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Fig. 3 Postoperative mean 6.0
direct bilirubin levels in
subgroup A (n = 15, 4 mg/kg/
day) versus subgroup B 50
(n = 23, 2 mg/kg/day. The ’
level were 1.3 versus 2.2 mg/dL
at 1 month, p = 0.039 and 0.5
versus 1.5 at 2 months, 4.0
p = 0.0157
3.0
2.0
1.0
0.0
pre-operation pre-administration 31days after ope E 2m after ope
DB
Table 2 Drop outs and — __ .
complications in groups A and Group A (n = 35) Group B (n = 34) Details
B Drop-outs 4 5
Infections 4 (2 CMV) 2 (1 CMV) Ganciclovir effective in all CMV infections.
Group A: influenza, rotavirus,
Group B: Candida sepsis
Cholangitis 8 (1) 6 (1)
Hleus 2(2) 0 Day 30, non-operatively resolved
Increase of dose 0 33) Day 18, small bowel resection
GI bleeding 0 1 (D Stopped with H2-blocker
Others 2 (1) 1 1 unknown reason

Others: moon face, hypertension,

they would not participate in such a study as one with non-
steroid group. Thus, we tested the hypothesis that a rela-
tively high dose of 4 mg/kg/day would enhance the clear-
ance of jaundice more rapidly than a dose of 2 mg/kg/day
in this study. The other specific purpose of our study is
rather to look at the difference in efficacy of a short-term
administration of corticosteroids for a short-term outcome
because a long-term outcome of BA is often influenced by
their subsequent eventful postoperative periods, such as
viral infection or episodes of cholangitis or bile lake for-
mation. Such a long-term outcome may not necessarily
reflect the direct effectiveness of corticosteroids. Daven-
port [10] reported a randomized, double-blind, placebo-
controlled trial in which the administration of 2 mg/kg/day
corticosteroids reduced bilirubin levels the first month in
infants <70 days old at surgery when compared with non-
steroid group. This result is identical to our study in that
postoperative corticosteroids are effective in lowering the
serum bilirubin levels among a cohort of patients with

@ Springer

earlier surgery before 70 days. Vejchapipat et al. [11]
indicated that a dose of 4 mg/kg/day on alternate days,
which is equal to 2 mg/kg/day every day, does not result in
improvement in the patient’s condition. In this study, the
mean age at surgery was 89.8 days. These findings indicate
that steroids may be more effective in patients who
undergo early surgery. Peteresen et al. [12] reported no
improvement in mid-term survival 6 months after Kasai PE
when a high dose of intravenous methylprednisolone
(10 mg/kg/day for 5 days) was used immediately after
surgery, followed by 1 mg/kg/day until day 28. In this
series, the mean age of the patients at surgery was 63 days,
ranging from 20 to 151 days, but subgroup analysis
according to age at surgery was not performed.

Given that corticosteroids are effective in infants
undergoing early surgery, the efficacious dose of steroids
may vary from patient to patient, depending on the degree
of fibrosis and the reversibility of the biliary epithelial cells
of an individual patient. In order to minimize the risk of
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adverse effects and to determine the effective dose for each
individual patient, a titrating regimen has been used [3, 13],
in which a short course of an initial dose of 4 mg/kg/day
prednisolone that is reduced to half every 2 days was given
as needed during the first month and changes in the stool
color and serum bilirubin levels were monitored. This
titration process has shown that glucocorticoid receptor
alfa (GcRa) correlates with the severity of liver injury, and
that the required dose of the steroid was associated with the
degree of GeRa expression [14]. However, this regimen is
presumably difficult to employ in a multi-center prospec-
tive trial.

The complications encountered during this study pro-
vide important information. There were a few untoward but
manageable adverse effects observed in both groups, and
these were attributable to the effects of steroids.

A limitation of our study is the small sample size. We
had expected to complete this study within 2 years con-
sidering that approximately 80 cases were annually regis-
tered to the JBAS in recent years. Contrary to our
expectation, the level of participation decreased by the end
of the second year and the number of registered partici-
pants decreased annually over the 4-year period; therefore,
we decided to discontinue this study and to share the results
at this point. In this study, no differences were observed in
the enzyme levels measured during the liver function test
between the groups at 1 or 2 months after surgery. The
sample size is similar among other recent studies [10-12],
ranging from 30 to 35 patients in one arm. Thus, the pre-
viously reported negative results may be underpowered to
detect a real difference as is the case in our study.

In conclusion, our study showed that 4 mg/kg/day
prednisolone only improved reduced bilirubin levels in the
short-term in a subgroup of infants undergoing surgery
before 70 days, but it did not improve other liver function
test results. It would be preferable if future randomized
trials focus on subgroups of infants divided according to
age and degree of fibrosis or GcRa expression and using
the dose regimen of 4 mg/kg/day for a longer duration.
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Participation of natural killer cells in the
pathogenesis of bile duct lesions in biliary atresia

Atsushi Okamura,’? Kenichi Harada,' Masaki Nio,? Yasuni Nakanuma'

ABSTRACT

Aims Immunological disturbances including innate
immunity after a suspected viral infection are considered
important to the pathogenesis of bile duct lesions in
cases of biliary atresia (BA). In this study, we tried to
evaluate whether natural killer (NK) cells and CX3CL1
(Fractalkine) and its receptor (CX3CR1) are involved in
the bile duct injury.

Methods Using the section of BA (22 cases) and
controls, immunohistochemistry for CD56, CD16, CD68,
CX3CL1 and CX3CR1 was performed. Moreover, using
cultured biliary epithelial cells (BECs) and NK cells, the
production of CX3CL1 in BECs and the migration of NK
cells were evaluated.

Results It was found that CD56(—)CD16(+)CD68(—) NK
cells were increased around the damaged small and large
bile ducts in BA and hepatitis C virus-related chronic
hepatitis in comparison with other controls. CX3CL1 was
strongly expressed on the damaged bile ducts in BA, while
this expression was relatively weak or absent in the bile
ducts of normal liver. The results suggest the CD56(—)
CD16(+) NK cells to be involved in the development of bile
duct injuries in BA. These CD16(+) NK cells were positive
for CX3CR1, and attracted by CX3CL1 expressed on bile
ducts. Further study revealed that stimulation with poly(l:C)
(a synthetic analogue of viral dsRNA) increased the
expression of CX3CL1 on cultured BECs followed by
increased migrational activity of cuftured NK cells.
Conclusions CD56(—)CD16(+) NK cells with reduced
NK activity may be involved in the bile duct damage in BA,
and CD16(+) NK cells expressing CX3CR1 may be
attracted by and interact with bile ducts expressing
CX3CL1.

INTRODUCTION

Biliary atresia (BA) is a neonatal obstructive cholan-
giopathy characterised by the progressive destruc-
tion of extrahepatic bile ducts. Intrahepatic large
bile ducts are also involved.! Clinical and experi-
mental evidence suggests that a viral infection trig-
gers the development of bile duct lesions in BA.
The infection of newborn Balb/c-mice with
Reoviridae (rotavirus and reovirus, dsRNA virus)
leads to bile duct obstruction and cholestasis resem-
bling human BA.! In this animal model, viral infec-
tions of the biliary tree and subsequent cellular
autoimmunity against the bile ducts are important
for progressive cholangiopathy and loss.” 3
Reoviridae reportedly show epitheliotropism and
apoptosis in intestinal epithelial cells.! # *° We
reported that human biliary epithelial cells (BECs)
possess dsRNA-related innate immune systems via a
dsRNA-recognising receptor such as Toll-like recep-
tor 3 (TLR3), suggesting that reoviridae infections

directly relate to the pathogenesis of cholangiopa-
thies in BA.”"1°

Natural killer (NK) cells constitute an important
part of the first line of defense against many micro-
bial infections, and play a significant role in immunity
and the immunopathology of hepatobiliary diseases.
The majority of NK cells which are strongly cytolytic
effector cells fall within the CD56(+) subset.
Recently, a population of CD56(-)CD16(+) NK
cells has been described in HIV and hepatitis C virus
(HCV)-infected patients: these cells have impaired
cytolytic functions and cytokine production.’™13
HIV and HCV infections have been strongly asso-
ciated with a loss of CD56(+) NK cells, at least
partly compensated for by an expansion in the
number of CD56(-)CD16(+) cells.'*™** This
replacement of CDS56-expressing NK cells by func-
tionally defective CD56(—)CD16(+) NK cells might
be one of the mechanisms by which HIV and HCV
impair the overall NK cell response. Shivakumar et al
reported NK cells in the vicinity of intrahepatic bile
ducts in infants with BA.'* It remains unclear
whether NK cells play an important role in the path-
ology of BA.

CX3CL1 (Fractalkine) plays an important role in
the cell migration to target sites under physiological
and pathological conditions and is expressed on
vascular endothelial cells and epithelial cells in
response to proinflammatory cytokines and TLR
ligands. CX3CR1, a receptor of CX3CL1, is
expressed on inflammatory cells including NK cells,
suggesting that NK cells are attracted by CX3CL1
expressed in the liver, particularly around damaged
bile ducts. Such a scenario has been shown in bile
duct lesions in primary biliary cirrhosis (PBC).*

In this study, to clarify the participation of NK
cells in the pathogenesis of cholangiopathy in BA,
we first examined immunohistochemically the dis-
tribution of NK cells, particularly CD56(-)CD16
(+) NK cells, in the liver tissue of BA patients. We
also examined the expression of CX3CL1 on bile
ducts and infiltration of mononuclear cells expres-
sing CX3CR1, particularly around damaged bile
ducts. Then, the migration of cultured NK cells
was examined with respect to the expression and
secretion of CX3CL1 in cultured BECs.

MATERIALS AND METHODS

Tissue studies of liver and bile ducts

Anatomical classification of the biliary tree
Extrahepatic bile duct consists of the common
hepatic and bile ducts, the right and left hepatic
ducts, and their confluence. The branches of the
right and left hepatic ducts are largely divided
into the large intrahepatic bile duct and small intra-
hepatic bile ducts. The former roughly correspond
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Table 1 Main clinical features of cases examined

Age Sex
(mean=SD; range) (M:F)

Cases for the study of intrahepatic small bile ducts

Biliary atresia (n=22) 1.77£0.86 m; 0.7-12m  10:12

Chronic viral hepatitis C (n=9)* 59.0£13.0y; 27-72y 4:5

Nonalcoholic steatohepatitis (n=9)t 44.4+14.4y; 25-69y 3:6

Adult normal liver (n=12) 62.1£13.1 y;47-82y 6:6
Cases for study of large bile ducts

Biliary atresia (n=21) 1.71£0.81 m; 0.7-12 m 9:12

Normal common bile duct (fetus)t (n=8) 6:2
Adult normal liver§ (n=4) 58.7+17.0y; 42-76y 2:2

*Staging; stage 1, 6 cases; stage 2, 0 cases; stage 3, 0 cases; stage 4, 3 cases.
tStaging; stage 1, 2 cases; stage 2, 3 cases; stage 3, 3 cases; stage 4, 1 cases.
tAutopsy cases of fetus.

§Surgical cases.

m, months; y, years; M, male; F, female; n, number of cases.

to the first to third branches of the right and left hepatic ducts.
The small bile ducts are further classified into the septal and
interlobular bile ducts.® The peribiliary glands are present
along the extrahepatic bile ducts and the large intrahepatic bile
ducts, and the peribiliary vascular plexus is also identifiable
around the bile ducts. In this study, the hilar bile ducts and
intrahepatic large bile ducts are collectively called the large bile
duct.

Case collection and preparation of liver and bile duct specimens
Case selection

The details of these cases are shown in table 1. For the examin-
ation of small intrahepatic bile ducts, 22 cases of BA, 9 cases of
chronic viral hepatitis C (CVH-C), 9 cases of nonalcoholic stea-
tohepatitis (NASH), and 12 cases of normal liver were examined
(43 cases were of needle or wedge liver biopsies and the remain-
ing 9 cases, surgically resected). For the large bile duct, 21 cases
of BA, 8 autopsy cases of fetus, and 4 normal controls were
examined (all cases were surgically resected). Normal livers for
small intrahepatic bile ducts and large bile ducts were from non-
neoplastic parts of metastatic liver carcinoma.

Tissue preparation

All of these tissue specimens were fixed in 10% neutral buffered
formalin and embedded in paraffin. More than 20 consecutive
4-um-thick sections were cut from each paraffin block, and some
of them were stained with haematoxylin and eosin (H&E) and
Azan-Mallory stain for the identification of bile duct lesions. The
remaining sections were used for immunohistochemistry.

Table 2 Antibodies used in this study

Immunohistochemistry

Immunostaining was performed wusing formalin-fixed,
paraffin-embedded tissue sections of BA patients and controls
(other diseases). The primary antibodies and their sources,
optimal dilution and antigen retrieval method are shown in
table 2. The small bile ducts and large bile ducts and their sur-
rounding areas were mainly examined.

Distribution of CD56(—)CD16{(+)CD68(—) NK cells

Immunostaining

After antigen retrieval (pressure with citric acid method) for
20 min, immunostaining for CD56 was performed using the CSA
II System (biotin-free tyramide signal amplification system,
DakoCytomation). Colour development was performed by a benzi-
dine reaction. After microwaving with citric acid, the sections were
incubated overnight at 4°C with a primary monoclonal antibody
against CD68. The sections were then treated with secondary anti-
bodies conjugated to a peroxidase-labelled polymer (EnVision
system, DakoCytomation, Dako Japan, Tokyo, Japan). Colour
development was performed using Histogreen. The sections were
counterstained with haematoxylin. Expression of CD56 (brown)
and CD68 (green) in the cytoplasm of mononuclear cells was
regarded as positive. Negative controls were carried out. Cells posi-
tive for CD56 or CD68 were identified around the small bile ducts
and also beneath the large bile duct epithelia. Two areas around
the small bile ducts and two areas beneath the large bile duct epithe-
lia were photographed (Photograph A) in each case. After decolouri-
sation by microwaving with citric acid for § min in which
green-coloured CD68 was abolished, the sections were incubated
overnight at 4°C with a primary monoclonal antibody for CD16,
and the sections were then treated with secondary antibodies
conjugated to a peroxidase-labelled polymer (EnVision system,
DakoCytomation). Colour development was performed using
Histogreen. The sections were counterstained with haematoxylin.
Negative controls were carried out. Cells positive for CDS6
(brown) or CD16 (green) were identified around the small bile
ducts and also beneath the large bile duct epithelia, and two areas in
the former and two in the latter in the same areas as photographed
in photo A were again photographed (Photograph B) in each case.

Semiquantitative evaluation

Photographs A and B in the same areas were compared, and
CD56(—)CD16(+)CD68(—) NK cells, which were green in
photograph B but not photograph A, were counted around the
small bile ducts and also beneath the large bile duct epithelia.
The average for the two photographs was regarded as the
number of CDS6(—)CD16(+)CD68(—) NK cells in each case.

Primary antibody Type of antibody and immunised Antigen retrieval
against animal Clone Dilution Source method
D16 Monoclonal (mouse) 2H7 1:200 Leica, Tokyo, Japan Microwave
CD56 Monoclonal (mouse) 1B6 Diluted*  Nichirei, Tokyo, Japan Pressure cooker
D68 Monoclonal (mouse) PG-M1 Diluted®  Nichirei, Tokyo, Japan Microwave
CX3CL1 (Fractalkine) Polyclonal (rabbit) 1:500 Immuno-Biological Laboratories, Fujioka, Microwave

Japan
CX3CR1 Polyclonal (rabbit) 1:1000  Immuno-Biological Laboratories, Fujioka, Microwave

Japan

*Already difuted; microwave, microwaved in 10 mM citrate buffer for 20 min in a microwave oven; pressure cooker, treated in 10 mM citrate buffer pressure cooker
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Immunostaining of CX3CR1/CD16

Immunostaining

CX3CR1(+) mononuclear cells were characterised with respect
to CD16 NK cells in BA. After blocking of the endogenous pet-
oxidase and antigen retrieval for 20 min, the sections were incu-
bated overnight at 4°C with a polyclonal rabbit anti-CX3CR1
antibody. The sections were then treated with secondary anti-
bodies conjugated to a peroxidase-labelled polymer (EnVision
system, DakoCytomation). Colour development was performed
by a benzidine reaction. After microwaving with citric acid, the
sections were incubated overnight at 4°C with a primary monoclo-
nal antibody against CD16. The sections were next treated with
secondary antibodies conjugated to a peroxidase-labelled polymer
(EnVision system, DakoCytomation). Colour development was
performed using Histogreen. The sections were counterstained
with haematoxylin. Expression of CX3CR1 and CD16 in the cyto-
plasm of mononuclear cells was regarded as positive. Cells positive
for CX3CR1 (brown) or CD16 (green) identified around the small
bile ducts and also beneath the large bile duct epithelia were evalu-
ated in individual cases. Negative controls were carried out.

Semiquantitative evaluation

Double positive cells (CX3CR1 is brown and CD16 is green)
were counted around the small bile ducts (two bile ducts) and
beneath the large bile ducts (two areas) in BA patients and con-
trols, and the average of two values for each case was regarded
as the number of CX3CR1(+)CD16(+) NK cells in each case.

Immunostaining of CX3CL1

Immunostaining

After blocking of the endogenous peroxidase, the sections were
incubated in protein block solution (DakoCytomation). The sec-
tions were incubated overnight at 4°C with primary polyclonal
antibodies against CX3CL1. The sections were then treated
with secondary antibodies conjugated to a peroxidase-labelled
polymer (EnVision system, DakoCytomation). After a benzidine
reaction, the sections were counterstained lightly with haema-
toxylin. Negative controls were also done.

Semiquantitative evaluation
CX3CL1 expression in bile ducts was evaluated as either absent/
faint (%), slightly positive (+), or strongly positive (++).

Culture studies

Cultures of human BECs

A line of human biliary epithelial cells (BECs) was established and
cultured as previously reported.'” BECs were established from the
explant liver of a 24-year-old man with BA. More than 95% of the
cultured cells were confirmed to be BECs by the expression of
biliary-type cytokeratins (CK7 and CK19). Informed consent for
research was obtained from the patient prior to surgery. This study
was approved by the Kanazawa University Ethics Committee.
Cultured BECs were stimulated with polyinosinic-polycytidylic
acid (poly(I:C), TLR3 ligand, a synthetic analogue of viral
dsRNA; 25 pg/ml; Invitrogen, San Diego, California, USA) and
mRNA and supernatant of cells were used in the mRNA analysis
and migration assay, respectively.

RT-PCR for CX3CL1

For the evaluation of the mRNA of CX3CL1 in cultured BECs,
total RNA was isolated and 1 pg was reverse-transcribed with
an oligo-(dT) primer and reverse transcriptase to synthesise
cDNA. The cDNA was amplified by PCR using specific primers

designed to specifically amplify a 262 bp portion of CX3CL1.
As a positive control of the PCR, primers for the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene mRNA were used.
The PCR products were subjected to electrophoresis on 1.5%
agarose gels containing ethidium bromide.

In addition, to carry out relative quantification, real-time
quantitative PCR was performed for measurements of CX3CL1
mRNA according to a standard protocol using the SYBR Green
PCR Master Mix and ABI PRISM 7700 Sequence Detection
System (Applied Biosystems, Tokyo, Japan). Results are shown
as relative mRNA expression compared with the level without
any treatments (PBS). In addition, real-time quantitative PCR
was performed for measurements of Notchl, Ascll and chro-
mogranin A mRNAs according to a standard protocol using
the Brilliant II SYBR Green QPCR Reagents and Mx300P
QPCR system (Stratagene Japan, Tokyo, Japan) and relative
gene expression was calculated using the comparative cycle
threshold method. Specific primers were as follows: CX3CL1
forward, S§-GATGGCTCCGATATCTCTG-3' and reverse
5-CTGCTGCATCGCGTCCTTG-3' and GAPDH (internal
positive control), forward, 5-GGCCTCCAAGGAGTAAGA
CC-3' and reverse, 5'-AGGGGTCTACATGGCAACTG-3'.

Migration assay of NK cells with cultured BECs

Preparation of cultured NK cells

NK cells were isolated from the peripheral blood mononuclear
cells of a healthy volunteer according to MACS protocols of
the NK cell isolation kit (MACS, Miltenyi Biotec K.K., Tokyo,
Japan). These cells were maintained on culture dishes with
standard medium, lymphocyte growth medium-3 (Takara,
Ohtsu, Japan) at 37°C in 95% air and 5% CO,.

Migration assay of NK cells with cultured BECs stimulated

by poly(l:C)

The chemoattractant activity of CX3CL1 secreted by cultured
BECs stimulated with poly(I:C) was assessed in 96-well plates
assembled with the Cultrex 96-well collagen 1 cell invasion
assay (lreigen, Gaithersburg, Maryland, USA) according to the
manufacturer’s directions using isolated NK cells expressing
CX3CR1 and showing efficient chemotaxis and adherence in a
CX3CL1-dependent manner. Briefly, the NK cell suspension was
seeded and the supernatant of BECs cultured with poly(I:C) for
3 days or the human recombinant CX3CL1 (10 ng/ml, PeproTech,
Rocky Hill, New Jersey, USA) was added to lower wells at 1:100
or 1:10. After 24 h, the transferred cells were collected and their
number was evaluated by optical density (OD).

Statistical analysis

Numerical data are presented as the mean*SD. Data from
different groups were compared using a one-way analysis of
variance and examined with the Mann-Whitney U-test.
Differences in the proportions of categorical data were tested
using the % test. The correlation coefficient of two factors was
evaluated using Spearman’s rank correlation test. For
the migration assay of NK cells, Welch’s t test was used.
The results were considered significant if the p value was less
than 0.05.

RESULTS

Tissue studies of liver and bile ducts

Infiltration of CD56(-)CD16(+)CD6S(-)NK cells

Small bile ducts

In normal livers, there were no or few CD56(-)CD16(+)CD68(-)
NK cells in portal tracts. By contrast, in diseased livers including
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BA, there were variable numbers of such NK cells admixed with
other inflammatory cells, and these cells were rather frequent in BA
(figure 1A-D). Their numbers counted around small bile ducts are
plotted in figure 1E. The cells were rather dense in BA in compari-
son with NASH and normal livers (p<0.01).

Large bile ducts

There were no or few CDS6(-)CD16(+)CD68(—) NK cells
beneath biliary epithelia of the large bile duct in normal adult
livers, while they were identifiable in BA (figure 2A-D). Their
numbers are plotted in figure 2E. They were more abundant in
BA than in normal livers (p<0.01).

Immunohistochemistry for CX3CL1

Infiltration of CX3CR1(+)CD16(+) mononuclear cells

Small bile ducts

CX3CR1(+)CD16(+) mononuclear cells admixed with other
inflammatory cells were frequently present in portal tracts
around damaged small bile ducts in cases of BA (figure 3A),
while such cells were sparse in cases of other liver diseases and

Figure 1 Density of CD56(—)CD16(+)
CD68(—) natural killer (NK) cells
around intrahepatic small bile ducts.
(A, C) Expression of CD56 (brown) and
CD68 (green). (B, D) Expression of
CD56 (brown) and CD16 (green). Two
photographs in the same areas of
nonalcoholic steatohepatitis (NASH) (A,
B) were compared. CD56(—)CD16(+)
CD68(—) NK cells were green in photo
B but not photo A. There were no or
few CD56(—)CD16(+)CD68(—) NK cells
in portal tracts. By contrast, in biliary
atresia (BA) (C, D), there were variable
numbers of such NK cells admixed
with other infiltrated inflammatory
cells. (E) The number of such NK cells
around small bile ducts is rather high
in BA in comparison with NASH and
normal livers. Mean=+SD in BA, chronic
viral hepatitis C (CVH-C), NASH and
adult normal livers were 4.37+3.83,
3.00+:2.06, 0.11+0.33, and 0.58+0.66,
respectively. Effect size and Cl; BA

CD56(DAB)CD68(Green)

normal livers (figure 3B). Their number in the portal tracts is
plotted in figure 3C. They were rather dense in BA in compari-
son with other liver diseases and normal livers.

Large bile ducts

CX3CR1(+)CD16(+) mononuclear cells admixed with other
inflammatory cells were found around the large bile ducts in
cases of BA, but were not found in normal livers. The incidence
of these cells is shown in figure 3D.

Expression of CX3CL1 in bile ducts

Small bile ducts

In normal livers, small bile ducts were generally negative or
faintly positive for CX3CL1, and endothelial cells of small
vessels of peribiliary capillary plexus (PBP) were negative or
slightly positive for CX3CL1 (figure 4A). In CVH-C and NASH
livers, small bile ducts were negative or slightly positive for
CX3CL1. Small bile ducts of BA patients were strongly positive
for CX3CL1 (figure 4B). The incidence of small bile ducts with
mild to moderate and strong expression in normal liver, BA and

CD56(DAB)CD16(Green)

versus CVH-C (effect size=0.18, Cl E ¥ s enen
—1.39 to 4.14), BA versus NASH 16 . 3
(effect size=051, Cl 1.63 to 6.90), and
BA versus adult normal livers (effect 14
size=0.50, Cl 1.51 to 6.07). Bars
indicate the mean+SD. *<0.01. 12 %
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Figure 2 Density of CD56(—)CD16(+)
CD68(—) natural killer (NK) cells
around large bile ducts. (A, B) There
were no or few CD56(—)CD16(+)CD68
(=) NK cells beneath biliary epithelia
of the large bile duct in normal adult
livers. (C, D) Such NK cells were
identifiable in biliary atresia (BA). (E)
These cells were more abundant in BA
than in normal livers. Mean%SD in BA,
common bile duct (CBD) of fetus, and
adult large bile ducts were 2.50+2.34,
2.00+1.41, and 0.33+0.57,
respectively. Effect size and Cl; BA
versus common bile duct (CBD) of
fetus (effect size=0.08, Cl —1.44 to
2.20) and BA versus adult large bile
ducts (effect size=0.58, Cl 0.66 to
3.10). Bars indicate the mean=+SD.
*<0.01.
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other liver diseases is shown in figure 4C. Endothelial cells
around injured interlobular bile ducts of BA patients also were
strongly positive for CX3CL1 and their intensity was higher in
comparison with other disease controls (figure 4A,B).

Large bile ducts

CX3CL1 was not expressed or only faintly expressed in large
bile ducts and peribiliary glands and PBP in normal livers
(figure SA), while it was strongly expressed in biliary epithelial
cells of large bile ducts and peribiliary glands in cases of BA and
also endothelial cells of PBP around large bile ducts in BA
(figures 5B,C), while such expression was faint or absent in
normal livers. The incidence of bile ducts with mild to moderate
and strong expression of CX3CL1 is shown in figure 5D.

Culture studies

Expression of CX3CL1T mRNA in cultured BECs treated with poly(l:C)
RT-PCR revealed that the amplicon of CX3CL1 mRNA could
not be detected in cultured BECs without any stimulants (PBS),

2 e

BA CBD of fetus Adult large
bile ducts

whereas treatment with poly(I:C) induced its expression
(figure 6A). As shown in figure 6B, real-time PCR analysis
revealed that treatment with poly(I:C) significantly up-regulated
the expression of CX3CL1 mRNA 21.9-fold (figure 6B). ‘

Migration of NK cells

Optical density reflecting the number of NK cells that transmi-
grated was significantly increased in the bottom chamber con-
taining recombinant CX3CL1 and supernatant of poly(l:
C)-treated BECs, compared with that containing the negative
control medium (PBS). The effect of the supernatant was con-
centration (dose)-dependent (figure 7).

DISCUSSION

The findings obtained in this study can be summarised as
follows: (i) CD56(—)CD16(+) NK cells were increased around
the small bile ducts and beneath the biliary epithelia of large

bile ducts in comparison with other diseases and normal livers,
(i) such CD16(+) cells expressed CX3CR1, a receptor of
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Figure 3 CX3CR1(+)CD16(+)
mononuclear cells around intrahepatic
bile ducts. (A) CX3CR1(+)CD16(+)
mononuclear cells were frequently
present in portal tracts around
damaged small bile ducts in biliary
atresia (BA). (B) Such cells were sparse
in normal livers and other liver
diseases. (C) They were rather dense in
BA in comparison with other liver
diseases and normal livers. Mean+SD
in BA, chronic viral hepatitis C
(CVH-C), nonalcoholic steatohepatitis
(NASH) and adult normal livers were
4.30+3.03, 1.88+1.05, 0.77+0.83, and
1.50+1.37, respectively. Effect size and
Cl; BA versus CVH-C (effect size=0.39,
C1 0.28 to 4.55), BA versus NASH
(effect size=053, Cl 1.41 to 5.64), and
BA versus adult normal livers (effect
size=0.39, C1 0.166 to 5.44). (D)
CX3CR1(+)CD16(+) mononuclear cells
were found around the large bile ducts
in BA, but not in normal livers of
fetuses or adults. Mean=+SD in BA,
common bile duct (CBD) of fetus, and
adult large bile ducts were 6.66+2.41,
0.50:0.53, and 0.75+0.50,
respectively. Effect size and Cl; BA
versus CBD of fetus (effect size=0.81,
Cl 4.38 to 7.95) and BA versus adult
large bile ducts (effect size=0.71, Cl
3.37 1o 8.47). Bars indicate the mean
+SD. *<0.05.

CX3CL1, (iii) CX3CL1 was strongly expressed in BECs of small
bile ducts and also of large bile ducts in BA, and (iv) stimulation
with poly(I:C) (a synthetic analogue of viral dsRNA) increased
the expression of CX3CL1 on cultured BECs and increased

migration of cultured NK cells.
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The pathogenesis of BA may be the virus-induced

autoimmune-mediated injury of bile ducts.® In fact, Reoviridae
(type 3 reovirus and type C rotavirus) and herpes virus includ-
ing cytomegalovirus have all been considered possible candi-
dates for the initiating agent.! Studies in the rotavirus mouse
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BA (=22}

CYH-C{n=9}

NASH {n=9} Adultnormal livers {n=12}

=, absent/faint; +, slightly positive; ++, strongly positive

Figure 4 Expression of CX3CL1 in intrahepatic small bile duct epithelia. (A) Normal livers. Small bile ducts were generally negative or faintly
positive for CX3CL1. (B) Biliary atresia (BA). Small bile ducts were strongly positive for CX3CL1. (C) The incidence of small bile ducts with mild to

moderate and strong expression in normal liver, BA and other liver diseases.

model of BA indicate that a viral infection of the biliary epithe-
lium is an initial event leading to biliary inflammation and
obstruction and autoreactive T cells and autoantibodies specific
to bile duct epithelia have been reported.® '® Specific host
factors related to innate and acquired immunopathological pro-
cesses with respect to viral infection may also play a key role in
experimental BA.> Recently, many genetic studies, moreover,
have recently reported. For example, genomic study including
genome-wide association study identified a susceptibility locus
for BA on 10q24.2 and 2q37.3."® ' Moreover, DNA hyper-
methylation at the CD11a locus in CD4+ cells, polymorphisms
of vascular endothelial growth factor gene, and two microRNAs
(miR-292a/29b1) may contribute significantly to BA susceptibility,
but polymorphisms of IL-4, IL-18, IFN-y genes were
unlikely.?®"** These genetic analyses revealed a link to the sus-
ceptibility to BA with respect of immunopathological processes.
Recent studies showed the roles of NK cells in addition to T
cells in the destruction of extrahepatic bile ducts in BA.2¢ %7
That is, the inflaimmatory milieu from portal tracts and/or
biliary remnants showed greater numbers of T cells and NK
cells, and up-regulation of CD8(+) costimulatory molecules in
BA.?” In experimental BA, activated NK cells were reportedly
the most abundant cells in extrahepatic bile ducts and such NK
cells were regarded as key initiators of bile duct injury.'*

However, the exact roles of NK cells and their phenotypic and
functional alterations have not been studied in BA.

The CD56(-)CD16(+) NK subset is greatly expanded in
HIV-viremic individuals.*® The CD56(~) NK fraction was asso-
ciated with extremely poor in vitro cytotoxic functions.?® In add-
ition, the secretion of certain cytokines important for initiating
antiviral immune responses was markedly reduced in the CD56(~)
NK cells. Elevated levels of CD56(—) NK cells are also found in
many CVH-C pa’cients.u_13 These CD56(—) NK cells were func-
tionally impaired with respect to cytokine production upon target
cell recognition.”® Furthermore, high levels of these cells reveal a
disturbance in innate cellular immunity that is associated with an
impaired ability to respond to antiviral treatment with IFN-a and
ribavirin. Taken together, these findings suggest that the expansion
of this highly dysfunctional CD56(—) NK cell subset in humans
infected with HIV-1 and HCV largely accounts for the impaired
function of the total NK cell population.'*™** So far, such issues
have not been examined in BA.

It was found in this study that CD56(-)CD16(+) NK cells
were increased around the damaged small and large bile ducts
in BA, and the proportion of these cells was relatively high in
BA in comparison with controls, suggesting that increased
CDS56(—)CD16(+) NK cells with reduced NK activities were
involved in the development of bile duct injuries in BA. It seems
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BA {n=21)

CBD of fetus (n=8)

Adult bile ducts (n=4)
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Figure 5 Expression of CX3CL1 in large bile duct epithelia. (A) CX3CL1 was not or faintly expressed in large bile ducts and peribiliary glands and
peribiliary capillary plexus of normal livers. (B,C) It was strongly expressed in biliary epithelial cells of large bile ducts and peribiliary glands and also
endothelial cells of PBP around large bile ducts in BA. (D) The incidence of bile ducts with mild to moderate and strong expression of CX3CL1. *<0.01.

possible that inadequate removal of BECs infected with cholan-
giotrophic virus by abundant CD56(-)CD16(+) NK cells with
reduced antiviral activities leads to the induction of secondary
immunisation against the cholangiotrophic virus as well as BECs
in BA. Cross-reactivity between viral and self-antigens is also
proposed to trigger secondary autoimmunity.® ¢ This may be in
turn followed by extensive autoimmune-mediated destruction of
the bile ducts by CD8(+) cytotoxic T cells and other effector cells.
CDS8(+) T cells were reportedly necessary for induction of bile
duct injury and obstruction in an experimental model of BA with
autoimmune features.’

It was also found in this study that CD16(+) NK cells were
positive for CX3CR1, and CX3CL1 was strongly expressed on
the damaged bile ducts in BA. While the expression of CX3CL1
was relatively weak or absent in the bile ducts of normal liver
and CVH-C, CX3CL1 was also strongly expressed in the
damaged bile ducts in PBC, in which the interaction of
CX3CR1-expressing lymphocytes and CX3CL1-expressing bile
ducts and endothelial cells of PBP is important in the bile duct
destruction.™ CX3CL1 is a chemokine with both chemoattract-
ant and cell-adhesive functions, and in the intestine it is
involved with its receptor CX3CR1 in the chemoattraction and
recruitment of intraepithelial lymphocytes." It seems likely that
CD16(+) NK cells with expression of CX3CR1 may be

chemoattracted and infiltrate around the bile ducts expressing
CX3CL1 and this may be followed by the immunological inter-
action of NK cells and bile ducts, possibly virus infected.
Expression of CX3CL1 in human BECs in response to a TLR3
ligand, poly(l:C), was examined using a human intrahepatic BEC
line. Consequently, the expression of CX3CL1 mRNA was low
under normal conditions, but significantly up-regulated by the
stimulation with poly(I:C). We have already reported that BECs
express multiple functionally active TLRs and respond to the cor-
responding bacterial or viral TLR ligands including poly(I:C).”
Moreover, we previously demonstrated the diffuse expression of
TLR3 in extrahepatic and intrahepatic bile ducts of patients with
biliary atresia. Therefore, BECs infected by Reoviridae (reovirus
and rotavirus) having a double-strand RNA are speculated to
induce the expression of CX3CL1 via biliary innate immunity in
biliary atresia patients. Moreover, the chemotaxis of human NK
cells expressing the CX3CL1 ligand CX3CR1, and showing effi-
cient chemotaxis and adherence in a CX3CL1-dependent manner
was assayed using a cell invasion assay kit. The human NK cells
showed chemotaxis toward recombinant CX3CL1 and also the
culture medium which was speculated to contain CX3CL1
secreted by poly(I:C)-stimulated BECs. Therefore, dsRNA viruses
in the microenvironment of injured bile ducts resulting from BA
induce the upregulation of CX3CL1 expression in BECs, followed

106

Okamura A, et al. J Clin Pathol 2013,66:99-108. doi:10.1136/jclinpath-2012-201097

— 222 —



Downloaded from jcp.bmj.com on March 17, 2014 - Published by group.bmj.com

Moreover, it is speculated that these NK cells were attracted by
CXCL1 produced in BECs via an innate immunity against virus.
This scenario might be common in several virus-related diseases

A B
BEC 257 *
[T+ - +
Pol}(I.C) - 20
cxX3cLr .
mRNA .
157
10
5.
0-
Poly(:C) = +

Figure 6 Expression of CX3CL1 mRNA in cultured human biliary
epithelial cells (BECs). (A) Representative images of RT-PCR using

including CVH-C and BA.

» CD56(—)CD16(+) NK cells with reduced NK activities
accumulated around damaged small and large bile ducts may
be involved in the development of BA.

» By the biliary innate immunity for dsRNA, BECs expressed
CX3CL1, which may attract CD16(+) NK cells around the
damaged bile ducts.

» These findings may be followed by acquired immunity against
the infected bile ducts.

cuttured BECs. The amplicon of CX3CL1 mRNA could not be detected
without the stimulant (—). de novo expression was found in the poly(l:
C)-treated cells 3 h after treatment with poly(l:C). (B) Quantitative
analysis using real-time PCR revealed the increase in the level of
CX3CL1 mRNA on poly(I:C) treatment to be 21.9+2.2 (mean=SEM)-fold
and statistically significant compared with that without treatment
(effect size=0.97, Cl —26.09 to —15.61). Results were obtained from
four independent experiments. Bars indicate the mean=SEM. *<0.05.

by the chemoattraction of CX3CR1-expressing mononuclear cells
including NK cells, and their adhesion to BECs.

The elevation of CD56(—)CD16(+) NK subset was reported
in the peripheral blood mononuclear cell of HCV- and HIV-
infected patients."** We could confirm the increase of CD56
(-)CD16(+)CD68(—) NK cells in liver specimens of CVH-C as
well as BA by the immunohistochemistry, though statistical sig-
nificance was not obtained in CVH-C, compared with NASH
and normal liver. Therefore, impaired NK function caused by
an increased CD56(—)CD16(+) NK subset in liver tissue is pre-
sumable in BA and CVH-C, but not NASH or normal livers.

*
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Figure 7 Migration assay of natural killer (NK) cells. Optical density
(OD) reflecting the number of transmigrated NK cells was significantly
increased in the lower chamber containing recombinant CX3CL1

(10 ng/ml, 0D=0.49+0.02 (mean+SEM), effect size=0.66, CI —0.09 to
—0.01) and supernatant of poly(l:C)-treated BEC diluted 1:100
(0D=0.47+0.02, effect size=0.51, Cl —0.08 to 0.01) and 1:10
(0D=0.51+0.02, effect size=0.73, CI —0.12 to —0.02), compared with
that containing the negative control medium (PBS, 0D=0.44+0.008).
Results were obtained from eight independent experiments. Bars
indicate the mean+SEM. *<0.05.
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Introduction

Summary

Biliary atresia (BA) is thought to be associated with infections by viruses
such as Reoviridae and is characterized histologically by fibrosclerosing
cholangitis with proinflammatory cytokine-mediated inflammation. Inter-
leukin (IL)-32 affects the continuous inflammation by increasing the produc-
tion of proinflammatory cytokines. In this study, the role of IL-32 in the
cholangitis of BA was examined. Immunohistochemistry for IL-32 and
caspase 1 was performed using 21 samples of extrahepatic bile ducts resected
from BA patients. Moreover, using cultured human biliary epithelial cells
(BECs), the expression of IL-32 and its induction on stimulation with a Toll-
like receptor [(TLR)-3 ligand (poly(I:C)] and proinflammatory cytokines
was examined. BECs composing extrahepatic bile ducts showing cholangitis
expressed IL-32 in BA, but not in controls. Caspase 1 was expressed con-
stantly on BECs of both BA and control subjects. Furthermore, poly(I:C) and
proinflammatory cytokines [(IL-1B, interferon (IFN)-y and tumour necrosis
factor (TNF)-a] induced IL-32 expression strongly in cultured BECs, accom-
panying the constant expression of TLR-3 and caspase 1. Our results imply
that the expression of IL-32 in BECs was found in the damaged bile ducts of
BA and induced by biliary innate immunity via TLR-3 and proinflammatory
cytokines. These findings suggest that IL-32 is involved initially in the patho-
genic mechanisms of cholangitis in BA and also plays an important role in
the amplification and continuance of periductal inflammatory reactions. It is
therefore tempting to speculate that inhibitors of IL-32 could be useful for
attenuating cholangitis in BA.

Keywords: biliary atresia, biliary epithelial cells, IL-32, innate immunity, TLR

pathogen-associated molecular patterns (PAMPs) [9,10].
Furthermore, the biliary innate immune response to artifi-

The obliterative lesion of biliary atresia (BA) is character-
ized by a progressive sclerosing cholangitis accompanying
severe inflammation, fibrosis and epithelial injuries; this
characteristic feature is known as fibrosclerosing cholangi-
tis. Little is known about the aetiology and pathogenesis of
BA, but infections by viruses such as Reoviridae (reovirus
and rotavirus) having a double-stranded RNA (dsRNA)
have been implicated, although conflicting results have also
been reported [1-8]. Our recent study has demonstrated
that biliary epithelial cells (BECs) possess an innate
immune system consisting of Toll-like receptors (TLR),
especially TLR-3, which is an innate immune-recognition
receptor recognizing dsRNA, including dsRNA viruses as

cial dsRNA was also shown to be associated with the
induction of biliary apoptosis via the tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL) and, dif-
fering from the innate immune response to TLR-4 ligand
[lipopolysaccharide (LPS)], lack of subsequent tolerance to
dsRNA using cultured human biliary epithelial cells [9-11].

Interleukin (IL)-32 is a recently described cytokine pro-
duced by T lymphocytes, natural killer (NK) cells, mono-
cytes and some epithelial cells [12,13]. Primarily, IL-32 was
discovered in the synovial fluid of patients with rheumatoid
arthritis and first reported as a transcript in IL-2 activated
NK and T cells [14,15]. There are six isoforms (o, B, v, 8, €
and &) caused by alternative mRNA splicing, resulting in
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proteins with a molecular weight ranging from 14:9 to
26-7 kD. IL-320. is the most abundant transcript. IL-32
exhibits several properties typical of proinflammatory
cytokines [16]. For example, it stimulates the secretion of
proinflammatory cytokines and chemokines such as IL-1q,
tumour necrosis factor (TNF)-o, IL-6, IL-8 and vascular
endothelial growth factor (VEGF) through the activation of
nuclear factor-kB (NF-xB) and p38 mitogen-activated
protein kinases (MAPKs) [15,17,18]. In contrast, the pro-
duction of IL-32 is induced or enhanced by the presence of
proinflammatory cytokines, including IL-1f3, IFN-y and
TNF-a via the activation of caspase 1 [17,19,20]. IL-32 has
been implicated in inflammatory disorders such as rheuma-
toid arthritis, inflammatory bowel diseases, chronic
obstructive pulmonary diseases, atopic dermatitis and aller-
gic rhinitis [14,19-22].

Although human hepatocytes and hepatoma cells express
IL-32 in hepatitis C virus (HCV)-associated chronic hepati-
tis and this expression is regulated by proinflammatory
stimuli [23], the pathophysiological role of IL-32 in innate
immune-related biliary diseases, including BA, remains
unclear. We therefore investigated the IL-32 expression in
the inflamed bile ducts of BA patients and the effect of
innate immune stimulation by ligands of TLR-3 and
cytokines on IL-32 expression in cultured human BECs.
Our results provide evidence that biliary epithelial cells are
sufficient sources of IL-32 for the biliary inflammation at
sites of BA, and IL-32 may therefore play a role in the
pathophysiology of BA.

Materials and methods

Patients and tissue preparations

A total of 21 patients with BA (surgical specimens; average
age 1.7 months; age range 0-7-12 months; nine male/12
female) and age-matched control patients consisting of one
neonatal hepatitis (giant cell hepatitis; wedge biopsy; 3
months; male) and six non-hepatobiliary diseases (con-
genital heart anomalies; autopsied specimens; average age
2-5 months; three male/three female) were examined.
Resected common bile ducts and wedge liver biopsy speci-
mens were obtained from patients with BA using the Kasai
procedure. These specimens had been fixed in 10% neutral-
buffered formalin and embedded in paraffin; 4 um-thick
sections were prepared for histological observation and
immunohistochemistry.

Immunohistochemistry and immunocytochemistry

For immunocytochemistry using cultured BECs, formalin-
fixed, paraffin-embedded sections of cell blocks were pre-
pared according to the protocol reported by Mayall et al.
[24]. The deparaffinized and rehydrated sections were
heated in 10 mM citrate buffer for 20 min in a microwave
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oven. Following the blocking of endogenous peroxidase,
these sections were incubated at 4°C overnight with anti-
body against the C-terminus of IL-32 [rabbit polyclonal
immunoglobulin (Ig)G, 1ug/ml; Lifespan, Seattle, WA,
USA], TLR-3 (rabbit polyclonal IgG, 1 pug/ml; Santa Cruz,
Santa Cruz, CA, USA) and caspase 1 (rabbit monoclonal
IgG, diluted 1:1000; Abcam, Tokyo, Japan) and then at room
temperature for 1 h with anti-rabbit immunoglobulins con-
jugated to a peroxidase-labelled dextran polymer (Simple
Staining Kit; Nichirei, Tokyo, Japan). After a benzidine reac-
tion, sections were counterstained lightly with haematoxy-
lin. As a negative control, normal rabbit IgG was used as the
primary antibody; no staining was obtained.

For semiquantitative evaluation of the immunohisto-
chemistry, intrahepatic bile ducts and extrahepatic common
bile ducts were chosen in each section for assessment and
IL-32 immunoreactivity in these bile ducts was graded
semiquantitatively as follows: score 0, absence of expression;
score 1, low constitutive expression; score 2, intermediate
expression; and score 3, high expression.

In addition, simultaneous detection of IL-32 and cytok-
eratin (CK)19 was performed using double immunohisto-
chemical staining. After IL-32 immunostaining, CK19
antibody (mouse monoclonal IgGlkappa, 0-45 pug/ml; Dako
Japan, Tokyo, Japan) was applied overnight at 4°C, followed
by immunoglobulins conjugated with alkaline phosphatase
labelled-dextran polymer (Nichirei). Colour development
of IL-32 and CKI19 was achieved with diaminobenzidine
(brown) and Vector blue (Vector Laboratories, Burlingame,
CA, USA), respectively.

Cultured human BECs and stimulation with PAMPs
and proinflammatory cytokines

A cultured cell line of human intrahepatic BECs was estab-
lished from the explant liver of a 24-year-old male with BA
who had already received the Kasai procedure during the
newborn period, and cultured as reported previously [25].
The cultured BECs were incubated with a culture medium
composed of Dulbecco’s modified Eagle’s medium
(DMEM)/E-12 (Invitrogen, Tokyo, Japan), 5% newborn calf
serum (Invitrogen), 0-18 mM adenine (Sigma, St Louis,
MO, USA), hydrocortisone (0-4 ng/ml), cholera toxin
(10 ng/ml), tri-iodo-thyronine (1-3 pug/l), ITS+ (Becton
Dickinson, Franklin Lakes, NJ, USA), 25 mM sodium bicar-
bonate (Sigma), 1% antibiotics anti-mycotic, human epi-
dermal growth factor (20 ng/ml) (Invitrogen) and human
hepatocyte growth factor (10 ng/ml) (Invitrogen). The cells
were grown as monolayers in a humidified incubator with
5% CO, at 37°C. More than 95% of the cells were con-
firmed to be biliary epithelial cells by the expression of a
biliary-type cytokeratin (CK19). The cultured BECs were
used between passages 4 and 9. Informed consent for
human research was obtained from the patient prior to
surgery. This study was approved by the Kanazawa Univer-
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sity Ethics Committee. Moreover, as control cultured cells, a
commercially available cell line derived from human hepa-
tocellular carcinoma, HepG2, was obtained from the Health
Science Research Resources Bank (Osaka, Japan).

These cultured cells were stimulated with a TLR-3 ligand,
polyinosinic—polycytidylic acid [poly(I:C), a synthetic ana-
logue of viral dsRNA, 25 pg/ml; Invivogen, San Diego, CA,
USA] and recombinant cytokines [IL-1B, IFN-y, TNF-o,
transforming growth factor (TGF)-Bl and IL-10, 1000 U/
ml; PeproTech, London and IL-32, 1000 U/ml; R&D
Systems, Minneapolis, MN, USA] for 3 h (molecular analy-
sis) and 48 h (protein analysis by immunocytochemistry
and Western blotting analysis).

Isolation of RNA, reverse transcription—polymerase
chain reaction (RT-PCR) and real-time PCR

For evaluation of mRNA of IL-32, caspase 1, TLR-3, IL-1P
and IL-6 in cultured BECs, isolation of RNA from BECs
and reverse transcription were performed using the RNeasy
Total RNA System (Qiagen, Hilden, Germany) and Rever-
Tra Ace (Toyobo, Osaka, Japan). First, to examine the pres-
ence of target molecules and the validity of the newly
designed primers, conventional PCR was performed. Spe-
cific primers for IL-32, caspase 1, TLR-3 and glyceraldehyde
3 phosphate dehydrogenase (GAPDH, positive control)
were designed: IL-32 forward: 5-AGCTGGAGGACGAC
TTCAAA-3", reverse: 5-TTGAGGATTGGGGTTCAGAG-3’
[predicted size, 258 base pairs (bp)]; TLR-3 forward:
5"-CCATTCCAGCCTCTTCGTAA-3', reverse: 5-GGATGT
TGGTATGGGTCTCG-3’ (predicted size, 505 bp); caspase 1
forward: 5-CCACAATGGGCTCTGTTTTT-3', reverse:
5’-CATCTGGCTGCTCAAATGAA-3" (predicted size, 117);
IL-1B  forward: 5-CCAGGGACAGGATATGGAGCA-3’,
reverse:  5-TTCAACACGCAGGACAGGTACAG-3" (pre-
dicted size, 129 bp); IL-6 forward: 5-AGTGAGGAACAA
GCCAGAGC-3, reverse: 5'-AAGCTGCGCAGAATGAGAT-
3’ (predicted size, 189 bp); and GAPDH forward: 5-GG
CCTCCAAGGAGTAAGACC-3', reverse: 5-AGGGGTCTA
CATGGCAACTG-3" (predicted size, 147 bp). The reaction
profile consisted of initial denaturation at 94°C for 3 min
followed by 25-40 cycles with 30 s of denaturation at 94°C,
30 s of annealing of primers at 55°C and a 60-s extension at
72°C. Next, to carry out relative quantification, real-time
quantitative PCR was performed according to a standard
protocol using the Brilliant II SYBR Green QPCR Reagents
and Mx300P QPCR system (Stratagene Japan, Tokyo,
Japan). Relative gene expression was calculated using the
comparative cycle threshold method and adjusted based on
expression of the housekeeping gene (GAPDH). Results
were obtained from three independent experiments and
shown as relative mRNA expression compared with the
level without any treatments. Negative controls were
obtained by replacing the reverse transcriptase or cDNA
samples with RNase and DNase free water.

Western blotting

Cell lysates of poly(I:C)-stimulated or unstimulated cul-
tured cell lines (10 pg protein/lane) and the culture
medium were subjected to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). Recom-
binant IL-32 protein (0-1 pug; R&D) was used as a positive
control. Separated proteins were transferred onto a nitrocel-
lulose membrane; the membrane was blocked in 5% bovine
serum albumin, then probed for 1h with a primary anti-
body against human IL-32 (0-1 ug/ml). After washing, the
membrane was incubated for 1 h with the Simple Staining
Kit, and visualized with the benzidine reaction. The band
density was evaluated quantitatively using NIH images.

Statistical analysis

Data were analysed using the paired #-test or Welch’s t-test;
P < 0:05 was considered statistically significant.

Results

Expression of IL-32, caspase 1 and TLR-3 in
extrahepatic bile ducts of BA

Immunohistochemistry revealed the expression of IL-32 in
BECs, infiltrating inflammatory cells and endothelial cells at
various intensities. In particular, damaged common bile
ducts showing cholangitis in BA expressed IL-32 strongly,
accompanying many IL-32-positive inflammatory cells and
vessels (Fig. 1a—c). As shown in Fig. 1f, double immunohis-
tochemistry highlighted that CK19-postive bile ducts clearly
expressed IL-32. However, non-damaged biliary epithelium
found at the margin of resected common bile ducts did not
express IL-32 (Fig. 1g,h). In wedge liver biopsies, hepato-
cytes were also positive for IL-32 in addition to small bile
ducts (interlobular bile ducts), but the intensity was lower
than that in damaged common bile ducts (Fig. 1i,j). Moreo-
ver, congestive bile in intrahepatic bile ducts was also
strongly positive for IL-32 (Fig. 1j). In contrast, BECs in
common bile ducts and intrahepatic bile ducts of age-
matched controls expressed only weakly or lacked IL-32
(Fig. 2a,d). The semiquantitative analysis for immunoreac-
tion confirmed that the expression of IL-32 in damaged
common bile ducts of BA was up-regulated significantly,
compared with those in non-damaged/normal bile ducts of
BA and age-matched controls (Fig. 3). Caspase 1 and TLR-3
were expressed constantly in BECs of extrahepatic bile ducts
in both the BA and control patients (Fig. 2b,c).

Induction of IL-32 expression by PAMPs and cytokines
in cultured BECs

To examine the presence of target molecules and the valid-
ity of the newly designed primers, RT-PCR at 40 cycles was
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Fig. 1. Histology and immunohistochemistry for interleukin (IL)-32,
Toll-like receptor (TLR)-3 and caspase 1 in biliary atresia (BA). (a,b)
Transverse sections of biliary remnants. Damaged extrahepatic bile
ducts line inconsistently by desquamated columnar epithelium and
surrounding fibroplasia with an inflammatory cell infiltrate; (b) a
higher magnification of (a). Haematoxylin and eosin (H&E) staining.
Original magnification (a) x100 and (b) x400. Immunohistochemistry
for IL-32 (c), TLR-3 (d) and caspase 1 (e). The strong expression of
IL-32, TLR-3 and caspase 1 was found in biliary epithelial cells (arrows)
of damage bile ducts. Original magnification x400. (f) Double
immunohistochemistry for CK19 and IL-32 highlighted the CK19-
positive bile ducts (blue) clearly expressed IL-32 (brown) (arrows).
Original magnification x400. (g,h) Immunohistochemistry for IL-32.
Undamaged extrahepatic bile duct located at the resected margin in
BA. IL-32-positive neovascular structures (arrowhead) were found,
but undamaged biliary epithelium lacked IL-32 expression (arrows);
(h) is higher magnification of (g). Original magnification (g) X200
and (h) x400. (i,j) Immunohistochemistry for IL-32 using wedge liver
specimens of BA. Interlobular bile ducts (arrows in i) and hepatocytes
(HC in i) expressed IL-32. Moreover, condensed bile in dilated bile
ducts was also strongly positive for IL-32 (arrows in j); (j) is a higher
magnification of (i). Original magnification (e) X200 and (f) x400.

IL-32 in biliary atresia

Fig. 2. Immunohistochemistry for interleukin (IL)-32 (a,d), Toll-like
receptor (TLR)-3 (b) and caspase 1 (c) in age-matched controls. (a—c)
Biliary epithelial cells in common bile ducts of non-hepatobiliary
diseases (congenital heart anomalies) expressed TLR-3 (b) and caspase
1 (c), but lacking or faintly expressed IL-32 (a) was faint or negative.
Original magnification x200. (d) Interlobular bile duct in neonatal
hepatitis was negative for IL-32 (arrow). Original magnification x400.

performed and an amplification of all molecules could be
detected as a single band from cultured BECs at the
expected size. Moreover, the BECs constantly expressed
the mRNA of TLR-3 and caspase 1, which is necessary
for the recognition of poly(I:C) and the production of
functional IL-32 protein, respectively. The real-time PCR
analysis revealed that TLR-3 ligand, poly(I:C) and proin-
flammatory cytokines (IL-1f, IFN-y and TNF-a), but not
regulatory cytokines (TGF-B1 and IL-10), enhanced the
mRNA expression of IL-32, the increases being statistically
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Fig. 3. Semiquantitative analysis of immunohistochemistry for
interleukin (IL)-32. The expression of IL-32 in damaged common bile
ducts (CBD) of biliary atresia (BA) was up-regulated significantly
compared with those of non-damaged CBD and interlobular bile
ducts (ILBD) in BA, and of CBD and ILBD in age-matched controls.
*P<0-05.
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Fig. 4. (a) Induction of interleukin (IL)-32 expression by Toll-like
receptor (TLR)-3 ligand (poly I:C) and cytokines in cultured biliary
epithelial cells (BECs). Quantitative analysis using real-time
polymerase chain reaction (PCR) revealed that a TLR-3 ligand,
poly(I:C) and proinflammatory cytokines [interleukin (IL)-1j,
interferon (IFN)-y and tumour necrosis factor (TNF)-a], but not
regulatory cytokines [transforming growth factor (TGF)-B1 and
IL-10], up-regulated significantly the mRNA expression of IL-32. (b)
Detection of BEC-producing cytokines (IL-1f3, IL-6 and IL-32), TLR-3
and caspase 1 in cultured BECs. The stimulation with IL-32 did not
up-regulate the expression of any cytokines, TLR-3 or caspase 1
significantly. (c) Detection of IL-32 in a control cell line, HepG2.
Induction of IL-32 expression was not found by stimulation with
poly(I:C) or IL-32. Results were obtained from three independent
experiments and shown as relative mRNA expression compared with
the level without any treatments (Non). Bars indicate the

mean * standard error of the mean. *P < 0-05.

significant (Fig. 4a). In contrast, stimulation with IL-32"did
not up-regulate significantly the expression of BEC-
producing cytokines (IL-1[B, IL-6 and IL-32), TLR-3 and
caspase 1 in cultured BECs (Fig. 4b). Although the control
cell line, HepG2, also expressed IL-32 mRNA, up-regulation
of IL-32 was not significant by stimulation with poly(I:C)
or 1L-32 (Fig. 4¢).

Detection of intracytoplasmic and secreted
IL-32protein

To investigate secretion of the IL-32 protein, Western blot-
ting was performed using the cell lysate and culture
medium of BECs. IL-32 was detected in the medium as well
as lysate from the poly(I:C)-stimulated BECs (Fig. 5a).
Semiquantitative analysis using NIH image analysis
revealed that the band density was up-regulated in cell
lysate and culture medium by stimulation with poly(I:C)
(Fig. 5a). Moreover, immunocytochemistry also demon-
strated that IL-32 protein was expressed strongly in
poly(L:C)-stimulated BECs, compared with non-stimulated
BECs (Fig. 5b).

(a) Cell lysate
Marker Non PolylC rlL32
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Non  PolylC
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Fig. 5. Detection of intracytoplasmic and secreted interleukin (IL)-32
protein in cultured biliary epithelial cells (BECs). (a) Western
blotting revealed that the culture medium as well as cell lysate of
poly(L:C)-treated cultured cells contained IL-32 protein, but the level
was faint in untreated cells (Non). As a positive control, recombinant
IL-32 (rIL-32, 0-1 ug) was used. Semiquantitative analysis using NIH
image analysis confirmed that the density of bands was up-regulated
in cell lysate and culture medium by stimulation with poly(I:C). (b)
Immunocytochemistry also demonstrated that IL-32 was expressed
strongly in the poly(I:C)-stimulated BECs compared with
unstimulated BECs (Non). Original magnification x400.
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Discussion

BA is characterized initially by periductal inflammation and
fibrosis and the obstruction of common bile ducts, known
as fibrosclerosing cholangitis. Recruitment of inflammatory
cells results in the release of other proinflammatory
cytokines and chemokines, sustaining the cholangitis asso-
ciated with the biliary innate immune response and pro-
moting chronic cholangitis associated with the subsequent
acquired immune response in a later phase [26]. IL-32 is a
recently described cytokine that is a strong inducer of
proinflammatory cytokines whose expression is increased
markedly in several inflammatory disorders, including
rheumatoid arthritis (RA) and inflammatory bowel disease
(IBD), and correlated with the severity of these diseases
[14,19]. In the present study, human BECs were demon-
strated to be the local source of IL-32. Immunohistochemi-
cal analysis showed a cytoplasmic distribution of IL-32 in
BECs of the damaged common bile ducts in BA cases,
although BECs of common bile ducts in age-matched con-
trols were negative or only weakly positive for IL-32, sug-
gesting that IL-32 is associated closely with the histogenesis
of periductal inflammation in BA. However, IL-32 produc-
tion in BECs is not specific to BA alone. In fact, we con-
firmed the expression of IL-32 in bile ducts of adult biliary
diseases such as primary biliary cirrhosis, but its intensity
was lower than those in the damaged common bile ducts of
BA. Therefore, we speculated that the induction of IL-32 by
unique factors such as viral infections in BA was stronger
than those in other biliary diseases. Inflammasomes are
multi-protein cytoplasmic complexes that mediate the acti-
vation of inflammatory caspase-1. For example, caspase-1
cleaves pro-IL-1§ to the active form of IL-1P. In this
manner, caspase-1 controls the maturation of some of the
proinflammatory cytokines, and IL-32 also depends upon
caspase 1 activation [17,20]. Therefore, the presence of
caspase 1 is necessary for the functional expression of IL-32
in BECs. In the present study, BECs constantly expressed
caspase 1 in vitro and in vivo, suggesting the expression of
functional IL-32 in BECs.

Recent studies have focused upon the role of innate
immunity associated with Reoviridae (reovirus and rotavi-
rus) in the pathogenesis of BA. Having a dsRNA genome,
Reoviridae in particular are characterized by epithelial
tropism [1,3,4,9,10,27,28]. The initial sensing of innate
immunity is mediated by the recognition of PAMPs
through TLRs. IL-32 also appears to play an important role
in the host defence against invading micro-organisms
[23,29,30]; that is, IL-32 is described as a proinflammatory
cytokine that enhances host immunity against various
microbial pathogens. The present study revealed that stimu-
lation with poly(I:C), a mimic of Reoviridae, enhanced
IL-32 expression in cultured BECs, suggesting that the
biliary innate immune response directly induces the pro-
duction of IL-32 in BECs. A control cell line used in this
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study, HepG2, also expressed IL-32 mRNA, but the
up-regulation of IL-32 was not significant by stimulation
with poly(I:C). It has already been reported that IL-32
expression is induced in peripheral blood mononuclear
cells and monocytes by Mycobacterium tuberculosis [31] but,
to our knowledge, this is the first description concerning the
production of IL-32 in epithelial cells such as BECs via an
innate immune response.

IL-1PB, IFN~y and TNF-o. were reported to be inducers of
IL-32 expression [16,19]. However, the regulatory mecha-
nism of these proinflammatory cytokines remains unclear.
In this study, we found that all these proinflammatory
cytokines are potent stimulators of IL-32 expression in cul-
tured BECs. In contrast, the aforementioned results suggest
that the secretion of IL-32 could stimulate periductal
inflammatory and/or immune cells to secrete proinflamma-
tory cytokines and contributes to the deterioration of peri-
ductal inflammation. Because these inflammatory cytokines
and an innate immunity play important roles in the
immune-mediated histogenesis of BA, the inflammatory
responses and innate immune response in the affected bile
ducts of BA patients may be amplified by constant IL-32-
induced secretion of proinflammatory cytokines from BECs
and periductal inflammatory cells, suggesting that IL-32
plays a central role in the inflammatory responses involved
in BA pathogenesis. However, IL-32 itself could not
up-regulate the expression of inflammatory cytokines (IL-
1B, IL-6 and IL-32), TLR-3 and caspase 1 in cultured BECs,
suggesting that IL-32 produced by BECs was unlikely to be
involved in direct reciprocal signalling resulting in
up-regulation of inflammatory cytokines and of suscepti-
bility to virus in BECs.

In this study, we demonstrate that stimulation with
poly(I:C) induced the transcription of IL-32 mRNA in
BECs and also confirmed the presence of the protein in the
culture medium as well as cell lysate. Moreover, immuno-
histochemistry also revealed that a condensed bile in intra-
hepatic small bile ducts was positive for IL-32. These
findings suggest the secretion of IL-32 from IL-32-
expressing BECs. Therefore, IL-32 is speculated to be
secreted extracellularly in periductal tissue fluids and into
bile in BA. As mentioned above, the secreted IL-32 induces
the production of proinflammatory cytokines in inflamma-
tory and/or immune cells, resulting in marked amplification
of the inflammatory cytokine milieu, and these responses
may contribute to the aggravation of BA. Moreover, it was
suggested recently that IL-32 acts as a cytoplasmic protein:
IL-32 was expressed at high levels in human epidermal
keratinocytes after stimulation with IFN-y and TNF-o., but
was not secreted by keratinocytes [21]. Moreover, it was also
shown that the up-regulation of cytoplasmic IL-32 expres-
sion induces apoptosis [21,32]. In IBD, the apoptosis of
damaged colonic cells by accumulated intracellular IL-32
can be considered a host defence mechanism against invad-
ing microorganisms, by which damaged epithelial cells are
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eliminated efficiently along with invading microorganisms
and further invasions of microorganisms can be blocked
[19,33]. In BA, our previous study found that biliary apop-
tosis was enhanced in the damaged common bile ducts and
associated closely with bile duct loss in BA, which was
caused by the production of an apoptosis-inducer, TRAIL,
in BECs via the biliary innate immune response to a TLR-3
ligand, poly(I:C) [10]. However, this TRAIL-mediated
biliary apoptosis is only partially involved in the poly(I:C)-
induced mechanism, and other possible mechanisms could
also exist [10]. Therefore, the IL-32-mediated mechanism is
also likely in poly(I:C)-induced biliary apoptosis, and might
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