the Gl phase of the cell cycle [20]. The expression of
senescence-related markers is increased in BECs during early
chronic rejection in chronic liver allograft and PBC. Cellular
senescence of BECs is involved in impaired regeneration and
eventual and progressive bile duct loss in PBC and duc-
topenic chronic rejection [21, 22]. A relatively insufficient
proliferative response of BECs due to cellular senescence (see
below) is also responsible for the progressive loss of bile ducts
due to apoptosis.

Senescence-Associated Secretory Phenotypes. Accumulating
evidence suggests that senescent cells remain metabolically
active and play an important role in modulating the
‘microenvironment around them by secreting cytokines,
chemokines, growth factors, and profibrogenic factors [19].
For example, senescent BECs of PBC expressing CCL2 and
CX3CL1 may be involved in the recruitment of monocytes
and possibly T lymphocytes into portal tracts, around
injured and senescent BECs, and thereby responsible for the
development of immune-mediated cholangitis such as PBC
[19,23].

3.1.3. Biliary Epithelial Cell Renewal. The homeostasis of
physiological and pathological biliary epithelia operates
through a balance between cell loss and cell renewal. Cell
loss in the biliary epithelium is mainly due to apoptosis
or senescence and mostly regulated by the bcl-2 family of
proteins or senescence-associated factors such as pI6 and
p21. The biliary epithelial cells of bile ductules or small bile
ducts may be replenished by bile ductular cells or hepatic
progenitor cells in the canal of Hering, though such processes
may be unlikely in the intrahepatic large bile ducts. As
mentioned, the peribiliary glands themselves or progenitor
cells located in these glands may be involved in renewal of
the biliary epithelium of intrahepatic large bile ducts and
extrahepatic bile ducts and also proliferation of the epithelia
lining these bile ducts {7, 8].

3.1.4. Biliary Epithelial Hyperplasia. Inhibition of the apop-
totic or senescent process in the biliary epithelia may cause
hyperplasia with an increased risk of neoplastic transforma-
tion. [24]. Hyperplasia of lining epithelia of the septal and
large bile ducts manifests as micropapillary projections or as
a stratification of the epithelium with or without dilatation of
the duct lumen. Peribiliary glands, intramural or extramural,
also show hyperplasia and proliferation and participate in
the secretion of neutral, carboxylated, and sulphated mucins
into the bile duct lumen. When prominent, in particular
with Clonorchis sinensis infections or hepatolithiasis, the term
adenomatous hyperplasia or chronic proliferative cholangitis
has been used. As for the proliferation and hyperplasia of
bile ductules and small interlobular bile ducts, they appear
tourtous and increase in their number in the portal tracts.
Some of these lesions are included in the so-called ductular
reactions [25].

3.1.5. Metaplasia. Several kinds of metaplasia are reported in
the biliary epithelium of the intra- and extrahepatic biliary
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tree, usually in cases of chronic biliary diseases such as
hepatolithiasis, parasitic cholangitis, and primary sclerosing
cholangitis (PSC). Gastrointestinal metaplasia resembling
pyloric glands and goblet cells is not infrequently seen in
chronically inflamed large bile ducts and peribiliary glands.
This change is associated with the aberrant expression of
gastric type mucus core protein (MUC) 5AC and MUC6
and also intestinal type MUC2. Such gastric and intestinal
mucin is involved in lithogenesis in hepatolithiasis [9]. The
so-called intramural glands with a gastric pyloric gland-like
appearance are increased in long-standing biliary diseases
and may reflect invagination of the biliary epithelium
with gastrointestinal metaplasia. Goblet cells are occasionally
encountered among bile duct-lining cells and also in peri-
biliary glands. Intestinal metaplasia with Paneth cells may
also be encountered in the peribiliary glands. The expression
of other molecules in intrahepatic large bile ducts, such as
REG I and trefoil factors, appears to be related to intestinal
or gastric metaplasia. While pancreatic acinar metaplasia is
also reported infrequently in PSC, its differentiation from
heterotopic pancreatic acini is controversial. Hepatocytic
metaplasia occurs in interlobular bile ducts and bile ductules
in various pathological situations but remains of unknown
significance. Squamous metaplasia is rarely encountered in
long-standing inflammation of large bile ducts such as PSC
or in the lining of biliary cysts.

3.1.6. Biliary Intraepithelial Neoplasm (BilIN). Chronic bil-
iary diseases such as hepatolithiasis and PSC are occasionally
complicated by cholangiocarcinoma. In such cases, dysplas-
tic or early neoplastic lesions are known to precede the
invasive cholangiocarcinoma. Such biliary epithelial lesions
are known as dysplasia or atypical hyperplasia of the
biliary epithelium and characterized by atypical, enlarged,
and hyperchromatic nuclei, an increased nucleocytoplasmic
ratio, and a loss of polarity [5, 26]. Usually either micropap-
illary or flat lesions affect a portion or the circumference of
the bile duct. These lesions were proposed to be called biliary
intraepithelial neoplasm (BilIN), and this terminology was
recently adopted by WHO [26]. They are divided into three
grades according to cellular and structural atypia; BilIN-1,
BilIN -2, and BilIN -3. In Billn-1, cellular/nuclear atypia are
mild or moderate but not enough for overt malignancy, and
cellular polarity is minimally disturbed and corresponding
to low-grade dysplasia. In BilIN-2, cellular/nuclear atypia
are evident but not marked enough for overt malignancy,
and the disturbance of cellular polarity is mild or focal,
corresponding to high-grade dysplasia. BIIN-3 shows cellu-
lar/nuclear atypia corresponding to overt malignancy, and
cellular polarity is diffusely disturbed, corresponding to a
so-called carcinoma in situ of the biliary tract [26]. BilIN-1,
BilIN -2, and BilIN -3 are seen in both large intrahepatic and
extrahepatic bile ducts; peribiliary glands, and gallbladder
and considered to reflect a multistep neoplastic transforma- .
tion of the biliary epithelium.
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3.2. Basic Pathology of Bile Duct Damage. In the biliary
tree, there are several types of bile duct damage such as
cholangiopathies and cholangitis. Representative pathologi-
cal features of the biliary tree are as follows.

3.2.1. Cholangitis and Its Classification. Cholangitis is char-
acterized by biliary epithelial damage with inflammatory cell
infiltration. Some cholangitis is also associated with ductal
and periductal fibrosis. It occurs along the biliary tree, and
the term cholangitis is used for inflammatory damage to bile
ductules.

Cholangitis can be histologically classified into suppu-
rative and nonsuppurative forms. Suppurative cholangitis
implies the presence of numerous polymorphonuclear cells
around and within the wall as well as within the lumen of the
ducts. This may involve ducts of any size and is occasionally
associated with abscess formation—cholangitic abscess. A
microbial infection is often responsible, but the change also
occurs in the presence of sterile bile, particularly after bile
extravasation. The release of chemokines or cytokines is the
likely cause in some cases.

“Nonsuppurative cholangitis” includes a spectrum of bile
duct inflammation which may be granulomatous cholangitis,
lymphoid cholangitis, fibrous cholangitis, and pleomorphic
cholangitis according to the predominant type of inflamma-
tory reaction present [27]. Granulomatous cholangitis almost
always seems to be destructive. This type involving the
interlobular bile ducts constitutes the hallmark of PBC and
is also found in drug-induced liver disease and sarcoidosis.
The other types can be either destructive or nondestructive.
Lymphoid cholangitis refers to a close association between
duct branches, usually interlobular bile ducts, and lympho-
cytic aggregates, which may show a follicular arrangement.
This is found in PBC and PSC with concomitant bile
duct destruction or in nonbiliary disorders, in particular
autoimmune and viral hepatitis C. Pleomorphic cholangitis is
associated with inflammatory cell infiltration. All other types
of cholangitis are found in CAH, PBC, PSC, and other liver
diseases. Fibrous cholangitis (also called sclerosing cholangitis)
with evident ductal fibrosis develops as a consequence
of long-standing bile duct inflammatory, obstruction, or
ischemic injury; it can be obliterative or nonobliterative.
BECs show variable damage. The former is characteristic of
PSC, though, in our experience, it may be seen in acquired
forms of sclerosing cholangitis too. BECs of obliterative type
are actually lost in fibrous lesions, appearing as a fibrous core.
Sclerosing cholangitis with bile duct obliteration suggests a
diagnosis of PSC in adults.

3.2.2. Bile Duct Sclerosis. In long-standing sclerosing cholan-
gitis and also in other biliary diseases such as.ischemic
cholangitis, the bile duct wall shows a marked deposition of
collagen fiber (bile duct sclerosis). The affected bile ducts in
sclerosing cholangitis show a marked increase in the number
of c-kit receptor-expressing mast cells which secrete fibro-
genic factors such as histamine, basic fibroblast growth factor
(bEGE), and/or tumour necrosis factor-alpha (TNF-«). The
biliary epithelium itself produces and secretes fibrogenic

substances such as bFGE, transforming growth factor-beta
(TGF-p3), and platelet-derived growth factor (PDGF), as well
as basement membrane proteins and extracellular matrix
proteins. In biliary atresia, BECs of the atfected bile ducts
variably express mesenchymal markers such as vimentin
and might have acquired phenotypes of mesenchymal cells,
though distinct morphological epithelial mesenchymal tran-
sition (EMT) of biliary epithelium is hardly recognizable [28,
29]. In all forms of bile duct sclerosis, a marked attenuation
of the peribiliary vascular plexus is seen within the sclerotic
duct wall, but it remains unknown whether these changes are
secondary to, or responsible for, the bile duct fibrosis.

3.2.3. Bile Duct Loss or Ductopenia. The balance of cell
death or dropout due to apoptosis or necrosis and the
regeneration of lining biliary -epithelia is important for
the maintenance of bile ducts, and apoptotic activity that
exceeds the proliferative response of bile duct cells results in
progressive ductopenia. Ductopenia is defined as a loss of bile
ducts from the portal tract in which hepatic arterial branches
and bile ducts of similar size run parallel. Thus, portal
tracts without evident bile ducts indicate a loss of bile ducts.
Immunostaining of biliary cytokeratins such as CK7 and
CK19 is helpful for the recognition of bile ducts. Ductopenia
is usually defined as the absence of interlobular bile ducts in
at least 50% of portal tracts. Extensive ductopenia is usually
associated with chronic cholestasis and biliary fibrosis.
Ductopenia is typically found during chronic liver allograft
rejection with chronic cholestasis and also the advanced
stages of PBC.

3.2.4. Mucobilia and Hemobilia. Mucin is impacted in the
duct lumen and this is occasionally marked, leading to
leakage and extravasation with the formation of mucus lakes.
Drainage of mucin from Papilla of Vater is also a clinical
manifestation of mucobilia, as seen in intraductal papillary
mucinous neoplasms of the pancreas. Mucobilia is usually
found in the neoplastic bile ducts and nonneoplastic bile
ducts of “intraductal papillary neoplasms of the bile duct”
(formerly known as “biliary papillomatosis”) or mucin-
producing bile duct tumors {26, 30]. When such changes are
encountered in nonneoplastic biliary diseases such as PSC
and hepatolithiasis, usually microscopic neoplastic biliary
lesions are found in the affected bile ducts.

In cases of hemobilia, impacted erythrocytes are encoun-
tered in bile duct lumens. Recent endoscopic or surgical
biliary manipulations in association with a primary or
secondary malignancy may be underlining diseases for
hemobilia.

3.2.5. Ductular Reaction. To date, many pathological terms
such as oval cell proliferation, intermediate cells, and atypical
bile ductular proliferation have been used to describe the
“increased ductule-like cells or clusters of small epithelial
cells different from mature hepatocytes” in the portal tract
or the periportal area. This is a reaction of the ductular
phenotype, possibly but not necessarily of ductular ori-
gin, commonly seen in many kinds of acute and chronic
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TasLE 1: Etiologic classification of cholangiopathy.

(1) Immune-mediated cholangiopathy

(2) Infectious cholangiopathy

(3) Genetic cholangiopathy

(4) Ischemic cholangiopathy

(5) Drug- or toxin-induced cholangiopathy

hepatobiliary diseases. Recently, an international working
group proposed the term “ductular reaction” for this lesion
[25]. “Ductular reaction” implies a reaction of ductular
phenotype, possibly but not necessarily of ductular origin.
The epithelial component of a ductular reaction may actually
derive from several sources: not only from the proximal
branches of the biliary tree but also from the circulation
(often if not always from bone marrow) and from biliary
metaplasia of hepatocytes. “Reaction” encompasses the com-
plex of stroma, inflammatory cells, and other structures of
diverse systems, all of which participate in the reactive lesion.
Bile ductular reaction is usually characterized by increased
numbers in the periportal and portal areas and a common
and frequent process in a number of hepatobiliary diseases.

A ductular reaction itself is heterogeneous in its devel-
opment and has many meanings. There are several reports
that bile ductules are very reactive anatomical elements in
the liver, and proliferated bile ductules are involved in the
progression of various chronic liver diseases. Our recent
studies showed that bile ductular cells in PBC, PSC, and
also NAFLD may undergo cellular senescence, and these
cells could produce and secrete biologically active molecules
and thereby be involved in hepatic fibrogenesis and other
pathologic features of the liver.

3.2.6. Ductal Plate Malformation. Ductal plate malforma-
tions (DPMs), which are different from reactive changes of
bile ducts or ductules, develop as a result of a remodeling
failure of the ductal plate followed by the development of
intrahepatic bile ducts. DPMs are characterized by increased
numbers of abnormal bile duct-like structures and show
a bridge-like structure in the dilated lumen and bulbar
protrusion of biliary epithelia [31]. DPMs are observed
in congenital hepatic fibrosis and . Caroli’s disease, biliary
atresia, and other fibropolycystic liver diseases.

4. Cholangiopathies

Diseases that mainly target the biliary tree (cholangiopathies)
can be divided into several categories according to the patho-
genetic mechanism involved (Table 1). However, in many

‘cholangiopathies, more than one pathogenetic mechanism is

operative.

4.1. Immune-Mediated Cholangiopathies. The biliary tree
could be affected by immunological assaults, and lym-
phoplasmacytic infiltration is evident around the damaged
bile ducts. Primary biliary cirrhosis (PBC) and primary
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sclerosing cholangitis (PSC) are representative immune-
mediated cholangiopathies [32]. Autoimmune pathogenesis
is operative in PBC and PSC. There is a mixture of
immunocompetent cells in the affected bile ducts, and
CD3+, CD4+, and CD8+ T cells that bear the T-cell receptor
a/p are predominant in PBC, supporting that Thl immune
response-predominant cytotoxicity and/or cytokine release
are involved in the pathogenesis of the bile duct lesions
of PBC. HLA-class II antigens are aberrantly expressed in
the affected bile ducts of PBC, PSC, and chronic allograft
rejection [33]. Biliary innate immunity is also involved in
the pathogenesis of cholangiopathies in patients with PBC
and biliary atresia (BA) [9]. BECs possess an innate immune
system consisting of the Toll-like receptor (TLR) family and
recognize pathogen-associated molecular patterns (PAMPs).
In PBC, CD4-positive Th17 cells characterized by the secre-
tion of IL-17 are implicated in the chronic inflammation of
bile ducts, and the presence of Th17 cells around bile ducts is
causally associated with the biliary innate immune responses
to PAMPs. In BA characterized by a progressive, inflam-
matory, and sclerosing cholangiopathy, dsRNA viruses are
speculated to be an etiological agent and to directly induce
enhanced biliary apoptosis via the expression of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL).
Moreover, the epithelial-mesenchymal transition (EMT) of
biliary epithelial cells is also evoked by the biliary innate
immune response to dsRNA. In addition, intrahepatic small
bile ducts and bile ductules are a main target in graft-versus-
host disease and also hepatic allograft rejection. Recent
studies showed that IgG4-related sclerosing cholangitis is
also associated with altered immunity. Upregulation of
regulatory T cells (Tregs) associated with Th2 predominance
is reportedly important in the pathogenesis of IgG4-related
sclerosing cholangitis {3]. The anatomical level of the biliary
tree affected is different among these immune-mediated
cholangiopathies. Interestingly, the peribiliary glands are also
involved in PSC, graft-versus-host disease, and IgG4-related
sclerosing cholangitis.

4.2. Infectious Cholangiopathies. The biliary tree is affected
by several types of infectious diseases, such as bacterial,
fungal, protozoan, parasitic, and viral cholangitis. Stagnation
of bile due to biliary stenosis or obliteration is followed
by bacterial cholangitis, frequently with sepsis or abscess
formation. Parasitic infections are also reported in the
biliary tract including the liver, and liver flukes such as
Clonorchis sinensis and Opisthorchis viverrini are endemic in
East Asia, particularly northern Thailand and some parts of
Korea, and cholangiocarcinoma is a serious complication of
parasitic cholangitis [26]. Hepatolithiasis is predominantly
a disease of the Far East and is causally also related to
infectious cholangitis, especially bacterial cholangitis [27,
34]. Mucin plays an important role in the development
of hepatoliths, which are formed within the intrahepatic
large bile ducts. Clinically, patients may present acutely
with recurrent bacterial cholangitis and its possible com-
plications, such as liver abscesses and septicemic shock, or
with chronic complications, such as cholangiocarcinomas
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and intraductal papillary neoplasms [35]. Pathologically, it
is characterized by pigmented calcium bilirubinate stones
within dilated intrahepatic bile ducts featuring chronic
inflammation, mural fibrosis, and proliferation of peribiliary
glands, without extrahepatic biliary obstruction. A transient
viral infection such as type A rhesus rotavirus and type 3
reovirus is reported as an initiating mechanism of biliary
atresia (BA), particularly perinatal type.

4.3. Genetic Cholangiopathies. Genetic alterations affecting
the biliary tree manifest as biliary dilatation, bile duct
paucity, obstruction, proliferation, stone formation, and so
on. Caroli’s disease with congenital hepatic fibrosis (CHF)
is a representative genetic cholangiopathy. Some cases of
biliary atresia (BA) also belong to this category. The former
is characterized by multiple saccular. dilatations of the
intrahepatic bile ducts. Caroli’s disease with CHF belongs
to autosomal recessive polycystic kidney disease (ARPKD)
with ductal plate malformation characterized by a disordered
remodeling of the intrahepatic biliary tree [28]. Disordered
cell kinetics, including the apoptosis of biliary epithelial
cells (BECs), may be significantly related to ductal plate
malformation, and laminin and type IV collagen levels were
reduced in the basement membrane of intrahepatic bile
ducts of ARPKD; such a reduction is an additional factor
for the dilatation of bile ducts. Paucity of the intrahepatic
bile ducts is a genetic cholangiopathy [36]. For example,
Alagille syndrome with a mutation in a ligand for the Notch
protein is characterized by paucity of intrahepatic bile ducts
and other anomalies. Cystic fibrosis (CF) due to a mutation
in the cystic fibrosis transmembrane conductance regulator
(CFTR) is associated with focal biliary fibrosis, and the bile
duct and ductules are filled with pink and amorphous secre-
tions. Low phospholipid-associated cholelithiasis (LPAC) is
characterized by a low biliary phospholipid concentration
with symptomatic and recurring cholelithiasis, and LPAC
syndrome is associated with mutations of the adeno-
sine triphosphate-binding cassette, subfamily B, member
4 (ABCB4) gene encoding the hepatobiliary phospholipid
translocator multidrug resistance protein 3 [37]. This causes
recurrent cholelithiasis, continuous irritations of the biliary
tract with cholangitis, chronic cholestasis, and even biliary
cirrhosis. ‘

4.4. Ischemic Cholangiopdthies. Ischemic cholangiopathy is
defined as focal or extensive damage to bile ducts due
to an impaired blood supply [11]. Most causes of bile
duct ischemia are iatrogenic, though some systemic vascular
diseases also cause this type of cholangiopathy. This entity
may be observed in various circumstances and is of clinical
importance for practitioners involved in gastroenterology,
oncology, abdominal surgery, and liver transplantation.
Ischemic bile duct injury may occur when small hepatic
arteries or the peribiliary vascular plexus are injured or when
all possible sources of arterial blood supply are interrupted.
Ischemic biliary injury may take the form of bile duct
necrosis, bile leakage, biloma, bile duct fibrosis, or stenosis.
Bile duct necrosis and bilomas develop predominantly where

there is an abrupt and complete interruption of the arterial
blood supply, for example, when HA thrombose in a
liver transplant recipient. On the contrary, fibrous stenoses
develop where there is progressive injury to the hepatic
arterioles, for example, after several courses of intra-arterial
chemotherapy. Cholangiographic findings include diffuse
and multiple bile ducts lesions. Ischemic cholangiopathy is a
serious complication during liver transplantation [4]. When
biliary drainage or reconstruction is not possible or has
failed, liver transplantation is the only potential cure.

4.5. Drug- or Toxin-Induced Cholangiopathies. Bile ducts,
particularly interlobular bile ducts, are occasionally affected
by drug-induced hepatobiliary damage, various bile duct
injuries, various types of cholangitis, and bile duct loss
(drug-induced cholangiopathy) [38]. This type of cholangitis
is not infrequently associated with cholestasis. Some cases
presenting with progressive ductopenia and cholangitis and
prolonged cholestasis mimic PBC and also PSC. While the
mechanism of drug-induced cholangitis remains speculative,
immune-mediated processes including hypersensitivity may
be operative. Some forms of drug-induced cholangiopa-
thy develop after hepatic arterial infusion of floxuridine
(FUDR) (floxuridine- (FUDR-) induced cholangiopathy).
Ischemic changes to the peribiliary vascular plexus may
be at least partly involved in this type of cholangiopa-
thy. Although BECs have low metabolic activity com-
pared with hepatocytes, cytotoxic or cytopathic bile duct
injury has been produced experimentally or accidentally
by toxic substances such as a-naphthylisothiocyanate, 4,4'-
diaminodiphenylmethane, and paraquat (toxin-induced
cholangiopathy) [18].

In conclusion, the anatomy and physiology of the
biliary tree, basic injuries to biliary epithelial cells, basic
forms of bile duct damage, and etiological classification of
cholangiopathy were reviewed. This tutorial review will be
helpful for better understanding cholangiopathies.
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Biliary innate immunity is involved in the pathogenesis of cholangiopathies in cases of biliary disease. Cholangiocytes possess
Toll-like receptors (TLRs) which recognize pathogen-associated molecular patterns (PAMPs) and play a pivotal role in the innate
immune response. Tolerance to bacterial PAMPs such as lipopolysaccharides is also important to maintain homeostasis in the
biliary tree, but tolerance to double-stranded RNA (dsRNA) is not found. Moreover, in primary biliary cirthosis (PBC) and
biliary atresia, biliary innate immunity is closely associated with the dysregulation of the periductal cytokine milieu and the
induction of biliary apoptosis and epithelial-mesenchymal transition (EMT), forming in disease-specific cholangiopathy. Biliary
innate immunity is associated with the pathogenesis of various cholangiopathies in biliary diseases as well as biliary defense

systems.

1. Introduction

Primary biliary cirrhosis (PBC), primary sclerosing cholan-
gitis (PSC), and hepatolithiasis in adults and biliary atresia
and choledochal cyst in infants are biliary diseases in which
different anatomical levels of the biliary tree are specifically
affected and characterized by cholangiopathy. The biliary
tree, consisting of cholangiocytes, is a system of connecting
ducts that drain the bile secreted by hepatocytes into the
duodenum. Cholangiocytes provide the first line of defense
in the biliary system against luminal microbes originat-
ing from the intestines via portal blood and duodenum
[1]. In general, although human bile is normally sterile, it
can contain bacterial components such as lipopolysaccharide
(LPS), lipoteichoic acid, and bacterial DNA fragments,
known as pathogen-associated molecular patterns (PAMPs)

[2-5], and cultivable bacteria are detectable in bile of

patients with biliary diseases [1, 6-8]. Enteric bacteria, in
particular, may be responsible for the chronic proliferative
cholangitis associated with hepatolithiasis [1, 6]. These
findings indicate that cholangiocytes are exposed to bacterial
PAMPs under physiological as well as pathological condi-
tions.

Innate immunity was initially thought to be limited to
immunocompetent cells such as dendritic cells and macro-
phages, but epithelial cells also possess TLRs and proper in-
nate immune systems reflecting the specific micro-environ-
ment and function of each epithelial cell type. Recent studies
concerning biliary innate immunity indicate that cholangi-
ocytes express a variety of pathogen-recognition receptors
such as Toll-like receptors (TLRs) [9, 10]. Infectious agents
have been implicated in the etiology or progression of
cholangiopathies including cholangitis, bile duct loss, and
lithiasis as a trigger or aggravating factor. Notably, several
enterobacteria and viruses are speculated to be primary or
secondary factors for PBC, PSC, biliary atresia, hepatolithia-
sis, and chronic cholecystitis [2, 3, 11-15] (Table 1). More-
over, no microorganisms showing cholangiocyte-specific
tropism have been identified, suggesting that an innate im-
mune response specific to cholangiocytes rather than PAMPs
is important in the pathogenesis of cho-lan-gi-op-a-thy.
This review summarizes our current understanding of the
biliary innate immune system against microbial infections
including the various mechanisms employed by negative
regulators and their associations with the pathogenesis of
cholangiopathy in biliary diseases.
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Tasre 1: Bacteria and viruses speculated to be etiologic factors in
biliary diseases.
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TasiE 2: Expression of Toll-like receptors in cultured human biliary
epithelial cells (BECs), cholangiocarcinoma, and murine BECs.

Primary biliary cirrhosis
Lipopolysaccharide
Lipoteichoic acid
Helicobacter
B-retrovirus
Propionibacterium acnes
Escherichia coli
Mycobacterium
Novosphingobium
Lactobacillus
Chlamydia

Biliary atresia
Reovirus
Rotavirus

Cytomegalovirus
Adenovirus
Enterovirus
Ebstein-Barr virus

Primary sclerosing cholangitis
Helicobacter
a-hemolytic streptococcus

Hepatolithiasis
Escherichia coli
Klebsiella
Streptococcus
Pseudomonas
Bacteroides
Clostridium
Campylobacter

2. Molecular Mechanisms of Biliary
Innate Immunity

2.1. Expression of PAMP-Recognizing Receptors and Intracel-
lular Adaptor Molecules. The TLR family are the best char-
acterized cell surface receptors recognizing PAMPs, and 10
members (TLR1-10) have been identified in humans [16,
17]. The response to LPS is mediated by interaction with
TLR4 in conjunction with the TLR4 accessory proteins MD-
2 and CD14, triggering the transduction of intracellular
signals followed by the activation of TLR-associated adapter
proteins, myeloid differentiation factor 88 (MyD88), and
IL-1 receptor-associated kinase- (IRAK-)1, leading to the
activation of nuclear factor-xB (NF-xB) and then to the
synthesis of antibiotics and proinflammatory cytokines. In
contrast to bacterial PAMPs, dsRNA including viruses are
recognized by TLR3, IEN-inducible helicase retinoic acid-
induced protein I (RIG-I), and melanoma differentiation-
associated gene-5 (MDA-5). The stimulation of these recep-
tors by dsRNA transduces signals to activate transcription
factor interferon regulatory factor 3 (IRF3) as well as NF-xB.

Human Murine

BECs Cholangiocarcinoma BECs
TLR1 +[19]
TLR2 +[19, 20] +[2] +[2]
TLR3 + {19, 20] + (2] +[2]
TLR4 +[19-21]) +[2] - + (2]
TLR5 +[19, 20] +[2] +[2]
TLR6 +[19, 20]
TLR7 +[19]/—*
TLRS +[19]/-*
TLRY +[19}/ -*
TLR10 +[19]

Blanks: no reports. *Our unpublished data. Parentheses denote reference
numbers.

NODs (i.e., NOD1 and NOD?2) are also involved in the intra-

cellular recognition of microbes through specific interactions

with derivatives of pathogen-specific peptidoglycans {18].
The expression of TLRs in-human and murine cholan-

-giocytes and several human cholangiocarcinoma cell lines

has been confirmed by several groups (Table 2), implicating

. the possible activation of biliary mucosal immunity against
" microbial infections [2, 19-23]. Cultured human and murine

biliary epithelial cells (BECs) possess at least TLR1-TLRS,
related molecules (MD-2, MyD88, and IRAK-1), RIG-],
and MDA-5 [2, 20, 23, 24]. Moreover, SV40-transformed
human cholangiocytes expressed mRNAs for all ten human
TLRs [19]. Immunohistochemistry has confirmed that
intracellular adaptor molecules (MyD88 and IRAK-1) as
well as TLRs (TLR1-TLRS5) are diffusely distributed in the
intrahepatic biliary tree of normal and diseased human livers,
irrespective of anatomical level (Figure 1) [2, 20-22, 24, 25).
As for NODs, cultured human BECs and cholangiocytes in
intrahepatic bile ducts constantly express the mRNA and
protein of NOD2, but cultured BECs do not respond to
the NOD2 ligand (muramyl dipeptide, MDP), indicating a
suspicious functional expression (our unpublished data).

2.2. Recognition of PAMPs. In addition to the expression
of TLRs in cholangiocytes and the biliary epithelium, the
activation of TLRs has also been demonstrated during bacte-
rial, viral, and parasitic infections. Stimulation with PAMPs
including Pam3CSK4 (TLR1/2 ligand), MALP-2 (TLR2/6
ligand), peptidoglycan (TLR2 ligand), and polyinosinic-
polycytidylic acid (poly(I:C), a synthetic analog of viral
dsRNA, TLR3 ligand) induced the activation of NF-xB, a
major transcription factor downstream of TLRs, in cul-
tured human BECs [2, 20, 23]. In addition to bacteria,
Cryptosporidium parvum (C. parvum), a protozoan parasite
causing intestinal and biliary diseases, also activates both
TLR2 and TLR4 in cholangiocytes to initiate epithelial host
responses, accompanying the recruitment of these TLRs and
ganglioside GM1 to membrane rafts [26]. Membrane rafts
have been implicated in TLR activation in several other cell
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(a)

()

Ficure 1: Immunohistochemistry for TLR3 in chronic hepatitis C (a) and TLR4 in primary biliary cirrhosis (PBC). The expression of
TLR3 existing in endosomes is found in interlobular bile ducts (arrow in (a)) and hepatocytes in a cytoplasmic pattern. In contrast, TLR4

expression is highlighted in a membranous pattern (b).

types, including epithelial cells, following microbial infection
[27]. Moreover, viral PAMPs such as double-stranded RNA
(dsRNA) are also recognized by cultured BECs; cultured

human BECs expressed nuclear transcription factors includ-

ing NF-xB and interferon regulatory factor-3 (IRF-3) on
stimulation with poly(I:C), a synthetic analog of viral dSRNA
[23]. These findings indicate that human BECs possess func-
tional PAMP-recognizing receptors and an innate immune
system against viruses as well as bacteria.

In addition to microorganism components, several fam-
ilies of proteins originating from and produced by autocells
are involved in the recognition of pathogens and the products
released from injured or dying cells. In particular, endoge-
nous factors including HMGB1, S100A8/S100A9, and heat

shock proteins are known as damage-associated molecular -

patterns (DAMPs) [28], but a detailed analysis has not been
conducted in cholangiocytes.

2.3. Response to PAMPs. As part of the host’s defenses against
infections, cholangiocytes secrete polymeric immunoglobu-
lin A and produce several antibiotics against bacteria (lacto-
ferrin, lysozyme, and defensins) [29-31]. Defensins, in par-
ticular, are key elements in innate immunity. Basic peptides
activate against a broad spectrum of microbes including
bacteria and fungus, defensins are divided into two types, a-
and f5-defensins. Human beta-defensins (hBDs) consisting of
hBD1-hBD6 are produced by several epithelial cells includ-
ing cholangiocytes and play an important role in the defense
against mucosal infection. hBD1 distributes throughout the
intrahepatic biliary tree and is detected in bile. Moreover,
studies using cultured human BECs and SV40-transformed
human cholangiocytes confirmed the constant production
of hBD1 and also hBD3 [19, 22]. In contrast, hBD2 is not
physiologically expressed in nondiseased livers and de novo
expression is detected in bile ducts showing suppurative
inflammation in patients with biliary diseases such as
hepatolithiasis and biliary infections and also in their bile
[22]. Moreover, the expression of hBD2 via the activation
of NF-xB occurred on stimulation by PAMPs including LPS,
E. coli, and C. parvum in cultured human BECs [19, 22].
This finding suggests that hBD-1 is constantly detectable

in bile samples while it plays a role in the constitutive
antimicrobial defense of the hepatobiliary system and hBD2
plays a role in the localized biliary defense in cases of
biliary infection. In addition to defending against bacteria,
cholangiocytes possess an innate immune system to fight
viral infections, because cholangiocytes have TLR3, RIG-],
and MDA-5 recognizing dsRNA viruses such as Reoviridae
(reovirus and rotavirus). Stimulation with poly(L:C), a
synthetic analog of viral dsRNA, induces the activation of
NF-xB and IRF3 and the production of key components
of antiviral immunity, IFN-f1 and MxA [23]. In normal
human liver tissues, small numbers of Kupffer cells, but no
hepatocytes and cholangiocytes, exhibited MxA expression.
In contrast, strong expression of the MxA protein was
identified in Kupffer cells and cholangiocytes in patients
with chronic liver diseases and fulminant hepatic failure
[19]. These findings suggest that cholangiocytes participate
directly in innate immunity and show a prompt response to
pathogens without any help from immunocompetent cells
such as macrophages.

In addition to antibiotics, cholangiocytes produce sev-
eral inflammatory cytokines and chemokines such as IL-
6, TNF-a, IL-8, fractalkine, monocyte chemotactic protein-1
(MCP-1), and CXCL16 [2, 19, 20, 32-37]. IL-6 has been
demonstrated to increase DNA synthesis in human cholan-
giocytes in vitro, indicating increased proliferative activity
[38]. IL-8 is closely associated with neutrophilic infiltration
and its expression is found in cholangitis lenta which is usu-
ally encountered in septic patients and characterized by
bile ductular proliferation, ductular cholestasis, and duc-
tular epithelial damage [33, 39]. Chemokines produced in
cholangiocytes as part of the biliary innate immune response
could result in the recruitment and activation of T cells,
macrophages, neutrophils, hepatic stellate cells, and NK cells
to protect against biliary infection and also play an important
role in bile duct-specific acquired immunity by forming
periductal cytokine networks and migrating immunocom-
petent cells, thereby contributing to biliary mucosal defense
and subsequent acquired immunity. '

Cholangiocytes may also function as professional anti-
gen-presenting cells (APCs) and contribute to the control of

- 498 -



inflammatory reactions [40]. Cultured murine BECs consti-
tutively expressed low levels 6f MHC Class I and MHC Class
1II molecules, and these levels were significantly enhanced
by IFN-y stimulation and murine cytomegalovirus (CMV)
infection [41]. Moreover, murine BECs infected with murine
CMV showed a progressive cytopathic effect. In contrast,
in cultured human BECs, CMV-infection augmented the
expression of MHC class I but not MHC class II molecules
[42]. These findings suggest that CMV affects the immuno-
genic potential of cholangiocytes.

TLR signals influence from fuctions of tight junctions in
cholangiocytes by activating various intracellular signaling
pathways. LPS ‘disrupted the tight junctions of a rat BEC
monolayer via a TLR4-dependent mechanism and LPS and
C. parvum increased paracellular permeability by activating
c-Src in rat and human BECs [43, 44]. Therefore, biliary
innate immune reactions are involved in the functional
regulation of tight junctions in cholangiocytes.

3. Regulation of Biliary Innate Immunity

TLR signaling initiates adaptive immunity which then regu-
lates the innate immune system to maintain mucosal home-
ostasis. The expression of TLRs in cholangiocytes is highly
regulated, but its disruption has been associated with various
hepatobiliary diseases. Infecting cultured human cholangio-
cytes with C. parvum induced a significant increase in TLR4
protein, a process that appears to be associated with the pro-
duction of hBD2 {19]. T cell-derived inflammatory cytokines
are known to participate in the regulation of TLR expression
in several cells {45, 46]. The interactions of TLRs with Thi
cytokines, in particular, participate in the pathogenesis of
inflammatory bowel diseases [47]. Cholangiocytes express
receptors for cytokines such as IFN-p, TNF-a, IL-4, IL-6, and
IL17, and thus, are also the target of many periductal inflam-
matory mediators during biliary inflammatory diseases. A
Thl-type cytokine, IFN-y upregulates the mRNA expression
of TLR2-TLR5 and accelerates the upregulation of PAMP-
induced NF-«B activation in cholangiocytes, suggesting that
a Thl-dominant peribiliary milieu leads to the increased
susceptibility to PAMPs and the production of inflammatory
cytokines and chemokines from BECs [20]. This impaired
regulation of biliary innate immunity caused by the Thi-
predominant milieu may be involved in the pathogenesis of
cholangiopathy in biliary diseases including PBC [48]. In
fact, upregulation of TLR4 and TLRY in cholangiocytes has
been reported in patients with PBC and PSC [25,49].
Micro-RNAs play important roles in a wide range of
biological events through posttranscriptional suppression
of target mRNAs. Recent studies indicate that micro-RNA-
mediated posttranscriptional pathways may be critical to
host-cell regulatory responses.to microbial infections. Cul-
tured human BECs express let-7 family members which post-
transcriptionally downregulate TLR4 expression and infec-
tions of C. parvum decrease the expression of let-7 resulting
in the upregulation of TLR4 [50]. Moreover, microRNA-
98 and let-7 suppressing cytokine-inducible Src homolog 2-
containing protein (CIS, a suppressor of cytokine signaling

International Journal of Hepatology

family) at the translational level are expressed in cholangio-
cytes and LPS and C. parvum infections downregulate these

. mirco-RNAs, suggesting the regulation of the TLR-mediated

biliary innate immune response [51].

The luminal surface of the bile duct is continually ex-
posed to PAMPs via bile, but cholangiocytes physiologically
do not elicit an inflammatory response. This lack of response
to PAMPs, especially LPS, could be due to “endotoxin toler-
ance” and this system is important in preventing endotoxin
shock in infections as well as maintaining homeostasis in
organs [52]. As for negative regulatory systems of innate
immunity, mechanisms compete with TLR binding and
suppress intracellular TLR signaling using several molecules
including extracellular soluble TLRs (sTLRs), single immu-
noglobulin IL-1-related protein (SIGIRR), IRAK-M (homo-
log of IRAK-1), MyD88s (inactive splice variant of MyD88),
SARM (negative regulator of TRIF), Toll-interacting protein
(Tollip), A20, SHIP (a PI3K inhibitor), and suppressor of
cytokine signaling-1 (SOCS1) [52-58].

Our previous study using cultured BECs and cholangio-
carcinoma cell lines revealed that the activation of NF-xB
and the increased expression of TNF-«a caused by stimulation
with PAMPs including LPS are gradually attenuated with
time and that pretreatment with LPS significantly inhibits the
response to subsequent stimulation, suggesting an induction
of LPS (endotoxin) tolerance [59]. Moreover, pretreatment
with PamsCSK, (TLR1/2 ligand) effectively induced toler-
ance to subsequent stimulation with LPS (TLR4 ligand)
[52, 59]. Among several negative regulators, the expression of
at least IRAK-M and Tollip has been demonstrated in human
cholangiocytes and treatment with LPS and Pams;CSKy
upregulates the expression of IRAK-M, but not Tollip.
IRAK-M negatively regulates TLR signaling by inhibiting
the activation of IRAK-1 and MyD88 [55]. Furthermore,
immunohistochemistry using human liver tissue sections
confirmed that IRAK-M is diffusely expressed in intrahepatic
biliary trees in both normal and diseased livers. This
negatively regulated mechanism of innate immune response
is important to escape hypercytokine milieu and tissue injury
caused by excessive innate immune responses. ‘

In contrast, treatment with poly(I:C), TLR3 ligand, sig-
nificantly enhanced NF-xB activity in fresh cultured BECs
and pretreatment did not lead to tolerance to poly(1:C). [60]
Levels of production of MxA and IFN-betal were also pre-
served. Therefore, TLR tolerance to a viral PAMP (poly(I:C))
is not found in BECs. Although IRAK-M mRNA expression
was upregulated by stimulation with dsRNA (TLR3 ligand),
no tolerance to the dsRNA was found in cultured BECs. This
is reasonable because the intracellular signaling of TLR3 is
a MyD88-independent pathway, that is, the dsRNA-related
response is not affected by IRAK-M [17]. These findings
suggest that cholangiocytes lining biliary trees are resistant
to nonpathogenic commensal bacterial PAMPs, but not
virus-derived dsRNA, maintaining the homeostasis of biliary
innate immunity in physiological conditions. Moreover,
the upregulation of IRAK-M expression on treatment with
poly(I:C) is speculated to cause dsRNA-stimulated BECs
to become resistant to TLR2- and TLR4-related PAMPs
including LPS. Therefore, once cholangiocytes are infected
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FiGure 2: Primary biliary cirrhosis (PBC). (a) Chronic nonsuppurative destructive cholangitis (CNSDC). Damaged bile ducts (arrow)
and infiltration of mixed chronic inflammatory cells surrounding bile ducts are found. (b) Bile ducts have disappeared in the portal tract.

Arrowhead and arrow denote artery and portal vein, respectively.

by a dsRNA virus, progressive destruction caused by the
biliary innate response to dsRNA and resistance to bacterial
infection continues until the virus-is eliminated.

4. Disease-Specific Cholangiopathy Associated
with Biliary Innate Immunity

4.1. PBC. PBC is characterized by the selective destruction
and loss of interlobular bile ducts including chronic nonsup-

" purative destructive cholangitis (CNSDC) (Figure 2) [61].
The etiopathogenesis of PBC still remains speculative, but
a high prevalence of vaginal and urinary tract infections
and the presence of bacterial and viral components in bile
and liver tissue and of the molecular mimicry of human
and bacterial pyruvate dehydrogenase complex-E2 (PDC-
E2, a major epitope of antimitochondrial antibody [AMA})
and xenobiotics are demonstrated (Table 1) [3, 5, 62-68].
Moreover, BECs translocate immunologically intact PDC-
E2 to apoptotic bodies and create an apotope. The unique
triad of BEC apotopes, macrophages from patients with
PBC, and AMAs induces intense inflammatory cytokine
production, providing a mechanism for the biliary specificity
of PBC [69]. Innate immunity changes may be critical to the
initiation and perpetuation of the autoimmune injury, as in
the case of the enhanced response of immunocompetent cells
(monocytes and memory B cells) as well as target BECs to
infectious stimulation and environmental mimics [70, 71].
These findings suggest that the presence of microorganisms
and the innate immune responses against them are involved
in the pathogenesis, particularly cholangiopathy, of PBC.

In PBC, the expression of TNF-« and IL-6 was detected
in cholangiocytes from the liver of patients with PBC, sug-
gesting the result of some biliary response including a biliary
innate immune response {72]. Several studies revealed that,
compared with Th2, a Thi-dominant cytokine milieu is
associated with the pathogenesis including bile duct injury
in PBC [48]. Cholangiocytes possess the receptor for IFN-
y (Thl cytokine) and IFN-y upregulates the expression of
TLRs and susceptibility to PAMPs in cholangiocytes, impair-
ing the regulation of biliary innate immunity. Moreover, IL-4

(Th2 cytokine) and IFN-y up- and downregulate the expres-
sion of peroxisome proliferator-activated receptor y (PPARy)
showing anti-inflammatory activities in biliary innate
immune response, respectively, in cultured human BECs
[73, 74]. PPARYy is constitutively expressed in cholangiocytes
of intrahepatic small bile ducts. PPARy as well as IRAK-
M, therefore, may also relate to the maintenance of biliary
homeostasis as a tolerant regulator by attenuating inflam-
matory signals in cholangiocytes to commensal PAMPs in
biles [73]. However, in PBC liver, PPARy expression is
significantly downregulated in the affected bile ducts as a
Thl-dominant periductal cytokine milieu [73]. Moreover,
the upregulation of TLR4 and TLR9 in cholangiocytes and of
TLR3 and type I IFN signaling pathways in portal tracts and
parenchyma are also found in PBC [24, 25, 49]. These finding
indicate an increased susceptibility to PAMPs, suggesting an
association with the pathogenesis of cholangiopathy in PBC. -
In addition to Thl and Th2 cells, a third pathogenic
type, Th17 cells, are involved in the pathogenesis of chronic
inflammatory diseases. Human Th17 cells are characterized
by the production of IL-17 (IL-17A and IL-17F) and IL-6, IL-
1, and IL-23 (TGF-p instead of IL-1f3 in mice) are critical
for driving the differentiation of naive T cells into Th17 cells
and maintaining or stabilizing the functions of Th17 cells
[75, 76]. In inflammatory hepatobiliary diseases including
PBC, IL-17-positive mononuclear cells are scattered at the
interface areas, particularly showing interface hepatitis {32].
In PBC, moreovet, the periductal accumulation, particularly
around cholangitis including CNSDC accompanying the
expression of IL-6, IL-1f, and IL-23 p19, of IL-17 positive
cells is found, suggesting that the Th17-related peribiliary
cytokine milieu is involved in the histogenesis of the sus-
tained cholangiopathy of PBC [32, 77]. Moreover, an in vitro
study using cultured human BECs revealed that bacterial
PAMPs (LPS and Pam3CSK4) induced the production of
Th17-inducing and -maintaining cytokines (IL-6, IL-18, and
1L-23 p19) [32]. These results indicate that biliary innate
immunity plays a role in the induction and maintenance
of Thi7 cells in the periductal area in cases of PBC and

the differentiation into Thl7 cells in periductal dendritic
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(a)

(b)

FiGuRE 3: Transverse section of extrahepatic biliary remnants in biliary atresia. (a) Distorted common bile duct showing luminal occlusion
with surrounding fibroplasia and inflammatory cells. (b) The common bile duct has disappeared leaving a fibrous scar (arrowheads).

cells and macrophages. Th17 cells are part of the mucosal
host defense system and also propagate and modulate the
cholangiopathy in PBC.

Our recent study revealed that Langerin-positive Langer-
hans cells (LCs) are dominantly scattered around or within
biliary epithelial layers of the damaged bile ducts in PBC.
Moreover, experiments with cultured human BECs showed
that an LC-attracting chemokine, macrophage inflammatory
protein-3a, was produced by cholangiocytes in response
to cytokines (IL-1f3, TNF-«, and IL-17) and PAMPs [78].
Therefore, LCs existing around or within biliary epithelial
layers are important ds periductal antigen-presenting cells
in PBC and the migration of LCs into bile ducts is closely
associated with the periductal cytokine milieu and biliary
innate immunity in PBC.

4.2. Biliary Atresia. Biliary atresia characterized by a pro-
gressive sclerosing obstruction of extrahepatic bile ducts
(Figure 3), is a common infant biliary disease-and subdivided
to embryonic and perinatal types based on the clinicopatho-
genesis. Little is known about the etiology and pathogenesis
of biliary atresia, but studies using human materials and
a virus-infected rodent model suggest an association with
Reoviridae (type 3 reovirus and type C rotavirus) having
dsRNA, although conflicting results also have been reported
[12, 79-81]. Imbalanced cell kinetics caused by enhanced
apoptosis in cholangiocytes lining extrahepatic bile ducts
is speculated as an important mechanism in obstructive
cholangiopathy [23, 82, 83]. Human cholangiocytes are
sensitive to tumor necrosis factor-related apoptosis-inducing
ligand- (TRAIL-) and Fas- (CD95-)mediated apoptosis [20,
.23, 84]. Moreover, because Reoviridae show epitheliotro-
physm, the innate immune response against viruses is
speculated to be directly associated with epithelial injury and
death in biliary atresia. Our previous study demonstrated
that stimulation with poly(I:C) induced the activation of
NF-«xB and IRF-3, followed by the production of antiviral
IFN-f1 and also enhanced apoptosis via production of
TRAIL [23]. Moreover, in biliary atresia, cholangiocytes
lining the remnants of extrahepatic bile ducts diffusely and
constantly expressed TLR3 and showed an enhancement of

TRAIL and single-stranded DNA- (ssDNA-)positive apopto-
sis accompanying the activation of NF-«B and IRF-3 [20, 23].
A significant increase of TLR7 and antimicrobial peptide
hepcidin and MxA at the mRNA and protein levels, was
found in patients in the early stage of biliary atresia [85-87].
Therefore, cholangiocytes not only directly participate in the
antiviral innate immune response, but also play a role in the
generation of apoptotic responses to infected cells. Moreover,
as described above, because the innate immune tolerance
of dsRNA is lacking in cholangiocytes, the biliary damage
caused by the biliary innate immune response continues
until the virus disappears and directly forms the histogenesis
of obstructive cholangiopathy in biliary atresia [60].

As the histogenesis of sclerosing lesion, the epithelial-
mesenchymal transition (EMT) of cholangiocytes has been
speculated to be associated with periductal fibrosis and
portal fibrosis in biliary atresia [88-91]. Fundamental to
EMT is a loss of normal epithelial features such as cell-to-cell
adhesion molecules, the gain of mesenchymal phenotypes,
and the acquisition of a fibroblast-like (spindle) morphology
with cytoskeletal reorganization [92]. As mentioned above,
although the biliary innate immune response to dsRNA
reduces the viability of cultured human BECs via TRAIL-
mediated apoptosis, the rate of cell death is approximately
70% [23]. The cells that evade apoptosis show a gradual loss
of epithelial markers, CK19 (biliary-type cytokeratin in liver)
and E-cadherin, and increased expression of a mesenchymal
marker S100A4 (also known as fibroblast-specific protein
1) and an essential transcription factor for EMT, Snail, via
increased susceptibility to transforming growth factor-$1
(TGF-1) and the production of basic fibroblast growth
factor (bFGF), demonstrating the occurrence of biliary EMT
[23]. Because EMT confers resistance to apoptotic effects
in fetal rat hepatocytes [93], biliary EMT is thought to be
a survival mechanism and associated with an incomplete
induction of apoptosis caused by the biliary innate immune
response. In fact, in vivo studies reveal that mesenchymal
markers (vimentin and S100A4) and Snail are expressed but
CK19 and E-cadherin are not in cholangiocytes lining the
remnants of extrahepatic bile ducts and peribiliary glands
of biliary atresia [91, 94], suggesting that the occurrence
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of EMT in cholangiocytes is associated with an incomplete
induction of apoptosis caused by the biliary innate immune
response and that these surviving cells play a role in the
sclerosing cholangiopathy of biliary atresia without inducing
tolerance until the clearance of the virus.

5. Conclusion and Perspectives

Biliary innate immunity consisting of an organ-specific sys-
tem is important for the mucosal immunity in intrahepatic
and extrahepatic bile ducts and also associated with the
pathogenesis of several cholangiopathies in biliary diseases.
We speculate that biliary innate immunity is solely associated
with the etiology of biliary diseases as the initial event
and that the presence of causative microorganisms is not
necessary in the pathogenesis of cholangiopathy caused by
a subsequent acquired immunity. It is mandatory to under-
stand the molecular basis underlying the immunophysiology
and immunopathology of cholangiopathy in terms of innate
as well as acquired immunity.

References

[1] J. Y. Sung, J. W. Costerton, and E. A. Shaffer, “Defense system
in the biliary tract against bacterial infection,” Digestive Dis-
eases and Sciences, vol. 37, no. 5, pp. 689696, 1992.

[2] K. Harada, S. Ohira, K. Isse et al., “Lipopolysaccharide acti-
vates nuclear factor-kappaB through Toll-like receptors and
related molecules in cultured biliary epithelial cells,” Labora-
tory Investigation, vol. 83, no. 11, pp. 1657-1667, 2003.

[3] K. Hiramatsu, K. Harada, K. Tsuneyama et al., “Amplificition
and sequence analysis of partial bacterial 16S ribosomal RNA
gene in gallbladder bile from patients with primary biliary
cirrhosis,” Journal of Hepatology, vol. 33, no. 1, pp. 9-18, 2000.

[4] T. Osnes, O. Sandstad, V. Skar, and M. Osnes, “Lipopolysac-
charides and beta-glucuronidase activity in choledochal bile
in relation to choledocholithiasis,” Digestion, vol. 58, no. 5, pp.

. 437-443, 1997.

[5] K. Sasatomi, K. Noguchi, S. Sakisaka, M. Sata, and K. Tani-
kawa, “Abnormal accumulation of endotoxin in biliary epithe-
lial cells in primary biliary cirrhosis and primary sclerosing
cholangitis,” Journal of Hepatology, vol. 29, no. 3, pp. 409-416,
1998.

[6] S. M. Sheen-Chen, W. J. Chen, H. L. Eng et al., “Bacteriology
and antimicrobial choice in hepatolithiasis,” American Journal
of Infection Control, vol. 28, no. 4, pp. 298-301, 2000.

[7]1 K. Harada, S. Ozaki, N. Kono et al., “Frequent molecular
identification of Campylobacter but not Helicobacter genus
in bile and biliary epithelium in hepatolithiasis,” Journal of
Pathology, vol. 193, no. 2, pp. 218-223, 2001. ‘

{8] H. O. Nilsson, J. Taneera, M. Castedal, E. Glatz, R. Olsson, and
T. Wadstrom, “Identification of Helicobacter pylori and other
Helicobacter species by PCR, hybridization, and partial DNA
sequencing in human liver samples from patients with pri-

>

mary sclerosing cholangitis or primary biliary cirrhosis,” Jour--

nal of Clinical Microbiology, vol. 38, no. 3, pp. 1072-1076,
2000.

[9] B. Lemaitre, E. Nicolas, L. Michaut, J. M. Reichhart, and J. A.
Hoffmann, “The dorsoventral regulatory gene cassette spat-
zle/Toll/Cactus controls the potent antifungal response in
Drosophila adults,” Cell, vol. 86, no. 6, pp. 973-983, 1996.

[10} S. Akira and K. Takeda, “Toll-like receptor signalling,” Nature
Reviews Immunology, vol. 4, no. 7, pp. 499-511, 2004.

[11] L. Xu, Z. Shen, L. Guo et al., “Does a betaretrovirus infection
trigger primary biliary cirrhosis?” Proceedings of the National
Academy of Sciences of the United States of America, vol. 100,
no. 14, pp. 8454-8459, 2003,

[12] K. L. Tyler, R. J. Sokol, S. M. Oberhaus et al., “Detection

of reovirus RNA in hepatobiliary tissues from patients with

extrahepatic biliary atresia and choledochal cysts,” Hepatology,

vol. 27, no. 6, pp. 1475-1482, 1998.

I. Nilsson, I. Kornilovs’ka, S. Lindgren, A. Ljungh, and T.

Wadstrom, “Increased prevalence of seropositivity for non-

gastric Helicobacter species in patients with autoimmune liver

disease,”. Journal of Medical Microbiology, vol. 52, no. 11, pp.

949-953, 2003.

[14] J. G. Fox, E E. Dewhirst, Z. Shen et al., “Hepatic Helicobacter
species identified in bile and gallbladder tissue from Chileans
with chronic cholecystitis,” Gastroenterology, vol. 114, no. 4,
pp. 755-763, 1998.

[15] K. Tsuneyama, K. Harada, N. Kono et al., “Scavenger cells with
Gram-positive bacterjal lipoteichoic acid infiltrate around the
damaged interlobular bile ducts of primary biliary cirrhosis,”
Journal of Hepatology, vol. 35, no. 2, pp. 156-163, 2001.

[16] K. V. Anderson, “Toll signaling pathways in the innate immune
response,” Current Opinion in Immunology, vol. 12, no. 1, pp.
13-19, 2000. )

[17] K. Takeda and S. Akira, “Toll-like receptors in innate immu-
nity,” International Immunology, vol. 17, no. 1, pp. 1~14, 2005.

[18] J. Viala, P.-Sansonetti, and D. J. Philpott, “Nods and ‘intracel-
lular’ innate immunity;” Comnptes Rendus, vol. 327, no. 6, pp.
551-555, 2004.

[19] X. M. Chen, 8. P. O’Hara, J. B. Nelson et al., “Multiple TLRs
are expressed in human cholangiocytes and mediate host
epithelial defense responses to Cryptosporidium parvum via
activation of NF-«B,” Journal of Immunology, vol. 175, no. 11,
DPp. 74477456, 2005.

[20] K. Harada, K. Isse, and Y. Nakanuma, “Interferon y accelerates
NF-«B activation of biliary epithelial cells induced by Toll-like
receptor and ligand interaction,” Journal of Clinical Pathology,
vol. 59, no. 2, pp. 184-190, 2006.

[21] T. Yokoyama, A. Komori, M. Nakamura et al., “Human intra-
hepatic biliary epithelial cells function in innate immunity by
producing IL-6 and IL-8 via the TLR4-NF-xB and -MAPK
signaling pathways,” Liver International, vol. 26, no. 4, pp. 467—
476, 2006.

[22] K. Harada, K. Ohba, S. Ozaki et al., “Peptide antibiotic human
beta-defensin-1 and -2 contribute to antimicrobial defense of
the intrahepatic biliary tree;” Hepatology, vol. 40, no. 4, pp.
925-932, 2004.

[23] K. Harada, Y. Sato, K. Itatsu et al., “Innate immune response
to double-stranded RNA in biliary epithelial cells is associated
with the pathogenesis of biliary atresia,” Hepatology, vol. 46,
no. 4, pp. 1146-1154, 2007.

[24] Y. Takii, M. Nakamura, M. Ito et al., “Enhanced expression
of type I interferon and toll-like receptor-3 in primary biliary
cirrhosis,” Laboratory Investigation, vol. 85, no. 7, pp. 908-920,
2005.

[25] A. P. Wang, K. Migita, M. Ito et al., “Hepatic expression of
toll-like receptor 4 in primary biliary cirrhosis,” Journal of
Autoimmunity, vol. 25, no. 1, pp. 85-91, 2005.

[26] J. B. Nelson, S. P. O’hara, A. J. Small et al., “Cryptosporid-
ium parvum infects human cholangiocytes via sphingolipid-
enriched membrane microdomains,” Cellular Microbiology,
vol. 8, no. 12, pp. 1932-1945, 2006.

(13

-502-



[27] M. W. Hornef, B. H. Normark, A. Vandewalle, and S. Nor-
mark, “Intracellular recognition of lipopolysaccharide by Toll-
like receptor 4 in intestinal epithelial cells,” Journal of Experi-
mental Medicine, vol. 198, no. 8, pp. 1225~1235, 2003.

[28] D. Foell, H. Wittkowski, and J. Roth, “Mechanisms of disease:
a ‘DAMP’ view of inflammatory arthritis,” Nature Clinical Pra-
ctice Rheumatology, vol. 3, no. 7, pp. 382-390, 2007,

[29] K. Saito and Y. Nakanuma, “Lactoferrin and lysozyme in the
intrahepatic bile duct of normal livers and hepatolithiasis. An
immunohistochernical study;” Journal of Hepatology, vol. 15,
no. 1-2, pp. 147153, 1992.

[30] R. Bals, X. Wang, Z. Wu et al., “Human f-defensin 2 is a salt-
sensitive peptide antibiotic expressed in human lung,” Journal
of Clinical Investigation, vol. 102, no. 5, pp. 874-880, 1998.

[31] H. Sugiura and Y. Nakanuma, “Secretory component and
immunoglobulins in the intrahepatic biliary tree and peri-
biliary gland in normal livers and hepatolithiasis,” Gastroen-
terologia Japonica, vol. 24, no. 3, pp. 308-314, 1989.

[32] K. Harada, S. Shimoda, Y. Sato, K. Isse, H. Tkeda, and Y. Naka-
numa, “Periductal interleukin-17 production in association
with biliary innate immunity contributes to the pathogenesis
of cholangiopathy in primary biliary cirrhosis,” Clinical and
Experimental Immunology, vol. 157, no. 2, pp. 261-270, 2009.

[33] K. Isse, K. Harada, and Y. Nakanuma, “IL-8 expression by bil-

iary epithelial cells is associated with neutrophilic infiltration

and reactive bile ductules,” Liver International, vol. 27, no. 5,

Pp. 672-680, 2007.

K. Isse, K. Harada, Y. Zen et al., “Fractalkine and CX3CR1 are

involved in the recruitment of intraepithelial lymphocytes of

intrahepatic bile ducts,” Hepatology, vol. 41, no. 3, pp. 506—

516, 2005.

S. Sawada, K. Harada, K. Isse et al., “Involvement of Escheri-

chia coli in pathogenesis of xanthogranulomatous cholecystitis

with scavenger receptor class A and CXCL16-CXCR6 inter-

action,” Pathology International, vol. 57, no. 10, pp. 652-663,

2007.

[36] C.M. Morland, J. Fear, G. McNab, R. Joplin;, and D. H. Adams,
“Promotion of leukocyte transendothelial cell migration by
chemokines derived from human biliary epithelial cells in
vitro,” Proceedings of the Association of American Physicians,
vol. 109, no. 4, pp. 372-382, 1997. .

[37] S. Shimoda, K. Harada, H. Niiro et al., “CX3CL1 (fractalkine):
a signpost for biliary inflammation in primary biliary cirrho-
sis,” Hepatology, vol. 51, no. 2, pp. 567-575, 2010.

[38] K. Matsumoto, H. Fujii, G. Michalopoulos, J. J. Fung, and A. J.
Demetris, “Human biliary epithelial cells secrete and respond
to cytokines and hepatocyte growth factors in vitro: inter-
leukin-6, hepatocyte growth factor and epidermal growth
factor promote DNA synthesis in vitro,” Hepatology, vol. 20,
no. 2, pp. 376-382, 1994.

(391 J. H. Lefkowitch, “Bile ductular cholestasis: an ominous
histopathologic sign related to sepsis and ‘cholangitis lenta}”
Human Pathology, vol. 13, no. 1, pp. 19-24, 1982,

[40] S. Reynoso-Paz, R. L. Coppel, I. R. Mackay, N. M. Bass, A. A.
Ansari, and M. E. Gershwin, “The immunobiology of bile and -
bﬂiary epithelium,” Hepatology, vol. 30, no. 2, pp. 351-357,
1999.

[41] H. Y. Hsu, M. H. Chang, Y. H. Nj, and S. E Huang, “Cyto-
megalovirus infection and proinflammatory cytokine activa-
tion modulate the surface immune determinant expression
and immunogenicity of cultured murine extrahepatic bile
duct epithelial cells,” Clinical and Experimental Immunology,
vol. 126, no. 1, pp. 84-91, 2001.

[34

)

[35

et

International Journal of Hepatology

{42] M. Scholz, J. Cinatl, R. A. Blaheta, B. Kornhuber, B. H. Markus,
and H. W. Doerr, “Expression of human leukocyte antigens
class I and class II on cultured biliary epithelial cells after
cytomegalovirus infection,” Tissue Antigens, vol. 49, no. 6, pp.
640-643, 1997.

[43] P. Sheth, N. D. Santos, A. Seth, N. F. LaRusso, and R. K. Rao,
“Lipopolysaccharide disrupts tight junctions in cholangiocyte
monolayers by a c-Src-, TLR4-, and LBP-dependent mech-
anism,” American Journal of Physiology, vol. 293, no. 1, pp.
G308-G318, 2007.

[44] X. M. Chen, B. Q. Huang, P. L. Splinter et al., “Cryptosporid-
ium parvum invasion of biliary epithelia requires host cell
tyrosine phosphorylation of cortactin via c-Src,” Gastroen-
terology, vol. 125, no. 1, pp. 216-228, 2003,

[45] M. T. Abreu, E. T. Arnold, L. S. Thomas et al., “TLR4 and
MD-2 expression is regulated by immune-mediated signals
in human intestinal epithelial cells,” Journal of Biological
Chemistry, vol. 277, no. 23, pp. 2043120437, 2002.

[46] T. Matsumura, A. Ito, T. Takii, H. Hayashi, and K. Onozaki,
“Endotoxin and cytokine regulation of toll-like receptor (TLR)
2 and TLR4 gene expression in murine liver and hepatocytes,”
Journal of Interferon and Cytokine Research, vol. 20, no. 10, pp.
915-921, 2000.

{47] M. T. Abreu, P. Vora, E. Faure, L. S. Thomas, E. T. Arnold, and
M. Arditi, “Decreased expression of Toll-like receptor-4 and
MD-2 correlates with intestinal epithelial cell protection
against dysregulated proinflammatory gene expression in re-
sponse to bacterial lipopolysaccharide,” Journal of Immunol-
ogy, vol. 167, no. 3, pp. 1609-1616, 2001.

[48] K.Harada, J. van de Water, P. 8. C. Leung et al., “In situ nucleic
acid hybridization of cytokines in primary biliary cirrhosis:
predominance of the Th1 subset,” Hepatology, vol. 25, no. 4,
Pp. 791796, 1997.

[49] A. Karrar, U. Broomé, T. Sodergren et al., “Biliary epithelial
cell antibodies link adaptive and innate immune responses in
primary sclerosing cholangitis,” Gastroenterology, vol. 132, no.
4, pp. 1504-1514, 2007.

[50] X. M. Chen, P. L. Splinter, S. P. O’Hara, and N. E LaRusso,
“A cellular micro-RNA, let-7i, regulates toll-like receptor 4
expression and contributes to cholangiocyte immune re-
sponses against Cryptosporidium parvum infection,” Journal of
Biological Chemistry, vol. 282, no. 39, pp. 28929-28938, 2007.

[51] G. Hu, R. Zhou, J. Liu et al., “MicroRNA-98 and let-7 confer
cholangiocyte expression of cytokine-inducible Src homology
2-containing protein in response to microbial challenge,”
Journal of Immunology, vol. 183, no. 3, pp. 1617-1624, 2009.

[52] J. M. Otte, E. Cario, and D. K. Podolsky, “Mechanisms of cross
hyporesponsiveness to Toll-like receptor bacterial ligands in
intestinal epithelial cells,” Gastroenterology, vol. 126, no. 4, pp.
10541070, 2004.

[53] N. Hyakushima, H. Mitsuzawa, C. Nishitani et al., “Interaction
of soluble form of recombinant extracellular TLR4 domain
with MD-2 enables lipopolysaccharide binding and attenuates
TLR4-mediated signaling,” Journal of Immunology, vol. 173,
no. 11, pp. 6945-6954, 2004.

[54] D. Wald, J. Qin, Z. Zhao et al., “SIGIRR, a negative regulator
of Toll-like receptor—interleukin 1 receptor signaling,” Nature
Immunology, vol. 4, no. 9, pp. 920-927, 2003.

[55] K. Kobayashi, L. D. Hernandez, J. E. Galan, C. A. Janeway, R.
Medzhitov, and R. A. Flavell, “TRAK-M is a negative regulator
of Toll-like receptor signaling,” Cell, vol. 110, no. 2, pp. 191-
202, 2002.

- 503~



International Journal of Hepatology

[56] S. Janssens, K. Burns, E. Vercammen, J. Tschopp, and R. Bey-
aert, “MyD88S, a splice variant of MyD88, differentially mod-
ulates NF-xB- and AP-1-dependent gene expression,” FEBS
Letters, vol. 548, no. 1-3, pp. 103-107, 2003.

[57] G. Zhang and S. Ghosh, “Negative regulation of toll-like
receptor-mediated signaling by Tollip,” Jourtial of Biological
Chemistry, vol. 277, no. 9, pp. 70597065, 2002.

[58] M. Carty, R. Goodbody, M. Schréder, J. Stack, P. N. Moynagh,
and A. G. Bowie, “The human adaptor SARM negatively regu-
lates adaptor protein TRIF-dependent Toll-like receptor sig-
naling,” Nature Immunology, vol. 7, no. 10, pp, 1074-1081,
2006.

[59] K.Harada, K. Isse, Y. Sato, S. Ozaki, and Y. Nakanuma, “Endo-
toxin tolerance in human intrahepatic biliary epithelial cells is
induced by upregulation of IRAK-M,” Liver International, vol.
26, no. 8, pp. 935-942, 2006.

[60] K. Harada, Y. Sato, K. Isse, H. Ikeda, and Y. Nakanuma, “In-
duction of innate immune response and absence of subse-
quent tolerance to dsRNA in biliary epithelial cells relate to
the pathogenesis of biliary atresia,” Liver International, vol. 28,
no. 5, pp. 614-621, 2008,

[61] Y. Nakanuma and G. Ohta, “Histometric and serial section
observations of the intrahepatic bile ducts in primary biliary
citrhosis,” Gastroenterology, vol. 76, no. 6, pp. 1326-1332,
1979.

[62] A. Parikh-Patel, E. B. Gold, H. Worman, K. E. Krivy, and M.
E. Gérshwin, “Risk factors for primary biliary cirrhosis in a
cohort of patients from the United States,” Hepatology, vol. 33,
no. 1, pp. 16-21, 2001.

[63] K. Harada, K. Tsuneyama, Y. Sudo, S. Masuda, and Y. Naka-

numa, “Molecular identification of bacterial 16S ribosomal

RNA gene in liver tissue of primary biliary cirrhosis: is Pro-

pionibacterium acnes involved in granuloma formation?”

Hepatology, vol. 33, no. 3, pp. 530-536, 2001.

S. Shimoda, M. Nakamura, H. Ishibashi, K. Hayashida, and Y.

Niho, “HLA DRB4 0101-restricted immunodominant T cell

autoepitope of pyruvate dehydrogenase complex in primary

biliary cirrhosis: evidence of molecular mimicry in human
autoimmune diseases,” Journal of Experimental Medicine, vol.

181, no. 5, pp. 1835-1845, 1995.

[65] C. Selmi, D. L. Balkwill, P. Invernizzi et al., “Patients with
primary biliary cirrhosis react against a ubiquitous xenobiotic-
metabolizing bacterium,” Hepatology, vol. 38, no. 5, pp. 1250
1257, 2003.

[66] S.Shimoda, F. Ishikawa, T. Kamihira et al., “Autoreactive T-cell
responses in primary biliary cirrhosis are proinflammatory
whereas those of controls are regulatory,” Gastroenterology,
vol. 131, no. 2, pp. 606-618, 2006.

[67] S. Shimoda, M. Nakamura, H. Shigematsu et al., “Mimicry
peptides of human PDC-E2 163-176 peptide, the immun-
odominant T- cell epitope of primary biliary cirrhosis,”
Hepatology, vol. 31, no. 6, pp. 1212-1216, 2000.

[68] S. Shimoda, M. Nakamura, H. Ishibashi et al, “Molecular
mimicry of mitochondrial and nuclear autoantigens in pri-
mary biliary cirrhosis,” Gastroenterology, vol. 124, no. 7, pp.
1915-1925, 2003.

[69] A. Lleo, C. L. Bowlus, G. X. Yang et al,, “Biliary apotopes
and anti-mitochondrial antibodies activate innate immune
responses in primary biliary cirrhosis,” Hepatology, vol. 52, no.
3, pp. 987-996, 2010.

[70] T. K. Mao, Z. X. Lian, C. Selmi et al., “Altered monacyte
responses to defined TLR ligands in patients with primary
biliary cirrhosis,” Hepatology, vol. 42, no. 4, pp. 802808, 2005.

[64

i)

[71] S. Shimoda, K. Harada, H. Niiro et al., “Interaction between
Toll-like receptors and natural killer cells in the destruction of
bile ducts in primary biliary cirrhosis,” Hepatology, vol. 53, no.
4, pp. 1270-1281, 2011.

[72] M. Yasoshima, N. Kono, H. Sugawara, K. Katayanagi, K. Har-
ada, and Y. Nakanuma, “Increased expression of interleukin-
6 and tumor necrosis factor-« in pathologic biliary epithelial
cells: in situ and culture study,” Laboratory Investigation, vol.
78, no. 1, pp. 89-100, 1998.

[73] K.Harada, K. Isse, T. Kamihira, S. Shimoda, and Y. Nakanuma,
“Thl cytokine-induced downregulation of PPARy in human
biliary cells relates to cholangitis in primary biliary cirrhosis,”
Hepatology, vol. 41, no. 6, pp. 1329-1338, 2005.

[74] T. Nakajima, Y. Kamijo, N. Tanaka et al., “Peroxisome pro-
liferator-activated receptor « protects against alcohol-induced
liver damage,” Hepatology, vol. 40, no. 4, pp. 972-980, 2004.

[75] P. R. Mangan, L. E. Harrington, D. B. O’Quinn et al., “Trans-
forming growth factor-f8 induces development of the T H17
lineage,” Nature, vol. 441, no. 7090, pp. 231-234, 2006.

[76] E.V. Acosta-Rodriguez, G. Napolitani, A. Lanzavecchia, and F.
Sallusto, “Interleukins 1/ and 6 but not transforming growth
factor-f3 are essential for the differentiation of interleukin 17-
producing human T helper cells,” Nature Immunology, vol. 8,
no. 9, pp. 942949, 2007.

[77] R. Y. Z. Lan, T. L. Salunga, K. Tsuneyama et al., “Hepatic IL-
17 responses in human and murine primary biliary cirrhosis,”
Journal of Autoimmunity, vol. 32, no. 1, pp. 43-51, 2009.

[78] K. Harada, S. Shimoda, H. Ikeda et al., “Significance of per-
iductal Langerhans cells and biliary epithelial cell-derived
macrophage inflammatory protein-3« in the pathogenesis of
primary biliary cirrhosis,” Liver International, vol. 31, no. 2,
Pp- 245-253,2011.

[79] R. Morecki, J. H. Glaser, S. Cho et al., “Biliary atresia and
reovirus type 3 infection,” New England Journal of Medicine,
vol. 307, no. 8, pp. 481484, 1982.

[80] M. Riepenhoff-Talty, K. Schaekel, H. F. Clark et al., “Group A
rotaviruses produce extrahepatic biliary obstruction in orally
inoculated newborn mice.” Pediatric Research, vol. 33, no. 4,
pp. 394-399, 1993.

[81] P. O. Szavay, J. Leonhardt, G. Czech-Schmidt, and C. Petersen,
“The role of reovirus type 3 infection in ‘an established
murine model for biliary atresia,” European Journal of Pediatric
Surgery, vol. 12, no. 4, pp. 248-250, 2002.

{82] N. Funaki, H. Sasano, S. Shizawa et al., “Apoptosis and cell
proliferation in biliary atresia,” Journal of Pathology, vol. 186,
no. 4, pp. 429-433, 1998.

[83] H. Sasaki, M. Nio, D. Iwami et al., “E-cadherin, «-catenin and
[B-catenin in biliary atresia: correlation with apoptosis and cell
cycle” Pathology International, vol. 51, no. 12, pp. 923-932,
2001.

[84] K. Harada, M. Iwata, N. Kono, W. Koda, T. Shimonishi, and Y.
Nakanuma, “Distribution of apoptotic cells and expression of
apoptosis-related proteins along the intrahepatic biliary tree
in normal and non-biliary diseased liver,” Histopathology, vol.
37, no. 4, pp. 347-354, 2000.

[85] J. H. Chuang, M. H. Chou, C. L. Wy, and Y. Y. Du, “Implica-
tion of innate immunity in the pathogenesis of biliary atresia,”
Chang Gung Medical Journal, vol. 29, no. 3, pp. 240-250, 2006.

[86] A. N. Al-Masri, P. Flemming, B. Rodeck, M. Melter, J.
Leonhardt, and C. Petersen, “Expression of the interferon-
induced Mx proteins in biliary atresia,” Journal of Pediatric
Surgery, vol. 41, no. 6, pp. 1139-1143, 2006.

[87] Y. H. Huang, M. H. Chou, Y. Y. Du et al., “Expression of toll-
like receptors and type 1 interferon specific protein MxA'in

- 504 -



10

[88]

[89

—

[90]

[91]

[92]

(93]

[94]

biliary atresia,” Laboratory Investigation, vol. 87, no. 1, pp. 66—
74, 2007.

Y. Nakanuma and N. Kono, “Expression of vimentin in prolif-
erating and damaged bile ductules and interlobular bile ducts
in nonneoplastic hepatobiliary diseases,” Modern Pathology,
vol. 5, no. 5, pp. 550-554, 1992.

K. A. Rygiel, H. Robertson, H. L. Marshall et al., “Epithelial-
mesenchymal transition contributes to portal tract fibrogene-
sis during human chronic liver disease,” Laboratory Investiga-
tion, vol. 88, no. 2, pp. 112-123, 2008.

Y. Sato, K. Harada, S. Ozaki et al., “Cholangiocytes with mes-
enchymal features contribute to progressive hepatic fibrosis of
the polycystic kidney rat,” American Journal of Pathology, vol.
171, no. 6, pp. 18591871, 2007.

R. Diaz, J. W. Kim, J.-J. Hui et al., “Evidence for the epithelial
to mesenchymal transition in biliary atresia fibrosis,” Human
Pathology, vol. 39, no. 1, pp. 102115, 2008.

J. P. Thiery, “Epithelial-mesenchymal transitions in develop-
ment and pathologies,” Current Opinion in Cell Biology, vol.
15, no. 6, pp. 740-746, 2003. ;

E. Valdés, A. M. Alvarez, A. Locascio et al., “The epithelial mes-
enchymal transition confers resistance to the apoptotic effects
of transforming growth factor f in fetal rat hepatocytes,”
Molecular Cancer Research, vol. 1, no. 1, pp. 68-78, 2002.

K. Harada, Y. Sato, H. lkeda et al., “Epithelial-mesenchymal
transition induced by biliary innate immunity contributes to
the sclerosing cholangiopathy of biliary atresia,” Journal of
Pathology, vol. 217, no. 5, pp. 654—664, 2009.

-505-

International Journal of Hepatology



Hindawi Publishing Corporation
International Journal of Hepatology
Volume 2012, Article ID 472376, 6 pages
doi:10.1155/2012/472376

Review Article
IgG4 Cholangiopathy

Yoh Zen! and Yasuni Nakanuma?

nstitute of Liver Studies, King’s College Hospital, Denmark Hill, London SE5 9RS, UK
2 Department of Human Pathology, Kanazawa University Graduate School of Medicine, Kanazawa 920-8640, Japan

Correspondence should be addressed to Yoh Zen, yoh.zen@kcl.ac.uk
Received 25 March 2011; Accepted 19 June 2011

Academic Editor: A. J. Demetris

Copyright © 2012 Y. Zen and Y. Nakanuma. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

IgG4 cholangiopathy can involve any level of the biliary tree which exhibits sclerosing cholangitis or pseudotumorous hilar
lesions. Most cases are associated with autoimmune pancreatitis, an important diagnostic clue. Without autoimmune pancreatitis,
however, the diagnosis of IgG4-cholangiopathy is challenging. Indeed such cases have been treated surgically. IgG4-cholangiopathy
should be diagnosed based on serological examinations including serum IgG4 concentrations, radiological features, and
histological evidence of IgG4* plasma cell infiltration. Steroid therapy is very effective even at disease relapse. A Th2-dominant
immune response or the activation of regulatory T cells seems to be involved in the underlying immune reaction. It is still unknown
why IgG4 levels are specifically elevated in patients with this disease. IgG4 might be secondarily overexpressed by Th2 or regulatory

cytokines given the lack of evidence that 1gG4 is an autoantibody.

1. Intreduction

IgG4-related disease is a unique systemic inflammatory con-
dition characterized by tumorous swelling of affected organs
and high-serum IgG4 concentrations [1-3]. Autoimmune
pancreatitis is a prototype of IgG4 disease as Hamano et al.
described in a landmark paper in 2001 [4]. Further studies
have confirmed that IgG4-related disease can involve a vari-
ety of organs including the salivary glands (chronic sclerosing
sialadenitis) [5, 6], lacrimal glands (Mikulicz’s disease) {7, 8],
and retroperitoneum (retroperitoneal fibrosis) [9, 10]. The
bile duct lesion is called IgG4-related sclerosing cholangitis
(IgG4-SC) [11] or IgG4-associated cholangitis [12, 13] (the
former is used hereafter). Since we reported that IgG4-SC is
a distinct entity which should be differentiated from primary
sclerosing cholangitis (PSC) [11], clinical and pathological
features have been clarified [12, 13]. In this paper, we
describe the concept, pathology, differential diagnosis, and
pathogenesis of IgG4-SC.

2. Spectrum of IgG4 Cholangiopathy

The relationship between IgG4-SC and autoimmune pan-
creatitis is summarized in Table 1. IgG4-SC can manifest

as diffuse sclerosing cholangitis or a hilar pseudotumourous
mass [11]. The former should be differentiated from PSC,
whereas the latter radiologically resembles hilar cholangio-
carcinoma [14]. Of note is that most case of IgG4-SC are
associated with autoimmune pancreatitis. A study by the
Mayo Clinic found that only 4 of 53 patients (7.5%) with
IgG4 cholangiopathy had cholangitis without autoimmune
pancreatitis [13]. Whether or not IgG4-SC can involve
only peripheral small bile ducts like small-duct PSC is an
interesting issue. Given that a recent study revealed that
peripheral IgG4 cholangiopathy was always associated with
large duct lesions [15], it seems safe to assume that IgG4-SC
predominantly affects large bile ducts, which are detectable
by cholangiographic or radiological examinations.

Recent papers have introduced IgG4-related autoim-
mune hepatitis [16], which accounts for 3% of cases of type 1
autoimmune hepatitis in the Japanese population [17]. The
term IgG4 hepatitis should be only used for patients who do
not have radiological biliary abnormalities and are found to
have chronic hepatitis based on liver biopsies. Given that one
cases of IgG4 hepatitis was complicated later by sclerosing
cholangitis during followup [17], IgG4 hepatitis might also
belong to a spectrum of IgG4 cholangiohepatitis.
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3. Clinical Features and Autoantibodies

In our experience, patients with IgG4-SC usually present
with obstructive jaundice due to a pancreatic head mass
(autoimmune pancreatitis) or severe biliary stricture [12,
13]. Other patients are sometimes discovered to have IgG4-
SC during a workup for other IgG4-related conditions
such as sialadenitis, retroperitoneal fibrosis and kidney
lesions. Weight loss or new-onset diabetes mellitus due to
pancreatitis is another potential symptom.

Patients with IgG4 disease share serological abnormali-
ties irrespective of the organ of origin. There is no doubt that
elevated serum IgG4 levels are the most specific indicator.
Other sensitive but not specific markers include hyper y-
globulinemia (observed in 50% of patients), hyper IgG.(60—
70%), antinuclear antibodies (40-50%), rheumatoid factor
(20%), and eosinophilia (15-25%) [18, 19]. Autoantibody
against SS-A (Ro) or SS-B (La), antimitochondria antibody,
and antineutrophilic cytoplasmic antibody (ANCA) are all
exceptional (<5%) [18, 19].

Studies on autoimmune pancreatitis have provided fur-
ther data on autoantibodies which might participate in
the pathogenesis. Antibodies against lactoferrin (LF) and
carbonic anhydrase (CA) II are frequently detected in cases
of autoimmune pancreatitis (73% and 54%, resp.) [20].
Interestingly, a strong positive correlation between increases
in serum IgG4 levels and anti-CA-II antibody levels has
been reported [21]. Anti-CA-IV, another autoantibody, was
detected in 10 of 29 (34%) patients with autoimmune
pancreatitis [22]. Given that LF and CAs are expressed in
some exocrine organs, these autoantibodies may be related
to systemic manifestations of IgG4-related disease. Of note
is that autoantibodies of the IgG4 subclass have not been
detected in patients with IgG4-related disease so far.

4, Diagnosis

4.1. Surgical Cases. It is not difficult to make a diagnosis
of IgG4-SC if surgically resected specimens are available.

The gold standard for the diagnosis of IgG4-SC is histology

including characteristic features on H&E and extensive infil-
tration by IgG4* plasma cells on immunostaining. Patho-
logical features can be summarized as follows: (1) diffuse
lymphoplasmacytic infiltration, (2) storiform fibrosis, (3)
obliterative phlebitis, (4) eosinophilic infiltration, and (5)
numerous IgG4™ plasma cells [11, 23]. Features unusual
for IgG4-SC are neutrophilic infiltration with or without
abscesses, xanthogranulomatous change, and mucosal ero-
sive change. Obliterative phlebitis is a finding characteristic
for IgG4-related disease irrespective of the organ affected. We
speculate that endothelium may express chemotactic factors,
but this has not been examined so far.

4.2. Patients with Autoimmune Pancreatitis. Serology, imag-
ing, other organ involvement, and biopsy need to be
considered for the diagnosis of nonsurgical cases. Given
that most patients (>90%) with IgG4-SC have autoimmune
pancreatitis, it seems most important to examine changes
in the pancreas. Autoimmune pancreatitis is radiologically
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suspected in most cases, and the diagnosis can be con-
firmed by the serological examination of IgG4. Histological
detection of IgG4* plasma cells is usually not necessary
for cases showing typical radiological features (sausage-
like diffuse swelling, peripancreatic capsule-like rim, and
irregular narrowing of the pancreatic duct) [24] and high-
serum IgG4 levels. But, if there are any unusual features on
imaging or IgG4 levels are not elevated, biopsies should be
considered to detect IgG4* plasma cells. Most institutions use
135 or 140mg/dL as a cut-off point for serum IgG4 levels,
with more than 300 mg/dL being highly specific for IgG4-
related disease [4, 25].

4.3. Patients without Autoimmune Pancreatitis. It is challeng-
ing to diagnose IgG4-SC not associated with pancreatitis. In
fact, most patients have been surgically treated for suspected
biliary malignancy [13]. In our experience, detecting IgG4™*
plasma cell is recommended even if the patients have high-
serum IgG4 concentrations. Three potential approaches
have been proposed to detect infiltration by IgG4* plasma
cells. Vater’s ampulla biopsy is least invasive and techni-

.cally easiest, and especially useful for patients discovered

endoscopically to have ampullary swelling [26-29]. Another
potential approach is a liver needle biopsy which can detect
IgG4* plasma cells infiltrating into peripheral small portal
tracts [15, 30, 31]. This is particularly useful for patients
with intrahepatic biliary abnormalities on cholangiograms,
but not useful for patients with only intrapancreatic bile
duct stricture [15]. The last choice is a bile duct biopsy,
the usefulness of which might depend on the ability and
experience of the endoscopists [29]. The biggest advantage
of this method is that not only IgG4" plasma cells but also
other histological features such as storiform fibrosis and
eosinophilic infiltration are detectable [29]. The specificity
and sensitivity of the diagnosis by these three biopsies are
summarized in Table 2. Normally, more than 10 IgG4*
plasma cells are used as the diagnostic threshold for biopsy
samples.

4.4, Steroid Trial. There is no international consensus
regarding diagnostic steroid trials for 1gG4-related disease.
Some institutions, use steroid trials for the diagnosis [32—
34], whereas other groups, especially from Japan, are against
doing so [35]. Given that IgG4-SC needs to be differentiated
from malignant tumours (cholangiocarcinoma) different
from other typical autoimmune diseases, much attention
should be paid to diagnostic steroid trials.

5. Differential Diagnosis

5.1. PSC. IgG4-SC must be differentiated from PSC given
that the steroid responsiveness is completely different. These
two entities are histologically distinct. Large bile ducts
affected by IgG4-SC show transmural inflammation with
storiform fibrosis and obliterative phlebitis (Figure 1),
whereas inflammation is more extensive on the luminal
side with erosion or xanthogranulomatous changes in PSC
[11]. Clinically, a young age (<40 years) and history of
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TaBLE 1: Disease spectrum of IgG4 pancreato-cholangiopathy and differential diagnosis.

1gG4-related pancreato-cholangiopathy -

Differential diagnosis

Autoimmune pancreatitis without bile duct involvement
Autoimmune pancreatitis with IgG4 cholangitis
IgG4-related sclerosing cholangitis

IgG4-related sclerosing cholangitis with hilar pseudotumor

Pancreatic cancer

Pancreatic cancer and cholangiocarcinoma
Primary sclerosing cholangitis

Hilar cholangiocarcinoma

Ficure 1: Histopathology of IgG4-related sclerosing cholangitis. The surgical specimens show diffuse inflammatory cell infiltration with
fibrosis involving peribiliary glands (a), obliterative phlebitis (b), and infiltration of many IgG4* plasma cells (c). The liver needle biopsy
reveals portal inflammation (d), bile duct damage (e), and IgG4* plasma cells (£).

TaBLE 2: Sensitivity and specificity of detection of IgG4* plasma
cells (210 cells/high power field) by ampullary, liver, and bile duct
biopsies.

Sensitivity Specificity Reference
80% 100% [26]
Ampullary biopsy 67% 100% (271
53% 100% [28]
52% 91% [29]
24% 100% [30]
Liver needle biopsy 60% 100% [31]
26% 100% [15]
Bile duct biopsy 520 97% [29]

inflammatory bowel disease are features suggestive of PSC,
whereas IgG4-SC is more likely in patients with other
sclerosing lesions including autoimmune pancreatitis and
retroperitoneal fibrosis. Serologically, IgG4 levels are most
useful, but it should be noted that 9% of PSC patients
show elevated IgG4 levels [36]. Positivity for ANCA is

suggestive of PSC. Eosinophilia is similarly detectable in
both diseases. Nakazawa et al. reported that PSC and IgG4-
SC can be differentiated based on a detailed examination
of cholangiograms [37]. Liver biopsy is also useful. Infil-
tration of IgG4* plasma cells or the presence of periportal
“fibroinflammatory nodules [30]” in needle biopsy samples
is suggestive of IgG4-SC (Figure 1), whereas ductopenia and
periductal concentric fibrosis are more commonly seen in
PSC [15, 31]. It is still unclear whether or not PSC can be
differentiated from “burned-out” IgG4-SC.

5.2. PSC with Many IgG4* Plasma Cells. Zhang et al.
[38] examined tissue infiltration of IgG4* plasma cells in
explanted liver with PSC. Twenty-three of 98 livers (23%)
showed more than 10 IgG4" cells per HPF which might be
less specific given that most IgG4-related lesions show more
than 100 IgG4* cells/HPF in surgical specimens. In addition,
another group revealed that 2 out of 41 (5%) explanted livers
with PSC showed more than 100 IgG4* cells/HPF [39]. These
two studies suggested that explanted livers with PSC can
sometimes show moderate degrees of IgG4" cell infiltration
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(>10 cells/HPF) and rarely exhibit marked infiltration (>100
cells/HPF) around large bile duct lesions. Importantly, the
other histological features of these cases were not typical of
IgG4-SC but consistent with PSC [38, 39]. The histological
diagnosis of IgG4-SC is not enough just based on the number
of IgG4" plasma cells.

5.3. Follicular Cholangitis. This is a rare disease entity
characterized by numerous lymphoid follicles around hilar
or perihilar bile ducts [40, 41]. Most patients reported
so far underwent surgical resection on suspicion of hilar
cholangiocarcinoma. Follicular cholangitis is different from
PSC in that the inflammatory cell infiltration is more
extensive and biliary epithelial damage is not conspicuous.
IgG4* plasma cell infiltration or obliterative phlebitis is
usually not conspicuous, different from IgG4-SC [40].

5.4. Hilar Cholangiocarcinoma. In our experience, hilar
cholangiocarcinoma is the most important and difficult
differential diagnosis of IgG4-SC in the clinical field,
particularly for patients without autoimmune pancreatitis.
- Radiological features of IgG4-SC sometimes resemble those
of hilar cholangiocarcinoma [14)]. Serum IgG4 levels can be
mildly elevated in patients with cholangiocarcinoma, but
titers of more than 300 mg/dL are highly suggestive of
IgG4-SC. As described above, histological examination to
detect IgG4* cell infiltration is needed for patients without
autoimmune pancreatitis.

6. Treatment

1gG4-5C responds dramatically to steroid therapy the same
as other IgG4-related lesions. This is one significant differ-
ence from PSC [12, 13]. At the moment, it is difficult to
conclude the recommended dose and duration of steroid
therapy for 1gG4-SC because of a lack of published data. A
Japanese study on autoimmune pancreatitis recommended
an initial dose of 0.6 mg/kg/day, which was then reduced to
a maintenance dose over a period of 3-6 months [42]. In
that study, disease relapses appeared to be reduced but not
eliminated by maintenance treatment with low-dose steroid
[42]. Rituximab is a potential treatment for steroid-resistant
autoimmune pancreatitis or IgG4-SC [43].

7. Pathogenesis

Recent papers have provided data suggesting that the Th2-
type immune response is activated in IgG4-related disease
including IgG4-SC [44-48]. Quantitative real-time PCR
using RNA extracted from frozen tissue of affected organs
including bile ducts revealed significantly higher ratios of
IL-4/1EN-y, IL-5/IFN-y, and IL-13/IFN-y in IgG4-related
disease tissues than in tissues from patients with classical
autoimmune diseases [49]. Lymphocytes expressing IL-4
were clearly demonstrated by in situ hybridization. Recent
papers also showed that peripheral blood mononuclear cells
collected from patients with IgG4-related disease produced
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predominantly Th2-type cytokines such as IL-4, IL-5, IL-10,
and IL-13 after T-cell stimulation.

Interestingly, the number of regulatory T-cells (Tregs)
is characteristically increased in both tissue and blood
of patients with IgG4-related disease. Our investigation
revealed that the mRNA expression of forkhead box P3
(Foxp3, a Tregs-specific transcriptional factor) was higher
in IgG4-related disease than in classical autoimmune dis-
eases. Two regulatory cytokines, IL-10 and transforming
growth factor-f (TGF-f), are significantly overexpressed
[49, 50]. Furthermore; CD4*CD25%"Foxp3* Tregs could
be detected within affected tissues by immunohistochem-
istry, in numbers significantly higher than in autoimmune
and nonautoimmune disease controls. The number of
Foxp3™* cells was significantly correlated with the number
of IgG4* plasma cells in IgG4-related cholangitis [51].
Miyoshi et al. examined the number of Tregs in the
blood and reported that the number of CD4*CD25Msgh
Tregs was significantly higher in patients with AIP than
in patients with chronic pancreatitis and was correlated
with the level of IgG4 in serum [52]. The number of
naive Tregs was significantly decreased. They speculated
that hyporeaction of naive Tregs might be involved in the
development of IgG4-related disease, whereas hyperreaction
of CD4*CD25%8" Tregs could reflect IgG4-related disease
progression [52].

The possible involvement of H pylori in the pathogen-
esis of AIP was reported in 2005 [53]. Gastric H. pylori
infection triggers AIP in genetically predisposed subjects
via molecular mimicry between human CA-II and alpha-
carbonic anhydrase of H. pylori [54]. Frulloni et al. found
that 94% of patients with AIP had antibodies against a
plasminogen-binding protein of H. pylori [55]. The amino
acid sequence of the plasminogen-binding protein exhibited
homology with that of the ubiquitin-protein ligase E3
component n-recognin 2, an enzyme expressed in pancreatic
acinar cells. However, the involvement of H. pylori in
the pathogenesis of other IgG4-related lesions has not
been reported so far.

8. Conclusion

1gG4-SC is a unique cholangiopathy which should be
differentiated from classical PSC or biliary malignancy.
An underlying immune response might be mediated by
predominantly Th2 or regulatory cytokines.

Abbreviations

ANCA: Antineutrophilic cytoplasmic antibody
CA: Carbonic anhydrase
1gG4-SC: 1gG4-related sclerosing cholangitis

PSC: Primary sclerosing cholangitis
TGF: Transforming growth factor
Tregs:  Regulatory T cells

Foxp3:  Forkhead box P3.
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