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Abstract

Toll-like receptors (TLRs) are the germline-coded pattern recognition receptors that sense
microbial products. This signaling orchestrates complex signaling pathways that induce expression
of inflammatory genes for host defense against invading microorganisms. Recent studiesillustrate
the role of TLRs on non-infectious inflammatory diseases. Liver has a unique anatomy bridging
with intestine by portal vein and bile ducts. This alows delivery of products from intestinal
microflora directly into the liver. Subsequently, microbial products cause acute and chronic
inflammation through TLR signaling in the liver. Not only exogenous products, endogenous
denatured products released from dying cells also facilitate inflammation even in sterile
conditions. Consequently, these responses dlicit tissue repairing including liver regeneration and
fibrogenesis. An aberrant regenerative response may |lead to hepatic carcinogenesis. In this review,
we highlight the recently accumulated knowledge about TLR signaling in liver regeneration,
fibrosis and carcinogenesis.
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Introduction

Inflammation is a biological response against harmful stimuli, such as infection and trauma.
This response subsequently removes pathogens and damaged tissues to facilitate
regeneration and wound healing response for repairing those tissues. In the liver,
regenerative response occurs primarily by the division of liver parenchymal cells,
hepatocytes, in response to loss of liver mass following acute inflammation or traumal. In
chronic liver disease, such as chronic hepatitis B and C, alcohalic liver disease and non-
acoholic fatty liver disease, normal liver regeneration isimpaired. In this pathological
condition, awound-healing response is quickly activated for maintaining hepatic functions
and organ structures including vascular systems and bile treesin the liver3 4. This excessive
wound healing response induces production and deposition of extracellular matrix (ECM)
proteins, resulting in liver fibrosis® 4. Cirrhosis, the end stage of liver fibrosis, causes portal
hypertension and severe liver dysfunctions®. In addition, aberrant regenerative responsesin
liver cirrhosis may cause the most serious complication, hepatocellular carcinoma, which is
anirreversible and fatal liver disease®.
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The innate immune system is activated in acute and chronic liver disease5®. Theliver is
constantly exposed to the minimum amount of intestine-derived bacterial products through
the portal vein by a unique anatomical link between intestine and liver. While liver
inflammation does not occur under normal conditions, the breakdown of liver homeostasis
and intestinal barrier functions may induce liver inflammation through activation of the
innate immune system. Intestinal microbia products include lipopolysaccharide (LPS) and
CpG-containing bacterial DNA that contain signature motifs, called pathogen-associated
molecular patterns (PAMPs) 10. Germline-encoded pattern recognition receptors, Toll-like
receptors (TLRs) recognize PAMPs to facilitate innate immune responses that contribute to
acute and chronic liver inflammation® 9. Recent advances have provided evidence
demonstrating that TLR signaling contributes not only to liver inflammation, but aso to
normal and abnormal repair processes, including liver regeneration, fibrosis and
carcinogenesis® 9. This review highlights the current knowledge of TLR signaling in liver
regeneration, fibrosis and carcinogenesis.

TLRs and Ligands

DrosophilaToll was originally discovered as the protein determining the dorsoventral
polarity during early embryogenesistO. Later on, its antifungal functions were identified,
suggesting the significant contribution of Toll protein to the innate immune system!®. In the
1970s, it was recognized that C3H/HeJ mice have a defective response to LPS. At the end of
the 1990s, TLRs were identified as the homologs of DrosgphilaToll. Subsequently, severa
groups independently determined the responsible P712H mutationin 7/r4 of C3H/Hel
micel® 12, Currently, 10 and 12 members of TLRs have been identified in humans and mice,
respectively. All TLRs contain the extracellular leucin rich repeats which are responsible for
PAMPs recognition, and the conserved cytoplasmic Toll/IL-1 receptor domain which is
crucia for intracellular signal-transduction.

Different TLRs recognize their corresponding molecular patterns of pathogens or
endogenous molecules (Table. 1). TLR4 recognizes Gram-negative bacterial cell wall
component LPS!2. This recognition requires the homodimerization of TLR4 and its co-
receptor MD-210. 11, TLR2 is areceptor for Gram-positive bacterial cell wall components
including lipoproteins. The TLRL/TLR2 heterodimeric complex senses triacyl lipoproteins,
and the heterodimer of TLR2/TLR6 recognizes diacy! lipoproteins. TLR5 recognizes
bacterial flagellin. In contrast to TLR1, 2, 4, 5 and 6 expressed on the cell surface, TLR3, 7,
8 and 9 are located in the intracellular endosome, and sense microbial-derived nucleic
acids® 11, CpG-containing DNA isaligand for TLR9. Single and double stranded RNA are
recognized by TLR3 and TLR7/8, respectively. Recent advanced studies demonstrated that
TLRs al so recognize endogenous molecules rel eased from damaged cells, tissues and ECM
as danger signals, which have been termed damage-associated molecular patterns (DAMPs).
High mobility group protein B-1 (HMGB-1), hyaluronan and saturated fatty acids are
recognized by TLR2 and TLR413-15. Oxidized phospholipids activate TLR4 signaling?.
Endogenous nucleic acids and mitochondrial DNA activates TLR9 signaling’.

TLR Signaling Pathways --- MyD88-Dependent and —Independent Pathways

After the binding of corresponding ligands to TLRs, the intracellular signaling pathways are
orchestrated through the adaptor proteins MyD88 and TRIF9: 11 (Figure 1). The MyD88-
dependent pathway is activated by all TLRs except for TLR3. TLR2 and TLR4 require
another adaptor protein TIRAP for bridging between TLRs and MyD88. Then, MyD88
recruits |L-1R-associated kinase (IRAK)-4, IRAK-1 and IRAK-2, and induces assembly of a
multiple protein complex including TRAF6, Ubcl3, TAK1, NEMO, clAP1/2 and

TRAF310: 11 The subsequent ubiquitination and degradation of TRAF6 and TRAF3 are
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required for activating downstream 1xB kinase (IKK) complex and MAP kinases!8 19, |IKK
complex composed of IKKa, IKKB and NEMO phosphorylates IxBa.. Phosphorylated
IxBa is ubiquitinated and degraded.

Consequently, NF-xB isfree from IxBa and translocated into the nucleus. MAP kinases
including p38 and c-Jun N-terminal kinases (JNK) activate transcription factor AP-1. These
transcription factors are crucial for induction of proinflammatory cytokines, such as TNF-a.,
IL-6 and IL-1B. On the other hand, TLR7 and TLR9 induce the complex composed of

MyD88, IRAK-1, TRAF6, TRAF3, IKK-a and IRF7 that is required for induction of 1FN-
o 10,11

The TRIF-dependent pathway is activated by TLR3 and TLR4. Importantly, TLR4 requires
another adaptor molecule, TRAM, and its internalization for interacting with TRIF20. Then,
TRIF associates with TRAF3 and TRAF62L. This complex induces the activation of TANK-
binding kinase 1 (TBK 1) and IKKi through TRAF3. As a consegquence, the pathway
activates transcription factor IRF3 to induce the production of IFN-f. In addition, TRAF3is
also required for TLR-mediated IL-10 production, and TRAF6 is needed for TRIF-
dependent late phase of NF-xB and MAPK activation through the interaction with RIP1 and
RIP310.21 |n liver resident macrophages, Kupffer cells, TLR4-mediated activation of
caspase-1 and subsequent induction of the active form of IL-1p and IL-18 are TRIF-
dependent?2 23,

TLR Expression in the Liver

The liver is composed of hepatocytes, and several types of non-parenchymal cells®. Hepatic
non-parenchymal cells are divided into immune cells and non-immune cells. Hepatic
immune cellsinclude Kupffer cells, natural killer (NK) cells, NKT cells, dendritic cells
(DCs), T cellsand B cells. The non-immune cells, sinusoidal endothelial cells (LSECS),
hepatic stellate cells (HSCs) and biliary epithelial cells (BECs) are important components
constructing the hepatic structure. All types of hepatic cells express TLRs, but their
functions and expression patterns are different among the cell types.

Hepatocytes express all TLRs at the transcriptional level, but the expression levels of TLR2,
TLR3, TLR4 and TLR5 are very low and their responses are fairly weak /n vivo® 24,

Kupffer cells, liver resident macrophages, reside in hepatic sinusoids and are the primary
cell types for inflammatory cytokine production in response to TLR ligands®. Kupffer cells
express all TLRswith the exception of TLR5 at mRNA and protein levels?®. TNF-a and
IL-6 are induced in response to the ligands for TLRY/2, TLR2/6, TLR3, TLR4, TLR7 and
TLR9 whereas IFN- isinduced only by the stimulation with TLR3 and TLR4 ligands?®.
TLRY/2, TLR2/6, TLR3 and TLR4 ligands can secrete IL-1f and |L-18 by the caspase-1-
dependent manner in Kupffer cells?,

HSCs are located in the space of Disse in the normal liver3. While quiescent HSCs are the
principle cell type storing Vitamin A-containing lipid droplets in the body, activated HSCs
are the major source of ECM protein in the fibrotic liver4. After the activation by various
fibrogenic stimuli including TGF-p and PDGF, HSCs lose Vitamin A-containing lipid
droplets and transdifferentiate into myofibroblasts with a high expression of a.-smooth
muscle actin (SMA). HSCs also express all TLRs at transcriptional levelsin quiescent and
activated states?8. TLR4 ligand LPS induces the expression of adhesion molecules ICAM-1
and VCAM-1, and chemokines (MCP-1, MIP-1a, MIP-18, RANTES, KC, MIP-2, and
IP-10)27: 28, |n addition, TLR4 signaling induces the downregulation of bone morphogenetic
protein (BMP) and activin membrane bound inhibitor (Bambi), a transmembrane suppressor
of TGF- B signaling?®. Thus, there is a crosstalk between TLR4 signaling and TGF-B
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signaling. IFN-B production isinduced through the adaptor TRIF by the activation of both
TLR3 and TLR4 signaling in macrophages, but only TLR3 signaling induces IFN-
production in HSCs, suggesting that the TLR3- and TLR4-dependent TRIF pathways are
distinct between HSCs and macrophages?.

While the response to TLR2 ligands in HSCs is weak, pretreatment of TNF-a,, IL-1p or LPS
dramatically upregulates TLR2 expression in HSCs?8 29, This suggests that the priming by
inflammatory mediators such as TNF-a, IL-1p and LPS is required for fulfilling TLR2
signaling in HSCs. TLR9 signaling in HSCs is still controversial. Two reports demonstrated
that TLR9 signaling induces the upregulation of MCP-1, TGF-$ and collagen typel in
HSCs: 31, However, another study did not find CpG-DNA-induced cytokine production
and NF-xB activation in HSCs 32. One possible explanation is that the studies tested the
different ligandsfor TLR9; in theinitial studies, TLR9 signaling is stimulated with
denatured DNA derived from apoptotic hepatocytes, whereas another study used a synthetic
CpG-containing DNA30. 32

L SECs express most of TLRs except for TLR5 and TLR6 at mRNA and protein levels?®.
The stimulation of TLR3, TLR4 and TLR9 signaling induces inflammatory cytokines, such
as TNF-a, IL-6 and IL-1, but the stimulation of other TLR signaling does not. Only TLR3
signaling induces | FN-p production in LSECs?. A recent study demonstrated that TLR4
signaling-mediated angiogenesisis associated with hepatic fibrogenesis33.

The liver includes high numbers of NK cells compared with other organs®*. This suggests an
important role of NK cellsin liver disease. Liver NK cells synthesize high amounts of 1FN-
v inresponse to IL-12 synergistically with IL-18%°. Liver NK cells express TLR1, TLR2,
TLR3, TLR4, TLR6, TLR7 and TLR92> 36, These corresponding TLR agonists produce
IFN-y synergistically with 1L-1236, Importantly, a TLR3 ligand poly I:C itself induces | FN-
v production and NK cell activation3’: 38,

DCs are professional antigen-presenting cellsin the liver. Hepatic DCs expressall TLRs
except for TLR5%. The ligands for TLR1/2, TLR2/6, TLR3, TLR4, TLR7 and TLR9
induces the production of TNF-a and IL-6 and up-regulation of co-stimulatory molecules
(CD40, CD80 and CD86) in DCs?. IFN-a. isinduced by stimulation with the ligands for
TLRY/2, TLR3, TLR7 and TLR9, while IFN-B production is dependent on the signaling of
TLR3, TLR4, TLR7 and TLR9%.

BECsexpress TLR1, TLR2, TLR3, TLR4 and TLRS5 at the protein level, and respond to the
corresponding ligands3®. The luminal side of BECs directly contacts enteric bacteria due to
the anatomical association between the hiliary system and the intestinal lumen, but
inflammation does not occur. This could be regulated by “LPStolerance”. Similarly, BECs
have cross-tolerance between TLR2 and TLR4 signaling. In BECs, initial TLR2 or TLR4
stimulation induces expression of IRAK-M which suppresses secondary stimulation of
TLR2 or TLR4 pathway%: 41, | nterestingly, TLR3 ligand poly |:C does not induce tolerance
against a second stimulation with poly 1:C*2.

TLR Signaling in Liver Regeneration

MyD88-Dependent Liver Regeneration after Partial Hepatectomy

In the 1990s, TNF-a and IL-6 were reported to be crucial for the initiation of liver
regeneration after partial hepatectomy (PHx) 1. TNF-a produced upon PHx bindsto TNFR
type | to activate NF-xB and INK/AP-1 pathways. These signals quickly induces the
expression of the immediate-early genes, including ¢ Jun, ¢ Fosand ¢ Myzc, aswell asthe
production of IL-6 and subsequent STAT 3 activation, which then drives the transition of cell
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cycle from GO to G1 in hepatocytesl: 43. However, a genetic inactivation of NF-xB in
hepatocytes does not reduce hepatocyte proliferation after PHx*4. Thus, the TNF-NF-xB
axisin hepatocytesis not essentia for liver regeneration. In contrast, a quick nuclear-
translocation of NF-xBp65 was observed in Kupffer cells, but not hepatocytes, after
PHx4546_ | n addition, Kupffer cell-depleted mice lacked PHx-induced TNF-a and IL-6
production 47. These findings suggest that Kupffer cells are the initial responders producing
TNF-a and IL-6 through NF-xB activation upon PHX.

PHx-mediated elevation of portal LPS levels viabacteria translocation and its contribution
to triggering liver regeneration are still being discussed. After the discovery of TLR4 asa
receptor for LPS, the hypothesisthat TLR signaling is an upstream signal for induction of
TNF-a and IL-6 in liver regeneration has been proposed?: 43. Mice deficient in MyD88, a
common adaptor molecule for TLRs, lacked activation of NF-xB in Kupffer cells,
production of TNF-a, IL-6, and expression of early immediately genes ¢myc, ¢fosand ¢
Junintheliver after PHx. Interestingly, mice deficient in TLR2, TLR4 or TLR9 had a
normal response after PHx#2: 48, MyD88 shares the signaling with IL-1 and IL-18 as well.
PHx-induced liver regeneration is normal in caspase-1-deficient mice that lack the secretion
of IL-1 and IL-18 #°. It is suggested that multiple TLR-MyD88-dependent signaling
contributes to the activation of NF-xB, and production of TNF-a and IL-6 in Kupffer cells.
Importantly, liver regeneration in MyD88-deficient mice was suppressed until 72 hours after
PHx, but their regenerated liver weight at 96 hours after PHx was similar to that of WT
mice?. Thus, MyD88-dependent signaling is essential for the initial phase, but not the late
phase, in liver regeneration.

TLR3 that utilizes TRIF, but not MyD88, has been reported to regulate liver regeneration.
TLR3-deficinet mice show the acceleration of liver regeneration after PHX, suggesting that
TLR3 signaling has an inhibitory effect for liver regeneration®®. Indeed, injection of TLR3
ligand poly!:C inhibits liver regeneration through the induction of IFN-y in NK cells>.

Besides the TLR3 ligand, TLR4 ligand L PS treatment al so suppresses liver regeneration®?,
suggesting that the magnitude of TLR signaling isimportant for regulating liver
regeneration positively aswell as negatively.

TLR Signaling in Liver Fibrosis

TLR4 Signaling Mediates Liver Fibrosis

In cirrhotic patients, LPS levelsin systemic blood and the portal vein have been known to be
elevated®2. This suggests an important role of LPS-TLR4 signaling in the development of
liver fibrosis. In experimental animal models of liver fibrosis induced by bile duct ligation
(BDL) and chronic treatment of carbon tetrachloride (CCl,) or thioacetamide, deficiency of
functional TLR4 reduces liver inflammation and fibrosis?8. Mice deficient in CD14 and
LPS-binding protein, TL R4-associated cell surface molecules, show reduced liver fibrosis
induced by BDL %3, Mice deficient in MyD88 and TRIF, TLR4 adaptor molecules, are also
resistant to liver fibrosis?8. Thus, LPS-TLR4 signaling is crucial for liver fibrosis.

Because of the specific anatomical link between intestine and liver, intestinal microflora-
derived LPS is suggested to be associated with activation of TLR4 signaling in liver
fibrosis™. Oral treatment with antibiotics significantly reduced the elevation of LPS levels
in plasmaand liver fibrosis after BDL 28, These findings suggest that intestinal microflora-
derived LPS translocates into the liver viathe portal vein and leadsto activation of TLR4 in
theliver, resulting in liver fibrosis. The contribution of intestinal microfloraand TLR4
signaling to fibrogenesisin alcoholic steatohepatitis (ASH) and non-al coholic steatohepatitis
(NASH) has also been proposed™*->. Excessive intake of alcohol or high fat diet facilitates
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an increase of intestinal permeability that allows bacterial trandlocation from intestines into
the liver®8. Thus, TLR4 signaling is strongly associated with ASH and NASH. In fact, mice
bearing non-functional TLR4 are protected from hepatic steatosis, inflammation and damage
in experimental animal models of ASH as well as NASH>-57, Besides the contribution of
molecular mechanisms, recent reports also demonstrated that the composition of intestinal
microflorain animals with ASH and NASH was changed®9-62, Several studies further tested
the modification of altered intestinal florain ASH and NASH. Treatment with probiotics,
prebiotics or antibiotics suppresses the progression of fibrogenesis mediated by ASH or
NASH in mice® 59 63,

While we do not have strong evidence for the relation between endogenous TLR4 ligands
and liver fibrosis, HMGB1, hyaluronan and heat shock protein 60 are the candidates of
endogenous ligands for TLR4 (Table 1)°2. In both humans and rodents with cirrhosis, these
ligands are elevated in the liver and blood (Seki E, unpublished observations) °2.

Interaction Between Kupffer Cells and HSCs in TLR4-Mediated Liver Fibrosis

In the liver, Kupffer cells and HSCs express high levels of TLR4%4. These two cell types
induce the activation of NF-xB and INK/AP-1 pathways and the production of
inflammatory cytokines and chemokinesin response to LPS. Therelativeroles of TLR4
between Kupffer cellsand HSCsiin liver fibrosis have been studied?8. Although both
Kupffer cells and HSCs are radio-resistant cells, liposomal clodronate treatment enables
Kupffer cells to be depleted. Subsequent bone marrow (BM) transplantation (BMT) with
whole body irradiation reconstitutes Kupffer cells, but not HSCs, with BM-derived cells.
Using this technique, TLR4-chimeric mice containing different TLR4 genotypesin BM-
derived cellsincluding Kupffer cells, and endogenous liver cellsincluding hepatocytes and
HSCs were generated?8. While the TLR4-chimeric mice with non-functional TLR4
expression on BM-derived cells have significant liver fibrosis similar to the TLR4-intact
mice, the TL R4-chimeric mice with non-functional TLR4 expression on endogenous liver
cells show asignificant reduction of liver fibrosis after BDL28. Furthermore, among resident
liver cells, HSCs highly respond to L PS compared with hepatocytes in vivo?8. These
findings indicate that HSCs are the cell types responsible for TLR4 signaling in liver
fibrosis. Several mechanisms mediated by TLR4 signaling in HSCs promote liver
fibrogenesis.

Firstly, TLR4 activation induces the production of various chemokines (MCP-1, MIP-1a.,
MIP-18, and RANTES) and the expression of adhesion molecules (ICAM-1, VCAM-1, and
E-selectin)?8. These molecules induce infiltration of Kupffer cells and BM-derived
macrophages in the liver. Some chemokines, such as MCP-1 and RANTES directly induce
fibrogenic response in HSCs. Indeed, Kupffer cell depletion or genetic knock out in
chemokines (RANTES) or chemokine receptors (CCR1, CCR2, CCR5) reduce the grades of
liver fibrosis?® 6566 (Figure 2).

Secondly, thereis crosstalk between TLR4 signaling and TGF-b signaling in HSCs.
Quiescent HSCs express high levels of Bambi, atransmembrane inhibitor of TGF-b receptor
signaling?8. High expression of Bambi limits TGF-b receptor signaling in quiescent HSCs.
After LPS treatment or activation /n vivo, but not in culture, Bambi expression is quickly
downregulated in HSCs?8. Consequently, TGF-b receptor is free from the restriction by
Bambi, allowing induction of a strong TGF-b receptor signaling (Figure 2). TLR4-mediated
Bambi regulation is dependent on MyD88, NF-xB and partially JNK, but not TRIF, in HSCs
(Seki E, unpublished observation)28. A recent study demonstrated that Bambi interacts with
Smad7, which interferes with the complex composed of type | and type Il TGF-f receptors
and Smad3, resulting in the inhibition of TGF-p signaling®”.
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Thirdly, LPS signaling regulates microRNA (miR) expression in liver fibrosis. During liver
fibrosis, miR-29 expression is downregulated in humans and animals38. Similarly, LPS
stimulation suppresses miR-29 expression in HSCs. Overexpression of miR-29 inhibits
transcription of collagen al(l) mRNAS8. This suggests that TLR4 signaling suppresses
miR-29 expression, and thereby enhances collagen expression in HSCs. Future studies using
knockout mice will determine the role of miR-29 in liver fibrosis /n vivo.

TLR4 Signaling and Human Liver Fibrosis

Previous studies reported that plasma endotoxin levels are significantly elevated in patients
with cirrhosis compared to those with chronic hepatitis and in healthy subjects®®. Elevated
plasma endotoxin levels were observed in 41% of patients with liver cirrhosis and were
correlated with disease severities, suggesting that liver fibrosis progression is closely
associated with LPS-TLR4 signaling®. Furthermore, a recent human study of genecentric
functional genome scans identified seven single nucleotide polymorphisms (SNPs) that may
predict the risk of the progression of liver cirrhosisin patients with chronic hepatitis C. The
TLR4 SNPs are included in these seven SNPs’0. Among the multiple TLR4 SNPs that were
identified, TLR4 SNPs T399I and D299G are the most predictive signatures in protecting
the progression of liver cirrhosis. Both TLR4 T399I and D299G SNPs are associated with a
blunt response of TLR4 to LPS. Thislarge patient cohort demonstrated the relevance of
TLR4 in the progression of liver fibrosis’™. Their following study tested the function of
TLR4 D299G and T399I SNPsin human and mouse HSCs. L X-2 human stellate cell line
and TLR4- mouse HSCs expressing either one or both SNPs, had diminished NF-xB
activation and proinflammatory cytokine production (MCP-1 and IL-6) after LPS
treatment’L. These SNPs also suppressed L PS-mediated Bambi downregulation and the
growth of HSCs. Moreover, the TLR4 SNPs aggravated starvation-induced HSC
apoptosis’L. These findings confirmed the mechanistic functions of TLR4 SNPsin HSCs
and liver fibrosis.

TLR4 Signaling in Kupffer Ccells and HSCs during ASH and NASH

As we discussed above, HSCs are more important than Kupffer cellsin TLR4-mediated
fibrogenic response. In contrast, TLR4 signaling in Kupffer cells has been determined to be
amajor component in alcoholic liver damage’ 73, A recent study investigated the relative
roles of TLR4 between Kupffer cells and HSCs in a cohol-induced liver injury and
fibrogenesis. Using TLR4-BM-chimeric mice, this study demonstrated that TLR4 on BM-
derived cellsincluding Kupffer cellsis more important than that on non-BM cells including
HSCs for production of inflammatory cytokines TNF-a. and IL-6 and chemokines’. In
contrast, both Kupffer cells and HSCs contribute to hepatocyte injury, steatosis,
inflammatory cell infiltration and fibrogenic responses including upregulation of collagen
al(l), TIMP-1 and TGF-B1 mRNA expression and aSMA protein expression /4. Similar to
ASH, the importance of TLR4 signaling in Kupffer cells during NASH was reported®®, but
therole of TLR4 on HSCsin NASH remains to be studied.

Other TLRs in Liver Fibrosis

TLR3 signaling is a potent inducer of type | interferon. A natural ligand for TLR3 is double
stranded RNA which is generated during the replication of virus!C. Synthetic polyinosinic-
polycytidylic acid (poly 1:C) isaso apowerful activator of TLR3 signaling. Poly 1:C
treatment stimulates hepatic NK cells to produce IFN-y 34, This signaling induces anti-viral
and anti-tumor defense activities. Recent studies showed that this signaling a so induces
anti-fibrogenic activity. Poly 1:C or IFN-y stimulation upregulates TRAIL expression in NK
cells to enhance cytotoxic activity of NK cells’. NK cells primed by poly 1:C are able to kill
activated HSCs, resulting in the attenuation of liver fibrosis. However, this effect is
observed only in the early stage of liver fibrosis, not in advanced liver fibrosis’@. Similarly,

Heparol Res Author manuscript; availablein PMC 2013 August 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seki et al.

Page 8

poly I:C treatment did not attenuate CCl,-mediated fibrogenic response in alcoholic liver
disease. Poly I:C-NK cell-dependent HSC killing was diminished in ethanol-fed animals3’.
This suggests that chronic ethanol consumption results in HSCs being resistant against
TLR3-dependent NK cell cytotoxicity. Thus, TLR3-mediated NK cell activation is one of
the mechanisms by which hepatic fibrogenesis is aggravated in advanced liver fibrosis and
alcoholic liver disease.

A major natural ligand for TLR9 is bacterial unmethylated CpG containing DNA. Besides
endotoxin, bacterial DNA levels are also elevated in plasma and ascites of patients and
animals with cirrhosis’’-80, This shows the tight relationship between TLR9 signaling and
chronic liver disease. Not only CpG-containing DNA, but denatured host DNA from dying
hepatocytes also stimulates TLR9 signaling in the liver30, TLR9 signaling induces MCP-1
and collagen production and inhibits PDGF-mediated chemotaxisin HSCs. Indeed, TLR9
deficiency inhibits liver fibrosis after BDL and chronic CCl, treatment in mice3% 31, A
recent study shows that plasma bacterial DNA is elevated in diet-induced NASH, suggesting
that bacterial translocation and intestinal barrier dysfunction are induced in NASH32, In
NASH, TLR9 signaling is activated in Kupffer cells, but not HSCs, to produce IL-1f. This
IL-1B then induces lipid accumulation and apoptosis in hepatocytes, and increases
fibrogenic responses in HSCs32. Thus, both bacterial DNA and host denatured DNA from
dying cells contribute to the progression of liver fibrosis through TLR9 on HSCs and
Kupffer cells.

Another study shows that TLR9 on DCsis crucia for liver fibrosis. DC-depleted animals
exhibited a significant reduction of liver fibrosis. DCsin the fibrotic liver, but not in the
normal liver produce TNF-a., IL-6, and chemokinesin response to CpG-DNAB8L, CpG-DNA
treatment stimulates DCs of fibrotic livers to produce TNF-a that activates HSCs and
enhanced NK cell cytotoxicity8L.

TLR Signaling in Liver Cancer
TLRs and HCCs

There are two classification of liver cancer, primary and metastatic. Primary liver cancer
includes hepatocellular carcinoma (HCC). Hepatitis B and C viral infections are major risk
factors for HCC. Alcoholic and obesity-related non-al coholic steatohepatitis also increase
therisk for HCC. Recent animal studies suggest that TL Rs promote hepatocarcinogenesis
not only through indirect effects by af orementioned underlying diseases, but also through
direct actions®. Diethylnitrosamine (DEN) is a chemical carcinogen that causes
inflammation-associated HCC in rodents. Downstream of TLRs, both NF-xB and INK/AP-1
have been identified as essential components for DEN-induced hepatocarcinogenesisg2-84,
TLR signaling could be associated with the devel opment of HCC. In fact, loss of acommon
adaptor MyD88 diminished the incidence, number and size of DEN-induced liver cancer®.
IL-6 production and hepatocyte injury and proliferation are blunted in MyD88-deficient
mice after DEN treatment. As expected, mice deficient in IL-6 displayed a significant
decreased tumor incidence in the liverS®, Interestingly, IL-6 production is largely dependent
on gender specificity. Only male animals produce IL-6 upon liver injury induced by
treatment of DEN and CCl 4. Removal of ovariesin female mice increased cancer incidence
with high levels of 1L-6%5. In contrast, estradiol treatment suppressed tumor development
and IL-6 elevation in male mice®. Given that IL-6 production is largely dependent on
MyD88 and gender in DEN models, TLR/MyD88 signaling might be regulated by gender

disparity.

A more specific study has been carried out. Depletion of gut microflora by oral
administration of antibiotics decreased plasma endotoxin levels and hepatic mMRNA levels of
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TNF-a and 1L-6 after DEN injection86. This resultsin the reduction of the number and the
size of DEN-induced liver tumorsin rats. Because gut microflora-derived LPS is closely
associated with TLR4 signaling in the liver, the significant role of TLR4 in liver cancer was
anticipated. Expectedly, TLR4-deficient mice displayed a reduction in number and size of
DEN-induced liver cancer, which was associated with reduced hepatic levels of TNF-a and
IL-686. The subsequent mouse experiment using TLR4 BM chimera clearly demonstrated
that TLR4 on BM-derived cells, rather than endogenous liver cells, is responsible for
inflanmatory cytokine production after DEN treatment86,

The relation between TLR2 and liver cancer has been shown in infectious models using
Listeria monocytogeneswhich activates TLR2 signaling. L/steria monocytogenesinfection
aggravated the growth of transplanted liver tumor. This effect was blunted by silencing
TLR2 on tumor cells, indicating that TLR2 signaling promotes liver tumor growth8’.

In patients, 53% and 85% of HCC express TLR3 and TLR9, respectively88: 89, HCC cell
line expresses both TLR3 and TLR9 on cell membranes and in cytoplasm88: 89, Activation
of cytoplasmic TLR3 potentiates TRAIL-mediated apoptosis by suppressing anti-apoptotic
gene expression®S. |n contrast, activation of cell surface TLR9 induces cancer cell
proliferation and thereby cancer cells become resistance against the cytotoxicity of the anti-
cancer drug adriamycin®. TLR9 agonists induce upregulation of anti-apoptosis genes
including survivin, Bcl-xL, XIAP and cFLIP, independently of NF-xB and type |
interferon®9. Although TLR9 agonists are widely accepted as candidates for anti-cancer
therapy, this study suggests TLR9 agonists promote cancer.

Chronic alcohol consumption is known to potentiate hepatitis C virus (HCV)-associated
hepatocarcinogenesis clinically and epidemiologically. HCV nonstructural protein NS5A
transgene upregulates TL R4 expression in hepatocytes®. HCV NS5A transgenic mice are
highly sensitive to LPS and ethanol in liver injury and tumor development dueto TLR4
overexpression®, Indeed, TLR4 silencing decreased tumor development in HCV NS5A
transgenic mice. In addition, TLR4 signaling induces expression of Nanog, a stem/
progenitor cell marker®L, LPS treatment promotes liver tumor development, but tumor
growth was suppressed by Nanog silencing, indicating that Nanog is a crucia target for
TLR4-mediated cancer growth. This further suggests that Nanog-associated cancer stem
cellsare involved in TLR4-mediated carcinogenesis.

TLRs, Metabolic Disease and Liver Cancer

Based on epidemiological studies, HCC incidence is significantly increased in obese
patients 92. Inflammatory signaling is suggested to be involved in tumor progression in
obese patients. Our research group has shown that DEN-induced hepatocarcinogenesisis
enhanced in obese mice. TNF-a and IL-6/STAT3 pathways play a crucial role in tumor
progression in obese mice®, 1L-6 deficiency suppresses an increase of body weight and
tumor development. As demonstrated, TNF receptor knock-out mice did not show any
differences in tumor development after DEN injection, and regular chow diet feeding8® 93,
Interestingly, however, tumor development was significantly suppressed in TNF receptor
knock-out mice when DEN injection and high fat diet feeding were combined. This suggests
that there is a synergistic effect between carcinogenesis and obesity, and this synergy is
dependent on TNF receptor and 1L-6/STAT3 signaling®. Because TNF-a and IL-6 are
major downstream targets of TLR signaling, TLR signaling could be important in obesity-
associated cancer progression. Instead of primary hepatocarcinogenesis, metastasisin
obesity has been tested. In obese mice, colorectal cancer MC38 cells transplanted into the
liver grow greater than tumorsin lean mice. Silencing of TLR4 in tumor cells, but not in
host livers, ameliorated tumor growth®*, This demonstrated that TLR signaling isimportant
for tumor growth in the liver.
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TAK1 in Hepatocarcinogenesis

TAK1 isadownstream MAP3K activated by TLRs, IL-1 receptor, TNF receptor, and TGF-
B receptor. Upon signaling activation, TAK1 activates both IKK/NF-xB and INK/AP-1
pathways. The IKK/NF-xB pathway induces expression of anti-apoptotic genes, including
Bcl-2, Bel-xL, A20, c-FLIP and IAPs, and prevents cell death induced by death receptor and
mitochondrial pathways. In paralel, NF-xB prevents INK-mediated cell death pathway. The
JINK pathway phosphorylates and ubiquitinates the E3 ligase Itch, degrading caspase-8
inhibitor c-FLIP, resulting in enhanced hepatocyte apoptosis. Both NF-xB and JNK regulate
liver homeostasis and prevent hepatocyte apoptosisin normal conditions. What is the role of
TAK1 on NF-xB and JNK pathwaysin the liver? To answer this question, hepatocyte-
specific TAK 17~ mice were generated. As expected, upon TNF-a. stimulation, neither NF-
xB nor JNK were activated in TAK 17~ hepatocytes®. Unexpectedly, TAK 17 hepatocytes
were susceptible to TNF-a-mediated cell death, and hepatocyte-specific TAK17- mice
displayed spontaneous liver injury, inflammation and fibrosis® %, Finally, aged TAK 17/
mice developed HCC: 9, |n hepatocyte-specific TAK 17~ mice, compensated hepatocyte
proliferation occurs in response to spontaneous hepatocyte death. This might stimulate
transformation of hepatocytes to cancer cells. Thisfinding is consistent with the previous
studies demonstrating that hepatocyte-specific IKK B~ mice are susceptible to DEN-induced
HCC and liver-specific NEM O™~ mice develop spontaneous liver cancer82 97_ |t is
noteworthy that TAK 17~ mice develop HCC along with fibrosis. Thus, hepatocyte specific
TAK 17~ mice will be agood tool for determining the contribution of fibrosisto liver cancer
development.

Future perspective

TLR signaling pathways play acrucia role in activating innate immunity and subseguent
adaptive immunity for invading microorganisms. An accumulation of recent evidence
demonstrates that TL R signaling mediates acute and chronic liver inflammation even in the
absence of exogenous pathogens’: ©. Although TLR signaling is akey component for
initiating regeneration, tissue repair, fibrosis and carcinogenesisin the liver, TLR agonists
are also considered to be anew clinical application for hepatitis virus B and C infection and
cancer therapy. In fact, poly 1:C inhibits liver fibrosis and cell growth of HCC cell line, and
aTLR2/4 agonist inhibits transplanted liver cancer in rats®: %8 |t is suggested that TLR
signaling has a double-edged sword-like function in liver regeneration, fibrosis and cancer.
One side could lead to beneficial effectsthat promote liver regeneration and prevent liver
fibrosis and cancer. The other side may lead to harmful effects that inhibit liver generation
and host defense, and aggravate fibrosis and cancer devel opment. Further studiesfor TLR
signaling in the liver are essential for developing new approaches for regenerative medicine
and therapy of chronic liver disease.
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Abbreviations

ASH alcoholic steatohepatitis

BDL bile duct ligation

BEC biliary epithelial cells

BM bone marrow

BMT BM transplantation

BMP bone morphogenetic protein

Bambi BMP and activin membrane bound inhibitor
CCly carbon tetrachloride

DAMP damage associated molecular pattern
DC dendritic cell

DEN diethylnitrosamine

ECM extracellular matrix

HCC hepatocellular carcinoma

HCV hepatitis C virus

HMGB-1 high mobility group protein B-1
HSC hepatic stellate cell
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IKK
JNK
LPS
LSEC
NASH
NK
PAMP
PHXx
poly I:.C
SMA
SNP
TBK
TLR
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1xB kinase

c-Jun N-terminal kinase
lipopolysaccharide

liver sinusoidal endothelial cell
non-alcoholic steatohepatitis
natural killer
pathogen-associated molecular pattern
partial hepatectomy
polyinosinic-polycytidylic acid
smooth muscle actin

single nucleotide polymorphism
TANK-binding kinase
Toll-like receptor
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Figure 1. Schematic Overview of TLR signaling pathways

TLRY/2, TLR2/6, TLR4, and TLR5 are expressed on plasma membrane and recognize
triacyl lipopeptides, diacyl lipopeptides, LPS and flagellin, respectively. TLR3, TLR7/8 and
TLR9 are located in endosome and sense dsRNA, ssRNA and CpG-DNA, respectively. All
TLRs expect for TLR3 activate NF-xB and p38/IJNK through MyD88. TIRAP and MyD88
arerequired for TLR2 and TLR4 signaling. TLR3 activate TBK 1/IKKe through TRAF, and
TLRA4 requires both TRAM and TLR4 internalization for activation of TRIF-dependent
pathway. Activated TRIF dependent pathways activate IRF-3 leading to |FN-p production.
TLR7/8 and TLR9 require the complex of MyD88/IRAKV/IRF7/IKKa for induction of IFN-
a.
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Figure 2. TLR4 regulates Fibrogenic Signal in Hepatic Stellate Cells

Upon liver injury, intestinal permeability isincreased due to the intestinal dysbiosis and
tight junction disintegrity. Microflora-derived L PS transl ocated into the portal vein
stimulates TLR4 on hepatic stellate cells (HSCs). High levels of Bambi limits TGF-B
signaling in quiescent HSCs. TLR4 signaling induces the production of chemokines
(MCP-1, MIP-1p and RANTES) in HSCs, recruiting Kupffer cells through their CCR1 and
CCR2. Recruited Kupffer cells then produce TGF-p. Simultaneously, TLR4 signaling
induces downregulation of Bambi and miR-29, leading to full-activation of HSCs.
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Table 1

TLRs, ligands, endogenous ligands and |ocal ozation.
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TLR
TLR1
TLR2

TLR3
TLR4

TLR5

TLR6

TLR7

TLR8

TLR9

TLR10
TLR11

Ligands (pathogen)
Triacyl lipoprotein (bacteria)
Lipoprotein (bacteria, viruses, parasites)

dsRNA (bacteria, viruses)
LPS (bacteria)

Flagellin (bacteria)

Diacyl lipoprotein (bacteria)

ssRNA (virus, bacteria)

(human) ssRNA (virus, bacteria)

CpG-DNA (bacteriavirus, protozoa)

Unknown

Profilin-like molecul e (protozoa)

endogenous ligands
B-defensin-3

HSP60, 70, Gp96

HMGB1, serum amyloid A
Hyaluronic acid
Antiphospholipid antibodies
mMRNA

HMGB], fibronectin EDA,
Fibrinogen, HSP60,70,72,
Gp96, S100A8, S100A9,
Serum amyloid A,

Oxidised LDL,

Saturated fatty acids
Hyaluronic acid fragments
Heparan sulfate fragments
Antiphospholipid antibodies

ssRNA

Antiphospholipid antibodies
ssRNA

Antiphospholipid antibodies
1gG-chromatin complex
mitochondrial DNA

self denatured DNA

localization
plasma membrane

plasma membrane

Endolysosome

Plasma membrane

Plasma membrane

Plasma membrane

Endolysosome

Endolysosome

Endolysosome

Endolysosome

Plasma membrane
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