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Abstract Background Toll-like receptors (TLRs) may

play active roles in both innate and adaptive immune

responses in human intrahepatic biliary epithelial cells

(HIBECs). The role of TLR3 expressed by HIBECs,

however, remains unclear. Methods We determined the in

vivo expression of TLRs in biopsy specimens derived from

diseased livers immunohistochemically using a panel of

monoclonal antibodies against human TLRs. We then

examined the response of cultured HIBECs to a TLR3

ligand, polyinosinic–polycytidylic acid (polyI:C). Using

siRNAs specific for Toll-IL-1R homology domain-con-

taining adaptor molecule 1 (TICAM-1) and mitochondrial

antiviral signaling protein (MAVS), we studied signaling

pathways inducing IFN-b expression. Results The expres-

sion of TLR3 was markedly increased in biliary epithelial

cells at sites of ductular reaction in diseased livers,

including primary biliary cirrhosis (PBC), autoimmune

hepatitis (AIH), and chronic viral hepatitis (CH) as com-

pared to nondiseased livers. Although cultured HIBECs

constitutively expressed TLR3 at both the protein and

mRNA levels in vitro, the addition of polyI:C to culture

media induced only minimal increases in IFN-b mRNA. In

contrast, transfection of HIBECs with polyI:C induced a

marked increase in mRNAs encoding a variety of chemo-

kines/cytokines, including IFN-b, IL-6, and TNF-a. The

induction of IFN-b mRNA was efficiently inhibited by an

siRNA against MAVS but not against TICAM-1, indicating

that the main signaling pathway for IFN-b induction fol-

lowing polyI:C transfection is via retinoic acid-inducible

gene I (RIG-I)/melanoma differentiation-associated gene 5

(MDA5) in HIBECs. Conclusions TLR3 expression by

biliary epithelial cells increased at sites of ductular reaction

in diseased livers; further study will be necessary to char-

acterize it’s in vivo physiological role.
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IL Interleukin

IRF Interferon regulatory factor

MAVS Mitochondrial anti-viral signaling protein

MDA5 Melanoma differentiation associated gene-5

MyD88 Myeloid differentiation factor 88

PBC Primary biliary cirrhosis

PBMC Peripheral blood mononuclear cells

PolyI:C Polyinosinic–polycytidylic acid

PRR Pattern-recognition receptor

RIG-I Retinoic acid-inducible gene I

RT-PCR Reverse transcription-polymerase chain

reaction

siRNA Small interfering RNA

TLR Toll-like receptor

TNF Tumor necrosis factor

TICAM-1 Toll-IL-1R homology domain containing

adaptor molecule 1

Introduction

Epithelial cells are the first barrier against viral infection.

Such cells typically express retinoic acid-inducible gene

I (RIG-I)/melanoma differentiation-associated gene 5

(MDA5) and Toll-like receptor 3 (TLR3) to sense double-

stranded RNAs (dsRNA), hallmarks of viral replication [1–

3]. TLR3 is localized to endosomes and/or the cell surface in

epithelial cells, while RIG-I/MDA5 resides in the cytoplasm

[3–5]. TLR3-expressing epithelial cells are widely distrib-

uted throughout the body, with prominent expression in

intestinal, cervical, uterine, endometrial, bronchial, and

corneal epithelial cells, the central nervous system, and

epidermal keratinocytes [6–16]. The function of TLR3 has

been intensively studied in some of these epithelial cells;

bronchial epithelial cells recognize dsRNA by cell-surface

TLR3 and induce cellular responses, including the secretion

of type 1 interferon (IFN) via the Toll-IL-1R homology

domain-containing adaptor molecule 1 (TICAM-1)-inter-

feron regulatory factor 3 (IRF3) signaling pathway [11, 12].

The intracellular RNA sensors RIG-I/MDA5 also serve as

IFN inducers acting via the mitochondrial antiviral signaling

protein (MAVS)-IRF3 signaling pathway, thus protecting

host cells against the spread of viral invasion [2, 3].

We previously found that the expression of TLR3 and

IFN-b mRNAs is significantly increased in both the portal

areas and parenchyma of livers diseased with PBC [17].

There was a positive correlation between TLR3 and IFN-b
mRNA levels in both areas, indicating that TLR3-type 1

IFN signaling pathway is activated in PBC; the TLR3-

expressing and/or IFN-b-producing cells, however, remain

unknown [17]. This prompted us to investigate TLR3

expression and IFN-b production in human intrahepatic

biliary epithelial cells (HIBECs).

In this study, we used specific monoclonal antibodies

against TLRs [4] to determine that intrahepatic bile ducts,

but not hepatocytes, in diseased livers strongly express

TLR3. TLR3 protein is found in HIBECs at low levels on

the cell surface and high levels in endosomes. Our results,

however, indicate that the primary signaling pathway for

IFN-b induction activated by dsRNA functions via RIG-I/

MDA5 in the cytoplasm but not via TLR3 expressed on the

cell surface or in endosomes. This is contrary to results

obtained for other types of epithelial cells, such as bron-

chial epithelial cells and endometrial cells, in which

surface TLR3 recognizes viral dsRNA to signal the pres-

ence of infection via the TLR3-IRF3-type I interferon

signaling pathway [9, 11, 12, 15]. Here we discuss dsRNA-

sensing system functioning in HIBECs and the role of high

expression levels of TLR3 in diseased livers.

Materials and methods

Liver biopsy specimen and immunohistochemical

evaluation

Liver needle biopsy specimens, which were derived from

seven primary biliary cirrhosis (PBC)-affected, five auto-

immune hepatitis (AIH)-affected, and five chronic hepatitis

C (CHC)-affected livers, were frozen in OCT compound

(Sakura Finetechnical Co, Tokyo, Japan) immediately after

the procedure and were stored at -80�C until use. Mouse

monoclonal antibodies to human TLR1 (clone TLR1.136,

IgG1, k), TLR2 (clone TLR2.45, IgG1, k), TLR3 (clone

TLR3.7, IgG1, k), TLR4 (clone TLR4, IgG2a, k), and

TLR6 (clone TLR6.127, IgG1, k) were generated in our

laboratory [4]. Among these monoclonal antibodies, the

specificity of anti-TLR3 (TLR3.7) was intensively studied.

Anti-TLR3 monoclonal antibody specifically binds to the

extracellular part of native TLR3 but not to denatured form

of TLR3 or other TLRs, including TLR2 and TLR4. Fur-

thermore, TLR3.7 inhibits dsRNA-induced IFN-b
production by inhibiting the interassociation between

dsRNA and TLR3 [4, 5]. Mouse monoclonal antibodies

specific for cytokeratin (CK) 7 and CK 19 were purchased

from DAKO (DAKO Japan, Kyoto, Japan). Frozen sec-

tions, 4 mm in thickness, were stained with anti-TLR and

anti-CK7 or -CK19 antibodies as described elsewhere [17].

Briefly, frozen sections were first fixed in 50 and 100%

acetone for 30 s and 3 min, respectively, followed by

treatment with Peroxidase Blocking agent (DAKO) for

10 min. Sections were then incubated with anti-TLR

monoclonal antibodies (anti-TLR1, 2, 3, 4, and 6) for

60 min at room temperature. A standard 2-step method

with ENVISION+ (DAKO) was used to visualize bound

antibody using 3,30-diaminobenzidine as a chromogen
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(DAKO); samples were also counterstained with Mayer’s

hematoxylin (DAKO). Three frozen liver biopsy speci-

mens, which revealed normal histology, were similarly

studied as nondiseased livers.

Isolation and culture of human intrahepatic biliary

epithelial cells

Human intrahepatic biliary epithelial cells (HIBECs) were

isolated from noncancerous liver tissues of three patients

who had undergone hepatic resection for intrahepatic chol-

angiocarcinoma [18]. Briefly, liver specimens were digested

with type IV collagenase (100 U/ml) (Sigma–Aldrich, St.

Louis, MO). HIBECs were isolated immunomagnetically

using Dynabeads conjugated with an epithelium-specific

antibody, BerEp4 (Dynal Biotech, Norway). HIBECs were

expanded in HIBEC culture medium (DMEM containing

5 lg/ml insulin, 10 ng/ml epidermal growth factor [EGF],

1.0 ng/ml hepatocyte growth factor [HGF], 4 9 10-8 M

dexamethasone and 10% fetal bovine serum). All experi-

ments were performed using HIBECs between 5 and 10

passages, which were performed using PBS containing

0.05% trypsin and 0.53 mM EDTA.

We obtained three different HIBECs (BEC3, BEC4, and

BEC5) from the three different donors; each cultured HI-

BEC demonstrated spindle to polygonal epithelial cell

morphology, with 100% positivity for CK7 and CK19 as

determined by immunostaining with anti-CK7 and -CK19

monoclonal antibodies (DAKO).

Immunostaining and flow-cytometric analysis

of HIBECs

HIBECs were cultured to semiconfluence in a tissue cul-

ture-treated 8-chamber glass slides (BD Biosciences,

Bedford, MA) in HIBEC culture medium. Immunostaining

of these cultured cells was then performed in a similar

manner as that described for frozen sections of liver

biopsies [17]. In brief, HIBECs were fixed with acetone,

treated with peroxidase-blocking agent, and incubated with

anti-TLR (anti-TLR1, -2, -3, -4, and -6) and anti-CK7 or

anti-CK19 monoclonal antibodies followed by visualiza-

tion of bound antibodies using a standard 2-step method

with ENVISION+ (DAKO).

For flow-cytometric analysis, HIBECs were first sus-

pended in PBS containing 0.1% sodium azide and 0.1%

bovine serum albumin before incubating with 5 lg mAb

(clone TLR3.7, IgG1, k) for 30 min at 4�C. Cells were

washed and counterstained with FITC-conjugated goat

antimouse IgG F(ab0)2 for 30 min at 4�C. We then deter-

mined fluorescence intensity and mean fluorescence shifts

by flow cytometry (FACSCalibur; Becton-Dickinson).

Stimulation of HIBECs with polyI:C

Polyinosinic–polycytidylic acid (PolyI:C) was purchased

from Sigma–Aldrich and reconstituted in endotoxin-free

PBS. Transfection reagents, Lipofectamine 2000 and

DOTAP, were purchased from Invitrogen (Carlsbad, CA)

and Roche (Basel, Switzerland), respectively.

Twenty-four hours prior to the start of polyI:C stimu-

lation, we changed the culture medium from HIBEC

culture medium to basal medium (1:1 mixture of Ham’s

F12 and DMEM supplemented with 10% FBS without

insulin, EGF, HGF, and dexamethasone). HIBECs were

then incubated in the presence of polyI:C (40 lg/ml) or

transfected with polyI:C using Lipofectamine 2000 or

DOTAP according to the manufacturer’s instructions.

Optimal conditions for transfection by Lipofectamine 2000

and DOTAP were 0.8 lg/well and 1.0 lg/well polyI:C,

respectively, in a 12-well plate (Becton Dickinson,

Franklin Lakes, NJ) (data not shown).

RNA extraction and quantitation of mRNA

Total RNA was isolated from HIBECs using an RNeasy

MiniKit (QIAGEN, Hilden, Germany) according to the

manufacturer’s instructions. Following RNase-free DNase

I (QIAGEN) treatment, we synthesized first-strand com-

plementary DNAs (cDNA) from 1.0 lg total RNA using a

SuperScript First-Strand Synthesis System (Invitrogen).

PCR amplification utilized FAST DNA SYBR Green I

(Roche), which allows for automated quantification of

amplified products in real-time using a Light-Cycler

(Roche). We purchased primer sets specific for IFN-c, IL-

6, TNF-a, IL-8, and TLR3 from Roche. One microliter of

each reverse-transcribed cDNA was used for real-time PCR

analysis. Initial denaturation was performed at 95�C for

10 min followed by 40 amplification cycles of denaturation

at 95�C for 10 s, annealing at 68�C for 10 s, and extension

at 72�C for 16 s. We performed a standard melting curve

analysis for every quantitation. Results were expressed as

the ratio of cytokine/chemokine cDNA to GAPDH cDNA

copy numbers in individual samples. Changes in mRNA

levels were expressed as fold induction.

Enzyme-linked immunosorbent assay (ELISA)

HIBEC culture supernatants were assessed for cytokine/

chemokine secretion using ELISA kits specific for IFN-b
(PBL Biomedical Laboratories, Piscataway, NJ) and

TNF-a, IL-6, and IL-8 (Beckman Coulter, Fullerton, CA),

according to the manufacturers’ instructions. Absorbance

at either 405 or 450 nm was measured using a microplate

reader (Multiskan JX, Thermo electron corporation,

Vantaa, Finland).
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Effect of siRNA on IFN-b mRNA induction by polyI:C

Oligonucleotides used for siRNA knockdown analysis

were purchased from Proligo (St. Louis, MO) (GFP: sense,

gcagcacgacuucuucaagtt, and antisense, cuugaagaagucgugc

ugctt, MAVS: sense, ccaccuugaugccugugaaca, and anti-

sense, uucacaggcaucaagguggua, TICAM-1: sense, gaccaga

cgccacuccaactt, and antisense, guuggaguggcgucugguctt).

BEC3 cells (2.5 9 105 per well) were plated on 12-well

plates using basal medium 24 h before siRNA transfection.

On day 0, we transfected each siRNA oligonucleotide into

BEC3 using Lipofectamine 2000. After 24 h (on day 1), the

culture medium was replaced with fresh basal medium.

Forty-eight hours after siRNA transfection (on day 2), cells

were stimulated with polyI:C (final concentration 40 lg/ml

in phosphate-buffered saline), Lipofectamine 2000 (0.8 lg/

well in 12-well plates) or DOTAP (1.0 lg/well in 12-well

plates). Six hours after polyI:C stimulation, we purified total

RNA from BEC3 cells using an RNeasy Mini kit (Qiagen).

RT-PCR was performed using M-MLV Reverse transcrip-

tase (Promega, Madison, WA). Quantitative PCR analyses

were carried out on an iCycler iQ Real-Time detection

system (Bio-Rad, Hercules, CA) using Platinum SYBR

Green qPCR SuperMix-UDG with ROX (Invitrogen) using

the following primers; b-actin: forward, cctggcacccagca-

caat, and reverse, gccgatccacacggagtact; IFN-b: forward,

caacttgcttggattcctacaaag, and reverse, tattcaagcctcccattca-

attg; MAVS: forward, ggtacccgagtctcgtttcct, and reverse,

ttgtcttcagcaaacggcatt; TICAM-1: forward, agcgccttcgacattc

taggt, and reverse, aggagaaccatggcatgca [19]. Quantitative

PCR data was analyzed by the 2-DDCT methods [20].

Ethics board

This study was approved by the Ethics Board of our

institute. We obtained written informed consent from each

subject for use of their biopsy and operation samples to

advance knowledge on the cause of PBC.

Results

HIBECs strongly express TLR3 molecule in vitro

Previous analysis of the expression of TLRs mRNA in

HIBECs by RT-PCR revealed that mRNAs encoding TLR1,

-2, -3, -4, -5, -6, and -9, but not TLR7 and -8, are consti-

tutively expressed in HIBECs [18]. The expression of TLR

proteins, however, has not been examined. In this study, we

studied the expression of TLR proteins in HIBECs using

mouse monoclonal antibodies against TLR1, -2, -3, -4, and

-6 [4]. TLR3 was strongly expressed on HIBECs (Fig. 1c)

at an intensity comparable to that of CK19, a marker of

biliary epithelial cells in the liver (Fig. 1f). In contrast,

TLR1, -2, and -4 were weakly expressed on HIBECs

(Fig. 1a, b, d). Flow-cytometric analysis revealed that while

TLR3 was strongly expressed in the cytoplasm (Fig. 2a), it

was only weakly expressed at the cell surface of HIBECs

(Fig. 2b).

Biliary epithelial cells strongly express TLR3 at sites

of ductular reaction in vivo

We examined the expression of TLRs in vivo using frozen

sections of liver needle biopsy specimens using the

monoclonal antibodies to TLR1, -2, -3, -4, and -6. Again,

TLR3 was strongly expressed by intrahepatic biliary epi-

thelial cells, especially at sites of ductular reaction in all

diseased livers affected by PBC (Fig. 3b), AIH (Fig. 3c),

and CHC (Fig. 3d). TLR3 was only weakly expressed on

small bile ducts in normal livers (Fig. 3a). TLR3 was not

expressed in hepatocytes of either diseased or normal

livers. Minimal expression of TLR1, -2, -4, and -6 was

observed in either diseased or normal livers (data not

shown).

Induction of IFN-b by polyI:C stimulation in HIBECs

We examined the induction of IFN-b by HIBECs cultured

for 24 h in basal medium containing 0–160 lg/ml of

polyI:C, a ligand for TLR3. IFN-b secretion was consis-

tently undetectable in culture supernatants, as determined

by ELISA (data not shown). IFN-b mRNA copy numbers

were calculated as 0.00024 ± 0.00017/GAPDH (mean

value ± SD, n = 3) in the basal state, which increased by

2.7- to 5.5-fold (0.0012 ± 0.0010/GAPDH, n = 3) after

4–8 h of polyI:C stimulation (Fig. 4a). The increase in

IFN-b mRNAs, however, was not statistically significant

(P = 0.195). In contrast, IFN-b mRNA expression was

markedly increased by polyI:C transfection using Lipo-

fectamine 2000 (Fig. 4b). Maximal induction reached

approximately 150-fold 4–8 h after transfection. Approx-

imately 250 pg/ml IFN-b was secreted into culture

medium over a 24-h period after polyI:C transfection.

These results suggest that TLR3, even when expressed on

the cell surface of HIBECs, does not recognize extracel-

lular polyI:C; instead, TLR3 localized to endosomes and/

or RIG-I/MDA5 in the cytoplasm sense polyI:C in

HIBECs.

We also examined the induction of other chemokine/

cytokine mRNAs. We observed the potent induction of

mRNAs encoding for IL-6 (basal level 0.019–0.052/

GAPDH) and TNF-a (basal level 0.00072–0.00081/GAP-

DH) to levels 50- and 120-fold greater than baseline,

respectively (Fig. 5b, c). We detected 4- to 6-fold induc-

tion of mRNA for IFN-a (basal level 0.0059–0.0128/
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GAPDH), IL-8 (basal level 0.241–0.859/GAPDH), and

TLR3 (basal level 0.0064–0.0081/GAPDH) (Fig. 5d–f).

This upregulation in gene expression is also attributable to

intracytoplasmic polyI:C recognition, since addition of

polyI:C to culture medium did not induce any increase of

mRNA levels for IL-6, TNF-a, IFN-a, IL-8, and TLR3

(data not shown).

Induction of IFN-b mRNA by polyI:C transfection

depend on MAVS pathway but not on TICAM-1

pathway in HIBECs

To further confirm the functional role of TLR3 in the

induction of IFN-b mRNA in HIBECs, we performed

knockdown experiments using siRNA specific for TICAM-

Fig. 1 TLRs immunostaining in cultured human intrahepatic biliary

epithelial cells (HIBECs). BEC3 cells were stained with mouse

monoclonal antibodies: (a) TLR1.136 (diluted 1/80); (b) TLR2.45

(diluted 1/100); (c) TLR3.7 (diluted 1/100); (d) HTA125 (diluted 1/

70); (e) TLR6.127 (diluted 1/80); (f) anti-CK19 (diluted 1/200) for

TLR1, TLR2, TLR3, TLR4, TLR6, and CK19, respectively, as

described in the text. BEC3 cells stained strongly with TLR3.7 but

only weakly with TLR1.136, TLR2.45, and HTA125

Fig. 2 Flow-cytometeric

analysis of TLR3 in cultured

human intrahepatic biliary

epithelial cells (HIBECs). BEC3

cells were stained with TLR3.7

monoclonal antibody

intracellularly (a) or

extracellularly (b). BEC3 cells

exhibited strong intracellular

staining with TLR3.7 but only

weak cell surface staining
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1 or MAVS. We first evaluated the efficiency of knock-

down. Knockdown significantly reduced the mRNA levels

of MAVS and TICAM-1 in HIBECs to approximately 30%

of baseline using the corresponding siRNA (Fig. 6a). We

then examined the effect of MAVS or TICAM-1 knock-

down on the induction of IFN-b mRNA. As more efficient

targeting of nucleotides to the endosomal compartment was

reported by using DOTAP in comparison to Lipofectamine

2000 [21], we utilized DOTAP for the induction of IFN-b
mRNA in knockdown experiments.

Interferon-b induction following polyI:C stimulation

using Lipofectamine 2000 was largely dependent on

MAVS/IPS-1, but not on TICAM-1 (Fig. 6b left side).

Unexpectedly, similar results were obtained following

polyI:C stimulation using DOTAP (Fig. 6b right side).

These results suggested that the RIG-I/MDA5 (sensors of

dsRNA in the cytosol)-MAVS signaling pathway plays a

major role in the induction of IFN-b mRNA in HIBECs.

Abundant expression of TLR3 in endosomes does not

appear to participate significantly in polyI:C-mediated

IFN-b induction in HIBECs.

Discussion

In this study, we provide the first data demonstrating that

TLR3 is expressed in vitro in the cultured HIBECs; in these

cells, IFN-b mRNA is strongly induced by polyI:C trans-

fection, but only weakly induced by extrinsic polyI:C.

Antibody blocking of TLR3 on HIBECs did not result in

abrogation of IFN-b promoter activity, suggesting that cell-

surface TLR3 participates only minimally in IFN-b pro-

moter activation on dsRNA recognition (data not shown).

These results suggested that endosomal, not cell surface,

TLR3 is actively involved in type I IFN production by

HIBECs. The results obtained by siRNA knockdown of

TICAM-1 or MAVS, however, indicated that cytoplasmic

RNA sensors like RIG-I/MDA5, not endosomal TLR3, are

the major receptors initiating type I IFN induction in

HIBECs.

To limit the growth of commensal organisms on their

surface and to defend underlying tissues from invading

pathogens, epithelial cells have both innate immune

Fig. 3 In vivo expression of

TLR3 in intrahepatic biliary

epithelial cells. TLR3 was

strongly expressed on

intrahepatic biliary epithelial

cells, especially at sites of

ductular reactions, in livers

from patients with PBC (b),

AIH (c), and CHC (d). In

contrast, TLR3 was weakly

expressed on small bile ducts in

normal liver (a)
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encoding IFN-b was strongly induced by polyI:C-transfection, while

IFN-b mRNA induction was minimal following the addition of

polyI:C to culture medium
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antimicrobial functions and the ability to modulate the

recruitment and activity of innate and adaptive immune

system [1, 3]. Human fibroblasts, colon epithelial cells,

lung epithelial cells, corneal epithelial cells and keratino-

cytes, as well as the respective cell lines, express TLR3 on

their cell surfaces [4, 5, 7, 12, 14, 16]. Recent analyses of

TLR3 subcellular localization, however, have suggested

that TLR3 is localized to endoplasmic reticulum (ER) and

early endosomes in most human epithelial cell types [5]. A

similar localization of TLR3 was observed in HIBECs in

the present study; the HIBECs express TLR3 on both the

cell surface and within intracellular organelles.

Unexpectedly, surface TLR3 in HIBECs exerted only a

weak ability to induce type I IFN in response to polyI:C. As

polyI:C must be internalized and delivered to the ER or

early endosomes, in which TLR3 is abundant, to activate

TLR3, it was speculated that the capacity of HIBECs to

internalize polyI:C is weak. Intracellular polyI:C that was

internalized into cells by lipofection, however, did not play

a major role in activating the type I IFN promoter via TLR3.

These results indicate that even if the bile fluid contains

dsRNA that may be derived from the gastrointestinal tract

via the portal vein, hepatocytes or cholangiocytes infected

with virus, or apoptotic cell debris, bile fluid only minimally

stimulates TLR3 on the surface or in endosomes to induce

type I IFN, although it is also possible that bile fluid may

contain as yet unknown TLR3-ligand to induce type I IFN.

Further studies of TLR3 in HIBECs will be needed to

identify the functional specificities of the surface-expressed

and endosome-expressed TLR3.

In this study, we also provide the first evidence that the

expression of TLR3 by intrahepatic biliary epithelial cells

is markedly increased at sites of ductular reaction in dis-

eased livers, including those affected by PBC, AIH, and

CHC. TLR3 protein expression increased in synovial tis-

sues from patients with RA. In addition, cultured RA

synovial fibroblasts were activated by the TLR3 ligand

polyI:C and by RNA released from necrotic synovial fluid

cells, suggesting that necrotic cells may act as an endog-

enous TLR3 ligand leading to the stimulation of

proinflammatory gene expression and autoimmunity

[22–24]. The overexpression of TLR3 in thyrocytes is

associated with the development of Hashimoto’s autoim-

mune thyroiditis [25]. TLR3 activation can drastically
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CFig. 5 Induction of chemokine/

cytokine mRNAs in HIBECs

following polyI:C-transfection.

We observed strong induction

of mRNAs encoding IFN-b (a),

IL-6 (b), and TNF-a (c), but

only weak induction of mRNAs

for IFN-a (d), IL-8 (e), and

TLR3 (f)

Fig. 6 Effect of MAVS or TICAM-1 knockdown on the induction of

IFN-b mRNA following polyI:C transfection. mRNA levels of

MAVS and TICAM-1 in HIBECs significantly decreased to 30% of

baseline levels by knockdown using an appropriate siRNAs in

HIBECs (a). The induction of IFN-b mRNA in HIBECs after polyI:C

transfection was efficiently inhibited by MAVS but not by TICAM-1

knockdown (b)
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enhance susceptibility to immune destruction of solid

organs, as seen in autoimmune hepatitis [26]. Exposure of

pancreatic b cells to the combination of dsRNA and IFN-a,

-b, or -c significantly increases apoptosis [27, 28]. TLR3

can directly trigger apoptosis in human umbilical vein

endothelial cells and cancer cells [29, 30]. TLR3 plays a

role in the development of hepatitis C-associated glomer-

ulonephritis through the induction of mesangial cell

apoptosis [31]. Thus, enhanced TLR3 expression in intra-

hepatic biliary epithelial cells may play a critical role in the

induction and maintenance of inflammation, immune

destruction, and/or biliary epithelial cell apoptosis in vivo

in diseased liver such as PBC, whereas enhanced TLR3

expression in biliary epithelial cells in CHC may play a

critical role for protecting them from hepatitis virus

infection.

TLR3 in the nervous system induces the expression of a

range of neuroprotective mediators and angiogenic factors,

chemokines, and anti-inflammatory cytokines that regulate

astrocyte cellular growth, differentiation, and migration

[32]. Activation of TLR3 protects against DSS-induced

acute colitis [33]. Thus, it is possible that high TLR3

expression in HIBECs at sites of ductular reaction may

protect against cell death or stimulate tissue repair and

regeneration by inducing the production of as yet unknown

protective and/or growth factors. The strong expression of

TLR3 at ductal plate in human fetal liver indicates the

importance of TLR3 in the regeneration and/or develop-

ment of biliary epithelial cells (data not shown). Therefore,

it is also considered possible that as yet unknown TLR3-

ligand is involved in the development of ductular reaction

in diseased livers including PBC, AIH, and CHC.

Enhanced expression of various molecules, including

MHC-class I and class II antigen, adhesion molecules

(ICAM-1, VCAM-1, LFA-3, etc.), chemokines (MCP-1,

SDF-1, Fractalkine, etc.), cytokines (IL-6, IL-8, TNF-a,

etc.), costimulatory molecules (B7, PD-L1, PD-L2, etc.),

and TLR4, have also been reported in biliary epithelial

cells in livers affected by PBC [34–38]. In addition to these

molecules involved in innate and acquired immune

response, we here demonstrated for the first time that RIG-

I/MDA5–MAVS signaling pathway is operative in the

strong induction of IFN-b by dsRNA stimulation in HI-

BECs. TLR3 and RIG-I/MDA5 expression increase in the

presence of IFN-a, IFN-b, IFN-c, and TNF-a in vitro [39–

43]. These results may indicate that intrahepatic biliary

epithelial cells are involved as an immunoregulatory organ

in various liver diseases, including PBC, AIH, and CHC. In

addition, the portal inflammation is closely associated with

ductular reaction in periportal areas. As hepatic stem cells

are speculated to reside alongside biliary epithelial cells in

canal of Hering [44, 45], the existence of multiple IFN-

inducing pathways, including TLR3 and RIG-I/MDA5,

may suggest the importance of this innate immune effector

pathway in the protection of putative hepatic stem cells

from viral infection.

In conclusion, we demonstrated for the first time the

increased expression of TLR3 at sites of ductular reaction

in diseased livers including PBC, AIH, and CHC. Since

cytoplasmic RNA sensors like RIG-I/MDA5, not TLR3,

seem to be the major receptors initiating strong type I IFN

induction in biliary epithelial cells, we speculate that there

is another important role in TLR3 that is highly expressed

in biliary epithelial cells. Further study will be necessary to

characterize its in vivo physiological role.
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