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Abstract: Recent advancement in the immunological understanding of genesis of hepatocellular
carcinoma (HCC) has implicated a decline in anti-tumour immunity on the background of chronic
inflammatory state of liver parenchyma. The development of HCC involves a network of
immunological activity in the tumour microenvironment involving continuous interaction between
tumour and stromal cells. The reduction in anti-tumour immunity is secondary to changes in
various immune cells and cytokines, and the tumour microenvironment plays a critical role in
modulating the process of liver fibrosis, hepatocarcinogenesis, epithelial-mesenchymal transition
(EMT), tumor invasion and metastasis. Thus, it is considered as one of primary factor behind the
despicable tumour behavior and observed poor survival; along with increased risk of recurrence
following treatment in HCC. The primary intent of the present review is to facilitate the understanding
of the complex network of immunological interactions of various immune cells, cytokines and tumour
cells associated with the development and progression of HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) has caused significant health problem, and according to the
GLOBOCAN 2018 database, the annual incidence of the disease is almost 841,000 with 782,000 deaths.
HCC is ranked sixth among the most commonly encountered malignancy and is the fourth most
common cause of cancer-related mortality [1]. Despite the advancement of various surveillance systems
and therapeutic strategies, the prognosis of HCC has remained dismal, and it continues to bring
significant burden on healthcare delivery systems owing to late presentation, higher recurrence and
metastasis. The prognosis of this cancer is directly dependent on the stage of cancer at presentation.
During the early stage of presentation, hepatic resection or transplantation is considered as the
therapeutic option of choice; however, the reported five-year survival rate is between 40% and
70% owing to increased recurrences and metastasis. Moreover, in advanced disease, prognosis is
even worse with a median survival of between 3 and 11 months [2–4]. Contemporary studies have
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demonstrated that chronic inflammation and an associated decline in anti-tumour immunity create
a conducive environment for the onset of HCC. The proof of concept provided another theory that
an immune-mediated phenomenon can be modulated accordingly to treat the malignancy [5,6].
The therapeutic approach is based on synergism between radiofrequency (RF) energy and immune
checkpoint inhibitors. In this review, we first outline a detailed overview to answer the following
questions: ‘how does chronic inflammation in liver parenchyma modulate antitumor immunity?’ and
‘how does this intricate and heterogeneous landscape of immunological changes in liver parenchyma
facilitate onset and growth of HCC?′ Based on the fact that specific immune compositions may
extend tumour growth, an improved understanding of the functioning of immune cells and increase
in knowledge of diverse mechanisms of immune evasion will help in modulating the anti-tumour
immune response, we have highlighted the application of checkpoint inhibitors or with a combined
approach of targeted immunotherapy and radiofrequency.

The precancerous state of HCC is marked by prolonged chronic inflammation of the liver,
predominantly as a result of hepatitis B virus (HBV) and hepatitis C virus (HCV), other infections
and non-alcoholic steatohepatitis [7–9]. The risk factors of HCC lead to a chronic inflammatory state,
and the proclivities of proinflammatory cells present within the tumour microenvironment engender
carcinogenesis and dysregulated growth [10–12]; studies have outlined that continued expression of
cytokines and recruitment of immune cells on the background of a chronic inflammatory state might
cause DNA damage and, thereby, genetic mutations and neoplastic transformation [13–15].

Often, the host immune system is diligent in detecting and eliminating such aberrant changes and
prevents the occurrence of malignancy; nevertheless, studies have outlined similar observations in
various cancers, including melanoma and renal cell carcinoma, where spontaneous regression of a
tumour has been discerned alongside the marked clonal expansion of tumour-specific T-cells [16–18].

However, that is not always the case, and the background inflammatory state of liver parenchyma
brings significant altercation in the tumour microenvironment in order to dodge the immune system,
owing to alterations in molecular and cellular pathways involved in antigen processing, presentation
and degradation of HCC cells [19–21]. These changes bring a paradigm shift in the immune response
from anti-tumour to the state of tumour tolerance, leading to induction of the cancer process and
progress of HCC. Thus, evasions in the natural anti-tumour immune response are essential prerequisites
for the genesis of liver cancer. Liver cancer developing on the background of chronic inflammation and
proinflammatory cells present in the tumour’s microenvironment not only influences the natural course
of the disease but also determines the survival and recurrence following surgical resection [22–24].

2. Chronic Inflammation and Tumour Specific Immune Response in HCC

Mutations accrued within chronically inflamed hepatic parenchyma release loads of neo-antigens
and are presented by dendritic cells (DCs) to trigger primary stimulus to initiate the immune response;
however, the process requires additional co-stimulatory signalling to generate highly avid T cells
to facilitate lysis of HCC cells. The upregulation of co-stimulatory activating molecules plays an
important role in determining T cells’ response against tumour cells. The absence of anti-tumour
immune response not only prevents tumour cell lysis but also inflicts apoptosis and anergy of the
immune cells [22,25–27].

The DCs are most important antigen presenting cells (APC) and play a cardinal role in
orchestrating the immune response in hepatic parenchyma [28,29]. The activation of DCs is essential
in facilitating the binding between the recognition pattern receptors, Toll-like receptors (TLRs) and
damage-associated molecular patterns (DAMPs) from tumour cells [30,31]. The pattern recognition
receptors (TLR—Toll-like receptor) on DCs interact with DAMPs released by dysplastic cells of cirrhotic
liver to acquire an activated form. Activated DCs promote myriads of cellular activities, including
antigen processing thorough cross-presentation, expression of costimulatory molecules, release of
inflammatory cytokines, migration to regional lymph node and presentation of processed antigens via
major histocompatibility complex (MHC) class II molecules to naive CD4+ T cells [32,33] (Figure 1).
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Figure 1. Pictorial depiction of activation of dendritic cells (DCs) by damage-associated
molecular patterns (DAMPs) or neoantigens and subsequently enhanced expression of CD40,
major histocompatibility complex (MHC) molecules and the co-stimulatory molecules CD80 and
CD86. MHC II-mediated presentation of antigen to specific CD4+ T cells, with adjoining co-stimulatory
signals (from CD80 and/or CD86) leads to activation of CD4+ T cells. The enhanced expression of
the DCs’ licensing factors CD40 ligand (CD40L) and (LTα1β2) and binding between the CD40 and
LTβ receptor (LTβR) to ‘licenses DCs′. Additionally, the process promotes release of IFNγ, IL-4,
IL-12 and other cytokines, which in turn increase expression of CD70, CD86, 4-1BB ligand (4-1BBL),
OX40 ligand (OX40L) and GITR ligand (GITRL). Priming of CD8+ T cells via MHC upregulation
of CD27, 4-1BB, OX40 and GITR and binding with respective ligands bring further enhancement in
CD8+ T cell functioning. Abbreviations—CD: cluster of differentiation; DAMPs: damage-associated
molecular patterns; GITR: clucocorticoid-induced TNFR-related protein; GITRL: glucocorticoid-induced
TNFR-related protein ligand; IL-12: interleukin 12; IFNγ: interferon γ; LTα1β2: lymphotoxin-α1β2;
MHC: major histocompatibility complex; TLR: Toll-like receptor.

The interaction between MHC class II to T cell receptor (TCR) and CD80/CD86 with CD28 on
naive CD4+ T cells induces primary and co-stimulatory signalling, thereby activation and proliferation
of CD4+ T cells [34,35]. Further, the CD40 ligand-expressed over-activated CD4+ T cells bind
with CD40 molecules on APCs. The interaction leads to the release of IL-12, which initiates
the differentiation of T cells into type 1 T helper (Th1) cells also known as Th1 polarization and
IFNγ production [36,37]. Thereupon, Th1 cells aid in cross-presentation of exogenous antigens via
MHC class I molecules to CD8+ T cells to facilitate instigation into CD8+ cytotoxic T lymphocytes
(CTLs) [38,39]. CTLs also induce secretion of IFNγ and release granzyme B and perforin to cytolyze
HCC cells [40,41]. Hence, the anti-cancer immune response involves induction of the Th1 response,
DC-medicated cross-presentation, activation of pro-inflammatory or tumour-associated macrophages
(TAM), Tregs, myeloid-derived suppressor cells (MDSCs), NK cells and cytotoxic T cells to orchestrate
optimum immune reaction against HCC cells [6,22,42]. Nevertheless, HCC frequently surfaces over an
inflammatory background owing to failure in the anti-tumour immune response through induction
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of various immunosuppressive mechanisms. The tolerogenic property of liver helps in maintaining
balance between beneficial immune responses against the acute exposure of virulent antigens in contrast
to the perilousness of sustained immune response or chronic inflammation in the case of persistent
exposure. Thus, evasions of the natural anti-tumour immune response are essential prerequisites for
the genesis of liver cancer. The context of chronic inflammation and proinflammatory cells present in
the microenvironment of HCC tumours is to influence the natural course of the disease and determine
the survival and recurrence following surgical resection. During evaluation of the resectability of liver
tumours, the following determinants are taken into account whilst contemplating the therapeutic
approach: the extent of disease, size and location of tumour and underlying hepatic function, as the
preservation of non-cancerous liver parenchyma is associated with reduced post-hepatectomy liver
failure, decreased morbidity and mortality [43,44].

3. Neoantigens and Tumor-Associated Antigens in HCC

Hepatic cells accumulate cancer-specific neoantigens through genetic and epigenetic alterations
with the intension of initiating the aberrant neoplastic growth [45,46]. Neoantigens are products
of common mutations specific for certain malignancies taking place secondary to point mutations,
gene amplifications, abnormal splicing and fusion genes, which maybe act as targets for CTLs.
In contrast to other body cells, neoantigens are not introduced to the immune system as “self or
non-self”, making them an ideal candidate to induce immune response. The malignant cells with
higher antigenicity induce a relatively strong anti-tumour immune response and get eliminated;
however, the tumour, which has developed in given circumstances, is more able to withstand the
immune response [47–50].

Certain molecules have been identified to act as tumour-associated antigens (TAAs), cancer/testis
(CT) antigens and differentiation antigens. Cancer Testis (CT) antigens, present in cancerous tissues
including HCC, have resemblances to the peptides from the ovary, placenta and testis [51,52].
CT antigens do not have MHC; hence, the response of CTLs is selective to HCC cells bearing
these antigens and does not affect normal tissue. Other antigens like melanoma antigen and CT antigen
1 are primarily noticed in melanoma and esophageal cancer; however, they can also be seen in HCC.
Other TAAs that have been outlined in relation to HCC, including oncofetal protein observed in
malignant cells, are also occasionally witnessed in normal tissues, such as α-fetoprotein and glypican-3
(GPC3) [53–55].

Owing to their ability to avoid thymic selection, TAAs can drive CTLs’ response in collaboration
with CD4+ T cells to lyse tumour cells, and the degree of response is dependent on the frequency of
mutations and likelihood of presenting T cell epitope [56,57]. Theories have linked TAA-specific CD8+

T cell immune response with reduced recurrence and improved survival [58]; however, the reality is
deceived by the impaired IFNγ yield, as the efficacy of these responses seems to be misleading [59].
However, a recent study with sorafenib in advanced HCC demonstrated that enhanced expression
of IFN-γ producing CD8+ T cells was associated with better progression-free survival and increased
overall survival (OS). The increased frequencies of these effector T cells over Tregs were correlated
with significantly reduced mortality risk and better overall survival [60].

4. Cell- and Cytokine-Mediated Changes in HCC Tumour Microenvironment

The development of HCC involves a network of immunological activity in the tumour
microenvironment involving continuous interaction between the tumour and stromal cells. The tumour
microenvironment plays a critical role in modulating the process of liver fibrosis, hepa- tocarcinogenesis,
epithelial-mesenchymal transition (EMT), tumour invasion and metastasis.

The HCC microenvironment consists of (a) stromal cells, such as immune cells,
carcinoma-associated fibroblasts (CAFs), hepatic stellate cells (HSCs) and endothelial cells (b) growth
factors and inflammatory cytokines, and (c) extracellular matrix proteins [61–63]. One of the primary
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aims of this review is to facilitate understanding of the interaction between immune cells, cytokines and
tumour cells.

5. Macrophages and Associated Cytokines

5.1. Tumour-Associated Macrophages and Associated Cytokines

Tumour-associated macrophages (TAMs) are mature macrophages arising from circulatory
monocytic precursors and are one of the primary inflammatory cells involved with HCC-related
inflammation. The phenotypic polarization of macrophages to the classical (M1) or alternative
activation (M2) pathway occurs secondary to plasticity and is able to exercise both anti- and protumor
activities respectively [36,64,65].

The classical activation pathway (M1) prevails in the presence of Th1 following response to
microbial stimuli in the presence of cytokines, IFNγ and TLR ligands and results in release of additional
inflammatory cytokines (IL-1b, IL-6, IL-12 and TNF-a) from macrophages, thereupon further enhancing
Th1-mediated immune response and cytotoxic activity towards cancer cells, by producing high amounts
of toxic intermediates, such as reactive oxygen species (ROS) and nitric oxide (NO) [64,66].

On the contrary, TAMs attain M2 phenotypes in the presence of cytokines such as interleukin 4
(IL-4), interleukin 13 (IL-13), transforming growth factor (TGF-β) and immune complexes/Toll-like
receptor (TLR) ligands. The characteristics of index phenotypes include poor antigen-presenting
capability, expression of a distinctive set of cytokines like IL-10 and transforming growth factor (TGF-β)
and chemokines (CCL2, CCL22 and CCL 24), which suppress anti-tumour immune response to facilitate
tumour growth, invasion and metastasis [67,68].

Studies have outlined that differentiation of macrophages into either M1 or M2 is dynamic and
varies between/within HCC tumour nodules according to the predominant signal types, which is in
turn determined by the tumour microenvironment. Thus, the polarization process of macrophages
is determined by the tumour stage; the chronic inflammation helps in setting the M1 phenotype,
whilst TAMs turn into M2 phenotypes in established HCCs [69,70]. However, contemporary research
unraveled a “mixed” presentation of TAMs within different zones of HCC tumour nodules [59].
The plausible explanation of the above presentation could be related to the soluble mediators
released by malignant cells within different regions of HCC nodules, which destines the polarization
of macrophages by triggering transient early activation of monocytes in peritumoral stroma with
high expression of HLA-DR (human leukocyte antigen), interleukin 1 beta (IL-1b) and inducing
immunosuppressive M2 phenotypes in cancer nests [71–73].

Additionally, analysis of the state of the macrophage and involved molecules has exhibited
their potential in deducing the HCC tumour behaviour and prognosis. The malignant hepatocytes
express glypican-3 and secrete various molecules such as platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), TGF-β, CCL2 and MCSF to aid and abet the activation
and recruitment of TAMs within the peritumoural region of HCC nodules [74]. A multitude of
studies have demonstrated the positive correlation of enhanced expression of TAMs with angiogenesis,
distant metastasis and poor prognosis of HCC [75–77].

5.2. Myeloid-Derived Suppressor Cells (MDSCs) and Associated Cytokines

Myeloid-derived suppressor cells (MDSCs) are a bone-marrow-derived heterogenous population
of immature myeloid cells with various stages of differentiation. The distribution pattern involves
bone marrow, peripheral blood, spleen and tumour mass, which inhibit the immune response against
HCC cells. The proliferation and migration of MDSCs within the tumour microenvironment is
mediated through granulocyte macrophage colony stimulating factor (GM-CSF), which is released by
HCC cells [78,79]. The primary immunosuppressive mechanisms of MDSCs include the induction
of Tregs and inhibition of T cells and NK cells. The notable molecules involved in MDSC-mediated
immunosuppression are arginase (ARG1), inducible nitric oxide synthase (iNOS), IDO, ROS, TGF-β and
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IL-10 [80–82]. Furthermore, CD4+ and CD8+ T cell mediated immune response is constrained through
depleting arginine following induction of arginase, release of ROS and NO and downregulating of
L-selectin [83]. Exhausted stores of l-arginine and increased levels of NO and ROS result in the
suppression or desensitization of the T-cell receptor or anergy induction of T-cell [84]. In addition,
IDO-mediated breakdown of L-tryptophan downregulates T and NK cells and induces Tregs [85].
Moreover, MDSCs secrete various angiogenic factors and vascular-modulating enzymes to stimulate
angiogenesis through granulocyte colony-stimulating factor (G-CSF)-dependent STAT3 signaling,
thus rendering refractoriness to the conventional anti-VEGF therapy. However, this also offers
opportunities for clinical development of drugs, which can interrupt the infiltration or functioning of
MDSCs with the intension of reestablishing or boosting the effect of anti-VEGF drugs [86].

In addition, the interaction between MDSCs and TAMs helps in maintaining balance among
Th1/Th2 and M1/M2. The downregulation of IL-12 production from TAMs is caused by release of
IL-10 from MDSCs, which in turn leads to Th2 polarization [87]. Furthermore, release of IL-4 from Th2
precipitates the activation of the alternative pathway for macrophage maturation (M2) causing further
decline in the anti-tumour immune response [64,88].

Indoleamine 2,3-dioxygenase (IDO) is involved in the cellular metabolism of tryptophan
and acknowledged for its role in progression of cancer, facilitating immune tolerance, induction
of apoptosis in T-cells via tryptophan depletion and enhancing differentiation of CD4 T-cells to
Tregs [89–91]. Studies demonstrated that a higher expression of IDO in tumour nodules is associated
with poorer prognosis [92]. Based on these finding, IDO inhibitors, indoximod and epacadostat,
have been developed and preliminary data demonstrates their potential in stabilizing tumours; however,
further studies are required to elucidate the potential in terms of anti-tumour immune responses
and their applicability with checkpoint inhibitors, which will determined following completion of an
ongoing clinical trial [93].

In light of the above observation, the protumor effects of MDSCs could be reversed via various
means such as depletion of MDSCs, creating hindrance in MDSC trafficking and migration into TME
and inhibition of the immunosuppressive properties of MDSCs.

5.3. Dendritic Cells and Associated Cytokines

The DCs are the most efficient APCs and essential in establishing the anti-tumour immune
response [94]. The pattern recognition receptors (TLR—Toll-like receptor) on DCs interact with DAMPs
released from dysplastic cells of cirrhotic liver to attain an activated form. In accordance with the
earlier description, the process of classical cross-priming involves presentation of tumour-derived
neoantigens by MHC class II on DCs to CD4+ T helper cells, which in turn ‘license′ the DCs
through CD40 ligand (CD40L) and CD40 interactions for cross-priming and facilitate the release of
cytokines IL-12 and IFNγ [33] (Figure 1). The licensed DCs migrate to regional lymph nodes and
upregulate the expression of various co-stimulatory molecules, including CD80, CD86, CD70, OX40L,
GITRL (glucocorticoid-induced TNFR-related protein ligand) and 4-1BBL for cross-presentation to
CD8+ T cells, along with downregulate the expression of inhibitory molecules, programmed cell death
ligand (PD-1) and CTLA-4 [95]. The coupling of respective molecules results in robust CD8+ T cell
activation, proliferation and effector function [96] (Figure 2).



Diagnostics 2020, 10, 338 7 of 17

Figure 2. Pictorial depiction of T-cell activation and modulation of T-cell functioning in hepatocellular
carcinoma (HCC). TCR (T-cell receptor) expressed on surface of T cells recognizes a tumour antigen
through MHC I/II of APC (antigen presenting cells) (signal 1). The sensitivity of antigen recognition
by TCRs is further enhanced by CD4 and CD8 coreceptors. T cell effector function is gained through
costimulatory receptors (signal 2). The interaction between CD28–B7-1/B7-2 initiates a co-activator
signal, whilst interplay involving CTLA-4–B7-1/B7-2 inhibits T-cell activation. Further, CD28 and
CTLA-4 play a critical role in the development and function of Tregs. The inflammatory state of hepatic
parenchyma causes increased expression of PD-1. Further PD-1–PD-L1 interaction (signal 3) is involved
in the inhibition of T-cell activity and increase in Tregs.

On the flip side, the immune checkpoint molecules CTLA4 and PD-1 are inhibitory receptors
expressed upon activated T cells, which bind with respective ligands expressed over DCs and MDSC
and HCC cells [97,98]; the interaction not only suppresses cytotoxic activity of CD8+ T cells but also
promotes tumour growth through increased signaling of the mammalian target of rapamycin (mTOR)
independent of PI3K [99,100].

5.4. T Lymphocytes and Associated Cytokines

Both types of T lymphocytes CD4+ T helper cells and CD8+ cytotoxic T cells ensure the
anti-tumour immune response through inhibiting the occurrence and proliferation of HCC [101].
The activation of naive CD4+ T cells by DCs not only releases cytokines (IL-4, IL-12 and IFNγ)
within the tumour microenvironment but also facilitates its own (CD4+ T cells) differentiation into
Th1 cells [102]. Furthermore, autoinduction of the secretion of pro-inflammatory cytokines as IFNγ

enhances expression of MHCII to facilitate direct recognition by CD4+ T cells and aid in the activation
of CD8+ T cells and macrophages. Additionally, IL-4 induces the transformation of CD4+ T cells
into Th2 cells, initiates production of IL-4, IL-5 and IL-13 and underpins the humoral immune
response [103,104]. Moreover, macrophage colony-stimulating factor (M-CSF) and chemokine-CC
motif-Ligand2 (CCL2), present in the tumour microenvironment, facilitate interaction between HCC
cells and stromal components and enhance cellular infiltration [105].

Contemporary evidence suggests that Th1 cytokines are directly reciprocal to improved survival in
HCCs, whilst heightened levels of Th2 cytokines are indicative of vascular invasion and recurrences [106].
Reversal of protumour activity of T lymphocytes could be achieved by the development of a
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methodology to suppport the transformation of CD4+ T cells toward Th1 cells, hence reinforcing the
activation and infiltration of CD8+ T cells into the tumour microenvironment of HCC [107].

5.5. Regulatory T Cells and Associated Cytokines

Regulatory T cells (Tregs) are a subtype of CD4+ T cells, which express CD25 (IL-2 receptor) on the
surface with intracellular transcription factor forkhead box P3 (FoxP3) [108]. They are of paramount
importance in immunosuppression as a regulator of self-reactive T cells and promoter of peripheral
immune tolerance. The co-presence of TGF-β and IL-2 instigates the expression of FoxP3 and incites
differentiation of naive CD4+ T cells to Tregs, alongside increased expression of IL-2 receptors causing
decline in IL-2 levels. IL-2 plays an important role in the differentiation and proliferation of CTLs,
hence reduction in IL-2 further exacerbates immunosuppression [109].

Additionally, Tregs breakdown extracellular ATP to adenosine, which interacts with reciprocal
receptors (CD39 and CD73) present on effector T cells to suppress their activity. Moreover, Tregs are
also implicated in expression of various other regulatory cytokines, chemokines and chemicals: TGF-β
and IL-15 cause suppression of T-cell proliferation; CTLA-4, which binds with CD80/86 on T cells
to dampen their functioning; Granzyme B leads to apoptosis of effector T cells; epidermal growth
factors mediate proliferation of epithelial cells and extracellular matrix; downregulating of NK group
2 member D expression and dampening of NK cell activity; and chemokine C-C motif ligand 20
assisted migration of Tregs to HCC nodules [110,111]. Hence, to recapitulate, Tregs not only establishes
an immunosuppressive microenvironment to foster HCC growth but also acts as a marker of poor
prognosis [112]. A recent study has shown that anti-CTLA-4 antibodies (Ipilimumab) act through the
interaction of CTLA-4 on Tregs and effector T cells thereupon causing depletion of Tregs by limiting
the negative signaling and immunosuppressive function [113].

5.6. NK Cells and Associated Cytokines

NK cells are a member of the innate immune system and have a cytotoxic effect equivalent to CTLs
of the adaptive immune system. In addition, they secrete several cytokines to regulate the activity
of other immune cells [114,115]. One of the most important attributes of NK cells is their ability to
modulate functioning in accordance with the tissue microenvironment. Herein, hepatic NK cells are
higher in proportion (30–50%) and more aggressive in terms of cytotoxicity and cytokine production
than peripheral NK cells. NK cells are divided into two subtypes based on degree of expression of
CD56 as CD56 bright and CD56 dim. The precursor NK cells differentiate into CD56 bright NK cells,
which in turn give rise to the dim NK cells (almost 90% of peripheral NK cells and 50% of hepatic NK
cells). The CD56 dim NK cells are more cytotoxic towards target cells but secrete less cytokines than
bright NK cells [116,117]. Studies have demonstrated reduced levels of peripheral and hepatic NK
cells in HCC patients in contrast to normal healthy individuals [118–120]. Several schools of thought
have been put forward in attempt to elucidate the nature of NK cell functions in connection with
cirrhosis and HCC. A decline in the CD56 dim NK are observed in circulating blood and in HCC
tumour nodules, which suggests that the suppressed tumour-surveillance functions of NK cells is
caused by a decline in the release of IFNγ and cytotoxic activity in HCC patients. The dysfunction of
NK cells in HCC is mediated by monocytes/macrophages and fibroblasts through NKp30 receptor,
MDSCs, CD48/2B4 interactions and IDO, respectively [118–120].

In contrast to T cells, NK cells can engender immune response more expeditiously and do not
depend on MHC. This trait is of paramount importance against malignant cells that lack MHC I
molecules, which can still be recognized and culled by NK cells. The merits of NK cell-mediated
immune response are inherent to the mechanism of how they target MHC I missing cancer cells.
NK cells function according to the balance in the signals from killer activation receptors (KARs) and
inhibitory receptors present over these cells. Natural killer group 2D (NKG2D) belongs to KARs
group of inhibitory receptors and includes inhibitory killer-cell immunoglobulin-like receptors (KIRs)
and receptors called immune checkpoint molecules including PD-1 and T-cell immunoglobulin and
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mucin-domain containing-3 (TIM3). NK cells use KIRs to detect the target cells and assess the level of
expression of MHC I. An insufficient expression of MHC I molecules leads to tenuous engagement
with KIRs and proceeds with killing of the target malignant cells; however, adequate participation
of MHC I molecules to KIRs forestalls target cell killing as the signal to destroy is rescinded by the
suppression signal. Additionally, DNA damage and cell stress in target cells upregulates NKG2D
ligand [121–124]. In contrast, persistent revelation of the NKG2D ligand to NK cells can downregulate
NKG2D and inflict anergy into them [125,126].

Considering the above observation, reinstatement NK cell functioning might be influential in
HCC immune therapy. This could be achieved through either endogenous stimulation of the NK cells
or adoptive NK cell therapy. Alongside this, reinstitution of NK cells might enhance the therapeutic
efficacy of sorafenib and anti-programmed death-ligand 1 (PD-L1) monoclonal antibody and bring
significant reduction of HCC tumour nodules [114,127]. However, further studies are required to
understand the clinical efficacy and toxicity profile of these drugs.

5.7. Hepatic Stellate Cells, Endothelial Cells, and Cancer-Associated Fibroblasts

It has been proposed that the premalignant microenvironment and tumour microenvironment in
HCC should be differentiated. At the early stages it is characterized by chronic liver injury, inflammation
and fibrosis and as preceding tumour formation, whereas later it evolves in the already developed
tumour [128]. Liver fibrosis is a protective response to heal the acute insult to the liver parenchyma;
however, the persistence of inciting factors turns fibrosis into cirrhosis and dysfunctional hepatic
tissue. Ongoing insults modulate hepatic fibrogenesis by facilitating activation of hepatic stellate cells
(HSCs) into myofibroblasts, recruitment of inflammatory cells, migration of alpha-smooth muscle actin,
secretion of cytokines and chemokines and accumulation of extracellular matrix (ECM) components at
the injury site. Moreover, the inflammatory cells, activated macrophages and HSCs trigger production
of ROS that not only encourage fibrosis through activation and migration of HSCs, but can also
incur neoplastic changes by undesirable injury and mutations in hepatocytes, or by deterring tumour
immunosurveillance [129,130]. Consequently, it has been reported that antioxidants can effectively
reduce hepatocarcinogenesis through inhibition of ROS [131].

HSCs and endothelial cells release the C-X-C motif chemokine 12 (CXCL12) or stromal cell-derived
factor 1. CXCL12 is involved in induction tumour growth, migration and invasiveness via
engagement of C-X-C chemokine receptor type 4 (CXCR4) on malignant cells and also promotes
tumour angiogenesis through mediation of endothelial progenitor molecules [132,133]. Additionally,
the interaction of CXCL12 with CXCR4 recruits MDSCs, and endothelial cells induce Tregs through
TGF-β; as mentioned earlier, both are implicated in the generation of the immunosuppressive
tumour microenvironment [80,81]. Furthermore, increased expression of FasL over these cells
also aids in elimination of infiltrating CTLs and increases the risk of tumour invasion and
metastasis [110,111,134,135].

6. Future Implications

Normally, the host immune system perceives and eliminates any aberrant premalignant changes
owing to the chronic inflammatory state of liver parenchyma and limits the emergence of an oncological
dilemma, i.e., HCC. This fact is supported by the reports of spontaneous regression in various cancers,
including melanoma and renal cell carcinoma, which suggest that the marked clonal expansion of
tumour-specific T cells in protection against malignancy [16–18]. Moreover, this theory is further
supported by the ‘abscopal effect′ described in literature in relation to various solid tumours such
as melanoma, renal cell carcinoma and HCC [136]. Recent studies have outlined local therapy such
radiofrequency (RF) in modulation of tumour-mediated host immune response. The application of RF
energy over HCC nodules not only kills the tumour cells but also releases an abundance of neoantigens
and DAMPs. The release of DAMPs results in increase in serum lympohocytes and incites CD4+ and
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CTLs and NK cells in tumour parenchyma, which shift the scale of balance towards an anti-tumour
immune response rather from an tumour suppressive state [137] (Figure 3).

Figure 3. Schematic representation of release of DAMPs following radiofrequency-mediated ablation
HCC nodules and thereby increased influx of cytotoxic T lymphocytes and reinstatement of the
antitumour immune response. Abbreviations—APC: antigen presenting cells; CTLs: cytotoxic T
lymphocytes; RF: radiofrequency.

The anti-tumour positive immunomodulatory change is more discerned in terms of Tregs, CD8+ T
cells, TGF-β, IFNγ, IL-10 and IL-17 respectively [138–142]. Furthermore, increased expression of
checkpoints such as PD-L1/PD-L2/PD-1 (programmed death ligand 1 or 2/programmed cell death 1
receptor) and CTLA-4 have been implicated in the inhibition of immune activity in the hepatic milieu,
particularly in instances of chronic inflammation of liver [143,144]. The applicability of the combination
of various checkpoint inhibitors like anti-CTLA or anti-PD-1 drugs with other ablative therapies such as
radiofrequency to further enhance the antitumour immune response and survival has been discussed.
Both rationales call for combining these two modalities. The proposition of involving radiofrequency
ablation with checkpoint inhibitors seems a pragmatic approach to invigorate an antitumour immune
response against HCC cells [145]. However, further studies are required to understand their applicability
in the early stages of HCC, a classical archetype of inflammation-associated malignancy, since most
tumours arise in the context of hepatic inflammation and the resultant fibrosis.

Author Contributions: K.J. and R.A. developed the concept and design of the study. K.J. wrote the manuscript.
K.W.H., R.A., J.W., and N.H. critically revised the manuscript. All authors read and approved the final version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Prof. Nagy Habib is an inventor of the RF-based device Habib™ 4X. All the other authors
have no conflicts of interest, including specific financial interests or relationships and affiliations relevant to the
subject matter or materials discussed in the manuscript.

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer
J. Clin. 2018, 68, 394–424. [CrossRef]

2. Llovet, J.M.; Fuster, J.; Bruix, J. The Barcelona approach: Diagnosis, staging, and treatment of hepatocellular
carcinoma. Liver Transplant. 2004, 10, S115–S120. [CrossRef]

http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1002/lt.20034


Diagnostics 2020, 10, 338 11 of 17

3. Heimbach, J.K.; Kulik, L.M.; Finn, R.S.; Sirlin, C.B.; Abecassis, M.M.; Roberts, L.R.; Zhu, A.X.; Murad, M.H.;
Marrer, J.A. AASLD guidelines for the treatment of hepatocellular carcinoma. Hepatology 2017, 67, 358–380.
[CrossRef]

4. Karaman, B.; Battal, B.; Sari, S.; Verim, S. Hepatocellular carcinoma review: Current treatment,
and evidence-based medicine. World J. Gastroenterol. 2014, 20, 18059–18060. [CrossRef]

5. Breous, E.; Thimme, R. Potential of immunotherapy for hepatocellular carcinoma. J. Hepatol. 2011, 54,
830–834. [CrossRef]

6. Kudo, M. Immuno-Oncology in Hepatocellular Carcinoma: 2017 Update. Oncology 2017, 93, 147–159.
[CrossRef]

7. Sanyal, A.J.; Yoon, S.K.; Lencioni, R. The Etiology of Hepatocellular Carcinoma and Consequences for
Treatment. Oncologist 2010, 15, 14–22. [CrossRef]

8. Ghouri, Y.A.; Mian, I.; Rowe, J.H. Review of hepatocellular carcinoma: Epidemiology, etiology,
and carcinogenesis. J. Carcinog. 2017, 16, 1. [CrossRef]

9. Reccia, I.; Kumar, J.; Akladios, C.; Virdis, F.; Pai, M.; Habib, N.; Spalding, D. Non-alcoholic fatty liver disease:
A sign of systemic disease. Metab. Clin. Exp. 2017, 72, 94–108. [CrossRef]

10. Ringelhan, M.; Pfister, D.; O’Connor, T.; Pikarsky, E.; Heikenwalder, M. The immunology of hepatocellular
carcinoma review-article. Nat. Immunol. 2018, 19, 222–232.

11. Hoshida, Y. Molecular signatures and prognosis of hepatocellular carcinoma. Minerva Gastroenterol. Dietol.
2011, 57, 311–322.

12. Sia, D.; Villanueva, A.; Friedman, S.L.; Llovet, J.M. Liver Cancer Cell of Origin, Molecular Class, and Effects
on Patient Prognosis. Gastroenterology 2017, 152, 745–761. [CrossRef]

13. Sun, B.; Karin, M. Obesity, inflammation, and liver cancer. J. Hepatol. 2011, 56, 704–713. [CrossRef]
14. Hernández-Gea, V.; Toffanin, S.; Friedman, S.L.; Llovet, J.M. Role of the microenvironment in the pathogenesis

and treatment of hepatocellular carcinoma. Gastroenterology 2013, 144, 512–527. [CrossRef]
15. 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. 2012, 2013, 1–15. [CrossRef]

16. Rosenberg, S.A. Progress in human tumour immunology and immunotherapy. Nature 2001, 411, 380–384.
[CrossRef]

17. Kalialis, L.V.; Drzewiecki, K.T.; Klyver, H. Spontaneous regression of metastases from melanoma: Review of
the literature. Melanoma Res. 2009, 19, 275–282. [CrossRef]

18. Bramhall, R.J.; Mahady, K.; Peach, A.H.S. Spontaneous regression of metastatic melanoma—Clinical evidence
of the abscopal effect. Eur. J. Surg. Oncol. (EJSO) 2014, 40, 34–41. [CrossRef]

19. El-Serag, H.B.; Rudolph, K.L. Hepatocellular Carcinoma: Epidemiology and Molecular Carcinogenesis.
Gastroenterology 2007, 132, 2557–2576. [CrossRef]

20. Chen, D.S.; Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity 2013, 39, 1–10.
[CrossRef]

21. Ho, D.W.H.; Lo, R.C.L.; Chan, L.K.; Ng, I.O.-L. Molecular Pathogenesis of Hepatocellular Carcinoma.
Liver Cancer 2016, 5, 290–302. [CrossRef]

22. Aravalli, R.N.; Cressman, E.N.K.; Steer, C.J. Cellular and molecular mechanisms of hepatocellular carcinoma:
An update. Arch. Toxicol. 2012, 87, 227–247. [CrossRef]

23. Bruix, J.; Gores, G.J.; Mazzaferro, V. Hepatocellular carcinoma: Clinical frontiers and perspectives. Gut 2014,
63, 844–855. [CrossRef]

24. Forner, A.; Reig, M.; Bruix, J. Hepatocellular carcinoma. Lancet 2018, 391, 1301–1314. [CrossRef]
25. Moreno-Otero, R.; Sanz-Cameno, P.; Trapero-Marugán, M.; Chaparro, M.; Jones, E.A. Angiogenesis:

From Chronic Liver Inflammation to Hepatocellular Carcinoma. J. Oncology 2010, 2010, 1–7. [CrossRef]
26. Sia, D.; Jiao, Y.; Martinez-Quetglas, I.; Kuchuk, O.; Villacorta-Martin, C.; Castro De Moura, M.; Putra, J.;

Camprecios, G.; Bassaganyas, L.; Akers, N.; et al. Identification of an Immune-specific Class of Hepatocellular
Carcinoma, Based on Molecular Features. Gastroenterology 2017, 153, 812–826. [CrossRef]

27. Greten, T.F.; Wang, X.W.; Korangy, F. Current concepts of immune based treatments for patients with HCC:
From basic science to novel treatment approaches. Gut 2015, 64, 842–848. [CrossRef]

28. Thomson, A.W.; O’Connell, P.J.; Steptoe, R.J.; Lu, L. Immunobiology of liver dendritic cells. Immunol. Cell Boil.
2002, 80, 65–73. [CrossRef]

http://dx.doi.org/10.1002/hep.29086
http://dx.doi.org/10.3748/wjg.v20.i47.18059
http://dx.doi.org/10.1016/j.jhep.2010.10.013
http://dx.doi.org/10.1159/000481245
http://dx.doi.org/10.1634/theoncologist.2010-s4-14
http://dx.doi.org/10.4103/jcar.JCar_9_16
http://dx.doi.org/10.1016/j.metabol.2017.04.011
http://dx.doi.org/10.1053/j.gastro.2016.11.048
http://dx.doi.org/10.1016/j.jhep.2011.09.020
http://dx.doi.org/10.1053/j.gastro.2013.01.002
http://dx.doi.org/10.1155/2013/187204
http://dx.doi.org/10.1038/35077246
http://dx.doi.org/10.1097/cmr.0b013e32832eabd5
http://dx.doi.org/10.1016/j.ejso.2013.09.026
http://dx.doi.org/10.1053/j.gastro.2007.04.061
http://dx.doi.org/10.1016/j.immuni.2013.07.012
http://dx.doi.org/10.1159/000449340
http://dx.doi.org/10.1007/s00204-012-0931-2
http://dx.doi.org/10.1136/gutjnl-2013-306627
http://dx.doi.org/10.1016/S0140-6736(18)30010-2
http://dx.doi.org/10.1155/2010/272170
http://dx.doi.org/10.1053/j.gastro.2017.06.007
http://dx.doi.org/10.1136/gutjnl-2014-307990
http://dx.doi.org/10.1046/j.0818-9641.2001.01058.x


Diagnostics 2020, 10, 338 12 of 17

29. Lau, A.H.; Thomson, A.W. Dendritic cells and immune regulation in the liver. Gut 2003, 52, 307–314.
[CrossRef]

30. Matsumoto, M.; Funami, K.; Oshiumi, H.; Seya, T. Toll-IL-1-Receptor-Containing Adaptor Molecule-1:
A signaling adaptor linking innate immunity to adaptive immunity. Prog. Mol. Biol. Transl. Sci. 2013, 117,
487–510. [CrossRef]

31. Nace, G.; Evankovich, J.; Eid, R.; Tsung, A. Dendritic Cells and Damage-Associated Molecular Patterns:
Endogenous Danger Signals Linking Innate and Adaptive Immunity. J. Innate Immun. 2012, 4, 6–15.
[CrossRef]

32. Khochenkov, D.A. Biology of dendritic cells. Biochem. Moscow Suppl. Ser. A 2008, 296–311. [CrossRef]
33. Joffre, O.P.; Segura, E.; Savina, A.; Amigorena, S. Cross-presentation by dendritic cells. Nat. Rev. Immunol.

2012, 12, 557–569. [CrossRef]
34. Acuto, O.; Michel, F. CD28-mediated co-stimulation: A quantitative support for TCR signalling.

Nat. Rev. Immunol. 2003, 3, 939–951. [CrossRef]
35. Chen, L.; Flies, D.B. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat. Rev. Immunol.

2013, 13, 227–242. [CrossRef]
36. Muraille, E.; Leo, O.; Moser, M. Th1/Th2 paradigm extended: Macrophage polarization as an unappreciated

pathogen-driven escape mechanism? Front. Immunol. 2014, 5, 603.
37. Chen, M.M.; Xiao, X.; Lao, X.M.; Wei, Y.; Liu, R.X.; Zeng, Q.H.; Wang, J.C.; Ouyang, F.Z.; Chen, D.P.;

Chan, K.W.; et al. Polarization of Tissue-Resident TFH-Like Cells in Human Hepatoma Bridges Innate
Monocyte Inflammation and M2b Macrophage Polarization. Cancer Discov. 2016, 6, 1182–1195. [CrossRef]

38. Heath, W.R.; Carbone, F.R. Cross-presentation in viral immunity and self-tolerance. Nat. Rev. Immunol. 2001,
1, 126–134. [CrossRef]

39. Ackerman, A.L.; Cresswell, P. Cellular mechanisms governing cross-presentation of exogenous antigens.
Nat. Immunol. 2004, 5, 678–684. [CrossRef]

40. Shresta, S.; Pham, C.T.; Thomas, D.A.; Graubert, T.A.; Ley, T.J. How do cytotoxic lymphocytes kill their
targets? Curr. Opin. Immunol. 1998, 10, 581–587.

41. Groscurth, P.; Filgueira, L. Killing mechanisms of cytotoxic T lymphocytes. News Physiol. Sci. 1998, 13, 17–21.
42. Shuai, Z.; Leung, M.W.Y.; He, X.; Zhang, W.; Yang, G.; Leung, P.S.C.; Gershwin, M.E. Adaptive immunity in

the liver. Cell. Mol. Immunol. 2016, 13, 354–368. [CrossRef]
43. Ishizawa, T.; Hasegawa, K.; Aoki, T.; Takahashi, M.; Inoue, Y.; Sano, K.; Imamura, H.; Sugawara, Y.;

Kokudo, N.; Makuuchi, M. Neither Multiple Tumors Nor Portal Hypertension Are Surgical Contraindications
for Hepatocellular Carcinoma. Gastroenterology 2008, 134, 1908–1916. [CrossRef]

44. Fuks, D.; Dokmak, S.; Paradis, V.; Diouf, M.; Durand, F.; Belghiti, J. Benefit of initial resection of hepatocellular
carcinoma followed by transplantation in case of recurrence: An intention-to-treat analysis. Hepatology 2011,
55, 132–140. [CrossRef]

45. Heymann, F.; Tacke, F. Immunology in the liver—From homeostasis to disease. Nat. Rev. Gastroenterol. Hepatol.
2016, 13, 88–110. [CrossRef]

46. Yarchoan, M.; Johnson, B.A.; Lutz, E.R.; Laheru, D.A.; Jaffee, E.M. Targeting neoantigens to augment
antitumour immunity. Nat. Rev. Cancer 2017, 17, 209–222. [CrossRef]

47. Schumacher, T.N.; Schreiber, R.D. Realising the promise: Neoantigens in cancer immunotherapy. Science
2015, 348, 69–74.

48. Gubin, M.M.; Artyomov, M.N.; Mardis, E.R.; Schreiber, R.D. Tumor neoantigens: Building a framework for
personalized cancer immunotherapy. J. Clin. Investig. 2015, 125, 3413–3421. [CrossRef]

49. Ward, J.P.; Gubin, M.M.; Schreiber, R.D. The Role of Neoantigens in Naturally Occurring and Therapeutically
Induced Immune Responses to Cancer. Adv. Immunol. 2016, 130, 25–74.

50. Wirth, T.C.; Kühnel, F. Neoantigen targeting—Dawn of a new era in cancer immunotherapy? Front. Immunol.
2017, 8, 1848.

51. Stenner, F.; Luo, G.; Sahin, U.; Tureci, O.; Koslovski, M.; Kautz, I.; Liewen, H.; Pfreunschuh, M. Definition of
tumor-associated antigens in hepatocellular carcinoma. Cancer Epidemiol. Biomark. Prev. 2000, 9, 285–290.

52. Dai, L.; Lei, N.; Liu, M.; Zhang, J.-Y. Autoantibodies to tumor-associated antigens as biomarkers in human
hepatocellular carcinoma (HCC). Exp. Hematol. Oncol. 2013, 2, 15. [CrossRef]

http://dx.doi.org/10.1136/gut.52.2.307
http://dx.doi.org/10.1016/B978-0-12-386931-9.00018-0
http://dx.doi.org/10.1159/000334245
http://dx.doi.org/10.1134/S1990747808040028
http://dx.doi.org/10.1038/nri3254
http://dx.doi.org/10.1038/nri1248
http://dx.doi.org/10.1038/nri3405
http://dx.doi.org/10.1158/2159-8290.cd-16-0329
http://dx.doi.org/10.1038/35100512
http://dx.doi.org/10.1038/ni1082
http://dx.doi.org/10.1038/cmi.2016.4
http://dx.doi.org/10.1053/j.gastro.2008.02.091
http://dx.doi.org/10.1002/hep.24680
http://dx.doi.org/10.1038/nrgastro.2015.200
http://dx.doi.org/10.1038/nrc.2016.154
http://dx.doi.org/10.1172/JCI80008
http://dx.doi.org/10.1186/2162-3619-2-15


Diagnostics 2020, 10, 338 13 of 17

53. Wang, Y.; Han, K.J.; Pang, X.-W.; Vaughan, H.A.; Qu, W.; Dong, X.Y.; Peng, J.R.; Zhao, H.T.; Rui, J.A.;
Leng, X.S.; et al. Large scale identification of human hepatocellular carcinoma-associated antigens by
autoantibodies. J. Immunol. 2002, 169, 1102–1109. [CrossRef]

54. Hong, Y.; Huang, J. Autoantibodies against tumor-associated antigens for detection of hepatocellular
carcinoma. World J. Hepatol. 2015, 7, 1581–1585. [CrossRef]

55. Shimizu, Y.; Suzuki, T.; Yoshikawa, T.; Tsuchiya, N.; Sawada, Y.; Endo, I.; Nakatsura, T.
Cancer immunotherapy-targeted glypican-3 or neoantigens. Cancer Sci. 2018, 109, 531–541. [CrossRef]

56. Flecken, T.; Schmidt, N.; Hild, S.; Gostick, E.; Drognitz, O.; Zeiser, R.; Schemmer, P.; Bruns, H.; Eiermann, T.;
Price, D.A.; et al. Immunodominance and functional alterations of tumor-associated antigen-specific CD8+

T-cell responses in hepatocellular carcinoma. Hepatology 2014, 59, 1415–1426. [CrossRef]
57. Mizukoshi, E.; Nakamoto, Y.; Arai, K.; Yamashita, T.; Sakai, A.; Sakai, Y.; Kagaya, T.; Honda, M.;

Kaneko, S. Comparative analysis of various tumor-associated antigen-specific t-cell responses in patients
with hepatocellular carcinoma. Hepatology 2011, 53, 1206–1216. [CrossRef]

58. Sideras, K.; Bots, S.J.; Biermann, K.; Sprengers, D.; Polak, W.G.; Ijzermans, J.N.M.; Man, R.A.; Pan, Q.;
Sleijfer, S.; Bruno, M.J.; et al. Tumour antigen expression in hepatocellular carcinoma in a low-endemic
western area. Br. J. Cancer 2015, 112, 1911–1920. [CrossRef]

59. Liang, J.; Ding, T.; Guo, Z.; Yu, X.-J.; Hu, Y.-Z.; Zheng, L.; Xu, J. Expression pattern of tumour-associated
antigens in hepatocellular carcinoma: Association with immune infiltration and disease progression.
Br. J. Cancer 2013, 109, 1031–1039. [CrossRef]

60. Kalathil, S.G.; Hutson, A.; Barbi, J.; Iyer, R.V.; Thanavala, Y.M. Augmentation of IFN-γ+ CD8+ T cell responses
correlates with survival of HCC patients on sorafenib therapy. JCI Insight 2019, 4. [CrossRef]

61. Yang, J.D.; Nakamura, I.; Roberts, L.R. The tumor microenvironment in hepatocellular carcinoma:
Current status and therapeutic targets. Semin. Cancer Boil. 2010, 21, 35–43. [CrossRef]

62. Prieto, J.; Melero, I.; Sangro, B. Immunological landscape and immunotherapy of hepatocellular carcinoma.
Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 681–700. [CrossRef]

63. Buonaguro, L.; Mauriello, A.; Cavalluzzo, B.; Petrizzo, A.; Tagliamonte, M. Immunotherapy in hepatocellular
carcinoma. Ann. Hepatol. 2019, 18, 291–297. [CrossRef]

64. Biswas, S.K.; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a
paradigm. Nat. Immunol. 2010, 11, 889–896. [CrossRef]

65. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122,
787–795. [CrossRef]

66. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.;
Ivashkiv, L.B.; Lawrence, T.; et al. Macrophage Activation and Polarization: Nomenclature and Experimental
Guidelines. Immunity 2014, 41, 14–20.

67. Gordon, S.; Martinez, F.O. Alternative Activation of Macrophages: Mechanism and Functions. Immunity 2010,
32, 593–604. [CrossRef]

68. Martinez, F.O.; Helming, L.; Gordon, S. Alternative Activation of Macrophages: An Immunologic Functional
Perspective. Annu. Rev. Immunol. 2009, 27, 451–483. [CrossRef]

69. Martinez, F.O.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment.
F1000Prime Rep. 2014, 6. [CrossRef]

70. Porcheray, F.; Viaud, S.; Rimaniol, A.-C.; Leone, C.; Samah, B.; Dereuddre-Bosquet, N.; Dermont, D.; Gras, G.
Macrophage activation switching: An asset for the resolution of inflammation. Clin. Exp. Immunol. 2005,
142, 481–489. [CrossRef]

71. Goerdt, S.; Politz, O.; Schledzewski, K.; Birk, R.; Gratchev, A.; Guillot, P.; Hakiy, N.; Klemke, C.D.; Dippel, E.;
Kodelja, V. Alternative versus classical activation of macrophages. Pathobiology 1999, 67, 222–226. [CrossRef]

72. Classen, A.; Lloberas, J.; Celada, A. Macrophage Activation: Classical Vs. Alternative. Methods Mol. Biol.
2009, 531, 29–43. [CrossRef]

73. Wang, N.; Liang, H.; Zen, K. Molecular Mechanisms That Influence the Macrophage M1-M2 Polarization
Balance. Front. Immunol. 2014, 5. [CrossRef]

74. Li, Z.; Wu, T.; Zheng, B.; Chen, L. Individualized precision treatment: Targeting TAM in HCC. Cancer Lett.
2019, 458, 86–91. [CrossRef]

http://dx.doi.org/10.4049/jimmunol.169.2.1102
http://dx.doi.org/10.4254/wjh.v7.i11.1581
http://dx.doi.org/10.1111/cas.13485
http://dx.doi.org/10.1002/hep.26731
http://dx.doi.org/10.1002/hep.24149
http://dx.doi.org/10.1038/bjc.2015.92
http://dx.doi.org/10.1038/bjc.2013.390
http://dx.doi.org/10.1172/jci.insight.130116
http://dx.doi.org/10.1016/j.semcancer.2010.10.007
http://dx.doi.org/10.1038/nrgastro.2015.173
http://dx.doi.org/10.1016/j.aohep.2019.04.003
http://dx.doi.org/10.1038/ni.1937
http://dx.doi.org/10.1172/JCI59643
http://dx.doi.org/10.1016/j.immuni.2010.05.007
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.12703/P6-13
http://dx.doi.org/10.1111/j.1365-2249.2005.02934.x
http://dx.doi.org/10.1159/000028096
http://dx.doi.org/10.1007/978-1-59745-396-7_3
http://dx.doi.org/10.3389/fimmu.2014.00614
http://dx.doi.org/10.1016/j.canlet.2019.05.019


Diagnostics 2020, 10, 338 14 of 17

75. Shirabe, K.; Mano, Y.; Muto, J.; Matono, R.; Motomura, T.; Toshima, T.; Takeishi, K.; Uchiyama, H.;
Yoshizumi, T.; Taketomi, A.; et al. Role of tumor-associated macrophages in the progression of hepatocellular
carcinoma. Surg. Today 2011, 42, 1–7. [CrossRef]

76. Zhou, S.L.; Zhou, Z.J.; Hu, Z.Q.; Huang, X.W.; Wang, Z.; Chen, E.B.; Fan, J.; Cao, Y.; Dai, Z.; Zhou, J.
Tumor-Associated Neutrophils Recruit Macrophages and T-Regulatory Cells to Promote Progression of
Hepatocellular Carcinoma and Resistance to Sorafenib. Gastroenterology 2016, 150, 1646–1658.e17. [CrossRef]

77. Fu, X.-T.; Song, K.; Zhou, J.; Shi, Y.; Liu, W.-R.; Shi, G.; Gao, Q.; Wang, X.-Y.; Ding, Z.; Fan, J. Tumor-associated
macrophages modulate resistance to oxaliplatin via inducing autophagy in hepatocellular carcinoma.
Cancer Cell Int. 2019, 19, 71. [CrossRef]

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

79. Ribechini, E.; Greifenberg, V.; Sandwick, S.; Lutz, M.B. Subsets, expansion and activation of myeloid-derived
suppressor cells. Med. Microbiol. Immunol. 2010, 199, 273–281. [CrossRef]

80. Solito, S.; Marigo, I.; Pinton, L.; Damuzzo, V.; Mandruzzato, S.; Bronte, V. Myeloid-derived suppressor cell
heterogeneity in human cancers. Ann. New York Acad. Sci. 2014, 1319, 47–65. [CrossRef]

81. Schrader, J. The role of MDSCs in hepatocellular carcinoma–in vivo veritas? J. Hepatol. 2013, 59, 921–923.
[CrossRef]

82. Hammerich, L.; Tacke, F. Emerging roles of myeloid derived suppressor cells in hepatic inflammation and
fibrosis. World J. Gastrointest. Pathophysiol. 2015, 6, 43–50. [CrossRef]

83. Condamine, T.; Ramachandran, I.; Youn, J.-I.; Gabrilovich, D.I. Regulation of tumor metastasis by
myeloid-derived suppressor cells. Annu. Rev. Med. 2014, 66, 97–110. [CrossRef]

84. Condamine, T.; Gabrilovich, D.I. Molecular mechanisms regulating myeloid-derived suppressor cell
differentiation and function. Trends Immunol. 2010, 32, 19–25. [CrossRef]

85. Zhao, Q.; Kuang, N.-M.; Wu, Y.; Xiao, X.; Li, X.-F.; Li, T.-J.; Zheng, L. Activated CD69+ T Cells Foster Immune
Privilege by Regulating IDO Expression in Tumor-Associated Macrophages. J. Immunol. 2011, 188, 1117–1124.
[CrossRef]

86. Chambers, S.E.; O’Neill, C.L.; O’Doherty, T.M.; Medina, R.J.; Stitt, A.W. The role of immune-related myeloid
cells in angiogenesis. Immunobiology 2013, 218, 1370–1375. [CrossRef]

87. Sica, A.; Bronte, V. Altered macrophage differentiation and immune dysfunction in tumor development.
J. Clin. Investig. 2007, 117, 1155–1166. [CrossRef]

88. Sica, A.; Schioppa, T.; Mantovani, A.; Allavena, P. Tumour-associated macrophages are a distinct M2 polarised
population promoting tumour progression: Potential targets of anti-cancer therapy. Eur. J. Cancer 2006, 42,
717–727. [CrossRef]

89. Terness, P.; Chuang, J.-J.; Opelz, G. The immunoregulatory role of IDO-producing human dendritic cells
revisited. Trends Immunol. 2006, 27, 68–73. [CrossRef]

90. Uyttenhove, C.; Pilotte, L.; Théate, I.; Stroobant, V.; Colau, D.; Parmentier, N.; Boon, Y.; Eynde, B.J.V.
Evidence for a tumoral immune resistance mechanism based on tryptophan degradation by indoleamine
2,3-dioxygenase. Nat. Med. 2003, 9, 1269–1274. [CrossRef]

91. Shibata, Y.; Hara, T.; Nagano, J.; Nakamura, N.; Ohno, T.; Ninomiya, S.; Ito, H.; Tanaka, T.; Saito, K.;
Seishima, M.; et al. The Role of Indoleamine 2,3-Dioxygenase in Diethylnitrosamine-Induced Liver
Carcinogenesis. PLoS ONE 2016, 11, e0146279. [CrossRef]

92. Pan, K.; Wang, H.; Chen, M.-S.; Zhang, H.K.; Weng, D.S.; Zhou, J.; Huang, W.; Li, J.J.; Song, H.F.; Xia, J.C.
Expression and prognosis role of indoleamine 2,3-dioxygenase in hepatocellular carcinoma. J.Cancer Res.
Clin. Oncol. 2008, 134, 1247–1253. [CrossRef]

93. Komiya, T.; Huang, C.H. Updates in the Clinical Development of Epacadostat and Other Indoleamine
2,3-Dioxygenase 1 Inhibitors (IDO1) for Human Cancers. Front. Oncol. 2018, 8, 423. [CrossRef]

94. Steinman, R.M. Dendritic cells and the control of immunity. Nature 1998, 392, 245–252. [CrossRef]
95. Joffre, O.; Nolte, M.A.; Spörri, R.; Sousa, C.R.E. Inflammatory signals in dendritic cell activation and the

induction of adaptive immunity. Immunol. Rev. 2009, 227, 234–247. [CrossRef]
96. McDonnell, A.M.; Prosser, A.C.; Van Bruggen, I.; Robinson, B.W.S.; Currie, A.J. CD8α+ DC are not the

sole subset cross-presenting cell-associated tumor antigens from a solid tumor. Eur. J. Immunol. 2010, 40,
1617–1627. [CrossRef]

http://dx.doi.org/10.1007/s00595-011-0058-8
http://dx.doi.org/10.1053/j.gastro.2016.02.040
http://dx.doi.org/10.1186/s12935-019-0771-8
http://dx.doi.org/10.1038/nri2506
http://dx.doi.org/10.1007/s00430-010-0151-4
http://dx.doi.org/10.1111/nyas.12469
http://dx.doi.org/10.1016/j.jhep.2013.08.003
http://dx.doi.org/10.4291/wjgp.v6.i3.43
http://dx.doi.org/10.1146/annurev-med-051013-052304
http://dx.doi.org/10.1016/j.it.2010.10.002
http://dx.doi.org/10.4049/jimmunol.1100164
http://dx.doi.org/10.1016/j.imbio.2013.06.010
http://dx.doi.org/10.1172/JCI31422
http://dx.doi.org/10.1016/j.ejca.2006.01.003
http://dx.doi.org/10.1016/j.it.2005.12.006
http://dx.doi.org/10.1038/nm934
http://dx.doi.org/10.1371/journal.pone.0146279
http://dx.doi.org/10.1007/s00432-008-0395-1
http://dx.doi.org/10.3389/fonc.2018.00423
http://dx.doi.org/10.1038/32588
http://dx.doi.org/10.1111/j.1600-065x.2008.00718.x
http://dx.doi.org/10.1002/eji.200940153


Diagnostics 2020, 10, 338 15 of 17

97. Cancer Genome Atlas Research Network. Comprehensive and Integrative Genomic Characterization of
Hepatocellular Carcinoma. Cell 2017, 169, 1327–1341.e23. [CrossRef]

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

99. Villanueva, A.; Chiang, D.Y.; Newell, P.; Peix, J.; Thung, S.; Alsinet, C.; Tovar, V.; Roayaie, S.; Minguez, B.;
Sole, M.; et al. Pivotal role of mTOR signaling in hepatocellular carcinoma. Gastroenterology 2008, 135,
1972–1983.e11. [CrossRef]

100. Li, H.; Li, X.; Liu, S.; Guo, L.; Zhang, B.; Zhang, J.; Ye, Q. Programmed cell death-1 (PD-1) checkpoint blockade
in combination with a mammalian target of rapamycin inhibitor restrains hepatocellular carcinoma growth
induced by hepatoma cell-intrinsic PD-1. Hepatology 2017, 66, 1920–1933. [CrossRef]

101. Mossanen, J.C.; Tacke, F. Role of lymphocytes in liver cancer. OncoImmunology 2013, 2, e26468. [CrossRef]
102. Zhou, L.; Chong, M.M.W.; Littman, D.R. Plasticity of CD4+ T Cell Lineage Differentiation. Immunity 2009,

30, 646–655. [CrossRef]
103. Shao, D.D.; Suresh, R.; Vakil, V.; Gomer, R.H.; Pilling, D. Pivotal Advance: Th-1 cytokines inhibit, and Th-2

cytokines promote fibrocyte differentiation. J. Leukoc. Biol. 2008, 83, 1323–1333. [CrossRef]
104. Budhu, A.; Forgues, M.; Ye, Q.H.; Jia, H.L.; He, P.; Zanetti, K.A.; Kammula, U.S.; Qin, L.X.; Tang, Z.Y.;

Wang, X.W. Prediction of venous metastases, recurrence, and prognosis in hepatocellular carcinoma based on
a unique immune response signature of the liver microenvironment. Cancer Cell 2006, 10, 99–111. [CrossRef]

105. Zhu, X.D.; Zhang, J.-B.; Zhuang, P.Y.; Zhu, H.G.; Zhang, W.; Xiong, Y.Q.; Wu, W.Z.; Tang, Z.Y.; Sun, H.C.
High Expression of Macrophage Colony-Stimulating Factor in Peritumoral Liver Tissue Is Associated With
Poor Survival After Curative Resection of Hepatocellular Carcinoma. J. Clin. Oncol. 2008, 26, 2707–2716.
[CrossRef]

106. Ji, L.; Gu, J.; Chen, L.; Miao, D. Changes of Th1/Th2 cytokines in patients with primary hepatocellular
carcinoma after ultrasound-guided ablation. Int. J. Clin. Exp. Pathol. 2017, 10, 8715–8720.

107. Lee, H.L.; Jang, J.W.; Lee, S.W.; Yoo, S.H.; Kwon, J.H.; Nam, S.W.; Bae, S.H.; Choi, J.Y.; Han, N.I.; Yoon, S.K.
Inflammatory cytokines and change of Th1/Th2 balance as prognostic indicators for hepatocellular carcinoma
in patients treated with transarterial chemoembolization. Sci. Rep. 2019, 9, 1–8.

108. Rudensky, A.Y. Regulatory T cells and Foxp3. Immunol. Rev. 2011, 241, 260–268. [CrossRef]
109. Fontenot, J.D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 programs the development and function of CD4+CD25+

regulatory T cells. Nat. Immunol. 2003, 4, 330–336. [CrossRef]
110. Unitt, E.; Rushbrook, S.M.; Marshall, A.; Davies, S.; Gibbs, P.; Morris, L.S.; Coleman, N.; Alexander, G.J.M.

Compromised lymphocytes infiltrate hepatocellular carcinoma: The role of T-regulatory cells. Hepatology
2005, 41, 722–730. [CrossRef]

111. Ormandy, L.A. Increased Populations of Regulatory T Cells in Peripheral Blood of Patients with Hepatocellular
Carcinoma. Cancer Res. 2005, 65, 2457–2464. [CrossRef]

112. Cao, X. Regulatory T cells and immune tolerance to tumors. Immunol. Res. 2009, 46, 79–93. [CrossRef]
113. Johnston, M.P.; Khakoo, S.I. Immunotherapy for hepatocellular carcinoma: Current and future.

World J. Gastroenterol. 2019, 25, 2977–2989. [CrossRef]
114. Subleski, J.J.; Wiltrout, R.H.; Weiss, J.M. Application of tissue-specific NK and NKT cell activity for tumor

immunotherapy. J. Autoimmun. 2009, 33, 275–281. [CrossRef]
115. Shi, F.-D.; Ljunggren, H.-G.; La Cava, A.; Van Kaer, L. Organ-specific features of natural killer cells.

Nat. Rev. Immunol. 2011, 11, 658–671. [CrossRef]
116. Peng, H.; Jiang, X.; Chen, Y.; Sojka, D.R.K.; Wei, H.; Gao, X.; Sun, R.; Yokoyama, W.M.; Tian, Z. Liver-resident

NK cells confer adaptive immunity in skin-contact inflammation. J. Clin. Investig. 2013, 123, 1444–1456.
[CrossRef]

117. Tang, L.; Peng, H.; Zhou, J.; Chen, Y.; Wei, H.; Sun, R.; Yokoyama, W.M.; Tian, Z. Differential phenotypic and
functional properties of liver-resident NK cells and mucosal ILC1s. J. Autoimmun. 2016, 67, 29–35. [CrossRef]

118. Sun, H.; Sun, C.; Tian, Z.; Xiao, W. NK cells in immunotolerant organs. Cell. Mol. Immunol. 2013, 10, 202–212.
[CrossRef]

119. Fu, B.; Tian, Z.; Wei, H. Subsets of human natural killer cells and their regulatory effects. Immunology 2014,
141, 483–489. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2017.05.046
http://dx.doi.org/10.1038/s41571-018-0073-4
http://dx.doi.org/10.1053/j.gastro.2008.08.008
http://dx.doi.org/10.1002/hep.29360
http://dx.doi.org/10.4161/onci.26468
http://dx.doi.org/10.1016/j.immuni.2009.05.001
http://dx.doi.org/10.1189/jlb.1107782
http://dx.doi.org/10.1016/j.ccr.2006.06.016
http://dx.doi.org/10.1200/jco.2007.15.6521
http://dx.doi.org/10.1111/j.1600-065X.2011.01018.x
http://dx.doi.org/10.1038/ni904
http://dx.doi.org/10.1002/hep.20644
http://dx.doi.org/10.1158/0008-5472.can-04-3232
http://dx.doi.org/10.1007/s12026-009-8124-7
http://dx.doi.org/10.3748/wjg.v25.i24.2977
http://dx.doi.org/10.1016/j.jaut.2009.07.010
http://dx.doi.org/10.1038/nri3065
http://dx.doi.org/10.1172/JCI66381
http://dx.doi.org/10.1016/j.jaut.2015.09.004
http://dx.doi.org/10.1038/cmi.2013.9
http://dx.doi.org/10.1111/imm.12224


Diagnostics 2020, 10, 338 16 of 17

120. 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 CD56bright/CD16neg NK cells are retained within
hepatic sinusoids via the engagement of CCR5 and CXCR6 pathways. J. Autoimmun. 2016, 66, 40–50.
[CrossRef]

121. Lanier, L.L. Up on the tightrope: Natural killer cell activation and inhibition. Nat. Immunol. 2008, 9, 495–502.
[CrossRef]

122. Long, E.O.; Sik Kim, H.; Liu, D.; Peterson, M.E.; Rajagopalan, S. Controlling natural killer cell responses:
Integration of signals for activation and inhibition. Annu. Rev. Immunol. 2013, 31, 227–258. [CrossRef]

123. Vermijlen, D.; Luo, D.; Froelich, C.J.; Medema, J.P.; Kummer, J.A.; Willems, E.; Braet, F.; Wisse, E.
Hepatic natural killer cells exclusively kill splenic/blood natural killer-resistant tumor cells by the
perforin/granzyme pathway. J. Leukoc. Biol. 2002, 72.

124. Cai, L.; Zhang, Z.; Zhou, L.; Wang, H.; Fu, J.; Zhang, S.; Shi, M.; Zhang, H.; Yang, Y.; Wu, H.; et al.
Functional impairment in circulating and intrahepatic NK cells and relative mechanism in hepatocellular
carcinoma patients. Clin. Immunol. 2008, 129, 428–437. [CrossRef]

125. Dessouki, O.; Kamiya, Y.; Nagahama, H.; Tanaka, M.; Suzu, S.; Sasaki, Y.; Okada, S. Chronic hepatitis C viral
infection reduces NK cell frequency and suppresses cytokine secretion: Reversion by anti-viral treatment.
Biochem. Biophys. Res. Commun. 2010, 393, 331–337. [CrossRef]

126. Morishima, C.; Paschal, D.M.; Wang, C.C.; Yoshihara, C.S.; Wood, B.L.; Yeo, A.E.; Emerson, S.S.; Shuhart, M.C.;
Gretch, D.R. Decreased NK cell frequency in chronic hepatitis C does not affectex vivo cytolytic killing.
Hepatology 2006, 43, 573–580. [CrossRef]

127. Gao, B.; Radaeva, S.; Park, O. Liver natural killer and natural killer T cells: Immunobiology and emerging
roles in liver diseases. J. Leukoc. Biol. 2009, 86, 513–528. [CrossRef]

128. Baglieri, J.; Brenner, D.A.; Kisseleva, T. The Role of Fibrosis and Liver-Associated Fibroblasts in the
Pathogenesis of Hepatocellular Carcinoma. Int. J. Mol. Sci. 2019, 20, 1723. [CrossRef]

129. Zhang, C.Y.; Yuan, W.G.; He, P.; Lei, J.H.; Wang, C.X. Liver fibrosis and hepatic stellate cells: Etiology,
pathological hallmarks and therapeutic targets. World J. Gastroenterol. 2016, 22, 10512–10522. [CrossRef]

130. Affo, S.; Yu, L.-X.; Schwabe, R.F. The Role of Cancer-Associated Fibroblasts and Fibrosisin Liver Cancer.
Annu. Rev. Pathol. Mech. Dis. 2017, 12, 153–186.

131. Ceni, E.; Mello, T.; Galli, A. Pathogenesis of alcoholic liver disease: Role of oxidative metabolism.
World J. Gastroenterol. 2014, 20, 17756–17772. [CrossRef]

132. Seki, E.; Schwabe, R.F. Hepatic inflammation and fibrosis: Functional links and key pathways. Hepatology 2015,
61, 1066–1079. [CrossRef]

133. Kubo, N.; Araki, K.; Kuwano, H.; Shirabe, K. Cancer-associated fibroblasts in hepatocellular carcinoma.
World J. Gastroenterol. 2016, 22, 6841–6850. [CrossRef]

134. Giannelli, G.; Villa, E.; Lahn, M. Transforming Growth factor-β as a Therapeutic Target in Hepatocellular
Carcinoma. Cancer Res. 2014, 74, 1890–1894. [CrossRef]

135. Lau, E.Y.T.; Lo, J.; Cheng, B.Y.L.; Ma, M.K.F.; Lee, J.M.F.; Ng, J.K.Y.; Chai, S.; Lin, C.H.; Tsang, S.Y.; Ma, S.;
et al. Cancer-Associated Fibroblasts Regulate Tumor-Initiating Cell Plasticity in Hepatocellular Carcinoma
through c-Met/FRA1/HEY1 Signaling. Cell. Rep. 2016, 15, 1175–1189.

136. Ng, J.; Dai, T. Radiation therapy and the abscopal effect: A concept comes of age. Ann. Transl. Med. 2016, 4,
118. [CrossRef]

137. Huang, K.W.; Jayant, K.; Lee, P.-H.; Yang, P.-C.; Hsiao, C.-Y.; Habib, N.; Sodergren, M. Positive
Immuno-Modulation Following Radiofrequency Assisted Liver Resection in Hepatocellular Carcinoma.
J. Clin. Med. 2019, 8, 385. [CrossRef]

138. Jayant, K.; Sodergren, M.H.; Reccia, I.; Kusano, T.; Zacharoulis, D.; Spalding, D.; Pai, M.; Zhou, L.; Huang, K.W.
A systematic review and meta-analysis comparing liver resection with the Rf-based device habibTM-4X with
the clamp-crush technique. Cancers 2018, 10, 428.

139. Huang, K.; Lee, P.H.; Kusano, T.; Reccia, I.; Jayant, K.; Habib, N. Impact of cavitron ultrasonic surgical
aspirator (CUSA) and bipolar radiofrequency device (Habib-4X) based hepatectomy for hepatocellular
carcinoma on tumour recurrence and disease-free survival. Oncotarget 2017, 8, 93644–93654. [CrossRef]

140. Mazmishvili, K.; Jayant, K.; Janikashvili, N.; Kikodze, N.; Mizandari, M.; Pantsulaia, I.; Sodergren, M.;
Reccia, I.; Pai, M.; Habib, N.; et al. Study to evaluate the immunomodulatory effects of radiofrequency
ablation compared to surgical resection for liver cancer. J. Cancer 2018, 9, 3187–3195. [CrossRef]

http://dx.doi.org/10.1016/j.jaut.2015.08.011
http://dx.doi.org/10.1038/ni1581
http://dx.doi.org/10.1146/annurev-immunol-020711-075005
http://dx.doi.org/10.1016/j.clim.2008.08.012
http://dx.doi.org/10.1016/j.bbrc.2010.02.008
http://dx.doi.org/10.1002/hep.21073
http://dx.doi.org/10.1189/JLB.0309135
http://dx.doi.org/10.3390/ijms20071723
http://dx.doi.org/10.3748/wjg.v22.i48.10512
http://dx.doi.org/10.3748/wjg.v20.i47.17756
http://dx.doi.org/10.1002/hep.27332
http://dx.doi.org/10.3748/wjg.v22.i30.6841
http://dx.doi.org/10.1158/0008-5472.can-14-0243
http://dx.doi.org/10.21037/atm.2016.01.32
http://dx.doi.org/10.3390/jcm8030385
http://dx.doi.org/10.18632/oncotarget.21271
http://dx.doi.org/10.7150/jca.25084


Diagnostics 2020, 10, 338 17 of 17

141. Shimada, S.; Mogushi, K.; Akiyama, Y.; Furuyama, T.; Watanabe, S.; Ogura, T.; Ogawa, K.; Ono, H.;
Mitsunori, Y.; Ban, D.; et al. Comprehensive molecular and immunological characterization of hepatocellular
carcinoma. EBioMedicine 2019, 40, 457–470. [CrossRef]

142. Zhao, H.-Q.; Li, W.-M.; Lu, Z.-Q.; Yao, Y.-M. Roles of Tregs in development of hepatocellular carcinoma:
A meta-analysis. World J. Gastroenterol. 2014, 20, 7971–7978. [CrossRef]

143. Harding, J.J.; El Dika, I.; Abou-Alfa, G.K. Immunotherapy in hepatocellular carcinoma: Primed to make a
difference? Cancer 2015, 122, 367–377. [CrossRef]

144. Zhou, G.; Sprengers, D.; Boor, P.P.; 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. Gastroenteroloy 2017, 153, 1107–1119.e10. [CrossRef]

145. Duffy, A.G.; Ulahannan, S.; Makorova-Rusher, O.; Rahma, O.; Wedemeyer, H.; Pratt, D.; Davis, J.L.;
Hughes, M.S.; Heller, T.; Elgindi, M.; et al. Tremelimumab in combination with ablation in patients with
advanced hepatocellular carcinoma. J. Hepatol. 2016, 66, 545–551. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ebiom.2018.12.058
http://dx.doi.org/10.3748/wjg.v20.i24.7971
http://dx.doi.org/10.1002/cncr.29769
http://dx.doi.org/10.1053/j.gastro.2017.06.017
http://dx.doi.org/10.1016/j.jhep.2016.10.029
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Chronic Inflammation and Tumour Specific Immune Response in HCC 
	Neoantigens and Tumor-Associated Antigens in HCC 
	Cell- and Cytokine-Mediated Changes in HCC Tumour Microenvironment 
	Macrophages and Associated Cytokines 
	Tumour-Associated Macrophages and Associated Cytokines 
	Myeloid-Derived Suppressor Cells (MDSCs) and Associated Cytokines 
	Dendritic Cells and Associated Cytokines 
	T Lymphocytes and Associated Cytokines 
	Regulatory T Cells and Associated Cytokines 
	NK Cells and Associated Cytokines 
	Hepatic Stellate Cells, Endothelial Cells, and Cancer-Associated Fibroblasts 

	Future Implications 
	References

