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Abstract

Hepatocellular carcinoma (HCC), also called malignant hepatoma, is one of the deadliest cancers
due to its complexities, reoccurrence after surgical resection, metastasis and heterogeneity.
Incidence and mortality of HCC are increasing in Western countries and are expected to rise as a
consequence of the obesity epidemic. Multiple factors trigger the initiation and progression of
HCC including chronic alcohol consumption, viral hepatitis B and C infection, metabolic
disorders and age. Although Sorafenib is the only FDA approved drug for the treatment of HCC,
numerous treatment modalities such as transcatheter arterial chemoembolization/transarterial
chemoembolization (TACE), radiotherapy, locoregional therapy and chemotherapy have been
tested in the clinics. Polymeric nanoparticles, liposomes, and micelles carrying small molecules,
proteins, peptides and nucleic acids have attracted great attention for the treatment of various
cancers including HCC. Herein, we discuss the pathogenesis of HCC in relation to its various
recent treatment methodologies using nanodelivery of monoclonal antibodies (mAbs), small
molecules, miRNAs and peptides. Synopsis of recent clinical trials of mAbs and peptide drugs has
been presented with a broad overview of the pathogenesis of the disease and treatment efficacy.
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1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer and rank third in cancer-
related deaths globally considering malignancies, severity, treatment challenges and 5-year
survival rate (< 5 %) among cancer patients (Cabibbo, Latteri, Antonucci, & Craxi, 2009;
Singh, Singh, Roberts, & Sanchez, 2014). Among various types of primary hepatic
neoplasms such as cholangiocarcinoma (bile duct cancer of biliary epithelial cells),
hepatoblastoma (rare early childhood malignant liver tumor), bile duct cystadenocarcinoma
and epitheliod haemangioendothelima, HCC deserves special mention (Farazi & DePinho,
2006). The stimulus for HCC development in Asian and African countries arises from
factors like chronic hepatitis B and C viral infection, chronic alcohol consumption,
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aflatoxin-contaminated food intake, other hereditary diseases (hemochromatosis due to iron
overload in the body) and liver cirrhosis (Farazi & DePinho, 2006; Ge & Huang, 2015;
Ghasemi, Rostami, & Meshkat, 2015). In the developed countries, the epidemiological
evidence connecting the pathologies are type 2 diabetes, obesity, metabolic disorders and
non-alcoholic steatohepatitis (NASH) as part of non-alcoholic fatty liver diseases (NAFLD)
(Reeves, Zaki, & Day, 2016; Trojan, Zangos, & Schnitzbauer, 2016). The risk factors
susceptible for the occurrence of HCC are more common in the male population compared
to the females (4:1) (Yang, Ekanem, Sakyi, & Ray, 2015). Other factors such as age,
tyrosinemia, galactosidemia, fructosemia, and hypothyroidism also play critical roles in the
prevalence of HCC (Mazzanti, Arena, & Tassi, 2016; Zhu, Seto, Lai, & Yuen, 2016).
Although surgical resection is the only curative therapy, it often causes hindrance to most
patients detected at late stage of the disease. Following resection, the survival rate reaches
70 % if the tumor is < 2 cm (Varshosaz & Farzan, 2015). As a result, early diagnosis is
crucial for successful treatment. Computed tomography (CT), magnetic resonance imaging
(MRI), ultrasound and dynamic multiphasic multi-detector-row CT (MDCT) are the
standard HCC diagnostic methods (Bertino et al., 2014; Daoudaki & Fouzas, 2014). Based
on the tumor size, serum albumin, bilirubin and a-fetoprotein (AFP) levels, HCC
morphology, presence of portal vein thrombosis and ascites, various classifications are used
in order to categorize the stage of the disease, particularly Okuda staging system (I-111),
Cancer of Liver Italian Program (CLIP) score (0-6), Barcelona Clinic Liver Cancer (BCLC)
(Table 1), American Association for the Study of the Liver Disease (AASLD), National
Comprehensive Cancer Network (NCCN) and European Association for the Study of the
Liver (EASL) are noteworthy (Bertino et al., 2014; Trojan et al., 2016). Apart from liver
transplantation, tumor local ablation, embolization, (Transcatheter arterial
chemoembolization/transarterial chemoembolization or TACE) and chemotherapy are often
recommended for patients with BCLC stage B-C (Table 1) (Bruix et al., 2011; Trojan et al.,
2016). Advanced stage HCC leads to aggravated liver dysfunction, making systemic drug
delivery ineffective. Also, development of drug resistance and untoward systemic side
effects cause serious obstacles to successful treatment regimen for HCC. In practice, the
usual biomarkers for the detection of HCC are serum alanine aminotransferase (ALT),
aspartase aminotransferase (AST) and alpha-fetoprotein (AFP). In addition, other
biomarkers such as glypican-3 (GPC-3), des-carboxyprothrombin (DCP), /ens culinaris-
agglutinin reactive fraction of AFP (AFP-L3), human hepatocyte growth factor (HGF),
insulin-like growth factor (IGF), chromogranin A (CgA), osteopontin (OPN), alpha-1-
fucosidase (AFU) and squamous cell carcinoma antigen-immunoglobulin M complexes
(SSCA-IgM Cs) alone or in combinations are helpful in early detection of HCC (Bertino et
al., 2014; Kondo, Kimura, & Shimosegawa, 2015; Yang et al., 2015). (See Figs. 1-3.)

HCC is mainly the cancer of liver parenchymal cells. Although most of the risk factors of
the occurrence of this solid cancers are known, the underlying mechanisms responsible for
the conversion of healthy hepatic cells to neoplastic ones are still ambiguous. Various
strategies have been implemented for improving the clinical benefits and better therapeutic
outcome. Alcohol intake prevention, vaccination against hepatitis B virus (HBV) infection,
intake of vitamin D and calcium can prevent HCC in many cases but could not obliterate the
disease. The occurrence of this multi-stage carcinogenesis evolves through dysregulation of
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multiple signaling pathways, genetic alterations with the initiation of inflammatory
responses leading to the formation of a heterogeneous solid tumorous mass.

Specific drug delivery techniques have been proven to be efficacious with respect to better
targeting and minimizing the adverse toxic effects to the surrounding organs. Targeting the
receptors with peptide mediated drug delivery has significantly outweighed the adversities of
chemotherapy. In this review, we discuss the causes and recent treatment modalities of HCC,
with an emphasis on delivery and targeting of small molecules and RNAs with different
synthetic carriers.

for Hepatocellular Carcinoma

Multiple factors are responsible for the initiation and progression of HCC include (a) virus-
induced, (b) alcohol-induced, (c) fungi-induced hepatocarcinogenesis, (d) obesity and type |1
diabetes (Fig. 1).

2.1. Virus-induced hepatocarcinogenesis

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infect approximately 2 billion and 170
million people worldwide, respectively (Farazi & DePinho, 2006; Tamori, Enomoto, &
Kawada, 2016). Almost 2.5%of the chronic HCV cases leads to HCC and the underlying
virus-associated mechanisms is complex comprising both the host and viral factors where
host-virus interactions lead to robust T-cell immune response elicitation (Colpitts &
Baumert, 2016; Farazi & DePinho, 2006).

2.1.1. HBV—HBYV belongs to the Hepadnaviridae family and apart from human
hepatocytes it also infects birds and other animals (Farazi & DePinho, 2006; Levrero &
Zucman-Rossi, 2016). The infectious HBV particle consists of a circular relaxed partially
double-stranded DNA (covalently linked to a DNA polymerase) composed of 3200
nucleotides within the inner nucleocapsid which is in turn enveloped by a spherical lipid
layer. The nucleocapsid is composed of core protein HBcAg and the membrane with 3
surface proteins HBsAg (according to sizes; preS1 (large), preS2 (middle) and preS3
(small)) along with host-derived lipids (Levrero & Zucman-Rossi, 2016). For infection the
virion first attach to the cellular heparan sulfate proteoglycan (HSPGs) and subsequently
bind to the hepatocyte-specific receptor irreversibly. Recently, the role of transmembrane
transporter Na*-taurocholate co-transporting polypeptide (NTCP) has been elucidated to
which the virus bind utilizing the preS1 domain (Zhang, Zehnder, Damrau, & Urban, 2016).
Following entry within the hepatocytes via endocytosis, infection takes place in three steps,
(i) viral polymerase expulsion, (ii) positive DNA strand completion and (iii) the HBV DNA
conversion to covalently closed circular DNA (HBV cccDNA) and incorporation of histone
and non-histone proteins to form minichromosome in the hepatocyte nucleus. Viral
replication through infection of hepatocytes is manifested by cccDNA minichromosome
which serves as the viral mMRNA transcription template by recruiting viral proteins (HBx and
HBc), transcription factors, coactivators/corepressors and other enzymes necessary for
chromatin modifications. Insertional mutagenesis, genomic stability and activation of
pathways related to carcinogenesis by the viral proteins such as HBx, HBc and preS (both
wild-type and mutated/truncated) are the different mechanisms promoting HCC by HBV.
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Various targeted cancer-related genes are involved in the integration of HBV viral genome
with the host DNA microdeletions. These genes are telomerase reverse transcriptase
(TERT), platelet-derived growth factor receptor f (PDGFRB), mitogen-activated protein
kinase 1 (MAPK1) and viral regulatory gene HBx. The expression of growth control genes
(SRC tyrosine kinases, Ras, Raf, MAPK, ERK and JNK) are altered by HBXx transcriptional
activation which also inactivates the tumor suppressor p53 by binding to it and thus
promotes cellular growth, survival and bypasses the DNA-damage checkpoints (Farazi &
DePinho, 2006; Levrero & Zucman-Rossi, 2016).

Activation of hepatic stellate cells (HSCs) due to the stimulation of various growth and
survival signaling pathways leading to oxidative stress induction by viral endoplasmic
reticulum (ER) interactions is another plausible mechanism for HBV-induced
hepatocarcinogenesis (Farazi & DePinho, 2006).

Antiviral therapy targeting the inhibition of viral replication via reduction in cccDNA loads,
blocking the polymerase and immunomodulation by IFN-a. are some of the strategies
applied for controlling the infection and thus the development and progression of HCC
(Singh et al., 2014).

2.1.2. Hepatitis C virus (HCV)—HCV belongs to the flaviviridae family and acts as
cytoplasmic-replicating virus (Farazi & DePinho, 2006). It consists of a single-stranded
RNA genome (9.6 kbp) within the capsid which is layered by an outer envelope composed
of host-derived lipids. The capsid contains E1, E2 glycoproteins and apolipoprotein E
(ApoE), the latter acts as a mediator for interaction with the hepatocyte surface anchoring
with the heparan sulfate proteoglycans (HSPGs) during infection (Colpitts & Baumert,
2016). Other cellular interactions include host cell low-density lipoprotein receptor (LDL-R)
with viral ApoE, scavenger receptor class B type | (SR-BI) with virion-associated
lipoproteins and E2 protein, CD81 with E2, claudin 1(CLDN1) along with involvement of
other tight junction (TJ) proteins (Evans et al., 2007; Harris et al., 2010; Ploss et al., 2009).
Following host internalization through Rab5-containing endosomes, viral fusion takes place,
the exact mechanism of which is still not elucidated. Apart from surface receptor binding,
complexation with tight junction proteins (TJ) and interaction with various cellular factors
(Niemann-Pick C1-like 1 cholesterol, transferrin receptor 1, DNA fragmentation factor
subunit alpha and cell-to-cell transmission as studied in Huh-7.5 hepatoma cell via EGFR
signaling pathways also contributes to viral entry (Martin & Uprichard, 2013; Sainz et al.,
2012; Timpe et al., 2008; Wu et al., 2014). HCV infection has been attributed to be a major
concern of liver graft reinfection following transplantation. Although direct-acting antivirals
(DAAS) have shown some positive therapeutic outcome, persistent viral infection still
remains a challenge among HCC patients. In fact, HCV infection causes more chronic
infection compared to HBV as HCV is a RNA virus which does not integrate into the host
genomes unlike non-cytopathic HBV.

Fatty liver, also known as fatty liver disease (FLD) or hepatic steatosis development occurs
due to the HCV core proteins by the oxidative-stress-mediated mechanism. Continuous
mutation propagation and accumulation due to the hepatocyte death caused due to the
immune response of the viral infection is one of the accepted theory of HCV-induced
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hepatocarcinogenesis. Not only HCV core proteins are responsible for the immune-evasion
mechanism of cell killing involving factors such as tumor necrosis factor-a (TNF-a.)
receptor, IFN-a but also NS5A and NS3 non-structural proteins are also involved.

Direct-acting antiviral agents (DAAS) can act at various stages of viral infection in their life
cycle, such as entry inhibitors can block the viral entry targeting the host-factors, some can
target the viral replication, other can protect the naive hepatocytes from infection. Entry
inhibitors, also known as fusion inhibitors, are a class of antiretroviral drugs used in
combination therapy for treating HIV infection.

2.2. Alcohol-induced hepatocarcinogenesis

Alcoholic liver diseases (ALD) cause liver injuries ranging from steatosis, steatohepatitis,
fibrosis and ultimately lead to cirrhosis and consequently HCC (Farazi & DePinho, 2006).
Factors contributing to ALD are increase in the hepatic iron overload through the
upregulation of transferrin receptor I, thus increasing the generation of reactive oxygen
species (ROS) in the hepatocytes, downregulation of hepatocyte-produced hepcidin which is
a key regulator of iron entry into the circulation and thus causing increased serum iron levels
(Sugimoto & Takei, 2017). This also leads to decreased activity of antioxidants, such as
glutathione, hepatic tissue hypoxia due to imbalance of hypoxia-inducible factor (HIF)
generation by hepatocytes or degradation by proteasomes, dysregulation of various
cytokines secreted from adipocytes, inflammatory cells, Kupffer cells (adiponectin, leptin,
TNF-a, IL-6), resistance to insulin and HSC activation by gut-derived lipopolysaccharides
(LPS) (Chen, Tsukamoto, & Machida, 2014; Sugimoto & Takei, 2017). Amongst various
causes which are responsible for alcohol-induced hepatocarcinogenesis, activation of
Kupffer cells due to the activation of monocytes and elevated levels of endotoxins result in
the chemokines. Release of various inflammatory cytokines limits the hepatocyte overall
survival along with HSC activation, cirrhosis leading to HCC. Increased level of lipid
peroxidation marker, isoprostane and oxidative stress induced oncogenic mutations along
with reduced level of STAT1 phosphorylation, activation of IFN-y signaling and ultimate
hepatocyte damage caused by the loss of protective effects of IFNy add up to the
development of cirrhosis and HCC (Farazi & DePinho, 2006). Higher incidence of HCC has
been found in patients with HBV-infection and alcoholic cirrhosis compared to viral
infection and alcoholism alone (Daoudaki & Fouzas, 2014).

2.3. Fungi—-induced hepatocarcinogenesis

Mycotoxins constitute a large number of naturally occurring fungal secondary metabolites
with diversified toxic effects. Among many mycotoxins, aflatoxin B1 is a food contaminant
produced by the fungi. It is a known as carcinogen and is involved in p53 mutation and
induction of HRAS oncogene mutation (Farazi & DePinho, 2006). Although no specific
correlation exists between Aflatoxin B1 exposure and cirrhosis development, coexistence of
HBYV infection often leads to 5-10 folds increased risk of HCC (Farazi & DePinho, 2006;
Zhu, Seto, et al., 2016).
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2.4. Roles of obesity and type 2 diabetes

Obesity and type 2 diabetes mellitus (T2DM) are considered the key risk factors in the
development of non-alcoholic fatty liver disease (NAFLD) and its progression to HCC
(Reeves et al., 2016). It has been reported there is an annual increase of 9% in the number of
NAFLD-associated HCC cases in the United States (Younossi et al., 2015). Besides the
obvious contributors of obesity (due to over nutrition, sedentary life style), genetic factors
also play significant role in the metabolic syndrome of the obese patients and subsequently
to HCC. Various genes and their variations such as fat mass and obesity-associated protein
(FTO; a nuclear protein belonging to the non-heme Fe and 2-oxoglutarate-dependent
oxygenase superfamily), melanocortin 4 receptors (MC4R) are correlated to the
pathogenesis of obesity, insulin resistance and T2DM (Grarup, Sandholt, Hansen, &
Pedersen, 2014). Patatin-like phospholipase domain 3 (PNPLA3) expressed in the adipose
tissues as well as in the liver, codes a membrane-bound triacylglycerol lipase protein
responsible for energy balance. Although the exact mechanism of HCC promotion due to
PNPLA3 polymorphism remains unclear, hepatic stellate cellular retinol metabolism
disruption could be considered as one of the causes (Pirazzi et al., 2014). Increase in BMI
creates a greater risk factor for liver cancer and obesity, impaired glucose tolerance and
NAFLD singularly or as cofactor contribute to the increased risk of HCC. In obese
condition, increase in free fatty acids from triacylglycerol (TG) from stressed subcutaneous
adipose tissue (SAT) leads to release of TNF-a from recruited macrophages and decreased
secretion of adiponectin which is an insulin sensitizer (Larter, Chitturi, Heydet, & Farrell,
2010; Zimmermann, Lass, Haemmerle, & Zechner, 2009). As a result, hepatic lipogenesis is
increased due to elevated TG content leading to the development of insulin resistance and
lipid storage in visceral adipose tissue (VAT) causing stimulation of the transcription factors
(SREBP1, ChREBP1) which contribute substantially in the promotion of
hepatocarcinogenesis. Reeves et al has reviewed elaborately the underlying cause of
hyperinsulinemia and its correlation with the tumor growth through the mitogenic
extracellular signal-regulated kinase (ERK) and anti-apoptotic P13K signaling pathways in
correlation with reduced insulin-like growth factor (IGF)-binding proteins production with
augmented insulin secretion (Reeves et al., 2016). Not only suppression of adiponectin but
also increase in leptin and their role in adipose tissue hypoxia are all related to insulin
resistance and to obesity-related cancer pathologies. Even inflammatory responses (M1 and
M2 phenotypes of macrophages), secretion of cytokines such as TNF-a, interleukin-6
(IL-6), IL-1pB, leukotriene B4 and their roles in INK, AMPK, MAPK pathways leads to
oncogenic effects (McNelis & Olefsky, 2014). Even the potential role of TNF-a., NFKb,
IL-1, CXC chemokines from activated Kupffer cells, Toll-like receptors (TLRs) from
damage-associated molecular patterns (DAMPS) of damaged hepatocytes are found to play
crucial roles in the NASH-related HCC (Kubes & Mehal, 2012; Nakagawa et al., 2014).
There is a good correlation between liver damage due to metabolic syndrome and the
activation of hedgehog (Hh) signaling pathway. NAFLD due to metabolic syndrome, thus
has indirect correlation with Hh pathway. In fact Guy et al has established this correlation in
their study in NAFLD patients where metabolic syndrome, liver damage and deregulation of
Hh pathway leading to advanced liver damage was found from clinical and histological
results (Guy et al., 2012). In relation to steatosis and NAFLD-mediated HCC through
elevated oxidative stress, autophagy, a self-destructive mechanism of disassembling
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dysfunctional cellular components plays critical role. Autophagy protein 5 (ATG5) is
necessary for autophagy and thus its deletion inhibits autophagy and shows elevation of
triglyceride and insulin sensitivity. Evidence of hepatocyte protein p62 accumulation and
subsequent activation of nuclear factor erythroid 2-related factor 2 (Nrf2) in relation to
“Mallory” inclusion and pathological contribution to steatohepatitis has been established in
correlation to defective autophagy (Reeves et al., 2016).

3. Pathways involved in HCC

HCC is a complex multi-step process arising from combination of genetic and epigenetic
alterations, somatic mutations, genomic instability and environmental factors (Bertino et al.,
2014; Daoudaki & Fouzas, 2014). Genes involved in HCC are extensively reviewed by
Bertino et al where c-myc, cyclin A2 & D1, PTEN, SOCS, E-cadherin, IGFR-1I/M6PR, p16,
Rb1, AXIN1 and their chromosomal amplification (1q, 6p, 8q, 174, 20q) and deletions (4q,
8p, 13q, 16q, 17p) are detected (Bertino et al., 2014). Multiple molecular pathways
implicated in HCC pathogenesis, involving key growth factors such as vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), platelet derived growth factor
(PDGF), epidermal growth factor (EGF), hepatocyte growth factor (HGF), transforming
growth factor (TGF) aand (3, insulin-like growth factors (IGFs) along with mesenchymal
epithelial transition factor (c-MET) and the mammalian target of rapamycin (MTOR)
pathway act as potential targets for therapeutic interventions (Bertino et al., 2014; Farazi &
DePinho, 2006; Spangenberg, Thimme, & Blum, 2009). These growth factors although
present during fetal development in the liver, are absent substantially in adult liver but during
regeneration following injury/insult, some gets upregulated leading to dysregulation of
multiple signaling pathways causing HCC (Spangenberg et al., 2009). Amongst the multiple
signaling pathways that are involved in the initiation and progression of HCC, receptor
tyrosine kinase plays a key role in inducing the Ras/Raf/MEK/ERK (MAPK) and
phosphatidylinositol 3-kinase (PI3K/Akt/mTOR) signaling pathways. As a consequence of
the activation of these pathways, Ras-Raf-ERK signaling downstream, followed by proto-
oncogene c-Fos and transcription factor activator protein 1 (AP-1) activation leads to
induction of transcription of cell proliferating genes (Singh et al., 2014). Also interruption in
mTOR cascade occurs due to PI3K-AKkt kinase signaling activation via insulin-like growth
factor receptor (IGFR1). Activation of Wnt/B-catenin signaling due to p-catenin mutations,
ubiquitin/proteasome degradation pathway, epigenetic DNA methylation, histone
deacetylation, angiogenic pathways and telomerase also promotes liver carcinogenesis
(Roberts & Gores, 2005).

4. Current treatment modalities for hepatocellular carcinoma

4.1. Chemotherapeutics

Systemic therapies using small molecule drugs to target various signaling pathways
following surgical resection and liver transplantation have been applied particularly where
locoregional therapy such as transcatheter arterial chemoembolization (also called
transarterial chemoembolization or TACE) has failed (Cabibbo et al., 2009; Dhir et al.,
2016). However, chemotherapy in HCC suffers from the drawbacks of dose-limiting
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toxicities, development of multidrug resistance (MDR) and unfavorable side-effects like
other cancers (Sun et al., 2016; Waidmann & Trojan, 2015; Wang, Su, et al., 2016). Among
the various multikinase inhibitors used for systemic treatment of HCC, sorafenib (orally
active multikinase inhibitor) deserves special mention as it is the only approved drug for
treatment of advanced HCC (Ribeiro de Souza, Reig, & Bruix, 2016). Monotherapy with
sorafenib prolongs overall survival in patients by 3 months (from 7.9 in placebo-treated
group to 10.7 months) and delays the time to progression of advanced HCC (Pascual,
Herrera, & Irurzun, 2016). This tyrosine Kinase inhibitor serves the dual purpose of
angiogenesis and antiproliferation by targeting multiple genes, namely VEGFR-1,
VEGFR-2, VEGFR-3, PDGFR-B, Raf, RET and FLT-3. Sorafenib has been immensely
utilized not only for adjuvant therapy after surgical resection and ablation but also in clinical
trials. Both Sorafenib Hepatocellular Carcinoma Assessment Randomised Protocol
(SHARP) trial and ORIENTAL study (phase 111 trials) with sorafenib proved that the clinical
outcome for sorafenib treated group was positive among advanced/progression after surgical
and virus-related HCC patients, respectively (Ge & Huang, 2015). However, diarrhea,
hypertension, skin toxicity, weight loss, hypophosphatemia are the frequent symptoms
amongst patients undergoing sorafenib treatment. Recently, a fluoro-derivative of Sorafenib,
Regorafenib, a multikinase inhibitor (angiopoietin-Tie system, VEGFR2/3, PDGFR, c-kit,
Raf kinase and c-Kit signaling) has been tested as second-line therapy in thirty-six patients
with BCLC stage B/C HCC and showed promising anti-tumor activity with median overall
survival of 13.8 months (Bruix etal., 2011). Various first line and second line therapies are
currently under evaluation for the HCC treatment, however, potential randomized phase 11l
trial with another multikinase drug Suni-tinib, an oral multikinase inhibitor targeting
VEGF-1/2 and PDGFR-a/b as well as an inhibitor of c-kit, Fit-3 and RET has been
disappointing due to the adverse effects and not superior to Sorafenib (Cheng et al., 2013).
Considering the risk/benefit ratio, the efficacy/safety and toxicity assessment studies of
sunitinib has been halted for its administration. Tivantinib, an orally selective MET inhibitor
is a second-line treatment in advanced HCC patients where MET tumor overexpression is
high. Phase Il clinical trials (ARQ 197-A-U303, NCT01755767) with Tivantinib is
currently undergoing with 60% of overall survival as interim analysis has been planned as
the end point criteria (Porta et al., 2015). Brivanib (antiangiogenicagent) and linifanib
(multikinase inhibitor; phase 11 clinical trial) although showed marked antitumoral effects
as second-line therapy did not show improvement against placebo and was halted for further
phase I11 trial respectively (Cainap et al., 2015; Llovet etal., 2013) Erlotinib (EGFR
inhibitor) and sorafenib combination therapy was unsuccessful as first-line therapy (Zhu,
Rosmorduc, et al., 2015). In view of the failures of clinical trials for most of the
chemotherapeutics drugs, an elaborate and extensive information of the underlying
molecular mechanisms undergoing in each patient's tumor progression is critically
necessary. Other small molecule targeted therapies such as doxorubicin, gefitinib, vatalanib,
cediranib, bortezomib (proteasome inhibitor), rapamycin, sirolimus, and gemcitabine as
single agent or in combination with mAb have been evaluated in clinical trials targeting
pathways which are activated in HCC (Spangenberg et al., 2009). Connell and colleagues
have extensively reviewed the current clinical trials of HCC therapeutics which are
underway along with their placebo studies in parallel (Connell, Harding, & Abou-Alfa,
2016). Other BCR/ABLand c-Kit inhibitors recently under phase Il clinical trials (dasatanib,
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imatinib) yielded mixed results when compared as single or combination drugs.(Ohri,
Kaubisch, Garg, & Guha, 2016)

4.2. Antibody therapeutics

Immunotherapy plays a critical role in HCC treatment since liver is the main “immune
organ” of the lymphatic system (Hong, Li, Prasoon, & Zhang, 2015). Three different hepatic
cells namely liver sinusoidal endothelial cells (LSECs), Kupffer cells and dendritic cells
(DCs) are mainly involved in the immune response in the HCC patients (Pardee &
Butterfield, 2012). Presence of tumor-infiltrating lymphocytes (effector T cells) in tumors of
patients leading to low risk of relapse of tumor following surgical transplantation is a strong
basis for the benefits of immunotherapy in HCC (Prieto, Melero, & Sangro, 2015).
Combination therapy of monoclonal antibodies (mAbs) or chemotherapies along with
transarterial chemoembolization (TACE) is a promising approach in increasing the overall
survival of HCC patients where chances of relapse after surgery is evident (Huang et al.,
2016; Li, Zhou, Ren, Zhang, & Han, 2013; Pinter et al., 2015; Wang, et al., 2017). Ma et al
has shown promising efficacy and tumor targeting of the 131-Labeled-Metuximab (licartin)
and TACE combination for unresectable HCC among 167 patients with stage 111/IV tumors
(Ma & Wang, 2015). There are various tumor-associated antigens (TAAs) which are shared
antigens whose expressions are dysregulated leading to defective immune responses. CD8*
T cells are anti-TAA which have potential to reverse the tumor-suppression
microenvironment. The antigenicity of the tumor-associated antigens (TAAS) arise from
somatic genetic mutations leading to dysregulation of oncofetal proteins (GPC-3 and AFP)
and can-cer/testis antigens (NY-ESO-1, melanoma-associated antigen-1(MAGEA), synovial
sarcoma, X breakpoint 2 (SXX2) and telomerase reverse transcriptase (TERT) (Prieto et al.,
2015). Various immune checkpoint mAbs blockers such as ipilimumab, tremelimumab,
nivolumab, MED14736, anti-LAG-3 (BMS-986016), pembrolizumab, targeting the immune
checkpoint molecules inhibit the T-cell activation like cytotoxic T-lymphocyte antigen-4
(CTLA-4), programmed cell death protein 1 (PD-1), ligand of PD (PD-L1) constitute for
appealing therapeutic outcome (Prieto et al., 2015; Sangro et al., 2013). Anti-GPC3 mAb
such as GC33 also showed encouraging result in a phase Il clinical trial in advanced HCC
bearing patients. Different phases of clinical trials with mAbs such as ramucirumab
(VEGFR2 antagonist), bevacizumab, temsirolimus and Everolimus (mTOR antagonist) were
evaluated as mono- and combination therapy where no or little improvements has been
observed (Knox et al., 2015; Pinter et al., 2015; Zhu et al., 2014; Zhu, Park, et al., 2015).
Recently, Codrituzumab, a humanized monoclonal antibody targeting GPC3 and interacting
with CD16/FcyRIlla has been tested in cohorts with advanced HCC (125 patients) in a
randomized phase Il trial with placebo (60 patients). However, the outcome of the study did
not have beneficial effect and higher dose or patient selection with higher biomarkers were
suggested for better therapeutic outcome (Abou-Alfa et al., 2016) (Fig. 3 and Table 2).

4.3. Adjuvant therapy

Interferon (IFN)-based therapy has been reported to be effective in creating a marked decline
in the HCC incidence against HCV due to the viraemia clearance with subsequent gaining of
sustained virologic response. Various observational studies as well as randomized controlled
trials proved that IFN-based therapy was able to achieve the reduction in HCC risk by
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manifolds compared to patients who failed therapy or did not receive treatment. However,
IFN-a as adjuvant therapy prior to resection has been non-recommended due to conflicting
data and study designs. IFN-based therapy along with combination of PEGylated interferon
(PEG-IFN) and ribavirin (RBV) has been shown to be effective in patients with high viral
loads. Other than IFN treatment telaprevir, boceprevir, (NS3/4A direct-acting antiviral
(DAAS) protease inhibitors), adefovir, lamivudine as adjuvant therapy have also shown to
increase SVR rates thus reducing the risk of HCC (Tamori et al., 2016). Although DAAS can
eradicate the chronic HCV infection, it is not yet confirmed whether HCC prohibition can be
achieved by this therapy (Spangenberg, Thimme, & Blum, 2008).

4.4. Targeting peptides and peptide vaccines

4.4.1. (a) SP94—SP94, a synthetic peptide has been reported to show specific activity for
targeted delivery against HCC (Li et al., 2016). Lo et al reported the use of SP94 through the
use of phage displayed random peptide library both in vitro and in vivo in HCC. Tumor-
specific targeting peptide, SP94 (SFSIIHTPILPL) has been compared with the control
peptide (FPWFPLPSPY GN) for the tumor-targeted therapeutic studies in subcutaneous
model of severe combined immunodeficiency (SCID) mice. PEGylated liposomes coupled
with targeting peptide SP94 along with doxorubicin (SP94-Lipo-Dox) were administered
systemically into these mice. Flow cytometry analyses revealed that phage clone 94 (PC94)
had best reactivity to HCC cells compared to other tested 14 clones. The authors suggested
in the study that HCC cells bear an unknown target molecule which was recognized by SP94
specifically (Lo, Lin, & Wu, 2008). Recently, Medina et al have demonstrated the potential
targeting activity of PEGylated particles functionalized with SP94 peptide in HepG2 cancer
cells (Medina et al., 2013).

4.4.2. Glypican-3 (GPC3)—GPC3 belongs to the class of glypican family consisting of
heparan sulfate proteoglycans linked through a glycosylphosphatidylinositol anchor with the
outer surface of the cell membrane (Pan et al., 2013). GPC3 is a carcinoembryonic antigen
which is found to be highly overexpressed in HCC and thus can act as a unique anticancer
immunotherapy target. GPC3 is found in the placenta or fetal liver in normal tissues but not
in other non-cancerous tissues (Haruyama & Kataoka, 2016). Based on cDNA microarray
analysis of 23,040 genes, Nakatsura et al has reported GPC3 as a novel marker for human
HCC. The amino acid sequence (95 % homology) and expression patterns of mouse and
human of this oncofetal protein were identical (Nakatsura et al., 2004). In murine model,
GPC3 was highly immunogenic. Although no autoimmunity was elicited, generation of
antitumor immunity was certain. BALB/c mice were primed with GPC3-derived peptides by
subcutaneous injections and were boosted for 7 days after priming. Splenocytes were then
collected and harvested for CD8* cytotoxic T lymphocytes (CTLs). Komori et al identified
human leukocyte antigens, HLA-A2 or HLA-A24 restricted CTL epitopes which could be
useful for GPC-3 specific immunotherapy of HCC (Komori et al., 2006). Mouse
GPC3295-306 (EYILSLEEL) which is an H-2K9-restricted antigenic peptide was observed to
be recognized by mouse CD8* CTLs. It was further investigated by the group that GPC3
peptide could be utilized for HLA-A24* HCC treatment as an immunotherapeutic platform
since the structural motifs of HLA-A24* and mouse H-2K9 were identical. Depending on
the relative gene frequency of HLA-A24 (A* 2402) and HLA-A2 (A*0201), GPC3-derived
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CTL epitopes were examined from HCC patients' peripheral blood mononuclear cells
(PBMCs) to check for HLA-A2 or HLA-A24- restricted epitope peptides could actually
induce GPC3- reactive CTLs using HLA-A2.1 transgenic mice (Tgm). In another study, Zhu
et al selected a 12-mer peptide, TI12P1 (DHLASLWWGTEL) through phage display library
showing GPC3 binding affinity via conjugation with near-infrared fluorescent dye (Cy5.5)
not only in vitro but also in vivo xenografts of GPC3-expressing HepG2 cell line (Zhu, Qin,
et al., 2016). Nobuoka et al has described the potential application of GPC3 peptide vaccine
following Phase | and Phase I trials where the authors suggested combination or specific
immunotherapies along with peptide vaccine could lead to superior results for advanced
HCC treatment (Nobuoka, Yoshikawa, Sawada, Fujiwara, & Nakatsura, 2013). Recently,
Iwama and colleagues synthesized liposome-coupled GPC3-derived epitope peptide
(pGPC3-liposome) and showed its vaccination stimulated CTLs and was able to inhibit
GPC3-expressing tumor growth in mice (Iwama et al., 2016).

4.4.3. (c) Multidrug resistance-associated protein 3 (MRP 3)—Among the ABC
transporters, multidrug resistance protein3 (MRP3) is highly overexpressed in various
cancers including HCC tissues. MRP3 is an organic anion transporter able to carry
anticancer drugs opposite to the concentration gradient with the help of ATP-dependent
mechanisms (Borst & Elferink, 2002). Mizukoshi et al suggested MRP3 as a target HCC
immunotherapeutic antigen as they reported the induction of MRP3-specific CTLs against
MRP3 overexpressed HCC cells irrespective of the HCC stage, AFP level or hepatic
functions. MRP3-derived peptide vaccine has been proven to be tolerated and effective
among glioblastoma and prostate cancer patients as revealed from clinical trials and the
safety and effectiveness in HCC patients undergone hepatic arterial infusion chemotherapy
(HAIC) as potential immunological vaccine. Twelve HLA-A24—positive patients were first
treated with PEGylated IFN-a.-2b/5-fluorouracil+cisplatin through HAIC (Mizukoshi et al.,
2015). Yutani et al reported the safety and immune response efficacy in a Phase 11 study of
personalized peptide vaccine (PPV) for treating HCV—positive advanced HCC patients.
From 15 tumor-associated antigens (TAAS), 31 pooled peptides (for human leukocyte
antigens (HLA) A2, A24,A3 (subtypes A3, A1l, A31 or A33) and A26 12, 16, 9 and 4
peptides) were derived from which 4 HLA matching peptides were selected based on the
patients' preexisting immunity for the study. A C-35 peptide (YLLPRRGPRL) applicable to
all mentioned HLA types and derived from HCV core protein was used for vaccination
along with31 peptides. 2-4 peptides were selected based on the IgG titers specific to 32
candidates and HLA typing and host previous immunity profile and were sub-cutaneously
administered with incomplete Freund's adjuvant (IFA) once weekly for 8 consecutive weeks.
1gG levels for peptide specificity were measured for humoral immune response using
Luminex system and IFN-y were evaluated for CTL-response specific to peptide vaccines.
The outcome of the study revealed that the peptide-specific 1IgG1 response to be a potential
prognostic marker where the patients' vaccine for both C-35 and TAA-derived peptides has a
higher survival rate than with single or no peptide treated groups. The study strongly
recommended the fact that PPV along with HCV-derived CTL epitope and TAA derived
peptides could be a safe and immunity inducing factor among HCC patients who are HCV-
positive and at the advanced stage in the disease (Yutani et al., 2015).
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4.5. miRNA-based Therapies

Apart from small molecule chemotherapeutics, nucleic acid-based drugs such as small
interfering RNA (siRNA) and microRNAs (miRNAs) also have promising therapeutic
potential for the HCC treatment. miRNAs are highly conserved small non-coding RNA
molecules consisting of 22 nucleotides which play a major role in RNA silencing and post-
translational regulation of gene expression (Hayes & Chayama, 2016). These can act as
oncogenic or tumor suppressor in diseased conditions. While miRNA is a single-stranded
RNA natural molecule, siRNA is a double stranded RNA, which can be either a natural or
synthetic RNA. The basic difference between miRNA and siRNA lies in the binding of the
antisense strand to the mRNA after being incorporated into the RNA-induced silencing
complex (RISC). Whereas miRNA binds imperfectly at several sites, sSiRNA binds at a
single site and forms a perfect match with its target (Farra, Grassi, Grassi, & Dapas, 2015).
However, two drawbacks notable for miRNA and siRNA-based therapeutics are off-target
effect and ineffective delivery to the site of interest. Off-target effect leads to silencing of
genes other than the target gene, in many cases the healthy genes. Therefore, efficient
chemical modification, proper sequence and optimal concentration are of utmost importance.
Amongst the delivery obstacles, extracellular nucleases-mediated degradation and
elimination/renal filtration leads to inefficient delivery to the target site (Farra et al., 2015;
Huang et al., 2011; Jackson & Linsley, 2010; Layzer et al., 2004). Notably, these nucleic
acid based drugs cause immunogenicity in many instances. Necessary targeting approaches
are required for the maximum cellular uptake which otherwise is reduced due to the
repulsion of the negatively-charged plasma membrane to these hydrophilic negatively
charged moieties and also to by-pass the endosomal uptake.

Dysregulation of miRNA at different stages of HCC is noticed through miRNA profiling of
HCC patients and healthy subjects and are detected not only on liver tumor tissues but also
as circulating miRNA in serum and urine (Table 3). Noticeably, miRNAs are both
upregulated (miR-21, miR-221, miR-222, miR-224, miR-17-92) and downregulated
(miR-29, miR-122, miR-200, miR-123, miR-199a, miR-199b, let-7) in association with
HCC and have been extensively reviewed by Yang et al. (2015). As a result, two kinds of
approaches are used for the management of miRNA level in HCC, namely, miRNA mimic
and anti-miRNA (or antimiR). Additionally, circulating miRNAs (miR-939, miR-595,
miR-519d) have been found to be notable biomarkers in cirrhotic HCC patients (Fornari et
al., 2015). Herein, we discuss the recent reports of the most frequently dysregulated
miRNAs affecting HCC etiology and malignancy (Hayes & Chayama, 2016).

4.5.1. miRNA-21—miRNA-21 or miR-21is an oncogenic miRNA and it is overexpressed
in many human cancers including HCC, particularly plasma miR-21 proved to a novel
circulating biomarker for HCC (Kamel et al., 2016; Mirzaei et al., 2016). Tomimaru et al.
reported circulating miR-21 as a novel biomarker for HCC where HCC patients' plasma
were measured for miR-21 by qRT-PCR after pre and post-surgical resection. Plasma
levelofmiR-21 was significantly higher in another groupof126 HCC patients compared to
healthy cohorts (Tomimaru et al., 2012).
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4.5.2. miRNA-221—Zhang et al reported the delivery of miR-221 antisense
oligonucleotide (anti-miR-221) using negatively charged liposomes with transfer-rin (Tf) as
a targeting ligand in in vitro and also in HepG2 tumor-bearing xenograft mice (Zhang, Peng,
etal., 2015).

4.5.3. miRNA-29—miRNA-29 or miR-29 family members (a/b/c) are significantly
downregulated in HCC tissues and targets T cell leukemia/lymphoma 1 (TCL1), myeloid
cell leukemia sequence 1 (Mcl-1), cell division cycle 42 (CDC42) and phosphoinositide-3-
kinase regulatory subunit 1 (PIK3R1) which are characteristics of this family. Xiong et al
demonstrated the potential role of miR-29 on apoptosis, tumorigenicity and prognosis of
HCC. They also demonstrated Bcl-2 and Mcl-1 asdirect targets of miR-29-regulated
apoptosis through a mitochondrial pathway (Xiong et al., 2010). In another study by Dong
and colleagues, lower miR-29c expression was found in tumor tissues from HCC patients
when compared with adjacent noncancerous tissues (Dong, Wang, Du, Ding, & Hu, 2016).

4.5.4. miRNA-122—miR-122 is expressed profusely constituting of 70% of the hepatic
miRNAs in normal hepatocytes, but is downregulated in HCC. The validated targets of
miR-122 are ADAM10 (a disintegrin and metalloprotease family 10), serum response factor
(SRF) and insulin-like growth factor 1 receptor (IGF1R). Bai et al demonstrated the loss of
miR-122 results in an increase of cell migration and invasion and its restoration can inhibit
tumorigenicity of HCC and sensitization to cancer cells (Bai et al., 2009; Hayes & Chayama,
2016; Thakral & Ghoshal, 2015; Wang, Wang, Shen, et al., 2016).

4.5.5. miRNA-7—Regulation of EGFR expression and its downstream P13/AKT/mTOR
pathway are correlated to miR-7 overexpressed in HCC tumors. miR-7 has been
demonstrated by Fang et al in inhibiting tumor growth and reversing metastasis by targeting
the phosphoinositide 3-kinase/Akt/mTOR pathway in HCC by targeting phosphoinositide 3-
kinase catalytic subunit delta (PIK3CD), p70S6K and mammalian target of rapamycin
(mTOR) (Fang, Xue, Shen, Chen, & Tian, 2012).

4.5.6. miRNA-34a—miRNA-34a is a potent tumor suppressor and has been found to act
through various signaling pathways related to cancer, such as p53 and Wnt/p-catenin
pathway. Restoration of miR-34a leads to inhibition of tumor growth and progression.
miR-34a mimics, plasmid expression vectors, nanoparticle-based non-viral vehicles,
liposomes, are the general strategies for restoration of miR-34a level. A natural compound
which is a chalcone derivative, termed Rubone has been reported to up-regulate miR-34a
expression in HCC cells. Deng et al reported recently the use of carboxymethyl dextran-
stabilized polyethylenimine-poly (epsilon-caprolactone) nanoparticles mediated modulation
of miR-34a expression with the help of Rubone for HCC therapy (Deng et al., 2016).

4.5.7. miRNA-224—O0kajima et al recently reported the identification of plasma miR-224
as an important and novel biomarker in HCC where the findings lead to the conclusion that
detection of tumors smaller than 18 mm is possible with this biomarker preoperatively
(Okajima et al., 2016).
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5. Nanomedicines and drug delivery for treating hepatocellular carcinoma

Nanotechnology is a powerful tool for the delivery and targeting of therapeutics in
hepatocarcinogenesis. Since hepatocytes undergo genetic and phenotypic changes compared
to other hepatic cells, targeting of hepatocytes is an obvious avenue for treatment of HCC.
Various receptors have been explored for targeting nanoparticles (NPs), micelles, liposomes
both passively and receptor-mediated active targeting (Figs. 1 and 2). Unfavorable side-
effects of systemic administration of chemo-therapeutics can be overcome by improving the
pharmacokinetics and biodistribution, accumulating cytotoxic agents in tumor site and
elevating the effectiveness of treatment through the use of novel drug delivery carrier
systems. Nanometer (hm) size range helps in reaching the tumor cells through the leaky
vasculature and enhance site-specific enhanced delivery. Herein we discussed some of the
recent findings in the field of nano-based medicines for passive and receptor-specific active
targeting for the treatment of hepatocellularcarcinogenesis.

5.1. Passive Targeting

In case of passive targeting, nanomedicines can reach tumor via the leaky vasculature of the
tumors by the enhanced permeability and retention (EPR) effect (Varshosaz & Farzan,
2015). Various stimuli including pH, enzymatic, redox, light and heat have been used for
passive targeting of nanoparticles carrying drugs in HCC. Recently, D-a-tocopheryl
PEG1000-poly-(B-amino ester) block copolymer containing disulfide linkages (TPSS) were
synthesized for developing docetaxel (DTX)-carrying TPSS nanoparticles for pH-triggered
charge reversal (from -47.6 + 2.5 mV to 22.5 + 3.2 mV) release of DTX due to decrease in
pH from 7.4 to 6.5 at extracellular tumor environment (Chen, Zhang, Wang, Wang, & Chen,
2015). Apart from liposomes and conventional nanoparticles, liquid crystalline nanoparticles
(LCN) have gained immense focus as drug delivery vehicles. In presence of suitable
surfactants, these LCN structures self assembles when exposed to polar lipids forming non-
lamellar structures providing rigid and stable assembly with higher payload and sustained
release of cargo. Kim and colleagues loaded Sorafenib (SF) in monoolein-based LCNs
formed by layer-by-layer polymer assembly (LBL-LCN/SF) and showed in vitro high
cellular uptake and enhanced apoptosis in HepG2 cells (Thapa et al., 2015).

5.2. Site-specific delivery and targeting

Although liposomal system has gained tremendous success for delivering chemotherapeutic
agents, their rapid clearance by the reticulo-endothelial system (RES) after systemic
administration restricts them from their delivery to hepatocytes which are the main site for
HCC origination (Dewhirst, Landon, Hofmann,& Stauffer, 2013; Ohri et al., 2016). As a
result, site specific or targeted drug delivery approaches amenable to distinct hepatic cells
and their receptors are being studied extensively by researchers (Ashley et al., 2011).

5.2.1. Asialoglycoprotein receptor (ASGPR)—Asialoglycoprotein receptor (ASGPR)
is a commonly found lectin receptor which are profoundly expressed in mammalian liver
cells. Use of natural ligands such as asialofeutin as well as synthetic ligands (galactosylated
cholesterol, glycolipids, arabinogalactan (AG), lactosylated/galactosylated polymers) has
achieved specific liver ASGPR targeting. Among the various physiological roles such as
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specific binding of galactose (Gal) or N-acetylgalactosamine (GalNAc) and their
internalization deserves special mention. These high-capacity C-type lectins mainly on
human hepatocytes consist of two homologous poly-peptides,H1 and H2 (Hu, Liu, Yang, Lu,
& Yin, 2014). Liposomes incorporating various lactosylated lipids have been evaluated for
targeting efficacy to hepatic tumor cells. Zhou et al. synthesized lactosylated liposomes
encapsulating calcein/doxorubicin (Lac-L-calcein/DOX) and found significantly stronger
HCC tumor inhibitory activity compared to non-targeted doxorubicin encapsulated
liposomes (L-DOX) and free DOX, along with a higher drug accumulation in HepG2
xenograft tumors in nude mice (Zhou et al., 2012). Lactoferrin (Lf) which is a mammalian
cationic iron-binding glycoprotein has been reported to be potential ligand for ASGPR for
HCC. Wei et al and colleagues successfully demonstrated the significant antitumor efficacy
of DOX-loaded, Lf-modified, PEGylated liposomes (Lf-PLS) (DOX-loaded Lf-PLS) in male
BALB/c nude mice bearing HepG2 xenografts compared with PLS (Pb0.05) and free DOX
(Wei et al., 2015). Shah et al have investigated the chemically modified palmitoylated
arabinogalactan (PAG) for DOX delivery in in vitro ASGPR* HepG2 cells as well in
immunocompromised mice. Compared to conventional liposomes PAG liposomes targeting
ASGPR resulted in higher plasma AUC, liver accumulation and enhanced tumor suppression
(Shah et al., 2014). In another study, cholesterol arabinogalactan anchored liposomes
(CHOL-AI-AG) carrying DOX targeting ASGPR receptors on mammalian hepatocytes in
HCC were studied where improved delivery of DOX was reported in terms of stability,
loading efficiency, tumor regression both in in vitro and in vivo compared to unmodified
liposomes (Pathak et al., 2016).

5.2.2. Integrin receptors—Integrins are transmembrane receptors which are responsible
for cell-cell and cell-extracellular matrix interactions. Hepatic stellate cells expresses
integrins in fibrotic liver. As a result, the peptide sequence RGD (Arginine-Glycine-
Aspartate) acts as a targeting ligand for collagen VI and RGD-coupled liposomes has been
extensively applied for targeting integrin receptors in HCC. To deliver the poorly water
soluble drug paclitaxel (PTX) effectively in HCC, integrin-avp3 receptor targeted liposomal
PTX was used by Chen et al. where RGD-motif was successfully conjugated to 1,2-
distearoyl-phosphatidyl Ethanolamine-Methyl-Polyethyleneglycol (DSPE-mPEG) to prepare
RGD-modified liposomes (RGD-LP). Both in vitro and in vivo studies demonstrated RGD-
LP-PTX had enhanced antr-proliferative and tumor growth inhibitory effects activity against
HepG2 cells and HepG2-bearing mice tumor respectively than RGD-LP or free PTX (Chen,
Liu, Wang, & Liu, 2015). Combination of DOX and sorafenib (SOR) in iRGD decorated
lipid-polymer hybrid core-shell structured nanoparticles (DOX+SOR/iRGD NPS)
demonstrated enhanced antitumor efficacy in HCC xenograft mouse models with improved
bioavailability and longer circulation time (Zhang, Hu, et al., 2016). Recently, another
combination therapy of So-rafenib and quercetin (QT), an active flavonoid has been tested in
PLGA nanoparticle formulations with RGD functionalization (particle size = 136.5 + 3.2) by
Wang et al for targeted delivery in HepG2 xenograft HCC tumor models. However, in the
targeted formulation percentage drug loading of both Sorafenib and quercetin
(SRF=1.9+0.4;QT= 2.4 + 0.6) was reduced compared to the non-targeted combination
(SRF=6.5 +0.9; QT= 8.4 + 0.7) and individual mono-formulation (SRF=7.9 + 0.8; QT=9.1
+ 0.5) (Wang, Su, et al., 2016). Vandetanib (vanib), an oral inhibitor of VEGFR, EGFR,
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RET-tyrosine kinase and which has been approved for medullary thyroid cancer has been
explored for HCC as encapsulated nanomedicine in PEG-PLA with iRGD targeting moiety
with enhanced antitumor efficacy (Wang, Wang, Li, et al., 2016).

5.2.3. Transferrin receptors (TfR)—HCC cells overexpressed transferrin (Tf) receptors
which have become promising targeting avenues for potential treatment (Martin &
Uprichard, 2013). Co-delivery of DOX and cisplatin loaded in Tf-modified PLGA
nanoparticles displayed higher cytotoxicity in vitro and active targeting in human HepG2
cells compared to non-targeted and single drug loaded nanoparticles (Zhang, Li, & Yan,
2016). In an interesting study by Szwed et al it was proved that DOX-transferrin conjugates
leads to increased cytotoxicity in HepG2 and a non-HCC cell line (A549) due to induction
of oxidative stress as observed by decreased glutathione level and increased hydroperoxide
level (Szwed, Wrona, Kania, Koceva-Chyla, & Marczak, 2016).

5.2.4. Epidermal growth factor receptor (EGFR)—CL4 RNA aptamer specific to
EGFR and CD133 targeted aptamers (A15 RNA aptamer) conjugated to PLGA
nanoparticles was studied for salinomycin delivery to cancer stem cells (CD133* and
CD133") in HCC treatment. The dual targeted nanoparticles (CESN) were internalized
readily with subsequent cytoplasmic delivery of salinomycin thus resulting in better
targeting efficacy to HCC cells (Jiang et al., 2015).

5.2.5. Folate receptors (FR)—Folate receptors (FR) are 38 kDa
glycosylphosphatidylinositol membrane-anchored glycoproteins which are overexpressed in
tumor tissues compared to normal tissues. Like other cancers, FR are significantly
overexpressed in HCC and to target these receptors, its natural ligand, folic acid (FA) has
been explored for nanoparticle drug delivery to the cancer cells. Liu et al studied the
antitumor potency of the folate receptor-targeted liposomes (FA-PEG) carrying di-acid
metabolite of norcantharidin (DM-NCTD) in H22 HCC both in vitro and in vivo models
(Liu, Liu, et al., 2016)

5.2.6. Vascular endothelial growth factor receptor (VEGFR)—VEGF receptor are
found to be overexpressed in HCC due to the receptor activation via multiple signaling
pathways. Recently, the role of miR-195 has been demonstrated in inhibiting HCC which is
otherwise downregulated in the tumor setup. Liu et al studied the combination effect of
miR-195 and Rho-kinase blocker Fasudil in encapsulated nano-particles for the suppression
of the vasculogenic mimicry (VM). The authors utilized a cell penetrating peptide (CPP)-
modified aptamer (ST21) for specific delivery of Fasudil and miR-195. ST21-H3R5-
PEGnir1gs is their delivery vehicle composed of the cationic peptide of arginine and
histidine (H3R5) along with the Y-shaped ST21 (SFSIIHTPILPL-TATSFSIIHTPILPL)
targeting probe made up of SP94 pep-tide. Active targeting by aptamer-mediated delivery
showed significant anti-tumor efficacy when tested both in vitro and in vivo (Liu, Wu, et al.,
2016).

5.2.7. Glycyrrhetinic acid (GA) receptor—GA receptor is overexpressed on the
hepatocyte surface and has been extensively studied for drug targeting. Cai et al reviewed
the roles of this receptor and its natural ligand 18p-Glycyrrhetinic acid (GA) for GA-
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mediated drug delivery in HCC (Cai et al., 2016). GA-modified liposomal formulations of
oxaliplatin, calcein, docetaxel, wogonin and also pDNA were discussed for effective targeted
therapy for HCC. Zhang and colleagues studied poly (L-Histidine) (PHIS) mediated
polymeric system (GA-PEG-PHIS-PLGA) with GA for targeted delivery of the anti-cancer
agent andrographolide (Zhang, Zhang, et al., 2015).

6. Miscellaneous

Recently, the use of exosomes (30-100nm in diameter; extracellular membrane enclosed
vesicles) which are released by various cells in the extracellular matrix and biological fluids
by exocytosis has been suggested as carriers for heat shock proteins (HSP) for the
immunotherapy of HCC. Exosomes from resistant HepG2 cells have been reported to
improve tumor immunogenicity with the induction of HSP-specific natural killer (NK) cell
responses (Lv et al., 2012).

7. Challenges and Future Opportunities

With the rising incidence of HCC and high morbidity and mortality rates associated with this
cancer, there is an urgent need to develop effective treatment and prevention strategies. We
have reviewed the various pathways and recent treatment modalities of HCC with emphasis
on small molecule therapeutics, vaccines, monoclonal antibody and nanotechnology
development in the field of hepatocarcinogenesis. Since HCC is a complex multi-step
process influenced by many factors for its initiation and progression, therapeutic
interventions are challenging for this disease. Multiple factors are correlated including inter-
related pathways and genetic and epigenetic alterations, which requires thorough
understanding of prognosis for successful treatment. While surgical resection and liver
transplantation are the only strategies available for treating advanced stage patients,
nanomedicines and immunotherapy are promising approach for successful treatment of
HCC. Not only safety, toxicity, preclinical efficacy studies are required thoroughly before
any clinical application of these delivery strategies are further explored.
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AASLD American Association for the Study of the Liver Disease

AFP a-fetoprotein
ALT alanine aminotransferase
AST aspartase aminotransferase

AFP-L3 agglutinin reactive fraction of AFP

cccDNA covalently closed circular DNA

CTL cytotoxic T lymphocyte

DAA direct-acting antivirals

DOX Doxorubicin

ERK Extracellular signal-regulated kinase

GPC3 Glypican-3

HBV Hepatitis B virus

HCV Hepatitis C virus

HCC Hepatocellular carcinoma
HLA human leukocyte antigen

JINK Jun amino-terminal kinases
LCN liquid crystalline nanoparticles
LP liposomes
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mTOR
MAPK
mADbs
NASH
NAFLD
PDGF
PEG
ROS
TACE
TLR
TNF-a
T2DM

VEGF
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mammalian target of rapamycin
mitogen-activated protein kinase
monoclonal antibodies
non-alcoholic steatohepatitis
non-alcoholic fatty liver diseases
platelet derived growth factor
polyethylene glycol

reactive oxygen species
Transarterial chemoembolization
Toll-like receptor

tumor necrosis factor-a

type 2 diabetes mellitus

vascular endothelial growth factor
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Fig. 1.
Causes and treatment of modalities of hepatocellular carcinoma (HCC).

Pharmacol Ther. Author manuscript; available in PMC 2018 January 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dutta and Mahato Page 27

Layer-by-layer
Liquid crystalline Nanoparticles
Liposomes (LbL-LCN) Micelles

RN
0 03—
s

e O

Drugs

Targeting peptide

(SP94, RGD) ugs

Polymeric Nanoparticles Aptamers

Fig. 2.
Recent nanomedicines for the application of HCC treatment.
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Pathways involved and various therapeutic agents under study for HCC treatment.
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Table 1

Classification of BCLC staging of hepatocellularcarcinoma.

Page 29

Barcelona-clinic liver cancer

Stage 0

Early stage (A)
Intermediate stage (B)
Advanced stage (C)

Stage (D)

Single nodule; <2 cm
HCC patients are asymptomatic; suitable or radical therapies; single or 3 nodules; <3 cm
Asymptomatic and multinodular tumors, not suitable for resection but for palliative systemic therapy (sorafenib)

Symptomatic tumors, vascular invasion, extrahepatic spread, preserved liver function (child-pugh turcotte
classification B), not suitable for resection but for palliative systemic therapy (sorafenib)

Poor prognosis, Okuda stage 111 tumors, decompensated cirrhosis (child-pugh C)
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Monoclonal antibody (mAbs) therapeutics with/without combination therapy in various clinical trials for

hepatocellular carcinoma (HCC).

Table 2

Page 30

mAb Target Combination therapy  Clinical phasestage References
Codrituzumab GPC3 - Phase I1 Abou-Alfa et al. (2016)
131I-labeled metuximab CD147 TACE Phase 1V Ma and Wang (2015)
Bevacizumab VEGF-A TACE Phase I1 Pinter et al. (2015)
Ramucirumab VEGFR-2 Sorafenib Phase 11 Zhu, Park, et al. (2015), Zhu, Rosmorduc,
etal. (2015)
Bevacizumab VEGF-A Temsirolimus Phase I1 Knox et al. (2015)
GC33 GPC-3 - Phase | lkeda et al. (2014)
Tremelimumab CTLA-4 - Phase 11 Sangro et al. (2013)
MED14736 (durvalumab) PD-L1 - Phase |
Nivolumab PD-1 - Phase I/11, 111 Melero et al. (2015)
PF-03446962 ALK-1, a specific - Phase | Simonelli et al. (2016)

TGF-B receptor
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Table 3

Page 31

Below aretherecent reported circulating and serum miRNA found to be at elevated or

decreased levelsin HCC patients

Circulating and serum miRNA

References

miR-25, miR-375, miR-206, miR-223, miR-92a, miR-222, miR-1, let-7f, miR-21
miR-939, miR-595, miR-519d, miR-494
miR-18a, miR-221, miR-222 and miR-224 (higher) and miR-101, miR-106b, miR-122 and miR-195 (lower)

miR-122, miR-99a, miR-331, miR-125b, miR-23b, miR-92a, and miR-26a (higher risk) and miR-652, miR-23a,
miR-27a, miR-34a, miR-145, miR-10a, miR-150, and let-7f (lower risk)

Mirzaei et al. (2016)
Fornari et al. (2015)
Sohn et al. (2015)

Wang, Hann, et al. (2016)
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