W J

World Journal of
Gastroenterology

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.3748 / wjg.v19.i43.7500

World | Gastroenterol 2013 November 21; 19(43): 7500-7514
ISSN 1007-9327 (print) ISSN 2219-2840 (online)

© 2013 Baishideng Publishing Group Co., Limited. All rights reserved.

TOPIC HIGHLIGHT

WJG 20" Anniversary Special Issues (1): Hepatocellular carcinoma

Role of innate immunity in the development of

hepatocellular carcinoma

Rajagopal N Aravalli

Rajagopal N Aravalli, Department of Radiology, University of
Minnesota Medical School, Minneapolis, MN 55455, United
States

Author contributions: Aravalli RN solely contributed to this paper.
Correspondence to: Rajagopal N Aravalli, PhD, Department
of Radiology, University of Minnesota Medical School, MMC
292, Mayo Memorial Building, 420 Delaware Street S.E., Min-
neapolis, MN 55455, United States. arava001@umn.edu
Telephone: +1-612-6268174 Fax: +1-612-6265580

Received: August 27,2013 Revised: September 29, 2013
Accepted: October 17,2013

Published online: November 21, 2013

Abstract

Hepatocellular carcinoma (HCC) is the most common
form of liver cancer worldwide. It is caused by a vari-
ety of risk factors, most common ones being infection
with hepatitis viruses, alcohol, and obesity. HCC often
develops in the background of underlying cirrhosis,
and even though a number of interventional treat-
ment methods are currently in use, recurrence is fairly
common among patients who have had a resection.
Therefore, whole liver transplantation remains the most
practical treatment option for HCC. Due to the growing
incidence of HCC, intense research efforts are being
made to understand cellular and molecular mechanisms
of the disease so that novel therapeutic strategies can
be developed to combat liver cancer. In recent years, it
has become clear that innate immunity plays a critical
role in the development of a number of liver diseases,
including HCC. In particular, the activation of Toll-like
receptor signaling results in the generation of immune
responses that often results in the production of pro-
inflammatory cytokines and chemokines, and could
cause acute inflammation in the liver. In this review,
the current knowledge on the role of innate immune re-
sponses in the development and progression of HCC is
examined, and emerging therapeutic strategies based
on molecular mechanisms of HCC are discussed.
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Core tip: Hepatocellular carcinoma (HCC) is the third
leading cause of cancer-related deaths worldwide.
Growing incidence of HCC has generated immense
interest to understand the mechanisms of disease at
the physiological, cellular and molecular levels with the
hope of developing novel therapeutics for the treatment
of HCC. In the past few years, it has become clear that
innate immunity plays a critical role in the development
and progression of HCC. In this review, these new de-
velopments and possibilities of developing novel thera-
peutic options based on this newly gained knowledge
are discussed.

Aravalli RN. Role of innate immunity in the development
of hepatocellular carcinoma. World J Gastroenterol 2013;
19(43): 7500-7514 Available from: URL: http://www.wjgnet.
com/1007-9327/tull/v19/i43/7500.htm DOI: http://dx.doi.
org/10.3748/wjg.v19.i43.7500

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common
form of liver cancer, and is the third leading cause of can-
cer-related deaths wotldwide. It accounts for approximately
70%-80% of all primary liver cancer cases'. A variety of
risk factors such as hepatitis viruses, vinyl chloride, tobac-
co, foodstuffs contaminated with aflatoxin B1 toxin, heavy
alcohol intake, nonalcoholic fatty liver disease (NAFLD),
diabetes, obesity, oral contraceptives, and hemochromato-
sis cause HCC™. Recurrence is quite common in patients
who have had a resection, and survival rate is 30%-40% at
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five years post—surgerym. As a recent surveillance, epide-
miology, and end results study using the Medicare dataset
of elderly patients in the United States has shown, in ad-
dition to the human loss, thete is a substantial burden of
health care expense of illness associated with HCC. To
underscore this point, the Centers for Disease Control has
recently recommended one-time health screening for the
entire generation born between 1945 and 1965. The dra-
matic rise in the incidence of HCC in Western countties
in recent years has generated intense efforts to understand
the mechanisms of disease at the physiological, cellular
and molecular levels with the hope of developing novel
therapeutics for the treatment of HCC.

PATHOPHYSIOLOGY OF HCC

The normal liver lobule is formed by hepatocytes, chol-
angiocytes and various non-parenchymal cells [Kupffer
cells (KCs), liver sinusoidal endothelial cells (LSECs), and
hepatic stellate cells (HSCs)]. Intrahepatic lymphocytes
and liver-specific natural killer (NK) cells are also pres-
ent in the sinusoidal lumen and perisinusoidal space of
Disse'”. Exposure to toxic substances and induction of
immune responses in the liver can result in inflammation
through the activation of KCs and HSCs, and can cause
necrosis. In this process, liver fibrosis and cirrhosis may
also occur. Even though the molecular basis for cancer-
promoting effect of cirrhosis is unknown, the process
of recurrent liver cell necrosis and regeneration with in-
creased cell turn-over renders liver cells more sensitive to
the adverse effects of other mutagenic agentsm. Cirrhosis
is responsible for significant morbidity and mortality, and
is one of the most important risk factors for the develop-
ment of HCC.

Carcinogenesis is a process that involves the transi-
tion of a normal cell into a preneoplastic lesion that
develops into malignant tumor'’. Growing evidence
suggests that gradual accumulation of mutations and
genetic changes in preoneoplastic hepatocytes causes
malignant transformation that leads to the development
of HCC™. Tissue environment also plays a critical role
in tumor formation”. Interaction of different cell types
in the tumor stroma with components of the extracel-
lular matrix (ECM), either directly or indirectly result in
the acquisition of an abnormal phenotype that causes
this transformation. Tumor stroma consists of fibro-
blasts [also referred to as “cancer-associated fibroblasts
(CAFs)”], macrophages (liver resident KCs and other tu-
mor-infiltrating cells), leukocytes, HSCs, endothelial cells,
pericytes, neutrophils, and dendritic cells (DCs)™. Each
of these cells produces growth factors, cytokines, chemo-
kines, free radicals, and other tumorigenic substrates that
contribute to tumor initiation and progressionm.

In HCC, CAFs are involved in tumor initiation and
progression. They produce epidermal growth factor
(EGF), hepatocyte growth factor, fibroblast growth fac-
tor, intetleukin 6 (IL-6), chemokine (C-X-C motif) ligand
12 (CXCL12), and matrix metalloproteases (MMP-3 and
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MMP-9)"", They also produce IL-8, cyclooxygenase 2,
and secreted protein acidic rich in cysteine to recruit and
stimulate macrophage production, which can further in-
crease the activation of CAFs through the secretion of
tumor necrosis factor-ou (TNF-o) and platelet-derived
growth factor (PDGF)"""". Tumor-associated macro-
phages (TAMs) are “polarized” into M2 mononuclear
phagocyte-like cells by various cytokines [IL-4, IL-10,
and transforming growth factor § (TGF-f)] present in
the tumor microenvironment'"”. These M2-like TAMs,
in turn, express cytokines (IL-10 and TGF-f), chemo-
kines (CCL17, CCL22 and CCL24), vascular endothelial
growth factor (VEGF), and EGF to recruit regulatory T
cells (Tregs) and to promote angiogenesism’ls]. KCs are
able to impair cluster of differentiation 8" (CD8") cyto-
toxic T lymphocyte (CTL)-mediated immune responses
through programmed death ligand 1", Moreover, when
stimulated with pro-inflammatory cytokines (IL-1f,
TNF-a and PDGF), KCs and HSCs produce osteopon-
tin that plays a pivotal role in various cell signaling path-
ways, which promote inflammation, tumor progression
and metastasis' "', DCs process antigens and present
them to infiltrating CTLs by expressing them on their
cell surface. These antigen presenting cells (APCs) pos-
sess high endocytic activity, and therefore, are critical for
the induction of immune surveillance in tumors, and for
immune evasion'”. Such tumor-antigen specific CDS8" T
cell responses were recently shown to suppress the recur-
rence of HCC™,

In response to liver injury, HSCs transdifferentiate
into myofibroblast-like cells and produce cytokines, che-
mokines, growth factors, and ECM!"". This phenotypic
transformation of HSCs is a key event in the develop-
ment of hepatic fibrosis”. Hepatitis B virus (HBV)-
encoded X protein, hepatitis C virus (HCV)-encoded
non-structural proteins, MMP-9, PDGF, TGF-f3, Janus
kinase (JNK), insulin-like growth factor binding protein
5, and cathepsins (B and D) are potent inducers of HSC
activation and proliferation that enhance liver fibrosis
and Carcinogenesism. Endothelial cells express a vari-
ety of angiogenic receptors including VEGFR, EGFR,
EGF homology domains-2 (Tie-2), PDGFR, and C-X-C
chemokine receptors. Tumor-associated endothelial
cells express high levels of TGF-f§ in HCC, which act
as a chemoattractant for cluster of differentiation 105
(CD105, also known as endoglin), a type [ cellular glyco-
protein that is a port of the TGF-f3 receptor complex, to
promote tumor angiogenesism]. It has been shown that
CD105" endothelial cells express increased angiogenesis
activity with greater resistance to chemo-therapeutic
agents and inhibitors of angiogenesism

Infiltration of T cells into the tumor microenviron-
ment is an important regulator of cancer progression. In
HCC tissues, CD4"/CD25" Tregs impair proliferation
and activation of CTLs, degranulation, and production
of granzymes (A and B), and perforin®. In a recent
study, the infiltration of these Tregs into the tumors of
HCC patients was found to correlate with an increase in
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tumor size””. Other studies have shown that low CD8"
T cell counts and high Treg numbers correlate with poor
prognosis in HCC patients, especially after resection™ ",
Morte recently, a 14-immune gene signature that drives
the infiltration of lymphocytes into tumor has been iden-
tified™. This signature, which includes pro-inflammatory
cytokines [TNF-o and interferon (IFN)-y] and chemo-
kines (CXCL10, CCL5 and CCIL2), is a good predictor
of patient survival at early tumor stages. In addition, dys-
functional regulation of immune response by excessive
neutrophil activity was also reported as a poor prognostic

indicator after resection of HCC™".

INNATE IMMUNITY

To successfully detect and eliminate invading pathogens

by discriminating self from non-self, the mammalian im-
mune system has developed mechanisms that can be di-
vided into two distinct components: the innate immunity
and the adaptive immunity. In most multicellular organ-
isms, the highly conserved innate immune system pro-
vides the first line of defense to limit infection by detect-
ing pathogens using germline-encoded proteinsm]. The
adaptive immunity, present only in vertebrates, detects
non-self through the recognition of peptide antigens by
receptors expressed on the surface of B and T cells™,
The adaptive responses are much more diverse than the
innate responses as each B and T lymphocyte clone ex-
presses a distinct antigen receptor that arose by somatic
gene rearrangement through a process of evolution".
Most often innate immune responses emanate from
the host cell surface receptor with the recognition of
conserved structural motifs termed pathogen-associated
molecular patterns (PAMPs) on the surface of microor-
ganisms. Toll-like receptors (TLRs), Nucleotide-binding
and oligomerization domain-like receptors (NLRs) and
RIG-I-like receptors (RLRs) are the key receptors that
recognize a variety of PAMPs”. While TLRs can rec-
ognize bacteria, viruses, fungi and protozoa, NLRs and
RLRs detect bacteria and viruses, respectively. All these
pattern recognition receptors (PRRs) generate innate
immune responses, either by acting alone or in combina-
tion with other receptors. The focus of the review is on
the role of TLRs as most of the current knowledge on
the role of innate immunity in liver diseases has been
obtained from studies on the TLRs.

TLR SIGNALING IN MAMMALIAN CELLS

Toll was first identified as a gene important in the estab-
lishment of dorsal-ventral orientation during embryonic
development in the fruit fly Drosophila melanogaster™.
Later, it was found that the Toll protein plays a critical
role in the fly’s immunity to fungal infections”™. The
first mammalian homolog of Toll, Toll-like receptor 4
(TLR4), was identified as a PRR required for adaptive
immunity””. Subsequently, TL.R4 and other TLRs were
shown to play critical roles in generating innate immune
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responses against microbial pathogens in mammalian
systems. To date, 11 human TLRs and 13 mouse TLRs
have been identified, in addition to a number of TLRs in
other vertebrates, that recognize a variety of PAMPs and
trigger both innate and adaptive immune responses’ ",
TLRs are membrane-bound proteins that contain varying
numbers of extracellular leucine-rich repeats and a Toll-
IL receptor (TIR) domain in the cytoplasmic region that
are highly conserved (Figure 1). They recognize ligands
through LRRs and transmit signals through their TIR do-
main zia protein-protein interactions with cellular adaptor
proteins triggering a cascade of signaling events such as
phosphorylation of interleukin-1 receptor-associated ki-
nase 1 (IRAK-1) and activation of Nuclear factor kappa
B (NF-kB) or interferon regulatory factor 3 (IRF3), re-
sulting in the production of immune mediators and IFN-
inducible genesm. Thus, a direct or indirect association
of a ligand with its cognate TLR serves as a signal to
trigger an innate immune response. Each step along the
TLR signaling pathways is tightly regulated by a complex
mix of phosphorylation and targeted degradation, and
sequestering of various signaling molecules is dependent
upon the nature of the invading pathogenw.

In general, vertebrate TLRs were classified into six
distinct families based upon amino acid sequence homol-
ogies of LRRs"". Most mammalian cells express low lev-
els of TLRs constitutively in a cell-type specific manner,
and interestingly, they can be present in both membrane-
bound and soluble forms. For example, the rainbow trout
TLRS5 is expressed constitutively as a membrane protein
but upon induction with the bacterial flagellin, a soluble
TLR5 is rapidly induced”. Normally, TL.Rs function as
homodimers. However, some TLRs form heterodimers
with other TLRs to recognize PAMPs. For instance,
TLR2 associates either with TLR1 or TLR6 as a heterodi-
mer to recognize triacylated lipoproteins and diacylated
lipoproteins, respectively™ ™", In addition, cellular mem-
brane protein CD14 enhances the ligand recognition abil-
ity of TLR2"

TLR EXPRESSION IN THE LIVER

In the healthy liver, TLR expression is detectable only
at very low levels™", Eight TLRs are expressed in the
mammalian liver with varying levels of expression on
hepatocytes, KCs, HSCs and LSECs™. These TLRs not
only recognize microbial PAMPs but also the damage-
associated molecular patterns (DAMPs) of dying host
cells™. Even though hepatocytes express all TLRs,
they are capable of responding to TLR2 and TLR4 li-

[47]

gands only, and these responses are very weak 7z vivo
Under inflammatory conditions, however, hepatocyte
response to TLR2 ligands was significantly enhanced
but the response to TLR4 ligands was still not detect-
able in these cells™. LSECs express mRNAs of TLRs
1-9, and respond to various TLR ligands by expressing
TNF-q, 1L-6, and IFN—BW"W. KCs express all TLRs and
respond to a variety of ligands by producing TNF-o
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Figure 1 Toll-like receptor signaling in liver cells. Activation of a given TLR pathway is dependent on the nature of the stimulus. LPS: Lipopolysaccharide; TLR:
Toll-like receptor; HBV: Hepatitis B virus; HCV: Hepatitis C virus; MyD88: Myeloid differentiation factor 88; IRAK: Interleukin-1 receptor-associated kinase; TIRAP: Toll-
interleukin-1 receptor domain containing adaptor protein; TIR: Toll-interleukin-1 receptor; TRAM: TIR-domain-containing adapter molecule; IRF: Interferon regulatory
factor; TRAF: Tumor necrosis factor receptor-associated factor; TAM: Tumor-associated macrophage; TAK: Transforming growth factor B-activated protein kinase; NF-
«B: Nuclear factor kappa B; MAPK: Mitogen-activated protein kinase; TRIF: TIR-domain-containing adapter-inducing interferon-B; RIP: Receptor-interacting protein;

lxB: Inhibitor of NF-iB; IFN: Interferon.

and TL-6""". When stimulated with ligands for TLRs
1, 2, 4 and 0, they produce IFN-y and promote the pro-
liferation of T cells™. In response to TLR3 and TLR4
ligands, they produce IFN-, and for ligands against
TLR1 and TLRS, they display a high level of major his-
tocompatibility 11 expression. HSCs express low levels
of TLR4 and TLRY, but activation of TLR4 has been
shown to induce the expression of TLR2 as well™. In
human HSCs, TLR4 activation results in the produc-
tion of CCL2, CCL3 and CCL4"", and their expression
of TGF- P was implicated in the promotion of hepatic
fibrosis™. Activation of TLR9 by DAMPs induces the
differentiation of HSCs and increases the production of
collagenlSSJ.

Among the non-parenchymal cells, hepatic DCs can
be classified into different subsets as plasmacytoid DCs,
myeloid DCs, lymphoid DCs, natural killer DCs, and a
mixture of lymphoid and myeloid DCs™. Differential
expression of TLRs in these hepatic DCs varies accord-
ing to the subset type and the species type. For example,
in humans, pDCs express TLRs 1, 3 and 7 only, whereas
other DC subsets express all TLRs except TLRO®. O
the other hand, murine pDCs express TLRs 2, 4, 7 and 9
but not TLR3"™.

Hepatic lymphocyte population, which accounts
for about 25% of non-parenchymal cells consists of B
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cells, NK cells, NKT cells, afT cells and y8T cells™. In
general, T cells are activated indirectly by TLRs through
APCs™ and NK cells that express TLRs 1 to 9, but not
TLR5. They respond to various TLR ligands by produc-
ing IL.-12°", Interestingly, expression of TLRs in B cells
has no effect on antibody production, and on B cell
memory responses ). However, TLR3 and TLRY activa-
tion in CD4" T cells enhances their proliferation, and
TLR2 serves as a co-stimulatory receptor for antigen-
specific T cell development and participates in T cell
memory'*”.

INVOLVEMENT OF TLRS IN LIVER
DISEASES

Significant amount of evidence in recent years has dem-
onstrated the involvement of TLRs in the pathogenesis of
various liver diseases. Most of this evidence comes from
the overexpression of TLRs, activation of TLRs causing
enhanced disease in animal models, single nucleotide poly-
morphisms (SNPs) in TLR-coding genes and their adapt-
ers linked to disease susceptibﬂity and TLR knockout
mice being protected from disease™’. Three most com-
mon risk factors for the development of HCC for which
TLR involvement has demonstrated to play a critical role
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in the disease pathogenesis are discussed in this section.

Viral hepatitis

Chronic hepatitis virus infection that affects almost
half a billion people worldwide is a major risk factor for
HCC. The infectivity of a given Virus type varies accord-
ing to the geographical location”. Co-infection with one
or more viruses may also occur contributing to a higher
risk of HCC, albeit it is rare”™. HCV is the most com-
mon blood-borne infection in the United States, with
nearly 20% of chronically infected individuals develop-
ing cirrhosis and HCC'”. Tt is generally acknowledged
that the humoral antibody response contributes to the
clearance of circulating HBV particles and the preven-
tion of viral spread within the host while the cellular
immune response eliminates infected cells®. The T cell
response to the HBV is vigorous, polyclonal and mul-
tispecific in acutely infected patients who successfully
clear the virus, and relatively weak and narrowly focused
in chronically infected patients suggesting that clearance
of HBV is T cell dependent . Persistent HBV infection
is characterized by chronic liver cell injury, regeneration,
inflammation, widespread DNA damage and insertional
deregulation of cellular growth control genes, which,
collectively, lead to cirrhosis of the liver and HCC*",
Other factors that could contribute to viral persistence
are immunological tolerance, mutational epitope inac-
tivation, T-cell receptor antagonism, incomplete down-
regulation of viral replication and infection of immuno-
logically privileged tissues™. However, these pathways
become apparent only in the setting of an ineffective
immune response, which therefore, is the fundamental
underlying cause®. In infected cells, the HBV capsid
induces cytokine production zia TLR2 activation. It was
hypothesized that TLR2 activation is involved in viral
clearance based on the observation that the adminis-
tration of adefovir and entricitabine in HBV patients
resulted in the up-regulation of TLR2 and reduction in
the viral load™. Tn HepG2 cells, HBV triggers the pro-
duction of cholesterol-metabolism genes »ia the TLR2
pathwaylmj, and inflammatory stress exacerbated hepatic
cholesterol accumulation these cells and in mice by dis-
rupting the PPAR-LXR-CYP7A1/ABCA1-mediated bile
acid synthesis and cholesterol efflux®. Interestingly in
HBV transgenic mice, activation of TLRs 3-5, 7, and 9,
but not TLR2, inhibited HBV teplication »iz IFN-o./f8
induction'™.

When immune responses were compared in mac-
rophages of patients who spontaneously cleared HCV
with those who were chronically infected, it was found
that the TLR3 expression was significantly up-regulated
in the former group'”. Individuals who cleared the virus
had an clevated expression of IFN-3 and higher rate of
STAT-1 phosphorylation. A significant association of in-
tronic TLR3 SNP (rs13126816) in the clearance of HCV
and the expression of TLR3 was found in this study,
suggesting that an elevated innate immune response en-
hances HCV clearance and may offer a potential thera-
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peutic option to increase viral clearance!. TLR2, in
combination with TLR1 and TLRS, recognizes core and
nonstructural 3 proteins of HCV in immune cells such
as macrophages and monocytes, and triggers the produc-
tion of pro-inflammatory immune mediators TNF-q,
11-6, IL-8, 11.-10 and IL-1p"™". On the other hand, HCV
NS5 protein is recognized by TLR4 in both hepatocytes
and B cells™". Prolonged activation of KCs in the HCV-
infected liver by HCV-encoded proteins causes persis-
tent inﬂammation resulting in severe liver damage and
cancer™. It was reported recently that the expression
of TLR2 and TLR4 was highly elevated in peripheral
blood monocytes of HCV patients, and that the number
of Tregs was significantly higher in these chronically
infected individuals"™. Similar correlation of TLR2 and
TLR4 expression, and Treg numbers was also reported
in HBV patientsm. In a separate study, a strong cor-
relation was also observed between TLR2/4 expression
and TNF-q production causing hepatic inflammation in
HCV patients”. Chronic infection with HBV and/or
HCV, and lmbalanced immunity contributes to severe
inflammation, while TLR activation during this pro-
cess might be a critical factor of this infection-induced
prolonged inflammation. Activation of innate immune
responses by viral proteins, and the interaction of HCV
with cellular proteins to evade host’s immune responses
as well as the role of SNPs in TLRs, their adaptors and
cytokine genes in altering these immune responses have

. . . . 7678
been extensively reviewed in the literature!* ™,

Alcoholic liver disease

Excessive alcohol consumption that causes alcoholic liver
disease (ALLD) is a major risk factor for HCC worldwide!.
ALD is an umbrella term used to describe a broad spec-
trum of liver abnormalities caused by alcohol that include
simple steatosis, alcoholic hepatitis, fibrosis and cirrhosis,
which can progress to HCC. The pathogenesis of ALD
is characterized by processes such as ethanol metabolism-
associated oxidative damage, glutathione depletion, abnor-
mal methionine metabolism, ethanol-mediated induction
of leakage of gut endotoxins, and inflammation'™. Liver
inflammation is known to occur with exposure to a variety
of agents, including metabolites of alcohol™. If hepatic
metabolism is impaired to any degree and fails to convert
drugs and chemicals to non-reactive or non-immunogenic
substances, the metabolic intermediates formed in hepatic
tissues may cause liver damage[gﬂ. In such cases, KCs and
other cell types release cytokines and chemokines that re-
sult in the inflammation of the liver. This reaction coupled
with deregulated hepatocyte proliferation can contribute to
the pathogenesis of HCC 1,

Simple steatosis is a benign condition that progresses
to alcoholic steatohepatitis (ASH) in about 10%-20% of
cases and is associated with inﬂammation and liver injury
caused by the innate immune responses . Both MyD88-
dependent and MyD88-independent pathways are acti-
vated in ASH, and studies with animal models have dem-
onstrated the up-regulation of inflammatory cytokines
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in the serum, and activation of IFN and IFN-responsive
genes in ASH™*, Blocking of IL-1 receptor, which acts
through MyD88, in advanced ASH was shown to confer
protective effect in mice suggesting that IL.-1 inhibitors
may be used in the treatment of ALD™.

Excessive alcohol consumption increases gut perme-
ability and the translocation of bacteria-derived lipopoly-
saccharide (LPS, also known as endotoxin) from the gut
to the liver™. In KCs, LPS interacts with TLR4 causing
oxidative stress, and the production of pro-inflammatory
cytokines and reactive oxygen species (ROS) that induce
hepatocellular damage™ . However, this effect was
not abrogated in MyD88-deficient mice suggesting that
MyD88-independent pathways are involved in NF-kB
activation by alcohol®™. Even though IRF-3 activation
was not affected by chronic alcohol treatment, IRF-7
and IRF-3-inducible genes expression was significantly
induced in KCs of alcohol-fed wild type mice™. The
activation of TLR4 has also been demonstrated to occur
during the alcohol and HCV synergisrn[gg]. Furthermore,
alcohol activates complements C3 and C5, following
the production of TNF-qa, and induces hepatocyte
injurylsq’%]. In addition to Gram-negative bacteria that
produce LPS, gut is home to a large number of other
microorganisms belonging to eukaryotes, prokaryotes,
archaea, and viruses”'. It is therefore likely that Gram-
positive bacteria which produce lipoproteins and activate
TLR2 signaling, and viruses that activate TLRs 3, 7, 8
and 9 may also leak from the gut to the liver. However,
little is known about the activation of these TLRs during
alcoholic liver injury.

Nonalcoholic steatohepatitis

NAFLD is the most common chronic liver disease that
affects both adults and children worldwide". Like ALD,
NAFLD includes a broad spectrum of liver abnormali-
ties ranging from simple steatosis to non-alcoholic ste-
atohepatitis (NASH), which can progress to cirrhosis
and HCC. Of these, NASH is characterized by hepato-
cyte injury, inflammation, and fibrosis”*”. Most of these
disease conditions are diagnosed at a late stage, and some
patients also present for the first time with cirrhosis"™.
The development of cirrhosis is significantly higher in
individuals with NASH when compared to patients with
simple steatosis” Y, Consequently, liver-related mortality
is also significantly higher in NASH patients.

NASH shares immunological characteristics with
ASH such as the activation of innate immune responses,
crosstalk between steatosis and inflammation, activation
of TLR4 by LPS and fatty acids, complement activation,
production of proinflaimmatory immune mediators, and
alteration in NK and NKT cell number and activity”"".
In addition, activation of KCs in response to gut mi-
crobiota, activation of TLR signaling iz both MyD88-
dependent and -independent pathways, up-regulation
of type I IFN and IFN-responsive genes occur in ASH
and NASH"™™. However, recent studies have shown
that NASH differs from ASH in certain aspects: insulin
resistance, crosstalk between adipose tissue and the liver,
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dependence on MyD88 signaling, differential effects in
mice due to MyD88 and 1L-1 deficiency, and activation
of inflammasome””.

Progression of NASH is associated with the recruit-
ment of T cells and T1 response leading to inflamma-
tion""", and hepatic expression levels of inflammatory
mediators are modified in morbidly obese patients even
without pathohistological manifestations'"”. Accumulat-
ing evidence strongly suggests that inflammation causes
the progression of NAFLD to NASH, and that innate
immunity is involved in the inflammatory response.
While TLR2 and TLRY pathways are critical for the de-
velopment of NAFLD"" deletion of either TLR4 or its
co-receptor MD-2 dampened (but not abolished) necro-
inflammatory activity of steatosis and fibrosis in a mouse
model of NASH"™. Furthermore, in NASH, gut micro-
organisms enter the liver because of the leakage in the
intestinal mucosal barrier resulting in inflammation, due
to the activation of TLR signaling by intestinal bacteria
and their products such as LPS"”, Tt is apparent from
these reports that the activation of TLR signaling is an
important factor in causing inflammation in NASH, and
could be a crucial factor in the progression of NASH
to cirrhosis. It was reported that the activation of TLR4
signaling and up-regulation of CD14 resulted in higher
responsiveness to LPS and saturated fatty acids in KCs,
and resulted in hepatic inflammation and liver complica-
tions in NASH patients”™"",

Hepatocarcinogenesis

Chronic liver damage caused by excessive inflammation
due the exposure to various risk factors often results in
the development of fibrosis-associated Hcc!'™
the stimulation of TLR signaling pathways result in the
production of proinflammatory immune mediators, it is
likely that TLRs ate involved in development and pro-
gression of hepatocarcinogenesis as well. The activation
of TLR signaling in liver diseases leads to the activation
of NF-kB and JNK pathways that are critical mediators
of tumor-associated cytokine production. NF-xB acti-

I Since

vation induces the proliferation of tumor cells through
the production of TNF-g/""". Tumorigenic effect of
JNK in HCC is mediated through the regulation of
molecules involved in cell proliferation such as MMPs
and cyclins"™. Studies in animal models of HCC have
shown that ROS-mediated JNK activation is critical for
tumor developmentm()l, and that elevated ROS levels
induce hepatocyte cell death"'”. Moreover, hepatocyte-
specific knockdown of the NF-xB inhibitor IxB kinase
subunit NF-kB essential modulator causes spontaneous
development of HCC in mice"'". However, interestingly,
hepatocyte-specific TGF-f-activated protein kinase
1-deficient mice had spontanecous hepatocyte cell death,
compensatory proliferation, inflammatory cell infiltra-
tion, and fibrosis in the liver""""?, Collectively, these re-
sults demonstrate the involvement of NF-xB-mediated
downstream molecules in cellular homeostasis and can-
cer development in the liver.
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TLR POLYMORPHISMS AND THE RISK
OF DEVELOPING HCC

Dysregulation of TLR expression may shift the balance
between the production of pro- and anti-inflammatory
cytokines, and will have a profound effect on the risk of
infection, chronic inflammation and cancer. Recently,
Nishalke ¢ a/'"” showed that the frequency of TLR2 -196
to -714del allele was significantly higher in HCV-associat-
ed HCC patients than in HCV-infected individuals dem-
onstrating that this deletion plays a role in HCC devel-
opment. In addition, a number of SNPs have also been
identified in every TLR gene. Some of these have been
shown to enhance the susceptibility of various cancers

in humans"'", However, only a few reports have been
published on the role of TLR SNPs in the pathogenesis
of HCC. In one such study, Zhang ¢ al'", conducted
a genome-wide genotyping of 440794 SNPs in chronic
HBV carriers: 355 with HCC and 360 without HCC.
They found that one intronic SNP rs17401966 present in
the KIF7B gene on chromosome 1p36.22 was highly as-
sociated with HBV-associated HCC"", In a recent study,
Junjie ez a/"'? investigated the association between SNPs
of TILR2? and TI.RY genes, and the susceptibility of HCC
in a cohort of 211 patients that included 172 HBV car-
riers. They found that two TLR2 SNPs rs3804099 C/T
and rs3804100 C/T present in the same exon of TLR2
were associated with HCC, whereas TLR9 SNPs have
no role in tumor development'”. Additional studies are
needed to fully understand the involvement of various
TLR SNPs in hepatocarcinogenesis.

MODULATION OF TLR SIGNALING TO
ALLEVIATE LIVER INFLAMMATION AND
CANCER

Overwhelming evidence on the involvement of TLR
signaling pathways in many human diseases has led to the
efforts to develop TLRs as vaccine adjuvants“”’ml and as
therapeutic targets[“()’u”. As discussed eatlier, chronic in-
flammation, which plays a critical role in the progression
of liver diseases and in the development of human can-
cers, is mediated by TLR activation. Hence, modulation
of TLR pathways using various drugs, antibodies, mi-
croRNAs (miRNAs), and small molecules that function
as TLR agonists and antagonists to reduce liver inflam-
mation and to prevent the progression of liver diseases
towards cancer is a promising strategy to combat HCC.

TLR agonists and antagonists

Initial efforts on the modulation TLR signaling with
small TLR mimetics that act as agonists have produced
mixed results. Using the TLR2 agonist Pam2Cys as a
stimulant zz vitro, it was shown that hepatoma cell lines
HuH7 and HepG2 respond to HBV infection by pro-
ducing IL.-8 and by inhibiting viral rephcationllzzj. How-
evert, in in vivo studies with HBV transgenic mice, it was
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found that ligands specific for TLRs 3, 4, 5, 7 and 9, but
not TLR2, inhibited HBV replication in the liver™. On
the other hand, intravenous administration of the TLR7
agonist isatoribine significantly reduced viral RNA in
HCV patients independent of viral genotype”. The
dectease in viral load in this study coincided with mark-
ers indicating a heightened antiviral immune state. In
similar experiments, Weeratna ez "™ and Ma et al*!
tested TLR7 agonist R-848 and CpG oligodeoxynucleo-
tides containing CpG motifs (CpG ODN) that act as
the TLRY agonists as adjuvants for HBV vaccination
in mice using the HBV surface antigen (HBsAg) as a
model antigen. This study was based on the notion that
the immunostimulatory sequences (ISS) containing CpG
motifs would elicit strong Th1 immune responses“zﬂ. In
their studies, both these groups found that the TLR ago-
nists trigger immune responses that are beneficial to the
host!""™'*, Along similar lines, Dynavax Corporation has
developed a commercial vaccine (Heplisav) against HBV
by combining a synthetic ISS sequence called 1SS-1018
that acts as TLR9 agonist with the recombinant HBsAg;
This vaccine induced seroprotective responses when
administered in HBV patients“%]. Another CpG ODN
containing TLR9, CPG7909, was also successfully tested
as an adjuvant to HBV vaccine and is currently undergo-
ing a phase 2 clinical trial >,

In contrast to these TLR agonists, only a few stud-
ies have reported successful inhibition of TLR signaling
using antagonists. For example, lipid A mimetics that
bind directly to TLR4-MD2 were shown to inhibit LPS-
mediated activation of TLR4 signaling both 7 vitro and
in vivd"®. TAK-242, another mimetic that targets the
intracellular domain of TLR4, inhibited TT.LR4-mediated
production of nitric oxide and TNF-q, in murine and hu-
man cells by targeting TTL.R4-CD4 chimeric receptors' .
Interestingly, however, TAK-242 had no effect on NF-xB
activation mediated by MyD88, TIRAP, TRIF or TRAM.
Recently, Cowden ¢z al™ tested two inhibitors of hista-
mine H4 receptor that interacts with TLLR4 and found
that they reduced TNF-q, production and LPS-induced
inflammation in mouse livers.

In addition to the strategy of inhibiting TLRs, efforts
are also being made to selectively inhibit their adaptors
and downstream signaling molecules' . In such stud-
ies, Compound 4a inhibited the interaction of MyD88
protein with the TIR domain of TLRs and type I IL-1
receptormz], whereas MyD88 inhibitors ST2825 and
RO0884 blocked the recruitment of IRAK-1 and
IRAK-4 in human cells"**"*", Additionally, ST2825 also
suppressed B cell proliferation and differentiation .
However, the efficacy of these molecules in reducing in-
flammation in the liver is yet to be determined.

miRNAs

MiRNAs are a class of small, noncoding RNAs that act
as key regulators of many cellular processes. During the
past decade, it has been well established that the aberrant
expression of a large number of miRNAs correlate with
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disease severity and poor prognosis of HCC"™™, The
expression of these “miRNA signatures” are unique for
a given disease stage, and were useful in identifying pa-
tients with HCC who are likely to develop metastases and
recurrence. In recent years, efforts to identify miRNAs
involved in the regulation of innate immune genes has
resulted in the identification of a few promising miRNA
candidates that can be exploited for therapeutic pur-
poses. For example, overexpression of miR-155 which
is directly involved in the regulation of more than 30
innate immune genesm‘ﬂ results in the significant reduc-
tion of MyD88 expression and 1L.-8 production induced
by Helicobacter pj/omﬂm. Interestingly, in bone marrow-
derived macrophages and RAW264.7 cells, IL-10 inhibits
miR-155 expression after LPS stimulation and dampens
inflammatory immune responses in a STAT-3 dependent
manner" .

When THP-1 monocytes were treated with ligands
for TLRs 2, 4 and 5, production of TNF-qo correlated
inversely with the up-regulation of miR-146a"", and
when the tragets of miR-146a IRAK-1 or TRAFG6 were
knocked down, inflammatory responses to TLR2, TLR4
and TLR5 ligands were significantly reduced in these
cells suggesting a role for miR-146a in LPS-induced
cross-tolerance. Similarly, miR-132 and miR-212 were
shown to be involved in TLR2-mediated cross-tolerance
through TRAK4 modulation"*”, In addition, miR-146a
disrupts the translation of TLR4-induced TNF-q pro-
159 miR-146b exerts this effect in
monocytes by negatively regulating TLR4 via a IL-10-
mediated STAT3 dependent loop“sﬂ. Another study on
the expression profiling of endotoxin responsive genes

duction in these cells

in human monocytes has revealed that miR-146 regulates
TLR and cytokine signaling in a NF-kB-dependent man-
ner through a negative feedback regulation loop involv-
ing the down-regulation of IRAK-1 and TRAFG6 protein
levels"™. In THP-1 cells, miR-146a also regulates TLLR2
signaling by reducing IRAK-1 and phosphorylated IkBa
expression[153].

In another study, miR-181a expression was found
to be significantly elevated in mice stimulated with LPS
and streptozotocin, which correlated strongly with the
expression of inflammatory factors TNF-a., IL-6, IL13
in macrophages suggesting that the inhibition of miR-
181a could reduce TLR4-induced inflammation™". After
stimulation with LPS, miR-92a significantly inhibited the
activation of JNK/c-Jun pathway and the production of
inflammatory cytokines in macrophages by directly tar-
geting mitogen-activated protein kinase kinase 4" dem-
onstrating that miR-92a is a negative regulator of TLR-
triggered immune responses.

In other studies, Benakanakere ¢ @/"” demonstrated
that miR-105 binds directly to TLR2 and regulates its
expression. When keratinocytes were challenged by a
TLR2 agonist or when miR-105 was overexpressed, a
strong inverse correlation between miR-105 expres-
sion and TLR2 protein levels was observed. Similar to
miR-105, let-7i was recently shown to bind directly to
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TLR4 in cholangiocytes and to control its expression by
translational repression“sﬂ. In this study, let-7i mimics
inhibited Cryprospiridium parvum induced TLR4 produc-
tion. In dendritic cells of mice with colitis, the expres-
sion of miR-10a was found to be negatively regulated by
the intestinal microbiota, which correlated inversely with
the production of 1L.-12/T1.-23p40"*". This finding sug-
gests that miR-10a targets IL-12/TL.-23p40 to maintain
immune homeostasis.

When stimulated with ligands for TLRs 2-4 miR-147
is induced in murine macrophages[m]. Its expression was
found to be greater after the activation of TLR4 than that
of TLR2 or TLR4, and was dependent on both MyD88
and TRIE. In vivo, TLR stimulation induced the expres-
sion of miR-147 as a negative-feedback loop mechanism
to prevent excessive inflammatory responses“s()]. Like-
wise, miR-145 targets the adaptor protein MAL, which
facilitates the interaction between TLR and TLR4 with
MyD88, and inhibits its expression“sz]. Recently, Wend-
landt ¢ a/'*” demonstrated that miR-200b and miR-200c
reduced the expression of MyD88 but had no effect
TLR4, IRAK-1 and TRAFG6 in HEK293 cells. When
miR-200b and miR-200c mimics were overexpressed,
LPS-induced expression of IL-6, TNF-a, and CXCL9
was diminished, suggesting that these miRNAs regulate
TLR4 signaling via MyD88-dependent manner'®”. Up-
regulated miR-19a and miR-19b were able to inhibit the
expression of suppressor of cytokine signaling 1, a gene
important in the negative regulation of TLR signaling[m].

Programmed cell death 4 (PDCD4) is a pro-inflam-
matory protein that suppresses I1.-10 production and
activates NF-xB. Sheedy ¢ a/'*” found that PDCD4-
deficient mice are protected from LPS-induced death
and demonstrated that miR-21 targets PDCD4 after
LPS stimulation to negatively regulate TLR4 pathway.
Recently, Fabbri ez a/'® reported that miR-21 and miR-
29b secreted by lung cancer cells in exosomes function as
TLR ligands. These miRNAs bind to and activate TLR7
and TLRS signaling pathways in peritoneal macrophages
cells, causing NF-kB activation and secretion of pro-
metastatic inflammatory cytokines““‘. Secreted miR-21
was also found in the serum of HCC patients and in in-
dividuals with chronic hepatitis indicating that miR-21 is
a key factor in hepatocarcinogenesis“64]. Several other cir-
culating miRNAs have also been identified in the serum
of patients with HCC"™ '), Further studies are needed
to determine whether any of these miRNAs can be used
to modulate the TLR signaling pathways, and to alleviate
inflammation in liver tissues.

CONCLUSION

Hepatocarcinogenesis is a multifactorial disease in which
the expression of a large number of genes, proteins,
and other molecules from diverse cellular processes is
altered”. Growing evidence suggests that inflammation
plays a critical role in the progression of liver diseases to
HCC. Therefore, the use of combination therapy that
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targets multiple different steps and pathways, rather than
a single test or a set of tests, to reduce inflammation is an
appropriate therapeutic strategy to combat the develop-
ment of HCC. Positive therapeutic outcomes achieved
with sorafenib that can inhibit receptor tyrosine kinases
of multiple signaling cascades" ™ as well as evidence that
a single molecule miR-26a can significantly reduce HCC
without any toxicity!'” demonstrate the success of this
multi-pronged approach.

Despite recent advances in the use of miRNAs either
as antagomirs or in replacement therapy, the field of
miRNA therapeutics for HCC is still in its infancy. Only
a handful of successful outcomes have been reported so
far'™. One such success story was that of MiraVasen,
which inhibited the activity of miR-122 and suppressed
HCV viraemia with no evidence for viral resistance
or side effects in chimpanzeesmo]. This was the first
miRNA-based therapeutic drug developed to treat a liver
disease, and is currently being tested by Santaris Pharma
(Horsholm, Denmark) in phase 2 clinical trials""", The
first successful demonstration of miRNA replacement to
restore the expression levels of a down-regulated miRNA
by delivery to the tumor was reported using a miR-26a-
encoding AAV vector in a mouse model of Hcc!,
Morte recently, another miRNA down-regulated in HCC,
miR-34a, has been successfully tested using this approach
an orthotopic model of HCC"™. 1n latter two cases,
significant tumor reduction, dramatic protection from
disease progression without toxicity, and prolonged sut-
vival of animals has been reported. While these reports
were aimed to restore a loss of function, similar success
has not yet been achieved for HCC treatment using the
approaches to inhibit miRNA expression levels. In future
investigations, it is important to exercise caution while
designing clinical trials with miRNA mimics and TLR
inhibitors for targeting multiple genes relevant to the liver
diseases because of the concerns about potential toxicity
in normal tissues, and as they can cause severe dettimen-
tal effects due to imbalances in TLR expression, and cel-
lular functions that could cause immune paralysis leading
to development of HCC.
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