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Abstract

Cholangiocytes, the epithelial cells lining bile ducts, provide the first line of defense against lumenal
microbes in the biliary system. Recent advances in biliary immunity indicate that cholangiocytes
express a variety of pathogen-recognition receptors and can activate a set of intracellular signaling
cascades to initiate a profound antimicrobial defense, including release of proinflammatory cytokines
and chemokines, production of antimicrobial peptides and maintenance of biliary epithelial integrity.
Cholangiocytes also interact with other cell types in the liver (for example, lymphocytes and Kupffer
cells) through expression and release of adhesion molecules and immune mediators. Subsequently,
through an intricate feedback mechanism involving both epithelial and other liver cells, a set of
intracellular signaling pathways are activated to regulate the functional state of cholangiocyte
responses during microbial infection. Thus, cholangiocytes are actively involved in mucosal
immunity of the biliary system and represent a fine-tuned, integral component of liver immunity.
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The biliary tract comprises a complex 3-dimensional network of conduits lined by specialized
secretory/excretory epithelial cells called cholangiocytes. Although human bile is sterile under
normal conditions, the biliary tract exits into the duodenum, which is periodically colonized.
Indeed, duodenal microorganisms are believed to be a major source of microbial infection in
several hepatobiliary diseases. 16 Conversely, the portal vein also constitutes an alternate
source of infection for the biliary system.7’8 To guard against the infection of pathogens, the
biliary tract is equipped with several defense mechanisms. Cholangiocytes express a variety
of pathogen pattern recognition receptors (for example, Toll-like receptors (TLRs)).6'11
Activation of pathogen pattern recognition receptor-associated intracellular signaling cascades
result in the expression of several adhesion molecules, inflammatory mediators (for example,
cytokines/chemokines) and antimicrobial peptides, initiating epithelial immune responses
against microbial infection.6-13 Infection also induces signaling cascades required for
maintenance of the integrity of the biliary epithelial barrier and cross-talk with other immune
cells in the liver,12-15 indicating a key role for cholangiocytes in the defense response in the
biliary tree.

As with other epithelial cells, the response of biliary epithelial cells to microbial insult must
be stringently regulated as exaggerated expression of signaling components as well as
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proinflammatory cytokines can have devastating effects on the host.16:17 Nevertheless,
cholangiocytes exhibit intricate feedback regulatory mechanisms to synchronize the positive
activation and negative regulation of signal transduction to avert potentially harmful
immunological consequences.ll'13 This review summarizes the current understanding of
cholangiocyte immunobiology, including various mechanisms employed by negative
regulators to ensure the appropriate modulation of cholangiocyte immune responses against
microbial infection, with a focus on TLR-associated biliary epithelial immunity.

RECOGNITION OF PATHOGEN-ASSOCIATED MOLECULAR PATTERNS

Several families of proteins are involved in recognition of pathogens and the products released
from injured or dying cells. The best characterized of these receptors are TLRs and nucleotide-
binding oligomerization domain proteins (NODS).18'20 Surprisingly, mRNAs for all 10
known human TLRs were detected in human cholangiocytes using an SV40 transformed
cholangiocyte cell line.10 Expression of multiple TLR proteins in human cholangiocytes has
been confirmed by several groups in human liver tissues by immunohistochemistry.9 Multiple
TLRs have also been identified in murine cholangiocytes and several human
cholangiocarcinoma cell lines.6:21,22 Expression of multiple TLRs by cholangiocytes may
reflect the specific microenvironment and function of cholangiocytes in the biliary immunity.
For example, intestinal epithelial cells at villus tips express very low levels of TLRs;23
therefore, the commensal bacteria do not induce inflammatory responses. However, the
epithelial cells comprising intestinal crypts, which are not typically exposed to lumenal
contents, express multiple TLRs at a higher level and are responsive to microbes (Figure 1a).
24,25 similar to intestinal crypts, the biliary tract is typically sterile but connected and open
to the intestinal tract (Figure 1b).

Activation of TLRs has been demonstrated in cholangiocytes during bacterial, viral and
parasitic infection.8:10,12,26-32 | aqdition, several endogenous molecules have been
reported to activate TLRs.19 Of those endogenous molecules, heat-shock proteins, fibronectin
and hyaluronic acid can be found in the bile. :33-35 Moreover, activation of TLRs by microbes
in cholangiocytes may involve a rearrangement of the epithelial membrane surface including
localized accumulation of membrane rafts.36 Cryptosporidium parvum (C. parvum) is a
protozoan parasite that activates both TLR2 and TLR4 in cholangiocytes to initiate epithelial
host responses.10v32’37 Infection of cultured human cholangiocytes by C. parvum recruits
both TLR2 and TLR4 and ganglioside GM1, an important component of membrane rafts, to
C. parvum infection sites.3° Moreover, membrane recruitment of ganglioside GM1 appears to
be required for the subsequent activation of TLR-associated intracellular signals including the
phosphoinositide-3 kinase (P13K) and the extracellular signal-regulated kinases 1 (ERK1) and
ERK2.36 Similarly, membrane rafts have been implicated in TLR activation in several other
cell types, including epithelial cells, following microbial infection. 38,39

ACTIVATION OF INTRACELLULAR SIGNALING CASCADES

When TLRs or NODs are engaged by their ligands, various adaptor molecules are selectively
recruited to the receptors forming a complex of receptors and adaptors, so called ‘signalosome’.
18,40 Oligomerization and interactions of TLRs or NODs with adaptor molecules result in
recruitment of ‘downstream’ signaling components to the receptor complex, thereby triggering
downstream events.20:41,42 \Whereas many downstream signaling pathways can be activated
through TLRs and NODs, the nuclear-factor kB (NF-xB) and mitogen-activated protein kinase
(MAPK) pathways have been implicated as essential components of immune defense in
cholangiocytes (Figure 2).
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The NF-kB pathway

The NF-«kB proteins comprise a ubiquitously expressed transcription factor complex belonging
to the Rel family of proteins.43v44 In most cells, NF-«kB exists in a latent state in the cytoplasm
bound to inhibitory kBs that mask its nuclear localization signal. Activation of NF-xB causes
it to move into the nucleus and regulate the expression of a number of host genes, the products
of which activate mucosal inflammatory and immune responses and alter epithelial functions.

44 Recent studies reveal two pathways for the activation of NF «B: an established
(canonical) and an alternate (noncanonical) pathway (Figure 2)

Activation of the NF-xB signal pathway through TLRs/NODs is a common response in many
epithelial cells including cholangiocytes following microbial infection.9-11.3
Lipopolysaccharide (LPS), one of the most potent of the known bacterial agonists to TLR4,
activates human cholangiocytes for synthesis of cytokmes/chemokmes such as tumor necrosis
factor-o (TNF-a) through a TLR4-MyD88-dependent pathway 22 Activation of NF-kB in
cholangiocytes following C. parvum infection is dependent upon TLR2 and TLR4. 10 Whereas
several TLRs have been reported to act as receptors for microbial attachment in other epithelial
cells, 4Sc. parvum attachment to and invasion of cultured cholangiocytes appear not to be
dependent on host-cell TLRs.10

The MAPK pathways

The MAPK pathways transduce a large variety of external signals, leading to a wide range of
cellular responses, including growth, differentiation, inflammation and apoptosis. Among the
four wellestablished MAPK pathways (ERK, c-Jun N-terminal kinase (JNK), p38 and ERK5)
in mammals, the MAPK/ERK, MAPK/INK and MAPK/p38 pathways are closely linked with
inflammation.46:47 Recent studies demonstrated the importance of MAPK activation in
cytokine and chemokine gene expression in general, and provided mang/ specific examples of
genes that are regulated preferentially by one or the other MAPKs.4

The actlvatoré)roteln 1, which plays a critical role in inflammation and chronic inflammatory
diseases,* is an important transcription factor activated by the different MAPK pathways.
For example, INK phosphorylates and activates the activator protein-1 and activating
transcription factor-2 and other cellular factors linked to the regulation of altered expression
of inflammation-associated genes including cytokines, cell surface receptors, cell adhesion
molecules and matrix proteases. LPS activates innate immunity in cholangiocytes by producing
mterleukln (IL)-6 and IL-8 through the TLR4-NF-xB and TLR4-MAPK signaling pathways,

9and in particular, LPS induced proliferative response of cholangiocytes is p44/p42 MAPK
pathway-dependent. 51 | addition, MAPK signaling contributes to rotaviral-induced
cholangiocyte injury and viral replication.52

ACTIVATION OF CHOLANGIOCYTE IMMUNE RESPONSES

Activation of intracellular signaling cascades through pathogen-recognition receptors will
initiate a panel of epithelial immune responses in cholangiocytes. Release of proinflammatory
cytokines/chemokines and expression of adhesion molecules in cholangiocytes will initiate an
inflammatory response in the biliary tract and facilitate the cross-talk with other immune cells
in the liver. Production of antimicrobial peptides can lead to a direct antimicrobial response in
the biliary tree. In addition, evidences have accumulated that activation of associated
intracellular signaling pathways in cholangiocytes is involved in the maintenance of epithelial
barrier integrity.
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Secretion of cytokines and chemokines

Human cholangiocytes constitutively express and secrete I1L-8 and monocyte chemotactic
protein-1.53 Both IL-8 and monocyte chemotactic protein-1 are important chemotactic agents
for neutrophils, monocytes and T cells. Importantly, a variety of cytokines and chemokines are
produced and secreted from cholangiocytes under pathological conditions.12 In the course of
liver injury, cholangiocytes secrete factors such as human growth factor, platelet-derived
growth factor BB, tumor growth factor-f2, connective tissue growth factor and
endothelin-1.9459 TLR signaling pathway is involved in induced production of cytokines and
chemokines in cholangiocytes. For example, LPS induces expression and secretion of 1L-12
and TNF-a in |mm0rtallzed mouse cholangiocytes from small intrahepatic ducts through
activation of TLR4.12:22 Secretion of 1L-8 from cultured human cholangiocytes following C.
parvum infection is also dependent on TLR2 and TLR4 on the cell surface and subsequent
activation of NF-xB.10 Expression of cytokines and chemokines by cholangiocytes could
resultin the recruitment and activation of T cells, macrophages and natural killer cells to protect
against biliary infection (for an extensive review, see Selmi et al. 13 and Lazaridis et al.56).

Expression of adhesion molecules

The expression of adhesion molecules on the surface of cholangiocytes modulates their
interaction with other cell types in the liver. Some cell surface adhesion molecules, such as
leukocyte functioning antigen (LFA)-3, human leukocyte antigen (HLA)-I and HLA-II, are
expressed in normal human cholangiocytes as demonstrated by both in vivo and in vitro studies.

-59 Enhanced expression of adhesion molecules on cholangiocytes has been demonstrated
in several inflammatory hepatobiliary diseases including primary biliary cirrhosis, primary
sclerosing cholangitis and hepatollth|a5|s.60 61 Additionally, microbial infection in the biliary
system is usually associated with an enhanced expression of adhesion molecules on
cholangiocytes. Expression of HLA-1 on cultured human cholangiocytes was increased after
infection with the cytomegalowrus 58 Similarly, cholangiocytes isolated from extrahepatic
bile ducts of BALB/c mice constitutively expressed low levels of intercellular adhesion
molecule-1, major histocompatibility (MHC) class | and MHC class II. Levels of MHC class
I and class 11 expression were significantly enhanced by interferon-y (INF-y) stimulation and
following murine cytomegalovirus infection.

Cholangiocytes express cell surface adhesion molecules to facilitate interactions with immune
cells in the liver. Adhesion molecules expressed on the cholangiocyte surface permit the
adhesion and recognltlon of lymphocytes and subsequently, the activation of cytotoxic effector
Iymphocytes 2 Thus, such interactions modulate the intensity and localization of the
inflammatory reactions in the biliary system. 12 For example, the presence of LFA-3 on the
cell surface of cholangiocytes allows the interaction with CD2 molecules exgressed on
cytotoxic T lymphocytes and natural killer cells, leading to cell cytotoxicity. 3T cells can be
activated by an alternative mechanism that involves CD40 expressed on cholangiocytes.59
Moreover, the CD40/CD40L and the LFA-2/LFA-3 system trigger the production of 1L-12,
which plays an important role in the cytotoxic response of cholangiocytes. CD40 and CD40L
expression in cholangiocytes are increased, respectively, by stimulation with IFN-y and
activation of LFA-2 on T cells.>®

Function as antigen-presenting cells (APCs)

Unlike other epithelial cell tgpes human cholangiocytes express MHC class Il and possess the
potential to act as APCs.S S This expression increases following cholangiocyte injury or
stimulation with IFN-y and IL-1.4 However, efficient interactions between APCs and
dendritic cells requires MHC class Il in the presence of costimulatory molecules expressed on
the APCs, such as the members of the B7 family, (that is, B7-1 (CDBS) 0) and B7-2 (CD86)),
17 which are not constitutively expressed by human cholanglocytes Nevertheless,
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cholangiocytes normally express low levels of B7 family members (programmed death-ligand
1 (PD-L1) (B7-H1) and PD-L2 (B7-DC)) that interact with PD-1, a receptor expressed on
activated T-cells.® Expression of B7-H1 was also induced in cultured human cholangiocytes
following the treatment with IFN-y and TNF-a (our unpublished data). Given the fact that the
biliary epithelial barrier consists of a single, continuous layer of cholangiocytes, which differs
from intestinal epithelia where other cell types (such as the Patch cells and M cells) are involved
in antigen processing and presentation, it is plausible that cholangiocytes function as APCs for
microbial infection in the biliary system.

As suggested in other tissues, macrophage phagocytosis of apoptotic cells containing the
pathogens may contribute to antigen presentation. Apoptotic cell death of cholangiocytes
during microbial infection has been reported both in vivo and in vitro.87-69 However, whether
apoptotic cell death of cholangiocytes is involved in the antigen presenting process is unclear.
In particular, cholangiocytes that undergo apoptosis may not directly infected. C. parvum-
induced apoptosis in cholangiocytes is limited to bystander noninfected cells through a Fas/
FasL-dependent mechanism. 0

Production and secretion of antimicrobial molecules

Human B-defensins (hBDs)—Defensins are small (2-6 kDa) cationic peptides with
antimicrobial activity that kill pathogens through membrane disruption. Defensins are divided
into two major groups, a-defensins and p-defensins, based on their structure. L o-Defensins
are particularly abundant in neutrophils and Paneth cells of the small intestine.”1 OF the six
B-defensins (hBD-1 to hBD-6) that have been identified in humans,’1: 72 hBD-1 is
constitutively expressed, whereas hBD-2 and hBD-3 are inducible by bacterial and viral
products and cytokines. hBD-4 has a more limited distribution than hBD-1, hBD-2 or hBD-3
and its expression can be upregulated by bacterial infection, but not by inflammatory factors.
hBD-5 and hBD-6 are localized to the epididymis and airways.71 Thus, hBDs play a crucial
role in host defense against bacterial infection as constitutive or inducible components in the
epithelial barrier.

In a study to investigate the expression of hBD-1 and hBD-2 in cultured human cholangiocytes
and in cholangiocytes in specimens of human liver including those with primary biliary
cirrhosis, primary sclerosing cholangitis or chronic hepatitis C, hBD-1 protein was detected in
hepatocytes and cholangiocytes of intrahepatic bile ducts in all of the specimens of liver tissues.
6 hBD-1 protein was also identified in the bile of both normal subjects and those with the
diseases, suggesting that hBD-1 plays a general antimicrobial role in the defense of the
hepatobiliary system, similar to that documented in other epithelial organs. In contrast, hBD-2
was not detectable in cholangiocytes or hepatocytes from normal subjects. However,
expression of hBD-2 was identified in the large bile ducts exhibiting features of cholangitis in
patients with hepatolithiasis. Expression of hBD1-3 has further been confirmed in a SV40
transformed human cholangiocyte cell line.10 Whereas hBD1-3 were detected at the message
level in the cell line, upregulation of hBD-2, but not hBD-1 and hBD-3, was demonstrated in
a TLR2/TLR4-dependent manner in cells following C. parvum infection.10 Thus, it appears
that both hBD-1 and hBD-3 may play a general antimicrobial role in the defense of the biliary
system, similar to that documented in other epithelia.73 In contrast, TLR-induced expression
of hBD-2 may provide epithelial cells (for example, cholangiocytes) a critical local defense
response against microbial infection.

Mx proteins—Mx proteins are key components of antiviral immunity induced by IFNs in
many species. They belong to the class of dynamin-like large guanosine triphosphatases
(GTPases) known to be involved in intracellular vesicle trafficking and organelle homeostasis.
A unique property of some Mx GTPases is their antiviral activity against a wide range of RNA
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viruses, including influenza viruses and members of the bunyavirus family. Mx GTPases
appear to detect viral infection by sensing nucleocapsid-like structures. As a consequence,
these viral components are trapped and sorted to locations where they become unavailable for
the generation of new virus particles.74

Whereas emphasis has been on the expression of Mx proteins in Kupffer cells, lymphocytes
and hepatocytes, recent studies revealed that cholangiocytes also express Mx proteins under
pathological conditions. In normal human liver tissues, only small numbers of Kupffer cells,
but not hepatocytes and cholangiocytes, exhibited MxA expression. In contrast, strong
expression of MxA protein was identified in Kupffer cells and cholangiocytes in patients with
chronic liver diseases and fulminant hepatic failure.”® As in other cell types, expression of
MXxA protein in cholangiocytes is associated with IFNs. Indeed, in most cases, the MxA-
positive cholangiocytes in patients with chronic liver diseases and fulminant hepatic failure
also exhibited increased expression of IFNs. More recently, a role for TLRs and IFN signaling
in induced MXA protein expression in cholangiocytes has been demonstrated both in vivo and
in vitro models of biliary infection. A significant increase of TLR7 and MxA, both at mRNA
and protein levels, was found in patients in early stage of biliary atresia compared with control
subjects.76'77 Infections with Reoviridae, a family of viruses with a double-stranded RNA
(dsRNA) genome, known to infect the gastrointestinal and respiratory system, are a possible
cause of biliary atresia. Stimulation of cultured human cholangiocytes with polyinosinic-
polycytidylic acid (poly(l:C)), a synthetic analog of viral dsSRNA and a ligand for TLR3,
induced a potent antiviral response with increased production of interferon-p1 and MxA. /8

Secretory immunoglobulin A (slgA)—Secretory immunoglobulin A is the characteristic
and predominant immunoglobulin of the mucosal immune system and it participates in
immunological protection at the level of mucous membrane surfaces. The predominant
immunoglobulin in bile is slgA, although IgM and IgG do exist in bile but in a much lower
levels. Transportation of sIgA into the biliary tract is an active receptor-mediated process
through the secretory component. In some animals (rats, mice and rabbits), the secretory
component is synthesized and expressed on the sinusoidal surface of the hepatocytes and sIgA
is transported to bile canaliculi through hepatocytes. In other animals (dog, guinea and sheep),
as well as in humans, the secretory comgonent is not expressed in hepatocytes, instead, it is a
process associated with cholangiocytes. 9

Transport of sIgA through cholangiocytes into bile is an important component of biliary
mucosal immunity in humans.12 IgAs could be a protective factor for bile ducts by preventing
the attachment of pathogens or their toxins to the surface of cholangiocytes.1 Studies have
shown that natural IgA antibodies against a variety of intestinal bacteria are present in bile,
and after inoculation of various antigens into the intestinal lumen or intestinal lymphoid tissues,
a consequent secretion of specific IgA antibodies that protect from biliary tract infections is
evident in the bile of experimental animals.80 This function of IgAs could be ascribed to their
capacity to form immune complexes with circulating antigens, reducing the systemic response
caused by pathogens present in systemic circulation and preventing chronic inflammation
derived from antigens continuously present in the gastrointestinal mucosa. IgA has also been
implicated in binding intracellular pathogens during the transcytosis process into
cholangiocytes.8

Maintenance of biliary epithelial barrier integrity

Cholangiocyte proliferation—Proliferation is a “typical’ property of cholangiocytes and
is a key mechanism of repair responsible for maintaining the integrity of the biliary tree.
Cholangiocyte proliferation occurs virtually in all pathologic conditions of liver injury where
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it is associated with inflammation, regeneration and repair, thus conditioning the evolution of
liver damage.82

Recent evidence supports a role for the TLR-MyD88-mediated signaling in the regulation of
epithelial homeostasis under steady-state conditions and for the expression of protective
molecules in epithelial cells following mucosal injury.83 Indeed, Staphylococcus aureus (S.
aureus) and microbial patterns signaling through TLR2 and TLR5 induce a set of
noninflammatory epithelial responses in human airway epithelial cells including cell migration,
wound repair, proliferation and survival of primary and cancerous epithelial cells. Using small
interfering RNA (siRNA) gene targeting, it has been shown that activation of epidermal growth
factor receptor (EGFR) through TLR2/TLRS5 signaling mediates the stimulating effect of
microbes on epithelial proliferation.84 Stimulation of epithelial TLRs induces activation of a
panel of receptors with tyrosine kinase activity. Notably, all four members of the EGFR family
including EGFR (ErbB-1), HER2/c-neu (ErbB-2), Her 3 (ErbB-3) and Her 4 (ErbB-4)
displayed an increase of phosphorylation. The NOD proteins that recognize microbial patterns
in the cytosol and endosomal TLRs do not exert such effects.84 Thus, it appears that there is
a direct link between TLR-mediated recognition of microbes by epithelial cells and epithelial
homeostasis. This mechanism that operates independently of inflammatory cells and cytokines,
involves activation of EGFR, is likely involved in regulation of epithelial integrity under
steady-state conditions as well as during infection, including microbial infection in the biliary
system.

Trefoil factors (TFFs) and biliary mucosal repair—TFFs, including TFF1, TFF2 and
TFF3 are mucin-associated proteins involved in the maintenance of mucosal barrier and
restitution of a contiguous layer of epithelial cells. TFFs are integral to cytoprotection and
cellular repair of the mucosa, involved in the maintenance of mucosal barrier and the biological
behavior of epithelial and carcinoma cells. Each of the TFF proteins is differentially regulated
in different parts of the gastro-intestinal tract.8586 TEF1 and TFF2 are expressed primarily
in the stomach and TFF3 predominates in the small and large intestines.8/

Cholangiocytes in normal human liver tissue express TFFs, particularly in the larger bile ducts.
TFF1 and TFF3 are constitutively expressed in the large bile ducts of mouse and human livers.
14,87-89 TEF expression may be upregulated or induced in biliary diseases as a response to
injury, as is seen in epithelial damage elsewhere in the gastrointestinal tract.89 Indeed,
expression of TFF1, TFF2 and TFF3 were augmented markedly in biliary mucosa in
hepatolithiasis. TFF3 was detected in hepatic bile samples of hepatolithiasis.90 Expression of
TFF1-3 was also examined by immunohistochemistry in primary biliary cirrhosis, primary
sclerosing cholangitis, chronic viral hepatitis, extrahepatic biliary obstruction and normal
livers. The intrahepatic biliary tree showed a site-characteristic expression and induction of
TFFs. In large bile ducts, TFF1 and TFF3 were constitutively expressed and were increased in
pathologic bile ducts. In small bile ducts, TFF2 was induced in damaged ducts irrespective of
etiologies.14

Tight junctions and maintenance of the biliary epithelial barrier—Similar to that in
the intestinal and renal tubular epithelia, the tight junctions in biliary epithelia are formed by
the organization of a number of specific proteins includin%occludin, zonula occludens (ZO-1,
Z0-2, Z0-3), claudins and junctional adhesion molecule, 1 providing barrier function to the
biliary epithelium. The tight junction proteins interact with the perijunctional actomyosin ring.
Additionally, a variety of intracellular signaling molecules such as c-Src, phosphatidylinositol
3-kinase, ERK, protein kinase C and protein phosphatase 2A are localized at the tight junctions.
91,92 The tight junction and paracellular permeability are regulated by signaling molecules,
such as intracellular calcium, cyclic AMP, GTPase switch protein and protein kinases.1®
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TLR signals can modulate cholangiocyte tight junction functions through activation of various
intracellular signal pathways, similar to the epithelium in the respiratory and intestinal systems.
However, the relationship between activation of TLR signals and disruption of tight junctions
in cholangiocyte epithelial barrier during microbial infection is still quite controversial. TLR2
has been reported to enhance ZO-1-associated intestinal epithelial barrier integrity through
protein kinase C.93 As for cholangiocytes, LPS, a potent activator for TLR4, disrupted the
tight junctions and increased the paracellular permeability in cultured rat cholangiocyte
monolayers in a dose-dependent manner. LPS-induced disruption of tight junctions in
cholan%locyte monolayers was mediated by TLR4 through activation of the tyrosine kinase,
c-Src. 19 Indeed, a decrease of transcellular electric resistance and activation of c-Src have also
been described in cultured human cholangiocyte monolayers following infection by C.
parvum’67'9 a parasite that activates both TLR2 and TLR4 in cholangiocytes. 10 Given the
fact that multiple downstream signaling pathways can be activated through TLRs and many
intracellular signals are involved in the functional regulation of tight junctions, it should not
be a surprise that TLR activation on epithelial tight junctions differs in each epithelial cell type.

REGULATION OF CHOLANGIOCYTE IMMUNE RESPONSES

A well-orchestrated cholangiocyte immune response is essential to maintain mucosal
homeostasis in the biliary tract. While cholangiocytes also interact with other cell types in the
liver (for example, lymphocytes and Kupffer cells) through expression/release of adhesion
molecules and immune mediators and play an active role in activation of both the innate and
adaptive immunity compartment in the liver, cholangiocytes are also the target of other liver
cells through release of immunoregulatory molecules or direct cell-cell interactions. At the
cellular level, the intensity and duration of TLR responses in cholangiocytes are tightly
controlled. Activation of TLRs can activate several endogenous feedback regulatory pathways
to counter regulate TLR signaling cascades and promote resolution of inflammation.!

Influence of cholangiocyte responses by other liver cells

Cholangiocytes constitutively express several rec ftors for cytokines and chemokines
including IL-4, IL-5, IL-6, IFN-y and TNF- -l Therefore, cytokines and chemokines
released from other liver cells can act on cholanglocytes and modulate cholangiocyte immune
responses. Those inflammatory cytokines and chemokines mediate many of the cellular events
in cholangiocytes including but not limited to epithelial immune responses, such as
Brollferatlon secretion, apoptosis, cytotoxicity and expression of adhesion molecules. 12,51,

Indeed, expression of adhesion molecules, such as intercellular adhesion molecule-1,
MHC class | and class Il, LFA-3, CD40 and CD95 are expressed in a cytokine-dependent
fashion, mediated primarily by TNF-a, IFN-vy, IL-1 and tumor growth factor- B 12 A significant
increase of intercellular adhesion molecule-1, HLA-I and HLA-II expressmn in cholangiocytes
was also evident after stimulation with TNF-o, IFN-y and IL- 1.6 Conversesy tumor growth
factor-p decreased the expression of these molecules but upregulated LFA-3. Consequently,
those adhesion expressed on cholangiocytes mediate direct cell-cell interactions with other
liver cells, in particular, lymphocytes. Although the effects of this direct cell-cell interaction
on the local immune responses by cholangiocytes are still unclear, from a pathological view
point, targeting of cholangiocytes by immune cells has been implicated in the pathogenesis of
various hepatibiliary diseases, including primary biliary cirrhosis, primary sclerosing
cholangitis and graft-verses-host liver disease.11-1

Regulation of TLR expression

Epithelial expression of TLRs is highly regulated, reflecting the specific microenvironment
and function of each epithelial cell type. This specificity is critically important to assure that
an epithelium will recognize invading pathogens but not elicit an intense immune responses
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to endogenous ligands or commensal microorganisms.19'23 Similar to other eéaithelial cells
upon microbial infection in the intestinal and the respiratory system,19’23’24v 8,99
cholangiocytes usually display an upregulation of TLRs, potentially resulting in enhanced
epithelial innate immunity. Indeed, infection of cultured human cholangiocytes by C.
parvum induced a significant increase of TLR4 protein, a process that appears to be associated
with the production of hBD2. Upregulation of TLRs in cholangiocytes has also been confirmed
ilrbgaltg)efts with primary biliary cirrhosis, primary sclerosing cholangitis and hepatolithiasis.

Small regulatory RNAs, such as microRNAs (miRNAS), contribute to microbe-induced TLR
expression in epithelial cells, including cholangiocytes. miRNAs are a newly identified class
of endogenous small regulatory RNAs of 21-23 nucleotides.102 These molecules target
messenger RNAs leading togost—transcriptional repression through either mMRNA cleavage or
translational suppression.10 +103 |t has become clear that miRNAs have diverse expression
patterns and play essential roles in biological processes that include development, maintenance
of genome stability and regulation of the immune system.104'109 Human cholangiocytes
express a profile of endogenous miRNAs.32,110 Using an in vitro model of human biliary
cryptosporidiosis, it has been reported that let-7 regulates TLR4 expression through post-
transcriptional suppression in cultured human cholangiocytes.?’2 Infection of cultured human
cholangiocytes with C. parvum, a parasite that causes intestinal and biliary disease, resulted in
decreased expression of primary let-7i and mature let-7i in a MyD88/NF-B-dependant manner.
The decreased let-7 expression was associated with C. parvum-induced upregulation of TLR4
in infected cells.32 Thus, let-7i regulates TLR4 expression in cholangiocytes and contributes
to epithelial immune responses against C. Parvum infection (Figure 3).

Negative regulation of TLR-associated signaling cascades

To carry out a fine-tuning of TLR-associated immune responses, cells have also developed
multiple strategies for negative regulation of TLR signaling that initiate events leading to
resolution of the inflammatory responses. These strategies include the release of extracellular
soluble decoy TLRs (for example, sTLR2 and sTLR4), interference of ligand-receptor
interaction through transmembrane negative regulators, and activation of intracellular
antagonists or signalings to downregulate TLR signaling. Many of those antagonists and
negative regulators are ubiquitously expressed in mammal cells and have well-documented
functions in many cell types (for an extensive review, see Lang and Mansell111 and Han and
Ulevitch18). Nevertheless, a function for some of these negative regulators has recently been
elucidated in human cholangiocytes.

Expression of IL-1R-associated kinase-M (IRAK-M) and Tollip in human cholangiocytes has
been described in a recent report by Harada et al.28 Whereas a low level of expression of both
IRAK-M and Tollip was detected in cultured human cholangiocytes, treatment with LPS
upregulated expression of IRAK-M. Upregulation of IRAK-M was demonstrated to be
associated with the development of endotoxin tolerance in cholangiocytes. Furthermore, using
human liver tissue sections demonstrating normal histology, it was confirmed that IRAK-M is
expressed in vivo. This study demonstrated endotoxin tolerance in the intrahepatic biliary
epithelium and suggests that the expression of IRAK-M is crucial to LPS-induced tolerance in
biliary epithelial cells. It is speculated that endotoxin tolerance is important in maintaining
innate immune biliary homeostasis and also that an impaired tolerance to LPS is associated
with the pathogenesis of biliary diseases. 28

The cytokine-inducible Src homology 2 protein and suppressors of cytokine signaling (CIS/
SOCS) are a family of intracellular proteins, which have emerged as key phi/siolo%ical
regulators of cytokine responses, including those that regulate inflammation. 12-115 A wealth
of evidence suggests that CIS/SOCS proteins function in a classical, negative-feedback loop
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inhibiting cytokine signal transduction and are essential for the termination of inflammation.

Nevertheless, recent studies demonstrated that CIS/SOCS may also involved in the
feedback regulation of TLR signalings. The adaptor protein Mal is specifically involved in
signaling through TLR2 and TLR4. Following TLR2 and TLR4 stimulation, Mal becomes
phosphorylated by Bruton’s tyrosine kinase and then interacts with SOCS1, which results in
Mal polyubiquitination and subsequent degradation.115 SOCS3 has been Eroposed toactasa
pivotal negative regulator of the IL-6/STAT-3 pathway in cholangiocytes.1 " Thus, expression
of other CIS/SOCS proteins and their role in regulation of cholangiocyte immune responses
merits further study.

miRNAs may also contribute to negative regulation of TLR signaling in cholangiocytes.
Recently, three miRNAs (miR-146, miR-132 and miR-155) have been identified that are
sharply upregulated in response to LPS in human monocytic cells. 118,119 A detailed survey
of miR-146 expression in response to various microbial components revealed that an increase
in miR-146 levels is induced by activation of the TLR/NF-xB pathway. Two predicted targets
IRAK-1 and TNFR-associated factor 6 (TRAF6), whose involvement in TLR and
proinflammatory cytokine (that is, IL-1) signaling is well established, have extensive sequence
complimentarity to miR-146. Both molecules can potentially be the subjects of regulation by
miR-146 resulting in a downregulation of IRAK-1 or TRAF6.119 Thus, miR-146b can serve
as a regulator of TLR and cytokine signaling by acting in a negative feedback loop to attenuate
activation of downstream genes through post-transcriptional regulation of expression of the
IRAK-1 and TRAF®6 proteins (Figure 3).109 Expression of miR-146 has been reported in
human cholangiocytes32'110 and whether miR-146 can target IRAK-1 or TRAF6 to regulate
TLR signaling needs further investigation.

CONCLUSION AND PERSPECTIVES

Although progress has been made in defining mechanisms that enable cholangiocytes to display
highly regulated immune responses against microbial infection in the biliary system,
considerable gaps still exist in our knowledge. It appears human cholangiocytes express most
types of TLRs, whereas other epithelial cells express limited number of TLRs. How
cholangiocytes orchestrate signals from those TLRs to initiate an immediate immune response
against microbial infection while attenuating excessive immune responses becomes key to
understanding biliary mucosal homeostasis. The activation of inhibitory molecules and
expression of miRNAs are likely involved in the regulation of the inflammatory response
within the biliary system and merits further investigation. miRNAs are a potent and novel
means to regulate gene expression and identification of miRNAs involved in the cholangiocyte
innate immune response, targets of those miRNAs and physiological consequences of miRNA-
dependent gene silencing of critical proteins involved in this process will certainly be an active
area of research. Our understanding of cholangiocyte immunobiology will be greatly enhanced
through further investigations into the innate immune capacity of this epithelium and the
intricate regulatory mechanisms controlling cholangiocyte-associated inflammatory processes.
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Figure 1.

TLRs and epithelial defenses in the intestine and biliary tract. TLRs are expressed in the
intestinal crypts and mediate expression of antimicrobial peptides to keep crypt lumen sterile
(a) (modified from Sansonetti24). Cholangiocytes may defend the biliary lumen using a similar
mechanism through TLR-mediated epithelial defense (b). TLRs, Toll-like receptors; hBDs,
human B-defensins.
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Figure 2.

TLRs/NODs and key intracellular signaling cascades. TLRs recognize distinct pathogen
patterns and recruit a set of adaptor proteins to form the signalosome complex. Following
receptor ligation and recruitment of receptor adaptor proteins, signaling to IKK proceeds
through TRAF/RIP complexes, generally in conjunction with TAKZ, leading to canonical NF-
kB signaling, or through TRAFs and NIK leading to the noncanonical NF-xB pathway. NODs
recognize intracellular pathogen molecules and recruit RIP2 to activate NF-xB. Activation of
IKK results in 1B phosphorylation and degradation in the canonical pathway or p100
processing to p52 in the noncanonical pathway and consequently, nuclear translocation of
phophorylated NF-xB dimers. Those NF-kB dimmers bind to kB DNA elements and regulate
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gene expression. TAK1 can also trigger activation of MAPKSs leading to the activator protein-1-
associated gene regulation. AP-1, activator protein-1; IxB, inhibitory protein kappaB; IKK,
inhibitor of kappaB kinase; NF-«kB, nuclear-factor kB; NIK, NF-kappaB-inducing kinase;
NODs, nucleotide-binding oligomerization domain proteins; RIP, receptor-interacting protein;
TAK, transforming growth factor-beta-activated kinase; TLRs, Toll-like receptors; TRAF,
TNFR-associated factor; TRIF, Toll/interlukin-1 receptor domain-containing adaptor
molecule-1.
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Figure 3.

Feed-back regulation of TLR expression and activation of intracellular signaling cascades
through miRNAs. Triggering of TLRs activates downstream NF-«B signaling leading to
subsequent regulation of immune-response genes, including transactivation and
transsuppression of mMiRNA genes. Primary transcripts of miRNAs are processed to form
mature miRNAs, which bind to the 3'UTR of target mRNAs resulting in post-transcriptional
repression. So far, miR-146 has been reported to show an increased expression upon LPS
stimulation of TLR4, leading in a reduction in IRAK-1 and TRAF6 expression and attenuation
of TLR4 signaling. In contrast, a downregulation of let-7 has been identified in cholangiocytes
following stimulation of TLR4/NF-«xB, which results in a relief of translational repression of
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TLR4, leading to an upregulation of TLR4 and enhancement of TLR4-associated epithelial
immunity. Thus, the integration of transcriptional regulation of genes with miRNA-mediated
post-transcriptional regulation of target MRNASs results in a fine-tuned TLR-associated
signaling cascades in cholangiocytes, contributing to the biliary innate immune responses to
microbial infection. IxB, inhibitory protein kappaB; IKK, inhibitor of kappaB kinase; IRAK-1,
IL-1R-associated kinase; miRNAs, microRNAs; NF-«xB, nuclear-factor kB; RIP, receptor-
interacting protein; RISC, RNA-induced silencing complex; TAK, transforming growth factor-
beta-activated kinase; TLR, Toll-like receptor; TRAF6, TNFR-associated factor 6; UTR,
untranslated region.
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