strategy for prognosis prediction and treatment recommendation: the 2022 update. J 
Hepatol. 2022;76:681-93.  DOI  PubMed  PMC

11.     

Llovet JM, De Baere T, Kulik L, et al. Locoregional therapies in the era of molecular and immune treatments for hepatocellular 
carcinoma. Nat Rev Gastroenterol Hepatol. 2021;18:293-313.  DOI  PubMed

12.     

Llovet JM, Castet F, Heikenwalder M, et al. Immunotherapies for hepatocellular carcinoma. Nat Rev Clin Oncol. 2022;19:151-72.  
DOI  PubMed

13.     

Liu Y, Xun Z, Ma K, et al. Identification of a tumour immune barrier in the HCC microenvironment that determines the efficacy of 
immunotherapy. J Hepatol. 2023;78:770-82.  DOI  PubMed

14.     

Galasso L, Cerrito L, Maccauro V, et al. Hepatocellular carcinoma and the multifaceted relationship with its microenvironment: 
attacking the hepatocellular carcinoma defensive fortress. Cancers. 2024;16:1837.  DOI  PubMed  PMC

15.     

Ladd AD, Duarte S, Sahin I, Zarrinpar A. Mechanisms of drug resistance in HCC. Hepatology. 2024;79:926-40.  DOI  PubMed16.     
Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates cancer progression. Cancer Res. 2019;79:4557-66.  DOI  
PubMed  PMC

17.     

Chen C, Wang Z, Ding Y, Qin Y. Tumor microenvironment-mediated immune evasion in hepatocellular carcinoma. Front Immunol. 
2023;14:1133308.  DOI  PubMed  PMC

18.     

Robinson MW, Harmon C, O’Farrelly C. Liver immunology and its role in inflammation and homeostasis. Cell Mol Immunol. 
2016;13:267-76.  DOI  PubMed  PMC

19.     

Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited to the tumor microenvironment. Cancer Cell. 
2012;21:309-22.  DOI  PubMed

20.     

Volponi C, Gazzillo A, Bonavita E. The tumor microenvironment of hepatocellular carcinoma: untying an intricate immunological 
network. Cancers. 2022;14:6151.  DOI  PubMed  PMC

21.     

Williams MA, Tyznik AJ, Bevan MJ. Interleukin-2 signals during priming are required for secondary expansion of CD8+ memory T 
cells. Nature. 2006;441:890-3.  DOI  PubMed  PMC

22.     

Hao X, Sun G, Zhang Y, et al. Targeting immune cells in the tumor microenvironment of HCC: new opportunities and challenges. 
Front Cell Dev Biol. 2021;9:775462.  DOI  PubMed  PMC

23.     

Wang H, Liu F, Wu X, et al. Cancer-associated fibroblasts contributed to hepatocellular carcinoma recurrence and metastasis via 
CD36-mediated fatty-acid metabolic reprogramming. Exp Cell Res. 2024;435:113947.  DOI  PubMed

24.     

Su L, Yue Y, Yan Y, et al. Extracellular vesicles in hepatocellular carcinoma: unraveling immunological mechanisms for enhanced 
diagnosis and overcoming drug resistance. Front Immunol. 2024;15:1485628.  DOI  PubMed  PMC

25.     

Gupta T, Jarpula NS. Hepatocellular carcinoma immune microenvironment and check point inhibitors-current status. World J 
Hepatol. 2024;16:353-65.  DOI  PubMed  PMC

26.     

Mignini I, Piccirilli G, Galasso L, et al. From the colon to the liver: how gut microbiota may influence colorectal cancer metastatic 
potential. J Clin Med. 2024;13:420.  DOI  PubMed  PMC

27.     

Nishida N, Kudo M. Immunological microenvironment of hepatocellular carcinoma and its clinical implication. Oncology. 2017;92 
Suppl 1:40-9.  DOI  PubMed

28.     

Bai Y, Chen D, Cheng C, et al. Immunosuppressive landscape in hepatocellular carcinoma revealed by single-cell sequencing. Front 
Immunol. 2022;13:950536.  DOI  PubMed  PMC

29.     

Xia C, Chen Y, Zhu Y, et al. Identification of DLAT as a potential therapeutic target via a novel cuproptosis-related gene signature 
for the prediction of liver cancer prognosis. J Gastrointest Oncol. 2024;15:2230-51.  DOI  PubMed  PMC

30.     

Cariani E, Missale G. Immune landscape of hepatocellular carcinoma microenvironment: implications for prognosis and therapeutic 
applications. Liver Int. 2019;39:1608-21.  DOI  PubMed

31.     

Barry KC, Hsu J, Broz ML, et al. A natural killer-dendritic cell axis defines checkpoint therapy-responsive tumor microenvironments. 
Nat Med. 2018;24:1178-91.  DOI  PubMed  PMC

32.     

Böttcher JP, Bonavita E, Chakravarty P, et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment promoting 
cancer immune control. Cell. 2018;172:1022-37.e14.  DOI  PubMed  PMC

33.     

Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity. 2013;39:1-10.  DOI  PubMed34.     
Zheng L, Qin S, Si W, et al. Pan-cancer single-cell landscape of tumor-infiltrating T cells. Science. 2021;374:abe6474.  DOI  PubMed35.     
Ma L, Hernandez MO, Zhao Y, et al. Tumor cell biodiversity drives microenvironmental reprogramming in liver cancer. Cancer Cell. 
2019;36:418-30.e6.  DOI  PubMed  PMC

36.     

Iñarrairaegui M, Melero I, Sangro B. Immunotherapy of hepatocellular carcinoma: facts and hopes. Clin Cancer Res. 2018;24:1518-
24.  DOI  PubMed

37.     

Peng W, Chen JQ, Liu C, et al. Loss of PTEN promotes resistance to T cell-mediated immunotherapy. Cancer Discov. 2016;6:202-38.     

https://dx.doi.org/10.1016/j.jhep.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29628281
https://dx.doi.org/10.3978/j.issn.2304-3881.2015.08.05
http://www.ncbi.nlm.nih.gov/pubmed/26904556
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4739939
https://dx.doi.org/10.1038/ajg.2014.11
http://www.ncbi.nlm.nih.gov/pubmed/24513805
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4148914
https://dx.doi.org/10.3390/biomedicines11041062
http://www.ncbi.nlm.nih.gov/pubmed/37189680
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10135821
https://dx.doi.org/10.1016/j.jhep.2021.11.018
http://www.ncbi.nlm.nih.gov/pubmed/34801630
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8866082
https://dx.doi.org/10.1038/s41575-020-00395-0
http://www.ncbi.nlm.nih.gov/pubmed/33510460
https://dx.doi.org/10.1038/s41571-021-00573-2
http://www.ncbi.nlm.nih.gov/pubmed/34764464
https://dx.doi.org/10.1016/j.jhep.2023.01.011
http://www.ncbi.nlm.nih.gov/pubmed/36708811
https://dx.doi.org/10.3390/cancers16101837
http://www.ncbi.nlm.nih.gov/pubmed/38791916
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11119751
https://dx.doi.org/10.1097/hep.0000000000000237
http://www.ncbi.nlm.nih.gov/pubmed/36680397
https://dx.doi.org/10.1158/0008-5472.can-18-3962
http://www.ncbi.nlm.nih.gov/pubmed/31350295
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6744958
https://dx.doi.org/10.3389/fimmu.2023.1133308
http://www.ncbi.nlm.nih.gov/pubmed/36845131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9950271
https://dx.doi.org/10.1038/cmi.2016.3
http://www.ncbi.nlm.nih.gov/pubmed/27063467
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4856809
https://dx.doi.org/10.1016/j.ccr.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22439926
https://dx.doi.org/10.3390/cancers14246151
http://www.ncbi.nlm.nih.gov/pubmed/36551635
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9776867
https://dx.doi.org/10.1038/nature04790
http://www.ncbi.nlm.nih.gov/pubmed/16778891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2776073
https://dx.doi.org/10.3389/fcell.2021.775462
http://www.ncbi.nlm.nih.gov/pubmed/34869376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8633569
https://dx.doi.org/10.1016/j.yexcr.2024.113947
http://www.ncbi.nlm.nih.gov/pubmed/38301989
https://dx.doi.org/10.3389/fimmu.2024.1485628
http://www.ncbi.nlm.nih.gov/pubmed/39530097
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11550962
https://dx.doi.org/10.4254/wjh.v16.i3.353
http://www.ncbi.nlm.nih.gov/pubmed/38577535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10989304
https://dx.doi.org/10.3390/jcm13020420
http://www.ncbi.nlm.nih.gov/pubmed/38256554
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10815973
https://dx.doi.org/10.1159/000451015
http://www.ncbi.nlm.nih.gov/pubmed/27764823
https://dx.doi.org/10.3389/fimmu.2022.950536
http://www.ncbi.nlm.nih.gov/pubmed/35967424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9365996
https://dx.doi.org/10.21037/jgo-24-609
http://www.ncbi.nlm.nih.gov/pubmed/39554575
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11565118
https://dx.doi.org/10.1111/liv.14192
http://www.ncbi.nlm.nih.gov/pubmed/31314948
https://dx.doi.org/10.1038/s41591-018-0085-8
http://www.ncbi.nlm.nih.gov/pubmed/29942093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6475503
https://dx.doi.org/10.1016/j.cell.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29429633
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5847168
https://dx.doi.org/10.1016/j.immuni.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23890059
https://dx.doi.org/10.1126/science.abe6474
http://www.ncbi.nlm.nih.gov/pubmed/34914499
https://dx.doi.org/10.1016/j.ccell.2019.08.007
http://www.ncbi.nlm.nih.gov/pubmed/31588021
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6801104
https://dx.doi.org/10.1158/1078-0432.ccr-17-0289
http://www.ncbi.nlm.nih.gov/pubmed/29138342


Page 17 of Franzè et al. Cancer Drug Resist. 2025;8:33 https://dx.doi.org/10.20517/cdr.2024.212 20

16.  DOI  PubMed  PMC
Lu C, Rong D, Zhang B, et al. Current perspectives on the immunosuppressive tumor microenvironment in hepatocellular carcinoma: 
challenges and opportunities. Mol Cancer. 2019;18:130.  DOI  PubMed  PMC

39.     

Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A. Neutrophil diversity and plasticity in tumour progression and 
therapy. Nat Rev Cancer. 2020;20:485-503.  DOI  PubMed

40.     

Zhou SL, Zhou ZJ, Hu ZQ, et al. Tumor-associated neutrophils recruit macrophages and T-regulatory cells to promote progression of 
hepatocellular carcinoma and resistance to sorafenib. Gastroenterology. 2016;150:1646-58.e17.  DOI  PubMed

41.     

Yang LY, Luo Q, Lu L, et al. Increased neutrophil extracellular traps promote metastasis potential of hepatocellular carcinoma via 
provoking tumorous inflammatory response. J Hematol Oncol. 2020;13:3.  DOI  PubMed  PMC

42.     

Sun R, Xiong Y, Liu H, et al. Tumor-associated neutrophils suppress antitumor immunity of NK cells through the PD-L1/PD-1 axis. 
Transl Oncol. 2020;13:100825.  DOI  PubMed  PMC

43.     

Guan X, Lu Y, Zhu H, et al. The crosstalk between cancer cells and neutrophils enhances hepatocellular carcinoma metastasis via 
neutrophil extracellular traps-associated cathepsin G component: a potential therapeutic target. J Hepatocell Carcinoma. 2021;8:451-
65.  DOI  PubMed  PMC

44.     

Li XF, Chen DP, Ouyang FZ, et al. Increased autophagy sustains the survival and pro-tumourigenic effects of neutrophils in human 
hepatocellular carcinoma. J Hepatol. 2015;62:131-9.  DOI  PubMed

45.     

Thommen DS, Koelzer VH, Herzig P, et al. A transcriptionally and functionally distinct PD-1+ CD8+ T cell pool with predictive 
potential in non-small-cell lung cancer treated with PD-1 blockade. Nat Med. 2018;24:994-1004.  DOI  PubMed  PMC

46.     

Kunitani H, Shimizu Y, Murata H, Higuchi K, Watanabe A. Phenotypic analysis of circulating and intrahepatic dendritic cell subsets 
in patients with chronic liver diseases. J Hepatol. 2002;36:734-41.  DOI  PubMed

47.     

Thaiss CA, Semmling V, Franken L, Wagner H, Kurts C. Chemokines: a new dendritic cell signal for T cell activation. Front 
Immunol. 2011;2:31.  DOI  PubMed  PMC

48.     

Chen C, Ma YH, Zhang YT, et al. Effect of dendritic cell-based immunotherapy on hepatocellular carcinoma: a systematic review 
and meta-analysis. Cytotherapy. 2018;20:975-89.  DOI  PubMed

49.     

Huang Y, Ge W, Zhou J, Gao B, Qian X, Wang W. The role of tumor associated macrophages in hepatocellular carcinoma. J Cancer. 
2021;12:1284-94.  DOI  PubMed  PMC

50.     

Dong P, Ma L, Liu L, et al. CD86+/CD206+, diametrically polarized tumor-associated macrophages, predict hepatocellular carcinoma 
patient prognosis. Int J Mol Sci. 2016;17:320.  DOI  PubMed  PMC

51.     

Zhu Y, Yang J, Xu D, et al. Disruption of tumour-associated macrophage trafficking by the osteopontin-induced colony-stimulating 
factor-1 signalling sensitises hepatocellular carcinoma to anti-PD-L1 blockade. Gut. 2019;68:1653-66.  DOI  PubMed

52.     

Zhu XD, Zhang JB, Zhuang PY, et al. High expression of macrophage colony-stimulating factor in peritumoral liver tissue is 
associated with poor survival after curative resection of hepatocellular carcinoma. J Clin Oncol. 2008;26:2707-16.  DOI  PubMed

53.     

Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the era of increasing myeloid cell diversity. Nat Rev 
Immunol. 2021;21:485-98.  DOI  PubMed  PMC

54.     

Hoechst B, Voigtlaender T, Ormandy L, et al. Myeloid derived suppressor cells inhibit natural killer cells in patients with 
hepatocellular carcinoma via the NKp30 receptor. Hepatology. 2009;50:799-807.  DOI  PubMed  PMC

55.     

Erez N, Truitt M, Olson P, Arron ST, Hanahan D. Cancer-associated fibroblasts are activated in incipient neoplasia to orchestrate 
tumor-promoting inflammation in an NF-kappaB-dependent manner. Cancer Cell. 2010;17:135-47.  DOI  PubMed

56.     

Deng Y, Cheng J, Fu B, et al. Hepatic carcinoma-associated fibroblasts enhance immune suppression by facilitating the generation of 
myeloid-derived suppressor cells. Oncogene. 2017;36:1090-101.  DOI  PubMed

57.     

Zhang Q, He Y, Luo N, et al. Landscape and dynamics of single immune cells in hepatocellular carcinoma. Cell. 2019;179:829-45.
e20.  DOI  PubMed

58.     

Guo X, Zhang Y, Zheng L, et al. Global characterization of T cells in non-small-cell lung cancer by single-cell sequencing. Nat Med. 
2018;24:978-85.  DOI  PubMed

59.     

Newell EW, Cheng Y. Mass cytometry: blessed with the curse of dimensionality. Nat Immunol. 2016;17:890-5.  DOI  PubMed60.     
Giesen C, Wang HA, Schapiro D, et al. Highly multiplexed imaging of tumor tissues with subcellular resolution by mass cytometry. 
Nat Methods. 2014;11:417-22.  DOI  PubMed

61.     

Wan JCM, Massie C, Garcia-Corbacho J, et al. Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat 
Rev Cancer. 2017;17:223-38.  DOI  PubMed

62.     

European Association for the Study of the Liver. EASL Clinical Practice Guidelines on the management of hepatocellular carcinoma. 
J Hepatol. 2025;82:315-74.  DOI  PubMed

63.     

Forner A, Gilabert M, Bruix J, Raoul JL. Treatment of intermediate-stage hepatocellular carcinoma. Nat Rev Clin Oncol. 
2014;11:525-35.  DOI  PubMed

64.     

Ebeling Barbier C, Heindryckx F, Lennernäs H. Limitations and possibilities of transarterial chemotherapeutic treatment of 
hepatocellular carcinoma. Int J Mol Sci. 2021;22:13051.  DOI  PubMed  PMC

65.     

Liu Z, Tu K, Wang Y, et al. Hypoxia accelerates aggressiveness of hepatocellular carcinoma cells involving oxidative stress, 
epithelial-mesenchymal transition and non-canonical hedgehog signaling. Cell Physiol Biochem. 2017;44:1856-68.  DOI  PubMed

66.     

de Baere T, Plotkin S, Yu R, Sutter A, Wu Y, Cruise GM. An in vitro evaluation of four types of drug-eluting microspheres loaded 
with doxorubicin. J Vasc Interv Radiol. 2016;27:1425-31.  DOI  PubMed

67.     

https://dx.doi.org/10.1158/2159-8290.CD-15-0283
http://www.ncbi.nlm.nih.gov/pubmed/26645196
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4744499
https://dx.doi.org/10.1186/s12943-019-1047-6
http://www.ncbi.nlm.nih.gov/pubmed/31464625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6714090
https://dx.doi.org/10.1038/s41568-020-0281-y
http://www.ncbi.nlm.nih.gov/pubmed/32694624
https://dx.doi.org/10.1053/j.gastro.2016.02.040
http://www.ncbi.nlm.nih.gov/pubmed/26924089
https://dx.doi.org/10.1186/s13045-019-0836-0
http://www.ncbi.nlm.nih.gov/pubmed/31907001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6945602
https://dx.doi.org/10.1016/j.tranon.2020.100825
http://www.ncbi.nlm.nih.gov/pubmed/32698059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7372151
https://dx.doi.org/10.2147/jhc.s303588
http://www.ncbi.nlm.nih.gov/pubmed/34046369
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8144903
https://dx.doi.org/10.1016/j.jhep.2014.08.023
http://www.ncbi.nlm.nih.gov/pubmed/25152203
https://dx.doi.org/10.1038/s41591-018-0057-z
http://www.ncbi.nlm.nih.gov/pubmed/29892065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110381
https://dx.doi.org/10.1016/s0168-8278(02)00062-4
http://www.ncbi.nlm.nih.gov/pubmed/12044522
https://dx.doi.org/10.3389/fimmu.2011.00031
http://www.ncbi.nlm.nih.gov/pubmed/22566821
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3342358
https://dx.doi.org/10.1016/j.jcyt.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/30072299
https://dx.doi.org/10.7150/jca.51346
http://www.ncbi.nlm.nih.gov/pubmed/33531974
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7847664
https://dx.doi.org/10.3390/ijms17030320
http://www.ncbi.nlm.nih.gov/pubmed/26938527
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4813183
https://dx.doi.org/10.1136/gutjnl-2019-318419
http://www.ncbi.nlm.nih.gov/pubmed/30902885
https://dx.doi.org/10.1200/jco.2007.15.6521
http://www.ncbi.nlm.nih.gov/pubmed/18509183
https://dx.doi.org/10.1038/s41577-020-00490-y
http://www.ncbi.nlm.nih.gov/pubmed/33526920
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7849958
https://dx.doi.org/10.1002/hep.23054
http://www.ncbi.nlm.nih.gov/pubmed/19551844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6357774
https://dx.doi.org/10.1016/j.ccr.2009.12.041
http://www.ncbi.nlm.nih.gov/pubmed/20138012
https://dx.doi.org/10.1038/onc.2016.273
http://www.ncbi.nlm.nih.gov/pubmed/27593937
https://dx.doi.org/10.1016/j.cell.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31675496
https://dx.doi.org/10.1038/s41591-018-0045-3
http://www.ncbi.nlm.nih.gov/pubmed/29942094
https://dx.doi.org/10.1038/ni.3485
http://www.ncbi.nlm.nih.gov/pubmed/27434000
https://dx.doi.org/10.1038/nmeth.2869
http://www.ncbi.nlm.nih.gov/pubmed/24584193
https://dx.doi.org/10.1038/nrc.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28233803
https://dx.doi.org/10.1016/j.jhep.2024.08.028
http://www.ncbi.nlm.nih.gov/pubmed/39690085
https://dx.doi.org/10.1038/nrclinonc.2014.122
http://www.ncbi.nlm.nih.gov/pubmed/25091611
https://dx.doi.org/10.3390/ijms222313051
http://www.ncbi.nlm.nih.gov/pubmed/34884853
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8658005
https://dx.doi.org/10.1159/000485821
http://www.ncbi.nlm.nih.gov/pubmed/29237157
https://dx.doi.org/10.1016/j.jvir.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27402527


Page 18 of Franzè et al. Cancer Drug Resist. 2025;8:33 https://dx.doi.org/10.20517/cdr.2024.21220

Kim MJ, Jang JW, Oh BS, et al. Change in inflammatory cytokine profiles after transarterial chemotherapy in patients with 
hepatocellular carcinoma. Cytokine. 2013;64:516-22.  DOI  PubMed

68.     

Padia SA. Is idarubicin the future of TACE? Radiology. 2019;291:809-10.  DOI  PubMed69.     
Katayama K, Imai T, Abe Y, et al. Number of nodules but not size of hepatocellular carcinoma can predict refractoriness to 
transarterial chemoembolization and poor prognosis. J Clin Med Res. 2018;10:765-71.  DOI  PubMed  PMC

70.     

Kudo M, Matsui O, Izumi N, et al; Liver Cancer Study Group of Japan. Transarterial chemoembolization failure/refractoriness: JSH-
LCSGJ criteria 2014 update. Oncology. 2014;87 Suppl 1:22-31.  DOI  PubMed

71.     

Choi J, Lee D, Shim JH, et al. Evaluation of transarterial chemoembolization refractoriness in patients with hepatocellular carcinoma. 
PLoS One. 2020;15:e0229696.  DOI  PubMed  PMC

72.     

Tak E, Lee S, Lee J, et al. Human carbonyl reductase 1 upregulated by hypoxia renders resistance to apoptosis in hepatocellular 
carcinoma cells. J Hepatol. 2011;54:328-39.  DOI  PubMed

73.     

Singh P, Toom S, Avula A, Kumar V, Rahma OE. The immune modulation effect of locoregional therapies and its potential synergy 
with immunotherapy in hepatocellular carcinoma. J Hepatocell Carcinoma. 2020;7:11-7.  DOI  PubMed  PMC

74.     

Tampaki M, Ionas E, Hadziyannis E, Deutsch M, Malagari K, Koskinas J. Association of TIM-3 with BCLC stage, serum PD-L1 
detection, and response to transarterial chemoembolization in patients with hepatocellular carcinoma. Cancers. 2020;12:212.  DOI  
PubMed  PMC

75.     

Jekarl DW, Lee S, Kwon JH, et al. Complex interaction networks of cytokines after transarterial chemotherapy in patients with 
hepatocellular carcinoma. PLoS One. 2019;14:e0224318.  DOI  PubMed  PMC

76.     

Pinato DJ, Karamanakos G, Arizumi T, et al. Dynamic changes of the inflammation-based index predict mortality following 
chemoembolisation for hepatocellular carcinoma: a prospective study. Aliment Pharmacol Ther. 2014;40:1270-81.  DOI  PubMed

77.     

Pinato DJ, Murray SM, Forner A, et al. Trans-arterial chemoembolization as a loco-regional inducer of immunogenic cell death in 
hepatocellular carcinoma: implications for immunotherapy. J Immunother Cancer. 2021;9:e003311.  DOI  PubMed  PMC

78.     

Tan J, Fan W, Liu T, et al. TREM2+ macrophages suppress CD8+ T-cell infiltration after transarterial chemoembolisation in 
hepatocellular carcinoma. J Hepatol. 2023;79:126-40.  DOI  PubMed

79.     

Cappelli A, Cucchetti A, Cabibbo G, et al. Refining prognosis after trans-arterial chemo-embolization for hepatocellular carcinoma. 
Liver Int. 2016;36:729-36.  DOI  PubMed

80.     

Kadalayil L, Benini R, Pallan L, et al. A simple prognostic scoring system for patients receiving transarterial embolisation for 
hepatocellular cancer. Ann Oncol. 2013;24:2565-70.  DOI  PubMed  PMC

81.     

Tang Y, Wu Y, Xue M, Zhu B, Fan W, Li J. A 10-gene signature identified by machine learning for predicting the response to 
transarterial chemoembolization in patients with hepatocellular carcinoma. J Oncol. 2022;2022:3822773.  DOI  PubMed  PMC

82.     

Fako V, Martin SP, Pomyen Y, et al. Gene signature predictive of hepatocellular carcinoma patient response to transarterial 
chemoembolization. Int J Biol Sci. 2019;15:2654-63.  DOI  PubMed  PMC

83.     

Huang M, Wang L, Chen J, et al. Regulation of COX-2 expression and epithelial-to-mesenchymal transition by hypoxia-inducible 
factor-1α is associated with poor prognosis in hepatocellular carcinoma patients post TACE surgery. Int J Oncol. 2016;48:2144-54.  
DOI  PubMed  PMC

84.     

He Q, Yang J, Jin Y. Development and validation of TACE refractoriness-related diagnostic and prognostic scores and 
characterization of tumor microenvironment infiltration in hepatocellular carcinoma. Front Immunol. 2022;13:869993.  DOI  PubMed  
PMC

85.     

Wang L, Cao J, Liu Z, et al. Enhanced interactions within microenvironment accelerates dismal prognosis in HBV-related HCC after 
TACE. Hepatol Commun. 2024;8:e0548.  DOI  PubMed  PMC

86.     

Yue Y, Ren Z, Wang Y, et al. Impact of microparticle transarterial chemoembolization (mTACE) on myeloid-derived suppressor cell 
subtypes in hepatocellular carcinoma: clinical correlations and therapeutic implications. Immun Inflamm Dis. 2024;12:e70007.  DOI  
PubMed  PMC

87.     

Wang C, Leng B, You R, et al. A transcriptomic biomarker for predicting the response to TACE correlates with the tumor 
microenvironment and radiomics features in hepatocellular carcinoma. J Hepatocell Carcinoma. 2024;11:2321-37.  DOI  PubMed  
PMC

88.     

Ayaru L, Pereira SP, Alisa A, et al. Unmasking of alpha-fetoprotein-specific CD4+ T cell responses in hepatocellular carcinoma 
patients undergoing embolization. J Immunol. 2007;178:1914-22.  DOI  PubMed

89.     

Xue J, Ni H, Wang F, Xu K, Niu M. Advances in locoregional therapy for hepatocellular carcinoma combined with immunotherapy 
and targeted therapy. J Interv Med. 2021;4:105-13.  DOI  PubMed  PMC

90.     

El Fouly A, Ertle J, El Dorry A, et al. In intermediate stage hepatocellular carcinoma: radioembolization with yttrium 90 or 
chemoembolization? Liver Int. 2015;35:627-35.  DOI  PubMed

91.     

Kallini JR, Gabr A, Salem R, Lewandowski RJ. Transarterial radioembolization with Yttrium-90 for the treatment of hepatocellular 
carcinoma. Adv Ther. 2016;33:699-714.  DOI  PubMed  PMC

92.     

Salem R, Lewandowski RJ, Mulcahy MF, et al. Radioembolization for hepatocellular carcinoma using Yttrium-90 microspheres: a 
comprehensive report of long-term outcomes. Gastroenterology. 2010;138:52-64.  DOI  PubMed

93.     

Franzè MS, Vigneron P, Sessa A, et al. Prognostic factors influencing outcomes in hepatocellular carcinoma patients undergoing 
selective internal radiation therapy. Ann Hepatol. 2025;30:101539.  DOI  PubMed

94.     

Lugade AA, Sorensen EW, Gerber SA, Moran JP, Frelinger JG, Lord EM. Radiation-induced IFN-gamma production within the 95.     

https://dx.doi.org/10.1016/j.cyto.2013.07.021
http://www.ncbi.nlm.nih.gov/pubmed/24035756
https://dx.doi.org/10.1148/radiol.2019190789
http://www.ncbi.nlm.nih.gov/pubmed/31039076
https://dx.doi.org/10.14740/jocmr3559w
http://www.ncbi.nlm.nih.gov/pubmed/30214648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6135006
https://dx.doi.org/10.1159/000368142
http://www.ncbi.nlm.nih.gov/pubmed/25427730
https://dx.doi.org/10.1371/journal.pone.0229696
http://www.ncbi.nlm.nih.gov/pubmed/32130270
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7055892
https://dx.doi.org/10.1016/j.jhep.2010.06.045
http://www.ncbi.nlm.nih.gov/pubmed/21056497
https://dx.doi.org/10.2147/jhc.s187121
http://www.ncbi.nlm.nih.gov/pubmed/32104669
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7022138
https://dx.doi.org/10.3390/cancers12010212
http://www.ncbi.nlm.nih.gov/pubmed/31952209
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7016746
https://dx.doi.org/10.1371/journal.pone.0224318
http://www.ncbi.nlm.nih.gov/pubmed/31751357
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6874208
https://dx.doi.org/10.1111/apt.12992
http://www.ncbi.nlm.nih.gov/pubmed/25327965
https://dx.doi.org/10.1136/jitc-2021-003311
http://www.ncbi.nlm.nih.gov/pubmed/34593621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8487214
https://dx.doi.org/10.1016/j.jhep.2023.02.032
http://www.ncbi.nlm.nih.gov/pubmed/36889359
https://dx.doi.org/10.1111/liv.13029
http://www.ncbi.nlm.nih.gov/pubmed/26604044
https://dx.doi.org/10.1093/annonc/mdt247
http://www.ncbi.nlm.nih.gov/pubmed/23857958
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4023407
https://dx.doi.org/10.1155/2022/3822773
http://www.ncbi.nlm.nih.gov/pubmed/35111225
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8803430
https://dx.doi.org/10.7150/ijbs.39534
http://www.ncbi.nlm.nih.gov/pubmed/31754337
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6854367
https://dx.doi.org/10.3892/ijo.2016.3421
http://www.ncbi.nlm.nih.gov/pubmed/26984380
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4809660
https://dx.doi.org/10.3389/fimmu.2022.869993
http://www.ncbi.nlm.nih.gov/pubmed/35493518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9043752
https://dx.doi.org/10.1097/hc9.0000000000000548
http://www.ncbi.nlm.nih.gov/pubmed/39365124
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11458170
https://dx.doi.org/10.1002/iid3.70007
http://www.ncbi.nlm.nih.gov/pubmed/39222024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11367920
https://dx.doi.org/10.2147/jhc.s480540
http://www.ncbi.nlm.nih.gov/pubmed/39619603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11606151
https://dx.doi.org/10.4049/jimmunol.178.3.1914
http://www.ncbi.nlm.nih.gov/pubmed/17237442
https://dx.doi.org/10.1016/j.jimed.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/34805958
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8562181
https://dx.doi.org/10.1111/liv.12637
http://www.ncbi.nlm.nih.gov/pubmed/25040497
https://dx.doi.org/10.1007/s12325-016-0324-7
http://www.ncbi.nlm.nih.gov/pubmed/27039186
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4882351
https://dx.doi.org/10.1053/j.gastro.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19766639
https://dx.doi.org/10.1016/j.aohep.2024.101539
http://www.ncbi.nlm.nih.gov/pubmed/39179159


Page 19 of Franzè et al. Cancer Drug Resist. 2025;8:33 https://dx.doi.org/10.20517/cdr.2024.212 20

tumor microenvironment influences antitumor immunity. J Immunol. 2008;180:3132-9.  DOI  PubMed
Barcellos-Hoff MH, Park C, Wright EG. Radiation and the microenvironment - tumorigenesis and therapy. Nat Rev Cancer. 
2005;5:867-75.  DOI  PubMed

96.     

Chew V, Tow C, Teo M, et al. Inflammatory tumour microenvironment is associated with superior survival in hepatocellular 
carcinoma patients. J Hepatol. 2010;52:370-9.  DOI  PubMed

97.     

Chew V, Lee YH, Pan L, et al. Immune activation underlies a sustained clinical response to Yttrium-90 radioembolisation in 
hepatocellular carcinoma. Gut. 2019;68:335-46.  DOI  PubMed  PMC

98.     

Bitar R, Salem R, Finn R, Greten TF, Goldberg SN, Chapiro J. Interventional oncology meets immuno-oncology: combination 
therapies for hepatocellular carcinoma. Radiology. 2024;313:e232875.  DOI  PubMed  PMC

99.     

Giraud J, Chalopin D, Blanc JF, Saleh M. Hepatocellular carcinoma immune landscape and the potential of immunotherapies. Front 
Immunol. 2021;12:655697.  DOI  PubMed  PMC

100.     

Farhood B, Najafi M, Mortezaee K. CD8+ cytotoxic T lymphocytes in cancer immunotherapy: a review. J Cell Physiol. 
2019;234:8509-21.  DOI  PubMed

101.     

Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. 2015;15:486-99.  DOI  PubMed  
PMC

102.     

Chen L, Huang H, Huang Z, et al. Prognostic values of tissue-resident CD8+T cells in human hepatocellular carcinoma and 
intrahepatic cholangiocarcinoma. World J Surg Oncol. 2023;21:124.  DOI  PubMed  PMC

103.     

Li Z, Zheng B, Qiu X, et al. The identification and functional analysis of CD8+PD-1+CD161+ T cells in hepatocellular carcinoma. 
NPJ Precis Oncol. 2020;4:28.  DOI  PubMed  PMC

104.     

Ye L, Li Y, Tang H, et al. CD8+CXCR5+T cells infiltrating hepatocellular carcinomas are activated and predictive of a better 
prognosis. Aging. 2019;11:8879-91.  DOI  PubMed  PMC

105.     

Abushukair HM, Saeed A. Hepatocellular carcinoma and immunotherapy: beyond immune checkpoint inhibitors. World J 
Gastrointest Oncol. 2022;14:1210-2.  DOI  PubMed  PMC

106.     

Duan Q, Zhang H, Zheng J, Zhang L. Turning cold into hot: firing up the tumor microenvironment. Trends Cancer. 2020;6:605-18.  
DOI  PubMed

107.     

Ailia MJ, Heo J, Yoo SY. Navigating through the PD-1/PDL-1 landscape: a systematic review and meta-analysis of clinical outcomes 
in hepatocellular carcinoma and their influence on immunotherapy and tumor microenvironment. Int J Mol Sci. 2023;24:6495.  DOI  
PubMed  PMC

108.     

Kudo M. Pembrolizumab for the treatment of hepatocellular carcinoma. Liver Cancer. 2019;8:143-54.  DOI  PubMed  PMC109.     
Zhu AX, Finn RS, Edeline J, et al; KEYNOTE-224 investigators. Pembrolizumab in patients with advanced hepatocellular carcinoma 
previously treated with sorafenib (KEYNOTE-224): a non-randomised, open-label phase 2 trial. Lancet Oncol. 2018;19:940-52.  DOI  
PubMed

110.     

El-Khoueiry AB, Sangro B, Yau T, et al. Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040): an open-
label, non-comparative, phase 1/2 dose escalation and expansion trial. Lancet. 2017;389:2492-502.  DOI  PubMed  PMC

111.     

Finn RS, Ryoo BY, Merle P, et al; KEYNOTE-240 investigators. Pembrolizumab as second-line therapy in patients with advanced 
hepatocellular carcinoma in KEYNOTE-240: a randomized, double-blind, phase III trial. J Clin Oncol. 2020;38:193-202.  DOI  
PubMed

112.     

Sangro B, Park J, Finn R, et al. LBA-3 CheckMate 459: long-term (minimum follow-up 33.6 months) survival outcomes with 
nivolumab versus sorafenib as first-line treatment in patients with advanced hepatocellular carcinoma. Ann Oncol. 2020;31:S241-2.  
DOI

113.     

Finn RS, Qin S, Ikeda M, et al; IMbrave150 Investigators. Atezolizumab plus bevacizumab in unresectable hepatocellular carcinoma. 
N Engl J Med. 2020;382:1894-905.  DOI  PubMed

114.     

Salem R, Li D, Sommer N, et al. Characterization of response to atezolizumab+bevacizumab versus sorafenib for hepatocellular 
carcinoma: results from the IMbrave150 trial. Cancer Med. 2021;10:5437-47.  DOI  PubMed  PMC

115.     

D’Alessio A, Fulgenzi CAM, Nishida N, et al. Preliminary evidence of safety and tolerability of atezolizumab plus bevacizumab in 
patients with hepatocellular carcinoma and Child-Pugh A and B cirrhosis: a real-world study. Hepatology. 2022;76:1000-12.  DOI  
PubMed  PMC

116.     

Sangro B, Gomez-Martin C, de la Mata M, et al. A clinical trial of CTLA-4 blockade with tremelimumab in patients with 
hepatocellular carcinoma and chronic hepatitis C. J Hepatol. 2013;59:81-8.  DOI  PubMed

117.     

Abou-alfa GK, Chan SL, Kudo M, et al. Phase 3 randomized, open-label, multicenter study of tremelimumab (T) and durvalumab (D) 
as first-line therapy in patients (pts) with unresectable hepatocellular carcinoma (uHCC): HIMALAYA. J Clin Oncol. 2022;40:379.  
DOI

118.     

Yau T, Kang YK, Kim TY, et al. Efficacy and safety of nivolumab plus ipilimumab in patients with advanced hepatocellular 
carcinoma previously treated with sorafenib: the CheckMate 040 randomized clinical trial. JAMA Oncol. 2020;6:e204564.  DOI  
PubMed  PMC

119.     

Zuo D, Zhu Y, Wang K, et al. A novel LAG3 neutralizing antibody improves cancer immunotherapy by dual inhibition of MHC-II 
and FGL1 ligand binding. Biomed Pharmacother. 2024;175:116782.  DOI  PubMed

120.     

Yang C, Qian Q, Zhao Y, et al. Fibrinogen-like protein 1 promotes liver-resident memory T-cell exhaustion in hepatocellular 
carcinoma. Front Immunol. 2023;14:1112672.  DOI  PubMed  PMC

121.     

https://dx.doi.org/10.4049/jimmunol.180.5.3132
http://www.ncbi.nlm.nih.gov/pubmed/18292536
https://dx.doi.org/10.1038/nrc1735
http://www.ncbi.nlm.nih.gov/pubmed/16327765
https://dx.doi.org/10.1016/j.jhep.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19720422
https://dx.doi.org/10.1136/gutjnl-2017-315485
http://www.ncbi.nlm.nih.gov/pubmed/29440463
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6352403
https://dx.doi.org/10.1148/radiol.232875
http://www.ncbi.nlm.nih.gov/pubmed/39560477
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11605110
https://dx.doi.org/10.3389/fimmu.2021.655697
http://www.ncbi.nlm.nih.gov/pubmed/33815418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8012774
https://dx.doi.org/10.1002/jcp.27782
http://www.ncbi.nlm.nih.gov/pubmed/30520029
https://dx.doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4889009
https://dx.doi.org/10.1186/s12957-023-03009-6
http://www.ncbi.nlm.nih.gov/pubmed/37024870
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10077621
https://dx.doi.org/10.1038/s41698-020-00133-4
http://www.ncbi.nlm.nih.gov/pubmed/33145436
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7599220
https://dx.doi.org/10.18632/aging.102308
http://www.ncbi.nlm.nih.gov/pubmed/31663864
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6834425
https://dx.doi.org/10.4251/wjgo.v14.i6.1210
http://www.ncbi.nlm.nih.gov/pubmed/35949209
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9244992
https://dx.doi.org/10.1016/j.trecan.2020.02.022
http://www.ncbi.nlm.nih.gov/pubmed/32610070
https://dx.doi.org/10.3390/ijms24076495
http://www.ncbi.nlm.nih.gov/pubmed/37047482
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10095164
https://dx.doi.org/10.1159/000500143
http://www.ncbi.nlm.nih.gov/pubmed/31192152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6547263
https://dx.doi.org/10.1016/S1470-2045(18)30351-6
http://www.ncbi.nlm.nih.gov/pubmed/29875066
https://dx.doi.org/10.1016/s0140-6736(17)31046-2
http://www.ncbi.nlm.nih.gov/pubmed/28434648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7539326
https://dx.doi.org/10.1200/jco.19.01307
http://www.ncbi.nlm.nih.gov/pubmed/31790344
https://dx.doi.org/10.1016/j.annonc.2020.04.078
https://dx.doi.org/10.1056/nejmoa1915745
http://www.ncbi.nlm.nih.gov/pubmed/32402160
https://dx.doi.org/10.1002/cam4.4090
http://www.ncbi.nlm.nih.gov/pubmed/34189869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8366100
https://dx.doi.org/10.1002/hep.32468
http://www.ncbi.nlm.nih.gov/pubmed/35313048
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9790703
https://dx.doi.org/10.1016/j.jhep.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23466307
https://dx.doi.org/10.1200/jco.2022.40.4_suppl.379
https://dx.doi.org/10.1001/jamaoncol.2020.4564
http://www.ncbi.nlm.nih.gov/pubmed/33001135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7530824
https://dx.doi.org/10.1016/j.biopha.2024.116782
http://www.ncbi.nlm.nih.gov/pubmed/38776682
https://dx.doi.org/10.3389/fimmu.2023.1112672
http://www.ncbi.nlm.nih.gov/pubmed/36993960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10040674


Page 20 of Franzè et al. Cancer Drug Resist. 2025;8:33 https://dx.doi.org/10.20517/cdr.2024.21220

Hua N, Chen A, Yang C, et al. The correlation of fibrinogen-like protein-1 expression with the progression and prognosis of 
hepatocellular carcinoma. Mol Biol Rep. 2022;49:7911-9.  DOI  PubMed  PMC

122.     

Guo M, Yuan F, Qi F, et al. Expression and clinical significance of LAG-3, FGL1, PD-L1 and CD8+T cells in hepatocellular 
carcinoma using multiplex quantitative analysis. J Transl Med. 2020;18:306.  DOI  PubMed  PMC

123.     

Morita M, Nishida N, Aoki T, et al. Role of β-catenin activation in the tumor immune microenvironment and immunotherapy of 
hepatocellular carcinoma. Cancers. 2023;15:2311.  DOI  PubMed  PMC

124.     

Harding JJ, Nandakumar S, Armenia J, et al. Prospective genotyping of hepatocellular carcinoma: clinical implications of next-
generation sequencing for matching patients to targeted and immune therapies. Clin Cancer Res. 2019;25:2116-26.  DOI  PubMed  
PMC

125.     

Morita M, Nishida N, Sakai K, et al. Immunological microenvironment predicts the survival of the patients with hepatocellular 
carcinoma treated with anti-PD-1 antibody. Liver Cancer. 2021;10:380-93.  DOI  PubMed  PMC

126.     

Zhu AX, Abbas AR, de Galarreta MR, et al. Molecular correlates of clinical response and resistance to atezolizumab in combination 
with bevacizumab in advanced hepatocellular carcinoma. Nat Med. 2022;28:1599-611.  DOI  PubMed

127.     

Zhang C, Hu S, Yin C, Wang G, Liu P. STAT3 orchestrates immune dynamics in hepatocellular carcinoma: a pivotal nexus in tumor 
progression. Crit Rev Oncol Hematol. 2025;207:104620.  DOI  PubMed

128.     

Wang Y, Wang W, Liu K, et al. The mechanism of Xihuang pills’ intervention in the tumour immune microenvironment for the 
treatment of liver cancer based on the STAT3-PDL1 pathway. J Ethnopharmacol. 2024;331:118278.  DOI  PubMed

129.     

Blagih J, Buck MD, Vousden KH. p53, cancer and the immune response. J Cell Sci. 2020;133:jcs237453.  DOI  PubMed130.     
Wang J, Sanmamed MF, Datar I, et al. Fibrinogen-like protein 1 is a major immune inhibitory ligand of LAG-3. Cell. 2019;176:334-
47.e12.  DOI  PubMed  PMC

131.     

Yu R, Zhu B, Chen D. Type I interferon-mediated tumor immunity and its role in immunotherapy. Cell Mol Life Sci. 2022;79:191.  
DOI  PubMed  PMC

132.     

Fu Y, Guo X, Sun L, et al. Exploring the role of the immune microenvironment in hepatocellular carcinoma: implications for 
immunotherapy and drug resistance. Elife. 2024;13:e95009.  DOI  PubMed  PMC

133.     

Kuang DM, Zhao Q, Wu Y, et al. Peritumoral neutrophils link inflammatory response to disease progression by fostering 
angiogenesis in hepatocellular carcinoma. J Hepatol. 2011;54:948-55.  DOI  PubMed

134.     

Costa A, Kieffer Y, Scholer-Dahirel A, et al. Fibroblast heterogeneity and immunosuppressive environment in human breast cancer. 
Cancer Cell. 2018;33:463-79.e10.  DOI  PubMed

135.     

Mariathasan S, Turley SJ, Nickles D, et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T 
cells. Nature. 2018;554:544-8.  DOI  PubMed  PMC

136.     

Gudd CLC, Au L, Triantafyllou E, et al. Activation and transcriptional profile of monocytes and CD8+ T cells are altered in 
checkpoint inhibitor-related hepatitis. J Hepatol. 2021;75:177-89.  DOI  PubMed

137.     

Pinato DJ, Kaseb A, Wang Y, et al. Impact of corticosteroid therapy on the outcomes of hepatocellular carcinoma treated with 
immune checkpoint inhibitor therapy. J Immunother Cancer. 2020;8:e000726.  DOI  PubMed  PMC

138.     

Kelley RK, Sangro B, Harris W, et al. Safety, efficacy, and pharmacodynamics of tremelimumab plus durvalumab for patients with 
unresectable hepatocellular carcinoma: randomized expansion of a phase I/II study. J Clin Oncol. 2021;39:2991-3001.  DOI  PubMed  
PMC

139.     

Cao F, Shi C, Zhang G, Luo J, Zheng J, Hao W. Improved clinical outcomes in advanced hepatocellular carcinoma treated with 
transarterial chemoembolization plus atezolizumab and bevacizumab: a bicentric retrospective study. BMC Cancer. 2023;23:873.  
DOI  PubMed  PMC

140.     

Cui TM, Liu Y, Wang JB, Liu LX. Adverse effects of immune-checkpoint inhibitors in hepatocellular carcinoma. Onco Targets Ther. 
2020;13:11725-40.  DOI  PubMed  PMC

141.     

Cheu JW, Wong CC. The immune microenvironment of steatotic hepatocellular carcinoma: current findings and future prospects. 
Hepatol Commun. 2024;8:e0516.  DOI  PubMed  PMC

142.     

https://dx.doi.org/10.1007/s11033-022-07624-6
http://www.ncbi.nlm.nih.gov/pubmed/35776395
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9304048
https://dx.doi.org/10.1186/s12967-020-02469-8
http://www.ncbi.nlm.nih.gov/pubmed/32762721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7409704
https://dx.doi.org/10.3390/cancers15082311
http://www.ncbi.nlm.nih.gov/pubmed/37190239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10136695
https://dx.doi.org/10.1158/1078-0432.ccr-18-2293
http://www.ncbi.nlm.nih.gov/pubmed/30373752
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6689131
https://dx.doi.org/10.1159/000516899
http://www.ncbi.nlm.nih.gov/pubmed/34414125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8339510
https://dx.doi.org/10.1038/s41591-022-01868-2
http://www.ncbi.nlm.nih.gov/pubmed/35739268
https://dx.doi.org/10.1016/j.critrevonc.2025.104620
http://www.ncbi.nlm.nih.gov/pubmed/39818308
https://dx.doi.org/10.1016/j.jep.2024.118278
http://www.ncbi.nlm.nih.gov/pubmed/38710457
https://dx.doi.org/10.1242/jcs.237453
http://www.ncbi.nlm.nih.gov/pubmed/32144194
https://dx.doi.org/10.1016/j.cell.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30580966
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6365968
https://dx.doi.org/10.1007/s00018-022-04219-z
http://www.ncbi.nlm.nih.gov/pubmed/35292881
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8924142
https://dx.doi.org/10.7554/elife.95009
http://www.ncbi.nlm.nih.gov/pubmed/39146202
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11326777
https://dx.doi.org/10.1016/j.jhep.2010.08.041
http://www.ncbi.nlm.nih.gov/pubmed/21145847
https://dx.doi.org/10.1016/j.ccell.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29455927
https://dx.doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6028240
https://dx.doi.org/10.1016/j.jhep.2021.02.008
http://www.ncbi.nlm.nih.gov/pubmed/33631227
https://dx.doi.org/10.1136/jitc-2020-000726
http://www.ncbi.nlm.nih.gov/pubmed/33028690
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7542664
https://dx.doi.org/10.1200/jco.20.03555
http://www.ncbi.nlm.nih.gov/pubmed/34292792
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8445563
https://dx.doi.org/10.1186/s12885-023-11389-x
http://www.ncbi.nlm.nih.gov/pubmed/37718456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10506240
https://dx.doi.org/10.2147/ott.s279858
http://www.ncbi.nlm.nih.gov/pubmed/33235462
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7678689
https://dx.doi.org/10.1097/hc9.0000000000000516
http://www.ncbi.nlm.nih.gov/pubmed/39225682
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11371312

