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A B S T R A C T

The tyrosine kinase inhibitor (TKI) sorafenib continues to be the anchor drug in the treatment of advanced stage
hepatocellular carcinoma (HCC). Other TKIs as well as immune checkpoint inhibitors (ICIs) have also been
approved, however the response rates remain poor and heterogeneous among HCC patients, largely due to
antitumor drug resistance. Studies aimed at identifying novel biomarkers and developing new strategies to
improve the response to current treatment and to overcome drug resistance, are urgently needed. Germline or
somatic mutations, neoantigens, and an immunotolerogenic state against constant inflammatory stimuli in the
liver, are crucial for the anti-tumor response. A pharmacogenetic approach has been attempted considering
germline polymorphisms in genes encoding for proteins involved in drug-targeted pathways. Single gene and
comprehensive multi-gene somatic profiling approaches have been adopted in HCC to identify tumor sensitivity
scores and immunogenic profiles that can be exploited for new biomarkers and innovative therapeutic ap-
proaches. However, the high genomic heterogeneity of tumors and lack of molecularly targeted agents, hamper
the discovery of specific molecular markers of resistance to therapy. Adoptive cell therapy with chimeric antigen
receptor redirected T (CAR-T) cells targeting specific tumor-associated antigens (TAAs) was proposed recently.
The specificity of the chosen TAA, an efficient homing of CAR-T cells to the tumor site, and the ability of CAR-T
cells to survive in the tumor microenvironment are central factors in the success of CAR-T therapy.

The current review describes the principal systemic treatments for HCC and the molecular evidence regarding
potential predictive host and somatic genetic markers, as well as the emerging strategy of liquid biopsy for
disease monitoring. Novel immunotherapeutic approaches for HCC treatment, including the use of ICIs and CAR-
T, as well as strategies to overcome drug resistance, are discussed.

1. Introduction

Liver cancer is a global health problem, representing the sixth most
frequent malignancy in terms of incident cases and the fourth most
common cause of cancer-related death worldwide (Villanueva, 2019).
Hepatocellular carcinoma (HCC) is the second most lethal tumor, with a
5-year survival rate of 18 % (Villanueva, 2019), and accounts for ap-
proximately 90 % of liver tumors (Llovet et al., 2016). HCC is a mul-
tifactorial disease that develops in a multistep process (Llovet et al.,
2016; Villanueva, 2019). Most HCC cases arise on a background of liver
damage, in which an ongoing liver injury and regeneration lead to in-
flammation and progressive liver fibrosis, predisposing patients to
subsequent cirrhosis and neoplasia (Llovet et al., 2016; Villanueva,

2019). The major etiologies of HCC development include chronic in-
fection with hepatitis B virus (HBV) or hepatitis C virus (HCV), liver
cirrhosis, heavy alcohol intake, exposure to environmental/dietary
carcinogens (i.e., aflatoxin B1), genetic and metabolic liver disease (i.e.,
hereditary hemochromatosis, non-alcoholic steatohepatitis), and other
conditions of liver damage (Llovet et al., 2016; McGlynn et al., 2015).
The prevalence of HCC increases with age and is greater among males
than females (Llovet et al., 2016; McGlynn et al., 2015). In addition to
environmental factors, recent insights into the biology of HCC have
demonstrated that genetic and epigenetic abnormalities play an es-
sential role in liver carcinogenesis: molecular changes occur at different
evolutionary stages of HCC, and in most cases are induced by a specific
etiological factor (Calderaro et al., 2019; Huang et al., 2018;
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Rebouissou and Nault, 2020; Toh et al., 2019). Genomic analyses of
primary and recurrent HCC have indicated a complex mutational
landscape with vast inter-tumor and intra-tumor heterogeneity that
could account for HCC drug resistance, which represents a substantial
challenge for improving the outcomes of patients with HCC (Liu et al.,
2018).

Treatment decision-making in HCC is based primarily on the
Barcelona Clinic Liver Cancer (BCLC) clinical classification. Early-stage
cancers are potentially treatable by therapies with curative intent, such
as liver transplantation, surgical resection, or local ablation with
radiofrequency, whereas chemoembolization/radioembolization and
systemic therapy represent the only therapeutic options for inter-
mediate or advanced HCC (Llovet et al., 2016; Villanueva, 2019). Un-
fortunately, the overall prognosis for patients with HCC is dismal. Most
patients with HCC are diagnosed at an advanced tumor stage, which
precludes curative therapy, rendering systemic treatment the standard
therapy. Even when improvements in surveillance programs permit an
early diagnosis and curative treatment, almost half of all patients with
HCC ultimately receive systemic therapies (Llovet et al., 2016; Vande
Lune et al., 2018). Conventional chemotherapeutic agents (e.g., dox-
orubicin, fluoropyrimidines, platinum derivatives, and irinotecan) are
minimally effective in HCC and do not improve patient survival (Llovet
et al., 2018, 2016; Villanueva, 2019). As with various other human
malignancies, the predominant underlying basis for the lack of activity
of the above cytotoxic treatments is anticancer drug resistance. HCC is a
particularly complex tumor with high intra-tumoral genomic and mo-
lecular heterogeneity, with a tendency to mutate under treatment-se-
lective pressure. This is suggestive of the associated drug-resistance
based on a plethora of mechanisms (Assaraf et al., 2019; Gacche and
Assaraf, 2018; Kopecka et al., 2020; Marin et al., 2019; Taylor et al.,
2015; Wijdeven et al., 2016; Zhang et al., 2020; Zhitomirsky and
Assaraf, 2016). Thus, the development of novel strategies and anti-
tumor agents that can surmount cancer drug resistance and achieve
enhanced efficacy, is a major aim of current cancer research, including
HCC (Assaraf et al., 2014; Bar-Zeev et al., 2017; Cao et al., 2020; Cui
et al., 2018; Duan et al., 2019; Jiang et al., 2020b; Li et al., 2016; Livney
and Assaraf, 2013; Narayanan et al., 2020).

HCC is rarely amenable to radiotherapy (Llovet et al., 2016;
Villanueva, 2019). The introduction of targeted agents based on an
improved molecular characterization of HCC has led to a new era of
HCC treatment. In 2007, sorafenib, a small-molecule multikinase in-
hibitor, was the first systemic agent to increase the survival time of
patients with advanced HCC (Llovet et al., 2008). The approval of
sorafenib was followed by a long period of failure in testing novel drugs
for the systemic treatment of HCC, but a recent explosion in additional
agents with positive results in large phase III clinical trials has occurred.
In particular, a number of other tyrosine kinase inhibitors (TKIs; i.e.,
regorafenib, lenvatinib, and cabozantinib), a monoclonal antibody
targeting angiogenesis (i.e., ramucirumab), and immune checkpoint
inhibitors (ICIs; i.e., nivolumab and pembrolizumab) have been ap-
proved as first-line (sorafenib and lenvatinib) or second-line (regor-
afenib, cabozantinib, ramucirumab, nivolumab, and pembrolizumab)
treatment in patients with advanced HCC (De Mattia et al., 2019;
Dhanasekaran et al., 2019; Villanueva, 2019; Zhu et al., 2019) (Fig. 1).
Other small molecules, such as selective CDK4/6 inhibitors (palbociclib
and ribociclib), are in earlier stages of clinical development for treating
HCC, and the mesenchymal–epithelial transcription factor (MET) in-
hibitor tivantinib has not had positive results in phase III studies
(Littman et al., 2015; Rimassa et al., 2018). Novel promising ther-
apeutic strategies for HCC employing chimeric antigen receptor T
(CAR-T) cells are also under investigation (Burga et al., 2015; Gao et al.,
2014; Jiang et al., 2016; Katz et al., 2015; Zhang et al., 2016).

Though the introduction of targeted agents for the treatment of HCC
has led to great advances in patient responses and survival, only a
limited number of patients have achieved real and long-term benefits.
The frequent drug resistance observed in clinical practice and

significant inter-individual heterogeneity in therapy outcomes con-
stitute important obstacles in liver disease management.

The present review describes the current principal systemic treat-
ment approaches for HCC and critically discusses the pharmacogenomic
evidence for potential predictive host and somatic genetic markers, as
well as the emerging strategy of liquid biopsy for disease monitoring
and overcoming drug resistance. The novel immunotherapeutic ap-
proaches for HCC, including the use of ICIs and CAR-T-cell therapies, as
well as the main mechanisms underlying tumor/tumor microenviron-
ment (TME)/immune system crosstalk, which limit their efficacy, are
also discussed.

2. Liver cell crosstalk and HCC pathogenesis

HCC is characterized by the presence of vascular abnormalities with
aberrant microvasculature generated by atherogenesis and capillariza-
tion (Liu et al., 2017). Different from normal liver, the vasculature is
less dense with immature and abnormal leaky tumor vessels, resulting
in interstitial hypertension, edema, and tumor hypoxia with necrotic
regions (Liu et al., 2017). Consequently, hypoxia can re-stimulate an-
giogenesis and, eventually, tumor growth, resulting in a vicious cycle
(Liu et al., 2017; Morse et al., 2019). The blood flow slows in the liver
sinusoids, which constitutes the specific architecture of the liver (Jenne
and Kubes, 2013). The liver sinusoids support the metabolic and im-
munological functions of the liver. Among the functions of the liver are
the identification and clearance of microbes, microbe-associated mo-
lecular patterns (MAMPs), and damage-associated molecular patterns
(DAMPs) (Jenne and Kubes, 2013). The execution of these tasks in the
liver involves a large number of innate and adaptive immunity cells,
particularly Kupffer cells, natural killer (NK) cells, natural killer T
(NKT) cells, CD4+ T cells, and CD8+ T cells (Jenne and Kubes, 2013).
In addition, several liver cells, including liver sinusoidal endothelial
cells, hepatic stellate cells, and hepatocytes, play a role in the detec-
tion/recognition of pathogens, antigen presentation, and cytokine
production (Heymann et al., 2015; Robinson et al., 2016). The balance
between immune-tolerance and activation of the immune system in the
liver depends on the above-mentioned elements (Heymann et al., 2015;
Robinson et al., 2016).

In particular, immune tolerance is characterized by an immuno-
suppressive microenvironment determined by the levels of pro-in-
flammatory and anti-inflammatory cytokines. HCC pathogenesis origi-
nates from the deregulation of this well-tuned immunological network.
In the presence of an unbalanced immunological state, the role of
adaptive immune cells in the detection and elimination of HCC-trans-
formed cells can be reduced because they are more inclined to ex-
haustion and tolerance (Heymann et al., 2015; Robinson et al., 2016).
Thus, the TME consists of several factors that are extrinsic to cancer
cells, such as various immune and stromal cells, components of the
vasculature, extracellular matrix, and cytokines, all of which influence
HCC pathogenesis and progression (Heymann et al., 2015; Robinson
et al., 2016). In particular, regulatory T cells (Tregs) are capable of
avoiding self-tolerance by suppressing the function of effector T cells
through the secretion of several cytokines and direct contact, limiting
inflammation. Moreover, infiltration of tumors by Tregs is a feature of
many tumor types, including HCC (Chaudhary and Elkord, 2016).
Myeloid-derived suppressor cells (MDSCs) also have regulatory func-
tion capable of promoting immune evasion and tumor growth (Khaled
et al., 2013), facilitating tumor invasion, metastasis, and neoangio-
genesis (Binnewies et al., 2018; Dysthe and Parihar, 2020; Finn and
Ochoa, 2020; Gabrilovich, 2017; Jiang et al., 2020a; Kim et al., 2019;
Mastio et al., 2019; Yang and Poon, 2008).

Tumor-associated macrophages (TAMs), particularly M2 macro-
phages, are able to stimulate tumor cell motility, angiogenesis, growth,
and immune evasion (Noy and Pollard, 2014).

The cytokine status within the TME is responsible for both im-
munostimulatory and immunosuppressive effects, and are involved in
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immune cell recruitment, activation, and proliferation.
Immunosuppression is promoted by several chemokines capable of re-
cruiting MDSCs and Tregs to the TME, including chemokine (C-C motif)
ligand 5 (CCL5), CCL17, CCL22, interleukin (IL)8, and IL12. On the
other hand, inhibition of C-C chemokine receptor type 4 (CCR4) di-
minishes trafficking of Tregs, promoting antitumor effects (Sugiyama

et al., 2013). Moreover, cytotoxic T lymphocytes (CTLs) are recruited
by IL9 and IL10, promoting anticancer activity (Moser, 2001;
Paluskievicz et al., 2019). Transforming growth factor beta (TGF-β)
signaling is involved in the modulation of various TME elements, in-
fluencing cell growth, differentiation, wound healing, apoptosis, and
immuno-suppression. In particular, TGF-β is involved in the inhibition

Fig. 1. Molecular targets and mechan-
isms of action of the drugs approved for
systemic treatment of hepatocellular
carcinoma. First-line agents are re-
presented by an oval, and second-line
agents by a square box. Abbreviations:
AKT1, serine/threonine kinase 1; AXL,
AXL receptor tyrosine kinase; BRAF, B-
Raf proto-oncogene; FGFR, fibroblast
growth factor receptor; FLT3, fms-re-
lated tyrosine kinase 3; HGFR, hepato-
cyte growth factor receptor; KIT, KIT
proto-oncogene receptor tyrosine ki-
nase; MAP2K, mitogen-activated pro-
tein kinase; PD1, programmed cell
death protein-1; PDGFRB, platelet-de-
rived growth factor receptor beta;
PDL1/2, programmed cell death pro-
tein ligand; PI3K, phosphoinositide 3-
kinase; RAF, serine/threonine-protein
kinase; RET, RET proto-oncogene; TIE,
tyrosine kinase with immunoglobulin-
like and EGF-like domains; VEGFR,
vascular endothelial growth factor re-
ceptor.
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of CTLs and the upregulation of Tregs.
Vascular endothelial growth factor (VEGF) acts as an im-

munosuppressive cytokine and is involved in the inhibition of the
commitment of lymphoid progenitors, reducing the maturation of the
T-cell lineage (Ohm et al., 2003). VEGF signaling is also capable of
reducing trafficking and extravasation of CTLs into the TME, but pro-
motes Treg infiltration of selective endothelium (Motz et al., 2014).
VEGF also contributes to an increase in the expression of inhibitory
receptors, contributing to CTL exhaustion (Voron et al., 2015).

3. Approved drugs for the systemic treatment of HCC

Four TKIs are now approved by the Food and Drug Administration
(FDA) for the treatment of advanced HCC as first or second-line agents.
Sorafenib is an orally administered small molecule that inhibits a
number of serine/threonine and tyrosine kinases and related down-
stream pathways as outlined below. This drug represents the first tar-
geted agent approved for the first-line treatment of HCC; it was ap-
proved in 2007 based on the positive results of the phase III SHARP
trial. The trial found a median overall survival (OS) of 10.7 months for
the sorafenib-treated group, compared to 7.9 months in patients who
received placebo (Llovet et al., 2008). In 2017, another TKI, regor-
afenib, which has a mechanism of action similar to sorafenib, received
FDA approval as a second-line agent for patients who tolerated but
progressed on sorafenib. Approval was based on the findings of the
phase III RESORCE trial, which reported an OS benefit of regorafenib
compared to placebo (10.6 vs. 7.8 months) (Bruix et al., 2017). In 2018,
levantinib, an additional member of the TKI family that selectively
inhibits receptors related to pro-angiogenic and oncogenic pathways,
such as vascular endothelial growth factor receptor 1–3 (VEGFR1–3),
fibroblast growth factor receptor 1–4 (FGFR 1–4), platelet derived
growth factor receptor alpha (PDGFRα), and rearranged during trans-
fection (RET) and tyrosine-protein kinase (KIT) proto-oncogenes, was
granted approval by the FDA as a first-line treatment for patients with
unresectable HCC based on data from the REFLECT trial. This phase III
trial comparing lenvatinib to sorafenib revealed the non-inferiority of
lenvatinib compared to sorafenib for the primary endpoint OS (13.6 vs.
12.3 months, respectively) and significant improvement for secondary
end-point progression-free survival (PFS) (Kudo et al., 2018). In 2019,
cabozantinib, which can also block multiple oncogenic and angiogenic
pathways implicated in tumor progression and metastasis, such as
PDGFR, hepatocyte growth factor receptor (HGFR), VEGFR2, AXL re-
ceptor tyrosine kinase (AXL), RET, KIT, and fms-like tyrosine kinase 3
(FLT3), became an option for the second-line treatment of advanced
HCC after sorafenib administration. The approval was based on the
results of the CELESTIAL trial, which showed longer median OS (10.2
vs. 8.0 months) and PFS (5.2 months vs. 1.9 months) for carbozantinib
compared to placebo (Abou-Alfa et al., 2018).

The presence of tumor-infiltrating lymphocytes (TILs) expressing
programmed cell death protein-1 (PD-1) in HCC lesions and their cor-
relation with patient outcome paved the way for immunotherapeutic
approaches for the treatment of liver disease (Brizzi et al., 2016; Prieto
et al., 2015; Shi et al., 2011; Siu et al., 2018). Among the novel class of
ICIs that significantly improve the survival outcomes of patients with
HCC, nivolumab and pembolizumab were approved recently as second-
line agents, increasing the possible options for liver disease treatment.

Nivolumab is a fully humanized immunoglobulin G4 (IgG4)
monoclonal antibody that exerts its activity by binding to the PD-1
receptor expressed on activated T cells, and blocking its interaction
with programmed death ligand 1 (PD-L1) and PD-L2 on tumor cells.
This leads to a down-regulation of the T-cell-promoted tumor immune-
escape mechanism and restores the antitumor activity of T cells
(Brahmer et al., 2015). Nivolumab represents the first ICI introduced as
a therapeutic option for HCC. This drug was approved in 2017 by the
FDA as a single-agent treatment for patients with advanced HCC who
were previously treated with sorafenib based on the promising results

of the CheckMate 040 trial (El-Khoueiry et al., 2017). This study de-
monstrated manageable safety of nivolumab for HCC treatment in terms
of stable patient-reported outcomes, including indicators of health
status and quality of life. In the subsequent multi-center phase III ran-
domized CheckMate 459 trial, nivolumab demonstrated greater toler-
ability and clinically meaningful improvements in OS and both overall
and complete response rates as first-line treatment compared to sor-
afenib (Yau et al., 2019b). However, the results did not achieve sig-
nificance for the primary endpoints OS and time to progression (TTP)
compared to sorafenib, and further studies will be required to de-
termine the real efficacy of nivolumab in this therapeutic setting. In
November 2018, another ICI, pembrolizumab, obtained accelerated
approval by the FDA for the treatment of HCC patients who have pre-
viously received sorafenib based on positive findings in terms of an
objective response from the open label phase II study KEYNOTE-224
(Zhu et al., 2018). Among assessable patients, this study recorded an
objective response in 17 % of patients (1% complete response, 16 %
partial response), achieving stable disease in 44 % of patients and
progressive disease in the remaining 33 %. In the subsequent con-
firmatory study KEINOTE 240, the impact of pembrolizumab on OS and
PFS was compared to placebo. Despite the advantage reported for
pembrolizumab in terms of longer OS (13.9 vs. 10.6 months, hazard
ratio [HR] 0.781, P = 0.0238) and PFS (3.0 vs. 2.8 months, HR 0.718, P
= 0.0022), the results did not reach significance for the specified cri-
teria (Finn et al., 2020). Currently, pembrolizumab is being in-
vestigated across multiple settings and lines of therapy for HCC through
a broad scientific program of clinical trials. Pembrolizumab is a potent,
selective, high-affinity humanized IgG4 monoclonal antibody that di-
rectly inhibits the binding of PD-1 to its ligands PD-L1 and PD-L2 (Siu
et al., 2018). On March 10, 2020, the FDA granted accelerated approval
for the combination of nivolumab and anti-cytotoxic T lymphocyte
protein 4 (CTLA-4) ipilimumab for patients with HCC who have been
previously treated with sorafenib. The efficacy of the combination was
investigated in cohort 4 of CHECKMATE-040, patients with HCC who
progressed on or were intolerant to sorafenib. The overall response rate
was 33 %, with 4 complete responses and 12 partial responses. Re-
sponse duration ranged from 4.6 to 30.5 months, with 31 % of re-
sponses lasting at least 24 months (Yau et al., 2019a).

Ramucirumab is the most recent drug introduced as a therapeutic
option for advanced HCC. This agent is a fully human IgG1 monoclonal
antibody that directly and selectively binds the extracellular domain of
VEGFR2 with high affinity and blocks the interaction with its natural
ligands VEGF-A, VEGF-C, and VEGF-D. As VEGF molecules are secreted
by tumor cells to promote angiogenesis, the binding of ramucirumab to
VEGFR-2 leads to the inhibition of ligand-induced proliferation and the
migration of endothelial cells (Syed, 2020). In May 2019, ramucirumab
received approval from the FDA as a single agent for HCC in patients
who have an alpha-fetoprotein (AFP) level ≥ 400 ng/ml and were
previously treated with sorafenib. Approval was based on positive
findings from the randomized, double-blind phase III REACH-2 trial,
which indicated that ramucirumab significantly improved OS and PFS
relative to placebo in this specific population (Zhu et al., 2019). Ra-
mucirumab also represents the only drug specifically tested and ap-
proved for patients presenting with a high level of AFP, a condition
strictly related to aggressive disease and poor prognosis (Zhu et al.,
2019).

4. Genetic markers and efficacy of systemic treatment

4.1. Host pharmacogenetic markers

In the context of discovering predictors of the response to systemic
treatment in HCC, genetic polymorphisms, with their well-established
role in liver carcinogenesis (De Mattia et al., 2017a, b), could be im-
portant and contribute, in combination with clinical and molecular
parameters, to stratifying patients according to different therapeutic
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outcomes in terms of drug efficacy. In the last few years, several
pharmacogenetic studies have been published focusing on the orally
administered multi-target TKI sorafenib, which has been used longer
than other agents in HCC treatment (De Mattia et al., 2019).

The metabolism, transport, and mechanism of action of sorafenib is
described in Fig. 2 (Gong et al., 2017; Keating, 2017; Vasilyeva et al.,
2015). Sorafenib exerts its anticancer activity by inhibiting some
serine/threonine and tyrosine kinases (i.e., VEGFR1–3, PDGFR, FGFR1,
KIT, RET, FLT3) and factors involved in downstream oncogenic Raf
signaling (i.e., Raf-1 and B-Raf), impacting multiple tumor-related
signaling pathways (Fig. 2) (Gong et al., 2017; Keating, 2017). Data
from in vitro analyses and animal models have demonstrated that
sorafenib acts by repressing the proliferation of HCC cells and tumor
growth, inducing HCC cell apoptosis, and reducing tumor angiogenesis
and related pathways (e.g., inflammation) (Gong et al., 2017; Keating,
2017). Mitogen-activated protein kinase (MAPK)-independent induc-
tion of apoptosis and immunomodulatory effects have also been

described as other mechanisms implicated in the activity of sorafenib.
Thus, intrinsic and acquired resistance to this targeted agent is a
complex and multifaceted phenomenon for which the underlying me-
chanisms are not completely defined.

A number of pharmacogenetic studies investigating the role of in-
herited genetic variability in determining the response to sorafenib in
advanced HCC patients have focused on the VEGF/VEGFR cascade and
analyzed the functionally relevant polymorphisms in genes encoding
VEGF and VEGFR (Faloppi et al., 2016; Scartozzi et al., 2014; Zheng
et al., 2014). The retrospective multicenter study ALICE‐1 (Angiogen-
esis LIver CancEr) (Scartozzi et al., 2014) indicated that the alleles
VEGFA rs2010963-C and VEGFC rs4604006-T are independent pre-
dictors of longer PFS and OS in the multivariate analysis. Combining
these two markers further improved patient stratification. The favor-
able alleles VEGFA rs2010963-C and VEGFC rs4604006-T were also
significantly associated with a better objective response. These findings
were confirmed in the subsequent and larger multicenter study ALICE-2

Fig. 2. Metabolism, transport, and mo-
lecular targets of sorafenib. The antic-
ancer activity of sorafenib is carried out
via the inhibition of some membrane
serine/threonine and tyrosine kinases
(i.e., vascular endothelial growth factor
receptor [VEGFR1-3], platelet-derived
growth factor receptor [PDGFR], fibro-
blast growth factor receptor 1 [FGFR1],
KIT proto-oncogene receptor tyrosine
kinase [KIT], ret proto-oncogene [RET],
fms-related tyrosine kinase 3 [FLT3])
and downstream oncogenic Raf sig-
naling members (i.e., the serine/threo-
nine-protein kinases Raf-1 and B-Raf),
impacting multiple tumor-related sig-
naling pathways. Sorafenib is metabo-
lized mainly in the liver through two
pathways: phase I oxidation (i.e., cyto-
chrome P450 3A4 [CYP3A4]) and
phase II conjugation (i.e., UDP glucur-
onosyltransferase 1A9 [UGT1A9])
(Gong et al., 2017; Keating, 2017).
Eight metabolites (M1–M8) have been
identified in addition to the glucur-
onide form (SG). Sorafenib also inhibits
the activity of some enzymes, including
the cytochrome isoforms CYP2B6,
CYP2C8, and CYP2C9, and the UDP
glucuronosyltransferase UGT1A1, with
potential drug interactions. Membrane
transport of sorafenib and its metabo-
lites is carried out by ATP-binding cas-
sette (ABC) and solute carrier (SLC)
transporters, many of which have not
been identified. Enterohepatic re-
circulation has also been suggested
(Vasilyeva et al., 2015). Briefly, after
oral administration, sorafenib enters
the hepatocytes via hepatic uptake
transporters, including organic anion
transporter family member 1B
(OATP1B1 and OATP1B3) and cation
transporter-1 (OCT1). After CYP3A4-
and UGT1A9-mediated metabolism, SG
is extruded from the hepatocytes into
the bile, mainly by the multidrug re-
sistance protein 2 (MRP 2/ABCC2) and

breast cancer resistance protein (BCRP/ABCG2). A considerable fraction of intracellular SG is secreted back into the blood by some sinusoidal transport mechanisms,
including MRP3 (ABCC3). From the circulation, downstream hepatocytes can efficiently take up SG again via the OATP-type carriers, resulting in only low SG
concentrations reaching the general circulation. Once secreted into the bile, SG enters the intestinal lumen, where it can be a substrate for bacterial β-glucuronidases
that regenerate the parental drug sorafenib (Gong et al., 2017; Keating, 2017; Vasilyeva et al., 2015).
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(Faloppi et al., 2020) in which harboring the two favorable alleles,
VEGFA rs2010963-C and VEGFC rs4604006-T, compared to only one or
none resulted in three populations with different TTP and OS. Although
the functional effects of VEGFA-rs2010963 in the 5’-UTR and the in-
tronic VEGFC-rs4604006 variants have not yet been fully characterized,
these polymorphisms likely affect the level of circulating VEGF, inter-
fering with the mechanism of action of sorafenib and its anti-angiogenic
activity. Another study focused on polymorphisms in the gene (i.e.,
kinase insert domain receptor [KDR]) encoding the receptor VEGR2,
the dysfunction of which correlates with the decreased anti-apoptotic
effects of VEGF, among other vascular alterations (Zheng et al., 2014).
At the multivariate level, the rs1870377-AA genotype was associated
with longer TTP and OS, and the rs2071559-T allele with longer OS. A
positive effect of the rs1870377-AA genotype on the response to
treatment was also suggested. Both the missense rs1870377
(Gln472His) variation, located in the fifth NH2-terminal Ig-like domains
within the extracellular region, and rs2071559 located in the promoter
region have been reported to affect VEGFR2 functionality and/or ex-
pression (Zheng et al., 2014).

Other genes belonging to VEGF-dependent pathways were studied
for their potential implication in sorafenib resistance. In particular,
genes harboring genetic polymorphisms in endothelial nitric oxide
synthase (NOS3, encoded by eNOS), hypoxia inducible factor 1 subunit
alpha (HIF1α, encoded by HIF1A), and angiopoietin-2 (Ang-2, encoded
by ANGPT2) demonstrated a predictive/prognostic value in HCC pa-
tients treated with sorafenib (Casadei Gardini et al., 2016; Faloppi
et al., 2020; Marisi et al., 2019). The Italian multicenter ePHAS study
(Casadei Gardini et al., 2016), which adopted a training/validation
study design, focused on three functionally relevant polymorphisms in
eNOS. An alteration in NOS3 activity could impact the efficacy of sor-
afenib given the direct correlation between activation of the VEGF
signaling pathway and stimulation of the vasodilator nitric oxide. The
study found a detrimental impact of a specific eNOS haplotype (HT1:T-
4b) on PFS and OS based on the combination of an rs2070744 T-to-C
substitution in the 5’-UTR and the intronic VNTR 27bp 4a/4b poly-
morphism. Patients homozygous for the eNOS haplotype HT1 had ap-
proximately 5-fold higher risk of disease progression and 2.5-fold
higher risk of death than those with other haplotypes. These findings
were confirmed recently by another analysis of the same group when
updating the follow-up of the previously described case series (Marisi
et al., 2019). An impact of an eNOS variant (rs2070744) on the disease
control rate (DCR) was also preliminarily suggested (Marisi et al.,
2019). The two polymorphisms, rs2070744 and VNTR 27bp 4a/4b,
were described to directly affect gene transcription efficiency, resulting
in higher NOS3 protein activity and increased basal NO production,
which could alter the activation of VEGF signaling and contribute to
sorafenib resistance (Marisi et al., 2019). Another multicenter study,
ALICE-2 (Faloppi et al., 2020), focused on polymorphisms in the HIF1A
gene; the encoded HIF1α transcription factor is stabilized under hy-
poxic conditions and up-regulates VEGF expression by binding to the
VEGFA promoter, resulting in enhanced angiogenesis. This study
showed in the multivariate analysis that the HIF1A rs12434438-GG
genotype is a predictor of poor therapy outcome in terms of shorter PFS
and OS, independent from VEGF markers (i.e., VEGFA rs2010963 and
VEGFC rs4604006). An additional clinical study (Marisi et al., 2019)
reported positive findings for genetic markers in another key angio-
genic factor, Ang-2 (encoded by ANGPT2). By binding to its receptor
Tie2, Ang-2 cooperates with the VEGF pathway in regulating angio-
genesis and maintaining normal physiological vascular functions. This
protein is also suggested to contribute to determining tumor aggres-
siveness and metastatic phenotype. The analysis identified three
ANGPT2 polymorphisms that were significantly associated with OS
and/or PFS: rs55633437, rs3020221, and rs1961222. Among these
polymorphisms, ANGPT2-rs55633437 remained significant after mul-
tivariate regression. The rs55633437-T allele was associated with lower
PFS and OS, higher risk of extra-hepatic spread, and lower percentage

of DCR with the GG-genotype. The functional impact of the synon-
ymous variant rs55633437 (Thr186Thr) is still unknown, but this
polymorphism may alter the Ang-2 expression levels, as suggested by
Marisi et al. (2019). An exploratory haplotype analysis identified an
ANGPT2 haplotype characterized by rs3739392, rs3739391, and
rs3739390 variants that is significantly associated with worse OS and
PFS. These three variants, located in the 5’-UTR region of the gene, was
predicted by bioinformatics tools to affect binding to transcription
factors and protein synthesis (Marisi et al., 2019). Moreover, by com-
bining non-synonymous ANGPT2 and eNOS variant profiles, patients
exclusively characterized by variants in the regulatory region of eNOS
had a better prognosis than patients affected by variations in the 5′-UTR
of ANGPT2 (Marisi et al., 2019).

The vast majority of available pharmacogenetic studies have
adopted a candidate gene or pathway-based approach. Alternatively,
Lee et al. (2015) performed whole genome sequencing (WGS) to iden-
tify novel markers associated with the response to sorafenib in un-
resectable patients with HCC. The study was based on a preliminary
genome analysis of extreme phenotypes (good and poor responders to
sorafenib) to find potential predictive markers, and on a subsequent
validation in a larger cohort of patients. The most relevant finding of
the study was the identification of non-synonymous genetic variants in
the membrane transporter gene SLC15A2 as the most important pre-
dictors of the response to sorafenib. The T allele of the SLC15A2
rs2257212 (Leu350Phe) polymorphism was related to a significantly
longer PFS than the CC genotype. In vitro functional analysis indicated
that hepatic cells harboring the TT genotype had a better response to
sorafenib than cells with the CC genotype; structural changes, rather
than changes in expression, were suggested to be the cause of the
functional alteration. These findings underline the utility of a WGS-
based approach to discover potential novel predictors of sorafenib ef-
ficacy.

Regarding the other approved agents recently introduced for the
treatment of patients with HCC, to the best of our knowledge, no studies
have investigated the correlation between host genetic polymorphisms
and therapy efficacy in patients with HCC, and only sparse data are
available in other tumor settings (De Mattia et al., 2019). However,
regorafenib is characterized by a metabolism and mechanism of action
similar to sorafenib, and the same angiogenesis-related targets high-
lighted for sorafenib could also be predictors of the response to regor-
afenib. This hypothesis is supported by preliminary results from recent
studies performed in other cancer settings, such as colorectal cancer, in
which regorafenib has been used for a long time (De Mattia et al.,
2019).

Concerning the ICIs nivolumab and pembrolizumab, a few pre-
liminary hypothesis-generating findings have been derived from other
tumor settings, such as lung cancer (Nomizo et al., 2017; Yeo et al.,
2017). This evidence suggests a role of polymorphisms in PD-1/PD-L1
and related pathway genes in the response to ICIs by altering their
mechanism of action. Additional studies are recommended to test the
usefulness of PD-1/PD-L1-related markers in the setting of HCC. In this
context, PD-L1 rs2297136, rs4143815, and rs17718883 variants have
recently been demonstrated to be associated with HCC risk and prog-
nosis (Yeo et al., 2017; Zou et al., 2019). These data further reinforce
the importance of investigating the role of PD-L1-related polymorph-
isms as predictive markers of the outcome in patients with HCC treated
with ICIs.

4.2. Somatic tumor mutations

Despite improvements in understanding the molecular mechanisms
underlying HCC development and progression (Ogunwobi et al., 2019),
reliable prognostic biomarkers discriminating tumors that are re-
sponsive and non-responsive to systemic treatment have not yet been
identified. In recent years, the rapid technological advances in genetics
have permitted a deeper understanding of the mutational profile of
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tumor tissue, leading to more effective molecular and clinical classifi-
cation of the same tumor in terms of both disease prognosis and sen-
sitivity to treatment. In addition, somatic characterization of tumors
has been shown to allow the identification of potential molecular tar-
gets for drug therapy and possible markers of drug resistance or sen-
sitivity to treatment.

A number of studies have focused on the somatic HCC profile, in-
cluding single nucleotide variations, insertion/deletions, structural
variations, and copy number alterations, by exploring the mutational
status of liver tissue samples via sequencing (Dhanasekaran et al., 2019;
Huang et al., 2018; TCGA, 2017). These analyses reported recurrent
mutations in 12 genes: tumor protein p53 (TP53), catenin beta 1
(CTNNB1), axis inhibition protein 1 (AXIN1), albumin (ALB), AR-rich
interaction domain 2 (ARID2), AT-rich interaction domain 1A
(ARID1A), ribosomal protein S6 kinase A3 (RPS6KA3), apolipoprotein B
(APOB), retinoblastoma associated protein (RB1), cyclin-dependent
kinase inhibitor 2A (CDKN2A), low-density lipoprotein receptor-related
protein 1B (LRP1B), phosphatase and tensin homolog (PTEN). The
tumor suppressor TP53 and WNT pathway oncogene CTNNB1 are the
most frequently mutated genes. Genetic alterations in the catalytic
telomerase reverse transcriptase (TERT) gene have also been recognized
as frequent events in HCC. Distinct molecular subtypes of HCC based on
the somatic profile have also been defined, and in some cases were
related to different clinical and histological features, tumor aggres-
siveness, disease recurrence risk, patient prognosis, and therapeutic
outcome (Chang et al., 2019; Ding et al., 2019; Harding et al., 2019;
Nishida et al., 2018; Schulze et al., 2015; Woo et al., 2011). Of parti-
cular interest is the study by Nishida at al. (2018), who performed
comprehensive genetic, epigenetic, and chromosomal analyses in more
than 100 HCC tissue samples, identifying molecular features related to
tumor aggressiveness. In particular, the HCC subtype characterized by
the TP53 mutation, high fractional allelic loss (FAL), and global hypo-
methylation was associated with aggressive tumor characteristics, such
as vascular invasion, whereas the CTNNB1 mutation was a feature of
the less aggressive phenotype. This molecular scoring system was also
shown to predict the emergence of metastatic recurrence after curative
treatment, such as liver transplantation. The number of molecular risk
factors (i.e., TP53 mutation, high FAL, significant global hypomethy-
lation, absence of CTNNB1 mutation) was associated with shorter re-
currence-free survival in liver transplantation patients (P = 0.0090,
log-rank test). These results were confirmed in a cohort of resected HCC
cases from The Cancer Genome Atlas (TCGA; P = 0.0076). The iden-
tified molecular risk score could have important clinical implications
for optimizing the administration of systemic therapy after curative
treatment and represents a good marker for more precise selection of
HCC patients with undetectable tumor dissemination and subsequently
increased risk of metastatic recurrence. These patients require systemic
therapy with novel TKIs and ICIs that could improve survival in such
HCC cases.

Another recent investigation focused instead on the clinical utility
of somatic profiling in intermediate and advanced stages of HCC in
which tumor genomic biomarkers of drug response have not yet been
identified (Harding et al., 2019). This analysis included 127 patients
with HCC who received systemic therapy, among other therapeutic
interventions, prospectively genotyped by next-generation sequencing
(NGS) with a panel of 341 or more cancer-associated genes. The study
indicated that, in the sorafenib-treated group (n = 81), patients whose
tumors harbored activating mutations in the oncogenic phosphoinosi-
tide 3-kinase (PI3K) – mammalian target of rapamycin (mTOR)
pathway had a poor prognosis in terms of lower DCR (8.3 % vs. 40.2 %)
and shorter median PFS (1.9 vs. 5.3 months) and OS (10.4 vs. 17.9
months) compared to those without such mutations. In the ICI-treated
group (n = 31), the presence of activating Wnt family member 1
(WNT)/β-catenin alterations were associated with innate resistance to
therapy (clinical benefit 0% vs. 53 %), as well as a significantly shorter
median PFS (2.0 vs. 7.4 months) and numerically shorter median OS

(9.1 vs. 15.2 months) compared to non-mutated tumors. Moreover, this
work indicated that 24 % of patients harbored potentially druggable
alterations, e.g., mutations in MTOR, HGFR, tuberous sclerosis 1/2
(TSC1/2), fibroblast growth factor 19 (FGF19), isocitrate dehy-
drogenase 1 (IDH1), or other genes that are targets for currently
available FDA-approved drugs, or agents in active clinical development
whose identification could create new therapeutic opportunities (Ding
et al., 2019; Liu et al., 2018; Lu et al., 2016). An additional preliminary
study investigated the potential mutational pattern associated with the
response to regorafenib (Teufel et al., 2019). In particular, tumor tissues
from patients with HCC who received regorafenib in the RESORCE trial
(7 responders and 10 non-responders) were characterized by NGS with
a panel of 315 cancer-related genes. Mutational analysis revealed 49
somatic variants in 27 oncogenes or tumor suppressor genes, the most
frequent of which were aberrations in the promoter region of TERT and
mutations in TP53. Somatic alterations in the PI3K pathway, i.e., PTEN,
phosphatidylinositol 3-kinase (PIK3CA), or TSC1/2, were equally dis-
tributed between responders and non-responders. In contrast, muta-
tions in CTNNB1, encoding a member of the Wnt pathway, β-catenin,
were more frequent in regorafenib non-responders (mutations detected
in 3 of 10 non-responders) compared to responders (mutations detected
in any of the 7 responders), as they occurred only in patients with
disease progression upon regorafenib treatment. VEGFA gene amplifi-
cation was detected only in one patient, a regorafenib responder. These
hypothesis-generating findings suggest potential somatic mutations that
could be candidate markers for predicting the response to regorafenib
treatment in HCC and that warrant further investigation. Of interest is a
very recent case report based on a patient with advanced HCC and
treated with cabozantinib and nivolumab (Yang et al., 2020). Char-
acterization of the tumor tissue by NGS of 450 tumor-related genes
revealed that RET gene amplification, high tumor mutational burden
(≥10 mutations per megabase), and PD-L1 expression are potential
markers of the response to combination cabozantinib and nivolumab in
terms of an extraordinary longer PFS (25 months). This observation, in
addition to suggesting the feasibility of combining more targeted
agents, emphasizes the need to adopt multiple detection technologies,
including NGS and immunohistochemistry, to define a more complete
predictive score of the response to HCC therapy.

Despite the great opportunities recently presented by somatic
characterization of HCC to optimize systemic treatment of this disease,
some limitations of clinical practice must be considered. Genomic
analyses of recurrent and primary tumors have revealed that HCC is one
of the most heterogeneous tumors. The well-documented high intra-
tumor (within a tumor) and inter-tumor (tumor by tumor) hetero-
geneity, as well as heterogeneity between primary and recurrent tu-
mors, makes the development and administration of systemic targeted
therapies challenging (Ding et al., 2019; Liu et al., 2018; Lu et al.,
2016). The molecular heterogeneity of HCC has been indicated to sig-
nificantly contribute to drug resistance and tumor relapse, acting as a
considerable obstacle to improving the outcomes of HCC patients. In
this context, a single tumor biopsy specimen is inadequate to represent
the high molecular heterogeneity of HCC and makes biomarker iden-
tification, which is critical for optimized administration of targeted
agents, rather difficult. In many cases, the HCC tissue was obtained
from a primary tumor many years before the development of advanced
disease, when patients were treated with systemic therapy. These “ad-
vanced tumors” can accumulate additional molecular alterations and
become molecularly distinct from the “primary tumor”, making the
somatic signature obtained from primary tissues inadequate for pre-
dicting the drug response of advanced tumors. An improved under-
standing of the significance of HCC heterogeneity and molecular al-
terations in HCC over time, as well as the development of novel
strategies (i.e., biomarker enrichment, adaptive design strategies,
multi-region and longitudinal tumor sampling) are required to imple-
ment successful personalized, targeted therapy. Another limitation to
be considered is the scarce availability of biopsies of liver tissue, mainly
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in the setting of intermediate-advanced HCC. In contrast to other tu-
mors, biopsies are rarely carried out in HCC, as they are usually not
required for diagnosis. Therefore, the somatic mutational profile is
commonly not assessable in clinical practice because of the lack of ei-
ther biopsy or surgical tissue, as only systemic treatments are re-
commended for late-stage HCC.

4.3. Liquid biopsy and disease monitoring

Considering the lack of representative HCC tumor tissues and the
poor availability of biopsies or surgical samples, the application of
emerging strategies based on circulating cell free DNA (ccfDNA) and its
variable tumor-derived fraction (ctDNA) could be particularly pro-
mising in the context of HCC (Labgaa et al., 2018; Mezzalira et al.,
2019; Ng et al., 2018). Liquid biopsy is emerging as an opportunity to
perform a non-invasive analysis of somatic molecular alterations, as the
ctDNA has been reported to carry genetic information consistent with
tumor cells (Labgaa et al., 2018; Mezzalira et al., 2019; Ng et al., 2018).
In particular, the pilot study by Labgaa et al. (2018) investigated mu-
tations in circulating DNA and their correlation with those detected in
the tumor tissue by multi-regional sampling in eight patients with HCC
treated by surgical resection. The analysis was performed by ultra-deep
targeted sequencing of all exons of the 58 most frequently mutated
genes in HCC. The study confirmed the tumor origin of the mutations
found in the circulating DNA in the plasma, providing the first strong
evidence of the release of HCC-derived DNA fragments into the
bloodstream. Similar findings were found by Ng et al. (2018), who
analyzed biopsies from the primary tumor tissue and plasma of 30
prospectively recruited, systemic treatment-naive HCC patients using
deep sequencing targeting 46 HCC driver genes and mutation hotspots.
Interestingly, among the patients with high disease burden (large tumor
or metastasis), who are most likely ineligible for surgical resection,
ccfDNA and tumor DNA profiling captured similar proportions of so-
matic mutations.

Other recent pilot studies have demonstrated that characterization
of the somatic signature through ctDNA analysis could also reveal im-
portant information regarding tumor heterogeneity and its dynamic
evolution over time (Cai et al., 2017; Ikeda et al., 2018). The results
indicated that ctDNA could overcome the intra-tumor heterogeneity
present in patients with advanced HCC during treatment and follow-up;
ctDNA could also track, in real-time, the therapeutic responses in
longitudinal monitoring.

Some case-control studies (Huang et al., 2012; Oh et al., 2019; Park
et al., 2018; Piciocchi et al., 2013; Ren et al., 2006; Tokuhisa et al.,
2007) have focused on evaluating the variation in the amount of
ccfDNA in the plasma or serum of healthy and cancer patients in order
to establish a cut-off value for discriminating between the two groups.
These analyses adopting different methodological approaches for
measuring ccfDNA levels demonstrated that the quantity of ccfDNA
detected in cancer patients with both early-stage or advanced disease
was significantly higher than in healthy or non-cancer patients (i.e.,
cirrhotic patients or chronically HBV/HCV infected patients without
HCC).

In the context of early-stage HCC treated by surgical resection, high
circulating tumor DNA concentrations are associated with the presence
of larger and more invasive tumors, as well as shorter OS, DFS rates,
and recurrence (Huang et al., 2012; Piciocchi et al., 2013; Ren et al.,
2006; Tokuhisa et al., 2007). Two recent studies focused on the po-
tential of quantitative circulating DNA analysis in therapeutic settings
other than surgery, such as radio-chemotherapy (Park et al., 2018) and
advanced liver disease receiving systemic treatment (Oh et al., 2019).

An increasing number of studies have started to support quantita-
tive ccfDNA evaluation with qualitative analysis (i.e., somatic muta-
tional profile, altered fragmentation, aberrant methylation pattern) of
specific tumor DNA features in plasma. A number of recent publications
(An et al., 2019; Cai et al., 2019; Liao et al., 2016) focused on

investigating qualitative ccfDNA alterations in terms of sequence var-
iation, adopting either a targeted approach or whole genome or exome
sequencing approaches.

Most published studies have been performed on HCC patients with
early stage disease, in which surgery and trans-arterial chemoemboli-
zation (TACE) are the major treatment options. Liao et al. (2016)
showed that tumor-associated mutations captured in plasma are more
easily detected in patients who suffer vascular invasion. Moreover,
patients with detectable ctDNA mutations have a significantly shorter
recurrence-free survival (RFS; 89 vs. 365 days) than those with no
mutations in plasma liquid biopsies. Interestingly, no significant cor-
relation between detectable ctDNA mutations and the concentration of
circulating ccfDNA was found (Liao et al., 2016). Another study (An
et al., 2019) indicated that all patients with detectable ctDNA mutations
experienced in situ or distant recurrence postoperatively, whereas a
small fraction of patients (∼30.8 %) without ctDNA somatic mutations
experienced recurrence. Moreover, patients with detectable mutations
in post-operative plasma had significantly shorter median DFS (8.3
months vs. unreached) than those without detectable mutations (An
et al., 2019). Notably, the number of mutations in ctDNA, maximal
variant allele frequency (VAF) in ctDNA, and ctDNA concentration
linearly correlated with tumor size (An et al., 2019). Furthermore, in-
creased single-nucleotide variant (SNV) and copy-number variant
(CNV) fractions detected by targeted deep- and low-coverage WGS were
also related to worse clinico-pathological features (i.e., increased tumor
size, presence of microvascular invasion, and more severe tumor dif-
ferentiation) (Cai et al., 2019). Patient groups with high SNV/CNV
fractions in pre-operative plasma samples have significantly poorer RFS
and OS than patients with low SNV/CNV fractions. Dynamic changes in
the SNV and CNV profiles during follow-up correlated with tumor
burden and were consistent with imaging results.

The role of the somatic ctDNA profile in predicting the therapeutic
outcome was also investigated in the context of patients with advanced
HCC treated with systemic treatment (e.g., sorafenib) (Alunni-Fabbroni
et al., 2019; Oh et al., 2019). Oh et al. (2019) reported a higher rate of
genomic instability when analyzing the genome-wide copy number
alterations via low depth WGS, which was significantly associated with
lower DCR (52.0 % vs. 75.0 %) and shorter TTP (2.2 vs. 4.1 months)
and OS (4.6 vs. 14.8 months) in patients with HCC receiving sorafenib
as first-line therapy. Another exploratory investigation (Alunni-
Fabbroni et al., 2019) found a significant correlation between ccfDNA
levels and the presence of distant metastases and survival when ana-
lyzing plasma samples collected before sorafenib-based systemic
therapy and during follow-up. Moreover, the genomic profiles of ctDNA
evaluated by NGS-based screening of 597 cancer-relevant genes in-
dicated 28 variants in different combinations at the different time
points. The hepatocyte nuclear factor 1-alpha (HNF1A), Bcl2-associated
X protein (BAX), and cytochrome P450 2B6 (CYP2B6) genes had the
highest mutation frequency and a significant association with patients’
clinico-pathological characteristics (i.e., portal vein invasion, liver cir-
rhosis, and BCLC grading) and the survival profile. Taken together,
these preliminary findings support the clinical utility of a quantitative
and qualitative analysis of circulating DNA to monitor the response to
therapy in advanced HCC undergoing systemic treatment.

Despite the potential opportunity to study somatic genetic features
by analyzing circulating free tumor DNA, this strategy is hampered by
the difficulty of distinguishing between tumor and germline DNA
fractions in plasma. Only the detection of somatic mutations in cell-free
DNA in plasma can be used to identify the tumor DNA fraction.
However, a promising strategy is based on studying the length of cir-
culating tumor DNA fragments in the plasma of HCC patients.
Circulating tumor DNA fragments in plasma are shorter (∼150 bp) than
cell-free DNA derived from healthy tissues and have a different frag-
mentation pattern. The size of ccfDNA in plasma and the preferred end-
coordinates of the DNA fragments have been demonstrated to be related
to the tissue of origin, and can be exploited to identify the plasma level
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of tumor DNA in HCC patients, aimed at monitoring disease burden
during the course of treatment (Chen et al., 2012; Huang et al., 2016;
Jahr et al., 2001; Jiang et al., 2015, 2018; Thierry et al., 2016).

5. Immunotherapy with ICIs

5.1. The role of immune checkpoint molecules

The process of T-cell-mediated immunity is defined by an interplay
of stimulatory and inhibitory signals capable of promoting adaptive
responses against foreign antigens and avoiding autoimmunity. By
counteracting active signaling, immune checkpoints exert a key role in
central and peripheral tolerance (Xu et al., 2018). Under physiological
conditions, immune checkpoint molecules represent a negative feed-
back to regulate inflammatory responses following T-cell activation
(Chambers et al., 2001; Collins et al., 2002; Inarrairaegui et al., 2018;
Kalbasi and Ribas, 2020; Krummel and Allison, 1996; Sharma and
Allison, 2020; Stone et al., 2009; Wei et al., 2019a, 2018; Wei et al.,
2017, 2019b).

During T-cell maturation, following T-cell receptor recognition of
specific antigens on the major histocompatibility complexes (MHCs) of
antigen-presenting cells, antigen-specific T cells undergo clonal selec-
tion, priming, and activation. Thereafter, T cells move to specific sites
based on a chemokine gradient. If they encounter cognate antigens on
the MHCs of antigen-presenting cells, they promote cytotoxicity.
Specifically, in the case of tumor antigens, they can kill tumor cells
(Kumar et al., 2018).

Chronic inflammation can render T cells exhausted and upregulate
non-redundant inhibitory receptors that limit their effectiveness, in-
cluding CTLA-4 and PD-1 (Inarrairaegui et al., 2018; Kalbasi and Ribas,
2020; Krummel and Allison, 1996; Sharma and Allison, 2020; Stone
et al., 2009; Wei et al., 2019a, 2018; Wei et al., 2017, 2019b). CTLA-4 is
a member of the immunoglobulin superfamily homologous to CD28
(Chambers et al., 2001; Collins et al., 2002). However, it has a higher
affinity for B7 and can inhibit T-cell activity by competing with CD28
for binding their shared ligands, B7−1/2 (CD28/CD86), without in-
ducing subsequent stimulatory signals (Chambers et al., 2001; Collins
et al., 2002). CTLA-4 can also induce inhibitory signals capable of
counteracting stimulatory signals by CD28/B7 and TCR/MHC binding
(Fallarino et al., 1998; Masteller et al., 2000). The intricate balance
between CD28/B7 and CTLA-4/B7 defines the activation or anergy
state of T cells. CTLA-4 inhibits the T-cell response early in the immune
response, mainly in the lymphoid tissues. In naïve T cells, CTLA-4 is
located in the intracellular space and is expressed on the cell surface
upon stimulatory signals from CD28/B7 and TCR/MHC binding,
whereas in Tregs, CTLA-4 is constitutively expressed and involved in
the Treg suppressive functions. The B7 ligands for CTLA-4 are expressed
by professional antigen-presenting cells, which are principally located
in the lymph nodes and spleen (Fife and Bluestone, 2008; Han et al.,
2014; Kalbasi and Ribas, 2020; Masteller et al., 2000; Schneider et al.,
2006; Wei et al., 2017, 2019a; Wei et al., 2019b; Sharma and Allison,
2020; Wei et al., 2018). In the context of HCC, dendritic cells (DCs)
express high levels of CTLA-4 and can suppress the CD4+ T-cell re-
sponse via IL10 and indoleamine-2,3-dioxygenase (IDO) in a CTLA-4-
dependent manner (Han et al., 2014; Kato et al., 2020; Ouyang et al.,
2016; Patente et al., 2018; Wang et al., 2011).

PD-1 belongs to the B7/CD28 costimulatory receptor family ex-
pressed on DCs, NK cells, activated T cells, B cells, and monocytes
(Ishida et al., 1992). The main ligand of PD-1, PD-L1 is expressed on
hematopoietic cells, microvascular endothelium cells, and parenchyma
cells of different organs, whereas PD-L2, another ligand of PD-1, is
expressed on activated macrophages and DCs (Bhandaru and Rotte,
2017; Cheng et al., 2013; Francisco et al., 2010; Hui et al., 2017;
Kalbasi and Ribas, 2020; Keir et al., 2008; Rotte et al., 2018; Sharma
and Allison, 2020; Wei et al., 2019a, 2018; Wei et al., 2017, 2019b). T-
cell survival can be disrupted by the binding of PD-L1/PD-L2 to PD-1,

impairing the T-cell response (Butte et al., 2007; Francisco et al., 2009;
Latchman, 2001). A marker of T-cell exhaustion is PD-1 expression. PD-
1 is expressed by T cells that are highly stimulated or exposed to re-
duced levels of CD4+ T cells (Wherry, 2011). T-cell proliferation and
the production of IL2, interferon gamma (IFN-γ), and tumor necrosis
factor alpha (TNF-α) are blocked by PD-1 binding, reducing T-cell
survival. When TCR and PD-1 binding occur concomitantly, the signals
generated by PD-1 are involved in terminating early TCR signaling and
reducing T-cell activation (Keir et al., 2008). In addition, the interaction
between PD-L1 and B/-1 can suppress T-cell activity (Butte et al.,
2007). Thus, cancer cells expressing PD-L1 and PD-L2 can affect the
antitumor immune response (Pardoll, 2012). While CTLA-4 mainly acts
in the priming phase of T-cell activation, PD-1 is involved in the effector
phase principally in peripheral tissues. Compared to CTLA-4 engage-
ment, PD-1 engagement can interfere with a higher number of T-cell
signaling pathways (Kalbasi and Ribas, 2020; Pardoll, 2012; Sharma
and Allison, 2020; Wei et al., 2019a, 2018; Wei et al., 2017, 2019b).

PD-1 and PD-L1 expression and the PD-1/PD-L1 interaction have
been investigated in the context of HCC in several studies. In particular,
they have demonstrated that PD-L1 expression is localized primarily in
neoplastic or intra-tumoral inflammatory cells, such as Kupffer cells,
compared to neighboring non-tumor liver cells (Wu et al., 2009). Fur-
thermore, the PD-1/PD-L1 interaction contributes to immune suppres-
sion in HCC (Wu et al., 2009). With regards to an involvement of the
immune response in HCC, CD8+ T cells express high levels of PD-1 with
respect to normal tissues. Furthermore, tumors with a high number of
TILs exhibit high levels of PD-L1 expression (Semaan et al., 2017; Wu
et al., 2009). From a clinical point of view, a dismal prognosis is as-
sociated with PD-L1 expression. In particular, shorter OS correlated
with high PD-L1 levels (Semaan et al., 2017). A higher risk of HCC
relapse or metastasis and cancer-related death are associated with the
presence of peri-tumoral hepatocytes positive for PD-L1 expression (Dai
et al., 2017).

Several differences exist between the mechanisms of action of CTLA-
4 blockade and PD-1/PD-L1 blockade (Parry et al., 2005). The effects of
CTLA-4 blockade mainly occur during naïve T-cell activation in lymph
nodes by targeting Tregs expressing CTLA-4, inhibiting their activity in
removing B7−1/2 from the cell surface of antigen-presenting cells (Fife
and Bluestone, 2008; Krummel and Allison, 1996). CTLA-4 blockade
also occurs at the tumor site by targeting exhausted CTLA-4-expressing
T cells and Tregs within the TME. PD-1/PD-L1 blockade mainly affects
the effector stage of the immune response by regulating previously
activated T cells, especially in peripheral tissues (Fife and Bluestone,
2008; Keir et al., 2008). In the context of the TME, PD-1/PD-L1-ex-
pressing tumor cells can deactivate tumor-infiltrating PD-1-expressing T
cells (Fife and Bluestone, 2008; Keir et al., 2008).

HCC is recognized as having a considerable degree of im-
munogenicity because it is capable of expressing a series of tumor-as-
sociated antigens (TAAs) or mutation-associated neoantigens (MANAs)
derived from specific somatic gene mutations (Cancer Genome Atlas
Research Network, 2017; Capurro et al., 2005). The presence of tumor-
infiltrating T cells also characterizes HCC, though in several cases,
tumor-infiltrating T cells can be irreversibly exhausted or are not spe-
cific for TAAs or MANAs (Ringelhan et al., 2018). Furthermore, the
presence of several cell types, such as MDSCs, M2 macrophages, and
stromal cells, that exert an inhibitory effect through crosstalk involving
immune-inhibitory molecules, such as chemokines/cytokines, char-
acterizes the TME of HCC (Ringelhan et al., 2018). The absence of DCs
or their inability to induce anti-tumor T-cell clones may be responsible
for the lack of an anti-tumor immune response (Ringelhan et al., 2018).
The complexity of this system is responsible for the heterogeneous re-
sponse rates to immunotherapeutic approaches among HCC patients
(Ringelhan et al., 2018). Therefore, it is important to determine pre-
dictive factors that may affect the response to immunotherapeutic ap-
proaches (Onyshchenko, 2018). One of the first proposed biomarkers of
the treatment response is PD-L1 expression levels in tumor cells and

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

9



myeloid cells, but it has heterogeneous efficacy among the different
types of tumors (Onyshchenko, 2018).

A feature that may be associated with tumor sensitivity to ICIs is the
presence of CD8+ T-cell infiltration; at least putatively, it is associated
with the presence of stimulated T-cell clones versus specific TAAs or
MANAs (Onyshchenko, 2018). The tumor mutational load has also been
considered to be a predictor of the response to ICIs; in particular, a high
mutational load could be associated with a higher probability of having
somatic mutations that generate MANAs capable of stimulating specific
T-cell clones (Onyshchenko, 2018). A distinctive response to ICI treat-
ment could also be associated with clinical features or levels of specific
tissue/serum biomarkers (Onyshchenko, 2018).

5.2. Modalities to overcome resistance to ICIs

5.2.1. Taking advantage of the complementary mechanisms of ICIs
One of the first strategies proposed for overcoming resistance to ICIs

is based on the different mechanisms of action of anti-CTLA4 and anti-
PD1 antibodies. Anti-CTLA4 plays a major role in T-cell priming,
whereas anti-PD1 is mainly involved in later reactivation of effector T-
cell responses. Moreover, anti-CTLA4 is involved in the depletion of
Tregs in the TME and enhanced antitumor immunity, facilitating
broader antigen recognition. Thus, therapeutic strategies based on a
combination of anti-CTLA4 and anti-PD1 treatments have been pro-
posed (Cheng et al., 2020; Kalbasi and Ribas, 2020; Wei et al., 2019a;
Yau et al., 2019a) (Fig. 3). The concomitant blockade of other check-
point molecules, such as T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3), T cell immunoreceptor with Ig and ITIM domains
(TIGIT), and lymphocyte-activation gene 3 (LAG-3), has also been
proposed as a strategy to avoid T-cell dysfunction or exhaustion (Hung
et al., 2018; Kato et al., 2020; Koyama et al., 2016; Wierz et al., 2018;
Woo et al., 2012). However, T-cell activation can also be amplified by
the concomitant use of co-stimulatory agonists, such as 41BB, CD40/
OX40, inducible T cell co-stimulator (ICOS), and glucocorticoid-in-
duced TNFR-related (GITR) (Hu-Lieskovan and Ribas, 2017; Kato et al.,
2020; Lanuza et al., 2019; Mahoney et al., 2015).

5.2.2. Improving the availability of antigens due to cancer cell death by
chemotherapeutic drugs

Chemotherapy is generally considered an anticancer drug regimen,
mediating the killing of tumor cells by cytotoxicity or permanent arrest
of the cell cycle machinery through apoptosis, that is generally an im-
munologically silent, immunosuppressive, or tolerogenic process, and
in some cases ultimately facilitating cancer recurrence. In the past
decade, a select class of cytotoxic agents was identified that causes an
immunogenic form of apoptosis, termed immunogenic cell death (ICD),
a process that alerts the immune system to the presence of dying cells,
by stimulating anticancer immunity through the maturation of DCs,
activation of CTLs, and induction of the cytotoxic activity of NK cells
(Green et al., 2009; Zitvogel et al., 2011).

Well-known ICD inducers are cytostatic agents, such as anthracy-
clines, oxaliplatin, and bortezomib (Zitvogel et al., 2008). In this che-
motherapy-stimulated immune response, a key role is executed by DCs,
which are responsible for the engulfment, processing, and presentation
of the antigen from dying tumor cells to T lymphocytes. Other changes
in the tumor infiltrate, related to the administration of anticancer
treatments, are represented by an increased number of T lymphocytes
and an increased relative number of CTLs compared to forkhead box P3
(FOXP3)-expressing Tregs. ICD induced by anticancer chemotherapy
was first indicated by enhanced clinical responses to conventional cy-
totoxic chemotherapeutic agents in the presence of these related tumor-
specific immune responses (Zitvogel et al., 2011). On the other hand,
the presence of severe leukopenia is correlated with a negative response
to chemotherapy in solid tumors (Halama et al., 2011). ICD depends on
adaptive stress responses promoting the emission of endogenous danger
signals from dying cells. These danger signals are transmitted by

released or exposed DAMPs. These molecules can be subdivided into
proteins exposed on the surface of stressed and dying cells (e.g., cal-
reticulin and heat shock proteins), or a lipid moiety flipping from the
inner leaflet of the plasma membrane to the outer leaflet (e.g., phos-
phatidylserine), proteins or other molecules released into the extra-
cellular milieu by dying cells (e.g., high mobility group box 1
[HMGB1], uric acid, IL1a, pro-inflammatory cytokines), different de-
gradation products, such as ATP, DNA, RNA, and extracellular matrix
components such as hyaluronan, heparin sulphate, and degraded matrix
constituents (Apetoh et al., 2007; Garg et al., 2012; Ghiringhelli et al.,
2009; Krysko et al., 2013). Different factors can influence the im-
munogenicity of cell death, including the intrinsic antigenicity of cells,
an activated cell state, stress prior to cell death, the type of cell death
inducer, the cell death pathway involved, and the concomitant presence
of immune cells capable of a response (Steinman et al., 2003).

DCs play a key role in DAMP processing. DAMPs released or exposed
by stressed, damaged, or dying cells determine the apoptotic engulf-
ment and activation of DCs, antigen processing, DC maturation, and
subsequent T-cell activation. The recognition of DAMPs by DCs is car-
ried out by specific receptors terms pattern recognition receptors
(PRRs). PRRs expressed by DCs that stimulate antigen uptake are en-
docytic receptor-like scavengers and C-type lectin receptors. Toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-
like receptors, and retinoic acid-inducible gene I (RIG-I)-like helicases
are other PRRs of DCs that stimulate reactions subsequent to antigen
uptake (Lim et al., 2011; Steinman et al., 2003).

Conventional chemotherapy relies on the administration of cyto-
toxic drugs at or close to the maximal tolerated dose (MTD), generally
with a 3-week interval. This drug-free period is necessary for the re-
covery of chemotherapy-induced adverse effects in the patient.
However, during the same period, tumor cells may resume growth,
particularly through tumor neovascularization via mobilization of cir-
culating endothelial progenitor cells (Shaked et al., 2006). Metronomic
chemotherapy based on the more frequent administration of lower
doses than those employed for conventional chemotherapy has been
demonstrated to reduce toxic side effects and prevent vascular regrowth
during therapy breaks (Shaked et al., 2006). Metronomic treatment
regimens are generally based on inexpensive, well-tolerated, orally
administered drugs, presumably capable of preventing tumor progres-
sion for extended periods of time. Although the anti-angiogenic effect
was initially considered to be the exclusive antitumor effect obtained by
metronomic chemotherapy (Kerbel and Kamen, 2004), other mechan-
isms of action, including an antitumor immune response, have been
associated with this treatment regimen (Pasquier et al., 2010). In par-
ticular, induction of ICD has been found to be one of the main im-
munostimulatory effects exerted by metronomic chemotherapy
(Kaneno et al., 2009). Metronomic chemotherapy has also been found
to be responsible for enhancement of antigen presentation through DC
modulation, increased cancer cell immunogenicity, preferential deple-
tion of regulatory T cells, MDSC modulation, and enhanced cytotoxic
activity of tumor effector cells, particularly tumor-specific T cells and
γδT cells (Kaneno et al., 2009; Michels et al., 2012; Todaro et al., 2013).
As a result of these findings, a combination of metronomic che-
motherapy and immunotherapy strategies has been proposed (Fig. 3).

5.2.3. Improving the anti-tumor immune response by radiotherapy
Historically, radiotherapy has been considered a local treatment for

cancer with an “in-field” antitumor effect. In particular, radiotherapy
has been used to treat localized malignancies with curative intent or,
alternatively, to palliate pain, bleeding, or metastasis (Jaffray, 2012).
Interestingly, in a proportion of treated patients with multiple lesions,
tumor regression has been observed outside the radiotherapy field in
non-irradiated metastatic lesions distant from the primary site of irra-
diation. This phenomenon is called the abscopal effect (Abuodeh et al.,
2016; Mole, 1953; Postow et al., 2012). The well-known activity of
radiotherapy to which solid tumors respond is radiation-induced DNA
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Fig. 3. Interactions of immune checkpoint inhibitors. Cytotoxic T lymphocyte protein 4 (CTLA-4), which is expressed in Tregs, is able to inhibit T-cell activity by
competing with CD28 for binding their shared ligands B7-1/2 (CD80/CD86). CTLA-4 blockade acts mainly by targeting CTLA-4-expressing Tregs in the lymph nodes.
Programmed cell death protein receptor (PD-1)/programmed death ligand 1 (PD-L1) blockade can overcome the T-cell exhaustion and reverse the im-
munosuppressive state of the tumor microenvironment by blocking immune checkpoint molecules. The concomitant use of anti-CTLA4 and anti-PD1 antibodies could
enhance T-cell effectiveness by acting at both lymph nodes and in the tumor microenvironment. Chemo-immuno- or radio-immuno-treatment combinations could be
capable of enhancing immunogenic cell death and the number of tumor neoantigens, and reduce immuno-suppression. The efficacy of immune checkpoint inhibitors
could be augmented by concomitant treatment with antiangiogenic molecules to improve the functionality of tumor vessels via the vasculature normalization
process.
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damage, which causes direct tumor cell death via tumor cell apoptosis,
senescence, and autophagy (Dewey et al., 1995; Eriksson and
Stigbrand, 2010). This mechanism of action has primarily been con-
sidered to be immuno-suppressive because these cytotoxic effects can
also affect leukocytes. In patients with solid tumors, leukopenia has
been observed following radiotherapy (Campian et al., 2013). Total
body irradiation is a well-known conditioning regimen for patients
undergoing bone marrow transplantation (Hill-Kayser et al., 2011). On
the other hand, activation of the immune system by radiation has been
observed, with an increasing role of radiotherapy in the enhancement
of immune-mediated anti-tumor responses. The abscopal effect has al-
ready been documented in a series of studies in murine models
(Demaria et al., 2004; Kingsley, 1975; Reynders et al., 2015). However,
the abscopal effect of radiotherapy alone indicates a relatively low
overall occurrence rate, though this effect has been reported in a
growing number of trials and cases. Nevertheless, given that the host’s
immune tolerance toward tumors can be reduced by immunotherapy
with ICIs, combination regimens of radiotherapy and immunotherapy
could amplify the anti-tumor immune response (Demaria et al., 2005;
Vatner et al., 2014). This synergistic effect could be due to the cap-
ability of radiotherapy to induce ICD and the subsequent release of
tumor antigens by irradiated tumor cells, acting as an in situ vaccina-
tion. The optimal dose and fractionation of radiotherapy to induce the
abscopal effect has not been completely defined (Dewan et al., 2009;
Siva et al., 2015). In this context, hypofractionated radiotherapy has
been proposed to obtain the systemic anti-tumor effect of combinatorial
radiotherapy/immunotherapy regimens (Fig. 3) (Dewan et al., 2009;
Twyman-Saint Victor et al., 2015). Another unclear point is represented
by the optimal schedule of combinatorial treatments, particularly if the
two treatments should be concomitantly or sequentially administered
(Dewan et al., 2009; Twyman-Saint Victor et al., 2015). Recently,
combining chemotherapeutic cytotoxic agents with ICIs in difficult-to-
treat solid tumors, including non-small cell lung cancer and head and
neck cancer, was proposed or implemented (Kaidar-Person et al., 2018;
Leonetti et al., 2019). The effort to combine current ICIs with novel
checkpoint inhibitors or other therapeutic approaches to achieve a sy-
nergistic effect in the treatment of various human malignancies is on-
going (Kon and Benhar, 2019).

5.2.4. Reversal of the effect of proangiogenic factors
A number of suggestions have been made concerning the link be-

tween the immune system and angiogenesis in the TME. The number
and functionality of TILs are reduced by abnormal angiogenesis (Hato
et al., 2016). In the context of an immunosuppressive TME, VEGF plays
a key role as a mediator in evading immune surveillance by tumor cells.
VEGF is associated with the accumulation of MDSCs, which can induce
the development of Foxp3-expressing Tregs (Gabrilovich and Nagaraj,
2009). High VEGF levels are also associated with a decrease in DCs
capable of achieving a mature state. The presence of immature DCs can
be responsible for the differentiation and proliferation of Tregs (Hato
et al., 2016). VEGF can also cause the production of TAMs (Mantovani
et al., 2017). Angiopoietin-2 (Ang-2) is another pro-angiogenic factor
with an immunosuppressive role. In particular, the expression of Ang-2
by tumor cells can cause the recruitment of TIE-2-expressing monocytes
responsible for the release of IL10. IL10 production is related to the
suppression of T-cell proliferation, augmentation in the CD4+/CD8 +
T cell ratio, and the expansion of Foxp3-expressing Tregs (Motz et al.,
2014).

The trafficking of T cells reactive towards specific tumor antigens
or, alternatively, of other effector cells of the immune system can be
induced or increased by anti-angiogenic treatments. In this context,
scheduling has been proposed for the administration of anti-angiogenic
molecules to achieve a transient therapeutic drug-induced time interval
in which tumor vessels demonstrate improved functionality rather than
hypoxia, in a process called normalization of the vasculature (Liu et al.,
2017). This restored functionality of tumor vessels is potentially useful

to augment the capability of additional therapeutic agents, such as ICIs,
to eradicate tumor cells if employed in association with the anti-an-
giogenic molecules (Fig. 3) (Liu et al., 2017).

6. Immunotherapy targeting TAAs

6.1. TAAs expressed in HCC

A number of TAAs specific to HCC have been identified, including
Glypican-3 (GPC3) (Anatelli et al., 2008; Capurro et al., 2003; Zhang
et al., 2012), epithelial cell adhesion molecule (EpCAM) (Ogawa et al.,
2014; Yamashita et al., 2008), and tumor endothelial marker 1 (TEM1)
(Bagley et al., 2008; Christian et al., 2008). GPC3 belongs to the gly-
pican family (Filmus et al., 2008; Filmus and Selleck, 2001) and is an
oncofetal protein expressed in the embryo during development that is
involved in morphogenesis and growth control. In contrast, GPC3 is not
expressed in most adult healthy tissues (Capurro et al., 2008). With
respect to normal liver and pre-malignant lesions, GPC3 expression at
both the transcript and protein levels is upregulated in HCC (Anatelli
et al., 2008; Capurro et al., 2003; Yamauchi et al., 2005; Zhang et al.,
2012). Immunohistochemistry has shown strong positivity for both
membrane and cytoplasmic staining in a large proportion of HCC cases
(Capurro et al., 2003; Liu et al., 2010). Furthermore, the concentration
of soluble GPC3 is high in the serum of HCC patients, whereas very low
or undetectable levels have been found in the serum of healthy in-
dividuals or of patients with hepatitis (Capurro et al., 2003; Liu et al.,
2010). Therefore, GPC3 can be a promising target for immunotherapy
(Capurro et al., 2003, 2008; Liu et al., 2010).

EpCAM is a type I transmembrane glycoprotein that plays a role in
cell adhesion, cell migration, cell differentiation, proliferation, metas-
tasis, cell signaling, cellular metabolism, regeneration, and liver orga-
nogenesis. EpCAM has frequently been found to be overexpressed in
epithelial carcinomas, including hepatic carcinomas (Ogawa et al.,
2014; Yamashita et al., 2008).

TEM1 (CD248, also known as endosialin) is a sialic acid-rich
transmembrane glycoprotein of the C-type, lectin-receptor family that is
expressed on the cell surface of mesenchymal stem cells, endothelial
progenitor cells, and fibroblasts during embryonic development (Bagley
et al., 2008; Christian et al., 2008). TEM1 expression has been found in
several cancers, including HCC, at both the transcript and protein levels
(Nanda et al., 2006). TEM1 is also involved in the vascular adhesion
and migration of tumor cells, local invasion, and metastasis (Nanda
et al., 2006).

6.2. Treatment strategies using antibodies targeting TAAs

Several treatment strategies using antibodies targeting TAA have
been proposed for the treatment of HCC. In particular, condrituzumab
(GC33) is a fully humanized recombinant IgG2 mAb that is directed to
the C-terminal region of human GPC3 (Ishiguro et al., 2008). Con-
drituzumab is capable of inducing antibody-dependent cell-mediated
cytotoxicity (ADCC) and inhibits cancer growth in a xenograft model of
liver tumors (Ishiguro et al., 2008). Several clinical trials have been
proposed for the use of condrituzumab in HCC: a phase I clinical trial in
which it was well-tolerated in patients with advanced HCC
(NCT00746317) (Zhu et al., 2013); a randomized phase II clinical trial
(NCT01507168) in which it did not show clinical benefits in previously
treated HCC patients (Abou-Alfa et al., 2016); and a third trial in which
condrituzumab was administered in combination with sorafenib, but
did not elicit strong anti-tumor activity (NCT00976170) (Abou-Alfa
et al., 2017). Another monoclonal antibody targeting GPC3 is YP7
(Phung et al., 2012; Zhang and Ho, 2016), a humanized IgG1 mAb
against the C-terminal region of GPC3. This antibody is capable of in-
ducing ADCC and complement-dependent cytotoxicity in tumor cells
expressing GPC3 (Zhang and Ho, 2016). YP7 is also capable of in-
hibiting tumor growth in nude mice with HCC xenografts (Phung et al.,
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2012). A third antibody capable of targeting GPC3 is NH3, a human
heavy chain variable domain antibody that targets a unique con-
formational epitope in the GPC3 core (Feng et al., 2013). Tumor cell
growth in a nude mouse HCC xenograft model has been shown to be
inhibited by the NH3 antibody, and this inhibition appeared to be as-
sociated with inactivation of YAP (Feng et al., 2013), an established
transcriptional coactivator promoting tumor cell proliferation in HCC
(Zhang and Zhou, 2019). Ontuxizumab is a humanized IgG1/K mAb
targeting TEM1. In a first-in-human phase I clinical trial
(NCT00847054) of patients affected by different treatment refractory
solid tumors, HCC patients achieved disease stabilization (Diaz et al.,
2015). In a second phase I trial (NCT01773434) of a group of patients
affected by various solid tumors, the HCC patients presented with
tumor shrinkage (Doi et al., 2019).

6.3. CAR-T

Adoptive T-cell transfer consists of the isolation of T cells from
patient blood and reinfusion of the most antigen-specific T cells after
their stimulation and expansion. This approach became a therapeutic
strategy using CAR-T cells, which are engineered to recognize a specific
TAA. Four components characterize CAR-T, the first, and external,
component is usually made by the single− chain variable fragment
(scFv) domain. The second component, the space region or hinge,
consists of the IgG1 hinge−CH2−CH3 Fc domain connecting the scFv.
The third component consists of the transmembrane region. The last
component is the intracellular signaling domain, the composition of
which differs from one CAR-T generation to another, with the perma-
nent presence of the CD3ζ signaling domain in all of them.

Progress in the development of the CAR could be roughly defined by
the fifth generation CAR-T. The first generation is the simplest, with
CD3ζ as the intracellular signaling domain. The second generation is
characterized by the addition of a costimulatory domain, CD28 or
4−1BB, between the transmembrane domain and CD3ζ to determine T-
cell proliferation and expansion following repeated exposure of T cells
to the antigen. The third generation CAR-T has both CD28 and 4−1BB
(or CD134) co-stimulatory domains bound to the CD3ζ. The fourth
generation CAR-T comprises T cells redirected for universal cytokine
killing (TRUCKs) and has a costimulatory domain and inducible IL12
(iIL12) cassette. In this case, the interaction between the CAR and the
antigen activates T-cell signaling, resulting in the release of the pro-
inflammatory IL12, which allows the recruitment of NK cells and
macrophages able to attack even the antigen-negative cells. A fifth
generation of CAR-T is characterized by the presence of a truncated
cytoplasmic IL2 receptor β-chain domain with a binding site for the
transcription factor signal transducer and activator of transcription 3
(STAT3). In this way, synergistic signals for T-cell activation and pro-
liferation are generated by the antigen-specific activation that si-
multaneously triggers the TCR (through the CD3ζ domain), co-stimu-
latory domains (CD28 domain), and cytokine Janus kinase (JAK)-
STAT3/5 signaling (Kagoya et al., 2018) (Fig. 4).

6.3.1. Approved CAR-T for the treatment of hematological malignancies
CAR-T therapy was approved by the FDA in 2017 for the agents

tisagenlecleucel (Kymriah) and axicabtagene ciloleucel (Yescarta).
Tisagenlecleucel is made of an anti-CD19 scFv with a transmembrane
domain bound to 4−1BB and CD3ζ. This therapy has been approved for
the treatment of patients aged ≤ 25 years with second or third relapse
or refractory B cell acute lymphoblastic leukemia (B-ALL).
Axicabtagene ciloleucel is made of an anti-CD19 scFv with a trans-
membrane domain bound to CD28 and CD3ζ. The drug has been ap-
proved for the treatment of adults encountering a relapse or treatment-
resistant diffuse large B cell lymphoma (DLBCL) after two or more lines
of systemic therapy (Maude et al., 2018; Neelapu et al., 2017).

6.3.2. CAR-T approaches for HCC treatment
CAR-T treatment in solid tumors is favored by the positive results of

CAR-T therapy in hematological malignancies. The treatment of HCC or
HCC metastasis using CAR-T therapy against different TAAs has been
the subject of several studies (Burga et al., 2015; Gao et al., 2014; Jiang
et al., 2016; Katz et al., 2015; Zhang et al., 2016). in vivo studies have
demonstrated the efficacy of anti-GPC3 CAR-T therapy when treating a
mouse model harboring HCC xenografts obtained from patient-derived
xenografts or cell line based-tumors (Gao et al., 2014; Jiang et al.,
2016). Currently, 22 clinical trials are investigating the use of CAR-T for
HCC treatment, 11 of which are using GPC3 as the target (Table 1).

6.3.3. Challenges of CAR-T therapy in solid tumors
The clinical efficacy of CAR-T therapy in hematological malig-

nancies paved the way for the use of CAR-T treatment in solid tumors.
However, different from hematological tumors, the treatment of solid
tumors presents several challenges, including tumor heterogeneity in
terms of antigen expression, access to the tumor site by CAR-T cells, and
resistance of the TME to CAR-T therapy.

Most solid tumors are characterized by a heterogeneous cell popu-
lation due to mutational events, only a subset of tumor cells expressing
the specific TAA chosen as a target, or tumor cells having lost expres-
sion of the target antigen, making it difficult to target a specific TAA. To
overcome both antigen heterogeneity and antigen loss, one approach is
to simultaneously target more than one TAA with multi-specific CAR-T
cells (Zah et al., 2016). An ideal TAA target must be expressed on the
surface of tumor cells. Approximately 1% of total cellular proteins are
actually expressed on the cell surface; therefore, only a few TAAs could
potentially be used as a target for CAR-T therapy (Walseng et al., 2017).

TAAs are commonly enriched in tumors, but also expressed at low
levels in normal tissues. This could potentially lead to toxicity due to
on-target/off-tumor recognition (Morgan et al., 2010; Richman et al.,
2018). Thus, identifying a safe TAA is important. A CAR-T cell must
reach the tumor site, but solid tumors have multiple barriers that a
CAR-T cell must surmount. Physical barriers, such as cancer associated
fibroblasts and abnormal vasculature at the tumor site, can block T-cell
entry (Hanahan and Coussens, 2012; Vignali and Kallikourdis, 2017). In
addition, surface markers, such as selectins on endothelial cells, can
bind the circulating CAR-T cells, reducing their availability at the tumor
site.

Limited CAR-T-cell accessibility to the tumor is overcome by direct
intra-tumoral delivery of T cells. For tumors that are not easily acces-
sible, CAR-T cells have been modified to express extracellular matrix-
degrading enzymes. Several studies have shown the capability of tumor
cells or tumor-associated stromal cells to produce chemokines pro-
moting cell proliferation, survival, progression and migration (Chow
and Luster, 2014; Hanahan and Weinberg, 2011). The recruitment of
immuno-suppressive cells that further enhances the im-
munosuppressive TME can be promoted by some of these chemokines.
A proposed approach is to take advantage of this tumor chemokine
signaling network to drive CAR-T cell recruitment by engineering the
expression of cognate chemokine receptors on the CAR-T-cell surface to
potentiate their infiltrative capacity (Hillerdal and Essand, 2015; Rapp
et al., 2016).

TME has been reported to be a hostile environment for CAR-T cells
in regards to survival and proliferation. The glycolytic metabolism of
tumor cells renders the environment hypoxic, acidic, low in nutrients,
and prone to oxidative stress. Because glucose is depleted by tumor
cells, the glycolytic T cells can be nutrient-deprived, causing suppres-
sion of the immune response. One approach designed to protect T cells
from oxidative stress is CAR-T cells designed to co-express catalase
(CAR-CAT), an enzyme that reduces hydrogen peroxide to water and
oxygen (Ligtenberg et al., 2016).

In vitro data indicate that CAR-CAT has a reduced oxidative state
and improved cellular proliferation compared to CAR alone. These
physical and metabolic barriers prevent immune cell recruitment and
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Fig. 4. Chimeric antigen receptor (CAR) structure. Schematic representation of the CAR structure. The first generation CAR contains a CD3ζ-derived signaling
domain. The second generation CAR also contains a costimulatory domain (CD28, OX40, or 4-1BB domain), the third generation contains two costimulatory domains,
whereas the fourth generation contains a costimulatory domain and inducible interleukin 12 (iIL12) cassette. The fourth generation CAR-T cells are T cells redirected
for universal cytokine killing (TRUCKs). In this case, the interaction between the CAR and the antigen activates T-cell signaling, resulting in the release of pro-
inflammatory IL12 which allows the recruitment of NK cells and macrophages, which are able to attack even the antigen-negative cells. Fifth generation CAR is
characterized by the presence of a truncated cytoplasmic IL2 receptor β-chain domain with a binding site for the signal transducer and activator of transcription 3
(STAT3). In this way, synergistic signals for T-cell activation and proliferation are generated by the antigen-specific activation that simultaneously triggers the TCR
through the CD3ζ domain, and costimulatory (CD28 domain) and cytokine Janus kinase (JAK)-STAT3/5 signaling.
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the activation and persistence of CAR-T cells, and simultaneously pro-
mote the recruitment of immune suppressor cells (Hanahan and
Weinberg, 2011; Wu et al., 2015). These immune suppressor cells are
involved in CAR-T-cell exhaustion, with the sequential loss of effector
functions, such as the ability to produce cytokines, proliferate, and
mediate the lysis of target cells. One of the most popular strategies to
overcoming T-cell exhaustion is the use of ICIs. Drugs targeting PD-L1,
PD-1, and CTLA-4 used in combination with CAR-T therapy have been
found to be effective (Chong et al., 2017; Gargett et al., 2016; Heczey
et al., 2017).

Other novel approaches are represented by knocking out genes
encoding T-cell inhibitory receptors or signaling molecules, such as PD-
1 or CTLA-4, particularly via CRISPR-CAS9 technology (Baylis and
McLeod, 2017; Ren et al., 2017; Rupp et al., 2017). The responsiveness
of CAR-T cells could be prolonged by activating chimeric switch re-
ceptors (CSRs), which are also defined as immunomodulatory fusion
proteins. These activating CSRs combine the extracellular ligand-
binding domain of an inhibitory receptor (PD-1 or CTLA-4) fused
through a transmembrane domain with the cytoplasmic co-stimulatory
signaling domain of CD28 (Ankri et al., 2013; Kobold et al., 2015; Liu
et al., 2016; Prosser et al., 2012; Shin et al., 2012). In this manner,
engagement of the extracellular portion of this fusion receptor transmits
an activating signal instead of the normal physiological inhibitory
signal (Ankri et al., 2013; Kobold et al., 2015; Liu et al., 2016; Prosser
et al., 2012; Shin et al., 2012). An alternative strategy for overcoming
tumor-mediated immune suppression involves the use of TRUCKs,
which express in a constitutive or inducible manner, pro-inflammatory
cytokines, such as IL12, that strongly enhance the response of the in-
nate and adoptive immunity against cancer cells (Trinchieri, 2003). In
particular, IL12 is capable of increasing IFN-γ secretion and the ex-
pression of granzyme B and perforin by T cells and NK cells, and of
suppressing the proliferation of Tregs (Cao et al., 2009; Ferlazzo et al.,
2004; Kubin et al., 1994).

7. Future perspectives

Despite recent advances in the available therapeutic options, HCC
continues to be an incurable disease. Inter-individual variability in
terms of tumor response and the emergence of drug resistance remain
the main obstacles.

Genomic and transcriptomic heterogeneity is considered one of the
principal causes of treatment failure, as well as the lack of selective
molecular targets for drug therapy. For the future it could be crucial to
start from studying genomic instability of HCC tumors in order to dis-
cover new effective treatment strategies and to overcome drug re-
sistance. To achieve this goal, a better understanding of the disease
etiology, the functional analysis of genomic instability and the analysis
of the mutational burden of HCC, will be of paramount importance. The
definition of these aspects of the disease will help not only to discover
new selective molecular biomarkers, but to also define new therapeutic
strategies in HCC.

HCC is considered a highly immunogenic tumor which is pre-
sumably related to its pathogenesis, originating from a chronically in-
flamed microenvironment of an underlying liver disease, caused by
viral or non-viral pathogenic processes. Moreover, it was recently
highlighted that the somatic mutational burden, may trigger the im-
munological response against cancer (Onyshchenko, 2018; Ringelhan
et al., 2018). The opportunity to use immunological strategies in HCC
patients appears attractive. Anti PD1/PDL1 agents have been recently
approved for HCC treatment, albeit the clinical impact of using nivo-
lumab and pembrolizumab on patients’ OS of HCC is limited. The
success of immunological therapies could be hampered by several fac-
tors probably related to the heterogeneity and multifocal origin of HCC.
This requires a multimodality strategy combining different im-
munological approaches (i.e. of anti-CTLA-4 and anti-PD1 antibodies)
combined with conventional therapy (i.e. chemotherapy and

radiotherapy). Recent evidence suggests an immunological stimulation
exerted by the administration of some chemotherapeutics including
anthracyclines, that have proved to have some activity in HCC (Apetoh
et al., 2007; Garg et al., 2012; Ghiringhelli et al., 2009; Krysko et al.,
2013; Zitvogel et al., 2008, 2011). This finding may represent a rational
support to the use of chemo-immunotherapy combinations in HCC.

The immunogenic effect of radiotherapy, as evidenced by the so
called abscopal effect of radiotherapy (Abuodeh et al., 2016; Demaria
et al., 2004; Kingsley, 1975; Mole, 1953; Postow et al., 2012; Reynders
et al., 2015), could also redefine the role of radiotherapy in this ma-
lignancy, commonly considered not radiosensitive. In the era of im-
munotherapy, radiotherapy could become a suitable strategy for HCC in
the context of combination with immunotherapies. The effect of phy-
sical treatments (i.e. radiofrequency or thermoablation) on tumor im-
munogenicity is not currently clear but it could be hypothesized to be a
further therapeutic tool to be investigated as an immunostimulatory
agent (Abuodeh et al., 2016; Demaria et al., 2004; Kingsley, 1975;
Mole, 1953; Postow et al., 2012; Reynders et al., 2015).

A pharmacogenetic approach is mandatory to better address the
issue of drug resistance in HCC. Germline polymorphisms in genes
encoding for proteins involved in the drug targeted pathways as an-
giogenesis have been investigated for patients treated with first line
sorafenib, (Gong et al., 2017; Keating, 2017; Vasilyeva et al., 2015).
These studies should be extended not only to the new drugs approved
by the regulatory agencies for HCC, but also to better define the im-
munogenetic profile of HCC patients. This could better define the het-
erogeneous response to immunotherapeutic treatments in HCC patients.

The existence of predictive and prognostic biomarkers that may be
used to monitor the outcome of a pharmacological treatment in HCC
remains an open question. In this context, the molecular characteriza-
tion of tumor cells will be the main path to reach validated monitoring
tools. A comprehensive multi-gene somatic analysis integrated with
immunogenic profiling approaches seem to be the most promising
strategy to extrapolate drug-sensitivity scores. Application of a liquid
biopsy approach to mine somatic genomic features from circulating
tumor DNA in plasma will be helpful to monitor HCC patients during
the course of treatment.

Finally, a future attractive perspective for the HCC treatment de-
rives from the use of cell therapies in solid tumors and in particular by
using CAR-T cells. HCC is considered a suitable tumor for this strategy
due not only to the lack of available effective treatments but also be-
cause it represents a suitable strategy in a tumor with complex im-
munological features.

8. Conclusions

Sorafenib is the most common first-line systemic treatment for HCC,
but other targeted therapies with small molecules or immunotherapy
with ICIs have been used recently. Despite promising results, HCC re-
mains a drug-resistant tumor. Pharmacogenetics has been applied in the
last few years in the personalization of systemic treatments for HCC
patients. Currently, all published studies aiming to discover potential
genetic predictors of the host drug response have been focused on
sorafenib, which has the longest track record in HCC treatment. The
most consistent data were obtained for polymorphisms in the VEGF/
VEGFR cascade (i.e., VEGFA and VEFGR2) and directly related path-
ways (eNOS, HIF1A, and ANG2). However, larger independent pro-
spective trials are required to validate the real clinical utility in strati-
fying patients according to sorafenib responsiveness. Regarding the
other drugs approved for HCC treatment, no pharmacogenetic data
have yet been obtained in the specific setting of HCC, and future studies
are certainly warranted. Given the recent extension of therapeutic op-
tions for HCC treatment, the identification of genetic predictors of good
responders could certainly contribute, in combination with other bio-
markers, to improving the application of these new drugs in persona-
lized treatments for HCC.
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Genomic and transcriptomic heterogeneity is considered one of the
principal causes of treatment failure, especially for sorafenib.
Considering the complex molecular genomic profile and cancer biology
of HCC, which is the end-product of chronic liver injury of various
etiologies, a comprehensive understanding of the molecular alterations
found in individual cancers is far from being reached; novel methods or
platforms that could eventually integrate and interpret these complex
data sets and accurately predict response rates to specific targeted
therapies are needed (Sullivan et al., 2018). Moreover, the identifica-
tion of targetable genetic alterations could also offer patients the op-
portunity to be treated with experimental therapies or off-label targeted
agents. The quantitative and qualitative evaluation of ccfDNA as a
potential surrogate for tumor molecular profiling is a promising
strategy for improving the management of HCC patients. In particular,
quantitative alterations in ccfDNA could represent a tool to dynamically
monitor the efficacy of treatment in late-stage HCC treated with sys-
temic therapy. Furthermore, a qualitative ctDNA analysis (i.e., ctDNA
mutational profile and tumor burden) could permit the identification of
mechanisms of resistance to targeted agents (i.e., TKIs and ICIs) or used
to guide tumor-targeted therapy and personalized medicine.

HCC is considered to have a significant degree of immunogenicity.
The liver plays a central role in host defense and the maintenance of
immune tolerance, and is characterized by a strong intrinsic im-
munosuppressive microenvironment and high immune invasion. This
intricate balance between immunostimulatory and immunosuppressive
factors in the context of the TME of HCC, results in heterogeneous re-
sponse rates to ICIs. Though a fraction of HCC cases are responsive to
ICIs, the non-responsive cases could benefit from therapeutic strategies
capable of augmenting this responsiveness. In this regard, the con-
comitant use of anti-CTLA-4 and anti-PD1 antibodies could enhance T-
cell effectiveness by acting at both the lymph nodes and TME. Chemo-
immuno- or radio-immuno-treatment combinations could be capable of
enhancing ICD and the number of tumor neoantigens, and alleviating
immune suppression. The efficacy of ICIs could be augmented by con-
comitant treatment with antiangiogenic molecules to improve the
functionality of tumor vessels via vasculature normalization (Fig. 3).

Various genomic, transcriptomic, and immune-related features can
be useful for identifying patients for whom the better choice is ICI
immunotherapy as a single agent or combination therapies, including
the somatic features of tumor cells, mutational landscapes, mismatch-
repair deficiency, the number of germline polymorphisms in regulatory
genes of the immune system, transcription factors, immune-related
miRNA signatures, and exposure to environmental antigens that can
possibly influence the T-cell repertoire (Gajewski et al., 2013;
Ringelhan et al., 2018). However, temporal intra-patient and/or spatial
dynamic variations in the chosen predictive biomarkers are also pos-
sible due to intra-tumor heterogeneity. An approach using computa-
tional/mathematical models could allow a better understanding of this
molecular complexity.

Pre-clinical and clinical evidence has highlighted the potential use
of CAR-T cells to treat HCC patients (Burga et al., 2015; Gao et al.,
2014; Jiang et al., 2016; Katz et al., 2015; Zhang et al., 2016). Although
CAR-T therapy has been successfully evaluated and recently approved
for the treatment of hematological malignancies, the efficacy of the
CAR-T approach for the treatment of solid tumors, including HCC, is
more dependent on an efficient homing of CAR-T cells to the tumor site,
and on the capability of CAR-T cells to survive in the TME. An efficient
CAR-T strategy for the treatment of HCC could be obtained by selecting
specific T-cell subtypes to be engineered, and by the introduction of
additional modifications to overcome the immunosuppressive TME,
such as the production of cytokines (e.g., IL2) and/or the manipulation
of immune checkpoint signaling in which CAR-T cells could be involved
(Pang et al., 2018).

Ever-increasing knowledge of the molecular mechanisms involved
in HCC pathogenesis and progression, as well as in the tumor/TME/
immune system crosstalk, will hopefully allow the rapid introduction of

novel effective therapeutic strategies combining anti-neoplastic and
immunotherapeutic approaches for the treatment of HCC.

References

Abou-Alfa, G.K., Puig, O., Daniele, B., Kudo, M., Merle, P., Park, J.W., Ross, P., Peron,
J.M., Ebert, O., Chan, S., Poon, T.P., Colombo, M., Okusaka, T., Ryoo, B.Y., Minguez,
B., Tanaka, T., Ohtomo, T., Ukrainskyj, S., Boisserie, F., Rutman, O., Chen, Y.C., Xu,
C., Shochat, E., Jukofsky, L., Reis, B., Chen, G., Di Laurenzio, L., Lee, R., Yen, C.J.,
2016. Randomized phase II placebo controlled study of codrituzumab in previously
treated patients with advanced hepatocellular carcinoma. J. Hepatol. 65, 289–295.

Abou-Alfa, G.K., Yen, C.J., Hsu, C.H., O’Donoghue, J., Beylergil, V., Ruan, S., Pandit-
Taskar, N., Gansukh, B., Lyashchenko, S.K., Ma, J., Wan, P., Shao, Y.Y., Lin, Z.Z.,
Frenette, C., O’Neil, B., Schwartz, L., Smith-Jones, P.M., Ohtomo, T., Tanaka, T.,
Morikawa, H., Maki, Y., Ohishi, N., Chen, Y.C., Agajanov, T., Boisserie, F., Di
Laurenzio, L., Lee, R., Larson, S.M., Cheng, A.L., Carrasquilo, J.A., 2017. Phase Ib
study of codrituzumab in combination with sorafenib in patients with non-curable
advanced hepatocellular carcinoma (HCC). Cancer Chemother. Pharmacol. 79,
421–429.

Abou-Alfa, G.K., Meyer, T., Cheng, A.L., El-Khoueiry, A.B., Rimassa, L., Ryoo, B.Y., Cicin,
I., Merle, P., Chen, Y., Park, J.W., Blanc, J.F., Bolondi, L., Klumpen, H.J., Chan, S.L.,
Zagonel, V., Pressiani, T., Ryu, M.H., Venook, A.P., Hessel, C., Borgman-Hagey, A.E.,
Schwab, G., Kelley, R.K., 2018. Cabozantinib in patients with advanced and pro-
gressing hepatocellular carcinoma. N. Engl. J. Med. 379, 54–63.

Abuodeh, Y., Venkat, P., Kim, S., 2016. Systematic review of case reports on the abscopal
effect. Curr. Probl. Cancer 40, 25–37.

Alunni-Fabbroni, M., Ronsch, K., Huber, T., Cyran, C.C., Seidensticker, M., Mayerle, J.,
Pech, M., Basu, B., Verslype, C., Benckert, J., Malfertheiner, P., Ricke, J., 2019.
Circulating DNA as prognostic biomarker in patients with advanced hepatocellular
carcinoma: a translational exploratory study from the SORAMIC trial. J. Transl. Med.
17, 328.

An, Y., Guan, Y., Xu, Y., Han, Y., Wu, C., Bao, C., Zhou, B., Wang, H., Zhang, M., Liu, W.,
Qiu, L., Han, Z., Chen, Y., Xia, X., Wang, J., Liu, Z., Huang, W., Yi, X., Huang, J.,
2019. The diagnostic and prognostic usage of circulating tumor DNA in operable
hepatocellular carcinoma. Am. J. Transl. Res. 11, 6462–6474.

Anatelli, F., Chuang, S.T., Yang, X.J., Wang, H.L., 2008. Value of glypican 3 im-
munostaining in the diagnosis of hepatocellular carcinoma on needle biopsy. Am. J.
Clin. Pathol. 130, 219–223.

Ankri, C., Shamalov, K., Horovitz-Fried, M., Mauer, S., Cohen, C.J., 2013. Human T cells
engineered to express a programmed death 1/28 costimulatory retargeting molecule
display enhanced antitumor activity. J. Immunol. 191, 4121–4129.

Apetoh, L., Ghiringhelli, F., Tesniere, A., Obeid, M., Ortiz, C., Criollo, A., Mignot, G.,
Maiuri, M.C., Ullrich, E., Saulnier, P., Yang, H., Amigorena, S., Ryffel, B., Barrat, F.J.,
Saftig, P., Levi, F., Lidereau, R., Nogues, C., Mira, J.P., Chompret, A., Joulin, V.,
Clavel-Chapelon, F., Bourhis, J., Andre, F., Delaloge, S., Tursz, T., Kroemer, G.,
Zitvogel, L., 2007. Toll-like receptor 4-dependent contribution of the immune system
to anticancer chemotherapy and radiotherapy. Nat. Med. 13, 1050–1059.

Assaraf, Y.G., Leamon, C.P., Reddy, J.A., 2014. The folate receptor as a rational ther-
apeutic target for personalized cancer treatment. Drug Resist. Updat. 17, 89–95.

Assaraf, Y.G., Brozovic, A., Goncalves, A.C., Jurkovicova, D., Line, A., Machuqueiro, M.,
Saponara, S., Sarmento-Ribeiro, A.B., Xavier, C.P.R., Vasconcelos, M.H., 2019. The
multi-factorial nature of clinical multidrug resistance in cancer. Drug Resist. Updat.
46 p. 100645.

Bagley, R.G., Rouleau, C., St Martin, T., Boutin, P., Weber, W., Ruzek, M., Honma, N.,
Nacht, M., Shankara, S., Kataoka, S., Ishida, I., Roberts, B.L., Teicher, B.A., 2008.
Human endothelial precursor cells express tumor endothelial marker 1/endosialin/
CD248. Mol. Cancer Ther. 7, 2536–2546.

Bar-Zeev, M., Livney, Y.D., Assaraf, Y.G., 2017. Targeted nanomedicine for cancer ther-
apeutics: towards precision medicine overcoming drug resistance. Drug Resist. Updat.
31, 15–30.

Baylis, F., McLeod, M., 2017. First-in-human Phase 1 CRISPR Gene Editing Cancer Trials:
Are We Ready? Curr. Gene Ther. 17, 309–319.

Bhandaru, M., Rotte, Anand, 2017. Blockade of programmed cell death protein-1 pathway
for the treatment of melanoma. J Dermatol Res Ther. 1, 1–11.

Binnewies, M., Roberts, E.W., Kersten, K., Chan, V., Fearon, D.F., Merad, M., Coussens,
L.M., Gabrilovich, D.I., Ostrand-Rosenberg, S., Hedrick, C.C., Vonderheide, R.H.,
Pittet, M.J., Jain, R.K., Zou, W., Howcroft, T.K., Woodhouse, E.C., Weinberg, R.A.,
Krummel, M.F., 2018. Understanding the tumor immune microenvironment (TIME)
for effective therapy. Nat. Med. 24, 541–550.

Brahmer, J.R., Hammers, H., Lipson, E.J., 2015. Nivolumab: targeting PD-1 to bolster
antitumor immunity. Future Oncol. 11, 1307–1326.

Brizzi, M.P., Pignataro, D., Tampellini, M., Scagliotti, G.V., Di Maio, M., 2016. Systemic
treatment of hepatocellular carcinoma: why so many failures in the development of
new drugs? Expert Rev. Anticancer Ther. 16, 1053–1062.

Bruix, J., Qin, S., Merle, P., Granito, A., Huang, Y.H., Bodoky, G., Pracht, M., Yokosuka,
O., Rosmorduc, O., Breder, V., Gerolami, R., Masi, G., Ross, P.J., Song, T.,
Bronowicki, J.P., Ollivier-Hourmand, I., Kudo, M., Cheng, A.L., Llovet, J.M., Finn,
R.S., LeBerre, M.A., Baumhauer, A., Meinhardt, G., Han, G., 2017. Regorafenib for
patients with hepatocellular carcinoma who progressed on sorafenib treatment
(RESORCE): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet
389, 56–66.

Burga, R.A., Thorn, M., Point, G.R., Guha, P., Nguyen, C.T., Licata, L.A., DeMatteo, R.P.,
Ayala, A., Joseph Espat, N., Junghans, R.P., Katz, S.C., 2015. Liver myeloid-derived
suppressor cells expand in response to liver metastases in mice and inhibit the anti-

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

18

http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0020
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0020
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0030
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0030
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0030
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0030
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0050
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0050
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0055
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0055
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0055
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0055
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0060
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0060
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0060
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0060
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0070
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0070
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0075
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0075
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0085
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0085
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0090
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0090
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0090
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0100
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0100
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0100


tumor efficacy of anti-CEA CAR-T. Cancer Immunol. Immunother. 64, 817–829.
Butte, M.J., Keir, M.E., Phamduy, T.B., Sharpe, A.H., Freeman, G.J., 2007. Programmed

death-1 ligand 1 interacts specifically with the B7-1 costimulatory molecule to inhibit
T cell responses. Immunity 27, 111–122.

Cai, Z.X., Chen, G., Zeng, Y.Y., Dong, X.Q., Lin, M.J., Huang, X.H., Zhang, D., Liu, X.L.,
Liu, J.F., 2017. Circulating tumor DNA profiling reveals clonal evolution and real-
time disease progression in advanced hepatocellular carcinoma. Int. J. Cancer 141,
977–985.

Cai, Z., Chen, G., Zeng, Y., Dong, X., Li, Z., Huang, Y., Xin, F., Qiu, L., Xu, H., Zhang, W.,
Su, X., Liu, X., Liu, J., 2019. Comprehensive liquid profiling of circulating tumor DNA
and protein biomarkers in long-term follow-up patients with hepatocellular carci-
noma. Clin. Cancer Res. 25, 5284–5294.

Calderaro, J., Ziol, M., Paradis, V., Zucman-Rossi, J., 2019. Molecular and histological
correlations in liver cancer. J. Hepatol. 71, 616–630.

Campian, J.L., Ye, X., Brock, M., Grossman, S.A., 2013. Treatment-related lymphopenia in
patients with stage III non-small-cell lung cancer. Cancer Invest. 31, 183–188.

Cancer Genome Atlas Research Network, 2017. Comprehensive and integrative genomic
characterization of hepatocellular carcinoma. Cell 169, 1327–1341.

Cao, X., Leonard, K., Collins, L.I., Cai, S.F., Mayer, J.C., Payton, J.E., Walter, M.J.,
Piwnica-Worms, D., Schreiber, R.D., Ley, T.J., 2009. Interleukin 12 stimulates IFN-
gamma-mediated inhibition of tumor-induced regulatory T-cell proliferation and
enhances tumor clearance. Cancer Res. 69, 8700–8709.

Cao, X., Hou, J., An, Q., Assaraf, Y.G., Wang, X., 2020. Towards the overcoming of an-
ticancer drug resistance mediated by p53 mutations. Drug Resist. Updat. 49 p.
100671.

Capurro, M., Wanless, I.R., Sherman, M., Deboer, G., Shi, W., Miyoshi, E., Filmus, J.,
2003. Glypican-3: a novel serum and histochemical marker for hepatocellular car-
cinoma. Gastroenterology 125, 89–97.

Capurro, M.I., Xiang, Y.Y., Lobe, C., Filmus, J., 2005. Glypican-3 promotes the growth of
hepatocellular carcinoma by stimulating canonical Wnt signaling. Cancer Res. 65,
6245–6254.

Capurro, M.I., Xu, P., Shi, W., Li, F., Jia, A., Filmus, J., 2008. Glypican-3 inhibits
Hedgehog signaling during development by competing with patched for Hedgehog
binding. Dev. Cell 14, 700–711.

Casadei Gardini, A., Marisi, G., Faloppi, L., Scarpi, E., Foschi, F.G., Iavarone, M., Lauletta,
G., Corbelli, J., Valgiusti, M., Facchetti, F., Della Corte, C., Neri, L.M., Tamberi, S.,
Cascinu, S., Scartozzi, M., Amadori, D., Nanni, O., Tenti, E., Ulivi, P., Frassineti, G.L.,
2016. eNOS polymorphisms and clinical outcome in advanced HCC patients receiving
sorafenib: final results of the ePHAS study. Oncotarget 7, 27988–27999.

Chambers, C.A., Kuhns, M.S., Egen, J.G., Allison, J.P., 2001. CTLA-4-mediated inhibition
in regulation of T cell responses: mechanisms and manipulation in tumor im-
munotherapy. Annu. Rev. Immunol. 19, 565–594.

Chang, W.H., Forde, D., Lai, A.G., 2019. A novel signature derived from im-
munoregulatory and hypoxia genes predicts prognosis in liver and five other cancers.
J. Transl. Med. 17, 14.

Chaudhary, B., Elkord, E., 2016. Regulatory t cells in the tumor microenvironment and
cancer progression: role and therapeutic targeting. Vaccines (Basel) 4.

Chen, H., Sun, L.Y., Zheng, H.Q., Zhang, Q.F., Jin, X.M., 2012. Total serum DNA and DNA
integrity: diagnostic value in patients with hepatitis B virus-related hepatocellular
carcinoma. Pathology 44, 318–324.

Cheng, X., Veverka, V., Radhakrishnan, A., Waters, L.C., Muskett, F.W., Morgan, S.H.,
Huo, J., Yu, C., Evans, E.J., Leslie, A.J., Griffiths, M., Stubberfield, C., Griffin, R.,
Henry, A.J., Jansson, A., Ladbury, J.E., Ikemizu, S., Carr, M.D., Davis, S.J., 2013.
Structure and interactions of the human programmed cell death 1 receptor. J. Biol.
Chem. 288, 11771–11785.

Cheng, A.L., Hsu, C., Chan, S.L., Choo, S.P., Kudo, M., 2020. Challenges of combination
therapy with immune checkpoint inhibitors for hepatocellular carcinoma. J. Hepatol.
72, 307–319.

Chong, E.A., Melenhorst, J.J., Lacey, S.F., Ambrose, D.E., Gonzalez, V., Levine, B.L., June,
C.H., Schuster, S.J., 2017. PD-1 blockade modulates chimeric antigen receptor (CAR)-
modified T cells: refueling the CAR. Blood 129, 1039–1041.

Chow, M.T., Luster, A.D., 2014. Chemokines in cancer. Cancer Immunol. Res. 2,
1125–1131.

Christian, S., Winkler, R., Helfrich, I., Boos, A.M., Besemfelder, E., Schadendorf, D.,
Augustin, H.G., 2008. Endosialin (Tem1) is a marker of tumor-associated myofibro-
blasts and tumor vessel-associated mural cells. Am. J. Pathol. 172, 486–494.

Collins, A.V., Brodie, D.W., Gilbert, R.J., Iaboni, A., Manso-Sancho, R., Walse, B., Stuart,
D.I., van der Merwe, P.A., Davis, S.J., 2002. The interaction properties of costimu-
latory molecules revisited. Immunity 17, 201–210.

Cui, Q., Wang, J.Q., Assaraf, Y.G., Ren, L., Gupta, P., Wei, L., Ashby Jr., C.R., Yang, D.H.,
Chen, Z.S., 2018. Modulating ROS to overcome multidrug resistance in cancer. Drug
Resist. Updat. 41, 1–25.

Dai, X., Xue, J., Hu, J., Yang, S.L., Chen, G.G., Lai, P.B.S., Yu, C., Zeng, C., Fang, X., Pan,
X., Zhang, T., 2017. Positive expression of programmed death ligand 1 in peritumoral
liver tissue is associated with poor survival after curative resection of hepatocellular
carcinoma. Transl. Oncol. 10, 511–517.

De Mattia, E., Cecchin, E., Polesel, J., Bignucolo, A., Roncato, R., Lupo, F., Crovatto, M.,
Buonadonna, A., Tiribelli, C., Toffoli, G., 2017a. Genetic biomarkers for hepatocel-
lular cancer risk in a caucasian population. World J. Gastroenterol. 23, 6674–6684.

De Mattia, E., Cecchin, E., Polesel, J., Lupo, F., Tiribelli, C., Crovatto, M., Buonadonna, A.,
Toffoli, G., 2017b. UGT1A polymorphisms as genetic biomarkers for hepatocellular
carcinoma risk in Caucasian population. Liver Int. 37, 1345–1353.

De Mattia, E., Cecchin, E., Guardascione, M., Foltran, L., Di Raimo, T., Angelini, F.,
D’Andrea, M., Toffoli, G., 2019. Pharmacogenetics of the systemic treatment in ad-
vanced hepatocellular carcinoma. World J. Gastroenterol. 25, 3870–3896.

Demaria, S., Ng, B., Devitt, M.L., Babb, J.S., Kawashima, N., Liebes, L., Formenti, S.C.,

2004. Ionizing radiation inhibition of distant untreated tumors (abscopal effect) is
immune mediated. Int. J. Radiat. Oncol. Biol. Phys. 58, 862–870.

Demaria, S., Kawashima, N., Yang, A.M., Devitt, M.L., Babb, J.S., Allison, J.P., Formenti,
S.C., 2005. Immune-mediated inhibition of metastases after treatment with local
radiation and CTLA-4 blockade in a mouse model of breast cancer. Clin. Cancer Res.
11, 728–734.

Dewan, M.Z., Galloway, A.E., Kawashima, N., Dewyngaert, J.K., Babb, J.S., Formenti,
S.C., Demaria, S., 2009. Fractionated but not single-dose radiotherapy induces an
immune-mediated abscopal effect when combined with anti-CTLA-4 antibody. Clin.
Cancer Res. 15, 5379–5388.

Dewey, W.C., Ling, C.C., Meyn, R.E., 1995. Radiation-induced apoptosis: relevance to
radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 33, 781–796.

Dhanasekaran, R., Nault, J.C., Roberts, L.R., Zucman-Rossi, J., 2019. Genomic medicine
and implications for hepatocellular carcinoma prevention and therapy.
Gastroenterology 156, 492–509.

Diaz Jr., L.A., Coughlin, C.M., Weil, S.C., Fishel, J., Gounder, M.M., Lawrence, S., Azad,
N., O’Shannessy, D.J., Grasso, L., Wustner, J., Ebel, W., Carvajal, R.D., 2015. A first-
in-human phase I study of MORAb-004, a monoclonal antibody to endosialin in pa-
tients with advanced solid tumors. Clin. Cancer Res. 21, 1281–1288.

Ding, X., He, M., Chan, A.W.H., Song, Q.X., Sze, S.C., Chen, H., Man, M.K.H., Man, K.,
Chan, S.L., Lai, P.B.S., Wang, X., Wong, N., 2019. Genomic and epigenomic features
of primary and recurrent hepatocellular carcinomas. Gastroenterology 157,
1630–1645 e1636.

Doi, T., Aramaki, T., Yasui, H., Muro, K., Ikeda, M., Okusaka, T., Inaba, Y., Nakai, K.,
Ikezawa, H., Nakajima, R., 2019. A phase I study of ontuxizumab, a humanized
monoclonal antibody targeting endosialin, in Japanese patients with solid tumors.
Invest. New Drugs 37, 1061–1074.

Duan, B., Huang, C., Bai, J., Zhang, Y.L., Wang, X., Yang, J., Li, J., 2019. Multidrug
Resistance in Hepatocellular Carcinoma.

Dysthe, M., Parihar, R., 2020. Myeloid-derived suppressor cells in the tumor micro-
environment. Adv. Exp. Med. Biol. 1224, 117–140.

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.R., Meyer, T., Kang, Y.K., Yeo, W., Chopra, A., Anderson,
J., Dela Cruz, C., Lang, L., Neely, J., Tang, H., Dastani, H.B., Melero, I., 2017.
Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040): an
open-label, non-comparative, phase 1/2 dose escalation and expansion trial. Lancet
389, 2492–2502.

Eriksson, D., Stigbrand, T., 2010. Radiation-induced cell death mechanisms. Tumour Biol.
31, 363–372.

Fallarino, F., Fields, P.E., Gajewski, T.F., 1998. B7-1 engagement of cytotoxic T lym-
phocyte antigen 4 inhibits T cell activation in the absence of CD28. J. Exp. Med. 188,
205–210.

Faloppi, L., Gardini, A.C., Masi, G., Silvestris, N., Loretelli, C., Ulivi, P., Vivaldi, C.,
Bianconi, M., Giampieri, R., Bittoni, A., Andrikou, K., Prete, M.D., Scartozzi, M.,
Cascinu, S., 2016. Angiogenesis polymorphisms profile in the prediction of clinical
outcome of advanced HCC patients receiving sorafenib: combined analysis of VEGF
and HIF-1α—final results of the ALICE-2 study. J. Clin. Oncol. 34 pp. 280-280.

Faloppi, L., Puzzoni, M., Casadei Gardini, A., Silvestris, N., Masi, G., Marisi, G., Vivaldi,
C., Gadaleta, C.D., Ziranu, P., Bianconi, M., Loretelli, C., Demurtas, L., Lai, E.,
Giampieri, R., Galizia, E., Ulivi, P., Battelli, N., Falcone, A., Cascinu, S., Scartozzi, M.,
2020. Angiogenesis genotyping and clinical outcomes in patients with advanced
hepatocellular carcinoma receiving sorafenib: the ALICE-2 study. Target. Oncol. 15,
115–126.

Feng, M., Gao, W., Wang, R., Chen, W., Man, Y.G., Figg, W.D., Wang, X.W., Dimitrov,
D.S., Ho, M., 2013. Therapeutically targeting glypican-3 via a conformation-specific
single-domain antibody in hepatocellular carcinoma. Proc Natl Acad Sci U S A 110,
E1083–1091.

Ferlazzo, G., Pack, M., Thomas, D., Paludan, C., Schmid, D., Strowig, T., Bougras, G.,
Muller, W.A., Moretta, L., Munz, C., 2004. Distinct roles of IL-12 and IL-15 in human
natural killer cell activation by dendritic cells from secondary lymphoid organs. Proc
Natl Acad Sci U S A 101, 16606–16611.

Fife, B.T., Bluestone, J.A., 2008. Control of peripheral T-cell tolerance and autoimmunity
via the CTLA-4 and PD-1 pathways. Immunol. Rev. 224, 166–182.

Filmus, J., Selleck, S.B., 2001. Glypicans: proteoglycans with a surprise. J. Clin. Invest.
108, 497–501.

Filmus, J., Capurro, M., Rast, J., 2008. Glypicans. Genome Biol. 9, 224.
Finn, O.J., Ochoa, A.C., 2020. Editorial: myeloid derived suppressor cells as disease

modulators. Front. Immunol. 11, 90.
Finn, R.S., Ryoo, B., Merle, P., Kudo, M., Bouattour, M., Lim, H.Y., Breder, V., Edeline, J.,

Chao, Y., Ogasawara, S., Yau, T., Garrido, M., Chan, S.L., Knox, J., Daniele, B.,
Ebbinghaus, S.W., Chen, E., Siegel, A.B., Zhu, A.X., Cheng, A.L., 2020.
Pembrolizumab As second-line therapy in patients with advanced hepatocellular
carcinoma in KEYNOTE-240: a randomized, double-blind, phase III trial. J. Clin.
Oncol. 38, 193–202.

Francisco, L.M., Salinas, V.H., Brown, K.E., Vanguri, V.K., Freeman, G.J., Kuchroo, V.K.,
Sharpe, A.H., 2009. PD-L1 regulates the development, maintenance, and function of
induced regulatory T cells. J. Exp. Med. 206, 3015–3029.

Francisco, L.M., Sage, P.T., Sharpe, A.H., 2010. The PD-1 pathway in tolerance and au-
toimmunity. Immunol. Rev. 236, 219–242.

Gabrilovich, D.I., 2017. Myeloid-derived suppressor cells. Cancer Immunol. Res. 5, 3–8.
Gabrilovich, D.I., Nagaraj, S., 2009. Myeloid-derived suppressor cells as regulators of the

immune system. Nat. Rev. Immunol. 9, 162–174.
Gacche, R.N., Assaraf, Y.G., 2018. Redundant angiogenic signaling and tumor drug re-

sistance. Drug Resist. Updat. 36, 47–76.
Gajewski, T.F., Schreiber, H., Fu, Y.X., 2013. Innate and adaptive immune cells in the

tumor microenvironment. Nat. Immunol. 14, 1014–1022.

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

19

http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0100
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0105
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0105
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0105
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0115
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0115
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0115
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0115
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0125
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0125
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0130
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0130
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0140
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0140
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0140
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0145
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0145
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0145
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0155
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0155
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0155
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0165
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0165
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0165
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0170
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0170
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0170
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0175
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0175
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0185
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0185
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0185
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0185
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0185
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0195
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0195
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0195
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0200
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0200
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0210
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0210
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0210
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0215
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0215
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0215
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0220
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0220
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0220
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0220
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0235
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0235
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0235
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0240
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0240
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0240
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0250
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0250
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0250
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0250
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0255
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0255
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0260
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0260
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0260
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0265
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0265
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0265
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0265
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0280
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0280
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0285
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0285
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0295
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0295
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0315
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0315
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0315
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0315
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0320
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0320
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0320
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0320
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0325
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0325
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0330
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0330
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0335
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0340
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0340
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0345
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0345
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0345
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0345
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0345
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0345
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0350
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0350
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0350
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0355
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0355
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0360
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0365
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0365
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0370
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0370
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0375
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0375


Gao, H., Li, K., Tu, H., Pan, X., Jiang, H., Shi, B., Kong, J., Wang, H., Yang, S., Gu, J., Li, Z.,
2014. Development of T cells redirected to glypican-3 for the treatment of hepato-
cellular carcinoma. Clin. Cancer Res. 20, 6418–6428.

Garg, A.D., Krysko, D.V., Verfaillie, T., Kaczmarek, A., Ferreira, G.B., Marysael, T., Rubio,
N., Firczuk, M., Mathieu, C., Roebroek, A.J., Annaert, W., Golab, J., de Witte, P.,
Vandenabeele, P., Agostinis, P., 2012. A novel pathway combining calreticulin ex-
posure and ATP secretion in immunogenic cancer cell death. EMBO J. 31,
1062–1079.

Gargett, T., Yu, W., Dotti, G., Yvon, E.S., Christo, S.N., Hayball, J.D., Lewis, I.D., Brenner,
M.K., Brown, M.P., 2016. GD2-specific CAR t cells undergo potent activation and
deletion following antigen encounter but can be protected from activation-induced
cell death by PD-1 blockade. Mol. Ther. 24, 1135–1149.

Ghiringhelli, F., Apetoh, L., Tesniere, A., Aymeric, L., Ma, Y., Ortiz, C., Vermaelen, K.,
Panaretakis, T., Mignot, G., Ullrich, E., Perfettini, J.L., Schlemmer, F., Tasdemir, E.,
Uhl, M., Genin, P., Civas, A., Ryffel, B., Kanellopoulos, J., Tschopp, J., Andre, F.,
Lidereau, R., McLaughlin, N.M., Haynes, N.M., Smyth, M.J., Kroemer, G., Zitvogel, L.,
2009. Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-
dependent adaptive immunity against tumors. Nat. Med. 15, 1170–1178.

Gong, L., Giacomini, M.M., Giacomini, C., Maitland, M.L., Altman, R.B., Klein, T.E., 2017.
PharmGKB summary: sorafenib pathways. Pharmacogenet. Genomics 27, 240–246.

Green, D.R., Ferguson, T., Zitvogel, L., Kroemer, G., 2009. Immunogenic and tolerogenic
cell death. Nat. Rev. Immunol. 9, 353–363.

Halama, N., Michel, S., Kloor, M., Zoernig, I., Benner, A., Spille, A., Pommerencke, T., von
Knebel, D.M., Folprecht, G., Luber, B., Feyen, N., Martens, U.M., Beckhove, P.,
Gnjatic, S., Schirmacher, P., Herpel, E., Weitz, J., Grabe, N., Jaeger, D., 2011.
Localization and density of immune cells in the invasive margin of human colorectal
cancer liver metastases are prognostic for response to chemotherapy. Cancer Res. 71,
5670–5677.

Han, Y., Chen, Z., Yang, Y., Jiang, Z., Gu, Y., Liu, Y., Lin, C., Pan, Z., Yu, Y., Jiang, M.,
Zhou, W., Cao, X., 2014. Human CD14+ CTLA-4+ regulatory dendritic cells sup-
press T-cell response by cytotoxic T-lymphocyte antigen-4-dependent IL-10 and in-
doleamine-2,3-dioxygenase production in hepatocellular carcinoma. Hepatology 59,
567–579.

Hanahan, D., Coussens, L.M., 2012. Accessories to the crime: functions of cells recruited
to the tumor microenvironment. Cancer Cell 21, 309–322.

Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell 144,
646–674.

Harding, J.J., Nandakumar, S., Armenia, J., Khalil, D.N., Albano, M., Ly, M., Shia, J.,
Hechtman, J.F., Kundra, R., El Dika, I., Do, R.K., Sun, Y., Kingham, T.P., D’Angelica,
M.I., Berger, M.F., Hyman, D.M., Jarnagin, W., Klimstra, D.S., Janjigian, Y.Y., Solit,
D.B., Schultz, N., Abou-Alfa, G.K., 2019. Prospective genotyping of hepatocellular
carcinoma: clinical implications of next-generation sequencing for matching patients
to targeted and immune therapies. Clin. Cancer Res. 25, 2116–2126.

Hato, T., Zhu, A.X., Duda, D.G., 2016. Rationally combining anti-VEGF therapy with
checkpoint inhibitors in hepatocellular carcinoma. Immunotherapy 8, 299–313.

Heczey, A., Louis, C.U., Savoldo, B., Dakhova, O., Durett, A., Grilley, B., Liu, H., Wu, M.F.,
Mei, Z., Gee, A., Mehta, B., Zhang, H., Mahmood, N., Tashiro, H., Heslop, H.E., Dotti,
G., Rooney, C.M., Brenner, M.K., 2017. CAR t cells administered in combination with
lymphodepletion and PD-1 inhibition to patients with neuroblastoma. Mol. Ther. 25,
2214–2224.

Heymann, F., Peusquens, J., Ludwig-Portugall, I., Kohlhepp, M., Ergen, C., Niemietz, P.,
Martin, C., van Rooijen, N., Ochando, J.C., Randolph, G.J., Luedde, T., Ginhoux, F.,
Kurts, C., Trautwein, C., Tacke, F., 2015. Liver inflammation abrogates im-
munological tolerance induced by Kupffer cells. Hepatology 62, 279–291.

Hillerdal, V., Essand, M., 2015. Chimeric antigen receptor-engineered T cells for the
treatment of metastatic prostate cancer. BioDrugs 29, 75–89.

Hill-Kayser, C.E., Plastaras, J.P., Tochner, Z., Glatstein, E., 2011. TBI during BM and SCT:
review of the past, discussion of the present and consideration of future directions.
Bone Marrow Transplant. 46, 475–484.

Huang, Z., Hua, D., Hu, Y., Cheng, Z., Zhou, X., Xie, Q., Wang, Q., Wang, F., Du, X., Zeng,
Y., 2012. Quantitation of plasma circulating DNA using quantitative PCR for the
detection of hepatocellular carcinoma. Pathol. Oncol. Res. 18, 271–276.

Huang, A., Zhang, X., Zhou, S.L., Cao, Y., Huang, X.W., Fan, J., Yang, X.R., Zhou, J., 2016.
Plasma circulating cell-free DNA integrity as a promising biomarker for diagnosis and
surveillance in patients with hepatocellular carcinoma. J. Cancer 7, 1798–1803.

Huang, W., Skanderup, A.J., Lee, C.G., 2018. Advances in genomic hepatocellular car-
cinoma research. Gigascience 7.

Hui, E., Cheung, J., Zhu, J., Su, X., Taylor, M.J., Wallweber, H.A., Sasmal, D.K., Huang, J.,
Kim, J.M., Mellman, I., Vale, R.D., 2017. T cell costimulatory receptor CD28 is a
primary target for PD-1-mediated inhibition. Science 355, 1428–1433.

Hu-Lieskovan, S., Ribas, A., 2017. New combination strategies using programmed cell
death 1/Programmed cell death ligand 1 checkpoint inhibitors as a backbone. Cancer
J. 23, 10–22.

Hung, A.L., Maxwell, R., Theodros, D., Belcaid, Z., Mathios, D., Luksik, A.S., Kim, E., Wu,
A., Xia, Y., Garzon-Muvdi, T., Jackson, C., Ye, X., Tyler, B., Selby, M., Korman, A.,
Barnhart, B., Park, S.M., Youn, J.I., Chowdhury, T., Park, C.K., Brem, H., Pardoll,
D.M., Lim, M., 2018. TIGIT and PD-1 dual checkpoint blockade enhances antitumor
immunity and survival in GBM. Oncoimmunology 7 p. e1466769.

Ikeda, S., Lim, J.S., Kurzrock, R., 2018. Analysis of tissue and circulating tumor DNA by
next-generation sequencing of hepatocellular carcinoma: implications for targeted
therapeutics. Mol. Cancer Ther. 17, 1114–1122.

Inarrairaegui, M., Melero, I., Sangro, B., 2018. Immunotherapy of hepatocellular carci-
noma: facts and hopes. Clin. Cancer Res. 24, 1518–1524.

Ishida, Y., Agata, Y., Shibahara, K., Honjo, T., 1992. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death.
EMBO J. 11, 3887–3895.

Ishiguro, T., Sugimoto, M., Kinoshita, Y., Miyazaki, Y., Nakano, K., Tsunoda, H., Sugo, I.,
Ohizumi, I., Aburatani, H., Hamakubo, T., Kodama, T., Tsuchiya, M., Yamada-Okabe,
H., 2008. Anti-glypican 3 antibody as a potential antitumor agent for human liver
cancer. Cancer Res. 68, 9832–9838.

Jaffray, D.A., 2012. Image-guided radiotherapy: from current concept to future per-
spectives. Nat. Rev. Clin. Oncol. 9, 688–699.

Jahr, S., Hentze, H., Englisch, S., Hardt, D., Fackelmayer, F.O., Hesch, R.D., Knippers, R.,
2001. DNA fragments in the blood plasma of cancer patients: quantitations and
evidence for their origin from apoptotic and necrotic cells. Cancer Res. 61,
1659–1665.

Jenne, C.N., Kubes, P., 2013. Immune surveillance by the liver. Nat. Immunol. 14,
996–1006.

Jiang, P., Chan, C.W., Chan, K.C., Cheng, S.H., Wong, J., Wong, V.W., Wong, G.L., Chan,
S.L., Mok, T.S., Chan, H.L., Lai, P.B., Chiu, R.W., Lo, Y.M., 2015. Lengthening and
shortening of plasma DNA in hepatocellular carcinoma patients. Proc Natl Acad Sci U
S A 112, E1317–1325.

Jiang, Z., Jiang, X., Chen, S., Lai, Y., Wei, X., Li, B., Lin, S., Wang, S., Wu, Q., Liang, Q.,
Liu, Q., Peng, M., Yu, F., Weng, J., Du, X., Pei, D., Liu, P., Yao, Y., Xue, P., Li, P., 2016.
Anti-GPC3-CAR t cells suppress the growth of tumor cells in patient-derived xeno-
grafts of hepatocellular carcinoma. Front. Immunol. 7, 690.

Jiang, P., Sun, K., Tong, Y.K., Cheng, S.H., Cheng, T.H.T., Heung, M.M.S., Wong, J.,
Wong, V.W.S., Chan, H.L.Y., Chan, K.C.A., Lo, Y.M.D., Chiu, R.W.K., 2018. Preferred
end coordinates and somatic variants as signatures of circulating tumor DNA asso-
ciated with hepatocellular carcinoma. Proc Natl Acad Sci U S A 115, E10925–E10933.

Jiang, W., Li, Y., Wei, W., Li, J.W., Li, L., Zhang, C., Zhang, S.Q., Kong, G.Y., Li, Z.F.,
2020a. Spleen contributes to restraint stress induced hepatocellular carcinoma pro-
gression. Int. Immunopharmacol. 83, 106420.

Jiang, W., Xia, J., Xie, S., Zou, R., Pan, S., Wang, Z.W., Assaraf, Y.G., Zhu, X., 2020b. Long
non-coding RNAs as a determinant of cancer drug resistance: towards the overcoming
of chemoresistance via modulation of lncRNAs. Drug Resist. Updat. 50, 100683.

Kagoya, Y., Tanaka, S., Guo, T., Anczurowski, M., Wang, C.H., Saso, K., Butler, M.O.,
Minden, M.D., Hirano, N., 2018. A novel chimeric antigen receptor containing a JAK-
STAT signaling domain mediates superior antitumor effects. Nat. Med. 24, 352–359.

Kaidar-Person, O., Gil, Z., Billan, S., 2018. Precision medicine in head and neck cancer.
Drug Resist. Updat. 40, 13–16.

Kalbasi, A., Ribas, A., 2020. Tumour-intrinsic resistance to immune checkpoint blockade.
Nat. Rev. Immunol. 20, 25–39.

Kaneno, R., Shurin, G.V., Tourkova, I.L., Shurin, M.R., 2009. Chemomodulation of human
dendritic cell function by antineoplastic agents in low noncytotoxic concentrations. J.
Transl. Med. 7, 58.

Kato, S., Okamura, R., Kumaki, Y., Ikeda, S., Nikanjam, M., Eskander, R., Goodman, A.,
Lee, S., Glenn, S.T., Dressman, D., Papanicolau-Sengos, A., Lenzo, F.L., Morrison, C.,
Kurzrock, R., 2020. Expression of TIM3/VISTA checkpoints and the CD68 macro-
phage-associated marker correlates with anti-PD1/PDL1 resistance: implications of
immunogram heterogeneity. Oncoimmunology 9, 1708065.

Katz, S.C., Burga, R.A., McCormack, E., Wang, L.J., Mooring, W., Point, G.R., Khare, P.D.,
Thorn, M., Ma, Q., Stainken, B.F., Assanah, E.O., Davies, R., Espat, N.J., Junghans,
R.P., 2015. Phase I hepatic immunotherapy for metastases study of intra-arterial
chimeric antigen receptor-modified T-cell therapy for CEA+ liver metastases. Clin.
Cancer Res. 21, 3149–3159.

Keating, G.M., 2017. Sorafenib: A Review in Hepatocellular Carcinoma. Target. Oncol.
12, 243–253.

Keir, M.E., Butte, M.J., Freeman, G.J., Sharpe, A.H., 2008. PD-1 and its ligands in tol-
erance and immunity. Annu. Rev. Immunol. 26, 677–704.

Kerbel, R.S., Kamen, B.A., 2004. The anti-angiogenic basis of metronomic chemotherapy.
Nat. Rev. Cancer 4, 423–436.

Khaled, Y.S., Ammori, B.J., Elkord, E., 2013. Myeloid-derived suppressor cells in cancer:
recent progress and prospects. Immunol. Cell Biol. 91, 493–502.

Kim, H.R., Park, S.M., Seo, S.U., Jung, I., Yoon, H.I., Gabrilovich, D.I., Cho, B.C., Seong,
S.Y., Ha, S.J., Youn, J.I., 2019. The Ratio of Peripheral Regulatory T Cells to Lox-
1(+) Polymorphonuclear Myeloid-derived Suppressor Cells Predicts the Early
Response to Anti-PD-1 Therapy in Patients with Non-Small Cell Lung Cancer. Am. J.
Respir. Crit. Care Med. 199, 243–246.

Kingsley, D.P., 1975. An interesting case of possible abscopal effect in malignant mela-
noma. Br. J. Radiol. 48, 863–866.

Kobold, S., Grassmann, S., Chaloupka, M., Lampert, C., Wenk, S., Kraus, F., Rapp, M.,
Duwell, P., Zeng, Y., Schmollinger, J.C., Schnurr, M., Endres, S., Rothenfusser, S.,
2015. Impact of a new fusion receptor on PD-1-Mediated immunosuppression in
adoptive t cell therapy. J. Natl. Cancer Inst. 107.

Kon, E., Benhar, I., 2019. Immune checkpoint inhibitor combinations: current efforts and
important aspects for success. Drug Resist. Updat. 45, 13–29.

Kopecka, J., Trouillas, P., Gasparovic, A.C., Gazzano, E., Assaraf, Y.G., Riganti, C., 2020.
Phospholipids and cholesterol: inducers of cancer multidrug resistance and ther-
apeutic targets. Drug Resist. Updat. 49 p. 100670.

Koyama, S., Akbay, E.A., Li, Y.Y., Herter-Sprie, G.S., Buczkowski, K.A., Richards, W.G.,
Gandhi, L., Redig, A.J., Rodig, S.J., Asahina, H., Jones, R.E., Kulkarni, M.M.,
Kuraguchi, M., Palakurthi, S., Fecci, P.E., Johnson, B.E., Janne, P.A., Engelman, J.A.,
Gangadharan, S.P., Costa, D.B., Freeman, G.J., Bueno, R., Hodi, F.S., Dranoff, G.,
Wong, K.K., Hammerman, P.S., 2016. Adaptive resistance to therapeutic PD-1
blockade is associated with upregulation of alternative immune checkpoints. Nat.
Commun. 7, 10501.

Krummel, M.F., Allison, J.P., 1996. CTLA-4 engagement inhibits IL-2 accumulation and
cell cycle progression upon activation of resting T cells. J. Exp. Med. 183, 2533–2540.

Krysko, O., Love Aaes, T., Bachert, C., Vandenabeele, P., Krysko, D.V., 2013. Many faces
of DAMPs in cancer therapy. Cell Death Dis. 4, e631.

Kubin, M., Kamoun, M., Trinchieri, G., 1994. Interleukin 12 synergizes with B7/CD28

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

20

http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0380
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0380
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0380
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0385
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0385
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0385
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0385
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0385
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0390
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0390
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0390
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0390
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0395
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0395
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0395
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0395
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0395
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0395
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0400
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0400
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0405
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0405
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0410
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0410
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0410
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0410
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0410
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0410
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0415
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0415
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0415
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0415
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0415
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0420
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0420
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0425
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0425
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0430
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0430
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0430
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0430
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0430
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0430
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0435
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0435
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0440
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0440
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0440
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0440
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0440
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0445
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0445
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0445
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0445
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0450
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0450
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0455
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0455
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0455
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0460
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0460
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0460
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0465
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0465
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0465
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0470
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0470
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0475
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0475
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0475
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0480
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0480
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0480
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0485
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0485
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0485
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0485
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0485
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0490
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0490
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0490
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0495
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0495
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0500
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0500
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0500
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0505
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0505
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0505
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0505
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0510
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0510
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0515
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0515
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0515
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0515
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0520
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0520
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0525
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0525
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0525
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0525
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0530
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0530
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0530
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0530
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0535
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0535
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0535
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0535
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0540
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0540
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0540
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0545
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0545
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0545
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0550
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0550
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0550
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0555
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0555
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0560
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0560
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0565
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0565
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0565
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0570
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0570
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0570
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0570
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0570
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0575
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0575
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0575
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0575
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0575
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0580
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0580
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0585
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0585
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0590
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0590
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0595
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0595
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0600
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0600
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0600
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0600
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0600
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0605
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0605
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0610
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0610
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0610
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0610
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0615
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0615
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0620
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0620
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0620
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0625
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0630
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0630
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0635
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0635
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0640


interaction in inducing efficient proliferation and cytokine production of human T
cells. J. Exp. Med. 180, 211–222.

Kudo, M., Finn, R.S., Qin, S., Han, K.H., Ikeda, K., Piscaglia, F., Baron, A., Park, J.W., Han,
G., Jassem, J., Blanc, J.F., Vogel, A., Komov, D., Evans, T.R.J., Lopez, C., Dutcus, C.,
Guo, M., Saito, K., Kraljevic, S., Tamai, T., Ren, M., Cheng, A.L., 2018. Lenvatinib
versus sorafenib in first-line treatment of patients with unresectable hepatocellular
carcinoma: a randomised phase 3 non-inferiority trial. Lancet 391, 1163–1173.

Kumar, B.V., Connors, T.J., Farber, D.L., 2018. Human t cell development, localization,
and function throughout life. Immunity 48, 202–213.

Labgaa, I., Villacorta-Martin, C., D’Avola, D., Craig, A.J., von Felden, J., Martins-Filho,
S.N., Sia, D., Stueck, A., Ward, S.C., Fiel, M.I., Mahajan, M., Tabrizian, P., Thung,
S.N., Ang, C., Friedman, S.L., Llovet, J.M., Schwartz, M., Villanueva, A., 2018. A pilot
study of ultra-deep targeted sequencing of plasma DNA identifies driver mutations in
hepatocellular carcinoma. Oncogene 37, 3740–3752.

Lanuza, P.M., Pesini, C., Arias, M.A., Calvo, C., Ramirez-Labrada, A., Pardo, J., 2019.
Recalling the Biological Significance of Immune Checkpoints on NK Cells: A Chance
to Overcome LAG3, PD1, and CTLA4 Inhibitory Pathways by Adoptive NK Cell
Transfer? Front. Immunol. 10, 3010.

Latchman, Wood, 2001. Chernova and e. al.. PD-L2 is a second ligand for PD-1 and in-
hibits T cell activation. Nat. Immunol. 2, 261–268.

Lee, Y.S., Kim, B.H., Kim, B.C., Shin, A., Kim, J.S., Hong, S.H., Hwang, J.A., Lee, J.A.,
Nam, S., Lee, S.H., Bhak, J., Park, J.W., 2015. SLC15A2 genomic variation is asso-
ciated with the extraordinary response of sorafenib treatment: whole-genome ana-
lysis in patients with hepatocellular carcinoma. Oncotarget 6, 16449–16460.

Leonetti, A., Wever, B., Mazzaschi, G., Assaraf, Y.G., Rolfo, C., Quaini, F., Tiseo, M.,
Giovannetti, E., 2019. Molecular basis and rationale for combining immune check-
point inhibitors with chemotherapy in non-small cell lung cancer. Drug Resist. Updat.
46, 100644.

Li, W., Zhang, H., Assaraf, Y.G., Zhao, K., Xu, X., Xie, J., Yang, D.H., Chen, Z.S., 2016.
Overcoming ABC transporter-mediated multidrug resistance: molecular mechanisms
and novel therapeutic drug strategies. Drug Resist. Updat. 27, 14–29.

Liao, W., Yang, H., Xu, H., Wang, Y., Ge, P., Ren, J., Xu, W., Lu, X., Sang, X., Zhong, S.,
Zhang, H., Mao, Y., 2016. Noninvasive detection of tumor-associated mutations from
circulating cell-free DNA in hepatocellular carcinoma patients by targeted deep se-
quencing. Oncotarget 7, 40481–40490.

Ligtenberg, M.A., Mougiakakos, D., Mukhopadhyay, M., Witt, K., Lladser, A.,
Chmielewski, M., Riet, T., Abken, H., Kiessling, R., 2016. Coexpressed catalase pro-
tects chimeric antigen receptor-redirected t cells as well as bystander cells from
oxidative stress-induced loss of antitumor activity. J. Immunol. 196, 759–766.

Lim, S.Y., Raftery, M.J., Geczy, C.L., 2011. Oxidative modifications of DAMPs suppress
inflammation: the case for S100A8 and S100A9. Antioxid. Redox Signal. 15,
2235–2248.

Littman, S., Brus, C., Burkart, A., 2015. A phase II study of palbociclib (PD-0332991) in
adult patients with advanced hepatocellular carcinoma. J. Clin. Oncol. 33 (3_suppl)
277-277.

Liu, H., Li, P., Zhai, Y., Qu, C.F., Zhang, L.J., Tan, Y.F., Li, N., Ding, H.G., 2010. Diagnostic
value of glypican-3 in serum and liver for primary hepatocellular carcinoma. World J.
Gastroenterol. 16, 4410–4415.

Liu, X., Ranganathan, R., Jiang, S., Fang, C., Sun, J., Kim, S., Newick, K., Lo, A., June,
C.H., Zhao, Y., Moon, E.K., 2016. A chimeric switch-receptor targeting PD1 augments
the efficacy of second-generation CAR t cells in advanced solid tumors. Cancer Res.
76, 1578–1590.

Liu, K., Zhang, X., Xu, W., Chen, J., Yu, J., Gamble, J.R., McCaughan, G.W., 2017.
Targeting the vasculature in hepatocellular carcinoma treatment: starving versus
normalizing blood supply. Clin. Transl. Gastroenterol. 8, e98.

Liu, J., Dang, H., Wang, X.W., 2018. The significance of intertumor and intratumor
heterogeneity in liver cancer. Exp. Mol. Med. 50, e416.

Livney, Y.D., Assaraf, Y.G., 2013. Rationally designed nanovehicles to overcome cancer
chemoresistance. Adv. Drug Deliv. Rev. 65, 1716–1730.

Llovet, J.M., Ricci, S., Mazzaferro, V., Hilgard, P., Gane, E., Blanc, J.F., de Oliveira, A.C.,
Santoro, A., Raoul, J.L., Forner, A., Schwartz, M., Porta, C., Zeuzem, S., Bolondi, L.,
Greten, T.F., Galle, P.R., Seitz, J.F., Borbath, I., Haussinger, D., Giannaris, T., Shan,
M., Moscovici, M., Voliotis, D., Bruix, J., 2008. Sorafenib in advanced hepatocellular
carcinoma. N. Engl. J. Med. 359, 378–390.

Llovet, J.M., Zucman-Rossi, J., Pikarsky, E., Sangro, B., Schwartz, M., Sherman, M., Gores,
G., 2016. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2, 16018.

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

Lu, L.C., Hsu, C.H., Hsu, C., Cheng, A.L., 2016. Tumor Heterogeneity in Hepatocellular
Carcinoma: Facing the Challenges. Liver Cancer 5, 128–138.

Mahoney, K.M., Rennert, P.D., Freeman, G.J., 2015. Combination cancer immunotherapy
and new immunomodulatory targets. Nat. Rev. Drug Discov. 14, 561–584.

Mantovani, A., Marchesi, F., Malesci, A., Laghi, L., Allavena, P., 2017. Tumour-associated
macrophages as treatment targets in oncology. Nat. Rev. Clin. Oncol. 14, 399–416.

Marin, J.J.G., Herraez, E., Lozano, E., Macias, R.I.R., Briz, O., 2019. Models for under-
standing resistance to chemotherapy in liver Cancer. Cancers (Basel) 11.

Marisi, G., Petracci, E., Raimondi, F., Faloppi, L., Foschi, F.G., Lauletta, G., Iavarone, M.,
Canale, M., Valgiusti, M., Neri, L.M., Ulivi, P., Orsi, G., Rovesti, G., Vukotic, R., Conti,
F., Cucchetti, A., Ercolani, G., Andrikou, K., Cascinu, S., Scartozzi, M., Casadei-
Gardini, A., 2019. ANGPT2 and NOS3 polymorphisms and clinical outcome in ad-
vanced hepatocellular carcinoma patients receiving sorafenib. Cancers (Basel) 11.

Masteller, E.L., Chuang, E., Mullen, A.C., Reiner, S.L., Thompson, C.B., 2000. Structural
analysis of CTLA-4 function in vivo. J. Immunol. 164, 5319–5327.

Mastio, J., Condamine, T., Dominguez, G., Kossenkov, A.V., Donthireddy, L., Veglia, F.,
Lin, C., Wang, F., Fu, S., Zhou, J., Viatour, P., Lavilla-Alonso, S., Polo, A.T., Tcyganov,
E.N., Mulligan Jr., C., Nam, B., Bennett, J., Masters, G., Guarino, M., Kumar, A.,

Nefedova, Y., Vonderheide, R.H., Languino, L.R., Abrams, S.I., Gabrilovich, D.I.,
2019. Identification of monocyte-like precursors of granulocytes in cancer as a me-
chanism for accumulation of PMN-MDSCs. J. Exp. Med. 216, 2150–2169.

Maude, S.L., Laetsch, T.W., Buechner, J., Rives, S., Boyer, M., Bittencourt, H., Bader, P.,
Verneris, M.R., Stefanski, H.E., Myers, G.D., Qayed, M., De Moerloose, B., Hiramatsu,
H., Schlis, K., Davis, K.L., Martin, P.L., Nemecek, E.R., Yanik, G.A., Peters, C.,
Baruchel, A., Boissel, N., Mechinaud, F., Balduzzi, A., Krueger, J., June, C.H., Levine,
B.L., Wood, P., Taran, T., Leung, M., Mueller, K.T., Zhang, Y., Sen, K., Lebwohl, D.,
Pulsipher, M.A., Grupp, S.A., 2018. Tisagenlecleucel in children and young adults
with B-Cell lymphoblastic leukemia. N. Engl. J. Med. 378, 439–448.

McGlynn, K.A., Petrick, J.L., London, W.T., 2015. Global epidemiology of hepatocellular
carcinoma: an emphasis on demographic and regional variability. Clin. Liver Dis. 19,
223–238.

Mezzalira, S., De Mattia, E., Guardascione, M., Dalle Fratte, C., Cecchin, E., Toffoli, G.,
2019. Circulating-free DNA analysis in hepatocellular carcinoma: a promising
strategy to improve patients’ management and therapy outcomes. Int. J. Mol. Sci. 20.

Michels, T., Shurin, G.V., Naiditch, H., Sevko, A., Umansky, V., Shurin, M.R., 2012.
Paclitaxel promotes differentiation of myeloid-derived suppressor cells into dendritic
cells in vitro in a TLR4-independent manner. J. Immunotoxicol. 9, 292–300.

Mole, R.H., 1953. Whole body irradiation; radiobiology or medicine? Br. J. Radiol. 26,
234–241.

Morgan, R.A., Yang, J.C., Kitano, M., Dudley, M.E., Laurencot, C.M., Rosenberg, S.A.,
2010. Case report of a serious adverse event following the administration of T cells
transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. 18,
843–851.

Morse, M.A., Sun, W., Kim, R., He, A.R., Abada, P.B., Mynderse, M., Finn, R.S., 2019. The
role of angiogenesis in hepatocellular carcinoma. Clin. Cancer Res. 25, 912–920.

Moser, M., 2001. Regulation of Th1/Th2 development by antigen-presenting cells in vivo.
Immunobiology 204, 551–557.

Motz, G.T., Santoro, S.P., Wang, L.P., Garrabrant, T., Lastra, R.R., Hagemann, I.S., Lal, P.,
Feldman, M.D., Benencia, F., Coukos, G., 2014. Tumor endothelium FasL establishes
a selective immune barrier promoting tolerance in tumors. Nat. Med. 20, 607–615.

Nanda, A., Karim, B., Peng, Z., Liu, G., Qiu, W., Gan, C., Vogelstein, B., St Croix, B.,
Kinzler, K.W., Huso, D.L., 2006. Tumor endothelial marker 1 (Tem1) functions in the
growth and progression of abdominal tumors. Proc Natl Acad Sci U S A 103,
3351–3356.

Narayanan, S., Cai, C.Y., Assaraf, Y.G., Guo, H.Q., Cui, Q., Wei, L., Huang, J.J., Ashby Jr.,
C.R., Chen, Z.S., 2020. Targeting the ubiquitin-proteasome pathway to overcome
anti-cancer drug resistance. Drug Resist. Updat. 48 p. 100663.

Neelapu, S.S., Locke, F.L., Bartlett, N.L., Lekakis, L.J., Miklos, D.B., Jacobson, C.A.,
Braunschweig, I., Oluwole, O.O., Siddiqi, T., Lin, Y., Timmerman, J.M., Stiff, P.J.,
Friedberg, J.W., Flinn, I.W., Goy, A., Hill, B.T., Smith, M.R., Deol, A., Farooq, U.,
McSweeney, P., Munoz, J., Avivi, I., Castro, J.E., Westin, J.R., Chavez, J.C., Ghobadi,
A., Komanduri, K.V., Levy, R., Jacobsen, E.D., Witzig, T.E., Reagan, P., Bot, A., Rossi,
J., Navale, L., Jiang, Y., Aycock, J., Elias, M., Chang, D., Wiezorek, J., Go, W.Y., 2017.
Axicabtagene ciloleucel CAR T-Cell therapy in refractory large B-Cell lymphoma. N.
Engl. J. Med. 377, 2531–2544.

Ng, C.K.Y., Di Costanzo, G.G., Tosti, N., Paradiso, V., Coto-Llerena, M., Roscigno, G.,
Perrina, V., Quintavalle, C., Boldanova, T., Wieland, S., Marino-Marsilia, G.,
Lanzafame, M., Quagliata, L., Condorelli, G., Matter, M.S., Tortora, R., Heim, M.H.,
Terracciano, L.M., Piscuoglio, S., 2018. Genetic profiling using plasma-derived cell-
free DNA in therapy-naive hepatocellular carcinoma patients: a pilot study. Ann.
Oncol. 29, 1286–1291.

Nishida, N., Nishimura, T., Kaido, T., Minaga, K., Yamao, K., Kamata, K., Takenaka, M.,
Ida, H., Hagiwara, S., Minami, Y., Sakurai, T., Watanabe, T., Kudo, M., 2018.
Molecular scoring of hepatocellular carcinoma for predicting metastatic recurrence
and requirements of systemic chemotherapy. Cancers (Basel) 10.

Nomizo, T., Ozasa, H., Tsuji, T., Funazo, T., Yasuda, Y., Yoshida, H., Yagi, Y., Sakamori,
Y., Nagai, H., Hirai, T., Kim, Y.H., 2017. Clinical impact of single nucleotide poly-
morphism in PD-L1 on response to Nivolumab for advanced non-small-Cell lung
Cancer patients. Sci. Rep. 7, 45124.

Noy, R., Pollard, J.W., 2014. Tumor-associated macrophages: from mechanisms to
therapy. Immunity 41, 49–61.

Ogawa, K., Tanaka, S., Matsumura, S., Murakata, A., Ban, D., Ochiai, T., Irie, T., Kudo, A.,
Nakamura, N., Tanabe, M., Arii, S., 2014. EpCAM-targeted therapy for human he-
patocellular carcinoma. Ann. Surg. Oncol. 21, 1314–1322.

Ogunwobi, O.O., Harricharran, T., Huaman, J., Galuza, A., Odumuwagun, O., Tan, Y., Ma,
G.X., Nguyen, M.T., 2019. Mechanisms of hepatocellular carcinoma progression.
World J. Gastroenterol. 25, 2279–2293.

Oh, C.R., Kong, S.Y., Im, H.S., Kim, H.J., Kim, M.K., Yoon, K.A., Cho, E.H., Jang, J.H., Lee,
J., Kang, J., Park, S.R., Ryoo, B.Y., 2019. Genome-wide copy number alteration and
VEGFA amplification of circulating cell-free DNA as a biomarker in advanced hepa-
tocellular carcinoma patients treated with Sorafenib. BMC Cancer 19, 292.

Ohm, J.E., Gabrilovich, D.I., Sempowski, G.D., Kisseleva, E., Parman, K.S., Nadaf, S.,
Carbone, D.P., 2003. VEGF inhibits T-cell development and may contribute to tumor-
induced immune suppression. Blood 101, 4878–4886.

Onyshchenko, M., 2018. The puzzle of predicting response to immune checkpoint
blockade. EBioMedicine 33, 18–19.

Ouyang, F.Z., Wu, R.Q., Wei, Y., Liu, R.X., Yang, D., Xiao, X., Zheng, L., Li, B., Lao, X.M.,
Kuang, D.M., 2016. Dendritic cell-elicited B-cell activation fosters immune privilege
via IL-10 signals in hepatocellular carcinoma. Nat. Commun. 7, 13453.

Paluskievicz, C.M., Cao, X., Abdi, R., Zheng, P., Liu, Y., Bromberg, J.S., 2019. T regulatory
cells and priming the suppressive tumor microenvironment. Front. Immunol. 10,
2453.

Pang, Y., Hou, X., Yang, C., Liu, Y., Jiang, G., 2018. Advances on chimeric antigen re-
ceptor-modified T-cell therapy for oncotherapy. Mol. Cancer 17, 91.

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

21

http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0640
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0640
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0645
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0645
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0645
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0645
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0645
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0650
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0650
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0655
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0655
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0655
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0655
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0655
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0660
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0660
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0660
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0660
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0665
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0665
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0670
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0670
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0670
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0670
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0675
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0675
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0675
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0675
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0680
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0680
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0680
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0685
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0685
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0685
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0685
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0690
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0690
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0690
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0690
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0695
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0695
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0695
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0700
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0700
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0700
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0705
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0705
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0705
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0710
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0710
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0710
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0710
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0715
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0715
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0715
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0720
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0720
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0725
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0725
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0730
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0730
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0730
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0730
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0730
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0735
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0735
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0740
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0740
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0745
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0745
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0750
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0750
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0755
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0755
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0760
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0760
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0765
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0765
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0765
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0765
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0765
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0770
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0770
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0775
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0775
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0775
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0775
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0775
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0775
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0780
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0785
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0785
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0785
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0790
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0790
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0790
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0795
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0795
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0795
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0800
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0800
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0805
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0805
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0805
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0805
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0810
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0810
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0815
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0815
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0820
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0820
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0820
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0825
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0825
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0825
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0825
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0830
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0830
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0830
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0835
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0840
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0840
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0840
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0840
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0840
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0840
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0845
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0845
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0845
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0845
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0850
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0850
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0850
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0850
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0855
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0855
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0860
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0860
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0860
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0865
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0865
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0865
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0870
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0870
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0870
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0870
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0875
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0875
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0875
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0880
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0880
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0885
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0885
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0885
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0890
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0890
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0890
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0895
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0895


Pardoll, D.M., 2012. The blockade of immune checkpoints in cancer immunotherapy. Nat.
Rev. Cancer 12, 252–264.

Park, S., Lee, E.J., Rim, C.H., Seong, J., 2018. Plasma cell-free DNA as a predictive marker
after radiotherapy for hepatocellular carcinoma. Yonsei Med. J. 59, 470–479.

Parry, R.V., Chemnitz, J.M., Frauwirth, K.A., Lanfranco, A.R., Braunstein, I., Kobayashi,
S.V., Linsley, P.S., Thompson, C.B., Riley, J.L., 2005. CTLA-4 and PD-1 receptors
inhibit T-cell activation by distinct mechanisms. Mol. Cell. Biol. 25, 9543–9553.

Pasquier, E., Kavallaris, M., Andre, N., 2010. Metronomic chemotherapy: new rationale
for new directions. Nat. Rev. Clin. Oncol. 7, 455–465.

Patente, T.A., Pinho, M.P., Oliveira, A.A., Evangelista, G.C.M., Bergami-Santos, P.C.,
Barbuto, J.A.M., 2018. Human dendritic cells: their heterogeneity and clinical ap-
plication potential in Cancer immunotherapy. Front. Immunol. 9, 3176.

Phung, Y., Gao, W., Man, Y.G., Nagata, S., Ho, M., 2012. High-affinity monoclonal an-
tibodies to cell surface tumor antigen glypican-3 generated through a combination of
peptide immunization and flow cytometry screening. MAbs 4, 592–599.

Piciocchi, M., Cardin, R., Vitale, A., Vanin, V., Giacomin, A., Pozzan, C., Maddalo, G.,
Cillo, U., Guido, M., Farinati, F., 2013. Circulating free DNA in the progression of
liver damage to hepatocellular carcinoma. Hepatol. Int. 7, 1050–1057.

Postow, M.A., Callahan, M.K., Barker, C.A., Yamada, Y., Yuan, J., Kitano, S., Mu, Z.,
Rasalan, T., Adamow, M., Ritter, E., Sedrak, C., Jungbluth, A.A., Chua, R., Yang, A.S.,
Roman, R.A., Rosner, S., Benson, B., Allison, J.P., Lesokhin, A.M., Gnjatic, S.,
Wolchok, J.D., 2012. Immunologic correlates of the abscopal effect in a patient with
melanoma. N. Engl. J. Med. 366, 925–931.

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

Prosser, M.E., Brown, C.E., Shami, A.F., Forman, S.J., Jensen, M.C., 2012. Tumor PD-L1
co-stimulates primary human CD8(+) cytotoxic T cells modified to express a
PD1:CD28 chimeric receptor. Mol. Immunol. 51, 263–272.

Rapp, M., Grassmann, S., Chaloupka, M., Layritz, P., Kruger, S., Ormanns, S., Rataj, F.,
Janssen, K.P., Endres, S., Anz, D., Kobold, S., 2016. C-C chemokine receptor type-4
transduction of T cells enhances interaction with dendritic cells, tumor infiltration
and therapeutic efficacy of adoptive T cell transfer. Oncoimmunology 5 p. e1105428.

Rebouissou, S., Nault, J.C., 2020. Advances in molecular classification and precision
oncology in hepatocellular carcinoma. J. Hepatol. 72, 215–229.

Ren, N., Ye, Q.H., Qin, L.X., Zhang, B.H., Liu, Y.K., Tang, Z.Y., 2006. Circulating DNA
level is negatively associated with the long-term survival of hepatocellular carcinoma
patients. World J. Gastroenterol. 12, 3911–3914.

Ren, J., Zhang, X., Liu, X., Fang, C., Jiang, S., June, C.H., Zhao, Y., 2017. A versatile
system for rapid multiplex genome-edited CAR T cell generation. Oncotarget 8,
17002–17011.

Reynders, K., Illidge, T., Siva, S., Chang, J.Y., De Ruysscher, D., 2015. The abscopal effect
of local radiotherapy: using immunotherapy to make a rare event clinically relevant.
Cancer Treat. Rev. 41, 503–510.

Richman, S.A., Nunez-Cruz, S., Moghimi, B., Li, L.Z., Gershenson, Z.T., Mourelatos, Z.,
Barrett, D.M., Grupp, S.A., Milone, M.C., 2018. High-affinity GD2-Specific CAR t cells
induce fatal encephalitis in a preclinical neuroblastoma model. Cancer Immunol. Res.
6, 36–46.

Rimassa, L., Assenat, E., Peck-Radosavljevic, M., Pracht, M., Zagonel, V., Mathurin, P.,
Rota Caremoli, E., Porta, C., Daniele, B., Bolondi, L., Mazzaferro, V., Harris, W.,
Damjanov, N., Pastorelli, D., Reig, M., Knox, J., Negri, F., Trojan, J., Lopez Lopez, C.,
Personeni, N., Decaens, T., Dupuy, M., Sieghart, W., Abbadessa, G., Schwartz, B.,
Lamar, M., Goldberg, T., Shuster, D., Santoro, A., Bruix, J., 2018. Tivantinib for
second-line treatment of MET-high, advanced hepatocellular carcinoma (METIV-
HCC): a final analysis of a phase 3, randomised, placebo-controlled study. Lancet
Oncol. 19, 682–693.

Ringelhan, M., Pfister, D., O’Connor, T., Pikarsky, E., Heikenwalder, M., 2018. The im-
munology of hepatocellular carcinoma. Nat. Immunol. 19, 222–232.

Robinson, M.W., Harmon, C., O’Farrelly, C., 2016. Liver immunology and its role in in-
flammation and homeostasis. Cell. Mol. Immunol. 13, 267–276.

Rotte, A., Jin, J.Y., Lemaire, V., 2018. Mechanistic overview of immune checkpoints to
support the rational design of their combinations in cancer immunotherapy. Ann.
Oncol. 29, 71–83.

Rupp, L.J., Schumann, K., Roybal, K.T., Gate, R.E., Ye, C.J., Lim, W.A., Marson, A., 2017.
CRISPR/Cas9-mediated PD-1 disruption enhances anti-tumor efficacy of human
chimeric antigen receptor T cells. Sci. Rep. 7, 737.

Scartozzi, M., Faloppi, L., Svegliati Baroni, G., Loretelli, C., Piscaglia, F., Iavarone, M.,
Toniutto, P., Fava, G., De Minicis, S., Mandolesi, A., Bianconi, M., Giampieri, R.,
Granito, A., Facchetti, F., Bitetto, D., Marinelli, S., Venerandi, L., Vavassori, S.,
Gemini, S., D’Errico, A., Colombo, M., Bolondi, L., Bearzi, I., Benedetti, A., Cascinu,
S., 2014. VEGF and VEGFR genotyping in the prediction of clinical outcome for HCC
patients receiving sorafenib: the ALICE-1 study. Int. J. Cancer 135, 1247–1256.

Schneider, H., Downey, J., Smith, A., Zinselmeyer, B.H., Rush, C., Brewer, J.M., Wei, B.,
Hogg, N., Garside, P., Rudd, C.E., 2006. Reversal of the TCR stop signal by CTLA-4.
Science 313, 1972–1975.

Schulze, K., Imbeaud, S., Letouze, E., Alexandrov, L.B., Calderaro, J., Rebouissou, S.,
Couchy, G., Meiller, C., Shinde, J., Soysouvanh, F., Calatayud, A.L., Pinyol, R.,
Pelletier, L., Balabaud, C., Laurent, A., Blanc, J.F., Mazzaferro, V., Calvo, F.,
Villanueva, A., Nault, J.C., Bioulac-Sage, P., Stratton, M.R., Llovet, J.M., Zucman-
Rossi, J., 2015. Exome sequencing of hepatocellular carcinomas identifies new mu-
tational signatures and potential therapeutic targets. Nat. Genet. 47, 505–511.

Semaan, A., Dietrich, D., Bergheim, D., Dietrich, J., Kalff, J.C., Branchi, V., Matthaei, H.,
Kristiansen, G., Fischer, H.P., Goltz, D., 2017. CXCL12 expression and PD-L1 ex-
pression serve as prognostic biomarkers in HCC and are induced by hypoxia.
Virchows Arch. 470, 185–196.

Shaked, Y., Ciarrocchi, A., Franco, M., Lee, C.R., Man, S., Cheung, A.M., Hicklin, D.J.,
Chaplin, D., Foster, F.S., Benezra, R., Kerbel, R.S., 2006. Therapy-induced acute

recruitment of circulating endothelial progenitor cells to tumors. Science 313,
1785–1787.

Sharma, P., Allison, J.P., 2020. Dissecting the mechanisms of immune checkpoint
therapy. Nat. Rev. Immunol. 20, 75–76.

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

Shin, J.H., Park, H.B., Oh, Y.M., Lim, D.P., Lee, J.E., Seo, H.H., Lee, S.J., Eom, H.S., Kim,
I.H., Lee, S.H., Choi, K., 2012. Positive conversion of negative signaling of CTLA4
potentiates antitumor efficacy of adoptive T-cell therapy in murine tumor models.
Blood 119, 5678–5687.

Siu, E.H., Chan, A.W., Chong, C.C., Chan, S.L., Lo, K.W., Cheung, S.T., 2018. Treatment of
advanced hepatocellular carcinoma: immunotherapy from checkpoint blockade to
potential of cellular treatment. Transl. Gastroenterol. Hepatol. 3, 89.

Siva, S., MacManus, M.P., Martin, R.F., Martin, O.A., 2015. Abscopal effects of radiation
therapy: a clinical review for the radiobiologist. Cancer Lett. 356, 82–90.

Steinman, R.M., Hawiger, D., Nussenzweig, M.C., 2003. Tolerogenic dendritic cells. Annu.
Rev. Immunol. 21, 685–711.

Stone, J.D., Chervin, A.S., Kranz, D.M., 2009. T-cell receptor binding affinities and ki-
netics: impact on T-cell activity and specificity. Immunology 126, 165–176.

Sugiyama, D., Nishikawa, H., Maeda, Y., Nishioka, M., Tanemura, A., Katayama, I., Ezoe,
S., Kanakura, Y., Sato, E., Fukumori, Y., Karbach, J., Jager, E., Sakaguchi, S., 2013.
Anti-CCR4 mAb selectively depletes effector-type FoxP3+CD4+ regulatory T cells,
evoking antitumor immune responses in humans. Proc Natl Acad Sci U S A 110,
17945–17950.

Sullivan, K.M., Kenerson, H.L., Pillarisetty, V.G., Riehle, K.J., Yeung, R.S., 2018. Precision
oncology in liver cancer. Ann. Transl. Med. 6, 285.

Syed, Y.Y., 2020. Ramucirumab: A Review in Hepatocellular Carcinoma. Drugs 80,
315–322.

Taylor, S., Spugnini, E.P., Assaraf, Y.G., Azzarito, T., Rauch, C., Fais, S., 2015.
Microenvironment acidity as a major determinant of tumor chemoresistance: proton
pump inhibitors (PPIs) as a novel therapeutic approach. Drug Resist. Updat. 23,
69–78.

TCGA, 2017. Comprehensive and integrative genomic characterization of hepatocellular
carcinoma. Cell 169, 1327–1341 e1323.

Teufel, M., Seidel, H., Kochert, K., Meinhardt, G., Finn, R.S., Llovet, J.M., Bruix, J., 2019.
Biomarkers associated with response to regorafenib in patients with hepatocellular
carcinoma. Gastroenterology 156, 1731–1741.

Thierry, A.R., El Messaoudi, S., Gahan, P.B., Anker, P., Stroun, M., 2016. Origins, struc-
tures, and functions of circulating DNA in oncology. Cancer Metastasis Rev. 35,
347–376.

Todaro, M., Meraviglia, S., Caccamo, N., Stassi, G., Dieli, F., 2013. Combining conven-
tional chemotherapy and gammadelta T cell-based immunotherapy to target cancer-
initiating cells. Oncoimmunology 2 p. e25821.

Toh, T.B., Lim, J.J., Chow, E.K., 2019. Epigenetics of hepatocellular carcinoma. Clin.
Transl. Med. 8, 13.

Tokuhisa, Y., Iizuka, N., Sakaida, I., Moribe, T., Fujita, N., Miura, T., Tamatsukuri, S.,
Ishitsuka, H., Uchida, K., Terai, S., Sakamoto, K., Tamesa, T., Oka, M., 2007.
Circulating cell-free DNA as a predictive marker for distant metastasis of hepatitis C
virus-related hepatocellular carcinoma. Br. J. Cancer 97, 1399–1403.

Trinchieri, G., 2003. Interleukin-12 and the regulation of innate resistance and adaptive
immunity. Nat. Rev. Immunol. 3, 133–146.

Twyman-Saint Victor, C., Rech, A.J., Maity, A., Rengan, R., Pauken, K.E., Stelekati, E.,
Benci, J.L., Xu, B., Dada, H., Odorizzi, P.M., Herati, R.S., Mansfield, K.D., Patsch, D.,
Amaravadi, R.K., Schuchter, L.M., Ishwaran, H., Mick, R., Pryma, D.A., Xu, X.,
Feldman, M.D., Gangadhar, T.C., Hahn, S.M., Wherry, E.J., Vonderheide, R.H., Minn,
A.J., 2015. Radiation and dual checkpoint blockade activate non-redundant immune
mechanisms in cancer. Nature 520, 373–377.

Vande Lune, P., Abdel Aal, A.K., Klimkowski, S., Zarzour, J.G., Gunn, A.J., 2018.
Hepatocellular carcinoma: diagnosis, treatment algorithms, and imaging appearance
after transarterial chemoembolization. J. Clin. Transl. Hepatol. 6, 175–188.

Vasilyeva, A., Durmus, S., Li, L., Wagenaar, E., Hu, S., Gibson, A.A., Panetta, J.C., Mani,
S., Sparreboom, A., Baker, S.D., Schinkel, A.H., 2015. Hepatocellular shuttling and
recirculation of sorafenib-glucuronide is dependent on Abcc2, Abcc3, and Oatp1a/1b.
Cancer Res. 75, 2729–2736.

Vatner, R.E., Cooper, B.T., Vanpouille-Box, C., Demaria, S., Formenti, S.C., 2014.
Combinations of immunotherapy and radiation in cancer therapy. Front. Oncol. 4,
325.

Vignali, D., Kallikourdis, M., 2017. Improving homing in T cell therapy. Cytokine Growth
Factor Rev. 36, 107–116.

Villanueva, A., 2019. Hepatocellular carcinoma. N. Engl. J. Med. 380, 1450–1462.
Voron, T., Colussi, O., Marcheteau, E., Pernot, S., Nizard, M., Pointet, A.L., Latreche, S.,

Bergaya, S., Benhamouda, N., Tanchot, C., Stockmann, C., Combe, P., Berger, A.,
Zinzindohoue, F., Yagita, H., Tartour, E., Taieb, J., Terme, M., 2015. VEGF-A mod-
ulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J. Exp. Med.
212, 139–148.

Walseng, E., Koksal, H., Sektioglu, I.M., Fane, A., Skorstad, G., Kvalheim, G., Gaudernack,
G., Inderberg, E.M., Walchli, S., 2017. A TCR-based chimeric antigen receptor. Sci.
Rep. 7, 10713.

Wang, X.B., Fan, Z.Z., Anton, D., Vollenhoven, A.V., Ni, Z.H., Chen, X.F., Lefvert, A.K.,
2011. CTLA4 is expressed on mature dendritic cells derived from human monocytes
and influences their maturation and antigen presentation. BMC Immunol. 12, 21.

Wei, S.C., Levine, J.H., Cogdill, A.P., Zhao, Y., Anang, N.A.S., Andrews, M.C., Sharma, P.,
Wang, J., Wargo, J.A., Pe’er, D., Allison, J.P., 2017. Distinct cellular mechanisms
underlie Anti-CTLA-4 and Anti-PD-1 checkpoint blockade. Cell 170, 1120–1133

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

22

http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0900
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0900
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0905
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0905
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0910
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0910
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0910
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0915
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0915
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0920
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0920
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0920
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0925
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0925
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0925
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0930
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0930
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0930
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0935
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0935
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0935
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0935
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0935
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0940
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0940
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0945
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0945
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0945
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0950
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0950
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0950
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0950
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0955
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0955
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0960
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0960
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0960
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0965
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0965
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0965
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0970
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0970
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0970
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0975
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0975
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0975
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0975
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0980
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0985
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0985
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0990
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0990
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0995
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0995
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref0995
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1000
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1000
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1000
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1005
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1010
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1015
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1020
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1020
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1020
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1020
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1025
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1030
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1030
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1035
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1040
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1045
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1050
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1050
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1055
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1055
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1060
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1060
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1065
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1070
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1070
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1075
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1075
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1080
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1085
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1085
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1090
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1090
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1090
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1095
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1100
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1100
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1100
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1105
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1105
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1110
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1115
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1115
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1120
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1125
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1125
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1125
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1130
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1130
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1130
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1130
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1135
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1140
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1140
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1145
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1150
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1155
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1155
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1155
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1160
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1165
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1165
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1165


e1117.
Wei, S.C., Duffy, C.R., Allison, J.P., 2018. Fundamental mechanisms of immune check-

point blockade therapy. Cancer Discov. 8, 1069–1086.
Wei, S.C., Anang, N.A.S., Sharma, R., Andrews, M.C., Reuben, A., Levine, J.H., Cogdill,

A.P., Mancuso, J.J., Wargo, J.A., Pe’er, D., Allison, J.P., 2019a. Combination anti-
CTLA-4 plus anti-PD-1 checkpoint blockade utilizes cellular mechanisms partially
distinct from monotherapies. Proc Natl Acad Sci U S A 116, 22699–22709.

Wei, S.C., Sharma, R., Anang, N.A.S., Levine, J.H., Zhao, Y., Mancuso, J.J., Setty, M.,
Sharma, P., Wang, J., Pe’er, D., Allison, J.P., 2019b. Negative Co-stimulation con-
strains t cell differentiation by imposing boundaries on possible cell states. Immunity
50, 1084–1098 e1010.

Wherry, E.J., 2011. T cell exhaustion. Nat. Immunol. 12, 492–499.
Wierz, M., Pierson, S., Guyonnet, L., Viry, E., Lequeux, A., Oudin, A., Niclou, S.P., Ollert,

M., Berchem, G., Janji, B., Guerin, C., Paggetti, J., Moussay, E., 2018. Dual PD1/
LAG3 immune checkpoint blockade limits tumor development in a murine model of
chronic lymphocytic leukemia. Blood 131, 1617–1621.

Wijdeven, R.H., Pang, B., Assaraf, Y.G., Neefjes, J., 2016. Old drugs, novel ways out: drug
resistance toward cytotoxic chemotherapeutics. Drug Resist. Updat. 28, 65–81.

Woo, H.G., Wang, X.W., Budhu, A., Kim, Y.H., Kwon, S.M., Tang, Z.Y., Sun, Z., Harris,
C.C., Thorgeirsson, S.S., 2011. Association of TP53 mutations with stem cell-like gene
expression and survival of patients with hepatocellular carcinoma. Gastroenterology
140, 1063–1070.

Woo, S.R., Turnis, M.E., Goldberg, M.V., Bankoti, J., Selby, M., Nirschl, C.J., Bettini, M.L.,
Gravano, D.M., Vogel, P., Liu, C.L., Tangsombatvisit, S., Grosso, J.F., Netto, G.,
Smeltzer, M.P., Chaux, A., Utz, P.J., Workman, C.J., Pardoll, D.M., Korman, A.J.,
Drake, C.G., Vignali, D.A., 2012. Immune inhibitory molecules LAG-3 and PD-1 sy-
nergistically regulate T-cell function to promote tumoral immune escape. Cancer Res.
72, 917–927.

Wu, K., Kryczek, I., Chen, L., Zou, W., Welling, T.H., 2009. Kupffer cell suppression of
CD8+ T cells in human hepatocellular carcinoma is mediated by B7-H1/programmed
death-1 interactions. Cancer Res. 69, 8067–8075.

Wu, A.A., Drake, V., Huang, H.S., Chiu, S., Zheng, L., 2015. Reprogramming the tumor
microenvironment: tumor-induced immunosuppressive factors paralyze T cells.
Oncoimmunology 4 p. e1016700.

Xu, F., Jin, T., Zhu, Y., Dai, C., 2018. Immune checkpoint therapy in liver cancer. J. Exp.
Clin. Cancer Res. 37, 110.

Yamashita, T., Forgues, M., Wang, W., Kim, J.W., Ye, Q., Jia, H., Budhu, A., Zanetti, K.A.,
Chen, Y., Qin, L.X., Tang, Z.Y., Wang, X.W., 2008. EpCAM and alpha-fetoprotein
expression defines novel prognostic subtypes of hepatocellular carcinoma. Cancer
Res. 68, 1451–1461.

Yamauchi, N., Watanabe, A., Hishinuma, M., Ohashi, K., Midorikawa, Y., Morishita, Y.,
Niki, T., Shibahara, J., Mori, M., Makuuchi, M., Hippo, Y., Kodama, T., Iwanari, H.,
Aburatani, H., Fukayama, M., 2005. The glypican 3 oncofetal protein is a promising
diagnostic marker for hepatocellular carcinoma. Mod. Pathol. 18, 1591–1598.

Yang, Z.F., Poon, R.T., 2008. Vascular changes in hepatocellular carcinoma. Anat. Rec.
Hoboken 291, 721–734.

Yang, X., Shi, J., Chen, X., Jiang, Y., Zhao, H., 2020. Efficacy of Cabozantinib and
Nivolumab in treating hepatocellular carcinoma with RET amplification, high tumor
mutational burden, and PD-L1 expression. Oncologist.

Yau, T., Kang, K., Kim, T., El-Khoueiry, A., Santoro, A., Sangro, B., Melero, I., Kudo, M.,
Hou, M., Matilla, A., Tovoli, F., Knox, J., He, A.R., El-Rayes, B., Acosta-Rivera, M.,
Neely, J., Shen, Y., Baccan, C., Dela Cruz, C., Hsu, C., 2019a. (Nivolumab (NIVO) +
ipilimumab (IPI) combination therapy in patients (pts) with advanced hepatocellular

carcinoma (aHCC): Results from CheckMate 040. J. Clin. Oncol. 37 pp. 4012-4012.
Yau, T., Park, J., Finn, R., et al., 2019b. CheckMate 459: a randomized, multi-center phase

3 study of nivolumab (NIVO) vs Sorafenib (SOR) as first-line (1L) treatment in pa-
tients (pts) with advanced hepatocellular carcinoma (aHCC). ESMO Ann. Oncol. 30
(suppl_5), v851–v934. https://doi.org/10.1093/annonc/mdz394). (2019b).

Yeo, M.K., Choi, S.Y., Seong, I.O., Suh, K.S., Kim, J.M., Kim, K.H., 2017. Association of
PD-L1 expression and PD-L1 gene polymorphism with poor prognosis in lung ade-
nocarcinoma and squamous cell carcinoma. Hum. Pathol. 68, 103–111.

Zah, E., Lin, M.Y., Silva-Benedict, A., Jensen, M.C., Chen, Y.Y., 2016. T cells expressing
CD19/CD20 bispecific chimeric antigen receptors prevent antigen escape by malig-
nant B cells. Cancer Immunol. Res. 4, 498–508.

Zhang, Y.F., Ho, M., 2016. Humanization of high-affinity antibodies targeting glypican-3
in hepatocellular carcinoma. Sci. Rep. 6, 33878.

Zhang, L., Liu, H., Sun, L., Li, N., Ding, H., Zheng, J., 2012. Glypican-3 as a potential
differential diagnosis marker for hepatocellular carcinoma: a tissue microarray-based
study. Acta Histochem. 114, 547–552.

Zhang, Q., Zhang, Z., Peng, M., Fu, S., Xue, Z., Zhang, R., 2016. CAR-T cell therapy in
gastrointestinal tumors and hepatic carcinoma: from bench to bedside.
Oncoimmunology 5 p. e1251539.

Zhang, J., Song, Q., Wu, M., Zheng, W., 2020. The emerging roles of exosomes in the
chemoresistance of hepatocellular carcinoma. Curr. Med. Chem.

Zhang, S., Zhou, D., 2019. Role of the transcriptional coactivators YAP/TAZ in liver
cancer. Curr. Opin. Cell Biol. 61, 64–71.

Zheng, Y.B., Zhan, M.X., Zhao, W., Liu, B., Huang, J.W., He, X., Fu, S.R., Zhao, Y., Li, Y.,
Hu, B.S., Lu, L.G., 2014. The relationship of kinase insert domain receptor gene
polymorphisms and clinical outcome in advanced hepatocellular carcinoma patients
treated with sorafenib. Med. Oncol. 31, 209.

Zhitomirsky, B., Assaraf, Y.G., 2016. Lysosomes as mediators of drug resistance in cancer.
Drug Resist. Updat. 24, 23–33.

Zhu, A.X., Gold, P.J., El-Khoueiry, A.B., Abrams, T.A., Morikawa, H., Ohishi, N., Ohtomo,
T., Philip, P.A., 2013. First-in-man phase I study of GC33, a novel recombinant hu-
manized antibody against glypican-3, in patients with advanced hepatocellular car-
cinoma. Clin. Cancer Res. 19, 920–928.

Zhu, A.X., Finn, R.S., Edeline, J., Cattan, S., Ogasawara, S., Palmer, D., Verslype, C.,
Zagonel, V., Fartoux, L., Vogel, A., Sarker, D., Verset, G., Chan, S.L., Knox, J., Daniele,
B., Webber, A.L., Ebbinghaus, S.W., Ma, J., Siegel, A.B., Cheng, A.L., Kudo, M., 2018.
Pembrolizumab in patients with advanced hepatocellular carcinoma previously
treated with sorafenib (KEYNOTE-224): a non-randomised, open-label phase 2 trial.
Lancet Oncol. 19, 940–952.

Zhu, A.X., Kang, Y.K., Yen, C.J., Finn, R.S., Galle, P.R., Llovet, J.M., Assenat, E., Brandi,
G., Pracht, M., Lim, H.Y., Rau, K.M., Motomura, K., Ohno, I., Merle, P., Daniele, B.,
Shin, D.B., Gerken, G., Borg, C., Hiriart, J.B., Okusaka, T., Morimoto, M., Hsu, Y.,
Abada, P.B., Kudo, M., 2019. Ramucirumab after sorafenib in patients with advanced
hepatocellular carcinoma and increased alpha-fetoprotein concentrations (REACH-2):
a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 20,
282–296.

Zitvogel, L., Apetoh, L., Ghiringhelli, F., Kroemer, G., 2008. Immunological aspects of
cancer chemotherapy. Nat. Rev. Immunol. 8, 59–73.

Zitvogel, L., Kepp, O., Kroemer, G., 2011. Immune parameters affecting the efficacy of
chemotherapeutic regimens. Nat. Rev. Clin. Oncol. 8, 151–160.

Zou, J., Wu, D., Li, T., Wang, X., Liu, Y., Tan, S., 2019. Association of PD-L1 gene
rs4143815 C&G polymorphism and human cancer susceptibility: a systematic review
and meta-analysis. Pathol. Res. Pract. 215, 229–234.

M. Dal Bo, et al. Drug Resistance Updates 51 (2020) 100702

23

http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1165
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1170
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1170
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1175
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1175
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1175
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1175
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1180
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1185
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1190
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1195
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1195
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1200
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1200
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1200
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1200
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1205
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1210
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1210
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1210
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1215
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1215
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1215
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1220
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1220
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1225
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1230
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1235
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1235
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1240
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1240
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1240
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1245
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1245
https://doi.org/10.1093/annonc/mdz394)
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1255
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1255
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1255
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1260
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1260
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1260
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1265
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1265
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1270
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1275
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1280
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1280
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1285
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1285
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1290
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1295
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1295
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1300
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1305
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1310
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1315
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1315
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1320
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1320
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1325
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1325
http://refhub.elsevier.com/S1368-7646(20)30031-5/sbref1325

	New insights into the pharmacological, immunological, and CAR-T-cell approaches in the treatment of hepatocellular carcinoma
	Introduction
	Liver cell crosstalk and HCC pathogenesis
	Approved drugs for the systemic treatment of HCC
	Genetic markers and efficacy of systemic treatment
	Host pharmacogenetic markers
	Somatic tumor mutations
	Liquid biopsy and disease monitoring

	Immunotherapy with ICIs
	The role of immune checkpoint molecules
	Modalities to overcome resistance to ICIs
	Taking advantage of the complementary mechanisms of ICIs
	Improving the availability of antigens due to cancer cell death by chemotherapeutic drugs
	Improving the anti-tumor immune response by radiotherapy
	Reversal of the effect of proangiogenic factors


	Immunotherapy targeting TAAs
	TAAs expressed in HCC
	Treatment strategies using antibodies targeting TAAs
	CAR-T
	Approved CAR-T for the treatment of hematological malignancies
	CAR-T approaches for HCC treatment
	Challenges of CAR-T therapy in solid tumors


	Future perspectives
	Conclusions
	References




