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Abstract Several crucial issues remain open in our under-
standing of primary biliary cirrhosis (PBC), an autoimmune
liver disease targeting the small- and medium-sized intra-
hepatic bile ducts. These issues include the high tissue
specificity of the autoimmune injury despite the nontraditional
autoantigens found in all mitochondria recognized by PBC-
associated autoantibodies, the causes of the commonly
observed pruritus, and the disease etiology per se. In all these
fields, there has been recent interest secondary to the use of
large-scale efforts (such as genome-wide association studies)
that were previously considered poorly feasible in a rare
disease such as PBC as well as other intuitions. Accordingly,
there are now fascinating theories to explain the onset and
severity of pruritus due to elevated autotaxin levels, the
peculiar apoptotic features of bile duct cells to explain the
tissue specificity, and genomic and epigenetic associations
contributing to disease susceptibility. We have arbitrarily
chosen these four aspects as the most promising in the PBC
recent literature and will provide herein a discussion of the
recent data and their potential implications.
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What is New in the Field of Primary Biliary Cirrhosis

Primary biliary cirrhosis (PBC) is a chronic cholestatic liver
disease characterized by high-titer serum anti-mitochondrial
autoantibodies (AMA) and an autoimmune-mediated destruc-
tion of the small- and medium-sized intrahepatic bile ducts
[1]. Over the past few years there has been a growing interest
for PBC, as well as represented by numerous research
reports in multiple fields ranging from etiopathogenesis to
treatment. The aim of the present review article is to briefly
illustrate and discuss the most recent developments in terms
of clinics (i.e., autotaxin in pruritus), pathogenesis (i.e., the
role of apoptosis), and etiology (with genetics and epige-
netics) which, albeit not comprehensive of all lines of
evidence [2, 3], appear as the most promising issues in this
rare but representative autoimmune disease. We recognize
that the choice of these issues is arbitrary and does not
include all research fields, as numerous other aspects would
warrant discussion as hot topics in PBC.

Are the Causes of PBC-Associated Pruritus Finally
Solved?

One of the most important clinical features of PBC is
represented by pruritus, an undefined symptom that has a
prominent impact on patient lifestyle and quality of life, in
particular when common therapeutic strategies fail. Similar
to other subjective symptoms, pruritus is difficult to
evaluate because of its polymorphic clinical manifestations
related to cognitive, evaluative, emotional, and sensitive
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discriminative components. The main causes commonly
involved in pruritus generation include skin disorders,
systemic disorders (chronic liver diseases or renal failure),
neuropathy, psychogenic and mixed origin. Albeit the
molecular mechanisms are now understood, the processes
of central elaboration of peripheral information remain to
be discovered. In chronic liver disease, pruritus is one of
the most important symptoms and can be so intense to
become the major indication for liver transplantation.
Indeed, liver transplantation is the most effective treatment
for pruritus even in the absence of liver failure [4]
regardless of the disease etiology. Physiology studies on
itch mechanisms have led to the identification of specific
neuronal pathways, i.e., mediators and receptors involved
in signal transmission but also in the perception of stimuli
[5-7]. Moreover, new molecular bases of cholestatic
diseases itch have recently been hypothesized [8]. In spite
of the main cause that lead to cholestasis, the various
disorders are all defined by pruritus. Not only PBC but also
primary sclerosing cholangitis, intrahepatic cholestasis of
pregnancy, and benign recurrent cholestasis or progressive
familial intrahepatic cholestasis are, indeed, clinically
identified by intense pruritus. All of these liver disorders
are marked by impairment of bile production or secretion
leading to hepatocyte injury and worsening cholestasis [9].
The treatment options for the pruritus associated with
cholestasis remain quite disappointing in terms of efficacy
(as in the case of the first-line option, cholestyramine) or
tolerability (as for rifampin) while other treatments remain
poorly supported by experimental data [10].

Studying the increasing of calcium levels in neuronal
cells caused by serum proteins in patients with cholestatic
pruritus, lysophosphatidic acid (LPA) has been recently
addressed as a potential common key factor [8]. Indeed, in
this seminal study the authors demonstrated how LPA is
able to enhance neuronal cells activity by increasing
intracytoplasmatic calcium levels [8]. Circulating LPA is
produced in the blood through cleavage of cholin from
lysophosphatidylcholine acid (LPC) by a defined enzyme
called autotaxin (ATX) [11, 12] (Fig. 1). This phenomenon
is reversed by treatment with a specific LPA receptor
blocker, called Ki16425 [8].

The history of ATX warrants further discussion as the
molecule was firstly identified years ago in the human
melanoma cell line A2058 [13] and was defined as a
motility factor involved in the generation of cancer
metastases [14]. ATX is, indeed, an enzyme overexpressed
in several tumors and is involved not only in cell
proliferation but primarily in the regulation of motility
[15]. It is also essential in processes such as angiogenesis as
well as in neuronal development, as demonstrated by the
fact that ATX knockout mice manifest lethal vascular or
neuronal malformations [16, 17]. ATX acts on LPC with its

lysophospholipase D activity generating LPA (Fig. 1) [11,
12]. The recent data report significantly increased ATX
levels in serum of patients with cholestatic disorders and
pruritus [8]. The same group reported that LPA and ATX
serum levels correlate with itch intensity [8]. On the other
hand, although not as high as in primarily cholestatic
diseases, also patients with chronic hepatitis C are
characterized by an increased expression of the enzyme
compared to healthy controls [8]. Another suggestive
finding by Kremer et al. is that the retention of bile salts
does not correlate with pruritus intensity as demonstrated
by the use of nasobiliary drainage to treat most severe itch
is correlated with a reduction of the ATX activity.
Surprisingly, when the symptom becomes evident the
enzyme activity is at pre-drainage levels [8] even if it is
not cleared by bile flow (ATX and ATX activity are not
found in bile of patient affected by cholestatic diseases) [8].
Another correlation between itch and ATX activity is
represented by the induction of pruritus in mice that are
treated with a subcutaneous injection of LPA, in a dose-
dependent manner [8].

Of note, LPA is a phospholipid involved in cell
migration and cytoskeletal structural modifications, with a
central role in platelet activation but also in cytokine
production [15, 18] and in the induction of neuropathic
pain [19, 20]. The last target of this bioactive lipid is a
family of G protein-coupled receptors that are involved in a
great variety of biological processes discovered analyzing
ATX effects of melanoma cells. Moreover, LPA has been
implicated in the process of neurite remodeling and myelin
modifications after a trauma [21]. The LPA intrathecal
injection in mice is responsible of the ignition of neuro-
pathic pain [19] and mice with a lack of specific receptors
for this lipid are unable to develop histological signs of
demyelination or pain [19]. Studies focusing on pain
neurotransmission signals have discovered that LPA is
responsible of changes in fiber activation by increasing the
stimulation of type 3A fibers, but reduces the possibility of
activation of type 1C fibers in opposition to substance P
[20]. Accordingly, the most recent hypothesis defines LPA
as one of the most important molecules involved in the
onset of pain and pruritus. LPA could indeed activate
specific receptors and pain fibers inducing itch and pain but
also stimulate the releasing of other skin-specific mediators
[22]. The recent study also reported that pruritus due to
chronic liver diseases causing cholestasis is secondary to
LPA and ATX along with liver function impairment. This
finding is sustained at a physiological level by tissue
histology that discovered itch-specific sensory neurons
categories [23, 24]. One group of neurons responds only
to pruritogenic stimuli as histamine but not to mechanical
pain signals [4, 23, 24], while another group is activated
independently by histamine even if it is not implicated in
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Fig. 1 The reaction mediated by autotaxin modifies lysophosphatidylcholine generating lysophosphatidic acid with the loss of a choline

cholestatic itching [4, 23, 24]. Nerve fibers, which are
activated in pruritus are probably defined in the recent past
as nociceptive fibers and even if the identification of stable
circuits is far from being completely understood, these
findings could explain the wide variability in subjective
pruritus degree and localization [25]. Other molecules have
been considered to be actors of cholestatic pruritus, some of
these are opioid peptides and bile salts. Serum concen-
trations of these molecules are not correlated with clinical
severity of symptom as Kremer et al. demonstrated about
LPA [8]. This experimental evidence is strengthened by
clinical evidence that antihistamine drugs are ineffective
against cholestatic itch [4]. However, even if ATX activity
and LPA serum levels are correlated with itching in
cholestatic diseases, the molecular pathways remain un-
known (Fig. 2). Blood sources of ATX levels are, indeed,
poorly defined so an increased enzyme activity could be
derived from an increased expression or a reduced
degradation as shown in some studies on the role of
sinusoidal endothelial cells in ATX clearance [26]. Several
research groups demonstrated that ATX blood half-life is
very short in healthy individuals but circulating protein
level is in a steady state probably due to endothelial and
adipocyte cells secretion [27, 28]. Interestingly, ATX is also
expressed within the liver [29] and an elevated ATX mRNA
expression is observed in patients with chronic hepatitis C
[30, 31].

The recent finding of ATX and LPA changes opens new
research scenarios in pruritus onset and perpetuation; it is
possible that these molecules could be involved in
development of pruritus regardless of the underlying
disease. A study on Hodgkin lymphoma cells infected with
Epstein—Barr virus reported high expression levels of ATX
[32] that could produce a large amount of LPA involved not
only in tumor progression but also in the genesis of
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pruritogenic stimuli recognized by specific neuronal cells
[15]. Patients affected by Hodgkin lymphoma often
experience intense pruritus [33] which is associated with
poorer prognosis than patients with mild itch and the
symptom seems to be negatively related to life expectancy
[34]. Finally, another example of a correlation between
pruritus and LPA molecular activity is represented by
cutaneous wound healing that is typically associated with
pruritus. It has been hypothesized that this is secondary to a
local overproduction of the bioactive lipid that is strongly
related to healing, as LPA promotes and stimulates
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Fig. 2 The proposed model for pruritus in chronic cholestatic liver
disease. The specific molecular pathways by which cholestasis leads
to a rise in ATX blood expression, ATX activity, and LPA levels
remain unknown but the discover of this molecule opens new
physiological and therapeutical perspectives (47X autotaxin, LPA
lysophosphatidic acid)
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reepithelialization especially in regenerating tissues [35].
These observations could have, if independently confirmed,
important developments in the near future. ATX inhibitors
and LPA receptors blockers, which have been developed
mainly for cancer therapy with the purpose to reduce
metastases [36] could be used to resolve the great problem
of PBC-associated pruritus.

Genome-Wide Association Studies

One of the frontiers of genetics in complex diseases is
currently represented by the search for specific genomic
sites involved in disease pathogenesis through a genome-
wide analysis. In fact, over the past decades, researchers
have identified over 1,200 gene candidates for specific
diseases using fine gene mapping techniques [37, 38].
However, this investigating model has not been successful
in identifying the genetic modifiers of the most common
diseases lacking pure Mendelian laws of inheritance. Some
examples are represented by most of the common age-
related diseases such as arterial hypertension [39], type 2
diabetes [40, 41], coronary heart disease [42], and dementia
[43], which are presumed to be determined by several genes
with a fundamental interaction of several and predisposing
environmental agents. For these reason, a wide genetic
approach on complex and polygenic diseases seems to be
the best way to understand and identify the possible
subjects of the pathological conditions that afflict a great
part of public health systems budget and impose enormous
social costs. Further, few candidate genes have been
independently confirmed in more than one population thus
reducing the applicability of reported genetic associations.
In this scenario, the advent of genome-wide association
studies (GWAS) appears as the ideal tool to determine the
complex diseases genetic susceptibility due to multiple
genes that concur to determine the pathological phenotype.
The major hypothesis states that most of genetic predispo-
sition for common diseases is due to nucleotide poly-
morphisms and copy number variants (CNVs) which
represent 0.5% of human DNA [44]. The former are
defined by single, double, triple, or more bases substitu-
tions, but the most frequent are covered by single
nucleotide polymorphisms (SNPs) while the latter are
represented by several repetition of small DNA non-
coding sequences. SNPs cover the most widespread
proportion of these genomic modifications with approxi-
mately ten million SNPs identified in the human genome
[45, 46] influencing the majority of genomic sequences.
Even if nucleotide substitutions are evenly distributed
throughout the genome (estimated in one out of 1,000 base
pairs) some studies demonstrated how with the exception of
hotspots of high recombination, the human genome is

characterized by a block structure with sequences of SNPs
that are strongly linked in blocks coined linkage disequi-
librium (LD) [47, 48]. CNV are defined as inherited
duplications and deletions of 1,000 to 10,000 base lengths
of DNA; these sequences are relatively frequent covering
approximately 12% of the human genome [49, 50]. CNV
mechanism of action is represented by the amplification or
suppression of genetic transcription leading to substantial
modification in cellular metabolic pathways conducing
toward a pathologic state or a disease protective activity.
The recent technological improvements justify the recent
attention to CNVs in GWAS [51-53]. The results of CNV
analysis reveal associations with various phenotypes or
disease states like glomerulonephritis [54, 55], subarach-
noid hemorrhage [55], body mass index [56], and even
cultural dietary preferences [57]. These findings may be
due to the effects of CN'Vs on gene dosages, but also to the
possible changes of transcription factor binding sites and
modifications of epigenetic mechanisms.

It is important to understand the aims of GWAS, which
should be intended as a solid statistical association between
a genomic variant and a specific phenotype. The important
aspect of this procedure is represented by the absence of
major bias, due to the possible influence of personal
experience selection of risk factors and/or the choice of
candidate genes. The finding of statistically significant
differences between the subjects of the study and the
controls leads to identify specific chromosomal regions.
These identified sequences are related to an impairment
control of genetic expression, so they have to be considered
like a genetic mark that predispose to disease development,
albeit the need for correction for multiple comparisons
remain of seminal importance.

The power of GWAS was first illustrated in large studies
on type 1 diabetes and Crohn's disease where more than 30
genetic loci have been identified thus far [58, 59]; of note,
most of these findings were unexpected and allowed to
discover new pathogenetic pathways. From this point of
view, GWAS could be considered as an etiological but also
pathogenetic generator of hypotheses.

Similar to previous studies on candidate genes, data from
GWAS warrant independent replication and this process has
failed in the case of Crohn's disease, when some statistically
significant findings were not be recapitulated in other
populations [60]. These data are ascribed to differences
among geographic regions in the genetic susceptibility for the
same condition [61, 62] proving how much control popula-
tions and environmental influences cannot be overlooked.

In the field of chronic liver diseases, GWAS were
introduced relatively late and currently cover a minority
(2%) of the published studies, ranging from gallstone [63,
64] to liver autoimmunity [65, 66]. Some of these focus the
attention on response to therapy in C hepatitis [67] while
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others on drug-induced liver injury [68, 69]. The first
GWAS on PBC was performed by Hirschfield et al. only in
2009. The most consistent associations are related to the
human leukocyte antigen (HLA) class II, interleukin 12s
(IL-12a) and interleukin 12 receptor b2 (IL-12RB2) genes
[66]. Even if association with HLA class II has been
reported by other studies [70], only Hirschfield et al. have
demonstrated in a large multicenter study with a relevant
statistic significance that this region is involved in PBC
pathogenesis. The other two genes identified by the study
are strongly involved in susceptibility to PBC as their
products have important immunoregulatory functions relat-
ed to other study findings as several SNPs associated with
some inflammatory DNA sequences, i.e., signal transducer
and activator of transcription 4 (STAT4), cytotoxic T
lymphocyte-associated protein 4 (CTLA4) and interferon
regulatory factor 5 (IRF5) [66].These genes are known to
be associated with other autoimmune diseases, STAT4
beings related with rheumatoid arthritis, systemic lupus
erythematosus [71], and type 1 diabetes [72] while IL-12A
gene celiac disease [73]. These findings suggest and sustain
the hypothesis of the presence of impaired immune
mechanisms leading to overt autoimmunity and PBC. In
fact, there is evidence that IL-12A and IL-12RB2 are
fundamental in immunity responses against infectious
diseases [74], thus the variants associated with PBC could
be responsible of an impaired response to infection
determining an augmented risk to generate autoimmunity
clones [75]. Moreover, this mechanism of PBC autoim-
mune process is sustained by additional data referring to the
development of autoimmune and lymphoproliferative dis-
ease in the IL-12RB2 knockout mice [76]. This is not the
only example because a case report describing the
development of a PBC-like condition in a child with IL-
12 deficiency [77] supports this view. Another GWAS has
been recently performed in a wide PBC Italian cohort and
published as a meta-analysis along with the Canadian data
[78]. The researchers comparing the two data set in a
included meta-analysis confirmed previous associations and
reported additional SNP matching on chromosome 17
(17q12-21 region) [78]. This area is strongly related with
inflammatory bowel diseases [59], asthma [79], and type 1
diabetes [58]. Some of these SNPs refer to IKAROS family
zinc finger 3 (also known as Aiolos), a transcription factor
that prevents apoptosis of IL-2-deprived B cells [80],
regulates B cell activation [81] and has been implicated in
autoimmunity [82]. The meta-analysis has revealed the
involvement of previous unidentified genes as Spi-B
transcription factor (Spi-1/PU.1 related) [78], an important
mediator of B cell receptor signaling [83], and the
association with a locus including IRF5 and transportin 3
(TNPO3) [78]. This result confirms the findings of the
combined genome-wide association and replication datasets
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performed by Hirschfield et al. that has revealed IRF5-
TNPO3, 17ql2-21 and encoding membrane metallo-
endopeptidase like 1 (MMEL1) as new PBC susceptibility
loci [84]. Of note, MMELI1 is also associated with
rheumatoid arthritis and celiac disease [85-90], two
immune-related conditions, but all data require further
investigation.

In conclusion, it is possible to consider GWAS as
indispensable tools to understand the crucial genomic
aspects of common and rare polygenic diseases with the
aim to identify diagnostic, prognostic, and therapeutic
markers to allow individualized medicine.

Epigenetics

The past years have witnessed a continuous growth in the
search for a better understanding of complex diseases,
particularly when genomic data appear necessary but
insufficient to explain the pathology development. PBC
well fits this model as represented by the solid associations
reported by GWAS in limited subgroups of patients [78, 84]
or the incomplete concordance in monozygotic twins [91].
The field of epigenetics thus appears as the ideal link
between genes and environment to determine the onset of
complex diseases, particularly considering that new epige-
netic therapies are becoming increasingly used.
Epigenetics determine signal or perpetuate gene func-
tions without changing DNA nucleotide sequence while
adding or removing chemical functional groups on nucleo-
tides or on specific amino acid residues, generating a real
code that can be read by defined proteins. The epigenetic
code is determined by different enzymes that ultimately
determine gene expression modulation through sterical
changes, i.e., DNA methylation and histone acetylation.
Epigenetic modifications are crucial for cell type develop-
ment and differentiation, sexual differentiation in embryo,
tissue specialization, gene imprinting, and cell metabolic
plasticity. The DNA functional packaging unit is called
nucleosome, described as a double wrapping of the double
helix around a protein core defined histones, which are
highly conserved (Fig. 3). Histone subunits can be modified
by functional chemical groups at defined amino acids to
modify the packaging of DNA molecules leading to
transcriptional accessibility or unavailability of specific
nuclear factors or binding proteins. Epigenetic regulatory
mechanisms include acetylation or deacetylation of nucle-
osomal histones lysine residues by histone acetyltransferase
(HAT) and histone deacetylase (HDAC) enzymes, respec-
tively [92-95]. HATs promote gene expression by allowing
transcription factors to access genetic sequences [96-98]
while HDACs removes acetyl groups and is generally
associated with gene repression [99-101]. The epigenetic
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Fig. 3 Nucleosome representation. One hundred and forty-seven base
pairs of DNA are double-wrapped around histone core proteins in a
1.7 left-handed superhelical turn. The histone in the center is
constituted by eight core proteins folded together in antiparallel pairs
(H3 with H4 and H2A with H2B) to constitute tetramers. The
assembly of two tetramers forms the octameric core structure (H3/H4-
H2A/H2B1) of the nucleosome. [White thick strand (spacefill) and
yellow thin one (spheres and sticks) correspond to DNA double helix;
red is 5' and orange 3' extremities. Blue, histone core proteins]

landscape is completed by the discussion of DNA methyl-
ation as the most studied mechanism. The addition of a
methyl group to cytosine nucleotides is performed by DNA
methyltransferases enzymes through a methyl group donor,
S-adenosylmethionine. Methylation occurs most commonly
at CpG islands, 500-bp DNA regions containing an high
density of GC dinucleotides [102—104] with key regulatory
functions [105] and an altered CpG island methylation
induces changes in genes transcription modifying chroma-
tin structure [106]. Histone methylation also modifies gene
expression depending on the position and the number of the
modified lysine residue within the histone tails [107] to
activate or block transcription [108]. Other epigenetic

mechanisms include arginine methylation/demethylation
[109] and protein ubiquitination to control the stability
and intracellular localization of numerous proteins influ-
encing the status of histone methylation or acetylation
[110]. The importance of DNA methylations is represented
by the X chromosome inactivation in women which is
completely regulated by methylation of specific genetic
sequences [111-115].

Specific impairments in the regulation of epigenetic
processes in the immune system cells could be responsible
for the breakdown of tolerance [116—118] as underlined by
the development of autoreactive T cells clones in vitro
following treatment with chemical agents inhibiting cellular
enzymes responsible of DNA methylation process [119,
120]. In the field of autoimmunity, the epigenetics of
rheumatoid arthritis (RA) were largely investigated [121]
and it has been proposed that RA-associated joint cartilage
destruction derives from a reduced global DNA methylation
[122] or a hypomethylation of CpG islands within the
LINE-1 promoter [122, 123]. Furthermore, unmethylated
CpG islands of the IL-6 promoter in monocytes were
described with a local hyperactivation of the inflammation
circuit [124] and RA monocytes manifest a change in the
methylation status of CpG islands within the promoter of
death receptor 3 which is downregulated to induce
resistance to apoptosis [125].

We are convinced that PBC recognizes an important role
for genome variants, possibly stronger than in other
autoimmune disorders [126, 127] since the 63% concor-
dance rate reported in PBC monozygotic (MZ) twins is the
highest among autoimmune diseases with the exception of
celiac disease [128]. MZ twins represent an ideal model for
the study of epigenetics of complex diseases as recent data
demonstrated the presence of an epigenetic drift for the
development of phenotypic differences between identical
twins [129, 130]. Data on DNA methylation in PBC are
limited to one study from our group. We reported that MZ
twins discordant for PBC are characterized by differential
expression of two X-linked genes (PIN4, CLIC2) that are
differentially methylated [131]. This report is of particular
interest based on previous data pointing towards an X
chromosome haploinsufficiency [132] through X chromo-
some loss in peripheral blood lymphocytes.

Epitopes and Apotopes in PBC

A fascinating line of evidence on the pathogenesis of PBC
was produced over the past few years by studies on the role
of apoptosis. As previously mentioned, PBC is a chronic
cholestatic liver disease where the most important patho-
genetic processes is determined by an autoimmune destruc-
tion of small- and medium-sized intrahepatic bile ducts
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Fig. 4 Structural illustration of
the PBC autoantigen. a Pyruvate
dehydrogenase complex is a
multiple subunits enzyme
composed by E1, E2, and E3
main subunits; b the autoim-
mune reaction is directed against
the £2 subunit; ¢ the £2 lipoyl
domain represents the major
AMA epitope. Blue background
images are structural represen-
tation; purple, o-helices; yellow,
3-sheet; gray, polypeptidic
chain. White background images
are chemical representation
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[133]. The main serological finding is represented by
circulating highly PBC-specific AMA [134], which are
autoantibodies directed against the lipoilated domain of the
E2 component of the pyruvate dehydrogenase complex
(PDC-E2) [135-138] (Fig. 4a) and are present in about 95%
of PBC patients. PDC-E2 is a member of the 2-oxo-acid
dehydrogenase complex, [139, 140] a family of enzymes
that are mainly implicated in oxidative phosphorilation. The
common chemical structure, which leads to become
immunologically reactive is the E2 subunit (Fig. 4b). This
protein motif is formed by an N-terminal domain contain-
ing a lysine-lipoyl group, a peripheral subunit binding
domain and a C-terminal inner core (Fig. 4c). It has been
previously shown that lipoic acid residue attached to AMA
epitopes is necessary for autoantibody binding [141, 142].
The map of recognized epitopes has revealed how the
autoimmune responses are directed against highly con-
served molecular sequences and they include not only the
activation of B cells but also CD4+ and CD8+ T cells
immunity programs [143]. The understanding of PBC
autoantigens and tissue specificity are counterintuitive in
fact that a ubiquitous antigen is capable to elicit a bile duct
specific immune-mediated injury and the peculiar apoptotic
features of intrahepatic biliary epithelial cells (BECs) may
recapitulate this contrast. Albeit the biliary epithelium
represent only a small proportion of liver cells [144], BECs
play an essential role in determining bile composition [145]
and in the induction of immune activity against microbes
and foreign antigens [146] through the expression of human
leukocyte antigen molecules [139] and costimulatory [147]
and adhesion molecules [148]. BECs could be implicated in
the loss of immune tolerance via an impairment of a correct
clearance process of apoptotic cells by specific local
phagocytes [149, 150]. In fact, when the uptake of
apoptotic residues is ineffective, cells lysates can release
intracellular molecules initiating the autoimmune reaction
[151-155]. The presence of self-antigens within apoptotic
bodies [156] can then be uptaken by local macrophages as
antigen-presenting cells (APCs) producing proinflamma-
tory cytokines [157, 158]. Data sustaining the role of BECs
in pathogenesis of PBC are related to the presence of
AMA-accessible PDC-E2 within BEC apoptotic bodies
[159] (Fig. 5). This finding is probably the explanation of
the failure of different therapeutical strategies such as
immunosuppressive drugs [160] and the disease recurrence
following liver transplantation [161]. On the other hand, the
cited data describe the efficacy of ursodeoxycholic acid
action in cholestatic liver diseases, because the biliary salt
acts decreasing biliary apoptotic rate and sustains bile flow
improving apoptotic remnants clearance [162, 163] reduc-
ing self-antigens.

Apoptotic cells express some apoptotic signals on their
surface before the complete cell destruction occur [150, 164],

PDC-E2 transferred on apoptotic bodies
surface with a glutathiolation deficit
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Fig. 5 The proposed role of BECs apoptosis in PBC pathogenesis.
First, PDC-E2 maintains its chemical properties tanks to a glutathio-
lation deficit. This feature in addition to the surface availability is
fundamental in interaction with circulating AMAs. The subsequent
immune complexes formation determines APCs activation that ignites
specific immune systems. CD8+ T cells determines BECs destruction
and CD4+ T cells induce AMA production activating autoreactive B
cells leading to biliary injuries. Biliary epithelium damage closes the
cycle, in fact colangiocytes destruction lead to production of
proinflammatory mediators but also the release of other PDC-E2 that
sustains the autoreactive immune clone cells. PDC-E2, pyruvate
dehydrogenase complex; 4PCs, antigen presenting cells; BECs, biliary
epithelial cells; AMAs, anti-mitochondrial antibodies; 7LR, toll-like
receptor

which are necessary to regulate the clearance of apoptotic
bodies. This process is crucial to maintain self-tolerance in
the liver microenvironment and to limit the amount of
intracellular self antigens which could be disposable to
produce new epitopes and to induce autoimmune response
[165]. Indeed, apoptotic cells phagocytosis is followed by
the secretion and action of anti-inflammatory cytokines in
opposition to microbes or necrotic cells which are associated
with a production of proinflammatory mediators [166] while
under impaired conditions apoptotic bodies and cell frag-
ments can be a source of autoantigens [167] (Fig. 5).

Data from the study of molecular mimicry and xenobiotics
[142, 168] well support the apoptosis-based working
hypothesis. Indeed, PDC-E2 is found on the cell membrane
during apoptosis [169] and xenobiotic-modified PDC-E2
peptides are recognized by PBC sera [170]. In fact, only in
BECs PDC-E2 is immunologically active after apoptosis
while in other cells types the PDC-E2 autoantibody
recognition is abrogated [159]. The responsibility of auto-
immune process in recognition of this antigenic epitopes is
another time confirmed by the presence of PDC-E2 in
apoptotic bodies where it is accessible to AMA recognition
and immune cells actions [169]. Data sustain that the
interactions between BEC apoptosis epitopes coined “apo-
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topes”, macrophages of PBC patients, and serum AMA lead
to a powerful production of cytokines [171]. Moreover, PBC
macrophages cultured with BEC apotopes and AMAs
produce TNF-alpha inducing apoptosis in BECs [172].
These new findings lead us to understand the real tissue
specificity of this pathology, in fact, as mentioned above, the
subject of immune responses are BECs.

Taken altogether, the data from BEC apoptosis suggest
that different cells maintain the balance between the various
local stimuli and the numerous cellular types involved in
the microbiliary-environment immune activation and regu-
lation. The presence of specific stimuli with a genetically
susceptible background leads to the disequilibrium in
immune balance that regulates the activation or suppression
of different genetic cellular activities generating the
explosion of autoimmune process.

Future Directions

Our brief discussion of four novel developments of old
aspects of PBC illustrates the solid effort of researchers
worldwide to unravel this mysterious condition. In partic-
ular, we now await major advancements based on these
findings, particularly in terms of a new treatment for
pruritus (based on autotaxin modulation) and the disease
(using new monoclonal antibody approaches possibly
targeting the IL-12 pathway) as well as new diagnostic
tools (based on solid genetic and epigenetic associations).
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