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Simple Summary: Clinicians should be aware that the immune microenvironment not only influ-
ences biological characteristics of HCC but also provides a reliable theoretical basis for comprehen-
sively evaluating tumor responses after immunotherapy. Combining multi-parameter MRI with
radiomics and deep learning can help to explore the biological characteristics of HCC. Future artificial
intelligence technologies may extract biologically interpretable multidimensional structures from
MRI images more effectively, thereby promoting precise and visual classification of HCC immune
microenvironments. This advancement of MRI combined with multi-omics could potentially assist in
individualized treatment planning.

Abstract: In recent years, significant advancements in immunotherapy for hepatocellular carcinoma
(HCC) have shown the potential to further improve the prognosis of patients with advanced HCC.
However, in clinical practice, there is still a lack of effective biomarkers for identifying the patient
who would benefit from immunotherapy and predicting the tumor response to immunotherapy. The
immune microenvironment of HCC plays a crucial role in tumor development and drug responses.
However, due to the complexity of immune microenvironment, currently, no single pathological or
molecular biomarker can effectively predict tumor responses to immunotherapy. Magnetic resonance
imaging (MRI) images provide rich biological information; existing studies suggest the feasibility
of using MRI to assess the immune microenvironment of HCC and predict tumor responses to
immunotherapy. Nevertheless, there are limitations, such as the suboptimal performance of con-
ventional MRI sequences, incomplete feature extraction in previous deep learning methods, and
limited interpretability. Further study needs to combine qualitative features, quantitative parameters,
multi-omics characteristics related to the HCC immune microenvironment, and various deep learning
techniques in multi-center research cohorts. Subsequently, efforts should also be undertaken to
construct and validate a visual predictive tool of tumor response, and assess its predictive value
for patient survival benefits. Additionally, future research endeavors must aim to provide an ac-
curate, efficient, non-invasive, and highly interpretable method for predicting the effectiveness of
immune therapy.

Keywords: hepatocellular carcinoma; immunotherapy; magnetic resonance imaging; artificial
intelligence

1. Introduction

Primary liver cancer (PLC) is the fourth most common malignant tumor worldwide
and the second leading cause of cancer-related deaths. PLC poses a significant threat to
people’s lives and health. Approximately 75% of PLC cases are attributed as hepatocellular
carcinoma (HCC) [1]. Due to its insidious onset, less than 30% of patients are eligible
for curative treatment upon initial diagnosis [2]. Immunotherapy plays a significant role
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in the management of advanced HCC, aiding in disease control and prolonging patient
survival [3].

The development and progression of HCC involve a multifactorial and multistep
process, including interactions between hepatitis B virus, hepatitis C virus infection, and
chronic liver inflammation response [4]. Increasing evidence reveals that immune mecha-
nisms play a critical role in the occurrence and progression of HCC. Targeting the immune
microenvironment system of HCC has the potential to improve the prognosis of HCC
patients [5].

The PD-1/PD-L1 and CTLA-4 immune checkpoint pathways within the immune
microenvironment of HCC are among the important mechanisms by which tumors induce
immune escape [6]. This mechanism provides a theoretical basis for the use of PD-1 or
PD-L1 immune checkpoint inhibitors. In recent years, emerging immunotherapeutic ap-
proaches such as immune checkpoint inhibitors (ICIs) have made significant advancements
in the treatment of HCC and have become an integral part of systemic anti-tumor ther-
apy for advanced-stage HCC. Combination therapy with atezolizumab and bevacizumab
demonstrated superiority over sorafenib in the phase III IMBRAVE-150 study, leading to its
FDA approval as a first-line treatment for advanced HCC [7].

Subsequently, although a series of randomized, open-label phase II/III clinical studies
have reported favorable overall survival and progression-free survival benefits of immune
checkpoint inhibitors (ICIs) in patients with advanced HCC, the objective response rate of
the lesions is still at a low level (approximately 25%) [8,9]. Studies have shown that around
70–80% of patients experience treatment failure with immunotherapy due to immune
microenvironment status such as “immunological desert” or “immune exclusion” within
the tumor [10,11], revealing that the different states of the tumor immune microenvironment
directly affect the therapeutic response to ICIs. A randomized controlled phase I/II clinical
study investigating the combination of tremelimumab and durvalumab in unresectable
HCC patients demonstrated a correlation between early CD8+ T cell expansion and tumor
response in each group [12], further emphasizing the significant impact of the immune
microenvironment on immunotherapy.

The current expert consensus suggests that due to the relatively short clinical applica-
tion time of immunotherapy for HCC, there is still a lack of experience in various aspects,
including patient selection, treatment regimen determination, and efficacy assessment [13].
Furthermore, different patients exhibit varying responses to immunotherapy, and some
patients may experience severe immune-related adverse events following treatment [14].
Therefore, predicting tumor response after HCC immunotherapy through assessing the
tumor immune microenvironment status holds significant values.

2. The Potential Clinical Significance of Tumor Immune Microenvironment
Classification in Hepatocellular Carcinoma

To gain a deeper understanding of the potential impact of different states of the
tumor immune microenvironment on tumor development and the response to tumor
immunotherapyin hepatocellular carcinoma (HCC), some researchers have classified the
tumor immune microenvironment based on relevant information about the enrichment of
major immune cells. Kurebayashi et al. [15] classified the immune microenvironment of
HCC into three immunosubtypes: immune-high, immune-mid, and immune-low. They
revealed that these subtypes have an additional prognostic impact on the histological
and molecular classification of HCC. Sia et al. [16] validated the “immune subtype HCC
“using transcriptomics and other methods, showing that the “immune subtype HCC”
characterized by high immune infiltration and increased PD-1/PD-L1 signaling pathway,
leading them to exhibit a better response to ICIs. Llovet et al. [17] reported four distinct
immune subtypes of HCC: immune active, immune exhausted, immune intermediate, and
immune excluded. Among these subtypes, immune active and immune exhausted are
considered as immune-related tumors characterized by distinct immune cell infiltrates,
and they typically exhibit responsiveness to ICIs. Videlicet or immune active tumors are
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characterized by the abundant infiltration of active helper T cells (CD4+) and cytotoxic T
cells (CD8+), as well as enrichment of M1-type macrophages. Immune exhausted tumors
are predominantly driven by TGF-β-induced CD8+ T cell exhaustion. Intermediate tumors
are enriched with TP53 mutations, chromosomal instability, and frequent loss of interferon
signaling or antigen presentation-related genes. On the other hand, immune excluded
tumors are characterized by a lack of CD8+ T cells and an increase in Treg cells, resulting in
an “immunologically cold” environment driven by overexpression of the Wnt-β-catenin
signaling pathway and other immune checkpoint cascades. Immune intermediate and
immune excluded tumors are considered as immune-suppressive tumors, and they exhibit
resistance to ICIs [18].

In addition, the 2020 European Association for the Study of the Liver (EASL 2020)
proposed a new immune subtype based on the molecular characteristics of HCC, known as
the “Immune-like” subtype. This novel subtype shares similarities with the immune active
tumors, exhibiting strong interferon signaling activation and immune activity. However, it
also presents CTNNB1 mutations. Specifically, interferon-gamma (IFN-γ) and its induced
production of CXCL9 and CXCL10 contribute to the establishment of an inflammatory
tumor microenvironment, which plays a role in the tumor’s response to ICIs therapy.

Based on the aforementioned studies, an important review article published by Llovet
et al. in 2022 [3] provides a detailed definition and description of the immune subtypes of
HCC. They categorized HCC into the inflamed class and non-inflamed class based on the
cellular and molecular characteristics (Figure 1). The inflamed class includes the immune
active, exhausted, and immune-like subtypes, while the non-inflamed class includes the
intermediate and excluded subtypes. The inflamed class accounts for approximately 30–35%
of HCC tumors; recent studies have confirmed that it is the most common subtype among
HCC patients who respond to anti-PD-1/PD-L1 therapy [19]. Furthermore, around 65–70%
of HCC tumors belong to the non-inflamed class, which shows poor response to ICIs and
is typically not suitable for standalone immunotherapy. Instead, treatment approaches
such as anti-angiogenic agents, tyrosine kinase inhibitors, or TACE are recommended
more for non-inflamed HCC. The introduction of immune microenvironment subtyping
partially addresses the lack of reliable biomarkers for predicting tumor response to HCC
immunotherapy. Additionally, the literature has reported that VEGF pathway inhibitors
can synergize with ICIs, potentially stimulating immune cell infiltration in HCC treatment.
This conversion of non-inflamed “cold tumors” into inflamed “hot tumors” enhances the
efficacy of ICIs [3]. Therefore, monitoring the dynamic changes in the tumor immune
microenvironment status during treatment also holds important clinical significance.
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3. The Challenges of Accurately Subtyping the Tumor Immune Microenvironment in
Hepatocellular Carcinoma

Increasing evidence suggests that achieving accurate subtyping of the tumor immune
microenvironment in HCC requires attention to the spatial heterogeneity of the immune
microenvironment. This spatial heterogeneity not only affects the accuracy of tumor
immune microenvironment subtyping but also provides important clues for treatment
decision-making [20].

Research has found that small tumors in patients with multifocal HCC exhibit higher
immune cell infiltration and immune pathway upregulation compared to larger tumors.
This finding partially explains why small and large tumors within the same case may
have different responses to anti-PD-1 therapy [21]. Lancet Oncology reported that PD-L1
expression in different regions of immune cells and tumor cells varies, and the combined
positive score is associated with the treatment response of pembrolizumab [22]. Zheng
et al. [23] found an enrichment of CD4/CD8/PD-1 triple-positive T cells at the tumor
front, which indicates a better prognosis. Deep single-cell sequencing results showed
higher expression of exhausted CD8+ T cells and Treg cells in HCC tissue compared to
peri-tumoral liver tissue [24]. Additionally, a team from the National Cancer Center of
China used spatial transcriptomics to describe the distribution of immune cells in HCC
tumors and their interactions with tumor clusters, revealing spatial heterogeneity in the
immune microenvironment of HCC. Further research on these heterogeneities has the
potential to improve personalized treatment and drug development [25].

Currently, the methods available for partially achieving phenotypic discrimination
and spatial analysis of the HCC immune microenvironment include (I) in situ hybridization
techniques, including fluorescence in situ hybridization (FISH) and multiplexed error-
robust fluorescence in situ hybridization (MERFISH). The former enables qualitative or
quantitative analysis of DNA, providing some rudimentary spatial information. The latter
allows for highly multiplexed transcriptomic analysis at the single-cell level with spatial
resolution. However, these methods can detect only a limited number of known target genes
simultaneously [26]. (II) Spatial transcriptomics techniques have overcome the limitations
of in situ hybridization. By using unique positional barcodes to locate frozen tissue sections
on an array of reverse transcription primers, this approach provides high-quality whole-
genome transcriptomic data and complete two-dimensional spatial information. However,
the main limitation of this method is its relatively low spatial resolution [27]. (III) Imaging
Mass Cytometry (IMC) technology enables the phenotypic characterization of the tumor
microenvironment based on spatial resolution. IMC utilizes the binding of antibodies
to heavy metals for staining individual tissue sections. By employing a high-resolution
laser ablation system, the sample is ablated point-by-point, allowing for extensive cellular
analysis of the ablated material. Thus, while preserving cellular spatial information, IMC
can simultaneously detect dozens of proteins and protein modifications, enabling the
determination of a spatially resolved single-cell phenotype. As a result, IMC has become a
practical tool for the topological analysis of the tumor microenvironment [28].

Above all, the classification of HCC tumor immune microenvironment helps to better
characterize the distinct features of the immune microenvironment, thereby enabling more
accurate prediction of tumor immunotherapy response. However, the current examination
methods for immune cells, molecular phenotypes and spatial distribution have certain
limitations, such as the following: (I) High technical requirements, limiting their implemen-
tation to specialized laboratories and making routine application in hospitals challenging.
(II) High demands for tissue sample preservation and relatively complex processing steps
during examination. (III) Limited coverage of the examined area, resulting in the loss of
some in situ tissue structure and adjacent area information. (IV) Difficulty in obtaining
gross pathological specimens from HCC patients receiving immune-related treatments,
as results from needle biopsies can be influenced and may not fully reflect the spatial
heterogeneity of the tumor. (V) Inability to achieve real-time dynamic monitoring of the
tumor immune microenvironment in HCC patients.
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Therefore, there is an urgent need for an accurate, efficient, and convenient detection
method to systematically and comprehensively evaluate the immune microenvironment
phenotypes of individual tumors and their surrounding tissues. Especially, a useful tool
is needed in clinical practice that would enable non-invasive prediction of the efficacy
of immunotherapy and real-time dynamic monitoring of changes in the tumor immune
microenvironment during treatment.

4. The Current Status of Non-Invasive Evaluation of Tumor Immune
Microenvironment Using Magnetic Resonance Imaging

In recent years, numerous researchers have made significant progress in the non-
invasive evaluation of the immune microenvironment using magnetic resonance imaging
(MRI), which has gradually become a research hotspot in this field. For instance, GPC-
3, besides being a diagnostic biomarker for HCC, also plays a crucial role in the tumor
immune microenvironment. It is considered as a potential target for the next generation
of immune therapies [29]. Chen et al. demonstrated a predictive model based on serum
AFP levels and Gadolinium ethoxybenzyl-diethylenetriaminepentaacetic acid (Gd-EOB-
DTPA)-enhanced MRI features, which accurately assesses GPC-3 expression in HCC tumor
tissue (Figure 2) [30]. Due to Gd-EOB-DTPA-enhanced MRI demonstrating OATP1B1/B3-
dependent hepatocyte-specific uptake, the expression of OATP1B1/B3 being associated
with the WNT-β-catenin signaling pathway [31], and the immune cell infiltration of the
tumor microenvironment [32], it can be potentially used for evaluating the immune mi-
croenvironment status of HCC.
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Figure 2. Gadolinium ethoxybenzyl-diethylenetriaminepentaacetic acid (Gd-EOB-DTPA)-enhanced
MRI and histopathologic images of hepatocellular carcinoma (HCC) with different glypican-3 (GPC-3)
expressions. A 72-year-old male patient with GPC-3-positive expression HCC (A–F), and a 77-year-
old male patient with GPC-3-negative expression HCC (G–L). Pre-contrast T1-weighted images
showed a hypointense lesion (3.54 cm) in the right liver (A) and a hypointense lesion (3.97 cm) in the
mid liver (G); T2-weighted images showed hyperintense lesions with ((B), blue arrow) and without
((H), blue arrow) “iron sparing in solid mass”; diffusion-weighted images demonstrated the presence
((C), yellow arrow) and absence ((I), yellow arrow) of “marked diffusion restriction”; arterial phase
images showed “nonperipheral-nonglobal arterial phase hyperenhancement” ((D), green arrow) and
“global arterial phase hyperenhancement” ((J), green arrow); portal venous phase images showed
“nonperipheral washout” and infiltrative appearance ((E), orange and red arrow) and “no-washout”
and smooth margin ((K), orange and red arrow); immunohistochemical staining revealed the GPC-
3-positive (F ×100) and negative (L ×100) expressions (Reprinted/adapted with permission from
Ref. [30]. Copyright 2022, copyright owner Bin song).

In a study conducted by Professor Wang [33], Gd-EOB-DTPA-enhanced MRI was used
to predict CD8 cell density and PD-L1 expression in HCC tumors. The results showed
that MRI features such as irregular tumor margin, low signal intensity in the hepatobiliary
phase, and lack of capsule could potentially identify HCC patients in an immune-activated
state and predict the outcomes of immunotherapy. Another study [34] indicated that MRI
characteristics based on tumor number, intratumoral vessels, margin morphology, capsule
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formation, marginal enhancement, and T1 relaxation time could effectively predict the
immune scores of HCC tumors. A novel research conducted at the Imaging Institute of
Vanderbilt University utilized the MRI-restricted diffusion sequence (IMPULSED), which
can depict intracellular structures and variations in cell size, to assess T-cell infiltration
in tumor tissue [28,35]. The results demonstrated that IMPULSED accurately reflects the
extent of T-cell infiltration, suggesting its potential value as an imaging biomarker for
evaluating the effectiveness of ICIs therapy.

Positron emission tomography (PET) imaging has been proven to be a valuable non-
invasive tool for evaluating the tumor microenvironment of HCC. For instance, Zhou
et al. [36] reported that GPC3-targeted PET imaging not only improves early HCC detection-
but also effectively predicts the prognosis of anti-GPC3 cytotoxic antibody immunotoxin
therapies. Itoh et al. [37] demonstrated that a high SUVmax on fluorine-18 fluorodeoxyglu-
cose PET-computed tomography (PET/CT) is associated with a poor clinical outcome and
PD-L1 expression in patients with HCC. Furthermore, a one-armed antibody positron emis-
sion tomography tracer, 89ZED88082A, can visualize immunohistochemically confirmed
CD8+ T cells in solid tumors by showing the tissue radioactivity localized areas [38].

In addition to conventional imaging features for assessing the tumor immune mi-
croenvironment, radiomics has emerged as a viable approach in recent years for tumor
diagnosis, microenvironment evaluation, and prognostic assessment [39]. Radiomics uti-
lizes automated computer algorithms to perform quantitative analysis of images, objectively
quantifying the heterogeneity of images by measuring spatial variations in pixel inten-
sity [40]. It can quantify tumor heterogeneity associated with microenvironmental changes,
including cellular architecture, extracellular matrix deposition, angiogenesis, necrosis, and
fibrosis [41]. Gong et al. [42] revealed that a radiomics model based on multisequence MRI
has the potential to predict the preoperative expression of PD-1 and PD-L1 in HCC. Both
Song et al. [43] and Roger et al. [44] have validated that radiomic features can predict the
infiltration of CD8+ T cells in HCC tumor tissue. Tian et al. [45] confirmed that radiomic
features based on EOB-DTPA-enhanced MRI can predict the density of CD3+ and CD8+ T
cells in HCC. Furthermore, Stefanie et al. [46] found a high correlation between radiomic
features of MRI and the expression of CD3, CD68, and CD31, which can reflect the levels
of PD-L1 at the protein level, as well as the expression levels of PD-1 and CTLA-4 at the
mRNA level. Additionally, the present study indicates that utilizing MRI radiomic features
can enable noninvasive prediction of PD-L2 expression in HCC prior to surgery. This
information can serve as a valuable reference for guiding the selection of ICIs therapy [47].

5. Can MRI Accurately Predict the Efficacy of Immunotherapy in Hepatocellular
Carcinoma before Treatment?

In the era of immunotherapy for HCC, the biggest challenge in clinical practice is the
inability to predict which patients may have the greatest survival benefit from immunother-
apy and which patients do not respond to immunotherapy. If we could accurately predict
patients who are completely resistant to immunotherapy, it would not only save expensive
medical resources, but more important, prevent these patients from receiving unnecessary
immunotherapy drugs, thereby avoiding potential risks associated with drug side effects.
Due to the immense tumor heterogeneity in HCC, tissue specimens obtained through
pre-treatment biopsies are often unable to fully and accurately reflect the overall immune
microenvironment of the tumor. Consequently, there is no current reliable biomarker in
clinical practice to predict the efficacy of immunotherapy in HCC.

As mentioned above, multi-parametric MR imaging contains a wealth of biological fea-
tures, enabling non-invasive, comprehensive, and dynamic assessment of the immune mi-
croenvironment status in HCC (Table 1). Kudo M. indicated that Gd-EOB-DTPA-enhanced
MRI could predict wnt/β-catenin mutation and resistance to immune checkpoint inhibitor
therapy in HCC [48]. Similarly, Sasaki et al. [49] proposed that the hepatobiliary phase
(HBP) of Gd-EOB-DTPA-enhanced MRI was useful for predicting the therapeutic effect of
atezolizumab plus bevacizumab therapy on unresectable HCC. Aoki et al. [50] also illus-
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trated higher enhancement intrahepatic nodules on the HBP of Gd-EOB-DTPA-enhanced
MRI as a poor responsive marker of Anti-PD-1/PD-L1 monotherapy for unresectable
hepatocellular carcinoma. Additionally, radiomics as a powerful analytical method for
quantifying these microscopic features provide a feasible and non-invasive approach for
monitoring the ICI response, showing a new promising direction [51]. In addition to Gd-
EOB-DTPA-enhanced MRI, intravoxel incoherent motion (IVIM) has also proven effective
in predicting tumor response to Atezo + Bev therapy. The presented research reveals that
changes in the pre- and post-treatment true diffusion coefficients on MRI, which may reflect
alterations in the tumor immune microenvironment following treatment, are significantly
associated with improved progression-free survival [52].

Presented studies have indicated that 20–30% of HCC patients categorized under the
immune exclusion class may exhibit resistance to ICIs therapy. This resistance is attributed
to diminished infiltration of CD8+ T-cells into tumors, caused by mutations in the WNT/β-
catenin pathway and the absence of PD-L1 expression in cancer cells [53,54]. Evidence
demonstrated Gd-EOB-DTPA-enhanced MRI can be utilized to predict the occurrence of
the WNT/β-catenin mutation, which activates OATP1B3 [31]. This suggests that Gd-EOB-
DTPA-enhanced MRI has potential clinical utility in identifying the HCC classification
of immune exclusion, which is unlikely to respond favorably to ICIs monotherapy [55].
ICIs monotherapy was ineffective and even led to significant disease progression in HCC
cases with WNT/β-catenin mutation, as indicated by a high-intensity signal in the HBP
of Gd-EOB-DTPA-enhanced MRI. Moreover, HCC patients with a high-intensity signal in
the HBP of Gd-EOB-DTPA-enhanced MRI who received ICI monotherapy may experience
poorer progression-free survival compared to those with a low-intensity signal in the
HBP of Gd-EOB-DTPA-enhanced MRI. Therefore, Gd-EOB-DTPA-enhanced MRI has the
potential to serve as an imaging biomarker for identifying subpopulations of patients who
are unlikely to respond well to ICIs therapy and can be excluded from clinical trials or
real-world practice involving ICIs treatment. As reported, a newly identified subclass
of HCC exhibits distinctive characteristics of strong activation of interferon signaling
and immune activation along with the presence of CTNNB1 mutations; it is probably
an inflammatory tumor [3]. Kubo et al. [56] reported that patients who had HCC with
iso-high intensity in the HBP of Gd-EOB-DTPA-enhanced MRI exhibit large proportion
of CTNNB-1 mutation; this also suggests the potential value of Gd-EOB-DTPA-enhanced
MRI in evaluating HCC immunotherapy.

Table 1. Existing papers that investigated the use of magnetic resonance imaging to predict the
efficacy of immunotherapy in hepatocellular carcinoma.

Title Authors Journal Date Conclusions

Evaluating the Role of Hepatobiliary Phase of
Gadoxetic Acid-Enhanced Magnetic Resonance

Imaging in Predicting Treatment Impact of
Lenvatinib and Atezolizumab plus Bevacizumab

on Unresectable Hepatocellular Carcinoma

Sasaki R, Nagata K,
Fukushima M et al.

[49]

Cancers
(Basel) 2022

The hepatobiliary phase of
Gd-EOB-DTPA-enhanced MRI was useful for

predicting the therapeutic effect of atezolizumab
plus bevacizumab therapy on unresectable HCC

Characteristics and Lenvatinib Treatment
Response of Unresectable Hepatocellular
Carcinoma with Iso-High Intensity in the

Hepatobiliary Phase of EOB-MRI

Kubo A, Suda G,
Kimura M et al. [56]

Cancers
(Basel) 2021

The response to lenvatinib does not differ between
HCC with and without iso-high intensity in the
hepatobiliary phase of Gd-EOB-DTPA-enhanced
MRI. CTNNB-1 mutations are association with
iso-high intensity in the hepatobiliary phase of

Gd-EOB-DTPA-enhanced MRI.
Higher Enhancement Intrahepatic Nodules on

the Hepatobiliary Phase of
Gd-EOB-DTPA-Enhanced MRI as a Poor
Responsive Marker of Anti-PD-1/PD-L1

Monotherapy for Unresectable Hepatocellular
Carcinoma

Aoki T, Nishida N,
Ueshima K et al.

[50]

Liver
Cancer 2021

The intensity of the nodule on the hepatobiliary
phase of Gd-EOB-DTPA-enhanced MRI is a
promising imaging biomarker for predicting
unfavorable response with anti-PD-1/PD-L1

monotherapy in patients with HCC

Gd-EOB-DTPA-MRI Could Predict
WNT/β-Catenin Mutation and Resistance to

Immune Checkpoint Inhibitor Therapy in
Hepatocellular Carcinoma

Kudo M. [48] Liver
Cancer 2020

The signal intensity on HBP of
Gd-EOB-DTPA-enhanced MRI can be used to

noninvasively predict the effect of ICI monotherapy
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6. Prospects of MRI in the Era of Hepatocellular Carcinoma Immunotherapy

Recently, multi-omics approaches have been used to elucidate the underlying mech-
anisms of immunotherapy response in HCC through the characterization of the tumor
immune microenvironment features. Research has showcased the utilization of multi-omics
signatures, specifically matrix metalloproteinase (MMP9), as a means to identify patients
with distinct prognoses and varying responses to immunotherapy in HCC [57]. This study
holds the potential to unravel the immune status of HCC and offer valuable indicators for
predicting the response to immune checkpoint therapy. Additionally, a multi-omics study
showed that palmitic acid-induced lipid accumulation in HCC cells upregulated PD-L1
expression and promoted immunosuppressive phenotypes of cocultured macrophages
and fibroblasts. Notably, patients with steatotic HCC, as confirmed via chemical-shift MR
imaging, exhibited significantly prolonged progression-free survival (PFS) upon receiving
a combined immunotherapy regimen involving anti-PD-L1 and anti-VEGF antibodies [58].
Moreover, a tumor immune barrier (TIB) structure was identified via combined spatial
transcriptomics with single-cell RNA-sequencing and multiplexed immunofluorescence
that determine the efficacy of immunotherapy in patients with HCC receiving anti-PD-1
treatment [59]. However, so far, there is a lack of effective imaging methods to conveniently
and non-invasively predict these multi-omics features.

Our analysis suggests that with the advancement of precision medicine, it is inade-
quate to simply employ radiomics and machine learning techniques for assessing the tumor
immune microenvironment and predicting the efficacy of immunotherapy. Instead, it is
crucial to explore stable radiomic features in these multicenter, large-scale, standardized
HCC MRI datasets, and combine them with genomic, proteomic, and other pathological
features to elucidate the biological mechanisms underlying these radiomic characteristics.

Recently, artificial intelligence (AI) has emerged as a unique opportunity to improve
the full spectrum of HCC clinical care, including HCC risk prediction, diagnosis, and
prognostication [60]. Additionally, its powerful computational capabilities provide it with
significant advantages for integrating multi-omics data to detect HCC. The progress in
molecular measurement technologies have facilitated the profiling of various molecular
features of HCC (such as genome, transcriptome, proteome, and metabolome) at multiple
levels. Making these datasets publicly available not only strengthens the capacity to extract
valuable information from past studies but also offers the opportunity to utilize them for
comprehending HCC mechanisms, developing new therapeutics, and identifying potential
biomarkers for treatment response. The emerging AI techniques can be harnessed to
discover novel targets and drugs, and to provide guidance for enhanced HCC treatment
decisions [61]. The future use of AI and multi-omics in clinical workflow is detailed in
Figure 1.

However, AI approaches, which commonly involve intricate layers of mathematical
computations, pose significant challenges in gaining a comprehensive understanding of
how data are transformed throughout the entire network. The pursuit of explainable AI
is currently a growing area of research, with the primary objective of unveiling the inner
workings of neural networks. Several research directions are being explored to demystify
the ‘black boxes’ of neural networks. Key approaches include enhancing the transparency
of networks, unraveling the semantics of different components, and generating post hoc
explanations [62].

Ensuring the interpretability of radiomics features and AI decisions is a shared concern
across all current and future AI applications. Enabling various features of radiomics to
have biological interpretability has always been a matter of great concern and a significant
future research direction for radiologists. The notion of interpretability encompasses a
specific array of techniques that empower users to grasp the inner workings and decision-
making process of radiomics or AI models. It provides valuable insights into the essential
factors influencing predictions and facilitates the understanding of potential biases. This
transparency plays a crucial role in establishing the necessary trust to encourage medical
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professionals to embrace computer-aided devices that may be employed in the future
(Figure 3).

Cancers 2023, 15, x FOR PEER REVIEW 9 of 13 
 

 

potential biomarkers for treatment response. The emerging AI techniques can be har-

nessed to discover novel targets and drugs, and to provide guidance for enhanced HCC 

treatment decisions [61]. The future use of AI and multi-omics in clinical workflow is de-

tailed in Figure 1. 

However, AI approaches, which commonly involve intricate layers of mathematical 

computations, pose significant challenges in gaining a comprehensive understanding of 

how data are transformed throughout the entire network. The pursuit of explainable AI 

is currently a growing area of research, with the primary objective of unveiling the inner 

workings of neural networks. Several research directions are being explored to demystify 

the ‘black boxes’ of neural networks. Key approaches include enhancing the transparency 

of networks, unraveling the semantics of different components, and generating post hoc 

explanations [62]. 

Ensuring the interpretability of radiomics features and AI decisions is a shared con-

cern across all current and future AI applications. Enabling various features of radiomics 

to have biological interpretability has always been a matter of great concern and a signif-

icant future research direction for radiologists. The notion of interpretability encompasses 

a specific array of techniques that empower users to grasp the inner workings and deci-

sion-making process of radiomics or AI models. It provides valuable insights into the es-

sential factors influencing predictions and facilitates the understanding of potential bi-

ases. This transparency plays a crucial role in establishing the necessary trust to encourage 

medical professionals to embrace computer-aided devices that may be employed in the 

future (Figure 3). 

 

Figure 3. The future use of artificial intelligence (AI) and multi-omics in clinical workflow. Com-

bined multi-parameter MRI with multi-omics and AI techniques to develop an effective tool for 

identifying patients who would benefit from immunotherapy and predicting the tumor response to 

immunotherapy (figure created with BioRender.com). 

7. Conclusions 

Multiple potential biomarkers for predicting ICI response of HCC have been ex-

plored and applied clinically. Yet there is no robust evidence to prove their clinical value 

in predicting immunotherapeutic response for patients with HCC. The identification of 

predictors which respond to ICIs is an urgent need and major challenge. Further studies 

could combine multi-parameter MRI with various AI techniques to develop and validate 
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bined multi-parameter MRI with multi-omics and AI techniques to develop an effective tool for
identifying patients who would benefit from immunotherapy and predicting the tumor response to
immunotherapy (figure created with BioRender.com).

7. Conclusions

Multiple potential biomarkers for predicting ICI response of HCC have been explored
and applied clinically. Yet there is no robust evidence to prove their clinical value in predict-
ing immunotherapeutic response for patients with HCC. The identification of predictors
which respond to ICIs is an urgent need and major challenge. Further studies could com-
bine multi-parameter MRI with various AI techniques to develop and validate an effective
tool for identifying the patients who would benefit from immunotherapy, and which can
be used for predicting the tumor response to immunotherapy.

Author Contributions: Y.C. and B.S. conceived and designed this manuscript. C.Y., L.S. and H.J. re-
viewed this manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. U22A20343), China Post doctoral Science Foundation (Grant No. 2023M732435), the Science and
Technology Department of Sichuan Province (Grant No. 2022YFS0071). Hainan Province Clinical
Medical Center and Post doctoral Station Development Project of Sanya (Grant No. 23CZ009).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McGlynn, K.A.; Petrick, J.L.; El-Serag, H.B. Epidemiology of Hepatocellular Carcinoma. Hepatology 2021, 73 (Suppl. S1), 4–13.

[CrossRef]
2. Purcell, Y.; Copin, P.; Paulatto, L.; Pommier, R.; Vilgrain, V.; Ronot, M. Hepatocellular carcinoma surveillance: Eastern and

Western perspectives. Ultrasonography 2019, 38, 191–199. [CrossRef]
3. Llovet, J.M.; Castet, F.; Heikenwalder, M.; Maini, M.K.; Mazzaferro, V.; Pinato, D.J.; Pikarsky, E.; Zhu, A.X.; Finn, R.S. Immunother-

apies for hepatocellular carcinoma. Nat. Rev. Clin. Oncol. 2022, 19, 151–172. [CrossRef]
4. Vogel, A.; Meyer, T.; Sapisochin, G.; Salem, R.; Saborowski, A. Hepatocellular carcinoma. Lancet 2022, 400, 1345–1362. [CrossRef]
5. Sangro, B.; Sarobe, P.; Hervás-Stubbs, S.; Melero, I. Advances in immunotherapy for hepatocellular carcinoma. Nat. Rev.

Gastroenterol. Hepatol. 2021, 18, 525–543. [CrossRef]
6. Ruf, B.; Heinrich, B.; Greten, T.F. Immunobiology and immunotherapy of HCC: Spotlight on innate and innate-like immune cells.

Cell. Mol. Immunol. 2021, 18, 112–127. [CrossRef]

BioRender.com
https://doi.org/10.1002/hep.31288
https://doi.org/10.14366/usg.18043
https://doi.org/10.1038/s41571-021-00573-2
https://doi.org/10.1016/S0140-6736(22)01200-4
https://doi.org/10.1038/s41575-021-00438-0
https://doi.org/10.1038/s41423-020-00572-w


Cancers 2023, 15, 4677 10 of 12

7. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef]

8. Ren, Z.; Xu, J.; Bai, Y.; Xu, A.; Cang, S.; Du, C.; Li, Q.; Lu, Y.; Chen, Y.; Guo, Y.; et al. Sintilimab plus a bevacizumab biosimilar
(IBI305) versus sorafenib in unresectable hepatocellular carcinoma (ORIENT-32): A randomised, open-label, phase 2–3 study.
Lancet Oncol. 2021, 22, 977–990. [CrossRef]

9. Yau, T.; Kang, Y.K.; Kim, T.Y.; El-Khoueiry, A.B.; Santoro, A.; Sangro, B.; Melero, I.; Kudo, M.; Hou, M.M.; Matilla, A.; 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. [CrossRef]

10. Jácome, A.A.; Castro, A.C.G.; Vasconcelos, J.P.S.; Silva, M.; Lessa, M.A.O.; Moraes, E.D.; Andrade, A.C.; Lima, F.M.T.; Farias, J.P.F.;
Gil, R.A.; et al. Efficacy and Safety Associated with Immune Checkpoint Inhibitors in Unresectable Hepatocellular Carcinoma: A
Meta-analysis. JAMA Netw. Open 2021, 4, e2136128. [CrossRef]

11. Zhu, A.X.; Abbas, A.R.; de Galarreta, M.R.; Guan, Y.; Lu, S.; Koeppen, H.; Zhang, W.; Hsu, C.H.; He, A.R.; Ryoo, B.Y.;
et al. Molecular correlates of clinical response and resistance to atezolizumab in combination with bevacizumab in advanced
hepatocellular carcinoma. Nat. Med. 2022, 28, 1599–1611. [CrossRef]

12. Kelley, R.K.; Sangro, B.; Harris, W.; Ikeda, M.; Okusaka, T.; Kang, Y.K.; Qin, S.; Tai, D.W.; Lim, H.Y.; Yau, T.; 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. Off. J. Am. Soc. Clin. Oncol. 2021, 39, 2991–3001. [CrossRef]

13. Yang, Y.; Sun, J.; Wu, M.; Lau, W.Y.; Zheng, S.; Wang, X.H.; Chen, X.; Fan, J.; Dong, J.; Cai, J.; et al. Chinese Expert Consensus on
Immunotherapy for Hepatocellular Carcinoma (2021 Edition). Liver Cancer 2022, 11, 511–526. [CrossRef]

14. Jing, Y.; Yang, J.; Johnson, D.B.; Moslehi, J.J.; Han, L. Harnessing big data to characterize immune-related adverse events. Nat. Rev.
Clin. Oncol. 2022, 19, 269–280. [CrossRef] [PubMed]

15. Kurebayashi, Y.; Ojima, H.; Tsujikawa, H.; Kubota, N.; Maehara, J.; Abe, Y.; Kitago, M.; Shinoda, M.; Kitagawa, Y.; Sakamoto, M.
Landscape of immune microenvironment in hepatocellular carcinoma and its additional impact on histological and molecular
classification. Hepatology 2018, 68, 1025–1041. [CrossRef]

16. Sia, D.; Jiao, Y.; Martinez-Quetglas, I.; Kuchuk, O.; Villacorta-Martin, C.; Castro de Moura, M.; Putra, J.; Camprecios, G.;
Bassaganyas, L.; Akers, N.; et al. Identification of an Immune-specific Class of Hepatocellular Carcinoma, Based on Molecular
Features. Gastroenterology 2017, 153, 812–826. [CrossRef]

17. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.
Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [CrossRef] [PubMed]

18. Ruiz de Galarreta, M.; Bresnahan, E.; Molina-Sánchez, P.; Lindblad, K.E.; Maier, B.; Sia, D.; Puigvehi, M.; Miguela, V.; Casanova-
Acebes, M.; Dhainaut, M.; et al. β-Catenin Activation Promotes Immune Escape and Resistance to Anti-PD-1 Therapy in
Hepatocellular Carcinoma. Cancer Discov. 2019, 9, 1124–1141. [CrossRef] [PubMed]

19. Haber, P.K.; Castet, F.; Torres-Martin, M.; Andreu-Oller, C.; Puigvehí, M.; Miho, M.; Radu, P.; Dufour, J.F.; Verslype, C.; Zimpel, C.;
et al. Molecular Markers of Response to Anti-PD1 Therapy in Advanced Hepatocellular Carcinoma. Gastroenterology 2023, 164,
72–88.e18. [CrossRef]

20. Yang, C.; Zhang, S.; Cheng, Z.; Liu, Z.; Zhang, L.; Jiang, K.; Geng, H.; Qian, R.; Wang, J.; Huang, X.; et al. Multi-region sequencing
with spatial information enables accurate heterogeneity estimation and risk stratification in liver cancer. Genome Med. 2022, 14,
142. [CrossRef] [PubMed]

21. Huang, M.; He, M.; Guo, Y.; Li, H.; Shen, S.; Xie, Y.; Li, X.; Xiao, H.; Fang, L.; Li, D.; et al. The Influence of Immune Heterogeneity
on the Effectiveness of Immune Checkpoint Inhibitors in Multifocal Hepatocellular Carcinomas. Clin. Cancer Res. Off. J. Am.
Assoc. Cancer Res. 2020, 26, 4947–4957. [CrossRef] [PubMed]

22. Zhu, A.X.; Finn, R.S.; Edeline, J.; Cattan, S.; Ogasawara, S.; Palmer, D.; Verslype, C.; Zagonel, V.; Fartoux, L.; Vogel, A.; et al.
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, 940–952. [CrossRef] [PubMed]

23. Zheng, B.; Wang, D.; Qiu, X.; Luo, G.; Wu, T.; Yang, S.; Li, Z.; Zhu, Y.; Wang, S.; Wu, R.; et al. Trajectory and Functional Analysis of
PD-1high CD4+CD8+ T Cells in Hepatocellular Carcinoma by Single-Cell Cytometry and Transcriptome Sequencing. Adv. Sci.
2020, 7, 2000224. [CrossRef] [PubMed]

24. Zheng, C.; Zheng, L.; Yoo, J.K.; Guo, H.; Zhang, Y.; Guo, X.; Kang, B.; Hu, R.; Huang, J.Y.; Zhang, Q.; et al. Landscape of Infiltrating
T Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell 2017, 169, 1342–1356.e1316. [CrossRef] [PubMed]

25. Wu, R.; Guo, W.; Qiu, X.; Wang, S.; Sui, C.; Lian, Q.; Wu, J.; Shan, Y.; Yang, Z.; Yang, S.; et al. Comprehensive analysis of spatial
architecture in primary liver cancer. Sci. Adv. 2021, 7, eabg3750. [CrossRef]

26. Eng, C.L.; Lawson, M.; Zhu, Q.; Dries, R.; Koulena, N.; Takei, Y.; Yun, J.; Cronin, C.; Karp, C.; Yuan, G.C.; et al. Transcriptome-scale
super-resolved imaging in tissues by RNA seqFISH+. Nature 2019, 568, 235–239. [CrossRef]

27. Moncada, R.; Barkley, D.; Wagner, F.; Chiodin, M.; Devlin, J.C.; Baron, M.; Hajdu, C.H.; Simeone, D.M.; Yanai, I. Integrating
microarray-based spatial transcriptomics and single-cell RNA-seq reveals tissue architecture in pancreatic ductal adenocarcinomas.
Nat. Biotechnol. 2020, 38, 333–342. [CrossRef]

28. Sheng, J.; Zhang, J.; Wang, L.; Tano, V.; Tang, J.; Wang, X.; Wu, J.; Song, J.; Zhao, Y.; Rong, J.; et al. Topological analysis of
hepatocellular carcinoma tumour microenvironment based on imaging mass cytometry reveals cellular neighbourhood regulated
reversely by macrophages with different ontogeny. Gut 2022, 71, 1176–1191. [CrossRef]

https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1016/S1470-2045(21)00252-7
https://doi.org/10.1001/jamaoncol.2020.4564
https://doi.org/10.1001/jamanetworkopen.2021.36128
https://doi.org/10.1038/s41591-022-01868-2
https://doi.org/10.1200/JCO.20.03555
https://doi.org/10.1159/000526038
https://doi.org/10.1038/s41571-021-00597-8
https://www.ncbi.nlm.nih.gov/pubmed/35039679
https://doi.org/10.1002/hep.29904
https://doi.org/10.1053/j.gastro.2017.06.007
https://doi.org/10.1038/s41572-020-00240-3
https://www.ncbi.nlm.nih.gov/pubmed/33479224
https://doi.org/10.1158/2159-8290.CD-19-0074
https://www.ncbi.nlm.nih.gov/pubmed/31186238
https://doi.org/10.1053/j.gastro.2022.09.005
https://doi.org/10.1186/s13073-022-01143-6
https://www.ncbi.nlm.nih.gov/pubmed/36527145
https://doi.org/10.1158/1078-0432.CCR-19-3840
https://www.ncbi.nlm.nih.gov/pubmed/32527942
https://doi.org/10.1016/S1470-2045(18)30351-6
https://www.ncbi.nlm.nih.gov/pubmed/29875066
https://doi.org/10.1002/advs.202000224
https://www.ncbi.nlm.nih.gov/pubmed/32670760
https://doi.org/10.1016/j.cell.2017.05.035
https://www.ncbi.nlm.nih.gov/pubmed/28622514
https://doi.org/10.1126/sciadv.abg3750
https://doi.org/10.1038/s41586-019-1049-y
https://doi.org/10.1038/s41587-019-0392-8
https://doi.org/10.1136/gutjnl-2021-324339


Cancers 2023, 15, 4677 11 of 12

29. Sun, L.; Gao, F.; Gao, Z.; Ao, L.; Li, N.; Ma, S.; Jia, M.; Li, N.; Lu, P.; Sun, B.; et al. Shed antigen-induced blocking effect on CAR-T
cells targeting Glypican-3 in Hepatocellular Carcinoma. J. Immunother. Cancer 2021, 9, e001875. [CrossRef]

30. Chen, Y.; Qin, Y.; Wu, Y.; Wei, H.; Wei, Y.; Zhang, Z.; Duan, T.; Jiang, H.; Song, B. Preoperative prediction of glypican-3 positive
expression in solitary hepatocellular carcinoma on gadoxetate-disodium enhanced magnetic resonance imaging. Front. Immunol.
2022, 13, 973153. [CrossRef]

31. Ueno, A.; Masugi, Y.; Yamazaki, K.; Komuta, M.; Effendi, K.; Tanami, Y.; Tsujikawa, H.; Tanimoto, A.; Okuda, S.; Itano, O.; et al.
OATP1B3 expression is strongly associated with Wnt/β-catenin signalling and represents the transporter of gadoxetic acid in
hepatocellular carcinoma. J. Hepatol. 2014, 61, 1080–1087. [CrossRef] [PubMed]

32. Pai, S.G.; Carneiro, B.A.; Mota, J.M.; Costa, R.; Leite, C.A.; Barroso-Sousa, R.; Kaplan, J.B.; Chae, Y.K.; Giles, F.J. Wnt/beta-catenin
pathway: Modulating anticancer immune response. J. Hematol. Oncol. 2017, 10, 101. [CrossRef] [PubMed]

33. Sun, L.; Mu, L.; Zhou, J.; Tang, W.; Zhang, L.; Xie, S.; Chen, J.; Wang, J. Imaging features of gadoxetic acid-enhanced MR imaging
for evaluation of tumor-infiltrating CD8 cells and PD-L1 expression in hepatocellular carcinoma. Cancer Immunol. Immunother. CII
2022, 71, 25–38. [CrossRef] [PubMed]

34. Tang, M.; Zhou, Q.; Huang, M.; Sun, K.; Wu, T.; Li, X.; Liao, B.; Chen, L.; Liao, J.; Peng, S.; et al. Nomogram development and
validation to predict hepatocellular carcinoma tumor behavior by preoperative gadoxetic acid-enhanced MRI. Eur. Radiol. 2021,
31, 8615–8627. [CrossRef]

35. Jiang, X.; Dudzinski, S.; Beckermann, K.E.; Young, K.; McKinley, E.; McIntyre, J.O.; Rathmell, J.C.; Xu, J.; Gore, J.C. MRI of tumor
T cell infiltration in response to checkpoint inhibitor therapy. J. Immunother. Cancer 2020, 8, e000328. [CrossRef]

36. Zhou, F.; Shang, W.; Yu, X.; Tian, J. Glypican-3: A promising biomarker for hepatocellular carcinoma diagnosis and treatment.
Med. Res. Rev. 2018, 38, 741–767. [CrossRef]

37. Itoh, S.; Yoshizumi, T.; Kitamura, Y.; Yugawa, K.; Iseda, N.; Shimagaki, T.; Nagao, Y.; Toshima, T.; Harada, N.; Kohashi, K.; et al.
Impact of Metabolic Activity in Hepatocellular Carcinoma: Association with Immune Status and Vascular Formation. Hepatol.
Commun. 2021, 5, 1278–1289. [CrossRef]

38. Kist de Ruijter, L.; van de Donk, P.P.; Hooiveld-Noeken, J.S.; Giesen, D.; Elias, S.G.; Lub-de Hooge, M.N.; Oosting, S.F.; Jalving, M.;
Timens, W.; Brouwers, A.H.; et al. Whole-body CD8+ T cell visualization before and during cancer immunotherapy: A phase 1/2
trial. Nat. Med. 2022, 28, 2601–2610. [CrossRef]

39. Gillies, R.J.; Kinahan, P.E.; Hricak, H. Radiomics: Images Are More than Pictures, They Are Data. Radiology 2016, 278, 563–577.
[CrossRef]

40. Lambin, P.; Leijenaar, R.T.H.; Deist, T.M.; Peerlings, J.; de Jong, E.E.C.; van Timmeren, J.; Sanduleanu, S.; Larue, R.; Even, A.J.G.;
Jochems, A.; et al. Radiomics: The bridge between medical imaging and personalized medicine. Nat. Rev. Clin. Oncol. 2017, 14,
749–762. [CrossRef]

41. Lambin, P.; Rios-Velazquez, E.; Leijenaar, R.; Carvalho, S.; van Stiphout, R.G.; Granton, P.; Zegers, C.M.; Gillies, R.; Boellard, R.;
Dekker, A.; et al. Radiomics: Extracting more information from medical images using advanced feature analysis. Eur. J. Cancer
2012, 48, 441–446. [CrossRef] [PubMed]

42. Gong, X.Q.; Liu, N.; Tao, Y.Y.; Li, L.; Li, Z.M.; Yang, L.; Zhang, X.M. Radiomics models based on multisequence MRI for predicting
PD-1/PD-L1 expression in hepatocellular carcinoma. Sci. Rep. 2023, 13, 7710. [CrossRef] [PubMed]

43. Liao, H.; Zhang, Z.; Chen, J.; Liao, M.; Xu, L.; Wu, Z.; Yuan, K.; Song, B.; Zeng, Y. Preoperative Radiomic Approach to Evaluate
Tumor-Infiltrating CD8+ T Cells in Hepatocellular Carcinoma Patients Using Contrast-Enhanced Computed Tomography. Ann.
Surg. Oncol. 2019, 26, 4537–4547. [CrossRef] [PubMed]

44. Sun, R.; Limkin, E.J.; Vakalopoulou, M.; Dercle, L.; Champiat, S.; Han, S.R.; Verlingue, L.; Brandao, D.; Lancia, A.; Ammari, S.;
et al. A radiomics approach to assess tumour-infiltrating CD8 cells and response to anti-PD-1 or anti-PD-L1 immunotherapy: An
imaging biomarker, retrospective multicohort study. Lancet Oncol. 2018, 19, 1180–1191. [CrossRef]

45. Chen, S.; Feng, S.; Wei, J.; Liu, F.; Li, B.; Li, X.; Hou, Y.; Gu, D.; Tang, M.; Xiao, H.; et al. Pretreatment prediction of immunoscore
in hepatocellular cancer: A radiomics-based clinical model based on Gd-EOB-DTPA-enhanced MRI imaging. Eur. Radiol. 2019, 29,
4177–4187. [CrossRef]

46. Hectors, S.J.; Lewis, S.; Besa, C.; King, M.J.; Said, D.; Putra, J.; Ward, S.; Higashi, T.; Thung, S.; Yao, S.; et al. MRI radiomics
features predict immuno-oncological characteristics of hepatocellular carcinoma. Eur. Radiol. 2020, 30, 3759–3769. [CrossRef]

47. Tao, Y.Y.; Shi, Y.; Gong, X.Q.; Li, L.; Li, Z.M.; Yang, L.; Zhang, X.M. Radiomic Analysis Based on Magnetic Resonance Imaging for
Predicting PD-L2 Expression in Hepatocellular Carcinoma. Cancers 2023, 15, 365. [CrossRef]

48. Kudo, M. Gd-EOB-DTPA-MRI Could Predict WNT/β-Catenin Mutation and Resistance to Immune Checkpoint Inhibitor Therapy
in Hepatocellular Carcinoma. Liver Cancer 2020, 9, 479–490. [CrossRef]

49. Sasaki, R.; Nagata, K.; Fukushima, M.; Haraguchi, M.; Miuma, S.; Miyaaki, H.; Soyama, A.; Hidaka, M.; Eguchi, S.; Shigeno,
M.; et al. Evaluating the Role of Hepatobiliary Phase of Gadoxetic Acid-Enhanced Magnetic Resonance Imaging in Predicting
Treatment Impact of Lenvatinib and Atezolizumab plus Bevacizumab on Unresectable Hepatocellular Carcinoma. Cancers 2022,
14, 827. [CrossRef]

50. Aoki, T.; Nishida, N.; Ueshima, K.; Morita, M.; Chishina, H.; Takita, M.; Hagiwara, S.; Ida, H.; Minami, Y.; Yamada, A.; et al.
Higher Enhancement Intrahepatic Nodules on the Hepatobiliary Phase of Gd-EOB-DTPA-Enhanced MRI as a Poor Responsive
Marker of Anti-PD-1/PD-L1 Monotherapy for Unresectable Hepatocellular Carcinoma. Liver Cancer 2021, 10, 615–628. [CrossRef]

https://doi.org/10.1136/jitc-2020-001875
https://doi.org/10.3389/fimmu.2022.973153
https://doi.org/10.1016/j.jhep.2014.06.008
https://www.ncbi.nlm.nih.gov/pubmed/24946283
https://doi.org/10.1186/s13045-017-0471-6
https://www.ncbi.nlm.nih.gov/pubmed/28476164
https://doi.org/10.1007/s00262-021-02957-w
https://www.ncbi.nlm.nih.gov/pubmed/33993366
https://doi.org/10.1007/s00330-021-07941-7
https://doi.org/10.1136/jitc-2019-000328
https://doi.org/10.1002/med.21455
https://doi.org/10.1002/hep4.1715
https://doi.org/10.1038/s41591-022-02084-8
https://doi.org/10.1148/radiol.2015151169
https://doi.org/10.1038/nrclinonc.2017.141
https://doi.org/10.1016/j.ejca.2011.11.036
https://www.ncbi.nlm.nih.gov/pubmed/22257792
https://doi.org/10.1038/s41598-023-34763-y
https://www.ncbi.nlm.nih.gov/pubmed/37173350
https://doi.org/10.1245/s10434-019-07815-9
https://www.ncbi.nlm.nih.gov/pubmed/31520208
https://doi.org/10.1016/S1470-2045(18)30413-3
https://doi.org/10.1007/s00330-018-5986-x
https://doi.org/10.1007/s00330-020-06675-2
https://doi.org/10.3390/cancers15020365
https://doi.org/10.1159/000509554
https://doi.org/10.3390/cancers14030827
https://doi.org/10.1159/000518048


Cancers 2023, 15, 4677 12 of 12

51. Lin, Z.F.; Qin, L.X.; Chen, J.H. Biomarkers for response to immunotherapy in hepatobiliary malignancies. Hepatobiliary Pancreat.
Dis. Int. HBPD INT 2022, 21, 413–419. [CrossRef] [PubMed]

52. Kurebayashi, Y.; Tsujikawa, H.; Sugimoto, K.; Yunaiyama, D.; Araki, Y.; Saito, K.; Takahashi, H.; Kakegawa, T.; Wada, T.; Tomita,
Y.; et al. Tumor steatosis and glutamine synthetase expression in patients with advanced hepatocellular carcinoma receiving
atezolizumab plus bevacizumab therapy. Hepatol. Res. Off. J. Jpn. Soc. Hepatol. 2023, 1–13. [CrossRef] [PubMed]

53. Llovet, J.M.; Montal, R.; Sia, D.; Finn, R.S. Molecular therapies and precision medicine for hepatocellular carcinoma. Nat. Rev.
Clin. Oncol. 2018, 15, 599–616. [CrossRef] [PubMed]

54. Pinyol, R.; Sia, D.; Llovet, J.M. Immune Exclusion-Wnt/CTNNB1 Class Predicts Resistance to Immunotherapies in HCC. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 2021–2023. [CrossRef]

55. Harding, J.J.; Nandakumar, S.; Armenia, J.; Khalil, D.N.; Albano, M.; Ly, M.; Shia, J.; Hechtman, J.F.; Kundra, R.; El Dika, I.;
et al. Prospective Genotyping of Hepatocellular Carcinoma: Clinical Implications of Next-Generation Sequencing for Matching
Patients to Targeted and Immune Therapies. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 2116–2126. [CrossRef]

56. Kubo, A.; Suda, G.; Kimura, M.; Maehara, O.; Tokuchi, Y.; Kitagataya, T.; Ohara, M.; Yamada, R.; Shigesawa, T.; Suzuki, K.; et al.
Characteristics and Lenvatinib Treatment Response of Unresectable Hepatocellular Carcinoma with Iso-High Intensity in the
Hepatobiliary Phase of EOB-MRI. Cancers 2021, 13, 3633. [CrossRef]

57. Liu, F.; Qin, L.; Liao, Z.; Song, J.; Yuan, C.; Liu, Y.; Wang, Y.; Xu, H.; Zhang, Q.; Pei, Y.; et al. Microenvironment characterization
and multi-omics signatures related to prognosis and immunotherapy response of hepatocellular carcinoma. Exp. Hematol. Oncol.
2020, 9, 10. [CrossRef]

58. Murai, H.; Kodama, T.; Maesaka, K.; Tange, S.; Motooka, D.; Suzuki, Y.; Shigematsu, Y.; Inamura, K.; Mise, Y.; Saiura, A.; et al.
Multiomics identifies the link between intratumor steatosis and the exhausted tumor immune microenvironment in hepatocellular
carcinoma. Hepatology 2023, 77, 77–91. [CrossRef]

59. Liu, Y.; Xun, Z.; Ma, K.; Liang, S.; Li, X.; Zhou, S.; Sun, L.; Liu, Y.; Du, Y.; Guo, X.; et al. Identification of a tumour immune barrier
in the HCC microenvironment that determines the efficacy of immunotherapy. J. Hepatol. 2023, 78, 770–782. [CrossRef]

60. Calderaro, J.; Seraphin, T.P.; Luedde, T.; Simon, T.G. Artificial intelligence for the prevention and clinical management of
hepatocellular carcinoma. J. Hepatol. 2022, 76, 1348–1361. [CrossRef]

61. Chen, B.; Garmire, L.; Calvisi, D.F.; Chua, M.S.; Kelley, R.K.; Chen, X. Harnessing big ‘omics’ data and AI for drug discovery in
hepatocellular carcinoma. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 238–251. [CrossRef]

62. Rajpurkar, P.; Lungren, M.P. The Current and Future State of AI Interpretation of Medical Images. N. Engl. J. Med. 2023, 388,
1981–1990. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.hbpd.2022.08.002
https://www.ncbi.nlm.nih.gov/pubmed/35973935
https://doi.org/10.1111/hepr.13933
https://www.ncbi.nlm.nih.gov/pubmed/37300323
https://doi.org/10.1038/s41571-018-0073-4
https://www.ncbi.nlm.nih.gov/pubmed/30061739
https://doi.org/10.1158/1078-0432.CCR-18-3778
https://doi.org/10.1158/1078-0432.CCR-18-2293
https://doi.org/10.3390/cancers13143633
https://doi.org/10.1186/s40164-020-00165-3
https://doi.org/10.1002/hep.32573
https://doi.org/10.1016/j.jhep.2023.01.011
https://doi.org/10.1016/j.jhep.2022.01.014
https://doi.org/10.1038/s41575-019-0240-9
https://doi.org/10.1056/NEJMra2301725

	Introduction 
	The Potential Clinical Significance of Tumor Immune Microenvironment Classification in Hepatocellular Carcinoma 
	The Challenges of Accurately Subtyping the Tumor Immune Microenvironment in Hepatocellular Carcinoma 
	The Current Status of Non-Invasive Evaluation of Tumor Immune Microenvironment Using Magnetic Resonance Imaging 
	Can MRI Accurately Predict the Efficacy of Immunotherapy in Hepatocellular Carcinoma before Treatment? 
	Prospects of MRI in the Era of Hepatocellular Carcinoma Immunotherapy 
	Conclusions 
	References

