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PSC Primary sclerosing cholangitis

SASP Senescence-associated ~ secretory
phenotype

SR Secretin receptor

t-ASBT Truncated ASBT

TGF-p Transforming growth factor beta

TJ Tight junction

TLR Toll-like receptors

TRPV4 Transient receptor potential 4

Introduction

The biliary system consists of a network of tubu-
lar structures, or bile ducts, inside (intrahepatic
bile ducts) and outside of the liver (extrahepatic
bile ducts). This system facilitates the flow of bile
from the liver to the gallbladder for storage before
being secreted into the small intestine after meals
to aid in the digestion of dietary fats [1]. Bile
ducts are lined by epithelial cells, known as chol-
angiocytes, that vary in morphology and function.
Cholangiocytes are best known for their role in
bile modification and secretion; however, over the
past decades, other functions have been attributed
to these cells. For instance, cholangiocytes are
key contributors to the function of the innate and
adaptive immune systems, as they are “the first
line of defense” in the biliary tract against harm-
ful, gut-derived molecules [2]. These cells express
receptors on their apical surface that recognize
endogenous and exogenous pathogens, chemi-
cals, microbial products, and xenobiotics present
in bile. Upon recognition of potentially injurious
agents, cholangiocytes may become activated,
secreting pro-inflammatory factors necessary for
the recruitment of a variety of different cells,
including immune cells, to the site of injury [3]
(Table 7.1) (Fig. 7.1). Moreover, activated chol-
angiocytes secrete profibrotic molecules, such as
transforming growth factor beta (TGF-p) [4] and
platelet-derived growth factor-BB (PDGF-BB),
that can activate myofibroblasts, the main media-
tors of the wound-healing response [5]. Another
mechanism of defense for damaged cholangio-
cytes against stressors, particularly oncogenic
agents, is the termination of cellular replication
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via the process of cellular senescence [6]
(Fig. 7.1). Further, when cholangiocytes become
senescent, they can transition to a senescence-
associated secretory phenotype (i.e., SASP) char-
acterized by the robust secretion of an array of
soluble and intravesical factors that affect neigh-
boring cells. For example, the cholangiocyte
SASP is characterized by high secretion levels of
pro-inflammatory cytokines, such as interleukins
6 (IL-6) and 8 (IL-8) [6] (Table 7.1) (Fig. 7.1).
Importantly, IL-6 may play a role in malignant
transition of cholangiocytes [7].

In this chapter we review selected aspects
related to cholangiocyte biology with a particular
emphasis on cholangiocyte adaptability to
changes in their microenvironment as a mecha-
nistic response to injury. The pathways involved
in this cholangiocyte plasticity are also reviewed.

Cholangiocyte Biology
Structural Features

Biliary Tree Anatomy The biliary tree network
consists of intrahepatic and extrahepatic ducts
[8]. The intrahepatic ducts can be described from
four perspectives according to luminal diameter,
area, morphology, and physiology [8, 9]. The
small ducts (<15 pm) originate from the Canals
of Hering and, when combined, give rise to inter-
lobular ducts (10100 pm) [8]. The merging of
two or more septal ducts (100-300 pm) results in
the development of large ducts (300400 pm)
[8]. The large ducts combine to form segmental
ducts (400-800 pm) and left and right hepatic
ducts (>800 pm) from which the extrahepatic
ducts emerge. The gallbladder connected to the
extrahepatic portion of the biliary tree functions
as a storage of bile [8] (Fig. 7.2).

Cholangiocytes along the biliary tree are morpho-
logically heterogeneous [8]. The small ducts are
lined by 4-5 cholangiocytes, termed small chol-
angiocytes, which exhibit a cuboidal or flattened
shape and possess a basement membrane on their
basolateral domain. On their apical domain,
microvilli and primary cilia face the bile duct



85

7 Cholangiocyte Biology

(d9401 ‘d-40L

uoneojijoid ‘SAININ ‘TIVd S1SQUQ30)SA0
91K0013UR[0YD “‘TIDD ‘8-T1 Lo013UR[0YD
sejenumg IDONN|  uonomasiadAy dsv's ‘91D dSVS sajowold dDdA -[D suodsuery, ALID
"KYTATIOR OSBIOWIO[Q) ‘010 ‘SUQ3011Sd
pue ‘z urpue3ejsord pue ‘ourue)sty
“7-X0)D Jo uononpoid “UnRI0ds
sosearouy ‘Kemyjed SISQUQ300UO uonerojijoxd | se yons so[nov[ouwr syg poye3nfuod
ISV oyl sa1eAndy | NoN/g-dqid | 1o uorssaxddns Jowng, ¢cd | 91£5013UB[OYS ONPU] | QULIOOINAU IS Jo Sunyoyjer], 14dSV
saqoIoIU
£q posned
st Anfur uoym
SAON Pue sYIL
Q0UB)STSAI I-dDIN pue | se yons s1oydooar quoryein|s
Aderoyowraydo SO[ONOBA PUE SO[NULIT ‘A-NAT 0-INL ‘ON uonIu3ooax Ie[N[[90BI)X
pue sisoydode seonpug ZONd wise[dojAd sasearou] 1Jemicd Q-1 ‘9-TI 212192S uagoyred sazrjoqeie)) 19D
DLAD
[ ur sise[qoIqyoAur pue ‘gq-19ad
uonerdjrjord 91945 190 a3 Furyoolq JO uoneAnOR ‘d-ADL
pue ‘uorseAut ‘suonouny 9D ‘adKyouayd pojeanoe ‘1-1Ld ‘spuest
‘UONBITTW SOSBAIOU] viaD pue 3D sNqryuy epINI9Td oY) jo uonenyadiog UH 912109S 191em sytodsuel], 1dOV
VDD Ul souad
Jossaiddns own) Jo
uone[Aylow S[ONUO0d
pue uonerjrjoid uoneI3wu pue _SODH/-ID¥en[[eoenul
91K0013UROYD seonpuy o-TI1 S[[90 e ‘931e] eo-g-vs uoneojrjoxd saonpuy uri3ajur ggan syrodsueiy, av
JNSLIJORIRYD ONSLIJOBIRYD ONSLIJOBIRYD ONSLIJORIRYD
ordKjouayg SIIBIA aidKjoudyg SIIBIN ardKjouayg SIIBIA ordKjouayg SIDIBIA
JuRUSI[RIA dSVS/1u20souas PABANIY [eULION

[16-68 ‘8 ‘G ‘c] sedKjouayd pauriojsuen
PUEB JUIISIUDS ‘PIIBATOR 0] [BULIOU WOIJ JA[OAD A} sB S)K0013uR[OYD JO sonst)dereyd didAjouayd pue sioxew oyl Jo Arewrwins v -o[qe) Ayonsed ajLo013uejoy) L/ djqelL



L.Loarcaetal.

86
Normal Activated
Main functions: bile > .6%.0.
modification and secretion @ o
Y °
o
[
)
—
\ \:"" o Resolution . <
~ ™ -~
~ -..‘ S’

— -

~—
—
Resolve N e e -
Resolve

Senescent

Secrete proinflammatory cytolines such
as IL-6, IL-8 and profibrotic molecules
like TGF-B and PDGF-BB

Progression

Progression

Cholangiocarcinoma

Fig. 7.1 Cholangiocyte plasticity model. Schematic
representation of the proposed model of the plasticity of
cholangiocytes during biliary injury. The solid arrow lines
indicate the transition of normal cholangiocytes through
the various disease phenotypes. The dashed arrows
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suggest that activated or senescent cholangiocytes could
resolve back to the normal phenotype. The major key mol-
ecules and pathways that participate in each stage are also
shown [3, 89]
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lumen. Large bile ducts are lined by columnar-
shaped cells known as large cholangiocytes that
also express both microvilli and cilia on their api-
cal domain [8]. When compared to small cholan-
giocytes, large cholangiocytes have a smaller
nuclear to cytoplasmic ratio with a higher content
of rough endoplasmic reticulum [1]. This feature
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implies that large cholangiocytes are more
differentiated and have less plasticity relative to
small cholangiocytes [8].

Cholangiocytes are connected to each other
via tight junctions that maintain cholangiocyte
polarity through cell-to-cell adhesion [8]. The
apical plasma membrane domain faces the ductal
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Ductal lumen

Nucleus

Fig. 7.3 Cholangiocyte ultrastructure. Transmission
electron micrograph of a small mouse cholangiocyte,
showing the apical plasma membrane (APM) that faces
the ductal lumen. The nucleus, a tight junction (TJ)
between two cholangiocytes, and the basolateral plasma
membrane (BPM) are also shown

lumen, which functions as the secretory pole for
ductal bile formation; the basolateral plasma
membrane domain faces the extracellular matrix
and underlying connective tissue [10], Fig. 7.3.

Cholangiocyte Cilia Each small and large cholan-
giocyte possesses a primary cilium (~7 pm in
length) extending from the apical cholangiocyte
membrane into the ductal lumen. Primary cilia are
nonmotile, microtubule-based organelles consisting
of a membrane-bound axoneme composed of
microtubules and a basal body (Fig. 7.4). The axo-
neme contains a 9+0 microtubule arrangement, i.e.,
nine peripheral microtubule doublets lacking a cen-
tral pair of microtubules [11, 12]; in contrast, motile
cilia have a similar structure but contain two central
microtubules (i.e., 9+2 structure). The existence of
primary cilia was originally reported in various
mitotically quiescent mammalian cells by Sergei
Sorokin in 1968 [13]. In 2006, primary cilia were
described in mouse and rat small and large cholan-
giocytes [11]. However, their physiological impor-
tance was not appreciated until recently when it was
demonstrated that primary cilia are involved in
mechano-, chemo-, and osmo-sensation [14-18].

Basal body

Fig. 7.4 Cholangiocyte cilium. Transmission electron
micrograph of a small mouse cholangiocyte showing a
primary cilium facing the ductal lumen. The basal body of
the primary cilium and the apical plasma membrane
(APM) are also shown

Functional Features

The main function of intrahepatic cholangiocytes
is to modify bile via a series of secretory/absorp-
tive events. These are regulated by several gas-
trointestinal ~ peptides/hormones  including
gastrin, endothelin-1, somatostatin, TGR-5, and
secretin, which display inhibitory and stimula-
tory effects on water and bicarbonate (HCO;)
secretion. These modifications ultimately influ-
ence the bile volume, content, tonicity, and alka-
linity [8, 14]. While there is considerable species
variation, intrahepatic cholangiocytes directly
generate up to 40 % of daily bile secretion [2].
Secretory functions are performed mainly by
large intrahepatic cholangiocytes via a mecha-
nism dependent on cAMP activation. Large chol-
angiocytes abundantly express the appropriate
ion transport systems and hormone receptors for
these functions. For example, cholangiocytes in
the large ducts are the major functional anatomic
sites for expression of secretin and somatostatin
receptors necessary for bile modification and
secretion. In contrast, cholangiocytes lining small
bile ducts, including the finest branches of the
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biliary system, do not express the secretin and
somatostatin receptors exerting secretory activi-
ties independent of cAMP activation [19, 20].
For instance, during injury of large bile ducts,
small cholangiocytes, which lack the cystic fibro-
sis transmembrane conductance regulator
(CFTR), activate an alternative pathway for
water and electrolyte secretion dependent of Ca*
signaling [21].

Small cholangiocytes, which are mitotically
quiescent, proliferate via activation of Ca*? sig-
naling in response to liver injury and toxins [19,
20]. For instance, small cholangiocytes may rep-
licate upon stimulation with histamine or secretin
or injury by a-naphthylisothiocyanate or acute
carbon tetrachloride. Le Sage et al. demonstrated
that acute administration of carbon tetrachloride
to rats induces apoptosis of large cholangiocytes
and proliferation of small cholangiocytes.
Furthermore, small cholangiocytes acquired de
novo expression of secretin receptors. Stimulation
of small cholangiocytes with secretin-induced
activation of cAMP suggests that upon injury
small cholangiocyte may acquire secretory fea-
tures of large cholangiocytes. This suggested that
small cholangiocytes compensated for the func-
tions of the injured large cholangiocytes [22].
Also, after partial hepatectomy, rat small cholan-
giocytes function as a niche for hepatobiliary
progenitor cells. Studies performed in human
cholestatic livers and in human-regenerating liver
after alcohol-induced injury suggest that human
cholangiocytes behave in a similar manner [23].
Thiese et al. reported that acetaminophen-
induced hepatic massive necrosis stimulates a
niche of stem cells containing small cells positive
for the cholangiocyte marker cytokeratin 19
(CK19) within the Canals of Hering [24]. Thus,
the main biological properties of small cholan-
giocytes are their ability to proliferate, to acquire
features of large cholangiocytes, to differentiate
into hepatocytes, and to be a cell reservoir upon
injury [1, 25].

Bile Formation Ninety-five percent of bile is
water with the remaining 5% consisting of
organic solutes such as bile salts, phospholipids,
cholesterol, as well as inorganic salts such as
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Na*, K*, and HCO;™ [26, 27]. Bile is first formed
(i.e., primary bile) by hepatocytes and then
secreted into the canaliculi via osmotic-dependent
excretion of organic solutes across the canalicu-
lar membrane drawing water via aquaporin water
channels [28]. The principal driver of hepatocyte
bile secretion is bile acids (i.e., bile acid-
dependent bile flow) [29]. Bile is then modified
via absorptive and secretory processes initially
by large cholangiocytes via transport of chloride
(CI"), HCOj, bile acids (BAs), amino acids, and
glucose to modify the water content and alkalin-
ity of bile through a series of hormone-regulated,
Ca?* (calcium)- or cyclic adenosine 3’, 5’-mono-
phosphate (cAMP)-dependent intracellular pro-
cesses [8, 26].

Moreover, cAMP and/or Ca**-sensitive baso-
lateral potassium (K*) channels, expressed in
cholangiocytes, mediate K* release which leads
to membrane hyperpolarization to maintain the
electrical driving force for continued apical CI~
secretion [30]. Under basal conditions, the per-
meability of the apical membrane is low but can
be increased several fold following cAMP stimu-
lation [31, 32]. Furthermore, CI- secretion and
subsequent reuptake is required for HCO;™ secre-
tion by the CI7/HCO;™ anion exchanger 2 (AE2).
CI" uptake is mediated by the sodium (Na*)/K*/
CI" cotransporter NKCC1, which is localized in
the basolateral membrane of rat cholangiocytes.
In an electrically neutral manner with stoichiom-
etry of 1Na*:1 K*:2Cl-, a gradient is established,
which maintains a high concentration of intracel-
lular CI~ [33]. This is important as HCOj;™ is
secreted in exchange for luminal CI~. The move-
ment of ions across the cholangiocyte apical and
basolateral membranes promotes osmotic-driven
bile secretion [34].

The absorption of ions, BAs, amino acids, and
glucose are additional processes that contribute
to ductal bile modification [8]. Glucose is
removed from bile in a Na*-dependent manner by
the Na*-glucose cotransporter, SGLT1, localized
in the apical plasma membrane of the bile ducts.
Conjugated BAs enter cholangiocytes through
the apical Na* -dependent bile salt uptake trans-
porter (ASBT) [35]. This is a 48 kDa integral
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membrane protein, localized on the cholangio-
cyte apical membrane. A truncated form of this
transporter (t-ASBT), responsible for the final
reabsorption of bile salts from the bile into the
blood, is found on the basolateral membrane [36,
37]. To prevent the cytotoxic effects of intracel-
lular BA accumulation, basolateral extrusion of
bile salts is mediated by MRP3, a member of the
multidrug resistance protein (MRP) subfamily of
transporters. MRP3 substrates include the organic
anions estradiol-17-glucuronide, bilirubin gluc-
uronide, monovalent bile salts taurocholate and
glycocholate, as well as divalent sulfated bile
salts [8, 38].

Hepatocytes secrete glutathione into the bile.
After glutathione in bile is hydrolyzed, the amino
acids, glutamate, cysteine, and glycine are pro-
duced and then absorbed by cholangiocytes for
the resynthesis of glutathione, which mediates
bile salt-independent secretion of canalicular
bile. Additionally, taurine and glycine play a key
role in the formation of conjugated BAs, prevent-
ing the reabsorption of the conjugated BAs as
they traffick through the biliary tract [28].

Water Secretion Water not only plays a major
role as the main constituent in bile, but is also
involved in the flow of bile and of cholangiocyte
signaling pathways via ciliary transduction
mechanisms [28]. Osmosis-dependent excretion
of ions, organic solutes, and water into the cana-
liculi establishes osmotic gradients necessary to
stimulate bile formation and secretion [8, 26].
Water transport, which is mediated by water
channels known as aquaporins (AQPs), plays a
key role in ductal bile formation [39]. AQPs are a
family of ubiquitously expressed membrane pro-
teins first discovered in the 1980s [35, 36] that
form channels allowing the transport of water
and small solutes such as glycerol to cross the
plasma membrane. The permeability of water
across the cell plasma membrane lipid bilayer is
increased up to 50 times when AQPs are present
relative to plasma membranes lacking AQPs
[40]. At least 13 types of AQPs (AQP 0-12) have
been described in mammalian cells and have
been grouped into three categories according to
their functions. Orthodox AQPs (i.e., AQPs
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0,1,2,4, and 5) selectively mediate water flow
through plasma membranes. Aquaglyceroporins
(i.e., AQPs 3,79, and 10) allow the passage of
water in addition to glycerol and urea. Unorthodox
AQPs (i.e., AQPs 6,8,11, and 12) were only
recently identified, and their functions remain
uncertain [41-43]. AQPs 0, 1,4, 5,8, 9, and 11
are all expressed in cholangiocytes [44]. In chol-
angiocytes, water movement likely occurs princi-
pally via a shuttle mechanism involving AQP1,
which is localized to both the apical and basolat-
eral domains [39]. Secretin, a gastrointestinal
hormone secreted by S cells of the duodenum
[45], promotes the movement of intracellular
vesicles containing AQP1 to the apical plasma
membrane, enhancing osmotic water permeabil-
ity, a process essential to ductal bile secretion
[39]. Furthermore, when vesicles are isolated
from the apical and basolateral membranes of
bile duct-ligated (BDL) rats treated with secretin,
the apical vesicles became enriched in AQPI,
while the basolateral vesicles express stable lev-
els of AQP4 [46]. Thus, these observations sug-
gest that AQP1 is regulated and mediates apical
water flow, whereas AQP4 is constitutively
expressed and mediates the basolateral move-
ment of water [46]. In cholangiocytes isolated
from the PCK rat, an animal model of autosomal
recessive polycystic kidney disease (ARPKD),
AQP1 is overexpressed at the basolateral mem-
brane and may contribute to the expansion of
cysts via influx of fluid [47].

Bicarbonate Secretion Another important func-
tion of cholangiocytes is biliary transport of
HCOs~, which maintains bile alkalinity, prevent-
ing protonation of bile salts that would otherwise
induce bile duct injury. In human and rat cholan-
giocytes, HCOj;™ secretion occurs mainly through
the Na*-independent C1/HCOj;~ exchanger, AE2,
and related apical Cl- channels [48]. Biliary
secretion of HCOj;™ initially requires modulation
of intracellular levels of HCO;™ in cholangio-
cytes. There are two mechanisms by which the
intracellular level of HCOs™ is regulated: (i) via
direct loading from the basolateral membrane
mediated by the Na*/HCO;~ cotransporter or (ii)
via carbonic anhydrase-mediated generation of
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HCO;™ and H* from hydration of CO, with water
[34]. The basolateral influx of HCO;™ is mediated
by the Na*/HCO;~ cotransporter in rats [1] and
the Na*-dependent CI/HCO;™ anion exchanger
in humans [49]. Biliary secretion of HCO;™ also
involves the generation in the lumen of a nega-
tive potential, requiring activation of Cl~ chan-
nels and subsequent release of Cl~ ions [34]. It is
well known that bile ducts express Ca?*-
dependent Cl~ channels [50]. HCO;~ biliary
secretion is influenced by at least three hormones,
namely, acetylcholine, somatostatin, and gastrin
[51]. Acetylcholine and muscarinic M3 subtype
receptor interaction induce an increase in intra-
cellular Ca?* and activation of the CI/HCO;™ ion
exchanger AE2. Somatostatin inhibits secretin-
stimulated intracellular cAMP synthesis through
a somatostatin receptor interaction [52, 53]. In
addition, gastrin synthesis, generated by gastric
antral G cells, decreases secretin-stimulated
cAMP levels through both the downregulation of
cyclic adenylate cyclase and decreased expres-
sion of secretin receptors [54].

Intracellular Signaling Cholangiocytes express
a number of receptors through which autocrine
and paracrine signaling pathways are modulated.
Secretin receptors (SR)s are typical G protein-
coupled receptors expressed on the basolateral
domain of intrahepatic rodent and human large
cholangiocytes [55]. In large intrahepatic cholan-
giocytes, CAMP levels increase upon secretin
stimulation [56]. This activation induces phos-
phorylation of protein kinase A (PKA), which in
turn promotes the opening of the apically located
CI~ channel (CFTR), resulting in Cl~ secretion
into bile. This process further activates CI'/HCO;~
exchange via AE2 resulting in HCO;™ secretion
into bile [21, 57]. BDL of rats induces hypercho-
leresis via secretin-mediated activation of SRs
[58] in a mechanism that involves an increased
number of secretin receptors per cell [59].
Importantly, studies by Glaser et al. [56] demon-
strated that in SR knockout mice, the proliferation
of large cholangiocytes is reduced during BDL
compared to wild-type BDL mice. In addition,
decreased levels of both basal- and secretin-stim-
ulated cAMP as well as reduced phosphorylation
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of the extracellular signal-regulated protein
kinases 1 and 2 (ERK1/2) were observed in large
cholangiocytes from SR knockout BDL mice
compared to large cholangiocytes from wild-type
BDL mice. In vitro experiments showed that
secretin increased the proliferation of cholangio-
cytes via cAMP/PKA/ERK1/2 signaling [56].

Cholangiocytes also express the G protein-
coupled bile acid receptor, TGRS (GPBAR-1,
M-Bar, or GPR131). TGRS is a transmembrane
receptor linked to cAMP signaling expressed in a
variety of human and rodent tissues that is
encoded by a gene located on chromosome 1C3 in
mouse and 2g35 in humans [60]. In cholangio-
cytes, TGRS is found in multiple intracellular
locations, including primary cilia on the apical
domain, on the non-ciliary portion of the apical
membrane, and on the inner and outer membrane
of the cholangiocyte nucleus [61]. TGRS is a
major receptor for bile acid signaling in cholan-
giocytes, and its activation affects intracellular
cAMP via coupling to Go, or Goy; proteins subse-
quently triggering downstream signaling events
[62]. A role for TGRS in the development of gall-
stones was proposed by Keitel et al. In vitro
experiments from the same study also showed
that TGRS stimulates the CFTR-dependent
release of biliary CI- [63]. As mentioned above,
primary cilia are key organelles involved in intra-
cellular signaling and, as such, influence the
response to TGRS cholangiocyte activation. For
example, in cholangiocytes, experimentally
devoid of primary cilia, stimulation by TGRS
agonists enhanced cAMP activation via Go;, par-
tially inhibiting ERK signaling, which results in
reduced cholangiocyte proliferation  [61].
Interestingly, the reverse outcomes were noted
when ciliated cholangiocytes were challenged
with the same TGRS agonists [61]. Masyuk et al.
demonstrated that primary cilia act as mechano-
sensors, responding to luminal fluid flow by alter-
ations in intracellular Ca?* and cAMP. The ciliary
proteins involved in this transduction of mechani-
cal stimuli include polycystin-1, a cell surface
receptor, and polycystin-2, a Ca?* channel [14].
Primary cilia also express the transient receptor
potential 4 (TRPV4) protein, a Ca** permeable,
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nonselective cation channel, through which they
can detect changes in osmolarity [15]. Gradilone
et al. demonstrated that hypotonicity induces a
rise in intracellular Ca** via TRPV4 activation in
rat cholangiocytes. Furthermore, in vivo stimula-
tion of cholangiocyte TRPV4 by intrabiliary
saline increased adenosine triphosphate (ATP)
production, HCO;™ release, and thereby bile
movement [15]. The role of cholangiocyte pri-
mary cilia as chemosensors has also been demon-
strated. Primary cilia on rat cholangiocytes
express the purinergic receptors, P2Y, and P2Y 3,
that respond to changes in cAPM induced by ade-
nosine diphosphate (ADP) and ATP-yS (nonhy-
drolyzed analog of ATP), two known agonists of
P2Y,, receptors. Moreover, suramin, an inhibitor
of P2Y receptors, can prevent the ADP-dependent
decrease of cAMP [16].

Cholangiocyte signaling also can occur in
response to receptor-mediated recognition of
microbial-derived molecules. Receptors involved
include Toll-like receptors (TLRs), nucleotide
oligomerization domain proteins [3], and purino-
ceptors [64]. TLRs, a family of conserved recep-
tor proteins critical for pathogen recognition, are
present on the apical membranes of cholangio-
cytes where they are well positioned to detect
pathogenic molecules in bile notably pathogen-
associated molecular patterns (PAMPs), as well
as adaptor proteins such as myeloid differentia-
tion protein 88 (MyD88) and intracellular kinases
[65]. Human cholangiocytes express TLRs 1-10,
MD-2, MyD88, and downstream effectors of the
TLR pathway [66]. The responses triggered by
activation of TLRs in cholangiocytes are
described later in this chapter.

Communication Between Cells Cholangiocytes
can communicate with each other and with other
cells via the release of soluble molecules as well
as by secreted extracellular vesicles (ECVs).
ECVs are nano-vesicles secreted by various types
of benign and malignant cells. Exosomes, a subset
of ECVs 30-150 nm in diameter, are membrane-
enclosed vesicles present in biological fluids
in vivo that shuttle molecules from donor cells to
proximal or distant target cells [18]. Exosomes
are generated through the invagination of early
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endosomes, subsequently producing intraluminal
vesicles (ILVs) that contain multiple molecules
(e.g., proteins, RNA, etc.) that typically result in
the formation of multivesicular bodies (MVBs).
The dynamic MVB pathways can lead to either:
(i) plasma membrane fusion followed by release
of ILVs into the extracellular milieu (now termed
exosomes) or (ii) lysosomal fusion resulting in
degradation [18]. Liver epithelia, including hepa-
tocytes and cholangiocytes, can release exosomes
in culture and in vivo, consistent with an impor-
tant role for exosomes in intercellular communi-
cation and signaling. The mechanisms by which
exosomes may initiate signaling pathways in tar-
get cells remain poorly defined but include: (a)
binding to specific membrane receptors to induce
intracellular signaling processes; (b) fusion of the
exosome with the target cell membrane followed
by release of its encapsulated content; and (c)
endocytosis of the entire exosome following con-
vex-like membrane bending of the target cell
plasma membrane [67].

Cholangiocytes secrete exosomes into the bile
duct lumen [18]. Studies using cultured cholan-
giocytes show that exosomes isolated from bile
induce ERK1/2 activation that is dependent on
the presence of primary cilia and that can influ-
ence ERK1/2-mediated cholangiocyte prolifera-
tion and miRNA expression [18]. In addition, it
has also been reported that cholangiocytes
infected by the  protozoan  parasite,
Cryptosporidium parvum (C. parvum), secrete
increased numbers of apically derived exosomes
that contain antimicrobial peptides, suggesting a
role for cholangiocyte-derived exosomes in
response to biliary infection [68].

Basolaterally released exosomes derived from
intestinal epithelia as well as from cholangio-
cytes have also been described; however, their
physiological relevance remains unclear [18, 69].

Cholangiocyte Plasticity
Cholangiocytes have the ability to adapt and

respond to changes in their microenvironment.
For instance, upon injury cholangiocytes become
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reactive, actively producing and secreting mole-
cules that stimulate immune and wound-healing
responses. Furthermore, as a mechanism to pre-
vent malignancy, cholangiocytes undergo a state
of senescence in which their proliferative capacity
is shut down. Under certain circumstances, how-
ever, this mechanism can be bypassed, and chol-
angiocytes adopt a malignant phenotype
characterized by hyperproliferation with a marked
production of pro-inflammatory cytokines.

Cholangiocyte Reactivity Exposure of cholan-
giocytes to chemicals, microbes, and microbial
products can induce cholangiocyte activation [3].
Activated cholangiocytes are characterized by:
(i) increased resistance to apoptosis, allowing
benign proliferative expansion of cholangiocytes;
(ii) increased production and release of cytokines
and chemokines that attract immune cells, ampli-
fying the pro-inflammatory response already ini-
tiated; (iii) decreased expression of epithelial
markers and acquisition of mesenchymal fea-
tures; and (iv) overproduction and secretion of
profibrotic molecules (Table 7.1) (Fig. 7.1) [5].
Reactive cholangiocytes, for example, secrete
PDFG-BB, which induces the production of
hedgehog (Hh) ligands by myofibroblasts and
cholangiocytes. Importantly, activation of the Hh
pathway appears necessary for activated cholan-
giocytes to maintain the reactive phenotype [5].

In an in vitro model of C. parvum infection of
cholangiocytes, Chen et al. demonstrated that chol-
angiocytes respond and defend against this parasite
by inducing activation of the nuclear factor kappa
B (NF-kB) pathway via TLR-2, TLR-4, and subse-
quent production of IL-8 and human beta defensin
2 (HBD-2). Both TLRs and HBD-2 are key players
of the innate immune system against pathogens
[66]. Cholangiocytes can also be exposed to enteric
bacterial-derived products via the enterohepatic
circulation [70]. For instance, cholangiocytes in
patients with primary sclerosing cholangitis (PSC)
may be exposed to lipopolysaccharide (LPS), the
bioactive part of gram-negative bacteria [71].
Recognition of LPS by cholangiocytes via TLR-4/
MyD88 stimulates the NF-kB and N-Ras/ERK
pathways. TLR-induced N-Ras activation requires
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transactivation of the epidermal growth factor
receptor (EGFR) and the ADAM metallopeptidase
domain 17 (TACE). Stimulation of the N-Ras/ERK
pathway and NF-kB activation promote IL-6
expression, a known pro-inflammatory cytokine
and mitogen, activating cholangiocyte prolifera-
tion [70, 72]. Several other molecules such as hor-
mones, BAs, neuropeptides, and an increase in bile
duct pressure are known to induce cholangiocyte
proliferation [73].

Bile duct proliferation is another mechanism
of response/defense of cholangiocytes upon
injury. Acute injury of the biliary tree induces
proliferation of large cholangiocytes to maintain
internal stability within the bile ducts [3], whereas
chronic injury triggers replication of both small
and large cholangiocytes [3]. Acute and chronic
biliary damage promotes regeneration and repair
which modulates bile duct morphogenesis. Fabris
et al. demonstrated that in human livers with bile
duct injury, reactive bile ducts display features
similar to what occurs during the early phase of
bile duct morphogenesis [74].

Senescent Cholangiocytes Cellular senescence
is an irreversible state in which cells, arrested in
the G1 phase of the cell cycle, can no longer rep-
licate. Cellular senescence is a characteristic of
aging and is present in a variety of disorders, e.g.,
atherosclerosis, osteoarthritis, and chronic
obstructive pulmonary disease [75]. It occurs as a
result of genotoxic stimulation and constitutes a
mechanism to prevent cancer growth as it halts
proliferation of injured cells [6]. There are two
major, but not mutually exclusive, tumor sup-
pressor pathways that tightly control cellular
senescence: the p53 and the pl6™X4/pRB path-
ways. As mentioned earlier in this chapter, senes-

cent cells may transition to a highly
pro-inflammatory phenotype known as the
senescence-associated  secretory  phenotype

(SASP) [6]. This term was first proposed by
Coppé et al. while studying an array of factors
that human pre-senescent and senescent fibro-
blasts secrete [6]. Fibroblasts undergoing SASP
secrete abundant levels of pro-inflammatory
cytokines and immuno-attractant chemokines
(IL-6, IL-7, IL-8, monocyte chemoattractant pro-
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tein-2 [MCP-2], and macrophage inflammatory
protein-3 alpha), growth regulatory molecules
(growth-regulated oncogene, hepatocyte growth
factor, and insulin-like growth factor-binding
proteins [IGFBPs]), membrane/transmembrane
receptors (intracellular adhesion molecules, uro-
kinase receptor, and tumor necrosis factor [TNF]
receptors), and survival mediators (osteoprote-
gerin and fibroblast growth factor) compared to
pre-senescent fibroblasts [6].

Senescent cholangiocytes have been reported
in different types of liver injury and have been
implicated in the pathogenesis of various diseases.
Indeed, a positive correlation between cholangio-
cyte senescence and the degree of rejection in
acute liver allograft rejection has been reported
[76]. Cholangiocyte senescence has been also
associated with the progression of chronic liver
diseases such as primary biliary cirrhosis, chronic
viral hepatitis, and nonalcoholic steatohepatitis
[77]. Further studies from the same group showed
an association between fibrosis and inflammation
in nonalcoholic fatty liver disease. Furthermore,
the number of senescent cholangiocytes increased
as the fibrosis progressed. Interestingly, the expres-
sion of MCP-1, a SASP secretory factor and che-
moattractant of hepatic stellate cells (HSCs) and
inflammatory cells, was also upregulated in bile
ducts in the late stages of the disease. Coculture
experiments also showed increase migration of
HSCs toward senescent cholangiocytes. The
authors concluded that senescent cholangiocytes
most likely produce MCP-1 for the recruitment of
HSC:s to the sites of injury [78].

Recent studies have demonstrated that cellular
senescence may play a key role in the pathogen-
esis of PSC [75]. Immunofluorescence of human
PSC liver sections showed that cholangiocytes
are not proliferative and express the senescent
markers pl6™&4* and yH2A.x, suggesting that
cholangiocytes in PSC exhibit increased senes-
cence [75]. Moreover, PSC cholangiocytes pro-
duce abundant levels of SASP factors, particularly
IL-6, IL-8, plasminogen activator inhibitor-1,
and MCP-1 compared to normal and disease
control cholangiocytes (Table 7.1) (Fig. 7.1) [75].
As mentioned, SASP components engage in
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intercellular communication to induce pro-
inflammatory and senescent phenotypes in target
cells. Importantly, we recapitulated these find-
ings in an in vitro model of stress-induced chol-
angiocyte senescence. In this same model, we
found that cholangiocyte senescence is driven by
the N-Ras pathway. Moreover, cholangiocytes
isolated from livers of patients with PSC cholan-
giocytes secrete 23 and 46 times more IL-6 and
IL-8, respectively, compared to normal cholan-
giocytes [79]. At the morphological level, PSC
cholangiocytes display an enlarged shape with
marked cytoskeletal filamentous proteins [79].
These cells also showed decreased tight junction
integrity, evaluated by the low expression level of
the tight junction marker ZO-1 [79].

Transformed Cholangiocytes Neoplastic trans-
formation of cholangiocytes results in the devel-
opment of cholangiocarcinoma (CCA) [80].
While the molecular mechanisms responsible for
the malignant transformation of cholangiocytes
and its progression to CCA are still unclear, CCA
frequently occurs within bile ducts plagued by
chronic inflammation [7].

Aberrant expression of the tyrosine kinase
receptor ErbB-2/Neu and prostaglandin endoper-
oxide synthase cyclooxygenase-2 (COX-2) in bili-
ary epithelia has been implicated in the development
and progression of CCA (Table 7.1) (Fig. 7.1).
Immunohistochemistry of human bile ducts has
demonstrated that both COX-2 and ErbB-2 are
several times fold upregulated in PSC and CCA
patients compared to normal subjects. There was
also a positive correlation between tumor differen-
tiation and the overexpression of COX-2 and
ErbB-2 with peak expression of both proteins
observed in well-differentiated tumors [81].

In pathological conditions, chronic inflamma-
tion promotes oxidative stress via production of
abnormal levels of reactive oxygen and nitrogen
species. Reactive nitrogen species are generated
from nitric oxide (NO). NO is a signaling mole-
cule that at physiological concentrations inhibits
inflammation and prevents platelet aggregation
and integrin-dependent adhesion. NO is overpro-
duced in a variety of pathological conditions and
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at high levels can promote carcinogenesis via
inhibition of apoptosis, induction of DNA dam-
age, and angiogenesis [82]. Jaiswal et al. demon-
strated via immunohistochemistry cholangiocyte
DNA damage and de novo production of the
inducible nitric oxide synthase (iNOs) in cholan-
giocytes of patients with PSC [83]. Further stud-
ies revealed that iNOs induces malignant
transformation of cholangiocytes and CCA pro-
gression [84]. The mechanism involves iNOs-
dependent production of NO by PSC
cholangiocytes. [84]. NO activates the Notch-1
signaling pathway leading to resistance of
TRAIL-mediated apoptosis [84].

IL-6 is one of the pro-inflammatory cytokines
that is abundantly expressed during chronic bile
duct inflammation [7]. It is normally produced by
various liver cell types and is particularly secreted
at high levels by senescent cholangiocytes in
patients with PSC [7, 79]. Several lines of evi-
dence have shown that IL-6 potently stimulates
normal cholangiocyte proliferation via autocrine
and paracrine mechanisms [72, 73, 85, 86]. The
role of IL-6 signaling in liver tumorigenesis and
liver cancer progression has also been docu-
mented both in vivo and in vitro [87, 88].
Abrogation of the IL-6 signaling pathway by an
antihuman IL-6 neutralizing antibody inhibits
proliferation of the CCA line KMCH-1 [85].
Furthermore, stimulation of KMCH-1 cells with
the pro-inflammatory cytokines IL1-p and TNF-a
leads to an upregulation in IL-6 secretion [85]. In
vitro and in vivo evidence suggests that [L-6 dys-
regulation is implicated in cholangiocyte malig-
nant transformation and aggravation of
CCA. Meng et al. showed that IL-6 promotes sur-
vival of human cell lines from intrahepatic, extra-
hepatic, and gallbladder tumors via increased
expression of the myeloid cell leukemia protein-
1, which in turn inhibited apoptosis and decreased
sensitivity to chemotherapy [7].

Summary
In this chapter we have selectively summarized

the latest literature regarding the biology of nor-
mal cholangiocytes. In addition, we present a
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model of cholangiocyte plasticity that includes
the normal functions of cholangiocytes as well as
their responses upon injury, focusing on the
induction of senescence, the subsequent develop-
ment of SASP, and ultimately cholangiocyte
malignant transformation. The signaling path-
ways in which injured cholangiocytes communi-
cate are also reviewed. The mechanisms that
regulate the responses of cholangiocytes in each
stage are not fully understood, and whether chol-
angiocytes can revert from one stage to another
still remains to be elucidated. Understanding
what regulates the plasticity of cholangiocytes
during disease may lead to finding novel thera-
peutic targets that could trigger the resolution of
the activated, senescent, and SASP phases.
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