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Abstract: Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related death world-
wide. HCC patients may benefit from liver transplantation, hepatic resection, radiofrequency ablation,
transcatheter arterial chemoembolization, and targeted therapies. The increased infiltration of im-
munosuppressive immune cells and the elevated expression of immunosuppressive factors in the
HCC microenvironment are the main culprits of the immunosuppressive nature of the HCC milieu.
The immunosuppressive tumor microenvironment can substantially attenuate antitumoral immune
responses and facilitate the immune evasion of tumoral cells. Immunotherapy is an innovative
treatment method that has been promising in treating HCC. Immune checkpoint inhibitors (ICIs),
adoptive cell transfer (ACT), and cell-based (primarily dendritic cells) and non-cell-based vaccines are
the most common immunotherapeutic approaches for HCC treatment. However, these therapeutic
approaches have not generally induced robust antitumoral responses in clinical settings. To answer
to this, growing evidence has characterized immune cell populations and delineated intercellular
cross-talk using single-cell RNA sequencing (scRNA-seq) technologies. This review aims to discuss
the various types of tumor-infiltrating immune cells and highlight their roles in HCC development.
Besides, we discuss the recent advances in immunotherapeutic approaches for treating HCC, e.g.,
ICIs, dendritic cell (DC)-based vaccines, non-cell-based vaccines, oncolytic viruses (OVs), and ACT.
Finally, we discuss the potentiality of scRNA-seq to improve the response rate of HCC patients to
immunotherapeutic approaches.

Keywords: hepatocellular carcinoma; tumor microenvironment; immune cells; immunotherapy;
single-cell sequencing

1. Introduction

Hepatocellular carcinoma (HCC) is the most common malignant tumor of the liver,
and it is the fourth leading cause of cancer-related death worldwide [1,2]. Chronic hepatitis
mediated by the hepatitis B virus, alcohol abuse, hepatitis C infection, and steatohepatitis
are the main risk factors of HCC development [3]. Metabolic diseases such as diabetes
mellitus and obesity, along with smoking and genetic background, can increase the risk
of HCC development [4]. Hepatocarcinogenesis is a sequential process characterized by
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chronic liver disease, fibrosis, and cirrhosis [5]. The early diagnosis of HCC allows for
a wide range of therapeutic choices that improve affected patients’ overall survival (OS)
and quality of life. Liver transplantation, hepatic resection, radiofrequency ablation (RFA),
transcatheter arterial chemoembolization (TACE), and targeted therapies based on tyrosine
protein kinase inhibitors are common therapeutic options for these patients. However,
only one-third of the patients that are candidates for resection, transplantation, or local
ablation experience median life lengths of more than 60 months [6]. HCC is an aggressive
and progressive tumor. Indeed, 70–80% of advanced HCC patients do not benefit from
these treatments due to late diagnosis [7,8]. Immunotherapy is an innovative therapeutic
approach that has shown to be promising in treating various cancers. Preclinical and
clinical studies have evaluated the safety and efficacy of immunotherapy in HCC. Immune
checkpoint inhibitors (ICIs), adoptive cell transfer (ACT), and cell-based and non-cell-based
vaccines are among the most commonly investigated therapeutic methods for HCC [9].
ICIs are monoclonal antibodies (mAbs) that selectively block the inhibitory immune check-
points, e.g., programmed death-1 (PD-1), programmed death-ligand 1 (PD-L1), cytotoxic
T-lymphocyte antigen 4 (CTLA-4), mucin domain molecule 3 (TIM-3), and lymphocyte
activating gene 3 protein (LAG-3), so to enhance the T cell-mediated antitumoral immune
responses [10]. Besides, cancer vaccines based on dendritic cells (DCs) or not based on cells,
using a tumor-associated antigen (TAA), are promising approaches in HCC immunother-
apy [9,11,12]. In the ACT, like chimeric antigen receptor T (CAR-T) cells, immune cells are
engineered to express chimeric antigen receptors (CARs) so to identify and target specific
cancer (neo-) antigens [13].

The tumor microenvironment (TME) has an essential role in determining the fate
of the antitumoral immune responses. The immunosuppressive nature of the HCC mi-
croenvironment impedes the development of T cell-mediated antitumoral immune re-
sponses. The high level of immunosuppressive cytokines and the elevated expression
of inhibitory immune checkpoints in the TME have been implicated in developing and
maintaining the immunosuppressive milieu [14,15]. Besides, recent findings have indicated
that subsets of immune cells, e.g., myeloid-derived suppressor cells (MDSCs), tumor-
associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), and regulatory T
cells (Tregs), are other culprits in the development and maintenance of the immunosup-
pressive TME [16].

Recently, growing studies have characterized immune cell populations and identified
intercellular cross-talk in the TME of HCC using single-cell RNA sequencing (scRNA-seq)
technologies [17]. scRNA-seq are sophisticated technologies that have been effectively
used in various research fields due to their ability to identify and analyze different cell
types within tissues [18]. Since there is a vast inter- and intraheterogeneity in the tumor,
scRNA-seq can effectively identify multiple subpopulations of tumoral cells [19]. Besides,
scRNA-seq can categorize the phenotype of tumor-infiltrating immune cells and other
cells residing in the TME, which can further our knowledge of the cross-talk in the tumor
milieu [20].

Here, we aim to discuss the potentiality of immunotherapy in treating HCC. Besides,
we shed light on the cross-talk between immune cells and tumor cells in the tumor mi-
croenvironment of HCC and highlight the recent findings obtained from the scRNA-seq
of HCC.

2. HCC Microenvironment

In HCC development, the interactions between the tumoral cells and the tumor mi-
croenvironment are crucial. Hepatic fibrosis, hepatocarcinogenesis, epithelial–mesenchymal
transition (EMT), invasion, and metastasis are all influenced by the TME. The main el-
ements of the HCC tissue are cancer cells, innate immune cells, stromal cells, adaptive
immune cells, endothelial cells, cancer-associated fibroblasts, and inflammatory cytokines.
The interactions between the tumor-infiltrating effector cells and the other cellular and
noncellular components of the TME are crucial in determining how HCC evolves [21,22].



Life 2021, 11, 1355 3 of 25

Tumor cells and nonparenchymal cells, such as Kupffer cells (KCs), liver sinusoidal
endothelial cells (LSECs), and hepatic stellate cells (HSCs) contribute to the creation of
an immunosuppressive environment by expressing ligands that inhibit effector T and
natural killer (NK) cell inhibitory receptors and secreting cytokines/chemokines that
recruit tolerogenic cells (Tregs, MDSCs, macrophages, and neutrophils) [23].

The liver is thought to be an immunologically tolerant organ related to the unique
physiological functions which it performs. Portal circulation exposes LSECs to a substantial
number of antigens. These cells function as antigen-presenting cells (APCs) in the hepatic
microenvironment, regulating immunogenicity. Their role in normal liver function is to
inhibit an initial reaction to bacterial toxins so to avoid tissue damage [24]. As a result, the
immunosuppressive molecules, including programmed cell death ligand-1, are expressed
by LSECs (PD-L1) [25].

KCs, which are specialized liver-located macrophages that release immunosuppressive
cytokines, such as IL-10 and prostaglandins, are another significant cell type [25]. They
can also activate forkhead box P3 (FoxP3) in CD4+ T cells, causing CD4+ regulatory T
cells (Tregs) to increase and negatively inhibit the immunological response. Therefore,
compared to other cancers, HCC develops in a highly immunosuppressive environment
which is responsible for tumor progression [26,27].

Moreover, tumor necrosis factor (TNF)-α and interleukin (IL)-12, inflammatory cy-
tokines released from M1 macrophages, interferon (IFN)-γ expressed from T helper 1
(Th1), NK cells, and IL-2 secreted by cytotoxic T lymphocytes (CTLs) contribute to T cell
activation [16]. However, one or more of these factors are compromised in HCC, leading to
tumor development and metastasis [16]. In particular, the elevated expression of inhibitory
immune checkpoints, e.g., CTLA-4 and PD-1, can substantially exhaust T cells and pave
the way for the immune evasion of tumoral cells [14]. Furthermore, some populations of
immune cells can enhance the immunosuppressive HCC microenvironment [16] (Figure 1).
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Figure 1. HCC immune microenvironment. The main elements of the HCC microenvironment are cancer cells, innate 
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interactions between tumor-infiltrating effector cells and other cell types are crucial in determining how HCC evolves. 
MDSCs release immunosuppressive cytokines such as IL-10 and TGF-beta, inhibiting NK cell antitumor activity. M1 
TAMs releasing TNF-alpha and NO promote an antitumoral immune response. On the other hand, M2 TAMs producing 
IL-10 and TGF-beta inhibit immune response, leading to tumor development. The presence of TGF-beta in the tumor 
microenvironment suppresses degranulation by TANs, inhibiting their antitumor activity. Tregs overexpress lnc-EGFR, 
which reduces CTL activity, thus promoting HCC development. Type I NKT cells release proinflammatory cytokines, 
stimulating DCs and T cells; indeed, type II NKT cells suppress the immune response. DCs expressing inhibitory receptor 
ligands determine the downregulation of T cell-mediated immune response. CAFs contribute to developing an 
immunosuppressive microenvironment (http://smart.servier.com, accessed on 18 August 2021). 

3. Tumor-Infiltrating Immune Cells and Surrounding Cells 
3.1. Myeloid-Derived Suppressor Cells 

Myeloid-derived suppressor cells (MDSCs) are an immunosuppressive population 
present in local tissue and systemic circulation following inflammation or cancer [28,29]. 
They are primarily classified as CD11b+CD33+HLA-DR- in humans; however, the 
coexpression of additional markers, e.g., CD14 and CD15, have also been observed to 
distinguish monocytic and granulocytic subsets [30]. Granulocyte colony-stimulating 
factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), vascular 
endothelial growth factor (VEGF), monocyte chemoattractant protein-1 (MCP-1), and IL-
1 are all tumor-derived cytokines that have been shown to facilitate MDSC infiltration into 
the TME [31]. 

Since MDSCs can release immunosuppressive factors, e.g., IL-10 and tumor growth 
factor (TGF)-β, augment inhibitory immune checkpoint signaling, and inhibit NK cell-
mediated antitumoral immune responses, they pave the way for the immune evasion of 
the HCC cells [32]. Chiu et al. have shown that hypoxia in the tumor microenvironment 
of the HCC can pave the way for MDSC infiltration via the hypoxia-inducible factor (HIF)-
dependent regulation of the CCL26/C-X3-C motif chemokine receptor 1 (CX3CR1) 
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cells, stromal cells, adaptive immune cells, cancer-associated fibroblasts, and inflammatory cytokines. The interactions
between tumor-infiltrating effector cells and other cell types are crucial in determining how HCC evolves. MDSCs release
immunosuppressive cytokines such as IL-10 and TGF-beta, inhibiting NK cell antitumor activity. M1 TAMs releasing
TNF-alpha and NO promote an antitumoral immune response. On the other hand, M2 TAMs producing IL-10 and TGF-beta
inhibit immune response, leading to tumor development. The presence of TGF-beta in the tumor microenvironment
suppresses degranulation by TANs, inhibiting their antitumor activity. Tregs overexpress lnc-EGFR, which reduces
CTL activity, thus promoting HCC development. Type I NKT cells release proinflammatory cytokines, stimulating
DCs and T cells; indeed, type II NKT cells suppress the immune response. DCs expressing inhibitory receptor ligands
determine the downregulation of T cell-mediated immune response. CAFs contribute to developing an immunosuppressive
microenvironment (http://smart.servier.com, accessed on 18 August 2021).

3. Tumor-Infiltrating Immune Cells and Surrounding Cells
3.1. Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are an immunosuppressive population
present in local tissue and systemic circulation following inflammation or cancer [28,29].
They are primarily classified as CD11b+CD33+HLA−DR- in humans; however, the coexpres-
sion of additional markers, e.g., CD14 and CD15, have also been observed to distinguish
monocytic and granulocytic subsets [30]. Granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), vascular endothelial growth
factor (VEGF), monocyte chemoattractant protein-1 (MCP-1), and IL-1 are all tumor-derived
cytokines that have been shown to facilitate MDSC infiltration into the TME [31].

Since MDSCs can release immunosuppressive factors, e.g., IL-10 and tumor growth
factor (TGF)-β, augment inhibitory immune checkpoint signaling, and inhibit NK cell-
mediated antitumoral immune responses, they pave the way for the immune evasion of
the HCC cells [32]. Chiu et al. have shown that hypoxia in the tumor microenvironment
of the HCC can pave the way for MDSC infiltration via the hypoxia-inducible factor
(HIF)-dependent regulation of the CCL26/C-X3-C motif chemokine receptor 1 (CX3CR1)
pathway [33]. Furthermore, IL-6, IL-1β, VEGF, GM-CSF, and G-CSF can contribute to
MDSC infiltration in the tumor microenvironment [31]. Besides, MDSCs can express
galectin 9 (Gal-9) and facilitate T cell apoptosis and the immune evasion of HCC cells [34]. It
has been demonstrated that the coculture of MDSCs with NK cells can remarkably decrease
the cytotoxicity of NK cells. The MDSC-mediated suppression of the NK cells is mainly
dependent on NKp30 on the NK cells. Therefore, inhibiting MDSCs can substantially
simulate antitumoral immune responses [32].

3.2. Tumor-Associated Macrophages

Tumor-associated macrophages (TAMs) are among the primary tumor-infiltrating
immune cells in the tumor microenvironment and substantially contribute to the HCC
development [35]. Various chemokines, e.g., chemokine (CCL) 2, CCL5, CCL7, CX3CL,
and cytokines such as macrophage colony-stimulating factor (M-CSF), GM-CSF, and VEGF
can facilitate monocyte infiltration into the tumor microenvironment, leading to TAMs
development [36]. M1 and M2 are the two groups of TAMs that play different roles in tumor
development. Interferon (INF)-α, INF-β, and INF-γ can activate M1 macrophages; however,
IL-4 and IL-10 activate M2 macrophages. M1 cells can stimulate antitumoral immune
responses by releasing TNF-α and nitric oxide; however, M2 cells can express VEGF, IL-10,
TGF-β, and indoleamine 2,3-dioxygenase (IDO), leading to tumor development [16,37,38].

Dong et al. have shown that CD68+ TAMs alone are not correlated with the clin-
icopathological characteristics and prognoses of HCC patients. Nevertheless, M1 cells
express high levels of CD86, TNF-α, and IL-12, while M2 cells overexpress CD206, CD163,
IL-10, and TGF-β. The low infiltration of CD86+ cells (M1) and the increased infiltration of
CD206+ (M2) TAMs have been associated with aggressive tumor phenotypes. Therefore,
the CD86+/CD206+ ratio can confer valuable insights into the phenotype of the HCC
cells [35].

http://smart.servier.com
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3.3. Tumor-Associated Neutrophils

Tumor-associated neutrophils (TANs) have different functions in several cancer types,
e.g., lung cancer, gastric cancer, and lymphoma [39–41]. TANs can display antitumori-
genic (N1) or protumorigenic (N2) phenotypes, and the presence of TGF-β relies on the
plasticity of these subtypes [42,43]. In particular, the presence of TGF-β can lead to N2
cell development, and the inhibition of TGF-β or the presence of type-I IFNs can result
in N1 cell development [44,45]. When the neutrophils are exposed to lipopolysaccharide
(LPS), TGF-β has been shown to suppress degranulation while inhibiting the release of
reactive oxygen species (ROS), reactive nitrogen intermediates, and IL-1β by TANs. TGF-β
signaling inhibition, on the other hand, was found to confer antitumorigenic activity to
neutrophils, which was associated with alterations in chemokine and cytokine profiles, the
increased neutrophil infiltration of tumors, and increased intercellular adhesion molecule 1
(ICAM1) expression on the endothelial cells. Type I interferon-deficient neutrophils formed
fewer neutrophil extracellular traps (NETs) and exhibited a worse ability to kill tumor
cells than their interferon-producing counterparts. The presence of these conditions was
associated with a significant increase in neutrophil turnover and an increase in immature
neutrophils [45,46].

Multiple studies have shown that the phenotype of the neutrophils in HCC is pre-
dominantly N2. He et al. have demonstrated that the high expression of GM-CSF and
TNF-α in the peritumoral area of HCC can increase CD66b, PD-L1, TNF-α, and CCL2
expression via modulating the neutrophils to adopt an immunosuppressive profile. Indeed,
the immunosuppressive neutrophils can induce CD8+ T cell apoptosis [47,48].

Zhou et al. have shown that the microRNA (miR)-301b-3p overexpression on the
HCC cells can stimulate nuclear factor kappa-light-chain-enhancer of activated B cell
(NF-kB) signaling and CXCL5 expression. CXCL5 expression on the HCC cells had a
chemoattractant effect on the neutrophils determining the TANs infiltration. However, the
direct interaction between the TANs and the HCC cells has not been clarified yet, but it has
been shown that it correlates with poor prognoses in patients with HCC. CXCL5 acts as a
prognostic factor for HCC patients’ overall survival [49,50]. Besides, Li et al. have reported
that the presence of intratumoral CD66b+ neutrophils is strongly associated with advanced
Barcelona Clinic Liver Cancer (BCLC) stage, liver fibrosis, elevated serum gamma-glutamyl
transferase (γ-GT), and worsened progression-free survival (PFS) and OS [51].

In contrast, IFN-I paves the way for developing antitumoral TANs (N1). It has been
shown that inhibiting the TGF-β signaling can lead to the recruitment and activation of
CD8+ T cells, macrophages, and N1 neutrophils [46,52].

3.4. Regulatory T Cells

Regulatory T cells (Tregs) are a subset of CD4+ T cells that express CD25 and fork-
head box P3 (FoxP3). Tregs are primarily responsible for suppressing immune response;
therefore, their decreased level is associated with an increased risk of autoimmunity and
allergic reactions [53]. Tregs can substantially suppress the antitumoral immune responses
in the tumor microenvironment, paving the way for the immune evasion of the tumoral
cells [16,54]. T cell receptor (TCR) interaction with IL-10 and TGF-β signaling facilitates
the infiltration of Tregs into the tumor microenvironment by regulating the CCL6/CCL20
axis [16]. Jiang et al. have shown that the Tregs-overexpressed long noncoding RNA (lnc)-
epidermal growth factor receptor (EGFR) can induce Treg differentiation, attenuate CTL
activity, and promote HCC development. LncRNAs are a novel class of non-protein-coding
transcripts that play a critical role in the development of human carcinoma [55,56]. In
particular, in HCC, to understand how it works, lnc-EGFR specifically interacts with EGFR
and prevents it from interacting with and being ubiquitinated by the cell death protein
(c-CBL), thereby stabilizing it and increasing the activation of itself and the downstream
activator protein-1 (AP-1)/nuclear factor of activated T cell-1 (NF-AT1) axis, which in turn
induces EGFR expression [57].



Life 2021, 11, 1355 6 of 25

3.5. CD8+ Cytotoxic T Lymphocytes

CD8+ cytotoxic T lymphocytes (CTLs) are a subset of T cells expressing CD8 on the
surface and which target tumoral cells. Specifically, CTL-secreting perforin, granzyme, and
TNF-α can eradicate cancer cells [16].

Despite the fact that the antitumor immune response is severely repressed by various
mechanisms in HCC, the presence of CD8+ CTLs in the tumor is associated with increased
survival. Tumor-associated antigen (TAA)-specific response and IFN-γ production by CTLs
are restricted due to hypoxia, metabolic competition with cancer cells (HCCs), a deficiency
in CD4+ T cells (CD4+ T cells are lacking), and the high expression of several regulatory
molecules (VEGF, CXCL17, IDO, and IL-10) in the tumor microenvironment [16].

It has also been shown that the number of CTLs in HCC patients is increased; however,
they cannot kill the tumoral cells. Guo et al. have demonstrated that CD8+ T cells express
high levels of Fas that interact with the Fas ligand (FasL), leading to CD8+ T cell apoptosis
in HCC patients [58].

CD14+ DCs, a subpopulation of DCs present in the blood of HCC patients, can
release large amounts of IL-10 in response to LPS, and neutralizing the anti-IL-10 mAb
can significantly reduce the immune-suppressive activity of CD14+DCs, thus implying
that they suppress T cell responses in part through IL-10 production. Han Y. et al. have
reaffirmed the critical function of IL-10 in tumor immunosuppression [59]. Additionally,
IDO has been implicated in Tregs as an immunosuppressive effector mechanism [60]. Tregs
can induce DCs to produce IDO, which therefore suppresses T cell responses indirectly [61].
They also discovered that CD14+ DCs express large levels of IDO in the absence of LPS
stimulation, and that the IDO inhibitor metallothionein 1 (MT-1) almost completely reduced
the immunoregulatory function, indicating that IDO may be more essential than IL-10 in
mediating the suppressive action of CD14+ DCs [59].

Although the CTLs can develop robust antitumoral immune responses, the immuno-
suppressive tumor microenvironment can substantially exhaust the CTLs [62,63].

3.6. Natural Killer Cells

Natural killer (NK) cells can mediate antitumoral immune responses via various mech-
anisms. In the “missing self-response” mechanism, NK cells detect the downregulation
of major histocompatibility complex (MHC) class I [64,65]. In the “altered self-response”
mechanism, NK cells detect the high expression of cell stress ligands [66,67]. Besides,
NK cells can derive antitumoral immune responses via the antibody-dependent cellular
cytotoxicity (ADCC) mechanism [68]. Although there is a high level of tumor-infiltrating
NK cells in HCC, their antitumoral immune responses are limited [69,70].

NK cells can be categorized into two subsets, i.e., CD56bright and CD56dim. The
CD56bright NK cell subset is characterized by producing many cytokines and limited
cytotoxic properties. The level of CD56bright NK cells in the human liver is much higher
than in the peripheral blood [71–73]. On the other hand, CD56dim NK cells are the majority
of the circulating NK cells that generate cytokines and that have cytotoxic properties. Cai
et al. have reported a remarkable reduction in the level of CD56dim NK cells in HCC tissues
compared to nontumoral tissues. Because NK cells can target the tumoral cells via the
ADCC mechanism, the decreased level of the NK cells can reduce the cytotoxic activity of
the NK cells [73].

The advantage of the NK cells is that they can release cytolytic granules directly to
target the tumor cells and express proinflammatory factors to stimulate the antitumoral
immune response. However, the immunosuppressive tumor microenvironment can sub-
stantially inhibit the antitumoral immune responses of NK cells [74,75].

3.7. Invariant Natural Killer T Cells

Invariant natural killer T (iNKT) cells play a pivotal role in regulating the innate and
adaptive immune systems. The iNKT cells release cytokines that can alter the polarization
and activation of immune cells, especially NK and T cells. Indeed, they are a unique sub-
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population of mature CD4+ T cells that can simultaneously express both NK cell surface
markers and TCRs [76,77].

As a member of the main MHC class I-like family, CD1d is abundant in hepatocytes.
It can stimulate NKT cell development and activity. CD1d-restricted NKT cells are divided
into two subgroups, i.e., type I and type II. Type I NKT cells recognize self-lipids and
microbial lipid antigens. Activated type I NKT cells release proinflammatory cytokines
that stimulate pit cells, lymphocytes, and DCs [77]. On the other hand, type II NKT cells
can release cytokines that suppress immune responses [77,78].

NKT cells have a role in the pathophysiology of cirrhosis via producing cytokines
implicated in fibrosis development. Although there have been a few investigations, intra-
tumoral NKT cells can retain the ability to destroy HCC cells [79,80]. It has been shown
that the level of NKT is substantially decreased in HCC [81].

3.8. Dendritic Cells

Dendritic cells (DCs) are antigen-presenting cells that can activate T cells. The liver
contains various DCs, including progenitor, immature, and mature cells [82]. When DCs
pick up antigens, they migrate to a regional lymph node where they become mature and
deliver the antigen to naïve T cells. Resident hepatic DCs are found around the central and
portal veins and are originated from the bone marrow [76].

In carcinogenesis and viral infection, DCs play a critical role. DCs contribute to tumor
development by two primary mechanisms: tumor antigen tolerance and inhibiting T cell
activity through the release of mediators or the expression of checkpoint ligands. Although
most of these mechanisms have been identified in human HCC samples, there is only
limited evidence on the lipid overload-mediated DC dysfunction [83]. Although mature
the DCs can activate the T cell-mediated antitumoral immune responses, they can also
pave the way for HCC development via inducing tolerance. Through increased IL-10 and
low IL-12 signaling, mature DCs can produce Treg1-like cells from naïve CD4+ T cells [83].

In HCC, the DCs express inhibitory receptor ligands for PD-1, TIM-3, LAG-3, and
CTLA-4. Besides, these inhibitory immune checkpoints are substantially upregulated
in the CD4+ and CD8+ T cells of HCC patients, determining the downregulation of T
cell-mediated immune response [84].

3.9. Cancer-Associated Fibroblasts

Fibroblasts are the cells involved in the formation of the extracellular matrix. In par-
ticular, cancer-associated fibroblasts (CAFs) play a critical role in cancer development by
remolding the extracellular matrix and releasing soluble factors and exosomes [16,85,86].
Besides, CAFs attract immune cells, e.g., DCs, neutrophils, and monocytes, and contribute
to developing an immunosuppressive microenvironment in the HCC [87,88]. CAFs can be
originated from activated mesenchymal stem cells. Zhou et al. have demonstrated that
tumor-derived miR-21-5p might convert HSCs to CAFs by downregulating phosphatase
and the tensin homolog (PTEN), resulting in the phosphoinositide-dependent kinase-1
(PDK1)/AKT signaling pathway stimulation. Of interest, CAFs can secrete protumoral fac-
tors, e.g., VEGF, fibroblast growth factor (FGF), TGF-β, matrix metalloproteinase (MMP)2,
and MMP9. Moreover, a high level of miR-2-5p in serum has been associated with the poor
prognosis of HCC patients [16,89].

3.10. Liver Sinusoid Endhotelial Cells

Liver sinusoid endothelial cells (LSECs) are the most common nonparenchymal cell
type in the liver, accounting for 15–20 percent of total liver cells [90,91]. LSECs are particu-
lar endothelial cells with a minimal basement membrane and with fenestrations. These
characteristics make them the most permeable endothelial cells in mammals [90,92]. LSECs
play an important role in both innate and adaptive immunity, as well as in immunological
tolerance maintenance in the liver [93,94]. Because of their particular characteristics and
functions, LSECs can contribute to making the tumor microenvironment immunosuppres-
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sive and support the development of liver cancer [95]. LSECs can cross-present soluble
antigens to CD8+ T cells via their MHC-I. CD8+ T cells that have been stimulated by LSECs
recover a quiescent condition, unable to exert cytotoxic effects on tumor cells due to coin-
hibitory signaling [96]. Furthermore, it has been proven that LSECs can induce tumor cell
tolerance [97]. Another way that the liver sinusoids could be protumorigenic is through
the TGFβ-dependent Treg activation [98].

3.11. Kupffer Cells

Kupffer cells (KCs) are tissue macrophages found in the liver sinusoids’ lumen and
represent the first line of defense against pathogens [99]. Toll-like receptor expression
activates KCs in response to endotoxins, complements, and other pathogen-associated
molecular patterns. The KCs release a variety of cytokines and chemokines, which stimulate
neutrophils [100]. The KCs are also the first line of defense against cancer cells that have
spread to other organs and infections. The KCs, releasing PD-L1, inhibit the cytotoxic
function of CD8+ T cells [101]. In addition, KC release of IL-6 promotes the development
and progression of HCC [102]. When stimulated by inflammatory cytokines (IL-1, TNF
alpha, and PDGF), the KCs and HSCs secrete abundant osteopontins, which play a key
role in many cell-signaling pathways that promote inflammation, tumor growth, and
metastasis [103].

3.12. Hepatic Stellate Cells

Hepatic stellate cells (HSCs) are found in the Disse space, between LSECs and hepa-
tocytes, and are involved in the development of liver fibrosis, which can eventually lead
to HCC [104]. Activated HSCs have been linked to an immunosuppressive environment
in patients with HCC, as well as a poor clinical prognosis [105,106]. When activated, the
HSCs shift monocytes from an inflammatory to an immunosuppressive state and sup-
port HCC proliferation [105]. Furthermore, they promote the accumulation of MDSC in
a contact-dependent manner, either through the CD44 expression on HSC or hydrogen
peroxide depletion by catalase [97,107]. HSCs can also cause T cell dysfunction directly
by the expression of PD-L1 and the limiting of T cell growth and function by expressing
TGF-β [108,109].

4. The Role of Inhibitory Immune Checkpoints in HCC Development

As discussed above, the tumor microenvironment of HCC is immunosuppressive.
Inhibitory immune checkpoints are among the critical factors that contribute to the devel-
opment of the immunosuppressive milieu. Indeed, the high expression of PD-1, CTLA-4,
LAG-3, and TIM-3 in the tumor microenvironment has been associated with the attenuated
T cell-mediated antitumoral immune responses [84,110] (Figure 2).

4.1. Programmed Death-1/Programmed Death Ligand-1

The programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1) axis plays a
critical role in maintaining peripheral tolerance [111,112]. Growing evidence indicates that
the PD-L1/PD-1 axis can exert an inhibitory signal to PD-1-expressing T cells, causing the
exhaustion of T cells [113]. Consistent with this, recent findings have demonstrated that
the activation of the PD-1/PD-L1 axis can substantially attenuate the antitumoral immune
responses. Therefore, blocking this axis with the pertained mAbs can be considered a
therapeutic approach for HCC patients [114].
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Figure 2. Immune checkpoints and their inhibitors. HCC has an immunosuppressive tumor microen-
vironment. Inhibitory immunological checkpoints are one of the most critical components in the
development of an immunosuppressive milieu. Indeed, elevated levels of PD-1, CTLA-4, LAG-3,
and TIM-3 expression in the tumor microenvironment have been linked to reduced T cell-mediated
antitumor immune responses. The interaction of PD-1 on tumor-infiltrating CD8+T cells and its
ligand, PD-L1, on tumoral cells can lead to CD8+ T cell apoptosis. Moreover, MDSCs may interact
with KCs to upregulate PD-L1 expression in HCC cells. CTLA-4 is expressed on activated T cells and
Tregs, and it has a high affinity for competing with CD28 on APCs by binding to its ligands, CD80
and CD86. CTLA-4 inhibits the proliferation of T cells. MDSCs can express Gal-9, which interacts
with Tim-3 on T cells, determining T cell apoptosis. TIM-3 is also expressed on TAMs, facilitating
M2 polarization and HCC development. Inhibitory immune checkpoint molecules (ICIs) can pave
the way for the immune evasion of tumoral cells. Nivolumab, pembrolizumab, camrelizumab, and
tislelizumab are anti-PD-1 antibodies. Durvalumab, atezolizumab, and avelumab are anti-PD-L1
antibodies. Tremelimumab is an anti-CTLA-4 antibody, and cobolimab is an anti-Tim-3 antibody.
These molecules can liberate T cells from exhaustion and facilitate the development of antitumoral
immune responses (http://smart.servier.com, accessed on 20 August 2021).

The interaction of PD-1 on tumor-infiltrating CD8+ T cells and its ligand, PD-L1, on
tumoral cells can lead to CD8+ T cell apoptosis. The PD-1 upregulation on the circulating
and tumor-infiltrating CD8+ T cells might be associated with the inferior survival of
affected patients and tumor relapse after resection in HCC patients. In particular, Shi
et al. have shown that PD-1 expression is substantially elevated in the peripheral and
tumor-infiltrating CD8+ T cells in HCC patients [114]. Moreover, MDSCs may interact with
KCs to upregulate PD-L1 expression in patients with advanced HCC [32]. Furthermore,
type I or type II interferon can remarkably increase PD-L1 expression, resulting in tumor
development, vascular invasion, and poor prognosis in HCC patients [115,116]. In the last
years, it has been shown that differential PD1 expression levels on CD8+ T cells exist in
HCC patients, and this allows for a phenotypic and functional classification of the tumor-
infiltrating CD8+ T cells. Based on PD-1 expression, the exhausted CD8+ T cells can be
distinguished into three subpopulations: PD1-high, PD1-intermediate, and PD1-negative
cells. The gene expression profiles of these subpopulations are different. In particular, T
cell exhaustion genes are expressed at higher levels in PD1-high cells, and in TIM-3 and
LAG-3, than in PD1-intermediate cells [117].

http://smart.servier.com
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4.2. Cytotoxic T-Lymphocyte Antigen 4

Cytotoxic T-lymphocyte antigen 4 (CTLA-4) is another inhibitory immune checkpoint
molecule that is expressed on activated T cells and Tregs [118,119]. CTLA-4 has a high
affinity for competing with CD28 on APCs by bindings to its ligands, i.e., CD80 and
CD86. CTLA-4 can substantially regulate CD4+ T cell function and inhibit the proliferation
of T cells. Besides, CTLA-4 contributes to the development of the immunosuppressive
tumor microenvironment in HCC via promoting Treg, IDO, and IL-10 production in the
DCs [59,120].

4.3. Mucin Domain Molecule 3

Mucin domain molecule 3 (TIM-3) is well known for its inhibitory function on tumor-
infiltrating lymphocytes (TILs). The Tim-3 ligands are galectin-9 (Gal-9), phosphatidylser-
ine (PtdSer), high mobility group box-1 protein (HMGB1), and carcinoembryonic antigen-
related cell adhesion molecule 1 (CEACAM-1) [121]. When TIM-3 interacts with Gal-9,
the activation of the TIM-3/Gal-9 axis can predict the inferior survival of the HBV-related
HCC patients [122]. MDSCs can also express Gal-9, which can result in T cell apopto-
sis [34]. Besides, tumor-intrinsic TIM-3 can activate the EMT process and increase tumor
growth. On the other hand, TIM-3 ligands are widely expressed throughout the tumor
microenvironment, potentially mediating the interaction between the tumor cells and the
nonparenchymal cells, thereby influencing the aggressive phenotype of the HCC cells [121].
It has been shown that TIM-3 is also expressed on TAMs, facilitating M2 polarization and
HCC development [123]. Furthermore, TIM-3-expressing macrophages cannot phagocytize
apoptotic bodies, causing the equilibrium of the tumor microenvironment to be further
disrupted in HCC [124,125]. These findings indicate that targeting TIM-3 can stimulate
antitumoral immune responses [121].

4.4. Lymphocyte Activating Gene 3

Lymphocyte activating gene 3 (LAG-3) is an immunoglobulin super family protein
that can bind to MHC class II molecules with a high affinity [126]. Recently, it has been
shown that LAG-3 plays an immunosuppressive role in chronic viral hepatitis and HCC [9].

5. Immunotherapeutic Approaches for Treating HCC

Many clinical trials, including ICIs, cancer vaccines, ACT, and combinations with
chemo-radiotherapy or other molecularly targeted treatments evaluate the immunothera-
peutic efficacy in HCC with some promising results [13].

The combination of bevacizumab (an anti-VEGF) plus atezolizumab (an anti-PD-L1) is
the only immunotherapeutic approach used as a first-line treatment in HCC patients with
portal invasion, extrahepatic spread, preserved liver function, and ECOG PS 0–2 [127]. With
the improvement of our knowledge in cancer immunotherapy, in the future immunother-
apy might be a standard therapeutic option for HCC. In other tumors, for example, in lung
cancer, the United States Food and Drug Administration and the European Medicines As-
sociation have approved pembrolizumab (an anti-PD-1) as a first-line treatment in patients
with metastatic lung cancer whose tumors have a PD-L1 expression of ≥50% with no other
genomic tumor aberrations [128] (Table 1).
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Table 1. Clinical trials and in vitro and in vivo studies on immunotherapy in HCC.

Regimen Target NCT Design Number of
Patients Clinical Results Ref.

ICIs

Nivolumab PD-1 NCT01658878 Phase I/II 262
15–20% ORS, 15.6 months of

overall survival OS,
considerable tumor decrease

[129]

Pembrolizumab PD-1 NCT02702414 Phase II 104
17% ORS, 1% CR, 16 PR, 44%

stable disease SD, 33%
progression

[130]

Camrelizumab PD-1 NCT02989922 Phase II 220 14.7% ORS, 74.4% OS at 6
months, 55.9% OS at 12 months [131]

Tislelizumab PD-1 NCT03412773 Phase III 674 Recruiting [131]

Durvalumab PD-L1 NCT 01693562 Phase I/II 1022 Recruiting [132]

Tremelimumab CTLA-4 NCT01008358 Phase II 21

Partial response rate was 17.6%,
and disease control rate was

76.4%. Time to progression was
6.48 months

[133]

Cabolimab TIM-3 NCT02817633 Phase I 369 Recruiting [110]

Agents Descriptions Design Number of
Patients Clinical Results Ref.

DC-Based
Vaccine

DCs
pulsed
with

tumor cell
lysate

Mature
autologous DCs

pulsed
with HepG2

lysate

Phase I/II 33
2 patients had PR (13.3%), 9
patients had SD (60%), and 4

patients had PD (26.7%)
[134]

Non-Cell-Based
Vaccines

A vaccine
based on

GPC3
peptides

Intradermal
injections on

days 1, 15, and
29

Phase I 33
1 patient had PR, 19 patients had
SD, 9 patients decreased AFP, 30
patients’ specific CTL response

[135]

ACT

Anti-
GPC3-
CAR-T

cells

GPC3-CAR
treatment by
intratumor

injection

Phase I/II 4 2 patients SD, 1 patient PR after
4 weeks, and PD after 18 weeks [136]

Agents Descriptions Design Biological Effects Ref.

DC-Based
Vaccine

DCs
pulsed
with

NY-ESO-1

DCs pulsed
with the

recombinant
NY-ESO-1

In vitro study
DCs loaded with NY-ESO-1 protein stimulate
antigen-specific T cell responses against HCC

cells in vitro.
[137]

Non-Cell-Based
Vaccines

Injection
of

synthetic
h-TERT

hTERT cDNA
was subcloned

in a plasmid

In vitro and
in vivo study

6.9–12.5% of patients had an hTERT-specific
CD8+T cell-mediated immune responses. [138]
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Table 1. Cont.

Agents Descriptions Design Biological Effects Ref.

OVs

LDO-GFP

Herpes simplex
virus type

1-based
oncolytic

vector-based
oncolytic vector

In vitro and
in vivo study Decreased tumor growth [139]

GP73-
SphK1sR-

Ad5

Oncolytic
adenovirus

In vitro and
in vivo study

Apoptosis in HCC cells and decreased tumor
volume [140]

VV-IL-37
Vaccinia virus

expressing
IL-37

In vitro study Antitumoral immune responses [141]

Abbreviation: ICI: immuno-checkpoint inhibitor; PD-1: programmed-death-1; PD-L1: programmed-death-ligand-1; CTLA-4: cytotoxic
T-lymphocyte antigen 4; TIM3: mucin domain molecule 3; ORS: objective response rates; OS: overall survival; CR: complete response; PR:
partial response; SD: stable disease; PD: progressive disease; IFN-γ: interferon-gamma; DC: dendritic cell; AFP: alpha-fetoprotein; NYESO-1:
New York esophageal squamous cell carcinoma-1; GPC-3: glypican-3; hTERT: telomerase reverse transcriptase; GP73-SphK1sR-Ad5: Golgi
protein 73-sphingosine kinase 1-short RNA-adenovirus serotype 5; VV: vaccinia virus; ACT: Adoptive cell transfer; CAR-T: chimeric antigen
receptor T.

5.1. Immune-Checkpoint Inhibitors

Inhibitory immune checkpoint molecules (ICIs) can pave the way for the immune eva-
sion of tumoral cells. ICIs have shown promising results in treating HCC [110]. Nivolumab
is an anti-PD-1 that liberates T cells from exhaustion and facilitates the development of
antitumoral immune responses. Based on the results of the CheckMate 040, the Food and
Drug Administration (FDA) granted an accelerated approval to nivolumab for advanced
HCC patients who have been previously treated with sorafenib (NCT01658878). This was
a multicenter, open-label, phase I/II, noncomparative, dose escalation, and expansion
trial. Patients were given a drug dose of 0.1–10 mg/kg every two weeks during the dose
escalation phase. Patients were given a medication dose of 3 mg/kg once every two weeks
during the dose expansion phase. Nivolumab had a manageable safety profile in both
phases, with a good tolerability and an incidence of treatment-related adverse events that
were not dose-related. Furthermore, the dose expansion phase demonstrated the long-term
objective responses, with 15–20 percent objective response rates, a median overall survival
of 15.6 months, and a considerable tumor decrease [129].

Pembrolizumab is another anti-PD-1 that has been tested in the KEYNOTE-224 trial
(NCT02702414). This was a phase II, single-armed, nonrandomized study. Patients were
given 200 mg of pembrolizumab intravenously every three weeks for two years or until
progression. The objective response rate was 17%, with one patient (1%) achieving a com-
plete response, 17 patients (16%) achieving partial responses, 46 patients (44%) achieving
stable disease, and 34 patients (33%) with progression [130].

Camrelizumab is an anti-PD-1 that binds to a different epitope compared to nivolumab
and pembrolizumab. The efficacy and safety of camrelizumab were investigated for HCC
patients in the phase II trial (NCT02989922). This was a multicenter, open-label, parallel-
grouped, randomized phase II trial. The findings showed that camrelizumab has manage-
able drug toxicity, a 14.7 percent objective response, and a 74.4 percent and 55.9 percent
overall survival probability at 6 and 12 months, respectively, suggesting that it could
be used as a new second-line therapeutic option for patients with advanced HCC [131].
Tislelizumab is another anti-PD-1 that is being investigated as a first-line treatment in
patients with advanced unresectable HCC in the RATIONALE-301 trial (NCT03412773).
This was a multicenter, randomized, open-label trial comparing the efficacy and safety
of tislelizumab versus sorafenib as a first-line treatment in patients with advanced unre-
sectable HCC [131].
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A clinical trial (NCT01693562) has shown that durvalumab, as an anti-PD-L1, can
demonstrate an acceptable safety profile and exert promising antitumoral responses [132].
Atezolizumab and avelumab are other anti-PD-L1s that are being investigated for treating
HCC patients [142]. Tremelimumab is the first completely human immunoglobulin (Ig)G2
mAb that is being studied to target CTLA-4 in HCC patients (NCT01008358). In this
pilot, the clinical trial was to evaluate the antitumor and antiviral effects of tremelimumab.
Tremelimumab (15 mg/kg IV) was given every 90 days until the tumor advanced or until
significant toxicity developed. The toxicity and viral response were assessed in 20 patients,
while the tumor response was evaluated in 17 cases. The findings showed a partial response
rate of 17.6% and a disease control rate of 76.4%. The time to progression was 6.48 months.
The study has shown the good safety profile of tremelimumab [133].

Cabolimab (TSR-022) is an anti-TIM-3 that is being tested in patients with advanced
solid tumors, including HCC (NCT02817633) [110].

5.2. Dendritic Cell-Based Vaccines

Dendritic cells (DCs) have recently attracted growing attention for treating solid
tumors such as HCC. Accumulating in vitro and in vivo studies have identified some
tumor-associated antigens (TAAs) for generating DC vaccines [9,11].

In 2003, the first clinical experiment was designed to stimulate specific T cell responses
against the alpha-fetoprotein (AFP). AFP is a self-protein that is highly produced in the
fetal liver; however, its level in the serum of adults is, physiologically, around 5 to 10 µg/L.
HCC cells upregulate the AFP, and patients with active disease may have plasma levels
as high as 0.5–1 mg/mL [143,144]. Butterfield et al. have performed a phase I/II trial
in which AFP-positive HCC patients were immunized with DC vaccines against AFP
peptides. Ten patients with HCC were treated. Six of the ten patients had statistically
significant increases in the AFP-specific T cells after vaccination to at least one peptide
by MHC tetramer. In addition, six of the ten subjects increased IFN-γ after vaccination,
resulting in AFP-specific T cell responses to at least one of the peptides. They have shown
that, following the infusion of the AFP peptide-pulsed DCs, the T cells can respond to the
AFP in the presence of large quantities of this oncofetal antigen in the blood. Although
this vaccine was an effective immunologic stimulus, objective clinical responses were not
observed in this group of HCC patients [145]. Then, vaccines based on autologous DCs
pulsed ex vivo with either an autologous tumor lysate or the lysate of HepG2 cells were
developed [134,142,146].

Cancer-testis antigens (CTAs) are also promising targets for HCC immunotherapy [147].
New York esophageal squamous cell carcinoma-1 (NY-ESO-1), also known as CTAG1, is
a CTA that is highly immunogenic. Earlier studies have found that NY-ESO-1 is strongly
expressed in various solid tumors, and DC vaccines targeting NY-ESO-1 were investi-
gated [148]. NY-ESO-1 expression can facilitate tumor development and the DCs loaded
with the NY-ESO-1 peptide can trigger specific T cell responses against the HCC cells [137].

5.3. Non-Cell-Based Vaccines

Following the discovery of TAAs, vaccines targeting the TAAs have been developed.
Tumor antigens, such as glypican-3 (GPC-3), and telomerase reverse transcriptase (hTERT)
have been identified as potential vaccine-based immunotherapeutic targets for HCC [12].

Clinical evidence on the GPC-3-based vaccines suggests that they can produce antitu-
moral immune responses, and that their administration is associated with the improved OS
of HCC patients [135,149]. Consistent with this, it has been reported that GPC3 is overex-
pressed in HCC cells and is associated with the worsened prognosis of HCC patients [150].
Sawada et al., in a nonrandomized, open-label, phase I clinical trial have analyzed the
safety and efficacy of GPC3 peptide vaccination in patients with advanced HCC. In this
study, thirty-three patients with advanced HCC were enrolled. The GPC3 vaccine was
well tolerated. One patient had a partial response, and nineteen patients had a stable
disease two months after the treatment began. Four of the nineteen patients with the stable
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disease had tumor necrosis or regression. In nine patients, the levels of the tumor markers,
such as α-fetoprotein, temporarily decreased. In 30 patients, the GPC3 peptide vaccine
elicited a GPC3-specific CTL response. Furthermore, the patients with high GPC3-specific
CTL frequencies had a significantly longer OS than those with low frequencies. It has
been shown that the vaccination against the two GPC3 peptides can result in specific CTL
responses in patients with advanced HCCs [135].

As a catalytic enzyme essential for telomere elongation, hTERT is overexpressed in
80–90% of HCC cells. Mizukoshi et al. have identified human leukocyte antigen (HLA)-
A*2402-restricted T cell epitopes derived from hTERT, and subsequently examined the
hTERT-specific immunological responses in HCC patients. Positive T cell responses were
seen in 6.9 to 12.5 percent of HCC patients. Even in patients with the early stages of HCC,
hTERT-specific T cell responses were observed. In conclusion, the peptides containing
the epitopes have generated hTERT-specific CD8+ T cell-mediated immune responses and
exhibited a high affinity for binding to HLA-A*2402. Indeed, this enzyme represents a
promising target in HCC immunotherapy [138].

A multiepitope and multi-HLA peptide vaccine is currently being investigated for
safety and immunogenicity in HCC patients undergoing surgical and/or locoregional
treatments [25]. A single-arm, open-label, multicenter, first-in-man phase I/II study
(NCT03203005) evaluated a multi-peptide-based HCC vaccine (IMA970A) plus a CV8102
adjuvant (RNAdjuvant) in patients with very early, early, and intermediate-stage HCC. This
trial is currently ongoing to assess the safety and immunogenicity of this vaccination [151].

5.4. Oncolytic Viruses

Since oncolytic viruses (OVs) can preferentially replicate in the tumoral cells and can
infect the tumoral cells throughout the tumor bulk, they are promising strategies for cancer
immunotherapy [152]. Despite their advantages, OV dosing must be adequately specified
for clinical use; therefore, more clinical trials are needed to answer these questions [9].

Recently, a herpes simplex virus type 1-based oncolytic vector, LDO-GFP, has been
introduced as a new agent to destroy HCC cells. The oncolytic activity of LDO-GFP
against HCC was examined in vitro and in vivo, as well as the safety profile of LDO-GFP
in immunocompetent mice. Such a safe and effective OV appears to be a suitable option
for people with HCC. The intratumoral and intravenous administration of LDO-GFP has
been associated with decreased tumor growth without substantial toxicity [139].

Another group has investigated the antitumoral effect of Golgi protein 73 (GP73)-
sphingosine kinase 1 (SphK1)-short RNA (Sr)-adenovirus serotype 5 (Ad5) on the devel-
opment of HCC. GP73-SphK1sR-Ad5 was produced by integrating the GP73 promoter
and SphK1-shRNA into Ad5 and transfected into HCC Huh7 cells and normal human
liver HL-7702 cells. This construct has displayed an inhibitory effect in HCC Huh7 cells
and stimulated the expression of adenovirus early region 1A (E1A), a gene involved in
viral replication in host cells but not in HL-7702 cells. These results have shown that
GP73-SphK1sR-Ad5 is exclusive for the HCC cells. In animal models, its intratumoral
injection has decreased the tumor volume, the tumor infiltration area, blood vessel density,
and prolonged the survival of the affected animals [140].

Cytokine-armed vaccinia virus can also effectively inhibit the development of HCC.
Zhang et al. have developed a cancer-targeted vaccinia virus containing the IL-37 gene
knocked in the region of the viral thymidine kinase (TK) gene, called VV-IL-37. In vitro
results have shown that VV-IL-37-infected HCC cells demonstrate decreased proliferation,
migration, and invasion via the reduction of the signal transducer and the activator of
transcription 3 (STAT3) phosphorylation. In vivo results have demonstrated that VV-IL-37
can increase IL-37 expression and stimulate antitumoral immune responses [141].

5.5. Adoptive Cell Transfer

Adoptive cell transfer (ACT) is a highly personalized cancer treatment. Indeed, the
recent advances in cell therapy have allowed us to modify lymphocytes to express chimeric



Life 2021, 11, 1355 15 of 25

antigen receptors (CARs). CARs are synthetic receptors that allow T lymphocytes to identify
TAAs in an MHC-independent manner [153]. Ongoing clinical trials are investigating
the therapeutic potentiality of CAR-T cells in treating advanced HCC. An open-label,
single-arm pilot study (NCT03130712) evaluated anti-GPC3 CAR T cells in patients with
advanced HCC. For this purpose, patients were subjected to leukapheresis to obtain
PBMCs. Activated T cells were engineered to express CARs that are specific to GPC3. These
cells were expanded and administrated to the patient. In four advanced HCC patients,
two escalating dosage levels (DLs) of CAR-T (1 × 105 to 5 × 105 CAR+ T cells/cm3)
were used. Injections were made from three angles at two regions of the tumor under
ultrasound supervision. In vivo, the GPC3-CAR-T cells expanded and were found in the
peripheral blood of individuals who had a positive response. On days 12–15 after the
intratumor injection of the CAR-T cells, three of the four patients had grade 2 cytokine
release syndrome, but the tumor marker AFP in the blood did not change significantly. Two
of the four patients who had previously suffered progressing disease (PD) developed the
stable disease (SD) for more than 12 weeks. One patient had a partial response (PR) after
4 weeks, with portal vein tumor thrombus, but his body started producing the anti-GPC3
antibody after the second and third injections at 6 and 14 weeks, respectively, and he
developed PD at 18 weeks [136]. The administration of the anti-GPC3-CAR-T cells has
been associated with eradicating GPC3-positive HCC cells [154–157]. Moreover, other
clinical trials have investigated monotherapies with anti-GPC3-CAR-T cells (NCT03980288,
NCT04121273, and NCT03884751) [158–160], or in combination with cyclophosphamide
and fludarabine (NCT02905188) [159].

5.6. Combination Therapy

The combination of different therapies for HCC patients showed promising results.
The combination of two immunotherapies, or immunotherapies combined with conven-
tional therapeutic approaches such as angiogenesis inhibitors, represents an important
anti-HCC immune opportunity and has received significant attention.

An open-label, multicenter, multiarm, phase 1b study (NCT02715531) looked at the
efficacy and safety of combining atezolizumab (anti-PD-L1 mAb) and bevacizumab (anti-
VEGF mAb) in patients with unresectable HCC who had not previously received systemic
therapy. The study found that atezolizumab plus bevacizumab improved PFS and reduced
the risk of progression or death when compared to atezolizumab alone [161].

An open-label multicenter single-arm phase Ib study (NCT03006926) looked at the effi-
cacy of combining lenvatinib (anti-VEGFR mAb) with pembrolizumab (anti-PD-1 mAb) in
patients with unresectable HCC. Patients had a low toxicity profile and a high response rate
due to an increase in antitumor activity. The FDA has labeled the treatment “revolutionary”
for the first-line treatment of patients with unresectable HCC who are not candidates for
other therapies [162].

A randomized, open-label, multicenter trial (NCT03794440) in China has shown
the acceptable safety of the combination of sintilimab (anti-PD1 mAb) and bevacizumab
(anti-VEGF mAb) as a first-line treatment in patients with advanced HCC. This study has
revealed that sintilimab plus bevacizumab is associated with significantly better clinical
benefits than sorafenib in patients with advanced HCC [163].

Furthermore, growing preclinical evidence has shown promising results in the com-
bination of ICIs and CAR-T [164]. Guo et al. have used clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology to
develop PD-1-knockout CAR-T cells. The CRISPR-mediated disruption of endogenous
PD-1 can improve the CAR-dependent antitumor activity of the GPC3-specific second-
generation CAR-T cells using CD28 as the costimulatory domain, as well as the in vivo
persistence and infiltration of CAR-T cells, but has no effect on the CD4 and CD8 cells or
the activation status of the CAR-T cells. In conclusion, the in vivo and in vitro results have
shown that disrupting PD-1 can enhance the CAR-T cell-mediated antitumoral immune
responses [165].
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6. Single Cell RNA Sequencing in Cancer

In the last years, rapid advancements in next-generation sequencing (NGS) technolo-
gies have yielded valuable insights into cancer genetics. Indeed, scRNA-seq is a promising
technology that can be applied to various research fields due to its ability to analyze rare
cell populations, identify gene regulatory links, and follow the evolution of different cell
lineages [166].

Single cells must first be separated from each other for processing, which often in-
volves tissue dissociation into a liquid cell suspension. Single cells are lysed after isola-
tion, and the RNA within the individual cells is collected and transcribed to cDNA via
reverse transcription. After that, the cDNA is amplified. Finally, high-throughput RNA-
seq libraries are created in which the transcripts are mapped to the individual cells [18]
(Figure 3). Indeed, the dissociation of the cells from the tissues is a fundamental step in
applying scRNA-seq to tumor samples. Possible transcriptional alterations resulting from
the sample collection and the processing could represent a limitation of this technology.
Some researchers have attempted to address this technical issue by using cell lines or
organoids [167,168].
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single-cell is lysed after isolation, and the RNA is collected and transcribed to cDNA via reverse transcription. After
that, the cDNA is amplified to create a high-throughput RNA-seq library. The analysis of single-cell expression profiles
permits the identification of different cell populations and subpopulations. The scRNA-seq allows for the characterizing
of immune cells within the tumor microenvironment, as well as cells present in low numbers and in the quiescent state
(https://smart.servier.com accessed on 23 August 2021).

scRNA-seq can demonstrate intertumoral and intratumoral heterogeneity that was
not possible to study using bulk sequencing [18]. Moreover, multiple cell types belonging
to distinct molecular patterns have been found in the tumor using scRNA-seq experiments.
The presence of functionally diverse cell populations within the tumors might indicate their
adaptation to the hostile tumor microenvironment. In this context, scRNA-seq technologies
allow us to identify and analyze the subpopulations that are present in extremely low
numbers and in a quiescent state, such as cancer stem cells (CSCs). CSCs are unique
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subpopulations of tumor cells that are resistant to conventional anticancer therapies and
can reproduce tumor bulk after anticancer therapies [169]. Besides, the single-cell se-
quencing technologies can discover treatment-resistant cell subpopulations, thus allowing
appropriate therapies to be chosen [170].

In addition, scRNA-seq experiments can allow for the characterizing of the immune
cells within the tumor microenvironment [170–172]. Zheng et al. have investigated the
entire TCR sequences and transcriptomes of >5000 single T cells isolated from HCC patients
and identified 11 separate T cell subsets with different distribution patterns [63]. Indeed,
single-cell sequencing technologies provide ample opportunities to investigate the origin
of CTCs [170,173,174].

Single-Cell Approach to Defining Immune Profile in HCC

The biology immune cells and the intercellular cross-talk in the HCC microenviron-
ment are highly complicated [175,176]. Although HCC tumors include a high number of
TILs, these TILs cannot destroy the tumor cells. The application of the scRNA-seq tech-
nologies can allow us to reveal distinct subtypes and the clonal expansion of TILs in HCC.
Zhang et al. have used a combination of two single-cell RNA sequencing technologies,
i.e., SMART-seq2 and droplet-based platforms, to study the landscape of the immune cells
in HCC [177]. As a result, the combination of the analyses of these two technologies may
provide us with a more comprehensive picture of the immune cells [178].

Zhang et al. have investigated immune cell composition, functional states, and cellular
contacts in HCC tumors. The use of the two scRNA-seq technologies have allowed for the
description of the immunological components of the HCC [177].

They have identified six macrophage clusters, and in particular, M4-c1-THBS1 and
M4-c2-C1QA (TAM-like macrophages) have been abundant in tumor tissues. The genetic
profile of M4-c1-THBS1 has been enriched for MDSCs signatures. These MDSC-like cells
have demonstrated high levels of ficolin 1(FCN1) and versican (VCAN) but low levels of
HLA-related genes. Besides, the expression of solute carrier family 40 member 1 (SLC40A1)
and glycoprotein Nmb (GPNMB) have been elevated. SLC40A1 encodes ferroportin,
an iron exporter, and modulates the TLR stimulus-induced proinflammatory cytokines,
e.g., IL-6, IL-23, and IL-1β. This suggests that iron metabolism is involved in the innate
immunity of the tumor microenvironment [177]. Another scRNA-seq-based study has
shown that M2 macrophages are the predominant population of TAMs in HCC. Ho et al.
have demonstrated that TAMs have high expression levels of two immunosuppressive
molecules, i.e., leucocyte-associated immunoglobulin-like receptor 1 (LAIR1) and hepatitis
A virus cellular receptor 2 (HAVCR2) (known as Tim-3) [17].

Zhang et al. have found that lysosomal-associated membrane protein 3 (LAMP3)+

DCs, which express the most number of ligands to bind the receptors of the T cells and
the NK cells, can substantially regulate lymphocytes. They have also identified a remark-
able association between the DCs and Treg, which might indicate the dysfunction of the
DCs [177].

The scRNA-seq data have discovered several clusters of tumor-infiltrating CD8+ T
cells. Although the exhausted CD8+ T cells have been the majority of the tumor-infiltrating
CD8+ T cells, CX3CR1-and granzyme K (GZMK)-expressing CD8+ T cells have also been
identified [179]. The analysis of the GZMK cluster has shown lower levels of cytotoxic
markers, i.e., granzyme B (GZMB), granulysin (GNLY), and killer cell lectin-like receptor
G1 (KLRG1), as well as specific exhaustion markers, i.e., PD-1, T cell immunoglobulin,
and the ITIM domain (TIGIT). Blackburn et al. have shown that inhibiting the PD-1, the
primary factor in T cell exhaustion, can decrease the apoptosis of the exhausted CD8+ T
cells with intermediate PD-1 expression [180].

Mucosal-associated invariant T (MAIT) cells with semi-invariant TCR alpha chains
are another cluster in HCC. The MAIT cells are activated in bacterial or viral infections
and are thought to be the first line of defense in the liver; however, their role in cancer is
unknown [179,181]. Zheng et al. have shown a remarkably decreased number of MAIT
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cells in tumors than in the neighboring normal liver tissues, which might support their
antitumoral roles in HCC [63].

7. Conclusions

Immunotherapy is becoming one of the most important approaches for treating HCC.
Combination therapies with ICIs, vaccines, oncolytic viruses, and conventional treatments
at different stages of patients are one of the next prospects for immunotherapies to boost
antitumor activity. Due to the heterogeneity of the tumor cells and the complexity of
the immuno-regulatory mechanisms, multimodal immunotherapy treatments represent
the next step in clinical antitumor efficacy, allowing researchers to advance the field and
improve HCC patient outcomes. Furthermore, emerging technologies like single-cell RNA
sequencing may help to determine the biomarkers of the predictive therapeutic response
to, and maximize the efficacy of, immunotherapy.

Author Contributions: Conceptualization R.F.; data curation, R.F., M.A.S., O.B., A.A., A.C., P.N. and
R.C.; writing, R.F. and M.A.S.; supervision, B.B. and N.S. All of the authors reviewed the manuscript,
approved the draft submission, and accepted responsibility for all aspects of this study. All authors
have read and agreed to the published version of the manuscript.

Funding: Not applicable.

Data Availability Statement: Not available.

Acknowledgments: The authors acknowledge the Smart Servier Medical Art for providing com-
prehensive medical and biological figures and datasets that are fruitful for the international scien-
tific community.

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

References
1. Ghouri, Y.A.; Mian, I.; Rowe, J.H. Review of hepatocellular carcinoma: Epidemiology, etiology, and carcinogenesis. J. Carcinog.

2017, 16, 1.
2. Llovet, J.M.; Zucman-Rossi, J.; Pikarsky, E.; Sangro, B.; Schwartz, M.; Sherman, M.; Gores, G. Hepatocellular carcinoma. Nat. Rev.

Dis. Primers 2016, 2, 16018. [CrossRef]
3. Chen, C.; Wang, G. Mechanisms of hepatocellular carcinoma and challenges and opportunities for molecular targeted therapy.

World J. Hepatol. 2015, 7, 1964–1970. [CrossRef]
4. Meringer, H.; Shibolet, O.; Deutsch, L. Hepatocellular carcinoma in the post-hepatitis C virus era: Should we change the

paradigm? World J. Gastroenterol. 2019, 25, 3929–3940. [CrossRef]
5. Ramakrishna, G.; Rastogi, A.; Trehanpati, N.; Sen, B.; Khosla, R.; Sarin, S.K. From cirrhosis to hepatocellular carcinoma: New

molecular insights on inflammation and cellular senescence. Liver Cancer 2013, 2, 367–383. [CrossRef] [PubMed]
6. Llovet, J.M.; Villanueva, A.; Lachenmayer, A.; Finn, R.S. Advances in targeted therapies for hepatocellular carcinoma in the

genomic era. Nat. Rev. Clin. Oncol. 2015, 12, 408–424. [CrossRef] [PubMed]
7. Benson, A.B.; D’Angelica, M.I.; Abbott, D.E.; Abrams, T.A.; Alberts, S.R.; Saenz, D.A.; Are, C.; Brown, D.B.; Chang, D.T.; Covey,

A.M.; et al. NCCN Guidelines Insights: Hepatobiliary Cancers, Version 1.2017. J. Natl. Compr. Cancer Netw. JNCCN 2017, 15,
563–573. [CrossRef]

8. El-Serag, H.B.; Rudolph, K.L. Hepatocellular carcinoma: Epidemiology and molecular carcinogenesis. Gastroenterology 2007, 132,
2557–2576. [CrossRef]

9. Fu, Y.; Liu, S.; Zeng, S.; Shen, H. From bench to bed: The tumor immune microenvironment and current immunotherapeutic
strategies for hepatocellular carcinoma. J. Exp. Clin. Cancer Res. CR 2019, 38, 396. [CrossRef]

10. Rosenberg, S.A. Decade in review-cancer immunotherapy: Entering the mainstream of cancer treatment. Nat. Rev. Clin. Oncol.
2014, 11, 630–632. [CrossRef] [PubMed]

11. Radford, K.J.; Tullett, K.M.; Lahoud, M.H. Dendritic cells and cancer immunotherapy. Curr. Opin. Immunol. 2014, 27, 26–32.
[CrossRef]

12. Greten, T.F.; Manns, M.P.; Korangy, F. Immunotherapy of HCC. Rev. Recent Clin. Trials 2008, 3, 31–39. [CrossRef] [PubMed]
13. Kole, C.; Charalampakis, N.; Tsakatikas, S.; Vailas, M.; Moris, D.; Gkotsis, E.; Kykalos, S.; Karamouzis, M.V.; Schizas, D.

Immunotherapy for Hepatocellular Carcinoma: A 2021 Update. Cancers 2020, 12, 2859. [CrossRef]
14. Kudo, M. Immuno-Oncology Therapy for Hepatocellular Carcinoma: Current Status and Ongoing Trials. Liver Cancer 2019, 8,

221–238. [CrossRef] [PubMed]
15. Eggert, T.; Greten, T.F. Tumor regulation of the tissue environment in the liver. Pharmacol. Ther. 2017, 173, 47–57. [CrossRef]

[PubMed]

http://doi.org/10.1038/nrdp.2016.18
http://doi.org/10.4254/wjh.v7.i15.1964
http://doi.org/10.3748/wjg.v25.i29.3929
http://doi.org/10.1159/000343852
http://www.ncbi.nlm.nih.gov/pubmed/24400224
http://doi.org/10.1038/nrclinonc.2015.103
http://www.ncbi.nlm.nih.gov/pubmed/26054909
http://doi.org/10.6004/jnccn.2017.0059
http://doi.org/10.1053/j.gastro.2007.04.061
http://doi.org/10.1186/s13046-019-1396-4
http://doi.org/10.1038/nrclinonc.2014.174
http://www.ncbi.nlm.nih.gov/pubmed/25311350
http://doi.org/10.1016/j.coi.2014.01.005
http://doi.org/10.2174/157488708783330549
http://www.ncbi.nlm.nih.gov/pubmed/18474013
http://doi.org/10.3390/cancers12102859
http://doi.org/10.1159/000501501
http://www.ncbi.nlm.nih.gov/pubmed/31602367
http://doi.org/10.1016/j.pharmthera.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28167218


Life 2021, 11, 1355 19 of 25

16. Oura, K.; Morishita, A.; Tani, J.; Masaki, T. Tumor Immune Microenvironment and Immunosuppressive Therapy in Hepatocellular
Carcinoma: A Review. Int. J. Mol. Sci. 2021, 22, 5801. [CrossRef] [PubMed]

17. Ho, D.W.-H.; Tsui, Y.-M.; Chan, L.-K.; Sze, K.M.-F.; Zhang, X.; Cheu, J.W.-S.; Chiu, Y.-T.; Lee, J.M.-F.; Chan, A.C.-Y.; Cheung,
E.T.-Y.; et al. Single-cell RNA sequencing shows the immunosuppressive landscape and tumor heterogeneity of HBV-associated
hepatocellular carcinoma. Nat. Commun. 2021, 12, 3684. [CrossRef]

18. Olsen, T.K.; Baryawno, N. Introduction to Single-Cell RNA Sequencing. Curr. Protoc. Mol. Biol. 2018, 122, e57. [CrossRef]
19. Burrell, R.A.; McGranahan, N.; Bartek, J.; Swanton, C. The causes and consequences of genetic heterogeneity in cancer evolution.

Nature 2013, 501, 338–345. [CrossRef]
20. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
21. Hinshaw, D.C.; Shevde, L.A. The Tumor Microenvironment Innately Modulates Cancer Progression. Cancer Res. 2019, 79,

4557–4566. [CrossRef]
22. Chew, V.; Lai, L.; Pan, L.; Lim, C.J.; Li, J.; Ong, R.; Chua, C.; Leong, J.Y.; Lim, K.H.; Toh, H.C.; et al. Delineation of an

immunosuppressive gradient in hepatocellular carcinoma using high-dimensional proteomic and transcriptomic analyses. Proc.
Natl. Acad. Sci. USA 2017, 114, E5900–E5909. [CrossRef]

23. Cariani, E.; Missale, G. Immune landscape of hepatocellular carcinoma microenvironment: Implications for prognosis and
therapeutic applications. Liver Int. Off. J. Int. Assoc. Study Liver 2019, 39, 1608–1621. [CrossRef]

24. Jenne, C.N.; Kubes, P. Immune surveillance by the liver. Nat. Immunol. 2013, 14, 996–1006. [CrossRef]
25. Buonaguro, L.; Mauriello, A.; Cavalluzzo, B.; Petrizzo, A.; Tagliamonte, M. Immunotherapy in hepatocellular carcinoma. Ann.

Hepatol. 2019, 18, 291–297. [CrossRef] [PubMed]
26. Schildberg, F.A.; Hegenbarth, S.I.; Schumak, B.; Scholz, K.; Limmer, A.; Knolle, P.A. Liver sinusoidal endothelial cells veto CD8 T

cell activation by antigen-presenting dendritic cells. Eur. J. Immunol. 2008, 38, 957–967. [CrossRef]
27. Ormandy, L.A.; Hillemann, T.; Wedemeyer, H.; Manns, M.P.; Greten, T.F.; Korangy, F. Increased populations of regulatory T cells

in peripheral blood of patients with hepatocellular carcinoma. Cancer Res. 2005, 65, 2457–2464. [CrossRef] [PubMed]
28. Li, F.; Zhao, Y.; Wei, L.; Li, S.; Liu, J. Tumor-infiltrating Treg, MDSC, and IDO expression associated with outcomes of neoadjuvant

chemotherapy of breast cancer. Cancer Biol. Ther. 2018, 19, 695–705. [CrossRef] [PubMed]
29. Bruger, A.M.; Dorhoi, A.; Esendagli, G.; Barczyk-Kahlert, K.; van der Bruggen, P.; Lipoldova, M.; Perecko, T.; Santibanez, J.;

Saraiva, M.; Van Ginderachter, J.A.; et al. How to measure the immunosuppressive activity of MDSC: Assays, problems and
potential solutions. Cancer Immunol. Immunother. CII 2019, 68, 631–644. [CrossRef]

30. Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol. 2009, 9,
162–174. [CrossRef]

31. Kapanadze, T.; Gamrekelashvili, J.; Ma, C.; Chan, C.; Zhao, F.; Hewitt, S.; Zender, L.; Kapoor, V.; Felsher, D.W.; Manns, M.P.;
et al. Regulation of accumulation and function of myeloid derived suppressor cells in different murine models of hepatocellular
carcinoma. J. Hepatol. 2013, 59, 1007–1013. [CrossRef]

32. Hoechst, B.; Voigtlaender, T.; Ormandy, L.; Gamrekelashvili, J.; Zhao, F.; Wedemeyer, H.; Lehner, F.; Manns, M.P.; Greten, T.F.;
Korangy, F. Myeloid derived suppressor cells inhibit natural killer cells in patients with hepatocellular carcinoma via the NKp30
receptor. Hepatology 2009, 50, 799–807. [CrossRef] [PubMed]

33. Chiu, D.K.-C.; Tse, A.P.-W.; Xu, I.M.-J.; Di Cui, J.; Lai, R.K.-H.; Li, L.L.; Koh, H.-Y.; Tsang, F.H.-C.; Wei, L.L.; Wong, C.-M.;
et al. Hypoxia inducible factor HIF-1 promotes myeloid-derived suppressor cells accumulation through ENTPD2/CD39L1 in
hepatocellular carcinoma. Nat. Commun. 2017, 8, 517. [CrossRef] [PubMed]

34. Dardalhon, V.; Anderson, A.C.; Karman, J.; Apetoh, L.; Chandwaskar, R.; Lee, D.H.; Cornejo, M.; Nishi, N.; Yamauchi, A.;
Quintana, F.J.; et al. Tim-3/galectin-9 pathway: Regulation of Th1 immunity through promotion of CD11b+Ly-6G+ myeloid cells.
J. Immunol. Baltim. Md 1950 2010, 185, 1383–1392. [CrossRef] [PubMed]

35. Dong, P.; Ma, L.; Liu, L.; Zhao, G.; Zhang, S.; Dong, L.; Xue, R.; Chen, S. CD86+/CD206+, Diametrically Polarized Tumor-
Associated Macrophages, Predict Hepatocellular Carcinoma Patient Prognosis. Int. J. Mol. Sci. 2016, 17, 320. [CrossRef]

36. Brown, C.E.; Vishwanath, R.P.; Aguilar, B.; Starr, R.; Najbauer, J.; Aboody, K.S.; Jensen, M.C. Tumor-derived chemokine MCP-
1/CCL2 is sufficient for mediating tumor tropism of adoptively transferred T cells. J. Immunol. Baltim. Md 1950 2007, 179,
3332–3341. [CrossRef]

37. Komohara, Y.; Jinushi, M.; Takeya, M. Clinical significance of macrophage heterogeneity in human malignant tumors. Cancer Sci.
2014, 105, 1–8. [CrossRef]

38. Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41, 49–61. [CrossRef]
39. Eruslanov, E.B.; Bhojnagarwala, P.S.; Quatromoni, J.G.; Stephen, T.L.; Ranganathan, A.; Deshpande, C.; Akimova, T.; Vachani, A.;

Litzky, L.; Hancock, W.W.; et al. Tumor-associated neutrophils stimulate T cell responses in early-stage human lung cancer. J. Clin.
Investig. 2014, 124, 5466–5480. [CrossRef]

40. Wang, T.-T.; Zhao, Y.-L.; Peng, L.-S.; Chen, N.; Chen, W.; Lv, Y.-P.; Mao, F.-Y.; Zhang, J.-Y.; Cheng, P.; Teng, Y.-S.; et al. Tumour-
activated neutrophils in gastric cancer foster immune suppression and disease progression through GM-CSF-PD-L1 pathway.
Gut 2017, 66, 1900–1911. [CrossRef]

41. Manfroi, B.; Moreaux, J.; Righini, C.; Ghiringhelli, F.; Sturm, N.; Huard, B. Tumor-associated neutrophils correlate with poor
prognosis in diffuse large B-cell lymphoma patients. Blood Cancer J. 2018, 8, 66. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms22115801
http://www.ncbi.nlm.nih.gov/pubmed/34071550
http://doi.org/10.1038/s41467-021-24010-1
http://doi.org/10.1002/cpmb.57
http://doi.org/10.1038/nature12625
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1158/0008-5472.CAN-18-3962
http://doi.org/10.1073/pnas.1706559114
http://doi.org/10.1111/liv.14192
http://doi.org/10.1038/ni.2691
http://doi.org/10.1016/j.aohep.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/31047849
http://doi.org/10.1002/eji.200738060
http://doi.org/10.1158/0008-5472.CAN-04-3232
http://www.ncbi.nlm.nih.gov/pubmed/15781662
http://doi.org/10.1080/15384047.2018.1450116
http://www.ncbi.nlm.nih.gov/pubmed/29621426
http://doi.org/10.1007/s00262-018-2170-8
http://doi.org/10.1038/nri2506
http://doi.org/10.1016/j.jhep.2013.06.010
http://doi.org/10.1002/hep.23054
http://www.ncbi.nlm.nih.gov/pubmed/19551844
http://doi.org/10.1038/s41467-017-00530-7
http://www.ncbi.nlm.nih.gov/pubmed/28894087
http://doi.org/10.4049/jimmunol.0903275
http://www.ncbi.nlm.nih.gov/pubmed/20574007
http://doi.org/10.3390/ijms17030320
http://doi.org/10.4049/jimmunol.179.5.3332
http://doi.org/10.1111/cas.12314
http://doi.org/10.1016/j.immuni.2014.06.010
http://doi.org/10.1172/JCI77053
http://doi.org/10.1136/gutjnl-2016-313075
http://doi.org/10.1038/s41408-018-0099-y
http://www.ncbi.nlm.nih.gov/pubmed/29977076


Life 2021, 11, 1355 20 of 25

42. Kalafati, L.; Mitroulis, I.; Verginis, P.; Chavakis, T.; Kourtzelis, I. Neutrophils as Orchestrators in Tumor Development and
Metastasis Formation. Front. Oncol. 2020, 10, 581457. [CrossRef] [PubMed]

43. Shaul, M.E.; Fridlender, Z.G. Neutrophils as active regulators of the immune system in the tumor microenvironment. J. Leukoc.
Biol. 2017, 102, 343–349. [CrossRef]

44. Andzinski, L.; Kasnitz, N.; Stahnke, S.; Wu, C.-F.; Gereke, M.; von Köckritz-Blickwede, M.; Schilling, B.; Brandau, S.; Weiss, S.;
Jablonska, J. Type I IFNs induce anti-tumor polarization of tumor associated neutrophils in mice and human. Int. J. Cancer 2016,
138, 1982–1993. [CrossRef]

45. Shaul, M.E.; Levy, L.; Sun, J.; Mishalian, I.; Singhal, S.; Kapoor, V.; Horng, W.; Fridlender, G.; Albelda, S.M.; Fridlender, Z.G.
Tumor-associated neutrophils display a distinct N1 profile following TGFβ modulation: A transcriptomics analysis of pro- vs.
antitumor TANs. Oncoimmunology 2016, 5, e1232221. [CrossRef]

46. Fridlender, Z.G.; Sun, J.; Kim, S.; Kapoor, V.; Cheng, G.; Ling, L.; Worthen, G.S.; Albelda, S.M. Polarization of tumor-associated
neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN. Cancer Cell 2009, 16, 183–194. [CrossRef]

47. He, G.; Zhang, H.; Zhou, J.; Wang, B.; Chen, Y.; Kong, Y.; Xie, X.; Wang, X.; Fei, R.; Wei, L.; et al. Peritumoural neutrophils
negatively regulate adaptive immunity via the PD-L1/PD-1 signalling pathway in hepatocellular carcinoma. J. Exp. Clin. Cancer
Res. CR 2015, 34, 141. [CrossRef]

48. Michaeli, J.; Shaul, M.E.; Mishalian, I.; Hovav, A.-H.; Levy, L.; Zolotriov, L.; Granot, Z.; Fridlender, Z.G. Tumor-associated
neutrophils induce apoptosis of non-activated CD8 T-cells in a TNFα and NO-dependent mechanism, promoting a tumor-
supportive environment. Oncoimmunology 2017, 6, e1356965. [CrossRef]

49. Zhou, S.-L.; Dai, Z.; Zhou, Z.-J.; Wang, X.-Y.; Yang, G.-H.; Wang, Z.; Huang, X.-W.; Fan, J.; Zhou, J. Overexpression of CXCL5
mediates neutrophil infiltration and indicates poor prognosis for hepatocellular carcinoma. Hepatology 2012, 56, 2242–2254.
[CrossRef]

50. Zhou, S.-L.; Yin, D.; Hu, Z.-Q.; Luo, C.-B.; Zhou, Z.-J.; Xin, H.-Y.; Yang, X.-R.; Shi, Y.-H.; Wang, Z.; Huang, X.-W.; et al. A
Positive Feedback Loop Between Cancer Stem-Like Cells and Tumor-Associated Neutrophils Controls Hepatocellular Carcinoma
Progression. Hepatology 2019, 70, 1214–1230. [CrossRef] [PubMed]

51. Li, Y.-W.; Qiu, S.-J.; Fan, J.; Zhou, J.; Gao, Q.; Xiao, Y.-S.; Xu, Y.-F. Intratumoral neutrophils: A poor prognostic factor for
hepatocellular carcinoma following resection. J. Hepatol. 2011, 54, 497–505. [CrossRef]

52. Arvanitakis, K.; Mitroulis, I.; Germanidis, G. Tumor-Associated Neutrophils in Hepatocellular Carcinoma Pathogenesis, Prognosis,
and Therapy. Cancers 2021, 13, 2899. [CrossRef] [PubMed]

53. Zou, W. Regulatory T cells, tumour immunity and immunotherapy. Nat. Rev. Immunol. 2006, 6, 295–307. [CrossRef] [PubMed]
54. Sakaguchi, S.; Miyara, M.; Costantino, C.M.; Hafler, D.A. FOXP3+ regulatory T cells in the human immune system. Nat. Rev.

Immunol. 2010, 10, 490–500. [CrossRef]
55. Lau, E. Non-coding RNA: Zooming in on lncRNA functions. Nat. Rev. Genet. 2014, 15, 574–575. [CrossRef] [PubMed]
56. Ponting, C.P.; Oliver, P.L.; Reik, W. Evolution and functions of long noncoding RNAs. Cell 2009, 136, 629–641. [CrossRef]
57. Jiang, R.; Tang, J.; Chen, Y.; Deng, L.; Ji, J.; Xie, Y.; Wang, K.; Jia, W.; Chu, W.-M.; Sun, B. The long noncoding RNA lnc-EGFR

stimulates T-regulatory cells differentiation thus promoting hepatocellular carcinoma immune evasion. Nat. Commun. 2017, 8,
15129. [CrossRef]

58. Guo, C.-L.; Yang, X.-H.; Cheng, W.; Xu, Y.; Li, J.-B.; Sun, Y.-X.; Bi, Y.-M.; Zhang, L.; Wang, Q.-C. Expression of Fas/FasL in CD8+ T
and CD3+ Foxp3+ Treg cells–relationship with apoptosis of circulating CD8+ T cells in hepatocellular carcinoma patients. Asian
Pac. J. Cancer Prev. APJCP 2014, 15, 2613–2618. [CrossRef]

59. Han, Y.; Chen, Z.; Yang, Y.; Jiang, Z.; Gu, Y.; Liu, Y.; Lin, C.; Pan, Z.; Yu, Y.; Jiang, M.; et al. Human CD14+ CTLA-4+ regulatory
dendritic cells suppress T-cell response by cytotoxic T-lymphocyte antigen-4-dependent IL-10 and indoleamine-2,3-dioxygenase
production in hepatocellular carcinoma. Hepatology 2014, 59, 567–579. [CrossRef]

60. Vignali, D.A.A.; Collison, L.W.; Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol. 2008, 8, 523–532. [CrossRef]
61. Fallarino, F.; Grohmann, U.; Hwang, K.W.; Orabona, C.; Vacca, C.; Bianchi, R.; Belladonna, M.L.; Fioretti, M.C.; Alegre, M.-L.;

Puccetti, P. Modulation of tryptophan catabolism by regulatory T cells. Nat. Immunol. 2003, 4, 1206–1212. [CrossRef] [PubMed]
62. Ostroumov, D.; Fekete-Drimusz, N.; Saborowski, M.; Kühnel, F.; Woller, N. CD4 and CD8 T lymphocyte interplay in controlling

tumor growth. Cell. Mol. Life Sci. CMLS 2018, 75, 689–713. [CrossRef] [PubMed]
63. 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.e16. [CrossRef] [PubMed]
64. Yokoyama, W.M.; Kim, S. How do natural killer cells find self to achieve tolerance? Immunity 2006, 24, 249–257. [CrossRef]
65. Ljunggren, H.G.; Kärre, K. In search of the “missing self”: MHC molecules and NK cell recognition. Immunol. Today 1990, 11,

237–244. [CrossRef]
66. Cerwenka, A.; Lanier, L.L. NKG2D ligands: Unconventional MHC class I-like molecules exploited by viruses and cancer. Tissue

Antigens 2003, 61, 335–343. [CrossRef]
67. Gasser, S.; Orsulic, S.; Brown, E.J.; Raulet, D.H. The DNA damage pathway regulates innate immune system ligands of the

NKG2D receptor. Nature 2005, 436, 1186–1190. [CrossRef]
68. Cassatella, M.A.; Anegón, I.; Cuturi, M.C.; Griskey, P.; Trinchieri, G.; Perussia, B. Fc gamma R(CD16) interaction with ligand

induces Ca2+ mobilization and phosphoinositide turnover in human natural killer cells. Role of Ca2+ in Fc gamma R(CD16)-
induced transcription and expression of lymphokine genes. J. Exp. Med. 1989, 169, 549–567. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2020.581457
http://www.ncbi.nlm.nih.gov/pubmed/33363012
http://doi.org/10.1189/jlb.5MR1216-508R
http://doi.org/10.1002/ijc.29945
http://doi.org/10.1080/2162402X.2016.1232221
http://doi.org/10.1016/j.ccr.2009.06.017
http://doi.org/10.1186/s13046-015-0256-0
http://doi.org/10.1080/2162402X.2017.1356965
http://doi.org/10.1002/hep.25907
http://doi.org/10.1002/hep.30630
http://www.ncbi.nlm.nih.gov/pubmed/30933361
http://doi.org/10.1016/j.jhep.2010.07.044
http://doi.org/10.3390/cancers13122899
http://www.ncbi.nlm.nih.gov/pubmed/34200529
http://doi.org/10.1038/nri1806
http://www.ncbi.nlm.nih.gov/pubmed/16557261
http://doi.org/10.1038/nri2785
http://doi.org/10.1038/nrg3795
http://www.ncbi.nlm.nih.gov/pubmed/25048169
http://doi.org/10.1016/j.cell.2009.02.006
http://doi.org/10.1038/ncomms15129
http://doi.org/10.7314/APJCP.2014.15.6.2613
http://doi.org/10.1002/hep.26694
http://doi.org/10.1038/nri2343
http://doi.org/10.1038/ni1003
http://www.ncbi.nlm.nih.gov/pubmed/14578884
http://doi.org/10.1007/s00018-017-2686-7
http://www.ncbi.nlm.nih.gov/pubmed/29032503
http://doi.org/10.1016/j.cell.2017.05.035
http://www.ncbi.nlm.nih.gov/pubmed/28622514
http://doi.org/10.1016/j.immuni.2006.03.006
http://doi.org/10.1016/0167-5699(90)90097-S
http://doi.org/10.1034/j.1399-0039.2003.00070.x
http://doi.org/10.1038/nature03884
http://doi.org/10.1084/jem.169.2.549
http://www.ncbi.nlm.nih.gov/pubmed/2536067


Life 2021, 11, 1355 21 of 25

69. Easom, N.J.W.; Stegmann, K.A.; Swadling, L.; Pallett, L.J.; Burton, A.R.; Odera, D.; Schmidt, N.; Huang, W.-C.; Fusai, G.; Davidson,
B.; et al. IL-15 Overcomes Hepatocellular Carcinoma-Induced NK Cell Dysfunction. Front. Immunol. 2018, 9, 1009. [CrossRef]

70. Rennert, C.; Tauber, C.; Fehrenbach, P.; Heim, K.; Bettinger, D.; Sogukpinar, Ö.; Schuch, A.; Zecher, B.F.; Bengsch, B.; Lang, S.A.;
et al. Adaptive Subsets Limit the Anti-Tumoral NK-Cell Activity in Hepatocellular Carcinoma. Cells 2021, 10, 1369. [CrossRef]

71. Harmon, C.; Robinson, M.W.; Fahey, R.; Whelan, S.; Houlihan, D.D.; Geoghegan, J.; O’Farrelly, C. Tissue-resident Eomes(hi)
T-bet(lo) CD56(bright) NK cells with reduced proinflammatory potential are enriched in the adult human liver. Eur. J. Immunol.
2016, 46, 2111–2120. [CrossRef]

72. Hudspeth, K.; Donadon, M.; Cimino, M.; Pontarini, E.; Tentorio, P.; Preti, M.; Hong, M.; Bertoletti, A.; Bicciato, S.; Invernizzi, P.;
et al. Human liver-resident CD56(bright)/CD16(neg) NK cells are retained within hepatic sinusoids via the engagement of CCR5
and CXCR6 pathways. J. Autoimmun. 2016, 66, 40–50. [CrossRef]

73. Jacobs, R.; Hintzen, G.; Kemper, A.; Beul, K.; Kempf, S.; Behrens, G.; Sykora, K.W.; Schmidt, R.E. CD56bright cells differ in their
KIR repertoire and cytotoxic features from CD56dim NK cells. Eur. J. Immunol. 2001, 31, 3121–3127. [CrossRef]

74. Sun, J.C.; Beilke, J.N.; Lanier, L.L. Adaptive immune features of natural killer cells. Nature 2009, 457, 557–561. [CrossRef]
75. Paul, S.; Lal, G. The Molecular Mechanism of Natural Killer Cells Function and Its Importance in Cancer Immunotherapy. Front.

Immunol. 2017, 8, 1124. [CrossRef]
76. Racanelli, V.; Rehermann, B. The liver as an immunological organ. Hepatology 2006, 43, S54–S62. [CrossRef] [PubMed]
77. Guan, J.; Wang, G.; Yang, Q.; Chen, C.; Deng, J.; Gu, X.; Zhu, H. Natural Killer T Cells in Various Mouse Models of Hepatitis.

BioMed Res. Int. 2021, 2021, 1782765. [CrossRef] [PubMed]
78. Bandyopadhyay, K.; Marrero, I.; Kumar, V. NKT cell subsets as key participants in liver physiology and pathology. Cell. Mol.

Immunol. 2016, 13, 337–346. [CrossRef]
79. Notas, G.; Kisseleva, T.; Brenner, D. NK and NKT cells in liver injury and fibrosis. Clin. Immunol. Orlando Fla 2009, 130, 16–26.

[CrossRef] [PubMed]
80. Shibolet, O.; Alper, R.; Zlotogarov, L.; Thalenfeld, B.; Engelhardt, D.; Rabbani, E.; Ilan, Y. NKT and CD8 lymphocytes mediate

suppression of hepatocellular carcinoma growth via tumor antigen-pulsed dendritic cells. Int. J. Cancer 2003, 106, 236–243.
[CrossRef] [PubMed]

81. Kawarabayashi, N.; Seki, S.; Hatsuse, K.; Ohkawa, T.; Koike, Y.; Aihara, T.; Habu, Y.; Nakagawa, R.; Ami, K.; Hiraide, H.; et al.
Decrease of CD56(+)T cells and natural killer cells in cirrhotic livers with hepatitis C may be involved in their susceptibility to
hepatocellular carcinoma. Hepatology 2000, 32, 962–969. [CrossRef]

82. Lau, A.H.; Thomson, A.W. Dendritic cells and immune regulation in the liver. Gut 2003, 52, 307–314. [CrossRef] [PubMed]
83. Lurje, I.; Hammerich, L.; Tacke, F. Dendritic Cell and T Cell Crosstalk in Liver Fibrogenesis and Hepatocarcinogenesis: Implica-

tions for Prevention and Therapy of Liver Cancer. Int. J. Mol. Sci. 2020, 21, 7378. [CrossRef] [PubMed]
84. Zhou, G.; Sprengers, D.; Boor, P.P.C.; Doukas, M.; Schutz, H.; Mancham, S.; Pedroza-Gonzalez, A.; Polak, W.G.; de Jonge, J.;

Gaspersz, M.; et al. Antibodies Against Immune Checkpoint Molecules Restore Functions of Tumor-Infiltrating T Cells in
Hepatocellular Carcinomas. Gastroenterology 2017, 153, 1107–1119.e10. [CrossRef] [PubMed]

85. Affo, S.; Yu, L.-X.; Schwabe, R.F. The Role of Cancer-Associated Fibroblasts and Fibrosis in Liver Cancer. Annu. Rev. Pathol. 2017,
12, 153–186. [CrossRef]

86. Yin, Z.; Dong, C.; Jiang, K.; Xu, Z.; Li, R.; Guo, K.; Shao, S.; Wang, L. Heterogeneity of cancer-associated fibroblasts and roles in
the progression, prognosis, and therapy of hepatocellular carcinoma. J. Hematol. Oncol.J. Hematol. Oncol. 2019, 12, 101. [CrossRef]

87. Cheng, Y.; Li, H.; Deng, Y.; Tai, Y.; Zeng, K.; Zhang, Y.; Liu, W.; Zhang, Q.; Yang, Y. Cancer-associated fibroblasts induce PDL1+
neutrophils through the IL6-STAT3 pathway that foster immune suppression in hepatocellular carcinoma. Cell Death Dis. 2018, 9,
422. [CrossRef] [PubMed]

88. Deng, Y.; Cheng, J.; Fu, B.; Liu, W.; Chen, G.; Zhang, Q.; Yang, Y. Hepatic carcinoma-associated fibroblasts enhance immune
suppression by facilitating the generation of myeloid-derived suppressor cells. Oncogene 2017, 36, 1090–1101. [CrossRef]

89. Zhou, Y.; Ren, H.; Dai, B.; Li, J.; Shang, L.; Huang, J.; Shi, X. Hepatocellular carcinoma-derived exosomal miRNA-21 contributes
to tumor progression by converting hepatocyte stellate cells to cancer-associated fibroblasts. J. Exp. Clin. Cancer Res. CR 2018, 37,
324. [CrossRef] [PubMed]

90. Poisson, J.; Lemoinne, S.; Boulanger, C.; Durand, F.; Moreau, R.; Valla, D.; Raut, P.E. Liver sinusoidal endothelial cells: Physiology
and role in liver diseases. J. Hepatol. 2017, 66, 212–227. [CrossRef]

91. Shetty, S.; Lalor, P.F.; Adams, D.H. Liver sinusoidal endothelial cells-gatekeepers of hepatic immunity. Rev. Gastroenterolo Hepatol.
2018, 15, 555–567. [CrossRef]

92. Braet, F.; Wisse, E. Structural and functional aspects of liver sinusoidal endothelial cell fenestrae: A review. Comp Hepatol. 2002,
23, 1. [CrossRef]

93. Knolle, P.A.; Wohlleber, D. Immunological functions of liver sinusoidal endothelial cells. Cell Mol. Immunol. 2016, 13, 347–353.
[CrossRef]

94. Wohlleber, D.; Knolle, P.A. The role of liver sinusoidal cells in local hepatic immune surveillance. Clin. Transl. Immunol. 2016, 5,
e117. [CrossRef]

95. Wilkinson, A.L.; Qurashi, M.; Shett, S. The Role of Sinusoidal Endothelial Cells in the Axis of Inflammation and Cancer Within
the Liver. Front. Physiol. 2020, 11, 990. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2018.01009
http://doi.org/10.3390/cells10061369
http://doi.org/10.1002/eji.201646559
http://doi.org/10.1016/j.jaut.2015.08.011
http://doi.org/10.1002/1521-4141(2001010)31:10&lt;3121::AID-IMMU3121&gt;3.0.CO;2-4
http://doi.org/10.1038/nature07665
http://doi.org/10.3389/fimmu.2017.01124
http://doi.org/10.1002/hep.21060
http://www.ncbi.nlm.nih.gov/pubmed/16447271
http://doi.org/10.1155/2021/1782765
http://www.ncbi.nlm.nih.gov/pubmed/33506011
http://doi.org/10.1038/cmi.2015.115
http://doi.org/10.1016/j.clim.2008.08.008
http://www.ncbi.nlm.nih.gov/pubmed/18823822
http://doi.org/10.1002/ijc.11201
http://www.ncbi.nlm.nih.gov/pubmed/12800200
http://doi.org/10.1053/jhep.2000.19362
http://doi.org/10.1136/gut.52.2.307
http://www.ncbi.nlm.nih.gov/pubmed/12524419
http://doi.org/10.3390/ijms21197378
http://www.ncbi.nlm.nih.gov/pubmed/33036244
http://doi.org/10.1053/j.gastro.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28648905
http://doi.org/10.1146/annurev-pathol-052016-100322
http://doi.org/10.1186/s13045-019-0782-x
http://doi.org/10.1038/s41419-018-0458-4
http://www.ncbi.nlm.nih.gov/pubmed/29556041
http://doi.org/10.1038/onc.2016.273
http://doi.org/10.1186/s13046-018-0965-2
http://www.ncbi.nlm.nih.gov/pubmed/30591064
http://doi.org/10.1016/j.jhep.2016.07.009
http://doi.org/10.1038/s41575-018-0020-y
http://doi.org/10.1186/1476-5926-1-1
http://doi.org/10.1038/cmi.2016.5
http://doi.org/10.1038/cti.2016.74
http://doi.org/10.3389/fphys.2020.00990
http://www.ncbi.nlm.nih.gov/pubmed/32982772


Life 2021, 11, 1355 22 of 25

96. Diehl, L.; Schurich, A.; Grochtmann, R.; Hegenbarth, S.; Chen, L.; Knoll, P.A. Tolerogenic maturation of liver sinusoidal endothelial
cells promotes B7-homolog 1-dependent CD8+ T cell tolerance. Hepatology 2008, 47, 296–305. [CrossRef]

97. Höchst, B.; Schildberg, F.A.; Böttcher, J.; Metzger, C.; Huss, S.; Türler, A.; Overhaus, M.; Knoblich, A.; Schneider, B.; Pantelis, D.;
et al. Liver sinusoidal endothelial cells contribute to CD8 T cell tolerance toward circulating carcinoembryonic antigen in mice.
Hepatology 2012, 56, 1924–1933. [CrossRef] [PubMed]

98. Carambia, A.; Freund, B.; Schwinge, D.; Heine, M.; Laschtowitz, A.; Huber, S.; Wraith, D.C.; Korn, T.; Schramm, C.; Lohse, A.W.;
et al. TGF-β-dependent induction of CD4+CD25+Foxp3+ Tregs by liver sinusoidal endothelial cells. J. Hepatol. 2014, 61, 594–599.
[CrossRef] [PubMed]

99. Nguyen-Lefebvre, A.T.; Horuzsko, A. Kupffer Cell Metabolism and Function. J. Enzymol. Metab. 2015, 1, 101.
100. Li, P.; He, K.; Li, J.; Liu, Z.; Gong, J. The role of Kupffer cells in hepatic diseases. Mol. Immunol. 2017, 85, 222–229. [CrossRef]
101. Wu, K.; Kryczek, I.; Chen, L.; Zou, W.; Welling, T.H. Kupffer cell suppression of CD8+ Tcells in human hepatocellular carcinoma

is mediated by B7-H1/programmed death-1 interactions. Cancer Res. 2009, 69, 8067–8075. [CrossRef] [PubMed]
102. Benedicto, I.; Molina-Jimenez, F.; Barreiro, O.; Maldonado-Rodriguez, A.; Prieto, J.; Moreno-Otero, R.; Aldabe, R.; López-Cabrera,

M.; Majano, P.L. Hepatitis C virus envelope components alter localization of hepatocyte tight junction-associated proteins and
promote occludin retention in the endoplasmic reticulum. Hepatology 2008, 48, 1044–1053. [CrossRef]

103. Ramaiah, S.K.; Rittling, S. Pathophysiological role of osteopontin in hepatic inflammation, toxicity, and cancer. Toxicol. Sci. 2008,
103, 4–13. [CrossRef] [PubMed]

104. Pellicoro, A.; Ramachandran, P.; Iredale, J.P.; Fallowfield, J.A. Liver fibrosis and repair: Immune regulation of wound healing in a
solid organ. Nat. Rev. Immunol. 2014, 14, 181–194. [CrossRef]

105. Ji, J.; Eggert, T.; Budhu, A.; Forgues, M.; Takai, A.; Dang, H.; Ye, Q.; Lee, J.S.; Kim, J.H.; Greten, T.F.; et al. Hepatic stellate cell
and monocyte interaction contributes to poor prognosis in hepatocellular carcinoma. Hepatology 2015, 62, 481–495. [CrossRef]
[PubMed]

106. Zhao, W.; Zhang, L.; Xu, Y.; Zhang, Z.; Ren, G.; Tang, K.; Kuang, P.; Zhao, B.; Yin, Z.; Wang, X. Hepatic stellate cells promote
tumor progression by enhancement of immunosuppressive cells in an orthotopic liver tumor mouse model. Lab. Investig. 2014,
94, 182–191. [CrossRef]

107. Resheq, Y.J.; Li, K.K.; Ward, S.T.; Wilhelm, A.; Garg, A.; Curbishley, S.M.; Blahova, M.; Zimmermann, H.W.; Jitschin, R.;
Mougiakakos, D.; et al. Contact-dependent depletion of hydrogen peroxide by catalase is a novel mechanism of myeloid-derived
suppressor cell induction operating in human hepatic stellate cells. J. Immunol. 2015, 194, 2578–2586. [CrossRef]

108. Yu, M.C.; Chen, C.H.; Liang, X.; Wang, L.; Gandhi, C.R.; Fung, J.J.; Lu, L.; Qian, S. Inhibition of T-cell responses by hepatic stellate
cells via B7-H1-mediated T-cell apoptosis in mice. Hepatology 2004, 40, 1312–1321. [CrossRef]

109. Li, Y.; Kim, B.G.; Qian, S.; Letterio, J.J.; Fung, J.J.; Lu, L.; Lin, F. Hepatic Stellate Cells Inhibit T Cells through Active TGF-β1 from
a Cell Surface-Bound Latent TGF-β1/GARP Complex. J. Immunol. 2015, 195, 2648–2656. [CrossRef]

110. Leone, P.; Solimando, A.G.; Fasano, R.; Argentiero, A.; Malerba, E.; Buonavoglia, A.; Lupo, L.G.; De Re, V.; Silvestris, N.; Racanelli,
V. The Evolving Role of Immune Checkpoint Inhibitors in Hepatocellular Carcinoma Treatment. Vaccines 2021, 9, 532. [CrossRef]

111. Agata, Y.; Kawasaki, A.; Nishimura, H.; Ishida, Y.; Tsubata, T.; Yagita, H.; Honjo, T. Expression of the PD-1 antigen on the surface
of stimulated mouse T and B lymphocytes. Int. Immunol. 1996, 8, 765–772. [CrossRef]

112. Keir, M.E.; Butte, M.J.; Freeman, G.J.; Sharpe, A.H. PD-1 and its ligands in tolerance and immunity. Annu. Rev. Immunol. 2008, 26,
677–704. [CrossRef]

113. Blank, C.; Mackensen, A. Contribution of the PD-L1/PD-1 pathway to T-cell exhaustion: An update on implications for chronic
infections and tumor evasion. Cancer Immunol. Immunother. CII 2007, 56, 739–745. [CrossRef]

114. Shi, F.; Shi, M.; Zeng, Z.; Qi, R.-Z.; Liu, Z.-W.; Zhang, J.-Y.; Yang, Y.-P.; Tien, P.; Wang, F.-S. PD-1 and PD-L1 upregulation promotes
CD8(+) T-cell apoptosis and postoperative recurrence in hepatocellular carcinoma patients. Int. J. Cancer 2011, 128, 887–896.
[CrossRef]

115. Jung, H.I.; Jeong, D.; Ji, S.; Ahn, T.S.; Bae, S.H.; Chin, S.; Chung, J.C.; Kim, H.C.; Lee, M.S.; Baek, M.-J. Overexpression of PD-L1
and PD-L2 Is Associated with Poor Prognosis in Patients with Hepatocellular Carcinoma. Cancer Res. Treat. 2017, 49, 246–254.
[CrossRef] [PubMed]

116. Mühlbauer, M.; Fleck, M.; Schütz, C.; Weiss, T.; Froh, M.; Blank, C.; Schölmerich, J.; Hellerbrand, C. PD-L1 is induced in
hepatocytes by viral infection and by interferon-alpha and -gamma and mediates T cell apoptosis. J. Hepatol. 2006, 45, 520–528.
[CrossRef] [PubMed]

117. Kim, H.-D.; Song, G.-W.; Park, S.; Jung, M.K.; Kim, M.H.; Kang, H.J.; Yoo, C.; Yi, K.; Kim, K.H.; Eo, S.; et al. Association Between
Expression Level of PD1 by Tumor-Infiltrating CD8+ T Cells and Features of Hepatocellular Carcinoma. Gastroenterology 2018,
155, 1936–1950.e17. [CrossRef]

118. Derakhshani, A.; Hashemzadeh, S.; Asadzadeh, Z.; Shadbad, M.A.; Rasibonab, F.; Safarpour, H.; Jafarlou, V.; Solimando, A.G.;
Racanelli, V.; Singh, P.K.; et al. Cytotoxic T-Lymphocyte Antigen-4 in Colorectal Cancer: Another Therapeutic Side of Capecitabine.
Cancers 2021, 13, 2414. [CrossRef] [PubMed]

119. Derakhshani, A.; Asadzadeh, Z.; Safarpour, H.; Leone, P.; Shadbad, M.A.; Heydari, A.; Baradaran, B.; Racanelli, V. Regulation of
CTLA-4 and PD-L1 Expression in Relapsing-Remitting Multiple Sclerosis Patients after Treatment with Fingolimod, IFNβ-1α,
Glatiramer Acetate, and Dimethyl Fumarate Drugs. J. Pers. Med. 2021, 11, 721. [CrossRef]

http://doi.org/10.1002/hep.21965
http://doi.org/10.1002/hep.25844
http://www.ncbi.nlm.nih.gov/pubmed/22610745
http://doi.org/10.1016/j.jhep.2014.04.027
http://www.ncbi.nlm.nih.gov/pubmed/24798620
http://doi.org/10.1016/j.molimm.2017.02.018
http://doi.org/10.1158/0008-5472.CAN-09-0901
http://www.ncbi.nlm.nih.gov/pubmed/19826049
http://doi.org/10.1002/hep.22465
http://doi.org/10.1093/toxsci/kfm246
http://www.ncbi.nlm.nih.gov/pubmed/17890765
http://doi.org/10.1038/nri3623
http://doi.org/10.1002/hep.27822
http://www.ncbi.nlm.nih.gov/pubmed/25833323
http://doi.org/10.1038/labinvest.2013.139
http://doi.org/10.4049/jimmunol.1401046
http://doi.org/10.1002/hep.20488
http://doi.org/10.4049/jimmunol.1500139
http://doi.org/10.3390/vaccines9050532
http://doi.org/10.1093/intimm/8.5.765
http://doi.org/10.1146/annurev.immunol.26.021607.090331
http://doi.org/10.1007/s00262-006-0272-1
http://doi.org/10.1002/ijc.25397
http://doi.org/10.4143/crt.2016.066
http://www.ncbi.nlm.nih.gov/pubmed/27456947
http://doi.org/10.1016/j.jhep.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16876901
http://doi.org/10.1053/j.gastro.2018.08.030
http://doi.org/10.3390/cancers13102414
http://www.ncbi.nlm.nih.gov/pubmed/34067631
http://doi.org/10.3390/jpm11080721


Life 2021, 11, 1355 23 of 25

120. Kudo, M. Immune Checkpoint Inhibition in Hepatocellular Carcinoma: Basics and Ongoing Clinical Trials. Oncology 2017, 92
(Suppl. S1), 50–62. [CrossRef]

121. Liu, F.; Liu, Y.; Chen, Z. Tim-3 expression and its role in hepatocellular carcinoma. J. Hematol. Oncol.J. Hematol. Oncol. 2018, 11,
126. [CrossRef]

122. Li, H.; Wu, K.; Tao, K.; Chen, L.; Zheng, Q.; Lu, X.; Liu, J.; Shi, L.; Liu, C.; Wang, G.; et al. Tim-3/galectin-9 signaling pathway
mediates T-cell dysfunction and predicts poor prognosis in patients with hepatitis B virus-associated hepatocellular carcinoma.
Hepatology 2012, 56, 1342–1351. [CrossRef] [PubMed]

123. Yan, W.; Liu, X.; Ma, H.; Zhang, H.; Song, X.; Gao, L.; Liang, X.; Ma, C. Tim-3 fosters HCC development by enhancing
TGF-β-mediated alternative activation of macrophages. Gut 2015, 64, 1593–1604. [CrossRef] [PubMed]

124. Capece, D.; Fischietti, M.; Verzella, D.; Gaggiano, A.; Cicciarelli, G.; Tessitore, A.; Zazzeroni, F.; Alesse, E. The inflammatory
microenvironment in hepatocellular carcinoma: A pivotal role for tumor-associated macrophages. BioMed Res. Int. 2013, 2013,
187204. [CrossRef]

125. Yang, L.; Zhang, Y. Tumor-associated macrophages, potential targets for cancer treatment. Biomark. Res. 2017, 5, 25. [CrossRef]
126. Ruffo, E.; Wu, R.C.; Bruno, T.C.; Workman, C.J.; Vignali, D.A.A. Lymphocyte-activation gene 3 (LAG3): The next immune

checkpoint receptor. Semin. Immunol. 2019, 42, 101305. [CrossRef]
127. Vogel, A.; Martinelli, E. Updated treatment recommendations for hepatocellular carcinoma (HCC) from the ESMO Clinical

Practice Guidelines. Ann. Oncol. 2021, 32, 801–805. [CrossRef]
128. Reck, M. Pembrolizumab as first-line therapy for metastatic non-small-cell lung cancer. Immunotherapyvol. 2018, 10, 93–105.

[CrossRef]
129. El-Khoueiry, A.B.; Sangro, B.; Yau, T.; Crocenzi, T.S.; Kudo, M.; Hsu, C.; Kim, T.-Y.; Choo, S.-P.; Trojan, J.; Welling, T.H.; et al.

Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040): An open-label, non-comparative, phase 1/2
dose escalation and expansion trial. Lancet Lond. Engl. 2017, 389, 2492–2502. [CrossRef]

130. 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]

131. Qin, S.; Finn, R.S.; Kudo, M.; Meyer, T.; Vogel, A.; Ducreux, M.; Macarulla, T.M.; Tomasello, G.; Boisserie, F.; Hou, J.; et al.
Rationale 301 study: Tislelizumab versus sorafenib as first-line treatment for unresectable hepatocellular carcinoma. Future Oncol.
Lond. Engl. 2019, 15, 1811–1822. [CrossRef]

132. Wainberg, Z.A.; Segal, N.H.; Jaeger, D.; Lee, K.-H.; Marshall, J.; Antonia, S.J.; Butler, M.; Sanborn, R.E.; Nemunaitis, J.J.; Carlson,
C.A.; et al. Safety and clinical activity of durvalumab monotherapy in patients with hepatocellular carcinoma (HCC). J. Clin.
Oncol. 2017, 35, 4071. [CrossRef]

133. Sangro, B.; Gomez-Martin, C.; de la Mata, M.; Iñarrairaegui, M.; Garralda, E.; Barrera, P.; Riezu-Boj, J.I.; Larrea, E.; Alfaro, C.;
Sarobe, P.; et al. A clinical trial of CTLA-4 blockade with tremelimumab in patients with hepatocellular carcinoma and chronic
hepatitis C. J. Hepatol. 2013, 59, 81–88. [CrossRef] [PubMed]

134. El Ansary, M.; Mogawer, S.; Elhamid, S.A.; Alwakil, S.; Aboelkasem, F.; Sabaawy, H.E.; Abdelhalim, O. Immunotherapy by
autologous dendritic cell vaccine in patients with advanced HCC. J. Cancer Res. Clin. Oncol. 2013, 139, 39–48. [CrossRef] [PubMed]

135. Sawada, Y.; Yoshikawa, T.; Nobuoka, D.; Shirakawa, H.; Kuronuma, T.; Motomura, Y.; Mizuno, S.; Ishii, H.; Nakachi, K.; Konishi,
M.; et al. Phase I trial of a glypican-3-derived peptide vaccine for advanced hepatocellular carcinoma: Immunologic evidence
and potential for improving overall survival. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2012, 18, 3686–3696. [CrossRef]

136. Chen, Y.; Chang-Yong, E.; Gong, Z.W.; Liu, S.; Wang, Z.X.; Yang, Y.S.; Zhang, X.W. Chimeric antigen receptor-engineered T-cell
therapy for liver cancer. Hepatobiliary Pancreat. Dis. Int. 2018, 17, 301–309. [CrossRef]

137. Chen, Y.; Huang, A.; Gao, M.; Yan, Y.; Zhang, W. Potential therapeutic value of dendritic cells loaded with NY-ESO-1 protein for
the immunotherapy of advanced hepatocellular carcinoma. Int. J. Mol. Med. 2013, 32, 1366–1372. [CrossRef]

138. Mizukoshi, E.; Nakamoto, Y.; Marukawa, Y.; Arai, K.; Yamashita, T.; Tsuji, H.; Kuzushima, K.; Takiguchi, M.; Kaneko, S. Cytotoxic
T cell responses to human telomerase reverse transcriptase in patients with hepatocellular carcinoma. Hepatology 2006, 43,
1284–1294. [CrossRef]

139. Luo, Y.; Lin, C.; Ren, W.; Ju, F.; Xu, Z.; Liu, H.; Yu, Z.; Chen, J.; Zhang, J.; Liu, P.; et al. Intravenous Injections of a Rationally
Selected Oncolytic Herpes Virus as a Potent Virotherapy for Hepatocellular Carcinoma. Mol. Ther. Oncolytics 2019, 15, 153–165.
[CrossRef]

140. Bai, Y.-H.; Yun, X.-J.; Xue, Y.; Zhou, T.; Sun, X.; Gao, Y.-J. A novel oncolytic adenovirus inhibits hepatocellular carcinoma growth.
J. Zhejiang Univ. Sci. B 2019, 20, 1003–1013. [CrossRef] [PubMed]

141. Zhang, Z.; Zhang, J.; Zhang, Y.; Xing, J.; Yu, Z. Vaccinia virus expressing IL-37 promotes antitumor immune responses in
hepatocellular carcinoma. Cell Biochem. Funct. 2019, 37, 618–624. [CrossRef]

142. Lee, H.W.; Cho, K.J.; Park, J.Y. Current Status and Future Direction of Immunotherapy in Hepatocellular Carcinoma: What Do
the Data Suggest? Immune Netw. 2020, 20, e11. [CrossRef] [PubMed]

143. Debruyne, E.N.; Delanghe, J.R. Diagnosing and monitoring hepatocellular carcinoma with alpha-fetoprotein: New aspects and
applications. Clin. Chim. Acta Int. J. Clin. Chem. 2008, 395, 19–26. [CrossRef] [PubMed]

144. Meng, W.; Bai, B.; Bai, Z.; Li, Y.; Yue, P.; Li, X.; Qiao, L. The immunosuppression role of alpha-fetoprotein in human hepatocellular
carcinoma. Discov. Med. 2016, 21, 489–494. [PubMed]

http://doi.org/10.1159/000451016
http://doi.org/10.1186/s13045-018-0667-4
http://doi.org/10.1002/hep.25777
http://www.ncbi.nlm.nih.gov/pubmed/22505239
http://doi.org/10.1136/gutjnl-2014-307671
http://www.ncbi.nlm.nih.gov/pubmed/25608525
http://doi.org/10.1155/2013/187204
http://doi.org/10.1186/s40364-017-0106-7
http://doi.org/10.1016/j.smim.2019.101305
http://doi.org/10.1016/j.annonc.2021.02.014
http://doi.org/10.2217/imt-2017-0121
http://doi.org/10.1016/S0140-6736(17)31046-2
http://doi.org/10.1016/S1470-2045(18)30351-6
http://doi.org/10.2217/fon-2019-0097
http://doi.org/10.1200/JCO.2017.35.15_suppl.4071
http://doi.org/10.1016/j.jhep.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23466307
http://doi.org/10.1007/s00432-012-1298-8
http://www.ncbi.nlm.nih.gov/pubmed/22886490
http://doi.org/10.1158/1078-0432.CCR-11-3044
http://doi.org/10.1016/j.hbpd.2018.05.005
http://doi.org/10.3892/ijmm.2013.1510
http://doi.org/10.1002/hep.21203
http://doi.org/10.1016/j.omto.2019.09.004
http://doi.org/10.1631/jzus.B1900089
http://www.ncbi.nlm.nih.gov/pubmed/31749347
http://doi.org/10.1002/cbf.3438
http://doi.org/10.4110/in.2020.20.e11
http://www.ncbi.nlm.nih.gov/pubmed/32158599
http://doi.org/10.1016/j.cca.2008.05.010
http://www.ncbi.nlm.nih.gov/pubmed/18538135
http://www.ncbi.nlm.nih.gov/pubmed/27448785


Life 2021, 11, 1355 24 of 25

145. Butterfield, L.H.; Ribas, A.; Dissette, V.B.; Lee, Y.; Yang, J.Q.; De la Rocha, P.; Duran, S.D.; Hernandez, J.; Seja, E.; Potter,
D.M.; et al. A phase I/II trial testing immunization of hepatocellular carcinoma patients with dendritic cells pulsed with four
alpha-fetoprotein peptides. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2006, 12, 2817–2825. [CrossRef]

146. Palmer, D.H.; Midgley, R.S.; Mirza, N.; Torr, E.E.; Ahmed, F.; Steele, J.C.; Steven, N.M.; Kerr, D.J.; Young, L.S.; Adams, D.H.
A phase II study of adoptive immunotherapy using dendritic cells pulsed with tumor lysate in patients with hepatocellular
carcinoma. Hepatology 2009, 49, 124–132. [CrossRef]

147. Caballero, O.L.; Chen, Y.-T. Cancer/testis (CT) antigens: Potential targets for immunotherapy. Cancer Sci. 2009, 100, 2014–2021.
[CrossRef]

148. Jäger, E.; Karbach, J.; Gnjatic, S.; Neumann, A.; Bender, A.; Valmori, D.; Ayyoub, M.; Ritter, E.; Ritter, G.; Jäger, D.; et al.
Recombinant vaccinia/fowlpox NY-ESO-1 vaccines induce both humoral and cellular NY-ESO-1-specific immune responses in
cancer patients. Proc. Natl. Acad. Sci. USA 2006, 103, 14453–14458. [CrossRef]

149. Tada, Y.; Yoshikawa, T.; Shimomura, M.; Sawada, Y.; Sakai, M.; Shirakawa, H.; Nobuoka, D.; Nakatsura, T. Analysis of cytotoxic T
lymphocytes from a patient with hepatocellular carcinoma who showed a clinical response to vaccination with a glypican-3-
derived peptide. Int. J. Oncol. 2013, 43, 1019–1026. [CrossRef]

150. Szoor, A.; Vaidya, A.; Velasquez, M.P.; Mei, Z.; Galvan, D.L.; Torres, D.; Gee, A.; Heczey, A.; Gottschalk, S. T Cell-Activating
Mesenchymal Stem Cells as a Biotherapeutic for HCC. Mol. Ther. Oncolytics 2017, 6, 69–79. [CrossRef]

151. Tagliamonte, M.; Petrizzo, A.; Mauriello, A.; Tornesello, M.L.; Buonaguro, F.M.; Buonaguro, L. Potentiating cancer vaccine efficacy
in liver cancer. Oncoimmunology 2018, 7, e1488564. [CrossRef] [PubMed]

152. Liu, T.-C.; Kirn, D. Systemic efficacy with oncolytic virus therapeutics: Clinical proof-of-concept and future directions. Cancer Res.
2007, 67, 429–432. [CrossRef]

153. Lim, W.A.; June, C.H. The Principles of Engineering Immune Cells to Treat Cancer. Cell 2017, 168, 724–740. [CrossRef]
154. Batra, S.A.; Rathi, P.; Guo, L.; Courtney, A.N.; Fleurence, J.; Balzeau, J.; Shaik, R.S.; Nguyen, T.P.; Wu, M.-F.; Bulsara, S.;

et al. Glypican-3-Specific CAR T Cells Coexpressing IL15 and IL21 Have Superior Expansion and Antitumor Activity against
Hepatocellular Carcinoma. Cancer Immunol. Res. 2020, 8, 309–320. [CrossRef]

155. Liu, X.; Wen, J.; Yi, H.; Hou, X.; Yin, Y.; Ye, G.; Wu, X.; Jiang, X. Split chimeric antigen receptor-modified T cells targeting glypican-3
suppress hepatocellular carcinoma growth with reduced cytokine release. Ther. Adv. Med. Oncol. 2020, 12, 1758835920910347.
[CrossRef]

156. Wang, P.; Qin, W.; Liu, T.; Jiang, D.; Cui, L.; Liu, X.; Fang, Y.; Tang, X.; Jin, H.; Qian, Q. PiggyBac-engineered T cells expressing a
glypican-3-specific chimeric antigen receptor show potent activities against hepatocellular carcinoma. Immunobiology 2020, 225,
151850. [CrossRef] [PubMed]

157. Wu, X.; Luo, H.; Shi, B.; Di, S.; Sun, R.; Su, J.; Liu, Y.; Li, H.; Jiang, H.; Li, Z. Combined Antitumor Effects of Sorafenib and
GPC3-CAR T Cells in Mouse Models of Hepatocellular Carcinoma. Mol. Ther. J. Am. Soc. Gene Ther. 2019, 27, 1483–1494.
[CrossRef]

158. Nishida, T.; Kataoka, H. Glypican 3-Targeted Therapy in Hepatocellular Carcinoma. Cancers 2019, 11, 1339. [CrossRef] [PubMed]
159. Zhang, L.; Ding, J.; Li, H.-Y.; Wang, Z.-H.; Wu, J. Immunotherapy for advanced hepatocellular carcinoma, where are we? Biochim.

Biophys. Acta BBA-Rev. Cancer 2020, 1874, 188441. [CrossRef]
160. Liang, T. A Phase I Clinical Study of 4th Generation Chimeric Antigen Receptor T Cells Targeting Glypican-3 (CAR-GPC3 T Cells)

in Patients with Advanced Hepatocellular Carcinoma. 2021. Available online: clinicaltrials.gov (accessed on 20 August 2021).
161. Lee, M.S.; Ryoo, B.-Y.; Hsu, C.-H.; Numata, K.; Stein, S.; Verret, W.; Hack, S.P.; Spahn, J.; Liu, B.; Abdullah, H.; et al. Atezolizumab

with or without bevacizumab in unresectable hepatocellular carcinoma (GO30140): An open-label, multicentre, phase 1b study.
Lancet Oncol. 2020, 21, 808–820. [CrossRef]

162. Finn, R.S.; Ikeda, M.; Zhu, A.X.; Sung, M.W.; Baron, A.D.; Kudo, M.; Okusaka, T.; Kobayashi, M.; Kumada, H.; Kaneko, S.; et al.
Phase Ib Study of Lenvatinib Plus Pembrolizumab in Patients With Unresectable Hepatocellular Carcinoma. J. Clin. Oncol. Off. J.
Am. Soc. Clin. Oncol. 2020, 38, 2960–2970. [CrossRef] [PubMed]

163. 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]

164. Hosseinkhani, N.; Derakhshani, A.; Kooshkaki, O.; Abdoli Shadbad, M.; Hajiasgharzadeh, K.; Baghbanzadeh, A.; Safarpour, H.;
Mokhtarzadeh, A.; Brunetti, O.; Yue, S.C.; et al. Immune Checkpoints and CAR-T Cells: The Pioneers in Future Cancer Therapies?
Int. J. Mol. Sci. 2020, 21, 8305. [CrossRef]

165. Guo, X.; Jiang, H.; Shi, B.; Zhou, M.; Zhang, H.; Shi, Z.; Du, G.; Luo, H.; Wu, X.; Wang, Y.; et al. Disruption of PD-1 Enhanced the
Anti-tumor Activity of Chimeric Antigen Receptor T Cells Against Hepatocellular Carcinoma. Front. Pharmacol. 2018, 9, 1118.
[CrossRef]

166. Hwang, B.; Lee, J.H.; Bang, D. Single-cell RNA sequencing technologies and bioinformatics pipelines. Exp. Mol. Med. 2018, 50,
1–14. [CrossRef]

167. Tung, P.-Y.; Blischak, J.D.; Hsiao, C.J.; Knowles, D.A.; Burnett, J.E.; Pritchard, J.K.; Gilad, Y. Batch effects and the effective design
of single-cell gene expression studies. Sci. Rep. 2017, 7, 39921. [CrossRef] [PubMed]

168. Grün, D.; Lyubimova, A.; Kester, L.; Wiebrands, K.; Basak, O.; Sasaki, N.; Clevers, H.; van Oudenaarden, A. Single-cell messenger
RNA sequencing reveals rare intestinal cell types. Nature 2015, 525, 251–255. [CrossRef]

http://doi.org/10.1158/1078-0432.CCR-05-2856
http://doi.org/10.1002/hep.22626
http://doi.org/10.1111/j.1349-7006.2009.01303.x
http://doi.org/10.1073/pnas.0606512103
http://doi.org/10.3892/ijo.2013.2044
http://doi.org/10.1016/j.omto.2017.07.002
http://doi.org/10.1080/2162402X.2018.1488564
http://www.ncbi.nlm.nih.gov/pubmed/30288355
http://doi.org/10.1158/0008-5472.CAN-06-2871
http://doi.org/10.1016/j.cell.2017.01.016
http://doi.org/10.1158/2326-6066.CIR-19-0293
http://doi.org/10.1177/1758835920910347
http://doi.org/10.1016/j.imbio.2019.09.009
http://www.ncbi.nlm.nih.gov/pubmed/31522780
http://doi.org/10.1016/j.ymthe.2019.04.020
http://doi.org/10.3390/cancers11091339
http://www.ncbi.nlm.nih.gov/pubmed/31510063
http://doi.org/10.1016/j.bbcan.2020.188441
clinicaltrials.gov
http://doi.org/10.1016/S1470-2045(20)30156-X
http://doi.org/10.1200/JCO.20.00808
http://www.ncbi.nlm.nih.gov/pubmed/32716739
http://doi.org/10.1016/S1470-2045(21)00252-7
http://doi.org/10.3390/ijms21218305
http://doi.org/10.3389/fphar.2018.01118
http://doi.org/10.1038/s12276-018-0071-8
http://doi.org/10.1038/srep39921
http://www.ncbi.nlm.nih.gov/pubmed/28045081
http://doi.org/10.1038/nature14966


Life 2021, 11, 1355 25 of 25

169. Prasetyanti, P.R.; Medema, J.P. Intra-tumor heterogeneity from a cancer stem cell perspective. Mol. Cancer 2017, 16, 41. [CrossRef]
170. González-Silva, L.; Quevedo, L.; Varela, I. Tumor Functional Heterogeneity Unraveled by scRNA-seq Technologies. Trends Cancer

2020, 6, 13–19. [CrossRef]
171. Valdes-Mora, F.; Handler, K.; Law, A.M.K.; Salomon, R.; Oakes, S.R.; Ormandy, C.J.; Gallego-Ortega, D. Single-Cell Transcriptomics

in Cancer Immunobiology: The Future of Precision Oncology. Front. Immunol. 2018, 9, 2582. [CrossRef]
172. Derakhshani, A.; Rostami, Z.; Safarpour, H.; Shadbad, M.A.; Nourbakhsh, N.S.; Argentiero, A.; Taefehshokr, S.; Tabrizi, N.J.;

Kooshkaki, O.; Astamal, R.V.; et al. From Oncogenic Signaling Pathways to Single-Cell Sequencing of Immune Cells: Changing
the Landscape of Cancer Immunotherapy. Mol. Basel Switz. 2021, 26, 2278. [CrossRef] [PubMed]

173. Miyamoto, D.T.; Zheng, Y.; Wittner, B.S.; Lee, R.J.; Zhu, H.; Broderick, K.T.; Desai, R.; Fox, D.B.; Brannigan, B.W.; Trautwein, J.;
et al. RNA-Seq of single prostate CTCs implicates noncanonical Wnt signaling in antiandrogen resistance. Science 2015, 349,
1351–1356. [CrossRef]

174. Aceto, N.; Bardia, A.; Miyamoto, D.T.; Donaldson, M.C.; Wittner, B.S.; Spencer, J.A.; Yu, M.; Pely, A.; Engstrom, A.; Zhu, H.;
et al. Circulating tumor cell clusters are oligoclonal precursors of breast cancer metastasis. Cell 2014, 158, 1110–1122. [CrossRef]
[PubMed]

175. Hackl, H.; Charoentong, P.; Finotello, F.; Trajanoski, Z. Computational genomics tools for dissecting tumour-immune cell
interactions. Nat. Rev. Genet. 2016, 17, 441–458. [CrossRef]

176. Ringelhan, M.; Pfister, D.; O’Connor, T.; Pikarsky, E.; Heikenwalder, M. The immunology of hepatocellular carcinoma. Nat.
Immunol. 2018, 19, 222–232. [CrossRef] [PubMed]

177. Zhang, Q.; He, Y.; Luo, N.; Patel, S.J.; Han, Y.; Gao, R.; Modak, M.; Carotta, S.; Haslinger, C.; Kind, D.; et al. Landscape and
Dynamics of Single Immune Cells in Hepatocellular Carcinoma. Cell 2019, 179, 829–845.e20. [CrossRef] [PubMed]

178. Ziegenhain, C.; Vieth, B.; Parekh, S.; Reinius, B.; Guillaumet-Adkins, A.; Smets, M.; Leonhardt, H.; Heyn, H.; Hellmann, I.; Enard,
W. Comparative Analysis of Single-Cell RNA Sequencing Methods. Mol. Cell 2017, 65, 631–643.e4. [CrossRef] [PubMed]

179. van Wilgenburg, B.; Scherwitzl, I.; Hutchinson, E.C.; Leng, T.; Kurioka, A.; Kulicke, C.; de Lara, C.; Cole, S.; Vasanawathana, S.;
Limpitikul, W.; et al. MAIT cells are activated during human viral infections. Nat. Commun. 2016, 7, 11653. [CrossRef]

180. Blackburn, S.D.; Shin, H.; Freeman, G.J.; Wherry, E.J. Selective expansion of a subset of exhausted CD8 T cells by alphaPD-L1
blockade. Proc. Natl. Acad. Sci. USA 2008, 105, 15016–15021. [CrossRef]

181. Kurioka, A.; Walker, L.J.; Klenerman, P.; Willberg, C.B. MAIT cells: New guardians of the liver. Clin. Transl. Immunol. 2016, 5, e98.
[CrossRef]

http://doi.org/10.1186/s12943-017-0600-4
http://doi.org/10.1016/j.trecan.2019.11.010
http://doi.org/10.3389/fimmu.2018.02582
http://doi.org/10.3390/molecules26082278
http://www.ncbi.nlm.nih.gov/pubmed/33920054
http://doi.org/10.1126/science.aab0917
http://doi.org/10.1016/j.cell.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25171411
http://doi.org/10.1038/nrg.2016.67
http://doi.org/10.1038/s41590-018-0044-z
http://www.ncbi.nlm.nih.gov/pubmed/29379119
http://doi.org/10.1016/j.cell.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31675496
http://doi.org/10.1016/j.molcel.2017.01.023
http://www.ncbi.nlm.nih.gov/pubmed/28212749
http://doi.org/10.1038/ncomms11653
http://doi.org/10.1073/pnas.0801497105
http://doi.org/10.1038/cti.2016.51

	Introduction 
	HCC Microenvironment 
	Tumor-Infiltrating Immune Cells and Surrounding Cells 
	Myeloid-Derived Suppressor Cells 
	Tumor-Associated Macrophages 
	Tumor-Associated Neutrophils 
	Regulatory T Cells 
	CD8+ Cytotoxic T Lymphocytes 
	Natural Killer Cells 
	Invariant Natural Killer T Cells 
	Dendritic Cells 
	Cancer-Associated Fibroblasts 
	Liver Sinusoid Endhotelial Cells 
	Kupffer Cells 
	Hepatic Stellate Cells 

	The Role of Inhibitory Immune Checkpoints in HCC Development 
	Programmed Death-1/Programmed Death Ligand-1 
	Cytotoxic T-Lymphocyte Antigen 4 
	Mucin Domain Molecule 3 
	Lymphocyte Activating Gene 3 

	Immunotherapeutic Approaches for Treating HCC 
	Immune-Checkpoint Inhibitors 
	Dendritic Cell-Based Vaccines 
	Non-Cell-Based Vaccines 
	Oncolytic Viruses 
	Adoptive Cell Transfer 
	Combination Therapy 

	Single Cell RNA Sequencing in Cancer 
	Conclusions 
	References

