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Abstract: Cholangiopathies encompass various biliary diseases affecting the biliary epithelium,
resulting in cholestasis, inflammation, fibrosis, and ultimately liver cirrhosis. Primary biliary
cholangitis (PBC) and primary sclerosing cholangitis (PSC) are the most important progressive
cholangiopathies in adults. Much research has broadened the scope of disease biology to genetic
risk, epigenetic changes, dysregulated mucosal immunity, altered biliary epithelial cell function,
and dysbiosis, all of which interact and arise in the context of ill-defined environmental triggers.
An in-depth understanding of the molecular pathogenesis of these cholestatic diseases will help
clinicians better prevent and treat diseases. In this review, we focus on the main underlying
mechanisms of disease initiation and progression, and novel targeted therapeutics beyond cur-
rently approved treatments.
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1. Introduction

Cholangiocytes are mature epithelial cells lining the biliary tree. Their functions in-
clude the secretion and modification of bile components and the transport of bile to the
intestine. Dysfunction of cholangiocytes can lead to the development of various biliary
diseases with a chronic—progressive course and often invalidating outcomes. This dis-
ease entity affecting the biliary epithelium is known as cholangiopathies. It is caused by
diverse etiologies, including genetic, immune-mediated, infectious, drug-induced, idio-
pathic, malignant and vascular diseases [1]. The perturbed structure and function of
cholangiocytes result in impaired bile formation and secretion. These syndromes com-
prising cholangiopathies have unresolved pathophysiological problems and significant
unmet needs in clinical practice [2].

Primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) belong
to the main subgroup of chronic cholestatic liver diseases. PBC is a progressive fibrosing
cholangiopathy of the small intrahepatic bile ductules (diameter < 100 pm). The preva-
lence of PBC ranges from 1.91 to 40.2 per 100,000 inhabitants in different geographic ar-
eas [3]. In 2015, the nomenclature of PBC was changed from primary biliary cirrhosis to
remove the “cirrhosis stigma” and more accurately reflect the disorder and its natural
history [4,5]. Although a predisposing genetic background along with infective, immu-
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nological, and environmental triggers have been proposed to elucidate the onset of the
disease, the etiology of PBC is still unclear [6-8].

PSC is also characterized by the progressive idiopathic stricturing of the biliary
system, typically leading to end-stage liver diseases such as cirrhosis and colonic or
hepatobiliary malignancy. The prevalence of PSC ranges from one to 16 per 100,000
worldwide [3,9], with an annual incidence of 0.5-0.75 cases per 100,000 [9,10]. The path-
ogenesis of PSC remains uncertain; however, similar to PBC, it appears to be multifacto-
rial, with environmental triggers leading to cholangiocyte damage and an aberrant and
exaggerated cholangiocyte immune response promoting clinical disease in immunoge-
netically susceptible persons.

Both PBC and PSC are considered immune-mediated cholangiopathies and have
features of portal inflammation, biliary tract injury, and sequential fibrosis and cirrhosis
development, leading to end-stage liver failure. Although these disorders present com-
mon clinical features, PSC is characterized by damage of medium to large extrahepatic
and intrahepatic bile ducts, whereas PBC chiefly targets small intrahepatic bile ducts
[11,12]. They are uncommon or even rare; however, these diseases often cause consider-
able morbidity and mortality. The largely unknown etiology and disease mechanisms of
PBC and PSC make curative therapies unavailable.

Thus, in this review, we address the mechanism of functional loss of cholangiocytes
in the initiation and progression of PBC and PSC, together with the treatments based on
currently ongoing studies.

2. Cholangiocyte Pathobiology

Cholangiocytes line a complex network of interconnecting tubes extending from the
canals of Hering (CoH) in the liver to the duodenum. CoH begins in the lobules, consists
partially of hepatocytes and cholangiocytes, and carries bile from the bile canaliculi to
terminal bile ducts in portal tracts [13]. Even though cholangiocytes compose a minor
part (3—-5% of all liver cells) of the liver, they are essential in bile generation, a
life-sustaining function of the liver [14]. The fact that cholangiocytes account for 3-5% of
the total liver cell population and generate 25-40% of the total bile flow in humans,
which indicates how active these cells are when transporting water and HCOs™ into the
bile duct [15-17].

Cholangiocytes represent heterogeneity with regard to morphological, biochemical,
and functional aspects [18]. Immature cholangiocytes within the CoH, and from the in-
trahepatic and extrahepatic peribiliary glands, are poorly differentiated, and are consid-
ered progenitor cells that participate in epithelium restoration and tissue regeneration;
however, cholangiocytes gradually obtain a greater degree of differentiation along the
biliary tree (from small to large bile ducts) regarding cell polarity, expression of recep-
tors and transporters, and response to hormones [18,19]. Cholangiocytes are classified
into small and large cholangiocytes, and each consists of small and large intrahepatic
bile ducts, respectively. Large cholangiocytes take part in the alteration of bile composi-
tion and volume through secretory and absorptive processes which thoroughly regulat-
ed by molecules such as hormones, peptides, and neurotransmitters [20]. In contrast,
small cholangiocytes can change their phenotype in response to exogenous or endoge-
nous -stimuli, including microorganisms, toxic material, drugs, and hormones, which
consequently participate in the inflammatory response during biliary tract injury [20,21],
and function as liver progenitor cells in certain circumstances [22].

Bile, consisting mainly of bile salt, phospholipids, cholesterol, conjugated bilirubin,
electrolytes, and water, is a physiological aqueous solution and secretory fluid produced
by the hepatobiliary system. Bile contains various components which contribute to
health by aiding digestion, maintaining enterohepatic circulation, and supporting the
elimination of harmful molecules from the body. Within the ductal lumen, bile is modi-
fied via activities at the apical plasma membrane domain of cholangiocytes. Additional-
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ly, via tight junctions and immunoglobulin, A (IgA) secretion, and barrier formation,
cholangiocytes protect themselves from potentially damaging molecules and microor-
ganisms in bile, and can access the immune and vascular systems through the basolat-
eral plasma membrane domain. These complicated processes are regulated by extracel-
lular signals, biliary constituents (bile acids, glucose, vesicles), and physical forces such
as flow and pressure [15].

Cholangiocytes can be affected during liver injury and participate in various liver
diseases” pathobiology. Additionally, cholangiocytes can also have a role in liver regen-
eration when hepatocyte regeneration is impaired [23]. Detailed molecular mechanisms
responsible for cholangiocyte dysfunction in PBC and PSC will be reviewed in the fol-
lowing sections.

3. Primary Biliary Cholangitis
3.1. Pathogenesis of PBC
3.1.1. Genetic Factor

PBC can be triggered by environmental factors such as infectious diseases and
harmful chemicals in genetically susceptible individuals [6]; therefore, genetic factors are
thought to play a substantial role in disease onset. There was a higher concordance rate
in monozygotic twins than in dizygotic twins, and familial clustering of patients with
PBC (relative risk of 9.13-10.5 in first-degree relatives compared with 1.66 in fifth-degree
relatives), which suggests that genetic factors contribute to the occurrence of PBC
[24-26]. Although the genetic correlations are lower than those seen in other autoim-
mune diseases, large-scale genome-wide association studies have recently indicated
multiple genes affecting the susceptibility to PBC in human leukocyte antigen (HLA)
and non-HLA loci. The HLA complex at chromosomal position 6p21 includes the most
polymorphic genes in the human genome [27]. The products of the classical HLA class I
(A, B, and C) and class II (DR, DQ, and DP) genes contain cell surface glycoproteins par-
ticipating in the binding and presentation of self or non-self peptides to T-cell receptors.
Class I molecules are recognized by CD8+ cytotoxic T cells presenting as endogenous
peptides, whereas class II molecules are recognized by CD4+ helper T cells presenting as
processed peptides from exogenous pathogens [28]. The extent to which endogenous
and exogenous peptides bind to HLA molecules is determined by allelic polymor-
phisms.

HLA class II alleles have been associated with PBC onset for decades. Previous
studies have shown that PBC is related to HLA DR*08 as a predisposing allele and HLA
DRB1*11 and *13 alleles as protective alleles [29,30]. Although HLA alleles are crucial in
determining the susceptibility of PBC via alteration of autoantigen presentation, HLA
alone does not clarify the whole genetic predisposition to PBC. In fact, 80-90% of pa-
tients with PBC do not represent the most common HLA susceptibility alleles [28]. Ge-
nome-wide association study (GWAS) findings denoted risk loci including interleukin
(IL)12A, IL12RB, interferon regulatory Factor 5 (IRF5), transportin 3 (TNPO3), transcription
factor Spi-B (SPIB), tumor necrosis factor superfamily, member 15 (TNFSF15), and POU do-
main class 2-associating Factor 1 (POU2AF1) [31-33]. Through interaction with death re-
ceptor 3 (DR3), TNFSF15 promotes T-cell expansion and induces apoptosis in cells that
overexpress DR3. Additionally, synergistic interaction with IL-12 and IL-18 ultimately
promotes interferon-gamma production. The reason why much of the heritability of PBC
remains uncertain may be explained by the “missing heritability”, such as DNA methyl-
ation, histone modification, and noncoding RNAs (i.e.,, miRNA and IncRNA) that cannot
be captured by GWAS. For example, polymorphisms of solute carrier family 4 member
2(SLC4A2)/anion exchanger 2 (AE2) genes were associated with disease progression in a
case-control study [34] but not in GWAS. In addition, telomere dysregulation in biliary
epithelial cells (BECs) may be involved in disease onset. A deficiency in sex chromo-
somes and skewed gene expression in the X chromosome may explain the female pre-
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dominance in PBC [35]. A previous study demonstrated that through X-chromosome
profiling data of PBC patients, there are distinct DNA methylation patterns in CD4,
CD8, and CD14 cells; moreover, demethylation of the C-X-C chemokine receptor 3
(CXCR3) promoter leads to elevated expression of CXCR3 in CD4 T cells in early-stage
PBC patients [36]. CXCR3, which is expressed mainly on activated T lymphocytes, natu-
ral killer (NK) cells, and some epithelial cells and endothelial cells, plays a key role in
inducing leukocyte trafficking, cytoskeletal changes, and chemotactic migration. To in-
vestigate the genetic variation underlying the progression of the disease and therapeutic
response, further studies are necessary.

3.1.2. Anion Exchanger Deficiency in PBC

Similar to other epithelial cells, cholangiocytes are polarized cells that enable the
secretion of bicarbonate (HCOs") and water to the ductular lumen. Thus, fluidizing and
alkalizing canalicular bile can be formed [15,16]. The bile epithelium is protected from
bile salts through the secretion of HCOs; therefore, a damaged “biliary bicarbonate um-
brella” is considered a common pathology of fibrotic cholangiopathy.[37]. Cholangio-
cytes react to pathogen associated molecular patterns (PAMPS) and damage associated
molecular patterns (DAMPS) through the pattern recognition receptors (PRRs). This re-
action leads to stimulation of the NF-kB-dependent cytokines/chemokines secretion.
Pro-inflammatory cytokines and chemokines inhibit biliary fluid and bicarbonate secre-
tion by interfering with cAMP-dependent ion transport mechanisms of cholangiocytes
[38]. AE2, an electroneutral chloride (Cl-)/ HCOs™ exchanger, has been reported to play a
central role in maintaining a “biliary bicarbonate umbrella” for protecting biliary muco-
sa. Bile salt is negatively charged on the outer leaflet of the plasma membrane, where it
can be protonated by attracting protons. Consequently, the protonated bile salts are not
polar and enter cells freely through diffusion, resulting in apoptosis. The main function
of the biliary bicarbonate umbrella is that of the alkaline barrier, which is maintained by
biliary HCOs secretion, and sets bile salts in their polar, deprotonated, and mem-
brane-impermeable state; therefore, dysfunctional AE2 may be related to the pathogen-
esis of PBC [39-41]. In addition to several studies indicating that AE2 was reduced in
PBC, a recent study reported that downregulation of AE2 may sensitize BECs to apop-
totic insults activating soluble adenylyl cyclase (sAC) [39]. sAC, an evolutionarily con-
served bicarbonate sensor, plays a key role in regulating bile salt-induced apoptosis [42].
Reduced AE2 expression leads to a decrease in the bicarbonate secretion and bicarbonate
accumulation in the cells. Increased intracellular bicarbonate modulates bile salt induced
apoptosis by increasing sAC activity. Decreased bicarbonate secretion allows more bile
salts to enter cells, releasing intracellular Ca?* stores, thereby increasing sAC activity. In
vitro studies reported that inhibition of sAC reversed sensitization to bile salt-induced
apoptosis and prevented bile salt-induced apoptosis altogether [39,40]. Motoko et al.,
have previously reported that uncontrolled autophagy may play an important role in
the pathogenesis of PBC by causing autoimmune processes through aberrant expression
of mitochondrial antigens such as the pyruvate dehydrogenase complex, E2 (PDC-E2)
and promoting cellular senescence in BECs in the biliary tract in PBC [41,43,44]. More
recently, it was disclosed that the decreased expression of AE2 was closely correlated
with the abnormal expression of PDC-E2 and autophagy-related markers LC3 and p62
[45]. Furthermore, AE2 knockdown was reported to induce cellular senescence [45,46].
Interestingly, dysregulated autophagy can induce cellular senescence [47]; thus, it is
likely that cellular senescence can be induced through unregulated autophagy due to
AE2 downregulation in PBC. Senescent BECs express diverse chemokines and cytokines
with a senescence-associated secretory phenotypes in PBC and PSC, which are involved
in inflammatory cell infiltration and fibrosis in cholangiopathies [43,48-50].

In addition, it is interesting that allelic variations in the AE2 gene have a meaningful
association with the disease progression rate in PBC under ursodeoxycholic acid (UDCA)
treatment [34].
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3.1.3. Anti-Mitochondrial Antibodies (AMA) in PBC

The presence of disease-specific autoantibodies, that is, serum AMA, suggests that
autoimmunity is one of the central mechanisms of PBC [51]. AMA was first detected for
a non-organ-specific ATPase-associated antigen called M2, and it was primarily directed
to PDC-E2 [52]. AMA is considered as the typical characteristic of PBC and is present in
90-95% of patients [53]; however, it can be found in less than 1% of healthy subjects.
AMA targets lipoic acid-containing immunodominant epitopes, especially the E2 subu-
nits of the 2-oxoacid dehydrogenase complex enzymes, including PDC-E2. For unknown
reasons, PDC-E2 is abnormally expressed in the luminal surface of the bile duct epitheli-
al cells of PBC patients, resulting in a pathogenetic process, so-called “autoimmune epi-
thelitis” [54]. CD8+ T cells recognize this epitope, resulting in subsequent bile duct injury
and accumulating bile acids to toxic concentrations [55,56]. The T-lymphocyte-mediated
destruction of small bile ducts is followed by secondary damage of hepatocytes from the
accumulation of potentially toxic molecules such as bile acids, which are normally se-
creted into the bile. Naturally, generated bile acids (cholic acid, chenodeoxycholic acid,
and deoxycholic acid) are all detergents and can lyse cell membranes if present at a sub-
stantially high concentration, which is often reached in cholestasis [56].

Although AMA has diagnostic value, it has no prognostic value. In other words,
AMA titer and subtypes are not associated with disease severity and outcome [57-59].
Although there was a report that treatment with UDCA may decrease the AMA titer, it
is controversial whether the AMA titer is associated with treatment response [60,61].

AMA-negative PBC accounts for 5-10% of PBC cases [54,62]. PBC-specific an-
ti-nuclear antibodies (ANA) (anti-GP210 and/or anti-SP100) might help to diagnose
AMA-negative subjects. Interestingly, anti-SP100 and anti-GP210 are specific for PBC
and correlate with disease severity [63].

3.1.4. Immune Response in PBC

The immune system plays a central role in PBC pathogenesis, and various immune
cells have been shown to infiltrate the portal tract areas of PBC patients. The primary
cause of PBC relates to the loss of immune tolerance to PDC-E2 [64]. PDC-E2 is located
on the inner mitochondrial membrane and contains a lipoic acid-lysine bond, which is
essential for antigen recognition and immune cell activation [65,66]. Disease-specific
AMAs target immunodominant epitopes, chiefly PDC-E2. Aberrant modification of mi-
tochondrial PDC-E2 occurs within apoptotic BECs, and characteristic apoptotic blebs
containing immunologically intact PDC-E2 are released. The immunogenic complex is
recognized by circulating AMAs; as a result, antigen—antibody complexes are formed
[67]. Then, autoantigen-AMA complexes are recognized by innate immune cells such as
macrophages, and the disrupted immunotolerance of the liver leads to the further re-
cruitment of various immune cells into the liver [67,68].

BECs can also directly act as antigen-presenting cells to present CD1d-restricted an-
tigens to invariant natural killer T (iNKT) cells, resulting in the activation of this key
immune cell subset [69]. In addition to enhancing immune activation, BEC can sustain
an inflammatory profile in PBC, which is achieved by secreting several chemokines and
recruiting the corresponding immune cells in the liver [48,70]. Once the immune re-
sponse is set up against aberrant autoantigens expressed on cholangiocytes,
PDC-E2-specific autoreactive CD4 T and CD8 T cells are selectively abundant in the liv-
ers of PBC patients [71]. Additionally, autoreactive B cells may act as important anti-
gen-presenting cells via the uptake and presentation of autoantigens to T cells [72],
which ultimately activate autoreactive B cells to release more AMA [73], thus developing
a positive feedback loop that induces BEC injury in PBC.

During PBC progression, a shift from the Th1 to Th17 response occurs. Th17 cell ac-
tivation increases with disease progression.; thus, maximal Th17 activation can be a fea-
ture of the progressive disease stage [74,75]. In addition to promoting inflammation,
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Th17 cells are known to perform profibrotic functions such as interleukin 17A (IL-17A),
as a mechanism to promote the proliferation of hepatic stellate cells; however, this path-
ologic mechanism has not been proven in PBC [76]. An in vitro study demonstrated that
mucosal-associated invariant T (MAIT) cells, another main source of IL-17 in later stages
of PBC, induced a profibrotic and activated phenotype of human hepatic stellate cells
(HSCs) [77-79]. Subsequently, immune-mediated mechanisms involving autoreactive T
cells contribute to the development of chronic liver inflammation and direct bile duct
injury by secreting a wide variety of pathologic factors.

3.1.5. Gut Microbial Profile in PBC

The human gut harbors a complicated ecosystem of trillions of microbial cells,
called the gut microbiome, contributing to essential functions such as regulating metab-
olism and immunity [80,81]. Accumulating evidence implies potential links between the
gut microbiome and PBC [82-84]. PBC can change the gut microbiome by causing intes-
tinal motility disorders, immunologic derangement, bile secretory defects, and portal
hypertension [84,85]. The interactive relationship between the gut and the liver, called
the “gut-liver axis”, is established by the portal vein, which enables the transport of
gut-derived products directly to the liver [86].

The biliary epithelium expresses toll-like receptors (TLRs). Once various ligands,
including microbial products such as lipopolysaccharide (LPS), bind to TLRs, cellular
injury occurs through the proinflammatory nuclear factor-kB pathway and IL-8 and
CX3C-chemokine ligand 1 (CX3CL1) release, which facilitates the recruitment of effector
lymphoid cells into portal tracts in the livers of PBC patients [87,88]. In contrast, MAIT
cells, a novel subset of innate-like T cells, have a critical role in protecting the biliary tree
from microbial triggers; thus, MAIT cells are referred to as a “biliary firewall” [89]. Un-
der healthy conditions, MAIT cells that are abundant in the portal vein are activated by
antigen exposure and enhance the local immune response to suppress pathogens [77];
however, an amount of intrahepatic MAIT cells is decreased in PBC, therefore, the pro-
tective role of MAIT cells in the maintenance of biliary integrity is limited, especially af-
ter exposure to bacterial pathogens [90]. Interestingly, a recent study showed that even
after response to UDCA treatment, the amount of MAIT cells did not normalize, which
suggested the mechanism of the disease progresses in spite of the treatment response in
PBC [79,89].

Additionally, portal plasma cells produce liver-derived secretory IgA, which is se-
creted into the lumen via bile. Secretory IgA is also able to contribute to protecting the
biliary tree from microorganisms by agglutinating or entrapping bacteria, neutralizing
bacterial toxins, altering the virulence of bacteria via disruption of gene expression and
inhibiting bacterial access to enterocytes [91]. Compared with healthy individuals, PBC
patients have reduced secreted IgA from duodenal enterocytes. Moreover, relevant lo-
calization of IgA to the basolateral membrane and expansion of tight junctions poten-
tially serving as entrances to the bile tree were observed [92,93].

Distinct fecal microbial features in patients with PBC include increased colonization
of Enterobacteriaceae, Pseudomonas, Veillonella, and Clostridium, and decreased Oscillospira
and Suterella [94,95]. In a previous experimental study, long-term bacterial exposure in
normal mice was associated with autoantibody production and histological signatures
resembling PBC [96]. Recently, Tang et al., reported differences in the fecal microbiota
from PBC patients naive to UDCA compared with healthy controls [97]. In PBC patients,
the gut microbiota richness was significantly reduced. At the phylum level, Bacteroide-
tes spp. were significantly decreased, whereas Fusobacteria and Proteobacteria spp.
were overrepresented. At the genus level, Bacteroidetes spp., Suterella, Oscillospira and
Faecalibacterium were significantly decreased in patients, whereas eight genera (Hae-
mophilus, Veillonella, Clostridium, Lactobacillus, Streptococcus, Pseudomonas, Klebsiella, and
an unknown genus in the family Enterobacteriaceae) were significantly increased [98].
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Another study, including early-stage PBC patients and healthy controls, demonstrated
that the guts of PBC patients were depleted of some potentially beneficial bacteria, such
as Acidobacteria, Lachnobacterium spp., Bacteroides eggerthii, and Ruminococcus bromii, but
were plentiful in some bacterial taxa including opportunistic pathogens, such as
y-Proteobacteria. [99]. As a result of that study, it was suggested that the alteration of the
gut microbiome could be critical for the onset or development of PBC by interacting
with metabolism and immunity. Interestingly, Tang et al. found that PBC-associated
dysbiosis was partially reversed during UDCA treatment [97]. This finding suggests that
modifications of specific bacterial species—for example, those sensitive to bile salt con-
centration and those involved in bile acid metabolism—may occur after UDCA treat-
ment. Bile acids, which are important metabolites of the microbiome, can modify the
composition of the gut microbiota directly or indirectly through activation of the innate
immune system [100,101]. Considering the results of recent studies, once PBC occurs to-
gether with dysbiosis of the gut microbiota, a vicious cycle may be established, leading
to harmful and even fatal outcomes in patients.

3.2. Currently Approved Disease-Modifying Therapies for PBC
3.2.1. UDCA

Until recently, UDCA was an accepted first-line treatment for PBC. UDCA targets
bile secretion and bile acid synthesis to improve biochemical markers, histological find-
ings, complication rates, and transplant-free survival [102].

UDCA consists of a hydrophilic dihydroxy bile acid originating in the colon via
bacterial 73 epimerization of chenodeoxycholic acid (CDCA) and is present in low con-
centrations in human bile acids. UDCA is passively absorbed through the colonic mu-
cosa and then enters the circulating bile acid pool [103]. Although UDCA does not alter
total bile acid amount, serum cholesterol levels, or bile phospholipid production, UDCA
promotes the metabolic conversion of cholesterol to bile acids and reduces the cholester-
ol fraction of biliary lipids [104]. The suggested mechanisms of UDCA are as follows: (1)
enrichment of the hydrophilic bile acid pool with exogenous UDCA that replaces en-
dogenous hydrophobic toxic bile acids, which often occurs in cholestasis; (2) stimulation
of bile secretion via upregulation of AE2 expression on the surface of BECs; and (3) im-
mune modulation through a reduction in hepatocellular and biliary expression of major
histocompatibility complex (MHC) class I and MHC class II proteins, possibly reducing
adaptive immunity-mediated injury [105]. Additionally, reduced toxic bile salt disrup-
tion of cholesterol-rich membranes, especially of highly exposed cholangiocytes, leads to
the stabilization of cell structures such as plasma membranes and mitochondria; thus,
cytoprotective effects can be induced by UDCA [103]. Additionally, the subcellular an-
ti-apoptotic pathway might be activated by UDCA, which possibly promotes mitochon-
drial membrane stability via the inhibition of the Bcl-2-associated X protein (BAX)
translocation, a pro-apoptotic protein related to the initiation of core apoptotic pathways
within mitochondria in hepatocyte cell lines [103]. UDCA might also suppress deregu-
lated cholangiocyte autophagy pathways related to intense endoplasmic reticulum stress
caused by toxic hydrophobic bile acids, as observed in cultured BECs and livers of PBC
patients [43,44].

UDCA at a dose of 13-15 mg/kg/day has been recommended to decrease the pro-
gression of PBC [102,106]. To define the biochemical response, several criteria have been
proposed (Table 1). Most studies have indicated that alkaline phosphatase (ALP) and
total bilirubin are the two most meaningful variables in evaluating theUDCA response.
Above this, prediction of the response before the commencement of UDCA is attempted
in the UK and Italy [107]. Bilirubin, ALP, transaminase, age, and lag time from diagnosis
to treatment are suggested as parameters predicting the response to UDCA. Up to 40%
of patients with PBC will denote a suboptimal biochemical response to UDCA [108];
therefore, other treatment options are necessary.
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Table 1. Response criteria of UDCA therapy in patients with PBC.

Criteria Definition of Response (Time to Evaluation, Months) Ref.
Barcelona >40% decrease or normalization of ALP (12) [109]
Mayo ALP <2 x ULN (6) [110]
. ALP < 3xULN and AST < 2 xULN and normalization of
Paris 1 [111]
bilirubin (12)

Rotter-
ga;r Normalization of bilirubin and/or albumin (12) [112]
Ehime > 70% decrease or normalization of GGT (6) [113]
Toronto ALP < 1.67 x ULN (24) [114]

ParisI. ALP and AST < 1.5 x ULN and normalization of bilirubin (12) [115]

ALP: alkaline phosphatase, ULN: upper limit of normal, GGT: y-glutamyl transferase, AST: aspar-
tate aminotransferase.

3.2.2. Obeticholic Acid (OCA)

There is no consensus on therapies for patients with suboptimal biochemical re-
sponses to UDCA. OCA is the first novel adjunctive licensed agent beyond the tradi-
tional use of UDCA alone in PBC. OCA, a semisynthetic hydrophobic bile acid analog, is
highly selective for the farnesoid X receptor (FXR) because bile acid becomes more hy-
drophobic and a more potent FXR activator [116]. OCA with enhanced hydrophobicity
through modification of CDCA showed 100-fold improved FXR potency compared with
CDCA [117]. FXR is abundantly expressed in the liver and enterocytes. Understanding
the mechanism of action of FXR agonism in chronic cholestasis has resulted in the de-
velopment of OCA.

Primary bile acids such as cholic acid and CDCA bind FXR and downstream sig-
naling pathways, ultimately inhibit the transcription of CYP7A1 and the potent suppres-
sion of bile acid synthesis [4]. In reabsorption from the intestinal lumen, bile acids also
activate FXR in ileal enterocytes. FXR activation in these cells results in the expression of
fibroblast growth factor 19 (FGF19), which enters the portal circulation and binds to cell
surface fibroblast growth factor receptor 4 (FGFR4) on hepatocytes, resulting in the sup-
pression of CYP7A1 expression and bile acid synthesis [118-120]. In addition, activation
of FXR promotes the export of bile acids out of hepatocytes and enterocytes and
hepatocyte and ileal reuptake [121,122].

A double-blind phase III clinical trial from the PBC OCA International Study of Ef-
ficacy (POISE) group demonstrated that 12 months of OCA therapy (add-on to UDCA or
as monotherapy) led to a better biochemical response than the placebo group in nearly
half of the PBC patients who were prior biochemical non-responders or intolerant to
UDCA. A recent 3-year interim analysis showed significantly decreased ALP and biliru-
bin after 48 months of OCA treatment compared with the baseline [123,124].

3.3. Novel Therapies Currently under Investigation for PBC
3.3.1. Peroxisome Proliferator-Activated Receptor (PPAR) Agonists

PPAR, a nuclear hormone receptor, participates in multiple metabolic processes, in-
cluding the regulation of bile acid homeostasis [125]. PPAR agonists have been known to
induce beta-oxidation gene expression, decreasing oxidative stress and inflammation in
the liver while increasing the secretion of favorable adipokines [126]. PPAR agonists also
inhibit hepatic bile-acid transportation [127]. PPAR has three distinct isoforms, o, § and

y. PPARa, which is abundantly present in the liver, induces the expression of numerous

genes related to lipid and bile-acid metabolism and the downregulation of genes in im-
mune-related pathways [128]. In cholangiocytes, PPARd agonism has been known to
coordinate cholesterol flux and bile acid metabolism and has a role in apoptotic cell



Biomedicines 2022, 10, 1288

9 of 32

elimination via macrophages, reducing the autoimmune response against self-antigens
released by dying cells [129,130]. PPARYy, found in the intrahepatic biliary epithelium,
suppresses proinflammatory cytokine production and contributes to bile acid homeosta-
sis [131]. PPARYy levels are reduced with bile duct injury. A previous study reported

that administration of PPARy ligands significantly reduced portal inflammation and the

number of T cells in a mouse model of PBC [132]. Reports from the USA, Europe, and
Asia demonstrated good efficacy of fenofibrate, an oral medication of the fibrate class
(PPARa ligands), in PBC patients with a suboptimal response to UDCA [133,134]. Alt-
hough the FDA approves fibrates only as lipid-lowering agents, their effect on lowering
biochemical markers of cholestasis, such as ALP and y-glutamyltransferase (GGT) levels,
has been reported [135].

Compared with fenofibrate, which is specific to PPARa, bezafibrate is a pan (o, /0,
y) PPAR activator. Previous studies demonstrated that bezafibrate combined with UD-
CA could significantly decrease ALP, GGT, alanine aminotransferase (ALT), IgM, tri-
glyceride, and total cholesterol levels [136,137]. In recent studies published after 2018,
bezafibrate, combined with UDCA in PBC patients unresponsive to UDCA monothera-
py, improved liver biochemistry and prognostic scores (e.g., UK-PBC and GLOBE
scores) for long-term prognoses [94,138]; however, unfortunately, adverse reactions with
bezafibrate-UDCA combination therapy are more frequent than UDCA monotherapy,
including polydipsia, exacerbation of itching, arthritis, elevated serum creatinine levels
and muscle pain, leg edema and gastrointestinal discomfort [136,139].

Recently, data on the efficacy and safety of elafibranor, a novel PPARa and PPARD
agonist, for treating noncirrhotic patients with PBC and an incomplete response to
UDCA were published [140]. Patients receiving a dose of 80-120 mg of elafibranor
showed a significant decrease in ALP compared with the placebo group. Additionally,
adding the dual PPARa and PPARy agonist, saroglitazar, to UDCA resulted in a signifi-
cant decrease in ALP levels, showing an acceptable toxicity profile [141].

As a second-line treatment, seladelpar, a potent and selective PPAR d agonist, has
been investigated [142,143]. The phase 3 ENHANCE study was conducted in patients
with PBC who did not respond to first-line treatment. This clinical trial was terminated
early because of an unexpected histologic finding (nonalcoholic steatohepatitis); howev-
er, the finding was revealed to be unrelated to seladelpar. When a blind analysis follow-
ing termination was performed, the treatment response rate was significantly higher in
the seladelpar group. Additionally, seladelpar improved PBC patients’ pruritus and
quality of life [144]; therefore, ongoing studies on the efficacy and safety in PBC patients
are noteworthy.

3.3.2. Budesonide

Budesonide, the second generation of corticosteroids, has a high first-pass metabo-
lism within the liver; thus, fewer systemic adverse effects is reported than conventional
glucocorticosteroids. Previous studies demonstrated that budesonide (6—9 mg/day)
added to UDCA (15 mg/kg/day) in PBC patients showed better biochemical and histo-
logical improvement than UDCA monotherapy [145]; however, a recent small-scale
randomized clinical trial demonstrated that budesonide (9 mg/day) added to UDCA (12
-16 mg/kg/day) for 36 months failed to attain histological improvement in PBC patients
with a suboptimal response to UDCA monotherapy [146]. Nevertheless, a combination
of budesonide and UDCA might be an effective therapy for PBC patients; thus, further
investigation is essential to evaluate the efficacy on long-term clinical outcomes, includ-
ing mortality and the requirement for liver transplantation.
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3.3.3. Fibroblast Growth Factor (FGF) 19 Analog

FGF19, an endocrine hormone, is induced in the intestine with the activation of FXR
[147]. In the liver, FGF19 suppresses the expression of CYP7A1, the gene encoding cho-
lesterol 7o-hydroxylase, which catalyzes the first and rate-limiting step in the classic
pathway of bile acid synthesis [148]. Administration of FGF19 has been reported to re-
duce liver damage in mouse models of intrahepatic and extrahepatic cholestasis
[149,150]; however, the therapeutic potential of FGF19 is limited because of concerns
about tumorigenicity, such as the development of hepatocellular carcinoma induced by
ectopic overexpression of FGF19 in mice [151]. To overcome this defect, NGM282, a
nontumorigenic engineered analog of FGF19, was developed to treat PBC, and MGM282
administration for 28 days showed a significant response in ALP and transaminase lev-
els compared with placebos in PBC patients with an inadequate response to UDCA
[152].

3.3.4. Other Farnesoid X Receptor Agonists

Despite the therapeutic potential of OCA, severe hepatotoxicity recorded in patients
with advanced liver disease or drug-related side effects, such as pruritus, are factors
limiting the therapeutic use of OCA. Some of these side effects can be caused by the bile
acid-like structure and behavior of the OCA molecule. Namely, enterohepatic circulation
of OCA and its metabolites and significant G protein-coupled bile acid receptor 1 (TGR5)
agonistic properties are challenging pharmacokinetics [153]. Thus, new non-bile acid
FXR agonists are in various stages of preclinical and clinical development [154].
EDP-305, a novel non-bile acid FXR agonist, has minimal activity against TGR5. A recent
experimental study reported the therapeutic efficacy of EDP-305 in direct comparison
with OCA in mouse models of liver disease [155]. Phase 2 clinical trials assessing the ef-
ficacy and safety of non-bile acid-type FXR agonists, including EDP-305, tropifexor
(LJN452), and cilofexor (GS-9674), in PBC patients have recently been completed; how-
ever, the results have not yet been published.

3.3.5. Baricitinib

Baricitinib, a novel small molecule approved in 2018 for the treatment of moderate
to severe rheumatoid arthritis, is a Janus kinase (JAK) 1 and 2 inhibitor [156]. JAK, an in-
tracellular enzyme, responds to cytokine and growth factor receptor stimulation to affect
downstream hematopoiesis and immune cell function. JAK activates signal transducers
and activators of transcription (STAT) through phosphorylation, and the JAK-STAT
pathway is responsible for key immune signals. A recent whole-genome linkage study
suggested that JAK-STAT pathway proteins have a potential role in developing PBC
[157]. A randomized, double-blind placebo-controlled trial was initiated to evaluate the
efficacy and safety of baricitinib, but the study was terminated early because of low en-
rollment. This proof-of-concept study demonstrated that in PBC patients with a subop-
timal response to UDCA, baricitinib showed a 30% decrease in ALP and improvement in
inflammation and liver fibrosis markers [158].

3.3.6. S-adenosyl-L-methionine (SAMe)

S-adenosyl-L-methionine (SAMe), an endogenous molecule with hepatoprotective
properties linked to redox regulation and methylation, is synthesized from methionine
and adenosine triphosphate (ATP). SAMe not only maintains mitochondrial function by
raising glutathione levels, but also reduces fibrosis through inhibiting collagen secretion
in activated HSCs [159-161]. In various chronic liver diseases, the SAMe biosynthesis
can be decreased [162]. A prospective, open-label pilot study to evaluate the effect of
SAMe and UDCA reported a significant improvement in liver biochemistry, such as
ALP, GGT, total cholesterol, fatigue, and pruritus, in addition to noncirrhotic patients
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with PBC [163]. Through analyzing serum samples of patients treated with SAMe and
an in vitro study, Kilanczyk et al., suggested that SAMe may inhibit autoimmune events
in PBC patients via its antioxidant and S-glutathionylation properties [164].

3.3.7. Probiotics

The use of L. rhamnosus GG for hepatitis, cholestasis, and fibrosis, following com-
mon bile duct ligation in mice, improved biochemical and histological indications. This
can probably be explained by increased FXR activity by probiotics in the intestine. Acti-
vated FXR enhances the formation of FGF15, which reduces the production of bile acids
in the liver through negative feedback. The intake of this probiotic resulted in increased
activity of FXR in the intestine and increased levels of FGF15 in the blood. The use of a
potent FXR antagonist blocks the positive effect of probiotics. In tissue cultures, the cul-
ture supernatant containing probiotics increases the activity of FXR and supports the re-
lationship between probiotics and FXR activity [165].

Additionally, L. rhamnosus GG increases the content of Firmicutes and Actinobacte-
ria in the gut microbiota, which converts primary bile acids into secondary bile acids,
which are poorly absorbed and are consequently removed via excretion. Until now,
clinical trials of probiotics in PBC have been very sparse. Considering the very encour-
aging results of the experimental study, further studies on this topic would potentially
be very interesting.

3.3.8. Mesenchymal Stem Cells

Liver transplantation (LT) is still the most essential treatment for patients with ad-
vanced, end-stage PBC. Mesenchymal stem cell (MSC) transplantation has been pro-
posed as an effective alternative therapy for PBC patients. MSCs are fibroblast-like, mul-
tipotent cells, which can be present in almost all postnatal organs and tissues, including
the liver [166]. Few studies using umbilical cord (UC) and bone marrow (BM) MSCs
have been reported [167,168]. The clinical study conducted by Wang et al., demonstrated
that after BM-MSC transplantation, patients’ quality of life was improved, and ALT, as-
partate aminotransferase (AST), GGT and IgM significantly decreased. Additionally,
histological deterioration, such as fibrosis, was not observed in BM-MSC-treated patients
[168]. In addition, the beneficial effects of BM-MSCs included an increase in Tregs, a de-
crease in inflammatory cytotoxic CD8+ T cells, and elevated IL-10 and anti-inflammatory
cytokines. Although MSC-derived immunomodulation can play a crucial role in attenu-
ating PBC, further studies are necessary to decide the optimal frequency of MSC infu-
sion and assess the safety of MSC-based therapy in long-term follow-ups.

3.3.9. Anti-Fractalking Antibody E6011

Fractalkine (CX3CL1) is a chemokine with both chemoattractant and cell-adhesive
functions, which interacts with its receptor CX3CR1 in the chemoattraction and recruit-
ment of intraepithelial lymphocytes. Previous studies have reported that CX3CL1 in
PBC could be important in the development and maintenance of portal lymphocyte in-
filtration in PBC [169]. Injured bile ducts resulting from PBC lead to the upregulation of
CX3CL1 expression in BECs, followed by the chemoattraction of CX3CR1-expressing
mononuclear cells, including CD4 (+) and CD8 (+) T cells, their adhesion to BECs, and
the accumulation of biliary intraepithelial lymphocytes. E6011, a novel humanized an-
ti-fractalkine monoclonal antibody, was developed to treat various inflammatory dis-
eases, including Crohn’s disease, rheumatoid arthritis, and PBC [170]. Unfortunately, a
clinical trial (NCT03092765) to assess the efficacy and safety of E6011 was terminated
early. Although the reason for early termination is not a safety issue, it is unclear
whether a new clinical trial using E6011 will be initiated.

The main results relating to the novel therapeutics mentioned above are summa-
rized in Table 2.
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Table 2. Novel therapies currently under investigation in PBC.
Agent Mechanism Clinical Trial Stage Main Results Ref.
Complete biochemical response:
. Phase 11T 31% vs. 0%;
Bezafibrate Pa“Spe“f:,SIzPAR ago- (BEZURSO ALP normalization: 67% vs. 2%;  [94]
! trial) Improvement in liver stiffness: 15%
decrease vs. 22% increase.
Significant decrease in ALP:
PPAR 4 PPARS Phase II 41-48% vs. 3% increase;
. o an ago- ase
Elafibranor nist (NCT03124108) ALP <1.67 x ULN, ALP decrease > [140]
15%, total bilirubin < ULN: 67-79% vs.
6.7%.
Mean percentage reduction in
PPAR 4 PPAR ALP: 48.9-50.6% vs. 3.3%;
Saroglitazar ¢ annist 7389  Phase I (EPICS) ALP < 1.67 x ULN, ALP decrease > [141]
15%, total bilirubin < ULN: 69-71% vs.
10%.
Tropifexor FXR agonist (N CITF}E);SSel1616 05) Not yet published
Cilofexor FXR agonist Phase II Not yet published
& (NCT02943447) yerp
EDP-305 FXR agonist Phase II Not yet published
& (NCT03394924) yetp
Thirty percent decrease in ALP;
- JAK1and 2 Proof-of-concept Improverr}ent in th.e itch NRS;
Baricitinib . Increase in the fatigue NRS; [158]
inhibitor study . .
Improvement of inflammation and
liver fibrosis marker.
17-beta-estradiol glucu- -
. L. . A positive effect of
S-adenosyl-L-methlon romde-lndu?ed choles-  Pilot, open-label adding SAMe to UDCA in noncirrhotic [163]
ine tasis study .
PBC patients.
reversal agent
Regulation of
Phase II
Probiotics bile acid ’ (N CTOZSSeZ 1297) Data yet to be collected
homeostasis
hymal
Mesenchymal Stem Immunoregulation NCT03668145 Data yet to be collected

Cells

PPAR: Peroxisome proliferator-activated receptor, ALP: alkaline phosphatase, ULN: upper limit of
normal, SAMe: S-adenosyl-L-methionine, UDCA: Ursodeoxycholic acid, PBC: primary biliary
cholangitis, FXR: farnesoid X receptor.

4. Primary Sclerosing Cholangitis

PSC is a chronic hepatobiliary disease affecting the intra- and extrahepatic bile duct

by multifocal fibrotic bile duct stricture, dilatation, and cholestasis. Gradual injury of the
biliary tract of the liver advances to liver fibrosis, cirrhosis, and finally, end-stage liver
disease [171]. The symptoms fluctuate across a broad spectrum, from asymptomatic,
general symptoms (pruritus, fatigue), cholangitis, and inflammatory bowel disease
(IBD), to hepatobiliary malignancies [171,172].

However, the treatment of patients with PSC is difficult, given the limited support-
ing data for management. Current treatment relies on individual symptom control ac-
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cording to the patient’s condition. The etiology affecting the intrahepatic and extrahe-
patic bile ducts is still unclear, even from various theories of pathogenesis and research
[173]. The understanding of the pathogenesis of PSC is the first step to the development
of effective therapies. New challenges for clarifying the pathogenesis and developing
new target drugs are still under investigation.

4.1. Mechanism of Chronic Bile Duct Injury in the Bile Duct in PSC

The pathological lesion of PSC is “onion skin” scars, which appear as obliterated
concentric periductal fibrosis in the lining of the bile duct cells leading to biliary stric-
ture. How bile duct cells and immune cells (mostly T cells, neutrophils and macrophag-
es) work together with hepatic stellate cells and portal myofibroblasts in this fibrillary
production is important but unclear [174]; however, a major theory of pathogenesis is
the exposure of genetically sensitive patients to environmental triggers causing bile duct
injury [174,175].

4.1.1. Genetics of PSC

For the predisposing factor for PSC, genetic factors contribute approximately 10%
and may be explained by sibling patients who have an enhanced risk of developing PSC
[176,177]. According to GWASs, the genetic architecture of PSC shares features with
both autoimmune diseases and IBD [176,178]. A total of 34-60% of patients with PSC
have concurrent IBD in several Western and Asian populations [179-181]. In addition, in
up to 25% of cases, patients with PSC may have other autoimmune diseases [181]; how-
ever, PSC predisposing genes show little evidence of an association with IBD and over-
lap with other autoimmune diseases, such as type 1 diabetes, celiac disease, rheumatoid
arthritis, sarcoidosis, multiple sclerosis, and psoriasis [175,182]. This suggests that the
genetic susceptibility to PSC extends into autoimmune pathophysiology beyond that
represented by IBD.

Genes in the HLA class II region encode molecules that present extracellular
sources antigen to CD8+ and CD4+ T lymphocytes, supporting the adaptive immune
response in disease pathogenesis of PSC as an autoimmune disease. Polymorphisms in
these genes are associated with most autoimmune diseases because they contribute to
the specificity of immune responses [183-185].

More than 20 risk genes expressed by HLA haplotypes affect the development or
decrease the risk of PSC.

4.1.2. Bile Acid Toxicity to Cholangiocytes and Hepatocytes

Cholangiocytes are exposed to hydrophobic bile acid in a physiological environ-
ment without cell toxicity [186]; however, hydrophobic bile acid-induced cell injury in
various cell types, including hepatocytes, even at low concentrations [187]. The toxic ef-
fects of bile acids are explained by cholestasis, changes in the bile composition of disease
progression in the bile ducts and colon, or impaired protective mechanisms. Bile acid is
abundant in the gut, and it undergoes a bacteria-mediated transformation into bioactive
molecules. Its metabolites control the host immune response by modulating the balance
of Th17 and regulatory T cells (Tregs) [188]. In an observational study, conjugated pri-
mary bile acids and their derivatives were increased in patients with PSC compared
with healthy controls; however, secondary bile acid did not differ between the groups
[189].

The genetic variation in TGR5, promoting CI- and HCOs"secretion, induced down-
regulation of the TGR5 protein in cholangiocytes of PSC patients [190]. The other gene
variation stabilizing the apical cholangiocyte membrane also induced the impairment of
the “biliary bicarbonate umbrella” in PSC [176]. The protective mechanism of hepato-
cytes against harmful bile acid accumulation is explained by FGF19, which is a negative
feedback regulator of bile synthesis produced in the ileum after FXR activation by bile
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acids [191]. Abnormal hepatic FGF19 expression was observed in the livers of PSC pa-
tients but not in healthy controls. It induced the pathologic accumulation of bile acids in
the livers of PSC patients [191,192]. Defects in homeostasis for the regulation and control
of bile acid leads to the chronic progression of fibrosing cholangiopathies and
hepatopathy.

4.1.3. Fibrosis Development Related to Cholangiocyte and Hepatic Stellate Cell/Portal
Myofibroblast

Cholangiocytes display an activated phenotype in the PSC by recognizing cyto-
kines, hormones, and bile acids expressed by environmental damage, autoantigens, or
the gut microbiome. Activated cholangiocytes are correlated with activated biliary tree
stem cells that induce biliary fibrosis and progression of the bile duct [193,194]. TLR and
nucleotide oligomerization domain-like receptors aid in detecting pathogens and acti-
vating bile duct cells, resulting in the secretion of proinflammatory cytokines [195]. IL-2
is a key factor in the regulation and programming of the immune system in PSC [196].
TNF-a, TGFp1, IL-1f, and IL-6, along with CD8+ and CD4+ T cells, cause myofibroblast
activation and fibrosis. These induced the peribiliary fibrosis development and subse-
quent cirrhosis through interactions with HSCs [197,198].

Chronic injury can lead to cholangiocyte senescence and differentiation of ma-
trix-depositing HSCs from myofibroblasts and portal fibroblasts, resulting in tissue scar-
ring and bile duct strictures [199,200]. During chronic senescence, the surrounding tis-
sues are susceptible to senescence associated secretory phenotype (SASP) related dam-
age, resulting in persistent inflammatory and fibrosis responses. Moreover, destructive
SASP not only maintains the inflammatory response, but can also activate the senescent
phenotype in surrounding non-senescent cells [201].

4.1.4. Gut-Liver Immunity of PSC

The PSC is considered a part of the hepatobiliary manifestation of IBD, and
gut-derived adaptive and innate immune responses contribute to chronic and progres-
sive biliary inflammation. The liver biopsy with PSC showed predominant T-cell infil-
tration with portal inflammation. In addition, other neutrophils and macrophages have
also been observed to release TGFf3 chronically and contribute to chronic inflammation,
fibrosis, and cirrhosis [202]. In PSCs, hepatic inflammation by nutrition or bacterial in-
flow through the portal tract results in aberrant hepatic expression of the mucosal vas-
cular address in cell adhesion molecule 1 (MADCAM1) and the C-C motif chemokine
ligand 25 (CCL25), which results in the recruitment of mucosal T cells to the liver [175].
Other studies of recruited T cells in the portal area reported results regarding gut and
liver relationships in PSC patients with or without IBD. The normal colon expresses the
endothelial adhesion molecule MADCAM1 and the chemokine CCL25, which recruit
mucosal lymphocytes with receptors for MADCAMI and CCL25 (a4{37 integrin and C-C
chemokine receptor 9 (CCRY), respectively) during activation by gut dendritic cells
[203,204].

The intestinal and biliary epithelia are share many properties, including the expres-
sion of tight junction proteins such as E-cadherin, pattern recognition receptors (PRRs),
and the ability to release secretory IgA [205,206]. The PRR, in terms of allowing cells into
gut-derived bacterial products, was expressed in Kupffer cells, sinusoidal endothelial
cells, and cholangiocytes; however, in PSC patients, genetic polymorphisms reduced the
threshold of PRR signaling and changed the gut microbiota, leading to liver injury [206].
Another study suggested that cellular antigen(s), which are shared by the human colon
and biliary epithelium by molecular mimicry, induced immune-mediated chronic in-
flammation [207].
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4.1.5. Gut Microbial Profile in PSC

The microbiota has been considered a crucial factor for the pathogenesis of PSC in
recent studies. The analysis of the gut microbiota in PSC compared with healthy controls
or IBD patients has been described using 16S rRNA sequencing technologies with mu-
cosal or fecal sources [195]. The composition of the gut microbial community is altered,
with an overall reduction in bacterial diversity and altered abundance of certain bacteria
compared with PSC/PSC-IBD vs. healthy controls and IBD in fecal microbiota [208-211].
Although diverse heterogeneity was observed, some bacterial taxa were consistently al-
tered in the feces of patients with PSC compared to healthy controls. In particular, Veil-
lonella was higher in the stool of PSC patients than in healthy controls in all the studies
[212-214]. Veillonella discriminated PSC from healthy controls with an area under the
receiver operator characteristic curve (AUC) of 0.64 [209]. They have genes that encode
amine oxidases and are producers of primary amines that can act as vascular adhesion
protein-1 (VAP-1) substrates, which are critical for effector cell recruitment to the liver
[212,213]. An increase in the genus Sphingomonas expressing amine oxidase is associated
with the abnormal return of intestinal lymphocytes to the liver as the basis of the
gut-liver axis [212,215].

As with members of the Proteobacteria phylum, such as E. coli, other microbiomes,
such as Enterococcus, Streptococcus, and Lactobacillus, are frequently enriched in PSCs
[214-216]. The unit of the Enterococcus genus correlated with elevated levels of ALP, a
marker of disease severity [211]. Fusobacterium was associated with intestinal inflamma-
tion severity, whereas Enterococcus was associated with biliary pathology [210]. Fur-
thermore, a similar fecal microbiota composition (AUC 0.88) was analyzed in geograph-
ically different cohorts in Germany and Norway in PSC [208]. These studies presumed
the possible utility of microbial components as prognostic and/or diagnostic markers in
PSC.

In addition, the microbiota is being considered as a potential biological treatment
option of PSC to ameliorate cholestasis and hepatic fibrosis, although with an in murine
model. The PSC mice have reduced the abundance of Prevotella copri. The gavage P. copri
daily in these mice induced the improvement of cholestasis in enterohepatic circulation
caused by affecting bile acid level [217].

Recently, studies on the pathophysiology of PSC extended to integrative analysis
between gut microbiota, gene expression, and immunologic response. Quraishi et al. in-
sisted on microbial alteration and differential gene expression (colonic transcriptome) in
PSC/IBD and ulcerative colitis patients and implicated the dysregulation of bile acid
metabolism [216]. The relationship between the specific microbiome and the colonic
transcriptome impacts metabolism, such as bile acid, bile salt, and fatty acid metabolism.
Genomics, microbiota, and functional analysis will be considered future challenges for
single microbes in disease pathogenesis; however, the microbiome is influenced by en-
vironmental factors such as diet, drugs, physical activity, hygiene, and race [214,218].
Several studies have attempted to reduce bias by controlling for antibiotic use or classi-
fying geographic differences, but more multicenter and systematic studies are needed to
control for confounding factors [210,211].

Other studies have focused on fungal dysbiosis in feces. The fungus Exophiala, a
fungal genus of the Herpotrichiellaceae family, increased PSC and increased the fungal
biodiversity and altered the composition [219]. Another case reported that exophiala in-
creased liver cirrhosis through cholestasis and dilation of intrahepatic bile ducts [220].

4.2. Symptomatic Treatment and Biliary Complications of PSC

PSC patients are subject to several significant events throughout a fluctuating and
highly variable disease course. The absence of robust data limits the standardization of
treatment recommendations.
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4.2.1. Pruritus

Pruritus is a concomitant manifestation of cholestatic disease. More than two-thirds
of these patients experience itching during the course of PSC or PBC. Increased concen-
trations of bile salts, histamine, serotonin, progesterone metabolites, and endogenous
opioids have been controversially discussed as potential pruritogens. The pathogenesis
of cholestasis pruritus remains largely unknown [221]. Recently, a randomized, place-
bo-controlled FITCH trial clearly showed the beneficial effect of the PPAR agonist
bezafibrate (400 mg/day) on moderate to severe cholestasis-associated pruritus in PSC
and PBC [222]. As another cause, the imbalance between the p-opioid receptors (MOR)
and k-opioid receptors (KOR) has been proposed to modulate the transmission and en-
hancement of pruritus signals in the central nervous system. In a randomized, dou-
ble-blind study of nalfurafine hydrochloride, the KOR agonist nalfurafine hydrochloride
(2.5 or 5 ug daily) was effective without significant side effects in the treatment of in-
tractable pruritus in patients with chronic liver disease [223]; however, endogenous opi-
oid levels and MOR/KOR ligands did not differ between the levels of pruritus and
nonpruritic patients with chronic liver disease and did not correlate with itch intensity
[224]. The previously recommended first-line medical treatment is cholestyramine (4-16
g/day). This anion exchange resin has been reported to alleviate pruritus in several small
uncontrolled case series [221]. Rifampicin, naltrexone, sertraline, and KOR ago-
nists/MOR antagonists may be considered in the following steps; however, only a few
well-designed, randomized, placebo-controlled trials and several cohort studies have
evaluated these medications. Further studies to understand the correlation between pru-
ritogen, medication and symptoms are needed in the future.

4.2.2. Bacterial Cholangitis and Dominant Stricture

The risk of bacterial cholangitis is increased after endoscopic or surgical manipula-
tions (including liver biopsy) in patients with PSC, but cholangitis can also occur spon-
taneously. Bile cultures from patients with PSC show a broad spectrum of bacteria in
patients with and without prior biliary intervention. Although cholangitis occurs fre-
quently, symptoms can be atypical [222]. Empirical antibiotics are typically effective,
and prophylactic antibiotics should be administered before and after biliary interven-
tions. In more severe cases, hospitalization is necessary for intravenous treatment, in-
cluding broad-spectrum antibiotics [225].

In a meta-analysis study, treatment with antibiotics (metronidazole, vancomycin,
rifaximin and minocycline) for PSC patients was also associated with a significant re-
duction in ALP and total serum bilirubin levels regardless of cholangitis [213].
Long-term antibiotic treatment (vancomycin) has been focused upon as a management
method for controlling cholangitis and modulating the intestinal microflora caused by
the bacterial dysbiosis of PSCs [226]. To judge the effectiveness of antibiotic treatment
beyond the treatment of cholangitis, a longer treatment duration and follow-up with a
powered placebo-controlled studies are needed. Furthermore, an integrative analysis
should be applied to properly compare the genetic profile, microbiome, immune system,
and antibiotic therapy.

4.2.3. Dominant Stricture

Dominant stenosis (extrahepatic bile duct less than 1.5 mm or narrowing of less
than 1 mm in the area within 2 cm of the main biliary junction) results in advanced focal
stenosis in 40-58% of patients with PSC [227]. Patients with dominant stenosis may be
asymptomatic and present with various clinical manifestations or with worsening liver
function tests, abdominal pain, and/or cholangitis [228]. Dominant stenosis may also ex-
acerbate symptoms of cholestasis, including worsening pruritis or developing cholangi-
tis; therefore, endoscopic treatment with balloon dilatation or stent placement would be
beneficial in dominant stenosis, however, a single retrospective observational study re-
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ported that 45% of patients with biliary stenosis showed similar changes in biochemistry
for 1 year after diagnosis, with or without dominant stenosis [229]. Therefore, it has been
recommended that endoscopic treatment of dominant stenosis should be performed on-
ly in the presence of clinical or biochemical abnormalities [230]; however, a recent
large-scale retrospective study reported that regular endoscopic retrograde cholangi-
opancreatography (ERCP) with endoscopic balloon dilatation has significant benefits in
PSC patients with dominant stenosis, affecting asymptomatic survival and the incidence
of recurrent cholangitis [231]. In the endoscopic treatment of this dominant stenosis,
balloon expansion is preferred over stent insertion because the incidence of related side
effects (pancreatitis, cholangitis, bacteremia) is low [232].

4.2.4. Cholangiocarcinoma

The prevalence of cholangiocarcinoma (CCA) ranges from 7 to 15% of PSC patients
over the patient’s lifetime, with half of the cases being diagnosed in the first year after
diagnosis of PSC, probably due to the development of CCA-related symptoms [171]. The
pathogenesis of CCA in PSC is inflammation-driven carcinogenesis concomitant with
various genetic and epigenetic abnormalities, but the pathogenesis of CCA in PSC is still
controversial [233]. CCA may remain asymptomatic for a long time, but when symp-
toms appear, and CCA is found, an advanced tumor stage is usually present. Unfortu-
nately, most cases are unresectable, and no effective medications are available when
CCA is diagnosed; therefore, early recognition of CCA in PSC remains a major chal-
lenge. The surveillance and management of PSC patients at an increased risk of devel-
oping CCA are important. Several factors increase the risk of CCA in PSC patients, in-
cluding old age, abnormalities related to the large duct, male sex, comorbidity of ulcera-
tive colitis, and infections with hepatitis B or hepatitis C. Magnetic resonance cholangi-
opancreatography (MRCP) combined with serum CA 19-9 should be used for screening
and surveillance. In contrast, ERCP-based brush cytology, biopsy, and fluorescence in
situ hybridization (FISH) should be used for diagnosis [233].

4.2.5. Gallbladder Carcinoma

Gallbladder disease, including gallstones or cholecystitis, is relatively common in
25% of PSC patients. A gallbladder mass lesion is found in 6-15% of PSC patients, and
over half of those had adenocarcinoma after cholecystectomy [234,235]. Surveillance
with regular ultrasonography of the gallbladder may be of value in these patients. Ade-
nocarcinoma can also be found in polyps smaller than 5 mm; therefore, cholecystectomy
should be considered regardless of the size of the polyp in PSC patients [236].

4.2.6. Liver Cirrhosis and Hepatocellular Carcinoma, and Liver Transplantation

Histological characteristics of PSC with an “onion-skin” pattern mimicking concen-
tric periductal fibrosis with lymphocyte infiltration and portal edema progressed to
portal and bridging fibrosis. Finally, liver cirrhosis with regenerative nodules and exten-
sive fibrosis occurred [199,200]. LT is the only curative treatment and lifesaving inter-
vention for PSC. Indications for LT are similar to other liver diseases transplanted, ac-
cording to the eligible model for end-stage liver disease (MELD) scores in cirrhotic pa-
tients. Specific indications for LT in PSC patients include recurrent uncontrollable chol-
angitis, decompensated secondary biliary cirrhosis, and intractable pruritus [175]; how-
ever, a high rate of recurrent PSC (more than 20%), less than 5 years after LT was ob-
served, negatively impacted patient survival [237]. Therefore, it is important to distin-
guish between recurrent PSC and post-transplant biliary strictures, which can occur
even more often (36%) for various reasons (ischemia, infection, treatment induction).
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4.2.7. Inflammatory Bowel Disease and Colorectal Cancer

In patients with PSC, IBD was observed in 60% of all patients. Among these
PSC-IBD patients, colonic involvement is most often identified as ulcerative colitis. Pa-
tients with PSC-IBD have an increased risk of colorectal cancer and colorectal dysplasia,
increased hepatic—pancreatic biliary cancer and mortality, and an earlier onset than pa-
tients with IBD alone [238]; therefore, PSC and PSC-IBD patients under regular surveil-
lance have better outcomes. In patients with PSC with IBD, annual colonoscopy, includ-
ing chromoendoscopy and histological sampling, is recommended regardless of the
presence of symptoms of colitis [230]. In PSC patients with IBD, colonic dysplasia should
be endoscopically resected, similar to management in other IBD patients. Proctocolec-
tomy should be considered if high-grade dysplasia is discovered [230].

4.3. Combination Treatment and Predicting Therapies for PSC
4.3.1. UDCA

UDCA is considered the first-line therapy with an excellent safety profile when
administered at moderate doses in the treatment of PBC (13-15 mg/kg/day), which leads
to improved LT-free survival in all patients regardless of the disease stage and biochem-
ical response [108,239]; however, its effectiveness as monotherapy is insufficient to pre-
vent PSC progression in most patients. Nevertheless, discontinuation of UDCA has been
shown to cause worsening of liver biochemistry and symptoms [240]. This justified the
maintenance of UDCA treatment. To overcome the therapeutic limitations of UDCA, a
study is also underway to evaluate whether there is improvement in biliary lesions and
the safety evaluation of intra-arterial injection of stem cells using UDCA together
[NCT03516006].

4.3.2. FXR Agonist

A poor prognosis is expected if there is no response to UDCA treatment; therefore,
continuing research for drugs with a new mechanism of action is necessary. OCA acts as
an FXR agonist and affects bile acid synthesis, inflammation, and liver fibrosis [190]. It
has been approved as a combination therapy with UDCA when there is no response to
UDCA treatment due to evidence of the improvement of biochemical profiles in a
long-term phase III randomized study [108,123]. In a phase II study of single therapy
OCA, there was a reduced serum ALP level in patients with PSC [241]; however,
OCA-induced dose-dependent pruritus was a side effect in this study. Cilofexor, a non-
steroidal FXR agonist, also improved cholestasis and fibrosis biochemical markers in a
phase II trial. A phase III trial will evaluate the reduction in the risk of fibrosis progres-
sion among noncirrhotic adults with PSC. [NCT0389012] FXR agonists induce endoge-
nous FGF19 synthesis and affect the proliferation of hepatobiliary malignancies [242]. In
this respect, long-term use of FXR agonists in PSC should require the evaluation of con-
comitant hepatobiliary malignancies.

4.3.3. PPAR Agonist

Bezafibrate, an intranuclear receptor, acts as a ligand of PPARa. PPAR«a promotes
the multidrug resistance 3 (MDR3) gene expression and increases P-glycoprotein levels
in bile duct canaliculi, which, in turn, causes buffer damage to the bile duct by forming
micelles with hydrophobic toxic bile acids [243]. Bezafibrate, which has antioxidative
and anti-inflammatory effects, may reduce the damage to the bile duct epithelium seen
in cholestatic diseases by inhibiting TNF-a and inducing superoxide dismutase expres-
sion [244]. In a small, randomized study, bezafibrate significantly improved the bio-
chemistry profile in PSC patients and showed 64% efficacy. A phase IIl randomized trial
on the effect of the biochemical profile and LT-free survival of UCDA, and the bezafi-
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brate combination in PSC with persistent cholestasis, despite UDCA therapy, is ongoing
[NCT04309773].

4.3.4. 3-Hydroxy-3-methylglutaryl Coenzyme A (HMG-CoA) Reductase Inhibitor

Statins acting by inhibiting HMG-CoA reductase reduce lipid levels, leading to the
inhibition of cholesterol synthesis and lowering cholesterol levels in serum and bile
[245]. The effect on PSC would be decreased cholesterol levels in serum and bile and
improved inflammation, bile stone formation, and ameliorated cholestasis. In a recent
population-based cohort of PSC patients with IBD, statins reduced the risk for death or
liver transplantation by 50%. In this study, treatment with UDCA was not associated
with reduced mortality [241]. A phase III randomized trial has been ongoing for 5 years
to evaluate the long-term survival and efficacy of simvastatin in improving the bio-
chemistry profile of PSC patients [NCT04133792].

4.3.5. Oral Vancomycin

Oral vancomycin, an antibiotic that is poorly absorbed into the body from the bow-
el and concentrates in the intestine, is also considered a treatment option for PSC. The
dysbiosis of the gut microbiome affects the gut immune system, attracting white cells,
which damage the bile ducts, increases the delivery of toxins to the liver through a leaky
bowel wall, and directly causes damage through toxic bile acids [195,246]. From this
point of view, oral vancomycin greatly modified intestinal bacteria, and in particular,
caused a decrease in the number of intestinal bacteria of the Bacteroides and Prevotella
species. Recently, one randomized controlled trial showed that oral vancomycin was
well tolerated and was associated with improvements in liver chemistry [247]. A phase
III study will evaluate the efficacy of oral vancomycin in treating biochemistry and fi-
brosis in PSC [NCT03710122].

In addition to these studies, various novel therapies are being conducted to inhibit
the progression of PSC through chemokine receptor antagonists, FGF19 analogs or fecal
microbiota transplantation (Table 3).

Table 3. Novel therapies currently under investigation in PSC.

Agent Mechanism Clinical Trial Main Results Ref.
Stage
Side PhaseIl - Reduced ALP levels by

24- d
norursodeoxyc chain-shortened (NUC-3) -12.3%, -17.3%, —26.0% in the

holic aci 24
(nc())rgsgdA) C23 homolog of Phase III 500, 1000, 1500 mg/d groups. [248]
UDCA (NCT03872921)- Data yet to be collected
. Ionic salt of two
Berberine active moieties
ursodeoxycholate . ’ Phase I . Not yet published
(BUDCA) berberine and
UDCA
Obeticholic acid FXR agonist (lzsssgg) Reduced serum ALP. [249]
. . Phase III
Cilofexor FXR agonist (PRIMIS) Data yet to be collected
FXR agonists +
Vidofhlldimus dihydroorotate Phase II . Normali.zation of ALP [250]
calcium dehydrogenase occurred in 27.7%.
inhibitor
Benzafibrate Phase III
PPAR i . D 11
(+UDCA) agonist (BEZASCLER) ata yet to be collected

Seladelpar PPARD agonist Phase 11 . Not yet published
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(NCT04024813)
Simvastatin HMGCtZi redue Phase 11 Data yet to be collected
v o (PiSCATIN) yettobeco
inhibitors
. o Phase III
Vancomycin Antibiotics (NCT03710122) Data yet to be collected
Monoclonal Ab Phase II
CM-101 blocking CCL24  (SPRING) Data yet to be collected
Cenicriviroc Dual antagonist of Phase II (PER- - Median 18% reduction [251]
v CCR2and CCR5  SEUS) in ALP.
Monoclonal an-  Phase II (BU-
Timol lish
imolumab i-VAP-1 antibody TEO) Not yet published
Enhanced Liver Fibro-
. inhibi i1
NGM282 FGF19 analog Phaseqr S scoreand inhibited bile -, ),
acid synthesis without af-
fecting ALP levels.
Sulfasalazine =~ Aminosalicylates Phasell Data yet to be collected
YIS (NCT02177136) y
Thirty percent experi-

Fecal Mi i R he mi-
ecal Microbiota estore the mi Phase II enced a >50% decrease in  [253]

Transplantation crobiome ALD.
Umbilical Cord Repalf* of dam-
Mesenchymal aged tissue and Phasell Data yet to be collected
y immu- (NCT03516006) y
Stem Cells

no-modulation

UDCA: Ursodeoxycholic acid, PPAR: Peroxisome proliferator-activated receptor, ALP: alkaline
phosphatase, FXR: farnesoid X receptor, HMG-CoA: -hydroxy (-methylglutaryl-CoA, CCL: C-C
motif chemokine ligand, CCR: C-C motif chemokine receptor.

Hitherto, we have covered the pathophysiological mechanisms, clinical features,
and treatment of PBC and PSC. Figure 1 shows the differences between PBC and PSC.

[ Genetic factors ]

' Male dominant Liver cirrhosis Female dominant %
@ W Smallbile duct
S P

Large bile duct
hepatocytes

Cle[e[eleSo,
‘CoH 80
EleleEle>

IMmmune response
AE2 } PDC-E2 t

Bicarbonate umbrella

Biliary fibrosis
(“onion-skin”)

Bile acid toxicity Bile acid toxicity 0~0 0
+Bile duct stricture +Bile ductinjury a
Pr ive biliary i ion t

cholangiocytes
Gut-derived adaptive & innate immune
responses

Association with IBD |

[ Environmental factors ]

Figure 1. The comparison between PBC and PSC. This is a figure highlighting the differences be-
tween two diseases. The picture is adapted from Gidwaney et al [254] and Libre Pathology
(https://librepathology.org, accessed on 28 April 2022). CoH: canals of Hering, PSC: primary scle-
rosing cholangitis, PBC: primary biliary cholangitis, IBD: inflammatory bowel disease, AMA: an-
ti-mitochondrial antibody, AE2: anion exchanger 2, PDC-E2: pyruvate dehydrogenase complex,
E2.
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5. Conclusions

Despite extensive research to understand the molecular pathogenic features of PBC
and PSC, there are still significant gaps between knowledge and its application to clini-
cal practice. As medical treatments, UDCA and OCA have been approved for PBC;
however, patients who are not responsive to these treatments remain a challenge.
Moreover, medical therapy for PSC remains limited, with no effective or approved
pharmacologic treatment identified. Fortunately, various therapeutics targeting patho-
genic molecules in these cholestatic liver diseases are under investigation. Combination
therapy composed of anti-biliary, anti-inflammatory, antioxidative, or anti-fibrotic
treatment may be a viable solution. It is necessary to identify patients at high risk for
disease progression or malignancy. Through continual research, we will improve treat-
ment options for these complex and perplexing chronic progressive hepatobiliary dis-
eases.

Author Contributions: Conceptualization, J.-W.P., ].-HK. and D.J.K; investigation, S.-E.K., J. H.J.
and M.-KJ.; resources, H-SK., M.-S.L., KT.S. and S.-H.P.; writing—original draft preparation,
J.-W.P. and J.-H.K.; supervision, D.J.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the Na-
tional Research Foundation of Korea (NRF), funded by the Ministry of Education
(2020R1A6A1A03043026).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

Alvaro, D.; Bragazzi, M.C.; Ridola, L. Inflammatory and neoplastic cholangiopathies. Recenti Progress. Med. 2018, 109, 595-599.
https://doi.org/10.1701/3082.30744.

Lazaridis, K.N.; Strazzabosco, M.; Larusso, N.F. The cholangiopathies: Disorders of biliary epithelia. Gastroenterology 2004, 127,
1565-1577. https://doi.org/10.1053/j.gastro.2004.08.006.

Boonstra, K.; Beuers, U.; Ponsioen, C.Y. Epidemiology of primary sclerosing cholangitis and primary biliary cirrhosis: A sys-
tematic review. J. Hepatol. 2012, 56, 1181-1188. https://doi.org/10.1016/j.jhep.2011.10.025.

Beuers, U.; Trauner, M.; Jansen, P.; Poupon, R. New paradigms in the treatment of hepatic cholestasis: From UDCA to FXR, PXR
and beyond. |. Hepatol. 2015, 62, S25-5S37. https://doi.org/10.1016/j.jhep.2015.02.023.

Tanaka, A.; Takikawa, H.; Mochida, S.; Koike, K.; Miwa, H.; Shimosegawa, T. Changing Nomenclature for PBC from “Primary
Biliary Cirrhosis” to “Primary Biliary Cholangitis”. J. Gastroenterol. 2016, 51, 748-749. https://doi.org/10.1007/s00535-016-1223-z.
Juran, B.D.; Lazaridis, K.N. Environmental factors in primary biliary cirrhosis. Semin. Liver Dis. 2014, 34, 265-272.
https://doi.org/10.1055/s-0034-1383726.

Webb, G.J.; Hirschfield, G.M. Using GWAS to identify genetic predisposition in hepatic autoimmunity. . Autoimmun. 2016, 66,
25-39. https://doi.org/10.1016/j.jaut.2015.08.016.

Bianchi, I.; Carbone, M.; Lleo, A.; Invernizzi, P. Genetics and epigenetics of primary biliary cirrhosis. Semin. Liver Dis. 2014, 34,
255-264. https://doi.org/10.1055/s-0034-1383725.

Molodecky, N.A.; Kareemi, H.; Parab, R.; Barkema, H.W.; Quan, H.; Myers, R.P.; Kaplan, G.G. Incidence of primary sclerosing
cholangitis: A systematic review and meta-analysis. Hepatology 2011, 53, 1590-1599. https://doi.org/10.1002/hep.24247.
Boonstra, K.; Weersma, R.K.; van Erpecum, K.J.; Rauws, E.A.; Spanier, BW.; Poen, A.C.; van Nieuwkerk, K.M.; Drenth, J.P.;
Witteman, B.J.; Tuynman, H.A_; et al. Population-based epidemiology, malignancy risk, and outcome of primary sclerosing
cholangitis. Hepatology 2013, 58, 2045-2055. https://doi.org/10.1002/hep.26565.

Sclair, S.N; Little, E.; Levy, C. Current Concepts in Primary Biliary Cirrhosis and Primary Sclerosing Cholangitis. Clin. Transl.
Gastroenterol. 2015, 6, €109. https://doi.org/10.1038/ctg.2015.33.

Marchioni Beery, R.M.; Vaziri, H.; Forouhar, F. Primary Biliary Cirrhosis and Primary Sclerosing Cholangitis: A Review Fea-
turing a Women'’s Health Perspective. ]. Clin. Transl. Hepatol. 2014, 2, 266-284. https://doi.org/10.14218/JCTH.2014.00024.
Saxena, R.; Theise, N. Canals of Hering: Recent insights and current knowledge. Semin. Liver Dis. 2004, 24, 43-48.
https://doi.org/10.1055/s-2004-823100.

Boyer, ].L. Bile formation and secretion. Compr. Physiol. 2013, 3, 1035-1078. https://doi.org/10.1002/cphy.c120027.

Banales, J.M.; Huebert, R.C.; Karlsen, T.; Strazzabosco, M.; LaRusso, N.F.; Gores, G.J. Cholangiocyte pathobiology. Nat. Rev.
Gastroenterol. Hepatol. 2019, 16, 269-281. https://doi.org/10.1038/s41575-019-0125-y.

Banales, ].M.; Prieto, J.; Medina, J.F. Cholangiocyte anion exchange and biliary bicarbonate excretion. World ]. Gastroenterol.
2006, 12, 3496-3511. https://doi.org/10.3748/wjg.v12.i22.3496.

Hundt, M.; Basit, H.; John, S. Physiology, Bile Secretion. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.



Biomedicines 2022, 10, 1288 22 of 32

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Han, Y.; Glaser, S.; Meng, F.; Francis, H.; Marzioni, M.; McDaniel, K.; Alvaro, D.; Venter, ].; Carpino, G.; Onori, P.; et al. Recent
advances in the morphological and functional heterogeneity of the biliary epithelium. Exp. Biol. Med. 2013, 238, 549-565.
https://doi.org/10.1177/1535370213489926.

Kanno, N.; LeSage, G.; Glaser, S.; Alvaro, D.; Alpini, G. Functional heterogeneity of the intrahepatic biliary epithelium. Hepa-
tology 2000, 31, 555-561. https://doi.org/10.1002/hep.510310302.

Maroni, L.; Haibo, B.; Ray, D.; Zhou, T.; Wan, Y.; Meng, F.; Marzioni, M.; Alpini, G. Functional and structural features of
cholangiocytes  in  health and  disease. Cell.  Mol. Gastroenterol. Hepatol. 2015, 1,  368-380.
https://doi.org/10.1016/j.jemgh.2015.05.005.

Franchitto, A.; Onori, P.; Renzi, A.; Carpino, G.; Mancinelli, R.; Alvaro, D.; Gaudio, E. Recent advances on the mechanisms
regulating cholangiocyte proliferation and the significance of the neuroendocrine regulation of cholangiocyte pathophysiology.
Ann. Transl. Med. 2013, 1, 27. https://doi.org/10.3978/j.issn.2305-5839.2012.10.03.

Sell, S. Heterogeneity and plasticity of hepatocyte lineage cells. Hepatology 2001, 33, 738-750.
https://doi.org/10.1053/jhep.2001.21900.

Alvaro, D.; Mancino, M.G.; Glaser, S.; Gaudio, E.; Marzioni, M.; Francis, H.; Alpini, G. Proliferating cholangiocytes: A neuro-
endocrine compartment in the diseased liver. Gastroenterology 2007, 132, 415-431. https://doi.org/10.1053/j.gastro.2006.07.023.
Selmi, C.; Mayo, M.].; Bach, N.; Ishibashi, H.; Invernizzi, P.; Gish, R.G.; Gordon, S.C.; Wright, H.I.; Zweiban, B.; Podda, M.; et al.
Primary biliary cirrhosis in monozygotic and dizygotic twins: Genetics, epigenetics, and environment. Gastroenterology 2004,
127, 485-492. https://doi.org/10.1053/j.gastro.2004.05.005.

Lazaridis, K.N.; Juran, B.D.; Boe, G.M.; Slusser, J.P.; de Andrade, M.; Homburger, H.A.; Ghosh, K.; Dickson, E.R.; Lindor, K.D.;
Petersen, G.M. Increased prevalence of antimitochondrial antibodies in first-degree relatives of patients with primary biliary
cirrhosis. Hepatology 2007, 46, 785-792. https://doi.org/10.1002/hep.21749.

Gulamhusein, A.F.; Lazaridis, K.N. Primary biliary cholangitis, DNA, and beyond: The Relative contribution of genes. Hepa-
tology 2018, 68, 19-21. https://doi.org/10.1002/hep.29783.

Mungall, A.J.; Palmer, S.A.; Sims, S.K,; Edwards, C.A.; Ashurst, J.L.; Wilming, L.; Jones, M.C.; Horton, R.; Hunt, S.E.; Scott, C.E.;
et al. The DNA sequence and analysis of human chromosome 6. Nature 2003, 425, 805-811. https://doi.org/10.1038/nature02055.
Joshita, S.; Umemura, T.; Tanaka, E.; Ota, M. Genetics and epigenetics in the pathogenesis of primary biliary cholangitis. Clin. ].
Gastroenterol. 2018, 11, 11-18. https://doi.org/10.1007/s12328-017-0799-z.

Donaldson, P.T.; Baragiotta, A.; Heneghan, M.A; Floreani, A.; Venturi, C.; Underhill, J.A.; Jones, D.E.; James, O.F.; Bassendine,
M.F. HLA class II alleles, genotypes, haplotypes, and amino acids in primary biliary cirrhosis: A large-scale study. Hepatology
2006, 44, 667—-674. https://doi.org/10.1002/hep.21316.

Invernizzi, P.; Selmi, C.; Poli, F.; Frison, S.; Floreani, A.; Alvaro, D.; Almasio, P.; Rosina, F.; Marzioni, M.; Fabris, L.; et al. Human
leukocyte antigen polymorphisms in Italian primary biliary cirrhosis: A multicenter study of 664 patients and 1992 healthy
controls. Hepatology 2008, 48, 1906-1912. https://doi.org/10.1002/hep.22567.

Hirschfield, G.M,; Liu, X.; Xu, C; Lu, Y.; Xie, G.; Lu, Y.; Gu, X,; Walker, EJ; Jing, K; Juran, B.D,; et al. Primary biliary cirrhosis
associated with HLA, IL12A, and IL12RB2 wvariants. N. Engl. ] Med. 2009, 360, 2544-2555.
https://doi.org/10.1056/NEJM0a0810440.

Liu, X,; Invernizzi, P.; Lu, Y.; Kosoy, R.; Lu, Y.; Bianchi, I.; Podda, M.; Xu, C.; Xie, G.; Macciardj, F.; et al. Genome-wide me-
ta-analyses identify three loci associated with primary biliary cirrhosis. Nat. Genet. 2010, 42, 658-660.
https://doi.org/10.1038/ng.627.

Cordell, H.J.; Han, Y.; Mells, G.F.; Li, Y.; Hirschfield, G.M.; Greene, C.S.; Xie, G.; Juran, B.D.; Zhu, D.; Qian, D.C,; et al. Interna-
tional genome-wide meta-analysis identifies new primary biliary cirrhosis risk loci and targetable pathogenic pathways. Nat.
Commun. 2015, 6, 8019. https://doi.org/10.1038/ncomms9019.

Poupon, R.; Ping, C.; Chretien, Y.; Corpechot, C.; Chazouilleres, O.; Simon, T.; Heath, S.C.; Matsuda, F.; Poupon, R.E.; Housset,
C.; et al. Genetic factors of susceptibility and of severity in primary biliary cirrhosis. . Hepatol. 2008, 49, 1038-1045.
https://doi.org/10.1016/j.jhep.2008.07.027.

Li, Y; Tang, R; Ma, X. Epigenetics of Primary Biliary Cholangitis. Adv. Exp. Med. Biol. 2020, 1253, 259-283.
https://doi.org/10.1007/978-981-15-3449-2_10.

Lleo, A.; Zhang, W.; Zhao, M.; Tan, Y.; Bernuzzi, F.; Zhu, B.; Liu, Q.; Tan, Q.; Malinverno, F.; Valenti, L.; et al. DNA methylation
profiling of the X chromosome reveals an aberrant demethylation on CXCR3 promoter in primary biliary cirrhosis. Clin. Epi-
genet. 2015, 7, 61. https://doi.org/10.1186/s13148-015-0098-9.

Beuers, U.; Hohenester, S.; de Buy Wenniger, L.J.; Kremer, A.E.; Jansen, P.L.; Elferink, R.P. The biliary HCO(3)(-) umbrella: A
unifying hypothesis on pathogenetic and therapeutic aspects of fibrosing cholangiopathies. Hepatology 2010, 52, 1489-1496.
https://doi.org/10.1002/hep.23810.

Spirli, C.; Nathanson, M.H.; Fiorotto, R.; Duner, E.; Denson, L.A.; Sanz, ].M.; Di Virgilio, F.; Okolicsanyi, L.; Casagrande, F.;
Strazzabosco, M. Proinflammatory cytokines inhibit secretion in rat bile duct epithelium. Gastroenterology 2001, 121, 156-169.
https://doi.org/10.1053/gast.2001.25516.

Chang, J.C.; Go, S.; de Waart, D.R.; Munoz-Garrido, P.; Beuers, U.; Paulusma, C.C.; Oude Elferink, R. Soluble Adenylyl Cyclase
Regulates  Bile  Salt-Induced  Apoptosis in Human Cholangiocytes.  Hepatology 2016, 64, 522-534.
https://doi.org/10.1002/hep.28550.



Biomedicines 2022, 10, 1288 23 of 32

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hohenester, S.; Wenniger, L.M.; Paulusma, C.C.; van Vliet, S.J.; Jefferson, D.M.; Elferink, R.P.; Beuers, U. A biliary HCO3-
umbrella constitutes a protective mechanism against bile acid-induced injury in human cholangiocytes. Hepatology 2012, 55,
173-183. https://doi.org/10.1002/hep.24691.

Sasaki, M.; Miyakoshi, M.; Sato, Y.; Nakanuma, Y. Increased expression of mitochondrial proteins associated with autophagy in
biliary epithelial lesions in primary biliary cirrhosis. Liver Int. 2013, 33, 312-320. https://doi.org/10.1111/1iv.12049.

Chang, ].C.; Beuers, U.; Oude Elferink, R.P. The Emerging Role of Soluble Adenylyl Cyclase in Primary Biliary Cholangitis. Dig.
Dis. 2017, 35, 217-223. https://doi.org/10.1159/000450914.

Sasaki, M.; Nakanuma, Y. Bile Acids and Deregulated Cholangiocyte Autophagy in Primary Biliary Cholangitis. Dig. Dis. 2017,
35, 210-216. https://doi.org/10.1159/000450913.

Sasaki, M.; Yoshimura-Miyakoshi, M.; Sato, Y.; Nakanuma, Y. A possible involvement of endoplasmic reticulum stress in bili-
ary epithelial autophagy and senescence in primary biliary cirrhosis. ]. Gastroenterol. 2015, 50, 984-995.
https://doi.org/10.1007/s00535-014-1033-0.

Sasaki, M.; Sato, Y.; Nakanuma, Y. An impaired biliary bicarbonate umbrella may be involved in dysregulated autophagy in
primary biliary cholangitis. Lab. Investig. 2018, 98, 745-754. https://doi.org/10.1038/s41374-018-0045-4.

Hisamoto, S.; Shimoda, S.; Harada, K.; Iwasaka, S.; Onohara, S.; Chong, Y.; Nakamura, M.; Bekki, Y.; Yoshizumi, T.; Ikegami, T;
et al. Hydrophobic bile acids suppress expression of AE2 in biliary epithelial cells and induce bile duct inflammation in primary
biliary cholangitis. |. Autoimmun. 2016, 75, 150-160. https://doi.org/10.1016/j.jaut.2016.08.006.

Sasaki, M.; Miyakoshi, M.; Sato, Y.; Nakanuma, Y. Autophagy mediates the process of cellular senescence characterizing bile
duct damages in primary biliary cirrhosis. Lab. Investig. 2010, 90, 835-843. https://doi.org/10.1038/labinvest.2010.56.

Sasaki, M.; Miyakoshi, M.; Sato, Y.; Nakanuma, Y. Modulation of the microenvironment by senescent biliary epithelial cells may
be involved in the pathogenesis of primary biliary cirrhosis. J. Hepatol. 2010, 53, 318-325.
https://doi.org/10.1016/j.jhep.2010.03.008.

Tabibian, ].H.; O’'Hara, S.P.; Splinter, P.L.; Trussoni, C.E.; LaRusso, N.F. Cholangiocyte senescence by way of N-ras activation is
a characteristic of primary sclerosing cholangitis. Hepatology 2014, 59, 2263-2275. https://doi.org/10.1002/hep.26993.

Sasaki, M.; Miyakoshi, M.; Sato, Y.; Nakanuma, Y. Chemokine-chemokine receptor CCL2-CCR2 and CX3CL1-CX3CR1 axis may
play a role in the aggravated inflammation in primary biliary cirrhosis. Dig. Dis. Sci. 2014, 59, 358-364.
https://doi.org/10.1007/s10620-013-2920-6.

Selmi, C.; Bowlus, C.L.; Gershwin, M.E; Coppel, RL. Primary biliary cirrhosis. Lancet 2011, 377, 1600-1609.
https://doi.org/10.1016/S0140-6736(10)61965-4.

Bogdanos, D.P.; Pares, A.; Baum, H.; Caballeria, L.; Rigopoulou, E.I; Ma, Y.; Burroughs, A.K.; Rodes, J.; Vergani, D. Dis-
ease-specific cross-reactivity between mimicking peptides of heat shock protein of Mycobacterium gordonae and dominant
epitope of E2 subunit of pyruvate dehydrogenase is common in Spanish but not British patients with primary biliary cirrhosis.
J. Autoimmun. 2004, 22, 353-362. https://doi.org/10.1016/j.jaut.2004.03.002.

Arbour, L.; Rupps, R,; Field, L.; Ross, P.; Erikson, A.; Henderson, H.; Hill, W.; Yoshida, E. Characteristics of primary biliary
cirrhosis in British Columbia’s First Nations population. Can. ].  Gastroenterol. 2005, 19, 305-310.
https://doi.org/10.1155/2005/203028.

Selmi, C.; Gershwin, M.E. Chronic Autoimmune Epithelitis in Sjogren’s Syndrome and Primary Biliary Cholangitis: A Com-
prehensive Review. Rheumatol. Ther. 2017, 4, 263-279. https://doi.org/10.1007/s40744-017-0074-2.

Lleo, A.; Maroni, L.; Glaser, S.; Alpini, G.; Marzioni, M. Role of cholangiocytes in primary biliary cirrhosis. Semin. Liver Dis. 2014,
34, 273-284. https://doi.org/10.1055/s-0034-1383727.

Lleo, A.; Leung, P.S.C.; Hirschfield, G.M.; Gershwin, E.M. The Pathogenesis of Primary Biliary Cholangitis: A Comprehensive
Review. Semin. Liver Dis. 2020, 40, 34—48. https://doi.org/10.1055/s-0039-1697617.

Dahlqvist, G.; Gaouar, F.; Carrat, F.; Meurisse, S.; Chazouilleres, O.; Poupon, R.; Johanet, C.; Corpechot, C.; French Network of
Immunology Laboratories. Large-scale characterization study of patients with antimitochondrial antibodies but nonestablished
primary biliary cholangitis. Hepatology 2017, 65, 152-163. https://doi.org/10.1002/hep.28859.

Yamagiwa, S.; Kamimura, H.; Takamura, M.; Aoyagi, Y. Autoantibodies in primary biliary cirrhosis: Recent progress in re-
search on the pathogenetic and clinical significance. ~World ].  Gastroenterol. 2014, 20, 2606-2612.
https://doi.org/10.3748/wjg.v20.i110.2606.

Joshi, S.; Cauch-Dudek, K.; Heathcote, E.J.; Lindor, K.; Jorgensen, R.; Klein, R. Antimitochondrial antibody profiles: Are they
valid prognostic indicators in primary biliary cirrhosis? Am. ].  Gastroenterol. 2002, 97, 999-1002.
https://doi.org/10.1111/j.1572-0241.2002.05620.x.

Tang, L.; Zhong, R.; He, X.; Wang, W.; Liu, J.; Zhu, Y.; Li, Y.; Hou, J. Evidence for the association between IgG-antimitochondrial
antibody and biochemical response to ursodeoxycholic acid treatment in primary biliary cholangitis. ]. Gastroenterol. Hepatol.
2017, 32, 659-666. https://doi.org/10.1111/jgh.13534.

Zandanell, S.; Strasser, M.; Feldman, A.; Strebinger, G.; Aigner, G.; Niederseer, D.; Laimer, M.; Mussnig, B.; Paulweber, B.; Datz,
C.; et al. Similar clinical outcome of AMA immunoblot-M2-negative compared to immunoblot-positive subjects over six years
of follow-up. Postgrad. Med. 2021, 133, 291-298. https://doi.org/10.1080/00325481.2021.1885945.

Muratori, P.; Muratori, L.; Gershwin, M.E.; Czaja, A.].; Pappas, G.; MacCariello, S.; Granito, A.; Cassani, F.; Loria, P.; Lenzi, M.;
et al. “True’ antimitochondrial antibody-negative primary biliary cirrhosis, low sensitivity of the routine assays, or both? Clin.
Exp. Immunol. 2004, 135, 154-158. https://doi.org/10.1111/j.1365-2249.2004.02332.x.



Biomedicines 2022, 10, 1288 24 of 32

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81

82.

83.

84.

Granito, A.; Yang, W.H.; Muratori, L.; Lim, M.].; Nakajima, A.; Ferri, S.; Pappas, G.; Quarneti, C.; Bianchi, F.B.; Bloch, D.B.; et al.
PML nuclear body component Sp140 is a novel autoantigen in primary biliary cirrhosis. Am. ]. Gastroenterol. 2010, 105, 125-131.
https://doi.org/10.1038/ajg.2009.596.

Hirschfield, G.M.; Gershwin, M.E. The immunobiology and pathophysiology of primary biliary cirrhosis. Annu. Rev. Pathol.
2013, 8, 303-330. https://doi.org/10.1146/annurev-pathol-020712-164014.

Kita, H.; Lian, Z.X.; Van de Water, J.; He, X.S.; Matsumura, S.; Kaplan, M.; Luketic, V.; Coppel, R.L.; Ansari, A.A.; Gershwin,
M.E. Identification of HLA-A2-restricted CD8(+) cytotoxic T cell responses in primary biliary cirrhosis: T cell activation is
augmented by immune complexes cross-presented by dendritic «cells. ]. Exp. Med. 2002, 195, 113-123.
https://doi.org/10.1084/jem.20010956.

Lleo, A.; Shimoda, S.; Ishibashi, H.; Gershwin, M.E. Primary biliary cirrhosis and autoimmune hepatitis: Apotopes and
epitopes. |. Gastroenterol. 2011, 46 (Suppl. S1), 29-38. https://doi.org/10.1007/s00535-010-0303-8.

Lleo, A.; Bowlus, C.L.; Yang, G.X; Invernizzi, P.; Podda, M.; Van de Water, J.; Ansari, A.A.; Coppel, R.L.; Worman, H.J.; Gores,
G.J.; et al. Biliary apotopes and anti-mitochondrial antibodies activate innate immune responses in primary biliary cirrhosis.
Hepatology 2010, 52, 987-998. https://doi.org/10.1002/hep.23783.

Lleo, A.; Selmi, C.; Invernizzi, P.; Podda, M.; Coppel, R.L.; Mackay, I.R.; Gores, G.J.; Ansari, A.A.; Van de Water, J.; Gershwin,
M.E. Apotopes and the biliary specificity of primary biliary cirrhosis. Hepatology 2009, 49, 871-879.
https://doi.org/10.1002/hep.22736.

Schrumpf, E.; Tan, C.; Karlsen, T.H.; Sponheim, J.; Bjorkstrom, N.K.; Sundnes, O.; Alfsnes, K.; Kaser, A.; Jefferson, D.M.; Ueno,
Y.; et al. The biliary epithelium presents antigens to and activates natural killer T cells. Hepatology 2015, 62, 1249-1259.
https://doi.org/10.1002/hep.27840.

Shimoda, S.; Harada, K.; Niiro, H.; Yoshizumi, T.; Soejima, Y.; Taketomi, A.; Maehara, Y.; Tsuneyama, K.; Nakamura, M;
Komori, A.; et al. Biliary epithelial cells and primary biliary cirrhosis: The role of liver-infiltrating mononuclear cells. Hepatology
2008, 47, 958-965. https://doi.org/10.1002/hep.22102.

Kita, H.; Matsumura, S.; He, X.S.; Ansari, A.A.; Lian, Z.X.; Van de Water, J.; Coppel, R.L.; Kaplan, M.M.; Gershwin, M.E.
Quantitative and functional analysis of PDC-E2-specific autoreactive cytotoxic T lymphocytes in primary biliary cirrhosis. J.
Clin. Investig. 2002, 109, 1231-1240. https://doi.org/10.1172/JCI114698.

Yan, J.; Harvey, B.P.; Gee, R.].; Shlomchik, M.].; Mamula, M.]. B cells drive early T cell autoimmunity in vivo prior to dendritic
cell-mediated autoantigen presentation. J. Immunol. 2006, 177, 4481-4487. https://doi.org/10.4049/jimmunol.177.7.4481.
Vinuesa, C.G.; Tangye, S.G.; Moser, B.; Mackay, C.R. Follicular B helper T cells in antibody responses and autoimmunity. Nat.
Rev. Immunol. 2005, 5, 853-865. https://doi.org/10.1038/nri1714.

Yang, C.Y.; Ma, X,; Tsuneyama, K.; Huang, S.; Takahashi, T.; Chalasani, N.P.; Bowlus, C.L.; Yang, G.X.; Leung, P.S.; Ansari,
A.A.; etal. IL-12/Th1 and IL-23/Th17 biliary microenvironment in primary biliary cirrhosis: Implications for therapy. Hepatology
2014, 59, 1944-1953. https://doi.org/10.1002/hep.26979.

Qian, C,; Jiang, T.; Zhang, W.; Ren, C.; Wang, Q.; Qin, Q.; Chen, J.; Deng, A.; Zhong, R. Increased IL-23 and IL-17 expression by
peripheral ~ blood cells of patients with primary biliary cirrhosis.  Cytokine 2013, 64, 172-180.
https://doi.org/10.1016/j.cyto.2013.07.005.

Tan, Z,; Qian, X,; Jiang, R; Liu, Q.; Wang, Y.; Chen, C.; Wang, X.; Ryffel, B.; Sun, B. IL-17A plays a critical role in the patho-
genesis of liver fibrosis through hepatic stellate cell activation. J. Immunol. 2013, 191, 1835-1844.
https://doi.org/10.4049/jimmunol.1203013.

Bottcher, K.; Rombouts, K.; Saffioti, F.; Roccarina, D.; Rosselli, M.; Hall, A.; Luong, T.; Tsochatzis, E.A.; Thorburn, D.; Pinzani,
M. MAIT cells are chronically activated in patients with autoimmune liver disease and promote profibrogenic hepatic stellate
cell activation. Hepatology 2018, 68, 172-186. https://doi.org/10.1002/hep.29782.

Jiang, X.; Lian, M,; Li, Y.; Zhang, W.; Wang, Q.; Wei, Y.; Zhang, J.; Chen, W.; Xiao, X.; Miao, Q.; et al. The immunobiology of
mucosal-associated invariant T cell (MAIT) function in primary biliary cholangitis: Regulation by cholic acid-induced Inter-
leukin-7. J. Autoimmun. 2018, 90, 64-75. https://doi.org/10.1016/j.jaut.2018.01.007.

Setsu, T.; Yamagiwa, S.; Tominaga, K.; Kimura, N.; Honda, H.; Kamimura, H.; Tsuchiya, A.; Takamura, M.; Terai, S. Persistent
reduction of mucosal-associated invariant T cells in primary biliary cholangitis. J. Gastroenterol. Hepatol. 2018, 33, 1286-1294.
https://doi.org/10.1111/jgh.14076.

Fan, Y., Pedersen, O. Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 2021, 19, 55-71.
https://doi.org/10.1038/s41579-020-0433-9.

Brussow, H. Microbiota and the human nature: Know thyself. Environ. Microbiol. 2015, 17, 10-15.
https://doi.org/10.1111/1462-2920.12693.

Milosevic, I.; Vujovic, A.; Barac, A.; Djelic, M.; Korac, M.; Radovanovic Spurnic, A.; Gmizic, I.; Stevanovic, O.; Djordjevic, V.;
Lekic, N.; et al. Gut-Liver Axis, Gut Microbiota, and Its Modulation in the Management of Liver Diseases: A Review of the
Literature. Int. ]. Mol. Sci. 2019, 20, 395. https://doi.org/10.3390/ijms20020395.

Trebicka, J.; Macnaughtan, J.; Schnabl, B.; Shawcross, D.L.; Bajaj, ].S. The microbiota in cirrhosis and its role in hepatic de-
compensation. J. Hepatol. 2021, 75 (Suppl. S1), S67-S81. https://doi.org/10.1016/j.jhep.2020.11.013.

Liu Chen Kiow, J.; Vincent, C.; Sidani, S.; Bouin, M. High occurrence of small intestinal bacterial overgrowth in primary biliary
cholangitis. Neurogastroenterol. Motil. 2019, 31, e13691. https://doi.org/10.1111/nmo.13691.



Biomedicines 2022, 10, 1288 25 of 32

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Dyson, J.K.; Hirschfield, G.M.; Adams, D.H.; Beuers, U.; Mann, D.A.; Lindor, K.D.; Jones, D.E. Novel therapeutic targets in
primary biliary cirrhosis. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 147-158. https://doi.org/10.1038/nrgastro.2015.12.

Albillos, A.; de Gottardi, A.; Rescigno, M. The gut-liver axis in liver disease: Pathophysiological basis for therapy. J. Hepatol.
2020, 72, 558-577. https://doi.org/10.1016/j.jhep.2019.10.003.

Shimoda, S.; Harada, K.; Niiro, H.; Taketomi, A.; Maehara, Y.; Tsuneyama, K.; Kikuchi, K.; Nakanuma, Y.; Mackay, LR,;
Gershwin, M.E.; et al. CX3CL1 (fractalkine): A signpost for biliary inflammation in primary biliary cirrhosis. Hepatology 2010, 51,
567-575. https://doi.org/10.1002/hep.23318.

Harada, K,; Isse, K.; Nakanuma, Y. Interferon y accelerates NF-«kB activation of biliary epithelial cells induced by Toll-like
receptor and ligand interaction. J. Clin. Pathol. 2006, 59, 184-190. https://doi.org/10.1136/jcp.2004.023507.

Atif, M.; Warner, S.; Oo, Y.H. Linking the gut and liver: Crosstalk between regulatory T cells and mucosa-associated invariant T
cells. Hepatol. Int. 2018, 12, 305-314. https://doi.org/10.1007/s12072-018-9882-x.

Jeffery, H.C.; van Wilgenburg, B.; Kurioka, A.; Parekh, K,; Stirling, K.; Roberts, S.; Dutton, E.E.; Hunter, S.; Geh, D.; Braitch,
M.K;; et al. Biliary epithelium and liver B cells exposed to bacteria activate intrahepatic MAIT cells through MR1. J. Hepatol.
2016, 64, 1118-1127. https://doi.org/10.1016/j.jhep.2015.12.017.

Wiest, R.; Albillos, A.; Trauner, M.; Bajaj, ].S.; Jalan, R. Targeting the gut-liver axis in liver disease. ]. Hepatol. 2017, 67, 1084-1103.
https://doi.org/10.1016/j.jhep.2017.05.007.

Inamine, T.; Schnabl, B. Immunoglobulin A and liver diseases. . Gastroenterol. 2018, 53, 691-700.
https://doi.org/10.1007/s00535-017-1400-8.

Floreani, A.; Baragiotta, A.; Pizzuti, D.; Martines, D.; Cecchetto, A.; Chiarelli, S. Mucosal IgA defect in primary biliary cirrhosis.
Am. . Gastroenterol. 2002, 97, 508-510. https://doi.org/10.1111/.1572-0241.2002.05521 .

Corpechot, C.; Chazouilleres, O.; Rousseau, A.; Le Gruyer, A.; Habersetzer, F.; Mathurin, P.; Goria, O.; Potier, P.; Minello, A.;
Silvain, C.; et al. A Placebo-Controlled Trial of Bezafibrate in Primary Biliary Cholangitis. N. Engl. |. Med. 2018, 378, 2171-2181.
https://doi.org/10.1056/NEJMoal714519.

Campisi, L.; Barbet, G.; Ding, Y.; Esplugues, E.; Flavell, R.A.; Blander, ].M. Apoptosis in response to microbial infection induces
autoreactive TH17 cells. Nat. Immunol. 2016, 17, 1084-1092. https://doi.org/10.1038/ni.3512.

Haruta, I.; Kikuchi, K.; Hashimoto, E.; Nakamura, M.; Miyakawa, H.; Hirota, K.; Shibata, N.; Kato, H.; Arimura, Y.; Kato, Y.; et
al. Long-term bacterial exposure can trigger nonsuppurative destructive cholangitis associated with multifocal epithelial in-
flammation. Lab. Investig. 2010, 90, 577-588. https://doi.org/10.1038/labinvest.2010.40.

Tang, R.; Wei, Y.; Li, Y.; Chen, W.; Chen, H,; Wang, Q.; Yang, F.; Miao, Q.; Xiao, X.; Zhang, H.; et al. Gut microbial profile is
altered in primary biliary cholangitis and partially restored after UDCA therapy. Gut 2018, 67, 534-541.
https://doi.org/10.1136/gutjnl-2016-313332.

Lemoinne, S.; Marteau, P. Gut microbial profile in primary biliary cholangitis: Towards bioindicators. Clin. Res. Hepatol. Gas-
troenterol. 2017, 41, 507-508. https://doi.org/10.1016/j.clinre.2017.06.002.

Lv, L.X,; Fang, D.Q.; Shi, D.; Chen, D.Y,; Yan, R.; Zhu, Y.X,; Chen, Y.F.; Shao, L.; Guo, F.F.; Wu, W.R,; et al. Alterations and
correlations of the gut microbiome, metabolism and immunity in patients with primary biliary cirrhosis. Environ. Microbiol.
2016, 18, 2272-2286. https://doi.org/10.1111/1462-2920.13401.

Wahlstrom, A.; Sayin, S.I.; Marschall, H.U.; Backhed, F. Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact
on Host Metabolism. Cell Metab. 2016, 24, 41-50. https://doi.org/10.1016/j.cmet.2016.05.005.

Ridlon, ].M.; Kang, D.J.; Hylemon, P.B.; Bajaj, ].S. Bile acids and the gut microbiome. Curr. Opin. Gastroenterol. 2014, 30, 332-338.
https://doi.org/10.1097/MOG.0000000000000057.

European Association for the Study of the Liver. EASL Clinical Practice Guidelines: The Diagnosis and Management of Patients
with Primary Biliary Cholangitis. J. Hepatol. 2017, 67, 145-172. https://doi.org/10.1016/j.jhep.2017.03.022.

Lazaridis, K.N.; Gores, G.J.; Lindor, K.D. Ursodeoxycholic acid “mechanisms of action and clinical use in hepatobiliary disor-
ders’. J. Hepatol. 2001, 35, 134-146. https://doi.org/10.1016/s0168-8278(01)00092-7.

Hofmann, A.F. Pharmacology of ursodeoxycholic acid, an enterohepatic drug. Scand. . Gastroenterol. 1994, 29 (Suppl. S204),
1-15. https://doi.org/10.3109/00365529409103618.

Trauner, M.; Graziadei, LW. Review article: Mechanisms of action and therapeutic applications of ursodeoxycholic acid in
chronic liver diseases. Aliment. Pharmacol. Ther. 1999, 13, 979-996. https://doi.org/10.1046/j.1365-2036.1999.00596.x.

You, H,; Ma, X,; Efe, C.; Wang, G.; Jeong, S.H.; Abe, K.; Duan, W.; Chen, S.; Kong, Y.; Zhang, D.; et al. APASL clinical practice
guidance: The diagnosis and management of patients with primary biliary cholangitis. Hepatol. Int. 2022, 16, 1-23.
https://doi.org/10.1007/s12072-021-10276-6.

Carbone, M.; Nardi, A.; Flack, S.; Carpino, G.; Varvaropoulou, N.; Gavrila, C.; Spicer, A.; Badrock, ].; Bernuzzi, F.; Cardinale, V;
et al. Pretreatment prediction of response to ursodeoxycholic acid in primary biliary cholangitis: Development and validation of
the UDCA Response Score. Lancet Gastroenterol. Hepatol. 2018, 3, 626-634. https://doi.org/10.1016/52468-1253(18)30163-8.
Lammers, W.].; van Buuren, H.R.; Hirschfield, G.M.; Janssen, H.L.; Invernizzi, P.; Mason, A.L.; Ponsioen, C.Y.; Floreani, A.;
Corpechot, C.; Mayo, M.].; et al. Levels of alkaline phosphatase and bilirubin are surrogate end points of outcomes of patients
with primary biliary cirrhosis: An international follow-up study. Gastroenterology 2014, 147, 1338-1349.e5.
https://doi.org/10.1053/j.gastro.2014.08.029.

Pares, A.; Caballeria, L.; Rodes, J. Excellent long-term survival in patients with primary biliary cirrhosis and biochemical re-
sponse to ursodeoxycholic Acid. Gastroenterology 2006, 130, 715-720. https://doi.org/10.1053/j.gastro.2005.12.029.



Biomedicines 2022, 10, 1288 26 of 32

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Angulo, P.; Lindor, K.D.; Therneau, T.M.; Jorgensen, R.A.; Malinchoc, M.; Kamath, P.S.; Dickson, E.R. Utilization of the Mayo
risk score in patients with primary biliary cirrhosis receiving ursodeoxycholic acid. Liver 1999, 19, 115-121.
https://doi.org/10.1111/j.1478-3231.1999.tb00020.x.

Corpechot, C.; Abenavoli, L.; Rabahi, N.; Chretien, Y.; Andreani, T.; Johanet, C.; Chazouilleres, O.; Poupon, R. Biochemical
response to ursodeoxycholic acid and long-term prognosis in primary biliary cirrhosis. Hepatology 2008, 48, 871-877.
https://doi.org/10.1002/hep.22428.

Kuiper, E.M.; Hansen, B.E.; de Vries, R.A.; den Ouden-Muller, ] W.; van Ditzhuijsen, T.J.; Haagsma, E.B.; Houben, M.H.; Wit-
teman, B.J.; van Erpecum, K.J.; van Buuren, H.R.; et al. Improved prognosis of patients with primary biliary cirrhosis that have
a biochemical response to ursodeoxycholic acid. Gastroenterology 2009, 136, 1281-1287.
https://doi.org/10.1053/j.gastro.2009.01.003.

Azemoto, N.; Abe, M.; Murata, Y.; Hiasa, Y.; Hamada, M.; Matsuura, B.; Onji, M. Early biochemical response to ursodeoxycholic
acid predicts symptom development in patients with asymptomatic primary biliary cirrhosis. J. Gastroenterol. 2009, 44, 630—-634.
https://doi.org/10.1007/s00535-009-0051-9.

Kumagi, T.; Guindi, M.; Fischer, S.E.; Arenovich, T.; Abdalian, R.; Coltescu, C.; Heathcote, E.J.; Hirschfield, G.M. Baseline
ductopenia and treatment response predict long-term histological progression in primary biliary cirrhosis. Am. ]. Gastroenterol.
2010, 105, 2186-2194. https://doi.org/10.1038/ajg.2010.216.

Corpechot, C.; Chazouilleres, O.; Poupon, R. Early primary biliary cirrhosis: Biochemical response to treatment and prediction
of long-term outcome. |. Hepatol. 2011, 55, 1361-1367. https://doi.org/10.1016/j.jhep.2011.02.031.

Sepe, V.; Distrutti, E.; Fiorucdi, S.; Zampella, A. Farnesoid X receptor modulators 2014—present: A patent review. Expert Opin.
Ther. Pat. 2018, 28, 351-364. https://doi.org/10.1080/13543776.2018.1459569.

Pellicciari, R.; Fiorucci, S.; Camaioni, E.; Clerici, C.; Costantino, G.; Maloney, P.R.; Morelli, A.; Parks, D.J.; Willson, T.M.
6alpha-ethyl-chenodeoxycholic acid (6-ECDCA), a potent and selective FXR agonist endowed with anticholestatic activity. J.
Med. Chem. 2002, 45, 3569-3572. https://doi.org/10.1021/jm025529g.

Inagaki, T.; Choi, M.; Moschetta, A.; Peng, L.; Cummins, C.L.; McDonald, J.G.; Luo, G.; Jones, S.A.; Goodwin, B.; Richardson,
J.A,; et al. Fibroblast growth factor 15 functions as an enterohepatic signal to regulate bile acid homeostasis. Cell Metab. 2005, 2,
217-225. https://doi.org/10.1016/j.cmet.2005.09.001.

Kim, I; Ahn, S.H.; Inagaki, T.; Choi, M; Ito, S.; Guo, G.L.; Kliewer, S.A.; Gonzalez, F.J. Differential regulation of bile acid ho-
meostasis by the farnesoid X receptor in liver and intestine. ] Lipid Res. 2007, 48, 2664-2672.
https://doi.org/10.1194/jlr.M700330-JLR200.

Triantis, V.; Saeland, E.; Bijl, N.; Oude-Elferink, R.P.; Jansen, P.L. Glycosylation of fibroblast growth factor receptor 4 is a key
regulator of fibroblast growth factor 19-mediated down-regulation of cytochrome P450 7A1l. Hepatology 2010, 52, 656-666.
https://doi.org/10.1002/hep.23708.

Ananthanarayanan, M.; Balasubramanian, N.; Makishima, M.; Mangelsdorf, D.J.; Suchy, F.J. Human bile salt export pump
promoter is transactivated by the farnesoid X receptor/bile acid receptor. ]. Biol. Chem. 2001, 276, 28857-28865.
https://doi.org/10.1074/jbc.M011610200.

Kast, H.R.; Goodwin, B.; Tarr, P.T.; Jones, S.A.; Anisfeld, A.M.; Stoltz, C.M.; Tontonoz, P.; Kliewer, S.; Willson, T.M.; Edwards,
P.A. Regulation of multidrug resistance-associated protein 2 (ABCC2) by the nuclear receptors pregnane X receptor, farnesoid
X-activated ~ receptor, and  constitutive androstane  receptor. . Biol. Chem. 2002, 277, 2908-2915.
https://doi.org/10.1074/jbc.M109326200.

Nevens, F.; Andreone, P.; Mazzella, G,; Strasser, S.I.; Bowlus, C.; Invernizzi, P.; Drenth, ].P.; Pockros, P.J.; Regula, J.; Beuers, U,;
et al. A Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis. N. Engl. . Med. 2016, 375, 631-643.
https://doi.org/10.1056/NEJMoa1509840.

Trauner, M.; Nevens, F.; Shiffman, M.L.; Drenth, J.P.H.; Bowlus, C.L.; Vargas, V.; Andreone, P.; Hirschfield, G.M.; Pencek, R.;
Malecha, E.S.; et al. Long-term efficacy and safety of obeticholic acid for patients with primary biliary cholangitis: 3-year results
of an international open-label extension study. Lancet  Gastroenterol. =~ Hepatol. 2019, 4,  445-453.
https://doi.org/10.1016/52468-1253(19)30094-9.

Hegade, V.S.; Kendrick, S.F.; Dobbins, R.L.; Miller, S.R.; Thompson, D.; Richards, D.; Storey, J.; Dukes, G.E.; Corrigan, M.; Oude
Elferink, R.P.; et al. Effect of ileal bile acid transporter inhibitor GSK2330672 on pruritus in primary biliary cholangitis: A
double-blind, randomised, placebo-controlled, crossover, phase 2a study. Lancet 2017, 389, 1114-1123.
https://doi.org/10.1016/50140-6736(17)30319-7.

Lisss, K.H. Finck, B.N. PPARs and nonalcoholic fatty liver disease. Biochimie 2017, 136, 65-74.
https://doi.org/10.1016/j.biochi.2016.11.009.

Li, T.; Chiang, ].Y. Regulation of bile acid and cholesterol metabolism by PPARs. PPAR Res. 2009, 2009, 501739.
https://doi.org/10.1155/2009/501739.

Kersten, S.; Stienstra, R. The role and regulation of the peroxisome proliferator activated receptor alpha in human liver. Bio-
chimie 2017, 136, 75-84. https://doi.org/10.1016/j.biochi.2016.12.019.

Xia, X.; Jung, D.; Webb, P.; Zhang, A.; Zhang, B.; Li, L.; Ayers, S.D.; Gabbi, C.; Ueno, Y.; Gustafsson, J.A; et al. Liver X receptor
beta and peroxisome proliferator-activated receptor delta regulate cholesterol transport in murine cholangiocytes. Hepatology
2012, 56, 2288-2296. https://doi.org/10.1002/hep.25919.



Biomedicines 2022, 10, 1288 27 of 32

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Mukundan, L.; Odegaard, J.I.; Morel, C.R.; Heredia, J.E.; Mwangi, ].W.; Ricardo-Gonzalez, R.R.; Goh, Y.P.; Eagle, A.R.; Dunn,
S.E.; Awakuni, ].U.; et al. PPAR-delta senses and orchestrates clearance of apoptotic cells to promote tolerance. Nat. Med. 2009,
15, 1266-1272. https://doi.org/10.1038/nm.2048.

Harada, K; Isse, K.; Kamihira, T.; Shimoda, S.; Nakanuma, Y. Thl cytokine-induced downregulation of PPARY in human
biliary cells relates to cholangitis in primary biliary cirrhosis. Hepatology 2005, 41, 1329-1338. https://doi.org/10.1002/hep.20705.
Nozaki, Y.; Harada, K; Sanzen, T.; Nakanuma, Y. PPARy ligand attenuates portal inflammation in the MRL-lpr mouse: A new
strategy to restrain cholangiopathy in primary biliary cirrhosis. Med. Mol. Morphol. 2013, 46, 153-159.
https://doi.org/10.1007/s00795-013-0017-0.

Han, X.F.; Wang, Q.X,; Liu, Y.; You, Z.R;; Bian, Z.L.; Qiu, D.K.; Ma, X. Efficacy of fenofibrate in Chinese patients with primary
biliary cirrhosis partially responding to wursodeoxycholic acid therapy. ] Dig. Dis. 2012, 13, 219-224.
https://doi.org/10.1111/.1751-2980.2012.00574.x.

Ohira, H.; Sato, Y.; Ueno, T.; Sata, M. Fenofibrate treatment in patients with primary biliary cirrhosis. Am. J. Gastroenterol. 2002,
97, 2147-2149. https://doi.org/10.1111/j.1572-0241.2002.05944 .x.

Duan, W.; Ou, X,; Wang, X.; Wang, Y.; Zhao, X.; Wang, Q.; Wu, X.; Zhang, W.; Ma, H.; You, H.; et al. Efficacy and safety of
fenofibrate add-on therapy for patients with primary biliary cholangitis and a suboptimal response to UDCA. Rev. Esp. Enferm.
Dig. 2018, 110, 557-563. https://doi.org/10.17235/reed.2018.5533/2018.

Yin, Q. Li, J.; Xia, Y.; Zhang, R.; Wang, J.; Lu, W.; Zhou, Y.; Zheng, Y.; Abudumijiti, H.; Chen, R.; et al. Systematic review and
meta-analysis: Bezafibrate in patients with primary biliary cirrhosis. Drug Des. Dev. Ther. 2015, 9, 5407-5419.
https://doi.org/10.2147/DDDT.592041.

Reig, A.; Sese, P.; Pares, A. Effects of Bezafibrate on Outcome and Pruritus in Primary Biliary Cholangitis with Suboptimal
Ursodeoxycholic Acid Response. Am. ]. Gastroenterol. 2018, 113, 49-55. https://doi.org/10.1038/ajg.2017.287.

Honda, A.; Tanaka, A.; Kaneko, T.; Komori, A.; Abe, M.; Inao, M.; Namisaki, T.; Hashimoto, N.; Kawata, K.; Takahashi, A.; et al.
Bezafibrate Improves GLOBE and UK-PBC Scores and Long-Term Outcomes in Patients with Primary Biliary Cholangitis.
Hepatology 2019, 70, 2035-2046. https://doi.org/10.1002/hep.30552.

Bolier, R.; de Vries, E.S.; Pares, A.; Helder, J.; Kemper, EM.; Zwinderman, K.; Elferink, R.P.O.; Beuers, U.; Netherlands Asso-
ciation for the Study of the Liver Cholestatic Liver Diseases Study Group. Fibrates for the treatment of cholestatic itch (FITCH):
Study protocol for a randomized controlled trial. Trials 2017, 18, 230. https://doi.org/10.1186/s13063-017-1966-8.

Schattenberg, ].M.; Pares, A.; Kowdley, K.V.; Heneghan, M.A.; Caldwell, S.; Pratt, D.; Bonder, A.; Hirschfield, G.M.; Levy, C.;
Vierling, J.; et al. A randomized placebo-controlled trial of elafibranor in patients with primary biliary cholangitis and incom-
plete response to UDCA. J. Hepatol. 2021, 74, 1344-1354. https://doi.org/10.1016/j.jhep.2021.01.013.

Vuppalanchi, R.; Caldwell, S.H.; Pyrsopoulos, N. Results of a Phase 2, Prospective, Multicenter, Randomized, Double-Blind,
Placebo-Controlled Study to Evaluate Safety, Tolerability, and Efficacy of Saroglitazar Magnesium in Patients with Primary
Biliary Cholangitis (EPICS). Gastroenterol. Hepatol. 2021, 17, 8.

Jones, D.; Boudes, P.F.; Swain, M.G.; Bowlus, C.L.; Galambos, M.R.; Bacon, B.R.; Doerffel, Y.; Gitlin, N.; Gordon, S.C.; Odin, ].A;
et al. Seladelpar (MBX-8025), a selective PPAR-d agonist, in patients with primary biliary cholangitis with an inadequate re-
sponse to ursodeoxycholic acid: A double-blind, randomised, placebo-controlled, phase 2, proof-of-concept study. Lancet Gas-
troenterol. Hepatol. 2017, 2, 716-726. https://doi.org/10.1016/52468-1253(17)30246-7.

Hirschfield, G.M.; Kowdley, K.V.; Shiffman, M.L. ENHANCE: Safety and Efficacy of Seladelpar in Patients with Primary Biliary
Cholangitis-A Phase 3, International, Randomized, Placebo-Controlled Study. Gastroenterol. Hepatol. 2021, 17, 5-6.

Kremer, A.E.; Mayo, M.].; Hirschfield, G.; Levy, C.; Bowlus, C.L.; Jones, D.E.; Steinberg, A.; McWherter, C.A.; Choi, Y.J. Sela-
delpar improved measures of pruritus, sleep, and fatigue and decreased serum bile acids in patients with primary biliary
cholangitis. Liver Int. 2022, 42, 112-123. https://doi.org/10.1111/1iv.15039.

Rautiainen, H.; Karkkainen, P.; Karvonen, A.L.; Nurmi, H.; Pikkarainen, P.; Nuutinen, H.; Farkkila, M. Budesonide combined
with UDCA to improve liver histology in primary biliary cirrhosis: A three-year randomized trial. Hepatology 2005, 41, 747-752.
https://doi.org/10.1002/hep.20646.

Hirschfield, G.M.; Beuers, U.; Kupcinskas, L.; Ott, P.; Bergquist, A.; Farkkila, M.; Manns, M.P.; Pares, A.; Spengler, U.; Stiess, M.;
et al. A placebo-controlled randomised trial of budesonide for PBC following an insufficient response to UDCA. ]. Hepatol. 2021,
74, 321-329. https://doi.org/10.1016/j.jhep.2020.09.011.

Kliewer, S.A.; Mangelsdorf, D.J. Bile Acids as Hormones: The FXR-FGF15/19 Pathway. Dig. Dis. 2015, 33, 327-331.
https://doi.org/10.1159/000371670.

Russell, D.W. Fifty years of advances in bile acid synthesis and metabolism. ]. Lipid Res. 2009, 50, S120-5125.
https://doi.org/10.1194/jlr.R800026-JLR200.

Modica, S.; Petruzzelli, M.; Bellafante, E.; Murzilli, S.; Salvatore, L.; Celli, N.; Di Tullio, G.; Palasciano, G.; Moustafa, T.;
Halilbasic, E.; et al. Selective activation of nuclear bile acid receptor FXR in the intestine protects mice against cholestasis. Gas-
troenterology 2012, 142, 355-365.e4. https://doi.org/10.1053/j.gastro.2011.10.028.

Luo, J.; Ko, B; Elliott, M.; Zhou, M.; Lindhout, D.A.; Phung, V.; To, C.; Learned, R.M,; Tian, H.; DePaoli, A.M.; et al. A nontu-
morigenic  variant of FGF19 treats cholestatic liver diseases. Sci. Transl. Med. 2014, 6, 247ral00.
https://doi.org/10.1126/scitranslmed.3009098.



Biomedicines 2022, 10, 1288 28 of 32

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Nicholes, K.; Guillet, S.; Tomlinson, E.; Hillan, K.; Wright, B.; Frantz, G.D.; Pham, T.A.; Dillard-Telm, L.; Tsai, S.P.; Stephan, J.P.;
et al. A mouse model of hepatocellular carcinoma: Ectopic expression of fibroblast growth factor 19 in skeletal muscle of
transgenic mice. Am. . Pathol. 2002, 160, 2295-2307. https://doi.org/10.1016/S0002-9440(10)61177-7.

Mayo, M.].; Wigg, A].; Leggett, B.A.; Arnold, H.; Thompson, A.J.; Weltman, M.; Carey, E.J.; Muir, A.].; Ling, L.; Rossi, S.].; et al.
NGM282 for Treatment of Patients with Primary Biliary Cholangitis: A Multicenter, Randomized, Double-Blind, Place-
bo-Controlled Trial. Hepatol. Commun. 2018, 2, 1037-1050. https://doi.org/10.1002/hep4.1209.

Pellicciari, R.; Costantino, G.; Camaioni, E.; Sadeghpour, B.M.; Entrena, A.; Willson, T.M.; Fiorucci, S.; Clerici, C.; Gioiello, A.
Bile acid derivatives as ligands of the farnesoid X receptor. Synthesis, evaluation, and structure-activity relationship of a series
of body and side chain modified analogues of chenodeoxycholic acid. ]J. Med. Chem. 2004, 47, 4559-4569.
https://doi.org/10.1021/jm049904b.

Gege, C.; Hambruch, E.; Hambruch, N.; Kinzel, O.; Kremoser, C. Nonsteroidal FXR Ligands: Current Status and Clinical Ap-
plications. Handb. Exp. Pharmacol. 2019, 256, 167-205. https://doi.org/10.1007/164_2019_232.

An, P.; Wei, G.; Huang, P.; Li, W.; Qi, X,; Lin, Y.; Vaid, K.A,; Wang, ].; Zhang, S.; Li, Y.; et al. A novel non-bile acid FXR agonist
EDP-305 potently suppresses liver injury and fibrosis without worsening of ductular reaction. Liver Int. 2020, 40, 1655-1669.
https://doi.org/10.1111/1iv.14490.

Mogul, A.; Corsi, K.; McAuliffe, L. Baricitinib: The Second FDA-Approved JAK Inhibitor for the Treatment of Rheumatoid
Arthritis. Ann. Pharmacother. 2019, 53, 947-953. https://doi.org/10.1177/1060028019839650.

Asuri, S.; McIntosh, S.; Taylor, V.; Rokeby, A.; Kelly, J.; Shumansky, K.; Field, L.L.; Yoshida, E.M.; Arbour, L. Primary Biliary
Cholangitis in British Columbia First Nations: Clinical Features and Discovery of Novel Genetic Susceptibility Loci. Liver Int.
2018, 38, 940-948. https://doi.org/10.1111/1iv.13686.

Gordon, S.C.; Trudeau, S.; Regev, A.; Uhas, ].M.; Chakladar, S.; Pinto-Correia, A.; Gottlieb, K.; Schlichting, D. Baricitinib and
primary biliary cholangitis. J. Transl. Autoimmun. 2021, 4, 100107. https://doi.org/10.1016/j.jtauto.2021.100107.

Andringa, K.K; King, A.L.; Eccleston, H.B.; Mantena, S.K.; Landar, A.; Jhala, N.C.; Dickinson, D.A.; Squadrito, G.L.; Bailey, S.M.
Analysis of the liver mitochondrial proteome in response to ethanol and S-adenosylmethionine treatments: Novel molecular
targets of disease and hepatoprotection. Am. . Physiol. Gastrointest. Liver Physiol. 2010, 298, G732-G745.
https://doi.org/10.1152/ajpgi.00332.2009.

Caballero, F.; Fernandez, A.; Matias, N.; Martinez, L.; Fucho, R.; Elena, M.; Caballeria, J.; Morales, A.; Fernandez-Checa, J.C.;
Garcia-Ruiz, C. Specific contribution of methionine and choline in nutritional nonalcoholic steatohepatitis: Impact on mito-
chondrial S-adenosyl-L-methionine and glutathione. J. Biol. Chem. 2010, 285, 18528-18536.
https://doi.org/10.1074/jbc.M109.099333.

Ko, K,; Yang, H.; Noureddin, M.; Iglesia-Ara, A.; Xia, M.; Wagner, C.; Luka, Z.; Mato, ] M.; Lu, S.C. Changes in
S-adenosylmethionine and GSH homeostasis during endotoxemia in mice. Lab. Investig. 2008, 88, 1121-1129.
https://doi.org/10.1038/labinvest.2008.69.

Mato, ].M.; Alvarez, L.; Ortiz, P.; Mingorance, J.; Duran, C.; Pajares, M.A. S-adenosyl-L-methionine synthetase and methionine
metabolism deficiencies in cirrhosis. Adv. Exp. Med. Biol. 1994, 368, 113-117. https://doi.org/10.1007/978-1-4615-1989-8__11.
Wunsch, E. Raszeja-Wyszomirska, J.; Barbier, O.; Milkiewicz, M., Krawczyk, M., Milkiewicz, P. Effect of
S-adenosyl-L-methionine on liver biochemistry and quality of life in patients with primary biliary cholangitis treated with
ursodeoxycholic acid. A prospective, open label pilot study. ]. Gastrointestin. Liver Dis. 2018, 27, 273-279.
https://doi.org/10.15403/jgld.2014.1121.273.icz.

Kilanczyk, E.; Banales, ].M.; Wunsch, E.; Barbier, O.; Avila, M.A,; Mato, ].M.; Milkiewicz, M.; Milkiewicz, P.
S-adenosyl-L-methionine (SAMe) halts the autoimmune response in patients with primary biliary cholangitis (PBC) via anti-
oxidant and S-glutathionylation processes in cholangiocytes. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165895.
https://doi.org/10.1016/j.bbadis.2020.165895.

Liu, Y.; Chen, K;; Li, F.; Gu, Z; Liu, Q.; He, L.; Shao, T.; Song, Q.; Zhu, F.; Zhang, L.; et al. Probiotic Lactobacillus rhamnosus GG
Prevents Liver Fibrosis Through Inhibiting Hepatic Bile Acid Synthesis and Enhancing Bile Acid Excretion in Mice. Hepatology
2020, 71, 2050-2066. https://doi.org/10.1002/hep.30975.

Volarevic, V.; Ljujic, B.; Stojkovic, P.; Lukic, A.; Arsenijevic, N.; Stojkovic, M. Human stem cell research and regenerative
medicine--present and future. Br. Med. Bull. 2011, 99, 155-168. https://doi.org/10.1093/bmb/ldr027.

Wang, L,; Li, J.; Liu, H,; Li, Y.; Fu, J.; Sun, Y.; Xu, R.; Lin, H.; Wang, S.; Lv, S.; et al. Pilot study of umbilical cord-derived mes-
enchymal stem cell transfusion in patients with primary biliary cirrhosis. ]. Gastroenterol. Hepatol. 2013, 28 (Suppl. S1), 85-92.
https://doi.org/10.1111/jgh.12029.

Wang, L.; Han, Q.; Chen, H.; Wang, K.; Shan, G.L.; Kong, F.; Yang, Y.J.; Li, Y.Z.; Zhang, X.; Dong, F.; et al. Allogeneic bone
marrow mesenchymal stem cell transplantation in patients with UDCA-resistant primary biliary cirrhosis. Stem Cells Dev. 2014,
23, 2482-2489. https://doi.org/10.1089/scd.2013.0500.

Isse, K.; Harada, K.; Zen, Y.; Kamihira, T.; Shimoda, S.; Harada, M.; Nakanuma, Y. Fractalkine and CX3CR1 are involved in the
recruitment of intraepithelial lymphocytes of intrahepatic bile ducts. Hepatology 2005, 41, 506-516.
https://doi.org/10.1002/hep.20582.



Biomedicines 2022, 10, 1288 29 of 32

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Tabuchi, H.; Katsurabara, T.; Mori, M.; Aoyama, M.; Obara, T.; Yasuda, N.; Kawano, T.; Imai, T.; Ieiri, I.; Kumagai, Y. Phar-
macokinetics, Pharmacodynamics, and Safety of E6011, a Novel Humanized Antifractalkine (CX3CL1) Monoclonal Antibody:
A Randomized, Double-Blind, Placebo-Controlled Single-Ascending-Dose Study. ]. Clin. Pharmacol. 2019, 59, 688-701.
https://doi.org/10.1002/jcph.1361.

Chapman, M.H.; Thorburn, D.; Hirschfield, G.M.; Webster, G.G.J.; Rushbrook, S.M.; Alexander, G.; Collier, J.; Dyson, ] K.; Jones,
D.E.; Patanwala, L; et al. British Society of Gastroenterology and UK-PSC guidelines for the diagnosis and management of
primary sclerosing cholangitis. Gut 2019, 68, 1356-1378. https://doi.org/10.1136/gutjnl-2018-317993.

Lazaridis, K.N.; LaRusso, N.F. Primary Sclerosing Cholangitis. N. Engl. ]. Med. 2016, 375, 2501-2502.
https://doi.org/10.1056/NEJMc1613273.

Karlsen, T.H.; Folseraas, T.; Thorburn, D.; Vesterhus, M. Primary sclerosing cholangitis—A comprehensive review. J. Hepatol.
2017, 67, 1298-1323. https://doi.org/10.1016/j.jhep.2017.07.022.

Sirpal, S.; Chandok, N. Primary sclerosing cholangitis: Diagnostic and management challenges. Clin. Exp. Gastroenterol. 2017, 10,
265-273. https://doi.org/10.2147/CEG.S105872.

Dyson, J.K.; Beuers, U.; Jones, D.E.J.; Lohse, A.W.; Hudson, M. Primary sclerosing cholangitis. Lancet 2018, 391, 2547-2559.
https://doi.org/10.1016/S0140-6736(18)30300-3.

Jiang, X.; Karlsen, T.H. Genetics of primary sclerosing cholangitis and pathophysiological implications. Nat. Rev. Gastroenterol.
Hepatol. 2017, 14, 279-295. https://doi.org/10.1038/nrgastro.2016.154.

Bergquist, A.; Montgomery, S.M.; Bahmanyar, S.; Olsson, R.; Danielsson, A.; Lindgren, S.; Prytz, H.; Hultcrantz, R.; Loof, L.A,;
Sandberg-Gertzen, H.; et al. Increased risk of primary sclerosing cholangitis and ulcerative colitis in first-degree relatives of
patients ~ with  primary  sclerosing  cholangitis.  Clin. Gastroenterol. ~ Hepatol. 2008, 6,  939-943.
https://doi.org/10.1016/j.cgh.2008.03.016.

Ji, S.G.; Juran, B.D.; Mucha, S.; Folseraas, T.; Jostins, L.; Melum, E.; Kumasaka, N.; Atkinson, E.J.; Schlicht, EZM.; Liu, J.Z.; et al.
Genome-wide association study of primary sclerosing cholangitis identifies new risk loci and quantifies the genetic relationship
with inflammatory bowel disease. Nat. Genet. 2017, 49, 269-273. https://doi.org/10.1038/ng.3745.

Ataseven, H.; Parlak, E.; Yuksel, I.; Basar, O.; Ertugrul, I.; Sasmaz, N.; Sahin, B. Primary sclerosing cholangitis in Turkish pa-
tients: Characteristic features and prognosis. Hepatobiliary Pancreat. Dis. Int. 2009, 8, 312-315.

Tanaka, A.; Tazuma, S.; Okazaki, K.; Tsubouchi, H.; Inui, K.; Takikawa, H. Nationwide survey for primary sclerosing cholan-
gitis and IgG4-related sclerosing cholangitis in Japan. |. Hepatobiliary Pancreat. Sci. 2014, 21, 43-50.
https://doi.org/10.1002/jhbp.50.

Saarinen, S.; Olerup, O.; Broome, U. Increased frequency of autoimmune diseases in patients with primary sclerosing cholan-
gitis. Am. ]. Gastroenterol. 2000, 95, 3195-3199. https://doi.org/10.1111/j.1572-0241.2000.03292.x.

Liu, J.Z; Hov, J.R; Folseraas, T.; Ellinghaus, E.; Rushbrook, SM.; Doncheva, N.T.; Andreassen, O.A.; Weersma, RK.;
Weismuller, T.J.; Eksteen, B.; et al. Dense genotyping of immune-related disease regions identifies nine new risk loci for primary
sclerosing cholangitis. Nat. Genet. 2013, 45, 670-675. https://doi.org/10.1038/ng.2616.

Hov, J.R.; Kosmoliaptsis, V.; Traherne, J.A.; Olsson, M.; Boberg, K.M.; Bergquist, A.; Schrumpf, E.; Bradley, ].A.; Taylor, C.J.; Lie,
B.A,; et al. Electrostatic modifications of the human leukocyte antigen-DR P9 peptide-binding pocket and susceptibility to
primary sclerosing cholangitis. Hepatology 2011, 53, 1967-1976. https://doi.org/10.1002/hep.24299.

Hov, J.R; Lleo, A.; Selmi, C.; Woldseth, B.; Fabris, L.; Strazzabosco, M.; Karlsen, T.H.; Invernizzi, P. Genetic associations in
Italian primary sclerosing cholangitis: Heterogeneity across Europe defines a critical role for HLA-C. |. Hepatol. 2010, 52,
712-717. https://doi.org/10.1016/j.jhep.2009.11.029.

Eksteen, B. Advances and controversies in the pathogenesis and management of primary sclerosing cholangitis. Br. Med. Bull.
2014, 110, 89-98. https://doi.org/10.1093/bmb/1du008.

Hofmann, A F. Bile acids: Trying to understand their chemistry and biology with the hope of helping patients. Hepatology 2009,
49, 1403-1418. https://doi.org/10.1002/hep.22789.

Hohenester, S.; Gates, A.; Wimmer, R.; Beuers, U.; Anwer, M.S.; Rust, C.; Webster, C.R. Phosphatidylinositol-3-kinase
pll0gamma contributes to bile salt-induced apoptosis in primary rat hepatocytes and human hepatoma cells. ]. Hepatol. 2010,
53, 918-926. https://doi.org/10.1016/j.jhep.2010.05.015.

Hang, S.; Paik, D.; Yao, L.; Kim, E.; Trinath, J.; Ly, J.; Ha, S.; Nelson, B.N.; Kelly, S.P.; Wu, L.; et al. Bile acid metabolites control
TH17 and Treg cell differentiation. Nature 2019, 576, 143-148. https://doi.org/10.1038/s41586-019-1785-z.

Bell, L.N.; Wulff, J.; Comerford, M.; Vuppalanchi, R.; Chalasani, N. Serum metabolic signatures of primary biliary cirrhosis and
primary sclerosing cholangitis. Liver Int. 2015, 35, 263-274. https://doi.org/10.1111/1iv.12680.

Deutschmann, K.; Reich, M.; Klindt, C.; Droge, C.; Spomer, L.; Haussinger, D.; Keitel, V. Bile acid receptors in the biliary tree:
TGR5 in physiology and disease. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1319-1325.
https://doi.org/10.1016/j.bbadis.2017.08.021.

Zhang, ].H.; Nolan, ].D.; Kennie, S.L.; Johnston, I.M.; Dew, T.; Dixon, P.H.; Williamson, C.; Walters, J.R. Potent stimulation of
fibroblast growth factor 19 expression in the human ileum by bile acids. Am. ]. Physiol. Gastrointest. Liver Physiol. 2013, 304,
(G940-G948. https://doi.org/10.1152/ajpgi.00398.2012.

Milkiewicz, M.; Klak, M.; Kempinska-Podhorodecka, A.; Wiechowska-Kozlowska, A.; Urasinska, E.; Blatkiewicz, M.; Wunsch,
E.; Elias, E.; Milkiewicz, P. Impaired Hepatic Adaptation to Chronic Cholestasis induced by Primary Sclerosing Cholangitis. Sci.
Rep. 2016, 6, 39573. https://doi.org/10.1038/srep39573.



Biomedicines 2022, 10, 1288 30 of 32

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Alvaro, D.; Gigliozzi, A.; Attili, A.F. Regulation and deregulation of cholangiocyte proliferation. J. Hepatol. 2000, 33, 333-340.
https://doi.org/10.1016/s0168-8278(00)80377-3.

Carpino, G.; Cardinale, V.; Renzi, A.; Hov, ]J.R.; Berloco, P.B.; Rossi, M.; Karlsen, T.H.; Alvaro, D.; Gaudio, E. Activation of
biliary tree stem cells within peribiliary glands in primary sclerosing cholangitis. ]. Hepatol. 2015, 63, 1220-1228.
https://doi.org/10.1016/j.jhep.2015.06.018.

Karlsen, T.H. Primary sclerosing cholangitis: 50 years of a gut-liver relationship and still no love? Gut 2016, 65, 1579-1581.
https://doi.org/10.1136/gutjnl-2016-312137.

Almeida, A.R.; Legrand, N.; Papiernik, M.; Freitas, A.A. Homeostasis of peripheral CD4+ T cells: IL-2R alpha and IL-2 shape a
population of regulatory cells that controls CD4+ T cell numbers. ]. Immunol. 2002, 169, 4850-4860.
https://doi.org/10.4049/jimmunol.169.9.4850.

Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradere, J.P.; Schwabe, R.F. Fate tracing reveals
hepatic stellate cells as dominant contributors to liver fibrosis independent of its aetiology. Nat. Commun. 2013, 4, 2823.
https://doi.org/10.1038/ncomms3823.

Lemoinne, S.; Cadoret, A.; Rautou, P.E.; El Mourabit, H.; Ratziu, V.; Corpechot, C.; Rey, C.; Bosselut, N.; Barbu, V.; Wendum, D.;
et al. Portal myofibroblasts promote vascular remodeling underlying cirrhosis formation through the release of microparticles.
Hepatology 2015, 61, 1041-1055. https://doi.org/10.1002/hep.27318.

Ferreira-Gonzalez, S.; Lu, W.Y.; Raven, A.; Dwyer, B.; Man, T.Y.; O’'Duibhir, E.; Lewis, P.].S.; Campana, L.; Kendall, T.J.; Bird,
T.G,; et al. Paracrine cellular senescence exacerbates biliary injury and impairs regeneration. Nat. Commun. 2018, 9, 1020.
https://doi.org/10.1038/s41467-018-03299-5.

Kyritsi, K.; Francis, H.; Zhou, T.; Ceci, L.; Wu, N.; Yang, Z.; Meng, F.; Chen, L.; Baiocchi, L.; Kundu, D.; et al. Downregulation of
p16 Decreases Biliary Damage and Liver Fibrosis in the Mdr2(/) Mouse Model of Primary Sclerosing Cholangitis. Gene Expr.
2020, 20, 89-103. https://doi.org/10.3727/105221620X15889714507961.

Trussoni, C.E.; O’'Hara, S.P.; LaRusso, N.F. Cellular senescence in the cholangiopathies: A driver of immunopathology and a
novel therapeutic target. Semin. Immunopathol. 2022. https://doi.org/10.1007/s00281-022-00909-9.

Cameron, R.G,; Blendis, L.M.; Neuman, M.G. Accumulation of macrophages in primary sclerosing cholangitis. Clin. Biochem.
2001, 34, 195-201. https://doi.org/10.1016/s0009-9120(01)00215-6.

Grant, A.].; Lalor, P.F.; Hubscher, S.G.; Briskin, M.; Adams, D.H. MAdCAM-1 expressed in chronic inflammatory liver disease
supports mucosal lymphocyte adhesion to hepatic endothelium (MAdCAM-1 in chronic inflammatory liver disease). Hepatol-
ogy 2001, 33, 1065-1072. https://doi.org/10.1053/jhep.2001.24231.

Eksteen, B.; Grant, A.].; Miles, A.; Curbishley, S.M.; Lalor, P.F.; Hubscher, S.G.; Briskin, M.; Salmon, M.; Adams, D.H. Hepatic
endothelial CCL25 mediates the recruitment of CCR9+ gut-homing lymphocytes to the liver in primary sclerosing cholangitis. J.
Exp. Med. 2004, 200, 1511-1517. https://doi.org/10.1084/jem.20041035.

Trivedi, P.J.; Adams, D.H. Gut-liver immunity. ]. Hepatol. 2016, 64, 1187-1189. https://doi.org/10.1016/j.jhep.2015.12.002.
Trivedi, P.J.; Adams, D.H. Mucosal immunity in liver autoimmunity: A comprehensive review. J. Autoimmun. 2013, 46, 97-111.
https://doi.org/10.1016/j.jaut.2013.06.013.

Worthington, J.; Cullen, S.; Chapman, R. Immunopathogenesis of primary sclerosing cholangitis. Clin. Rev. Allergy Immunol.
2005, 28, 93-103. https://doi.org/10.1385/CRIAI:28:2:093.

Ruhlemann, M.; Liwinski, T.; Heinsen, F.A.; Bang, C.; Zenouzi, R.; Kummen, M.; Thingholm, L.; Tempel, M.; Lieb, W.; Karlsen,
T.; et al. Consistent alterations in faecal microbiomes of patients with primary sclerosing cholangitis independent of associated
colitis. Aliment. Pharmacol. Ther. 2019, 50, 580-589. https://doi.org/10.1111/apt.15375.

Kummen, M.; Holm, K.; Anmarkrud, J.A.; Nygard, S.; Vesterhus, M.; Hoivik, M.L.; Troseid, M.; Marschall, H.U.; Schrumpf, E.;
Moum, B.; et al. The gut microbial profile in patients with primary sclerosing cholangitis is distinct from patients with ulcerative
colitis without biliary disease and healthy controls. Gut 2017, 66, 611-619. https://doi.org/10.1136/gutjnl-2015-310500.

Bajer, L.; Kverka, M.; Kostovcik, M.; Macinga, P.; Dvorak, J.; Stehlikova, Z.; Brezina, J.; Wohl, P.; Spicak, ].; Drastich, P. Distinct
gut microbiota profiles in patients with primary sclerosing cholangitis and ulcerative colitis. World ]. Gastroenterol. 2017, 23,
4548-4558. https://doi.org/10.3748/wjg.v23.i25.4548.

Sabino, J.; Vieira-Silva, S.; Machiels, K.; Joossens, M.; Falony, G.; Ballet, V.; Ferrante, M.; Van Assche, G.; Van der Merwe, S.;
Vermeire, S.; et al. Primary sclerosing cholangitis is characterised by intestinal dysbiosis independent from IBD. Gut 2016, 65,
1681-1689. https://doi.org/10.1136/gutjnl-2015-311004.

Weston, C.J.; Shepherd, E.L.; Claridge, L.C.; Rantakari, P.; Curbishley, S.M.; Tomlinson, ].W.; Hubscher, S.G.; Reynolds, G.M.;
Aalto, K.; Anstee, Q.M.; et al. Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis. J. Clin. In-
vestig. 2015, 125, 501-520. https://doi.org/10.1172/JC173722.

Shah, A.; Crawford, D.; Burger, D.; Martin, N.; Walker, M.; Talley, N.J.; Tallis, C.; Jones, M.; Stuart, K.; Keely, S.; et al. Effects of
Antibiotic Therapy in Primary Sclerosing Cholangitis with and without Inflammatory Bowel Disease: A Systematic Review and
Meta-Analysis. Semin. Liver Dis. 2019, 39, 432-441. https://doi.org/10.1055/s-0039-1688501.

Yatsunenko, T.; Rey, F.E.; Manary, M.].; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,
RN, Anokhin, A.P; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222-227.
https://doi.org/10.1038/nature11053.



Biomedicines 2022, 10, 1288 31 of 32

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Vieira-Silva, S.; Sabino, J.; Valles-Colomer, M.; Falony, G.; Kathagen, G.; Caenepeel, C.; Cleynen, I.; van der Merwe, S.; Vermeire,
S.; Raes, ]. Quantitative microbiome profiling disentangles inflammation- and bile duct obstruction-associated microbiota al-
terations across PSC/IBD diagnoses. Nat. Microbiol. 2019, 4, 1826-1831. https://doi.org/10.1038/s41564-019-0483-9.

Quraishi, M.N.; Acharjee, A.; Beggs, A.D.; Horniblow, R.; Tselepis, C.; Gkoutos, G.; Ghosh, S.; Rossiter, A.E.; Loman, N.; van
Schaik, W; et al. A Pilot Integrative Analysis of Colonic Gene Expression, Gut Microbiota, and Immune Infiltration in Primary
Sclerosing Cholangitis-Inflammatory Bowel Disease: Association of Disease with Bile Acid Pathways. J. Crohns Colitis 2020, 14,
935-947. https://doi.org/10.1093/ecco-jcc/jjaa021.

Jiang, B.; Yuan, G.; Wu, J.; Wu, Q.; Li, L.; Jiang, P. Prevotella copri ameliorates cholestasis and liver fibrosis in primary sclerosing
cholangitis by enhancing the FXR signalling pathway. Biochim. Biophys. Acta Mol. Basis Dis. 2022, 1868, 166320.
https://doi.org/10.1016/j.bbadis.2021.166320.

Little, R.; Wine, E.; Kamath, B.M.; Griffiths, A.M.; Ricciuto, A. Gut microbiome in primary sclerosing cholangitis: A review.
World ]. Gastroenterol. 2020, 26, 2768-2780. https://doi.org/10.3748/wjg.v26.i121.2768.

Lemoinne, S.; Kemgang, A.; Ben Belkacem, K.; Straube, M.; Jegou, S.; Corpechot, C.; Saint-Antoine IBD Network; Chazouilleres,
O.; Housset, C.; Sokol, H. Fungi participate in the dysbiosis of gut microbiota in patients with primary sclerosing cholangitis.
Gut 2020, 69, 92-102. https://doi.org/10.1136/gutjnl-2018-317791.

Hong, K.H.; Kim, ].W,; Jang, S.J.; Yu, E.; Kim, E.C. Liver cirrhosis caused by Exophiala dermatitidis. ]. Med. Microbiol. 2009, 58,
674-677. https://doi.org/10.1099/jmm.0.002188-0.

Kremer, A.E.; Namer, B.; Bolier, R.; Fischer, M.].; Oude Elferink, R.P.; Beuers, U. Pathogenesis and Management of Pruritus in
PBC and PSC. Dig. Dis. 2015, 33 (Suppl. 52), 164-175. https://doi.org/10.1159/000440829.

de Vries, E.; Bolier, R.; Goet, J.; Pares, A.; Verbeek, J.; de Vree, M.; Drenth, J.; van Erpecum, K.; van Nieuwkerk, K; van der
Heide, F.; et al. Fibrates for Itch (FITCH) in Fibrosing Cholangiopathies: A Double-Blind, Randomized, Placebo-Controlled
Trial. Gastroenterology 2021, 160, 734-743.e6. https://doi.org/10.1053/j.gastro.2020.10.001.

Kumada, H.; Miyakawa, H.; Muramatsu, T.; Ando, N.; Oh, T.; Takamori, K.; Nakamoto, H. Efficacy of nalfurafine hydrochlo-
ride in patients with chronic liver disease with refractory pruritus: A randomized, double-blind trial. Hepatol. Res. 2017, 47,
972-982. https://doi.org/10.1111/hepr.12830.

Dull, M.M.; Wolf, K.; Vetter, M.; Dietrich, P.; Neurath, M.F.; Kremer, A.E. Endogenous Opioid Levels Do Not Correlate with Itch
Intensity ~and  Therapeutic  Interventions in  Hepatic =~ Pruritus.  Front. = Med. 2021, 8,  641163.
https://doi.org/10.3389/fmed.2021.641163.

Lindor, K.D.; Kowdley, K.V.; Harrison, M.E.; American College of Gastroenterology. ACG Clinical Guideline: Primary Scle-
rosing Cholangitis. Am. |. Gastroenterol. 2015, 110, 646-659. https://doi.org/10.1038/ajg.2015.112.

Rahimpour, S.; Nasiri-Toosi, M.; Khalili, H.; Ebrahimi-Daryani, N.; Nouri-Taromlou, M.K.; Azizi, Z. A Triple Blinded, Ran-
domized, Placebo-Controlled Clinical Trial to Evaluate the Efficacy and Safety of Oral Vancomycin in Primary Sclerosing
Cholangitis: A Pilot Study. ]. Gastrointestin. Liver Dis. 2016, 25, 457-464. https://doi.org/10.15403/jgld.2014.1121.254.rah.
Hilscher, M.B.; Tabibian, ].H.; Carey, E.]J.; Gostout, C.J.; Lindor, K.D. Dominant strictures in primary sclerosing cholangitis: A
multicenter survey of clinical definitions and practices. Hepatol. Commun. 2018, 2, 836-844. https://doi.org/10.1002/hep4.1194.
Stiehl, A.; Rudolph, G.; Kloters-Plachky, P.; Sauer, P.; Walker, S. Development of dominant bile duct stenoses in patients with
primary sclerosing cholangitis treated with ursodeoxycholic acid: Outcome after endoscopic treatment. J. Hepatol. 2002, 36,
151-156. https://doi.org/10.1016/s0168-8278(01)00251-3.

Bjornsson, E.; Lindqvist-Ottosson, J.; Asztely, M.; Olsson, R. Dominant strictures in patients with primary sclerosing cholangitis.
Am. ]. Gastroenterol. 2004, 99, 502-508. https://doi.org/10.1111/j.1572-0241.2004.04106.x.

European Society of Gastrointestinal Endoscopy; European Association for the Study of the Liver. Role of endoscopy in pri-
mary sclerosing cholangitis: European Society of Gastrointestinal Endoscopy (ESGE) and European Association for the Study of
the Liver (EASL) Clinical Guideline. ]. Hepatol. 2017, 66, 1265-1281. https://doi.org/10.1016/j.jhep.2017.02.013.

Rupp, C.; Hippchen, T.; Bruckner, T.; Kloters-Plachky, P.; Schaible, A.; Koschny, R.; Stiehl, A.; Gotthardt, D.N.; Sauer, P. Effect
of scheduled endoscopic dilatation of dominant strictures on outcome in patients with primary sclerosing cholangitis. Gut 2019,
68, 2170-2178. https://doi.org/10.1136/gutjnl-2018-316801.

Ferreira, M.; Ribeiro, I.B.; de Moura, D.T.H.; McCarty, T.R.; da Ponte Neto, A.M.; Farias, G.F.A.; de Miranda Neto, A.A; de
Oliveira, P.; Bernardo, W.M.; de Moura, E.G.H. Stent versus Balloon Dilation for the Treatment of Dominant Strictures in
Primary Sclerosing Cholangitis: A Systematic Review and Meta-Analysis. Clin. Endosc. 2021, 54, 833-842.
https://doi.org/10.5946/ce.2021.052.

Song, J.; Li, Y.; Bowlus, C.L.; Yang, G.; Leung, P.S.C.; Gershwin, M.E. Cholangiocarcinoma in Patients with Primary Sclerosing
Cholangitis (PSC): A Comprehensive Review. Clin. Rev. Allergy Immunol. 2020, 58, 134-149.
https://doi.org/10.1007/s12016-019-08764-7.

Said, K.; Glaumann, H.; Bergquist, A. Gallbladder disease in patients with primary sclerosing cholangitis. ]. Hepatol. 2008, 48,
598-605. https://doi.org/10.1016/j.jhep.2007.11.019.

Mainprize, K.S.; Gould, S.W.; Gilbert, ] M. Surgical management of polypoid lesions of the gallbladder. Br. J. Surg. 2000, 87,
414-417. https://doi.org/10.1046/j.1365-2168.2000.01363.x.

Torabi Sagvand, B.; Edwards, K.; Shen, B. Frequency, Risk Factors, and Outcome of Gallbladder Polyps in Patients with Primary
Sclerosing Cholangitis: A Case-Control Study. Hepatol. Commun. 2018, 2, 1440-1445. https://doi.org/10.1002/hep4.1276.



Biomedicines 2022, 10, 1288 32 of 32

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Hildebrand, T.; Pannicke, N.; Dechene, A.; Gotthardt, D.N.; Kirchner, G.; Reiter, F.P.; Sterneck, M.; Herzer, K.; Lenzen, H.;
Rupp, C,; et al. Biliary strictures and recurrence after liver transplantation for primary sclerosing cholangitis: A retrospective
multicenter analysis. Liver Transpl. 2016, 22, 42-52. https://doi.org/10.1002/1t.24350.

Trivedi, P.J.; Crothers, H.; Mytton, J.; Bosch, S.; Igbal, T.; Ferguson, J.; Hirschfield, G.M. Effects of Primary Sclerosing Cholan-
gitis on Risks of Cancer and Death in People with Inflammatory Bowel Disease, Based on Sex, Race, and Age. Gastroenterology
2020, 159, 915-928. https://doi.org/10.1053/j.gastro.2020.05.049.

Harms, M.H.; van Buuren, H.R.; Corpechot, C.; Thorburn, D.; Janssen, H.L.A_; Lindor, K.D.; Hirschfield, G.M.; Pares, A.; Flo-
reani, A.; Mayo, M.].; et al. Ursodeoxycholic acid therapy and liver transplant-free survival in patients with primary biliary
cholangitis. ]. Hepatol. 2019, 71, 357-365. https://doi.org/10.1016/j.jhep.2019.04.001.

Wunsch, E.; Trottier, J.; Milkiewicz, M.; Raszeja-Wyszomirska, J.; Hirschfield, G.M.; Barbier, O.; Milkiewicz, P. Prospective
evaluation of ursodeoxycholic acid withdrawal in patients with primary sclerosing cholangitis. Hepatology 2014, 60, 931-940.
https://doi.org/10.1002/hep.27074.

Stokkeland, K.; Hoijer, ].; Bottai, M.; Soderberg-Lofdal, K.; Bergquist, A. Statin Use Is Associated with Improved Outcomes of
Patients ~ with ~ Primary  Sclerosing  Cholangitis.  Clin.  Gastroenterol. ~ Hepatol. 2019, 17,  1860-1866.el.
https://doi.org/10.1016/j.cgh.2018.11.002.

Zhou, M.; Luo, J.; Chen, M.; Yang, H.; Learned, R.M.; DePaoli, A.M.; Tian, H.; Ling, L. Mouse species-specific control of hepa-
tocarcinogenesis and metabolism by FGF19/FGF15. ]. Hepatol. 2017, 66, 1182-1192. https://doi.org/10.1016/j.jhep.2017.01.027.
Mizuno, S.; Hirano, K.; Isayama, H.; Watanabe, T.; Yamamoto, N.; Nakai, Y.; Sasahira, N.; Tada, M.; Omata, M.; Koike, K.
Prospective study of bezafibrate for the treatment of primary sclerosing cholangitis. J. Hepatobiliary Pancreat. Sci. 2015, 22,
766-770. https://doi.org/10.1002/jhbp.281.

Hirano, F.; Kobayashi, A.; Makino, I. Inhibition of TNF-alpha-induced RANTES expression in human hepatocyte-derived cells
by fibrates, the hypolipidemic drugs. Int. Immunopharmacol. 2003, 3, 225-232. https://doi.org/10.1016/S1567-5769(02)00275-8.
Schierwagen, R.; Uschner, F.E.; Magdaleno, F.; Klein, S.; Trebicka, J. Rationale for the use of statins in liver disease. Am. J.
Physiol. Gastrointest. Liver Physiol. 2017, 312, G407-G412. https://doi.org/10.1152/ajpgi.00441.2016.

Chung, B.K,; Hirschfield, G.M. Immunogenetics in primary sclerosing cholangitis. Curr. Opin. Gastroenterol. 2017, 33, 93-98.
https://doi.org/10.1097/MOG.0000000000000336.

Ali, A.H.; Damman, J.; Shah, S.B.; Davies, Y.; Hurwitz, M.; Stephen, M.; Lemos, L.M.; Carey, E.].; Lindor, K.D.; Buness, C.W.; et
al. Open-label prospective therapeutic clinical trials: Oral vancomycin in children and adults with primary sclerosing cholan-
gitis. Scand. |. Gastroenterol. 2020, 55, 941-950. https://doi.org/10.1080/00365521.2020.1787501.

Fickert, P.; Hirschfield, G.M.; Denk, G.; Marschall, H.U.; Altorjay, I.; Farkkila, M.; Schramm, C.; Spengler, U.; Chapman, R.;
Bergquist, A.; et al. norUrsodeoxycholic acid improves cholestasis in primary sclerosing cholangitis. . Hepatol. 2017, 67,
549-558. https://doi.org/10.1016/j.jhep.2017.05.009.

Kowdley, K.V.; Vuppalanchi, R; Levy, C.; Floreani, A.; Andreone, P.; LaRusso, N.F.; Shrestha, R.; Trotter, J.; Goldberg, D.;
Rushbrook, S.; et al. A randomized, placebo-controlled, phase II study of obeticholic acid for primary sclerosing cholangitis. J.
Hepatol. 2020, 73, 94-101. https://doi.org/10.1016/j.jhep.2020.02.033.

Carey, E.J.; Eaton, J.; Clayton, M.; Gossard, A.; Igbal, S.; Ullah, H.; Zhang, N.; Butterfield, R.; Lindor, K.D. A pilot study of
vidofludimus ~ calcium  for  treatment of primary sclerosing cholangitis. = Hepatol. =~ Commun.  2022.
https://doi.org/10.1002/hep4.1926.

Eksteen, B.; Bowlus, C.L.; Montano-Loza, A.].; Lefebvre, E.; Fischer, L.; Vig, P.; Martins, E.B.; Ahmad, J.; Yimam, K.K.; Pockros,
P.J.; etal. Efficacy and Safety of Cenicriviroc in Patients with Primary Sclerosing Cholangitis: PERSEUS Study. Hepatol. Commun.
2021, 5, 478-490. https://doi.org/10.1002/hep4.1619.

Hirschfield, G.M.; Chazouilleres, O.; Drenth, ].P.; Thorburn, D.; Harrison, S.A.; Landis, C.S.; Mayo, M.].; Muir, A.].; Trotter, J.F.;
Leeming, D.J.; et al. Effect of NGM282, an FGF19 analogue, in primary sclerosing cholangitis: A multicenter, randomized,
double-blind, placebo-controlled phase II trial. . Hepatol. 2019, 70, 483-493. https://doi.org/10.1016/j.jhep.2018.10.035.
Allegretti, ].R.; Kassam, Z.; Carrellas, M.; Mullish, B.H.; Marchesi, ].R.; Pechlivanis, A.; Smith, M.; Gerardin, Y.; Timberlake, S.;
Pratt, D.S.; et al. Fecal Microbiota Transplantation in Patients with Primary Sclerosing Cholangitis: A Pilot Clinical Trial. Am. J.
Gastroenterol. 2019, 114, 1071-1079. https://doi.org/10.14309/ajg.0000000000000115.

Gidwaney, N.G.; Pawa, S.; Das, K.M. Pathogenesis and clinical spectrum of primary sclerosing cholangitis. World | Gastroen-
terol. 2017, 23, 2459-2469. https://doi.org/10.3748/wjg.v23.i14.2459.



