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Abstract
The incidence and lethality of hepatocellular carcinoma (HCC) are increasing annually, and traditional
treatments have been proven to be ineffective for patients with advanced stages of the disease. In
recent years, immune checkpoint therapy has rapidly evolved, demonstrating promising results across
a wide range of cancers and offering new hope for cancer treatment. However, the efficacy of immune
checkpoint therapy in HCC varies greatly among individuals, with only a small proportion of HCC
patients responding positively. A major cause of immune resistance and poor efficacy in HCC patients
is immune evasion, which is often due to insufficient infiltration of immune cells. Understanding the
mechanisms underlying immune evasion is crucial for enhancing the efficacy of immune therapies.
In this review, we aim to summarize the mechanisms of immune evasion observed during immune
checkpoint therapy and discuss future directions for this therapeutic approach. Our goal is to provide
insights that could help overcome immune evasion, thereby improving the efficacy of immune therapies
and extending patient survival time.
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Introduction
Liver cancer represents one of the most prevalent malignant tumours globally

and ranks as the third leading cause of cancer-related mortality. Recent epidemio-
logical data indicate an upward trend in both incidence and mortality rates of liver
cancer. Annually, there are over 840,000 newly diagnosed cases and approximately
780,000 deaths attributed to liver cancer worldwide (Bray et al, 2024; Wangen-
steen and Chang, 2021). The pathological types of liver cancer include hepatocel-
lular carcinoma (HCC), intrahepatic cholangiocarcinoma (ICC), and mixed types,
of which HCC is the most common (Frager and Schwartz, 2020). Current treat-
ments for HCC primarily include surgical resection, chemotherapy, and radiother-
apy. However, these interventions typically extend patient survival by only three to
sixmonths, underscoring the urgent need formore effective therapeutic strategies to
improve patient prognosis (Brown et al, 2023; Tang et al, 2020b). Over the past few
decades, immunotherapy, particularly immune checkpoint therapy, has emerged as
a promising avenue for cancer treatment, offering new hope for patients (Abbott and
Ustoyev, 2019). Despite the significant advancements in immune checkpoint ther-
apy for various tumour types, its efficacy in HCC remains limited, with only a small
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subset of patients exhibiting favourable responses. Immune evasion is a primary
factor contributing to this limited efficacy (Yu, 2023). The precise mechanisms un-
derlying immune evasion during immune checkpoint therapy in HCC patients are
currently unknown. Therefore, it is necessary to investigate the molecular mecha-
nisms driving immune evasion in HCC to develop more effective immunotherapy
strategies.

Immunotherapy
Conventional treatment modalities for HCC have demonstrated efficacy in

early-stage patients, but their effectiveness is limited in advanced disease, and pa-
tients may experience significant adverse effects during treatment (Liu et al, 2023;
Yu, 2023). In recent years, immunotherapy has shown promising results in clin-
ical trials, offering novel therapeutic options for HCC patients (Yu, 2023). Im-
munotherapy represents a paradigm shift in cancer treatment strategies by restor-
ing immune surveillance, reactivating the anti-tumour activity of immune cells,
and subsequently eliminating tumour cells. Compared to traditional treatments, im-
munotherapy offers several advantages, including precise targeting, fast efficacy,
potential for cancer cure, minimal toxic side effects, and negligible damage to other
organs in the body (Chen and Mellman, 2017; Li et al, 2023). Current immunother-
apies can be categorized into four primary modalities:

(1) Immune checkpoint therapy: This strategy involves the use of monoclonal
antibodies to block immune checkpoint proteins, such as programmed cell death
protein-1 (PD-1) expressed on T cells, its ligand programmed cell death-ligand 1
(PD-L1) expressed on tumour cells, and cytotoxic T lymphocyte-associated antigen-
4 (CTLA-4) expressed on T cells. By disrupting these inhibitory signalling path-
ways, these therapies aim to reinvigorate exhausted T cells, particularly CD8+ cy-
totoxic T lymphocytes, thereby enhancing their tumour-specific cytolytic function
(Huang et al, 2024; Ning et al, 2023).

(2) Cell therapy: This approach encompasses various strategies, including chi-
meric antigen receptor T cell (CAR-T) therapy and T cell receptor-engineered T cell
(TCR-T) therapy. These methods involve ex vivo expansion and genetic modifica-
tion of autologous T cells to enhance their tumour-targeting capabilities, followed
by reinfusion into the patient to elicit a robust anti-tumour response (Chen et al,
2024; June et al, 2018).

(3) Cancer vaccines: This modality utilizes tumour-associated antigens, deliv-
ered by various platforms such as nucleic acids or peptides, to stimulate and amplify
tumour-specific T-cell responses in vivo (Pan et al, 2023).

(4) Cytokine therapy: This approach leverages the immunomodulatory prop-
erties of specific cytokines, including interleukin-2 (IL-2), interleukin-12 (IL-12),
and interferon-gamma (IFN-γ). These cytokines can enhance the proliferation and
activation of immune effector cells, promote the secretion of cytolytic molecules,
and augment the overall anti-tumour immune response (Gladow et al, 2024).

Immunotherapy has demonstrated clinical efficacy in treating various cancers.
For example, immune checkpoint therapy can significantly inhibit the progression
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of cancers such as liver cancer, kidney cancer, melanoma, non-small cell lung can-
cer, and skin cancer, leading to substantial tumour reduction or even complete re-
mission (Ren et al, 2024; Fan et al, 2023). Additionally, cell therapy has greatly
relieved the symptoms in patients with haematological tumours such as acute lym-
phoblastic leukaemia and multiple myeloma, and reduced the relapse rate (Ravich
et al, 2022; Ma et al, 2023). The rapid advancement of immunotherapy, despite
demonstrating significant efficacy, has been accompanied by several challenges.
These include the high costs associatedwith development and treatment, substantial
individual variability in therapeutic response, the absence of specific biomarkers
for efficacy monitoring, and the emergence of immune-related AEs (irAEs) (Kim
et al, 2024; Pinter et al, 2023). Addressing these issues is imperative to enhance
the effectiveness of immunotherapy and to provide hope for cancer patients.

Immune Checkpoint Therapy
Immune checkpoint therapy is a prominent immunotherapeutic approach for

the treatment of HCC. By inhibiting the activity of immune checkpoints such as
PD-1, PD-L1, and CTLA-4, this therapy releases “abducted” immune cells and
increases the extent of immune infiltration. Consequently, it promotes the body’s
immune surveillance and cytotoxic response (Fig. 1) (Postow et al, 2015).

Fig. 1. Immune checkpoint therapy. This figure was drawn using BioRender software
(BioRender-ing 101, DBA BioRender, Toronto Ontario, Canada). Abbreviations: PD-1, pro-
grammed cell death protein-1; PD-L1, programmed cell death-ligand 1; CTLA-4, cytotoxic T
lymphocyte-associated antigen-4; TCR, T cell receptor; DC, dendritic cell; MHC, major histocom-
patibility complex; B7, hypothetical protein B7; CD28, CD28 molecule.
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PD-1/PD-L1 Blockade Therapy
PD-1 is an immunomodulatory transmembrane receptor expressed on various

immune cells, including T cells, dendritic cells (DCs), B cells, and natural killer
(NK) cells. Its primary ligand, PD-L1, is predominantly expressed in tumour cells
(Gao et al, 2024). The interaction between PD-1 and PD-L1 results in the sup-
pression of T cell-mediated immune recognition and surveillance, thereby enabling
PD-L1-expressing tumour cells to evade immune detection and proliferate rapidly
(Han et al, 2020). PD-1 or PD-L1 antibodies can specifically disrupt this interac-
tion, eliminating the immunosuppression of T cells. This intervention allows for
the restoration of T cell-mediated recognition and cytotoxicity against tumour cells,
ultimately reestablishing immune homeostasis (Salmaninejad et al, 2017; Bruni et
al, 2020).

CTLA-4 Blockade Therapy
CTLA-4 is a negatively regulated transmembrane receptor predominantly ex-

pressed in T cells, particularly regulatory T cells (Tregs). It exhibits a high degree of
genetic and structural homology with the co-stimulatory molecule receptor CD28
molecule (CD28), with which it competes for binding to the hypothetical protein
B7 (B7) ligands (Van Coillie et al, 2020). In contrast to the activating function of
B7/CD28 interactions, CTLA-4/CD28 inhibits the proliferation and differentiation
of T cells, thereby attenuating the body’s anti-tumour immune response. CTLA-4
antibody can block the competitive binding of CTLA-4 to B7 ligands, mitigating
the immunosuppressive function of Tregs, increasing CD8+ T cell infiltration, and
consequently enhancing the overall immune response (Watanabe et al, 2023).

Clinical Advances in Immune Checkpoint Therapy
Currently, immune checkpoint therapy has shown promising results in clinical

trials for HCC and has demonstrated superior efficacy compared to traditional treat-
ment options in clinical applications. Consequently, it has been incorporated into
first- and second-line therapeutic regimens for HCC. In 2017, the Food and Drug
Administration (FDA) approved nivolumab, a PD-1 antibody, for clinical use. This
approval has greatly improved the survival rates of patients with advanced HCC,
including those resistant to sorafenib, and has exhibited a favourable safety profile
(El-Khoueiry et al, 2017). Pembrolizumab, a PD-1 antibody, has demonstrated no-
table efficacy in patients with HCC who were previously treated with oxaliplatin or
sorafenib but were intolerant to these therapies. It has been effective in improving
symptoms, prolonging survival time, and enhancing the quality of life in patients
with advanced disease (Zhu et al, 2018). Similarly, camrelizumab, another PD-1
antibody, has shown significant efficacy and improved survival outcomes in pa-
tients with unresectable HCC who were unable to undergo surgery. The PD-L1
inhibitor durvalizumab has shown promising efficacy, tolerability, and safety in
patients with untreated unresectable HCC. In comparison to sorafenib, the PD-L1
inhibitor avelumab significantly prolonged overall survival in HCC patients with-
out exacerbating hepatotoxicity. Atelizumab, another PD-L1 inhibitor, effectively
improved symptoms and significantly extended overall survival in patients with in-
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termediate to advanced HCC. The CTLA-4 antibody ipilimumab exhibited a high
safety profile in patients with advanced HCC who continued to develop after so-
rafenib treatment, inhibiting tumour progression, alleviating symptoms, and pro-
longing overall survival (He et al, 2020; Hsu et al, 2019; Kudo et al, 2021; Kelley
et al, 2021; Qin et al, 2020).

Limitations of Immune Checkpoint Therapy
Recent clinical applications of immune checkpoint therapy demonstrate signif-

icant clinical efficacy in advanced-stage HCC, especially in patients refractory to
conventional treatmentmodalities. This therapeutic approach has shown promise in
substantially delaying disease progression and markedly improving patients’ qual-
ity of life (Nikoo et al, 2023). Immune checkpoint therapy has demonstrated sig-
nificant efficacy; however, several challenges have emerged in its implementation.
First, the high cost of this therapeutic approach presents a substantial economic
barrier, rendering it inaccessible to a large proportion of the population (Li et al,
2023). Second, the lack of standardized protocols for the prevention and manage-
ment of irAEs associated with immunotherapy may compromise treatment efficacy
and patient outcomes. Most importantly, significant inter-individual variability ex-
ists in the efficacy of immune checkpoint therapy among HCC patients. Clinical
data suggest that the overall response rate to this therapy in HCC patients is approx-
imately 20% or lower, which is primarily attributed to immune evasion and drug
resistance mechanisms, which are often associated with the lack of immune effector
cells, particularly CD8+ T lymphocytes, in the patient’s body. Consequently, this
leads to inadequate immune cell infiltration within the tumour microenvironment
(TME) (Hegde and Chen, 2020). Therefore, the molecular mechanisms underlying
immune evasion and drug resistance phenomena that affect the efficacy of immune
checkpoint therapy are essential for improving immunotherapeutic outcomes and
extending the benefits to a broader cohort of HCC patients.

Mechanisms of Immune Evasion and Immune
Resistance
Deficiency of Tumour Antigens

Tumour antigens are novel antigenic components present on tumour cells that
distinguish them from normal cells. These antigens arise from various mechanisms
during HCC development, including genetic mutations, aberrant glycosylation, and
viral infections. Tumour antigens can be broadly classified into two categories:
tumour-specific antigens (TSAs) and tumour-associated antigens (TAAs). TSAs
are unique to tumour cells absent in normal tissues, while TAAs are expressed in
both tumour cells and normal cells (Sharma et al, 2017). T cells recognize tumour
cells through these antigens, subsequently initiating an immune response. The ef-
fectiveness of immunotherapy in HCC patients is limited by insufficient tumour
antigen presentation, which impairs T cell recognition of tumour cells and sub-
sequent anti-tumour immune response induction. This contributes to the lack of
therapeutic response observed in some patients undergoing immunotherapy (Havel
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et al, 2019). Tumour mutation burden (TMB) is defined as the quantity of non-
synonymous single nucleotide mutations in somatic cells within a specific genomic
region of tumour tissue, as determined by whole-exon or targeted sequencing (Chan
et al, 2019). TMB serves as an indicator of both tumour antigen expression and im-
mune cell infiltration within tumour tissues (Hegde et al, 2016). There was a study
that demonstrated a positive correlation between TMB and the production of tu-
mour antigens, as well as the efficacy of immunotherapy (Mouw et al, 2017). In
HCC, tumour antigens and TMB have been strongly associated with the effective-
ness of immune checkpoint therapy, suggesting their potential as novel biomarkers
for monitoring immunotherapeutic efficacy (Samstein et al, 2019).

Defects in Tumour Antigen Processing and Presentation Mechanisms
Upon recognition of tumour antigens produced byHCC cells, antigen-presenting

cells (APCs) process these antigens through the major histocompatibility complex
(MHC) class I pathway. The processed antigens are then loaded onto MHC class I
molecules, which form a complex with β-2 microglobulin and calreticulin. This re-
sults in the formation of an antigenic peptide-MHC class I complex (Chen andMell-
man, 2013). TCRs are specifically designed to recognize these antigenic peptide-
MHC class I complexes. When T cells interact with APCs, they recognize the
antigenic peptide-MHC class I complex and identify tumour cells through tumour-
associated antigens, thereby initiating the body’s immune response. However, the
absence or reduced expression of MHC class I molecules, β-2 microglobulin, cal-
reticulin, and other related proteins can impair the processing of tumour antigens
by APCs, preventing the formation of effective complexes. This interference with
T cell recognition function inhibits the immune response (Torrejon et al, 2020).
In addition, reduced proteasome activity disrupts the antigen processing pathway
mediated by MHC class I molecules, leading to decreased T-cell infiltration (Ya-
mamoto et al, 2020). In summary, abnormalities in any component of the antigen
processing, trafficking, and presentation cascade within tumour tissue can result
in the attenuation of T cell function and a reduction in T cell population density.
Consequently, these alterations may diminish the therapeutic efficacy of immune
checkpoint inhibition in patients with HCC.

Dysfunction in DCs-T Cell Interactions
DCs represent the most specialized and efficient APC in the organism. They

exhibit an abundance of antigen-presenting molecules, co-stimulatory molecules,
and adhesion factors on the cell surface. These characteristics enable DCs to effec-
tively internalize, process, and present antigens, while also processing intrinsic im-
munostimulatory capabilities to induce T cell proliferation and activation (Walsh et
al, 2013). DCs provide critical signals necessary for T cell proliferation and activa-
tion through the expression of co-stimulatory molecules, including CD80 molecule
(CD80), CD86 molecule (CD86), and CD40 molecule (CD40), which are highly
expressed on their surface. This molecular interplay is essential for initiating and
modulating the body’s immune response (Logue and Sha, 2004). However, HCC
cells competitively bind to the co-stimulatory molecules on DCs, thereby blocking
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the signals necessary for T-cell activation and facilitating immune evasion (Lin et al,
2021). DCs play a crucial role in the TME by secreting chemokines that promote
the aggregation of T cells, increasing immune infiltration in tumour tissues, and
inducing an anti-tumour immune response (Haniffa et al, 2015). DCs have been
demonstrated to secrete and produce chemokines, including C-C motif chemokine
ligand 4 (CCL4), C-X-C motif chemokine ligand 9 (CXCL9), and C-X-C motif
chemokine ligand 10 (CXCL10). These chemokines facilitate T cell recruitment
into the TMEby binding to their respective receptors expressed on T cells. DCs play
an essential role in enhancing T-cell infiltration within the TME through the produc-
tion of these chemokines (Spranger et al, 2017; Spranger and Gajewski, 2018). In
addition, FMS-like tyrosine kinase 3 ligand (FLT3L) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) have been shown to significantly contribute to
DC-mediated T cell recruitment (Demaria et al, 2019). High expression of FLT3L
and GM-CSF enhances the ability of DCs to recruit T cells, while deficiency in
either FLT3L or GM-CSF leads to a decrease in the number of DCs and impairs
the recruitment of DCs (Lai et al, 2020). The interaction between DCs and T cells
triggers the secretion of cytokines, including IFN-γ, interleukin-10 (IL-10), and
IL-12. These cytokines not only promote the proliferation and activation of CD8+
T cells but also inhibit tumour angiogenesis. Consequently, the proper interaction
between DCs and T cells plays a crucial role in T cell proliferation and activation,
as well as in the stimulation of antitumour immune response.

Immunosuppressive Properties of TME
TME is a complex and integrated system formed by the interaction of tumour

cells, immune cells, mesenchymal cells, blood vessels, fibroblasts, and endothe-
lial cells. The TME not only promotes the proliferation and migration of tumour
cells but also helps tumour tissues escape from the surveillance of the immune
system. This immunosuppressive function of the TME is a significant factor con-
tributing to the development of therapeutic resistance and diminished efficacy of
immunotherapy in HCC patients (Joyce and Fearon, 2015). The TME contains
a variety of immune cells with immunosuppressive functions, which attenuate the
body’s immune response (Hegde et al, 2016). For example, Tregs, myeloid-derived
suppressor cells (MDSCs), and M2 macrophages inhibit the activation of CD8+ T
cells and NK cells by secreting inhibitory molecules such as transforming growth
factor-β (TGF-β), IL-10, and PD-L1. These molecules consequently limit the cy-
totoxic effects of CD8+ T cells and NK cells on tumour tissues (Tauriello et al,
2018; Mariathasan et al, 2018). MDSCs and M2 macrophages inhibit the matu-
ration and antigen presentation of DCs, disrupting the interactions between DCs
and T cells, which are already limited in number and function. This interference
reduces the immune system’s ability to monitor and destroy tumour tissue (Li et al,
2019). Cancer-associated fibroblasts (CAFs) further inhibit immune cell function
through the secretion of vascular endothelial growth factor (VEGF), C-X-C mo-
tif chemokine ligand 12 (CXCL12), and TGF-β, which diminishes the efficacy of
immunotherapy and promotes tumour progression. Additionally, CAFs secrete sub-
stantial amounts of fibronectin and collagen, which fortify the extracellular matrix
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(ECM) and reduce the penetration of immunotherapeutic drugs, thereby preventing
these drugs from effectively reaching and acting on tumour tissues (Holmgaard et
al, 2015). In addition, the hypoxic acidic environment of TME and metabolites
such as lactic acid and pyruvic acid inhibit immune cell activity, leading to reduced
immune infiltration in the TME and diminished efficacy of immunotherapy (Sahai
et al, 2020; Stylianopoulos et al, 2018). Therefore, in HCC, the highly immuno-
suppressive TME is closely associated with poor prognosis in patients receiving
immunotherapy.

Activation of Oncogenic Signalling Pathways
Numerous studies have shown a strong correlation between the activation of

oncogenic signalling pathways in tumours and the development of immune evasion
mechanisms and resistance to immunotherapy. For example, in melanoma, the acti-
vated Wnt/β-catenin signalling pathway negatively regulates the chemokine CCL4
(Xuan et al, 2021; Dong et al, 2024). This regulation occurs through the modulation
of the transcriptional repressor activating transcription factor 3 (AFT3), leading to
reduced expression of CCL4. The diminished CCL4 levels subsequently impair
the recruitment of DCs into the TME. Furthermore, this cascade leads to decreased
secretion of CXCL9 and CXCL10 by DCs within the TME. Ultimately, these alter-
ations lead to a poor infiltration of cytotoxic T lymphocytes (CTLs) into the TME
(Dieckmann et al, 2016). In addition, analysis of clinical data from melanoma pa-
tients receiving immunotherapy revealed an inverse correlation between β-catenin
expression and several key immunological parameters, including DC infiltration,
CD8+ T cell levels, and patient survival outcomes (Spranger et al, 2015). By in-
jecting DCs, a significant increase in CTL infiltration was observed in β-catenin-
positive mice, leading to inhibited tumour growth and prolonged survival (Grasso
et al, 2018). This study indicates that the activation of the Wnt/β-catenin signalling
pathway and the absence of DCs are interacting factors contributing to melanoma’s
resistance to immunotherapy. In HCC, deletion of the phosphatase and tensin ho-
molog (PTEN) gene results in constitutive activation of the phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) signalling pathway. This aberrant activa-
tion leads to enhanced lipoylation of microtubule-associated protein 1A/1B-light
chain 3 (LC3), a key autophagy marker. Consequently, LC3 activity is attenu-
ated, which in turn inhibits the T cell proliferation and activation. This cascade
of events ultimately compromises the efficacy of immunotherapy in HCC. Anal-
ysis of The Cancer Genome Atlas (TCGA) database showed that HCC patients
with low PTEN expression exhibited significantly reduced expression of effector T
cell markers, such as IFN-γ and Granzyme B, compared to those with high PTEN
expression. Additionally, these patients demonstrated markedly decreased CD8+
T cell infiltration. These findings suggest that activation of the PI3K/AKT sig-
nalling pathway is a crucial factor in attenuating the anti-tumour immune response
in HCC patients (Peng et al, 2016). Mutations in the Kirsten rat sarcoma viral
oncogene homolog (KRAS) gene lead to the constitutive activation of the mitogen-
activated protein kinase (MAPK) signalling pathway. This activation results in
increased secretion of pro-inflammatory cytokines, including interleukin-6 (IL-6),
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interleukin-8 (IL-8), and interleukin-23 (IL-23). Additionally, it triggers the activa-
tion of Nucleotide oligomerization domain (NOD), leucine-rich repeat (LRR) and
pyrin domain-containing protein 3 (NLRP3) inflammatory vesicles. These molecu-
lar events collectively mediate inflammatory responses within the TME, ultimately
promoting tumour progression (Hamarsheh et al, 2020). Co-activation of myelo-
cytomatosis (MYC) and KRAS increases the expression of PD-L1 and CD47 in
tumour cells. This upregulation disrupts antigen processing by DCs and leads to
reduced immune infiltration within the TME. The mechanism involves competi-
tive binding of CD47 to signal regulatory protein α (SIRPα) receptors on APCs
(Jaiswal et al, 2009). The co-activation of MYC and KRAS induces the release of
chemokines such as C-C motif chemokine 5 (CCL5) and C-C motif chemokine 9
(CCL9), which mediate the reprogramming of the TME and promote tumour an-
giogenesis. This process results in the exclusion of immune cells, such as DCs,
NK cells, B cells, and T cells, from the TME (Kortlever et al, 2017). Addition-
ally, the co-activation of signal transducer and activator of transcription 3 (STAT3)
and Cyclin-Dependent Kinase 4/6 (CDK4/6) causes the activation of the janus ki-
nase/signal transducer and activator of transcription (JAK/STAT) signalling path-
way, which subsequently diminishes the number of T cells and inhibits their func-
tion through inflammatory pathways (Schaer et al, 2018). In summary, the acti-
vation of different oncogenic cell signalling pathways not only contributes to the
pathogenesis of HCC but also affects the efficacy of immune checkpoint therapy.

Chemokines and Epigenetic Regulation
The interaction of chemokines with their corresponding receptors plays a cru-

cial role in the recruitment of immune cells, including B cells, DCs, and T cells,
to the TME, thereby increasing the extent of immune infiltration. There is a study
that reports that insufficient secretion of specific chemokines, such as CCL4, CCL5,
CXCL9, CXCL10, C-X-C motif chemokine ligand 16 (CXCL16), and C-X3-C mo-
tif chemokine ligand 1 (CX3CL1), is strongly correlated with reduced infiltration
of DCs and T cells (Maimela et al, 2018). Low expression of these chemokines in-
terferes with their binding to receptors expressed on different immune cells, atten-
uating the recruitment function of chemokines and consequently reducing immune
cell infiltration within the TME. This alteration in the immune landscape potentially
compromises the efficacy of immunotherapy (van der Woude et al, 2017). Further-
more, aberrant epigenetic regulation of tumours has been implicated in the modu-
lation of chemokine secretion and expression. DNA methyltransferases (DNMTs)
and zambian peer educators for human immunodeficiency virus (HIV) self-testing
(ZEST) homologous enhancers 2 reduce the expression of CXCL9 and CXCL10
through DNA methylation and histone lysine methylation pathways (Peng et al,
2015). Similarly, the expression level of CCL5 is positively correlated with the
number of CD8+ T cells. However, DNA methylation also inhibits the secretion
and expression of CCL5, thereby reducing its recruitment of CD8+ T cells via
the C-C chemokine receptor type 5 (CCR5) receptor, and consequently decreasing
the infiltration of CD8+ T cells in the TME (Dangaj et al, 2019). The combined
application of DNMT inhibitors and histone deacetylase inhibitors can improve im-
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mune resistance through the suppression of the MYC-activated MAPK signalling
pathway. This inhibition leads to increased expression of CCL5 and stimulation
of IFN-γ secretion, resulting in substantial T cell infiltration within the TME and
improved immune resistance (Topper et al, 2017). However, certain chemokines
exhibit inhibitory effects on T-cell recruitment. For instance, tumour tissues with
high C-X-C motif chemokine ligand 8 (CXCL8) expression demonstrate a signif-
icant increase in neutrophil and monocyte populations, accompanied by a marked
reduction in T cell numbers (Mortezaee, 2020). The chemokine CXCL12, secreted
by CAFs, plays a crucial role in T cell exclusion from tumour tissue, thereby limit-
ing their access to the tumour tissue and impeding their cytotoxic function (Schalper
et al, 2020). In summary, chemokines and their epigenetic modulation are consid-
ered key factors influencing immune infiltration in tumour tissues and significantly
influence the efficacy of immune checkpoint therapy in HCC patients.

Abnormalities of the Vascular System and Hypoxia
The vasculature of the tumour tissue plays a crucial role in facilitating T cell’s

entry into the TME. Consequently, the degree of T cell infiltration within the TME
is significantly influenced by the characteristics of the tumour’s vascular system.
After entering the circulatory system through the tumour vasculature, T cells bind to
vascular endothelial cells. This adhesion is mediated by surface adhesionmolecules
on the endothelial cells, including P-selectin, E-selectin, intercellular adhesionmole-
cules (ICAMs), and vascular cell adhesionmolecules (VCAMs). These interactions
enable T cells to traverse the vascular wall and migrate into the tumour tissue effec-
tively. When the expression of surface adhesion molecules is decreased or absent,
the interaction of T cells with these adhesion molecules is impaired, resulting in a
reduced number of T cells successfully migrating into the TME (Huang et al, 2018).
Additionally, the binding of the endothelin B receptor to endothelin decreases the
expression of intercellular adhesion molecule-1 (ICAM-1), which further hinders
the infiltration of T cells through the vessel wall into the tumour tissue. VEGF
secreted by tumours not only promotes the proliferation of vascular endothelial
cells and angiogenesis, leading to impaired tissue perfusion and increased vascu-
lar permeability but also downregulates the expression of endothelial cell surface
adhesion molecules, such as VCAM-1. This downregulation blocks the migration
of T cells into the interior of the tumour tissue, consequently inhibiting T cell in-
filtration and accumulation within the TME (Apte et al, 2019). The cooperative
action of VEGF, prostaglandin E2 (PGE2), and IL-10 induces the upregulation of
Fas ligand (FasL) expression on endothelial cells, resulting in the apoptosis of T
cells as they enter the vasculature. This mechanism directly contributes to a re-
duction in T-cell infiltration into tumour tissues. Inhibition of FasL signalling can
reverse this T cell depletion effect, thereby facilitating T cell extravasation into the
TME and enabling their immunological functions (Tang et al, 2020a). Cyclooxy-
genase (COX) and PGE2 inhibitors, such as acetylsalicylic acid, have been shown
to increase T cell infiltration in the TME, potentially leading to improved patient
survival prognosis (Sautès-Fridman et al, 2019). In addition, impaired vascular con-
nectivity and increased permeability within the TME result in hypoxic and acidotic,
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as well as necrosis. These factors collectively contribute to the suppression of T cell
function and impairment of anti-tumour immune responses. Hypoxia is one of the
characteristic hallmarks of cancer, primarily driven by two key factors: the rapid
proliferation of cancer cells, which leads to excessive oxygen consumption and a
substantial increase in oxygen demand, and an inadequate blood supply due to insuf-
ficient vasculogenesis within the TME (McDonald et al, 2016). The hypoxic TME
inhibits T cell infiltration through multiple mechanisms. First, hypoxia-inducible
factor 1 (HIF-1), activated under hypoxic conditions, facilitates the recruitment of
immunosuppressive cells such asMDSCs, and Tregs into the tumour tissue, thereby
enhancing immunosuppression within the TME (Damgaci et al, 2018). Second,
hypoxia-induced secretion of C-C motif chemokine ligand 28 (CCL28) and VEGF
by tumour cells not only promotes angiogenesis and supports cancer cell prolifera-
tion andmigration but also interferes with T cell proliferation andmigration (Allard
et al, 2020). Third, under hypoxic conditions, TGF-β upregulates the expression of
ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1) and 5’-nucleotidase
ecto (NT5E) which catalyze the conversion of adenosine 5’-triphosphate (ATP) to
adenosine (ADO). ADObinds to the adenosine A2A receptor (ADORA2A), inhibit-
ing cytokine secretion (e.g., IL-2) and reducing T cell proliferation and activation,
thus attenuating the anti-tumour immune response. In animal experiments, inhibi-
tion of the A2A receptor has been shown to significantly increase the number of T
cells in mice, thereby effectively inhibiting tumour growth and prolonging survival
time (Sek et al, 2018). ADO also inhibits the activity of NK cells and DCs, pro-
motes the proliferation of MDSCs, and inhibits tumour-killing functions through
an immunosuppressive milieu (Leone and Emens, 2018). In conclusion, abnormal-
ities in the vascular system and a hypoxic environment can significantly influence
the efficacy of immune checkpoint therapy in patients with HCC.

The Future of Immune Checkpoint Therapy
Strategies for Combination Therapy

The future development of immune checkpoint therapy forHCCpatients should
focus on combination strategies with other treatment modalities, including radio-
therapy, chemotherapy, and targeted therapies. This approach aims to overcome the
limitations of monotherapy by leveraging complementary mechanisms of action, to
improve the efficacy of the therapy, reduce drug-resistant reactions, prolong patient
survival, and improve quality of life (Galon and Bruni, 2019). For example, the
combination of immune checkpoint therapy and CAR-T therapy can use antibod-
ies to block the binding of negative signals, improve the immune infiltration in the
TME, enhance the activity and efficacy of CAR-T, and contribute to more effective
targeted elimination of tumour cells by CAR-T therapy (Adachi et al, 2018). The
combined application of immune checkpoint therapy and chemotherapy can inhibit
the proliferation and migration of tumour cells and promote the secretion of tumour
antigens by altering the TME through chemotherapeutic agents, thus improving the
recognition of tumour cells by T cells and enhancing the tumour-killing effect of
immune checkpoint therapy on tumours (Galluzzi et al, 2020). The combination of
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immune checkpoint inhibitors and radiotherapy demonstrates synergistic effects,
inducing tumour cell apoptosis and promoting the development of immunological
memory. This dual action not only enhances the immediate therapeutic efficacy
but also reduces the probability of recurrence by establishing long-term immune
surveillance (Li et al, 2020). Furthermore, the integration of immune checkpoints
with targeted therapies can potentially counteract the immunosuppressive effects
of oncogenic signalling pathways. This approach aims to restore immune surveil-
lance, activate anti-tumour immune responses, and ultimately enhance the efficacy
of immunotherapy (Kang et al, 2022; Luo et al, 2022).

Mechanisms for Blocking Immune Evasion
Immune evasion significantly influences the effectiveness of immune check-

point therapy. Therefore, future advancements will focus on developing drugs and
innovative therapies that address the molecular mechanisms underlying immune
evasion in HCC patients. This approach aims to restore the body’s immune surveil-
lance capabilities against tumour cells and enhance the efficacy of immune check-
point therapies in targeting and eliminating tumours. For instance, by inhibiting the
activation of oncogenic signalling pathways, it is possible to mitigate the negative
regulation exerted by certain cells on immune genes, thereby increasing the infiltra-
tion of immune cells in tumour tissues. Enhancing the expression of MHC class I
molecules during immune checkpoint therapy can facilitate the proper recognition,
processing, and presentation of tumour antigens, thereby augmenting the capacity
of T cells to recognize and destroy tumour cells (Luo et al, 2018;Wallin et al, 2016).
The development of inhibitors targeting immunosuppressive factors such as TGF-β
and IL-10 (Vanpouille-Box et al, 2015), or reducing the number of immunosuppres-
sive cells like Tregs and MDSCs, can mitigate the immunosuppressive properties
of the TME. These approaches can potentially restore the proliferation and activity
of DCs and T cells, ultimately enhancing the body’s immune response (Bockorny
et al, 2020). In addition, by improving hypoxia within tumour tissue, inhibiting
angiogenesis, and promoting the secretion of chemokines, the nutrient supply of
the tumour tissue can be disrupted. This, in turn, inhibits tumour proliferation and
spread of the tumour while enhancing the ability of the immune cells to target and
destroy tumour cells (Kumar and Chamoto, 2021).

Exploring New Immune Checkpoints
Due to the complexity of HCC pathogenesis and the diversity of factors af-

fecting the efficacy of immune checkpoint therapy, future research must prioritize
the identification and exploration of novel immune checkpoints. This approach is
expected to benefit patients with HCC who exhibit resistance to current immune
checkpoint therapies, such as PD-1, PD-L1, and CTLA-4 inhibitors. For instance,
lymphocyte activation gene-3 (LAG-3), a member of the immunoglobulin super-
family, negatively regulates T cell proliferation and function. LAG-3 plays an im-
portant role in tumour evasion from immune system surveillance (Paik, 2022). T
cell immunoreceptor with Ig and ITIM domain (TIGIT), a member of the Ig su-
perfamily, attenuates the immune response by inhibiting the cytotoxic activity of
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NK cells and T cells against tumour cells, while simultaneously augmenting the
immunosuppressive properties of Tregs (Harjunpää and Guillerey, 2020). T cell
immunoglobulin and mucin domain-3 (TIM-3) are highly expressed on Tregs and
stimulate their secretion of IL-10, which restricts the proliferation and activation of
CD8+ T cells, thus allowing tumour cells to escape from the immune system (Zhao
et al, 2021). V-domain Ig suppressor of T cell activation (VISTA), which shares
significant homology with PD-L1, inhibits cytokine secretion and T cell activation,
thus promoting tumour progression (Huang et al, 2020). B and T lymphocyte atten-
uator (BTLA), a receptor structurally similar to PD-1, reduces the number of CD8+
T-cells and attenuates the anti-tumour immune response by inhibiting the secretion
of IFN-γ, tumour necrosis factor-α (TNF-α), and IL-2 (Ning et al, 2021). The devel-
opment of therapeutic strategies targeting novel immune checkpoints could provide
promising alternatives for HCC patients who exhibited limited responsiveness to
current treatment modalities.

Biomarker Development
To assess the efficacy of therapy in HCC patients, it is crucial to observe

whether treatment can effectively inhibit tumour growth. Biomarker testing can
dynamically monitor the efficacy of the therapy and assess its effectiveness. For
example, the expression level of PD-L1 on the surface of tumour cells indicates
the proportion of tumour cell positivity, providing a more accurate reflection of the
efficacy of immune checkpoint therapy. This makes PD-L1 a biomarker of consid-
erable clinical value. Additionally, the degree of infiltration of DCs and CD8+ T
cells is positively correlated with the efficacy of immunotherapy and the patient’s
survival time. Immune cell markers, such as integrin subunit alpha X (CD11c) and
cluster of differentiation 8 subunit alpha (CD8), can be used as biomarkers to pre-
dict andmonitor immune efficacy (Peng et al, 2024). Although there are few studies
on the application of TSA and TMB in HCC, it has been demonstrated in other can-
cer studies that the number of TSA and the degree of TMB are positively correlated
with immunotherapy efficacy. Higher TSA counts and elevated TMB have been as-
sociated with an increased likelihood of favourable immunotherapy outcomes and
improved clinical responses. These findings underscore the potential of TSA and
TMB as valuable biomarkers for studying immunotherapy efficacy in HCC (Greten
et al, 2023). The application of biomarkers for HCC immunotherapy is still in the
exploratory and developmental stages. In future research, it is necessary to con-
duct comprehensive investigations into a broader spectrum of biomarkers, elucidat-
ing their potential and validating their clinical applicability. Concurrently, efforts
should be directed towards the identification and development of novel biomark-
ers through single-cell sequencing, artificial intelligence, and other technologies
to improve the accuracy of efficacy monitored through the detection of multiple
markers.

Precision Medicine and Individualized Treatment Strategies
With the in-depth exploration of the pathogenesis of cancer and the molecular

mechanism of immune resistance, future cancer treatment strategies will increas-
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ingly adopt precision medicine and personalized approaches. High-throughput se-
quencing technologies, including genomics, proteomics, and metabolomics, will
be employed to analyze patients’ mutated genes and elucidate disease mechanisms,
thereby identifying specific therapeutic targets. Individualized treatment plans will
be developed for patients through imaging examinations, assessment of the immune
microenvironment in the patient’s body, genetic testing, and lifestyle analysis. Dur-
ing the treatment period, ctDNA, TMB, TSA, and other biomarkers are detected to
dynamically monitor the efficacy of the treatment and adjust the treatment plan
(Pauken et al, 2022; Tang et al, 2023). With the rapid advancements in sequencing
technology and the era of big data, precision medicine and individualized treatment
strategies are becoming integral to immunotherapy. These approaches aim to im-
prove the efficacy of immunotherapy in HCC patients, reduce adverse effects, and
improve disease outcomes.

Prevention and Management of irAEs
The adverse effects associated with immune checkpoint therapy, while gener-

ally less severe than those of conventional treatment modalities, can still signifi-
cantly affect the prognosis and quality of life of patients with HCC. Therefore, be-
fore immunotherapy, themedical team should communicate fully with the patient to
ensure a thorough understanding of the expected therapeutic outcomes and potential
adverse effects. Additionally, a personalized nutritional plan should be developed,
taking into account the patient’s circumstances and physiological status. During
the treatment period, patients should closely monitor changes in physical symp-
toms and promptly communicate any detected discomfort to the healthcare team.
Adherence to prescribed nutritional supplementation is crucial, as is the avoidance
of environments or substances that may increase the risk of infections. Regular
clinical checkups and evaluations should be conducted to ensure optimal treatment
efficacy and safety. Multidisciplinary healthcare teams should strengthen their co-
operation and communication to effectively prevent, manage, and treat irAEs, mit-
igate patient discomfort and maintain quality of life (Blum et al, 2023; Esfahani et
al, 2020).

Conclusion
Immune checkpoint inhibitors have emerged as a significant advancement in

the treatment of HCC, establishing themselves as first-line and second-line treat-
ment options for HCC patients. This approach has demonstrated considerable ef-
ficacy in managing disease progression for patients who are ineligible for surgi-
cal intervention and have shown resistance to chemotherapy and other drugs. The
potential of immune checkpoints in achieving long-term disease control is partic-
ularly noteworthy. Despite its promise, immune checkpoint therapy faces several
challenges. These include substantial inter-patient variability in treatment response,
high associated costs, and the risk of irAEs. Nonetheless, this therapeutic strategy
has exhibited significant superiority in extending overall survival and improving
the quality of life for HCC patients compared to the previous standard-of-care treat-
ments. In this review, we summarize the application of immune checkpoint therapy
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in HCC, delve into the mechanisms of immune evasion, and propose future direc-
tions for the development of immune checkpoint therapy. With in-depth scientific
research and rapid technological advances, a deeper understanding of the patho-
genesis of cancer and the mechanism of immune evasion has been achieved. The
efficacy of immune checkpoint therapy has been continuously optimized through
combination therapies, the development of new immune checkpoints, the monitor-
ing of biomarkers of immune efficacy, and precision medicine, thereby enabling
more HCC patients to benefit from the therapy.

Key Points
• Immune evasion represents a primary factor contributing to the limited

efficacy of immune checkpoint therapy in patients with HCC.
• The mechanisms underlying immune evasion in HCC are multifaceted

and complex, mainly including insufficient tumour antigen presentation,
impaired DC-T cell interactions, and activation of oncogenic signalling
pathways.

• Improving the efficacy of immune checkpoint therapy in HCC necessi-
tates multimodal approaches, with a particular focus on combination treat-
ment strategies.
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