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Abstract

Primary biliary cholangitis (PBC) is a chronic cholestatic liver disease

characterized by the progressive destruction of intrahepatic bile ducts,

leading to fibrosis, and potentially cirrhosis. PBC has been considered a

prototypical autoimmune condition, given the presence of specific auto-

antibodies and the immune response against well-defined mitochondrial

autoantigens. Further evidence supports the interaction of immunogenetic

and environmental factors in the etiology of PBC. An immunological attack

on biliary epithelial cells with secondary failure of biliary transporters, eg, the

anion exchange protein 2, is traditionally considered the primum movens. A

recent hypothesis proposes a primary failure of biliary epithelial cells with the

downregulation of anion exchange protein 2 secondary to epigenetic

mechanisms (miR-506 overexpression), which then triggers the immunologi-

cal storm. This highlights the secretory defect as the culprit and sustaining

factor in the pathogenesis of PBC with ursodeoxycholic acid helping to

restore this protective mechanism by promoting bicarbonate secretion and

reducing bile acid toxicity. In this review, we aim to provide the most recent

evidence on the immunopathogenesis of PBC. We will analyze the immune

function of the biliary epithelium, assessing the immunomodulatory functions

of the bile acids and the evidence of the immunological roles of the secretory

pathways targeted by the current treatments.
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INTRODUCION. WHERE ARE WE
COMING FROM AND WHERE WE ARE
GOING: UNSOLVED QUESTION IN
THE PATHOGENESIS OF PRIMARY
BILIARY CHOLANGITIS

Primary biliary cholangitis (PBC) is a chronic auto-
immune liver disease characterized by the progressive
destruction of intrahepatic bile ducts, lesecading to
cholestasis, fibrosis, and potentially cirrhosis. PBC
demonstrates a striking female-to-male ratio of approx-
imately 9:1 and, as such, predominantly affects middle-
aged women.[1]

Historically, PBC has been considered a prototypical
autoimmune condition, possessing both clinical and
biochemical features of autoimmunity. Using comple-
ment fixation, Ian MacKay was the first to describe
autoantibodies reacting against the human liver and
kidneys in patients with PBC. In 1965, Doniach and
Walker were the first to confirm the presence of
autoantibodies by immunofluorescence, reporting an
unusual pattern in the serum of PBC patients showing
reactivity with mitochondrial proteins.[2,3] These auto-
antibodies became known as anti-mitochondrial anti-
bodies (AMA). Several reports confirmed Doniach and
Walkers data, whilst also showing the sensitivity
(approximately 90%–95% of patients with PBC) and
specificity of these proteins, thus making them a
valuable diagnostic tool for PBC.[4]

Understanding of the PBC immune response made a
significant step forward with the identification and
characterization of the enzymes targeted by the auto-
antibodies; the 2-oxo acid dehydrogenases located on
the inner aspect of the mitochondrial membrane. This
protein, the E2 component of mitochondrial pyruvate
dehydrogenase complex (PDC-E2), was subsequently
cloned by Gershwin et al in 1987.[5,6] The identification of
PDC-E2 as the primary target of AMA was a significant
milestone, providing insights into the autoimmune
response driving PBC. The immunodominant epitope
recognized by T cells and B cells is PDC-E2163-176, which
resides in the lipoyl domain of the PDC-E2 protein. The
aberrant production of antigen-specific autoantibodies,
the hallmark of the B-cell reactivity against the autoan-
tigen, is the defining foundation for an autoimmune
condition. Histological data of PBC livers showed PDC-
E2-specific T cells enriched around the bile ducts and
hilar lymph nodes, which reinforced the hypothesis that
PBC is in fact a prototypical autoimmune condition.[7–9]

Other clues on the autoimmune hypothesis were
certainly the striking female preponderance and
the recurrent disease after transplantation, with the
recurrent disease reducing significantly the graft survival
(32275981).

Despite the supposed autoimmune nature of PBC,
steroids and other immunosuppressants have failed to
control the disease progression, with patients frequently

developing cirrhosis and liver failure.[10–14] A turning
point in the history of PBC treatment was offered by the
introduction of ursodeoxycholic acid (UDCA) in 1987,
which entirely changed the life expectancy of all
responder patients.[15–19] The success of this treatment,
alongside the failure of the immune-targeted drugs,
certainly raises more questions about PBC patho-
genesis. Beuers’ and Banales’ groups introduced a
new angle in the PBC pathogenesis, reversing the
expected chain of events; they suggested that the loss
of immune tolerance follows an increased apoptotic
stimulus in biliary epithelial cells (BECs) due to a
secretory defect.[20–28] They highlighted the role of the
epigenetic downregulation of the Cl−/HCO3

− anion
exchanger 2 in BECs. The direct effect is the
impairment of the bicarbonate-rich “umbrella” that
protects the biliary epithelium from bile acid toxicity,
leading to apoptosis and inflammation. Although this
defect was originally suggested by work conducted in
the late 90s,[29,30] these later works highlighted the
secretory defect as a direct sustaining factor in the
pathogenesis of PBC. To reinforce the key role of the
bicarbonate umbrella in PBC, the authors demonstrated
that UDCA helps restore this protective mechanism by
promoting bicarbonate secretion and reducing bile acid
toxicity, offering insights into the nonimmune mecha-
nisms driving PBC.[20,21,25–28]

In Figures 1 and 2, we offer a timeline of the major
discoveries in PBC pathogenesis to demonstrate the
switch of focus in the basic and translational research
for this disease. A unifying hypothesis that can
effectively unite the 2 angles is yet to be offered and
proven. In fact, several critical questions about the
pathogenesis of PBC remain unresolved. For instance,
the initial triggers that lead to the loss of immune
tolerance and the development of autoimmunity against
PDC-E2 are not fully understood. Furthermore, the
striking female preponderance and recurrence of the
disease after transplant remain as intriguing factors.
Both are yet to be explained due to lacking data beyond
speculation.

The immunological hypothesis is widely accepted as
an accurate representation of the early stages of PBC
pathogenesis. Despite this, these patients are often
unresponsive to immunosuppression, a topic that
remains a source of interest and puzzlement. In
contrast, current treatments that have their main effect
on the secretory pathway, like UDCA, obeticholic acid,
and peroxisome proliferator-activated receptor (PPAR)
agonists, can slow disease progression, suggesting a
more prominent role of these pathways in the patho-
genesis of PBC. This last year has been rich with crucial
publications regarding PBC, both on clinical and
experimental aspects of the disease, and with great
interest surrounding the immune system once again. In
this review, we will provide the historical and most
recent evidence on the immunopathogenesis of PBC.
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We will also analyze the immune function of the biliary
epithelium, assessing the evidence of the immunologi-
cal roles of the secretory pathways targeted by the
current treatments. Finally, we will summarize the
relatively recent evidence of the immunomodulatory
functions of bile acids.

DISEASE ONSET: GENETIC
PREDISPOSITION AND
ENVIRONMENTAL FACTORS

PBC is driven by a complex interplay between genetic
predisposition and environmental factors. It is consid-
ered a complex genetic trait, with multiple genetic
variants contributing to disease susceptibility. Familial
clustering highlights the heritable component, as the
risk is substantially higher in first-degree relatives, with
a relative risk (λs) of 9.13 to 10.5 compared to more
distant relatives.[31–34] Twin studies reveal a 63%
concordance rate among monozygotic twins, indicating
a significant genetic contribution.[31] Genome-wide
association studies (GWAS) have identified several
loci conferring either protection or risk to developing the
disease. The strongest association remained with
the human leukocyte antigen (HLA) region on chromo-
some 6, although this was proportionally lower com-
pared with other autoimmune conditions.[35,36] In
European populations, HLA-DRB1*08 is strongly asso-
ciated with an increased risk of PBC, while HLA-
DRB1*11 and HLA-DRB1*13 are protective alleles. In
Japanese cohorts, HLA-DRB1*0803 is a key risk allele,
whereas HLA-DQB1*0301 offers protection in Chinese
populations, demonstrating the ethnic variability in
genetic predisposition.[37–42]

More than 50 non-HLA variants have also been
identified as associated with PBC, offering insights
into the biological pathways involved in its

pathogenesis.[36,43,44] According to pathway-based
analyses, these loci are associated with signals
involved in the immune response, particularly immune
regulation, antigen presentation, B cell activation, and
lymphocyte differentiation. These genetic studies
outline a landscape of PBC that points toward the
architecture of an autoimmune disease. In support of
this, most of these loci are shared with other
autoimmune conditions.[45]

The IL-12 signaling pathway emerges as a strongly
associated factor with PBC according to GWAS results.
IL-12 production is generally upstream of the immune
cascade, largely being produced by antigen-presenting
cells. It subsequently induces naïve T cell (T helper 0;
TH0) commitment toward the TH1 lineage of CD4+ T cells
and the production of interferon-gamma (IFN-γ). In
relation, chronic expression of IFN-γ induces auto-
immune cholangitis in the ARE-Del−/− mouse model,
which resembles other features of PBC, namely female
preponderance and AMA production.[46] Additionally,
IL12p40 knockout in mice possessing T cells expressing
the dominant negative form of TGF beta-receptor
restricted to T cells model attenuated autoimmune
cholangitis, reinforcing the importance of IL-12 and IFN-
γ in the immunology of PBC.[47] IL-12-IL-12R binding
activates two kinases, JAK2 and TYK2, which phospho-
rylate STAT4. Concordantly, gene variants in loci of
both STAT4 and TYK2 have been found associated
with PBC susceptibility.[48–50] Moreover, IL12p40 can
dimerise with IL12p19 to form IL-23, a cytokine which
feeds the TH17 pathway, another key pathway in PBC
pathogenesis.[51,52] Finally, another important loci
includes C-C chemokine ligand 20 (CCL20), which
influences the recruitment of TH17 and CD8+ cells to
the bile ducts, contributing to the immune-mediated
destruction of biliary epithelium.[51,53–56]

The role of the exposome has been further high-
lighted by the strong HLA loci association with PBC risk.
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F IGURE 1 A timeline of the main events in the history of PBC. Abbreviations: AMA, anti-mitochondrial antibodies; EMA, European Medicines
Agency; FDA, Food and Drug Administration; IIF, indirect immunofluorescence; OCA, obeticholic acid; PBC, primary biliary cholangitis; PDC-E2,
E2 component of mitochondrial pyruvate dehydrogenase complex; UDCA, ursodeoxycholic acid.
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There are several proposed associations that might
play a role in tolerance disruption. There is a strong
association between recurrent urinary tract infections
and PBC.[57] Bacterial pathogens, such as Escherichia
coli and Novosphingobium aromaticivorans, are thought
to contribute via molecular mimicry. This occurs where
bacterial proteins structurally resemble PDC-E2, which
consequently provokes cross-reactivity from the
immune system, precipitating inflammation and bile
duct destruction.[58–64] The geographical clustering of
PBC cases in certain regions also supports the
hypothesis that environmental factors play a role,

including local species of bacterial gut flora and
pathogens.[65]

Xenobiotics, such as 2-octynoic acid—found in
cosmetics and food additives—have been implicated
as environmental triggers for PBC. These compounds
have been shown to modify PDC-E2 and enhance its
immunogenicity, triggering autoimmune responses in
genetically predisposed individuals.[66] Experimental
models have demonstrated that mice exposed to 2-
octynoic acid develop PBC-like symptoms, including the
production of AMAs and bile duct damage, reinforcing
the link between environmental exposure and disease
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F IGURE 2 Pathogenesis of primary biliary cholangitis. Central to disease initiation is the presentation of the autoantigen PDC-E2 on the
surface of apoptotic blebs, which stimulates the proliferation of autoreactive B-cell clones and the production of AMAs. Biliary epithelial cells in
PBC exhibit increased surface expression of Toll-like receptors TLR4—responsive to bacterial lipopolysaccharide—and, particularly in early
stages, heightened gene expression of TLR3, which senses viral double-stranded RNA. Activation of biliary epithelial cells via these TLRs leads to
the release of proinflammatory cytokines and chemokines, further disrupting immune tolerance. Chemokines such as CX3CL1 (fractalkine) and
sphingosine-1-phosphate promote chemotaxis and M1 polarization and circulating monocytes, resulting in the production of proinflammatory
cytokines like IL-8 and IL-12p40. Elevated levels of CX3CL1 from biliary epithelial cells increase the frequency and cytotoxic activity of natural
killer (NK) cells, enhanced by increased expression of TRAIL and perforin. CCL20 and CX3CL1 attract immature dendritic cells to sites of
inflammation, where they release high levels of nitric oxide (NO). T-cell responses are pivotal in PBC pathogenesis, with early-stage disease
characterized by a Th1-like response and late-stage disease by a Th17-like response. The ensuing inflammation impairs bicarbonate secretion,
reducing the protective lining of the biliary epithelium. Additionally, overexpression of microRNA-506 (miR-506) leads to post-transcriptional
downregulation of the anion exchanger 2, further compromising epithelial protection. Resident memory T cells are the main autoreactive popu-
lation within PBC livers, characterized by increased expression of nucleoside diphosphate X hydrolase 1. The activation of Trms and their chronic
stimulation causes their innovation into biliary epithelial cells, inducing apoptosis and spreading the antigen. Abbreviations: AMA, anti-
mitochondrial antibody; APC, antigen-presenting cell; CTL, cytotoxic T cell; DC, dendritic cell; DRS, death receptors; FASL, Fas ligand; IFN-γ,
interferon-gamma; NK, natural killer; PDC-E2, E2 component of mitochondrial pyruvate dehydrogenase complex; Th1, T-helper 1; TLR, toll-like
receptor; TRAIL, TNF-related apoptosis-inducing ligand.
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onset.[67] Additionally, exposure to volatile organic
compounds and aromatic hydrocarbons—commonly
found in cigarette smoke and near toxic waste sites—
have been linked to an increased risk of PBC.[60] These
toxins may mimic autoantigens or modulate immune
responses, further contributing to immune dysregulation
and the breakdown of self-tolerance.

Epigenetic factors bridge the gap between environ-
mental influence and the genetic architecture of PBC.
The first evidence of epigenetic dysregulation in PBC
came from our lab when we demonstrated that
peripheral CD4+ T cells in PBC patients had a
significant reduction in methylation of the cluster of
differentiation 40 L (CD40L) promoter in PBC patients
and, in turn, increased CD40L expression.[68] Similarly,
we demonstrated hypomethylation of the promoter of
CXCR3, a key chemokine for leukocyte trafficking,
including T cells and NK liver homing[56,69–71] in PBC
patients.[72] Consequentially, we observed increased
protein expression in the liver and peripheral blood of
PBC patients compared with controls.[72]

Traditionally, GWAS have focused on autosomes,
often excluding X chromosome (ChrX) due to its
complex inheritance patterns. However, ChrX makes
significant contributions to immune-related functions.
Recent research has identified genetic loci on ChrX that
are linked to PBC.[73] One such locus, marked by the
rs7059064 polymorphism, which encompasses several
immune-related genes, was shown to be significantly
related to PBC. Notably, rs7059064 includes a super-
enhancer that regulates key immune genes like FOXP3,
crucial for regulatory T-cell function.[73] Additionally,
epigenetic mechanisms, including histone modifications
and enhancer RNA production, associated with PBC
patients further suggest that super-enhancers on ChrX
might influence immune dysregulation. The study also
found significant enrichment in differentially methylated
genes in PBC, linking ChrX epigenetics to disease
susceptibility. Additionally, the authors found a notable
enrichment of circular RNAs in PBC-associated
regions, and one specific circular RNA, hsa_-
circ_402458, was found dysregulated in patients with
PBC, potentially contributing to chronic inflammation by
interacting with micro RNA (miRNA)s.[73] These findings
suggest that epigenetic modifications on ChrX, partic-
ularly affecting immune-related genes, may partly
explain the female predominance in PBC by contrib-
uting to immune dysregulation and disease
susceptibility.[36,73,74]

Noncoding RNAs have been of great interest in the
pathogenesis of PBC, especially concerning small
noncoding RNAs (miRNAs) which can regulate protein
expression by translational repression or mRNA
destabilization.[75] Despite a long list of deregulated
miRNAs in PBC, miR-506 stands out as the most
noteworthy; miR-506 prevents the translation of anion
exchange protein 2 mRNA, leading to impaired

bicarbonate secretion, increased cellular stress, and
susceptibility to bile acid toxicity. This was shown to
increase BEC apoptosis and, in turn, cause tolerance
breakdown.[21,24] Additionally, miR-21 has been impli-
cated in promoting necroptosis, with elevated levels
observed in PBC livers. Furthermore, inhibition of miR-
21 in mouse models of cholestasis was shown to
ameliorate liver damage by targeting cell death path-
ways. Overall, these studies suggest that miRNAs may
offer potential therapeutic targets in PBC.[76,77]

Last year, You Li and colleagues provided significant
mechanistic insight from GWAS findings related to
PBC.[78] They pinpointed a regulatory variant within the
19p13.3 locus, identifying an intronic SNP rs2238574
within the gene encoding AT-rich interaction domain 3A
(ARID3A) as a potential causal factor for the disease.
This SNP’s risk genotype was found to increase
enhancer activity, thereby elevating ARID3A expression
by altering the DNA-binding affinity of key transcription
factors in myeloid cells. Epigenetic profiling revealed
marked enrichment of active enhancer signatures in the
rs2238574-containing region in human CD14+ mono-
cytes but not in CD19+ B cells, CD4+ T cells, or CD8+ T
cells. This led the authors to propose that this region
functions as a myeloid cell-specific enhancer. Func-
tional analyses revealed that transcription factors, such
as PPARγ, NR2F1, and NR2C2 preferentially bound to
the risk allele of rs2238574, contributing to increased
ARID3A expression.[78] This was consistent with exper-
imental data in PBC which demonstrated how CD68+

monocytes/macrophages accumulate around damaged
bile ducts.[79] Those derived from PBC patients exhibit
increased sensitivity to infectious stimuli by secreting
cytokines and chemokines that intensify immune
responses and exacerbate BEC injury compared with
healthy controls.[79,80]

The predisposition to develop autoimmunity is
arguably due to unbalanced immunotolerance. A
reduction in the functionality or number of regulatory T
cells (Tregs) is often considered, and PBC is not an
exception to this paradigm. In fact, data from models of
PBC support Treg deficiency as being an early defect
that precipitates PBC pathogenesis. More specifically,
the dnTGF-βRII murine model mimics the PBC histology
damage, through the accumulation of tissue-specific
autoreactive T cells. This model relies on selectively
knocking down the TGF-βR-signaling pathway in
T cells, which directly affects Treg suppressive
capacity.[81] Other mouse models with perturbed Treg
development, like in Scurfy mice or IL-2Rα knockouts,
develop autoimmune cholangitis with AMA production
in 100% of individuals.[82,83] Furthermore, Liaskou et al
demonstrated Treg lineage instability within an inflam-
matory environment, showing significant increases in
IFN-γ expression by Tregs on exposure to low levels of
IL-12 leads.[84] In relation, adoptive transfer from Treg
from WT C57BL/6 mice to a model of autoimmune
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cholangitis, but not from dnTGF-βRII, successfully
reduced portal inflammation, as shown by Tanaka
et al.[85] This study not only suggested the potential of
autologous Treg cell-therapy in the treatment of PBC,
but further confirm the reduced functionality of Tregs in
PBC murine models.

In summary, PBC is a multifactorial disease driven by
genetic susceptibility, particularly within HLA and non-
HLA loci, and is exacerbated by environmental factors.
Together, these elements contribute to immune dysre-
gulation, biliary injury, and the chronic inflammation that
defines PBC (Figure 2).

THE TARGET: HOW BECs
CONTRIBUTE TO DISEASE
PATHOGENESIS

The biliary epithelium is the ultimate target of pathological
processes in PBC. When exposed to an inflammatory
insult, BECs become activated and start proliferating to
compensate for the loss of biliary cells, while also
sustaining secretory functions.[86,87] Under chronic dam-
age, however, the cellular loss might outpace the
regeneration and causing the ductopenia, a common
histological finding in PBC patients. The cellular turnover
in chronic cholestatic is partially mediated via apoptosis,
as witnessed by the increased DNA fragmentation in
PBC patients-derived BECs compared with controls.[88]

Several processes have been attributed to this observa-
tion in PBC; death receptor 5 (TRAILR2) is increased on
the surface of BECs from patients with PBC. Takeda and
colleagues demonstrated that activating this receptor
not only induced apoptosis but precipitated chronic
cholestatic damage.[89] Increased oxidative stress is an
additional process recognized to induce apoptosis in
BECs in PBC.[90] Of note, failure in clearing cellular debris
and apoptotic blebs is recognized as a risk factor for
developing autoimmunity.[91,92] Concordantly, a less
effective function of macrophages as scavengers of
opsonized apoptotic cells has been shown in PBC
compared with controls.[93]

Further advances in the field provide more avenues
in which cell death among BEC would be promoted.
More recently, our group described a heterotypic cell-in-
cell structure whereby CD8+ T cells invade BECs.[94]

Although not unique to cells and tissue derived from
patients with PBC, we documented the presence of
CD8+ within cytoplasmic spaces of BEC in 100% of
patient samples analyzed, including biopsies acquired
from patients and varying stages of diagnosis. Further-
more, Zhao et al[95] have shown that these events,
which we uncovered as generated through an avesic-
ular form of entosis (AVentosis), correlated with
increased apoptosis within BEC.

According to the secretory hypothesis, primary
defects in the BEC secretome could arguably be the

initial culprit and a sustaining factor for cholestasis, and
therefore inflammation, of the biliary epithelium. Dimin-
ished anion exchange protein 2 expression consistently
observed in both liver tissue and peripheral blood
mononuclear cells of PBC patients leads to increased
intracellular pH in BECs.[96,97] This imbalance activates
soluble adenyl cyclase and promotes bile salt-induced
apoptosis of BECs. However, BECs themselves have
also demonstrated an active role in inflammation. They
express various toll-like receptors (TLRs) that recognize
pathogen-associated molecular patterns and damage-
associated molecular patterns. On activation, TLRs
initiate signaling pathways that result in the secretion of
proinflammatory cytokines such as IL-1β, IL-6, IL-8, and
TNF-α, which amplify local inflammation and recruit
additional immune cells to the site of injury.[79,98,99] TLR3
expression is upregulated in the portal tracts of patients
with early-stage PBC, where it is strongly associated
with type I interferon production, implicating this path-
way in the disease’s pathogenesis.[100] Increased
expression of the lipopolysaccharides receptor, TLR4,
by BEC, has also been reported in PBC.[101] Addition-
ally, BECs exposed to bacterial CpG DNA, a ligand for
TLR9, show enhanced production of anti-mitochondrial
antibodies (AMAs), linking TLR signaling to the auto-
immune features of PBC.[102]

BECs also undergo cellular senescence in response
to chronic injury, which is characterized by permanent
cell cycle arrest and the acquisition of a senescence-
associated secretory phenotype. This phenotype
includes the hypersecretion of proinflammatory and
profibrotic molecules, such as CX3CL1, CCL20, IL-6,
and interferons, which further contribute to inflammation
and fibrosis in PBC.[103–106] As such, senescent BECs
accumulating in damaged bile ducts may function as
recruiters of monocytes and lymphocytes, which express
corresponding receptors of the chemoattractant mole-
cules they secrete.[107] Additionally, impaired phagocytic
function of senescent BECs leads to the accumulation of
apoptotic cells, exacerbating peribiliary inflammation.

What is clear now is that, either through impaired
secretory function or direct involvement in immune
responses, BECs are indeed part of the pathogenetic
process. What remains unknown is the chain of events
precipitating cholestasis and inflammation and, even
more so, which one of these 2 processes is the culprit.
Li and colleagues proposed a novel model of disease
that would explain both the organ specificity of the
disease and the precipitating events in the biliary
damage. They recently identified a unique type of
DUOX2+ ACE2+ small BEC population as a key factor
for bile secretion and proposed them as the pathogenic
target in PBC.[108] They also showed that hepatic
polymeric immunoglobulin receptor (pIgR) is highly
expressed in this BEC subtype and that the levels of
anti-pIgR antibodies are increased in patients with PBC.
On this ground, they speculated that the existence of
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IgA transcytosis mediated by the pIgR in DUOX2+

ACE2+ small BECs leads to pIgR antigen presentation
to immune cells. Subsequently, this loss of tolerance
induced pIgR-specific humoral and T-cell autoimmunity,
which drove the production of anti-pIgR autoantibodies.
This further leads to the recruitment of pIgR antigen-
specific CD27+ memory B and plasma cells to the
hepatic portal tracts. The elevated levels of anti-pIgR
autoantibodies, together with other antigen-specific
autoantibodies, further damaged DUOX2+ ACE2+ small
BECs in the small bile ducts. This impaired bile
secretion and contributed to the development of
PBC, even if patients failed to develop AMA-M2
antibodies.[108] In conclusion, BECs are integral to the
pathogenesis of PBC, not only as targets of immune-
mediated damage but also as active contributors to the
disease process. Through dysregulated ion transport,
immune signaling, apoptosis, and cellular senescence,
BECs play a pivotal role in chronic inflammation and
tissue damage that is characteristic of PBC. Under-
standing these mechanisms offers potential therapeutic
targets aimed at restoring BEC function and mitigating
the disease’s progression.

ANTIGEN PRESENTATION IN PBC

The adaptive immune response is considered to
primarily drive the immune attack of the biliary
epithelium in PBC. Antigen presentation in the liver is
a uniquely controlled process in which homeostasis
favors immune tolerance. This is an adaptation to the
overload of food antigens coming from the portal
circulation, including new antigens derived from the
xenobiotic metabolism, that the liver is exposed to. This
environment is maintained by a variety of liver-resident
antigen-presenting cells, including dendritic cells (DCs),
Kupffer cells, liver sinusoidal endothelial cells, and even
hepatocytes. Under normal conditions, antigen presen-
tation by these cells, due to either immature phenotype
or low expression of co-stimulatory molecules and
major histocompatibility complex (MHC)-II, leads to
unsuccessful T-cell activation. This promotes Treg
maturation, which further contributes to maintaining
immune homeostasis.[94,109–113] This tolerance is essen-
tial, given the liver’s constant bombardment of antigens
from the gut through the portal circulation.

Beyond the paradox of PBC, which is developing an
autoimmune response in a tolerogenic organ like the
liver, another challenge lies in understanding how
organ-specific immune targeting is driven by PDC-E2,
a protein that is widely expressed across tissues. In
inflammatory conditions, PDC-E2 is upregulated in
BECs and, as Odin et al demonstrated, it remains
present on the surface of apoptotic BECs.[114] Under
normal circumstances, the binding of glutathione to
sulfhydryl groups in apoptotic cells neutralizes the

immunogenicity of PDC-E2.[114] However, in PBC, this
process is defective, leaving PDC-E2 exposed on the
surface of BECs. Our group has further identified the
persistence of this immunogenic antigen on apoptotic
blebs, making it accessible for recognition by AMAs.
The dissemination of this autoantigen within the hepatic
environment triggers and sustains inflammation. In vitro
studies have demonstrated that macrophages respond-
ing to AMA-antigen complexes release proinflammatory
cytokines, including IL-6, TNF-α, and IL-12, thereby
contributing to the amplification of the immune
response.[8,115,116]

The combination of antigen persistence and aberrant
stimulation, along with continuous macrophage-driven
inflammation, is thought to underlie granuloma forma-
tion, a relatively common histopathological finding.
These non-necrotizing granulomas, enriched with
CD163+ CD68+ macrophages, follicular dendritic cells,
fibroblasts, and B cells, are observed in approximately
4% of patients with PBC,[117] although a recent study
observed these structures in over 60% of their
cohort.[118] Interestingly, these structures share similar-
ities with tertiary lymphoid follicles, which form in
nonhematopoietic tissues and are typically located
around damaged bile ducts. Within these follicles, B
cells are centrally positioned and surrounded by T cells,
suggesting that these granulomas function as ectopic
lymphoid organs, serving as cytokine hubs and T-cell
priming sites, driven by persistent antigen exposure.[119]

Supporting this hypothesis, Krausgruberg et al demon-
strated that CD8+ T-cell priming by hepatic dendritic
cells (DCs) occurs independently of CCR7, a chemo-
kine receptor required for DC migration to lymph nodes,
indicating effective local antigen presentation.[120]

These liver tertiary lymphoid follicles have also been
shown to form within the dnTGFβRII mice.[118] Impor-
tantly, inhibition of sphingosine-1-phosphate signaling
prevented tertiary lymphoid follicle formation and
alleviated cholangitis in these mice.

Notably, these granulomas express markers such as
CD1d and CD11c, characteristic of dendritic cells.
Emerging evidence highlights the regulatory role of
hepatic DCs in liver diseases, with various DC
subpopulations displaying distinct capacities to promote
either immunity or tolerance. In the context of PBC,
hepatic CD103+CD11b− cDC1 cells have been identi-
fied as a key subset involved in disease pathogenesis.
These cells are located exclusively within the portal
areas of the liver, both in experimental models of
autoimmune cholangitis and in human PBC, suggesting
a strategic positioning for sampling antigens.[121] Their
proximity to bile ducts allows them to capture antigens
from the biliary epithelium, which is likely central to the
immune dysregulation observed in PBC.

It is still debated whether BEC can actively and
effectively present antigens themselves. They constitu-
tively express MHC-I molecules and, on stimulation,
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can aberrantly express MHC-II molecules, theoretically
allowing them to present antigens to CD4+ T cells. This
MHC-II expression is notably increased in conditions
associated with immune-mediated bile duct damage,
such as PBC.[122–124] However, the lack of co-stimula-
tory molecules expressed on BEC, such as CD28 and
CD3, would limit the ability of BEC to effectively activate
T cells through antigen presentation. In vitro functional
assays have shown less potent activation power,
compared with liver sinusoidal endothelial cells.[125]

Recent studies have also shown that BECs can
present lipid antigens to, and therefore activate
unconventional T cells. This includes natural killer T
cells, which they can present via the nonpolymorphic
MHC homolog, CD1d. CD1d is expressed by normal
biliary epithelium but downregulated in various liver
diseases, including PBC.[126] Additionally, BECs can
present antigens to mucosal-associated invariant T
(MAIT) cells, which are enriched in the liver and
intestine. In PBC, MAIT cells, known as the “biliary
firewall,” are found around bile ducts and express
chemokine receptors CCR6 and CXCR6, as well as the
E-cadherin receptor integrin αEβ7 (commonly referred
to as CD103), enabling their migration and localization
to the peribiliary region in response to CCL20 and
CXCL16 secreted by BECs.[127]

THE LIVER CHOLESTATIC
MICROENVIRONMENT AND HOW IT
SHAPES THE IMMUNE RESPONSE

We explored the reduced protective function of BECs in
PBC, focusing on the malfunctioning bicarbonate
barrier. While this suggests a direct harmful impact of
bile acids on the biliary epithelium, recent research has
connected bile acids with immune responses, indicating
a direct role of bile acids in shaping immunity.

Cholestasis is defined as an impairment of bile flow
or secretion. This can be due to extrahepatic or
intrahepatic conditions but ultimately results in changes
to hepatic bile acid plethora.[128,129] Furthermore, intra-
hepatic and plasma bile acid concentrations rise, and
fewer bile acids reach the intestines, limiting their
modification by the gut microbiome. Coupled with
disrupted hepatic bile acid synthesis,[130] this leads to
altered bile acid composition and localization. In early-
stage PBC, compared with healthy controls, an
increase in taurine-conjugated chenodeoxycholic acid,
the major hydrophobic bile acid in humans, has been
described, with a shift in conjugation patterns favoring
taurine over glycine conjugates rather than a change in
overall bile acid composition.[131]

Changes in the bile acid pool impacts the immune
system and contributes to disease progression.[132] The
increased bile acid levels cause inflammation through
direct damage to the hepatocytes, which subsequently

causes the release of High-Mobility Group Box 1
protein. High-Mobility Group Box 1 acts as a damage-
associated molecular pattern, triggering the secretion of
TNF-α and IL-6, by binding to TLR4 and thereby
amplifying inflammation.[133] Additionally, exposure to
taurine-conjugated CA causes increased transcription
of genes for cytokines and adhesion molecules in
hepatocytes of murine model, including MCP1 (CCL2),
MIP2 (CXCL2), and ICAM-1.[134] These changes sug-
gest involvement in neutrophil chemotaxis, justifying the
increased neutrophil infiltration observed in bile duct
ligation models that is directly related to an increased in
ICAM-1 expression. To prove the direct involvement of
adhesion molecules, Gujral et al demonstrated a
striking reduction of neutrophil in ICAM-1-deficient mice
undergoing BDL, with a consequential reduction in ROS
production and hepatocyte loss.[135] This is consistent
with what is observed in patients with PBC, which often
exhibit increased levels of soluble ICAM-1 in
plasma.[136] Additionally, bile acids have been linked
to increased expression of MHC-I on hepatocytes and
BECs,[137] potentially enhancing antigen presentation
and activating CD8+ T cells.

The impact of bile acids on adaptive immunity has
recently become more evident. Hang and colleagues
described the effect of 3-oxo-lithocolic acid (LCA) and
isoallo-LCA, 2 metabolites of LCA, as impacting TH17 –

Treg balance. They further revealed that 3-oxo-LCA
directly binds RORγt and inhibits TH17 differentiation of
CD4+ T cells, while isoallo-LCA stimulated Treg
differentiation by promoting mitochondrial ROS produc-
tion and, in turn, enhancing the expression of
FOXP3.[138] Accordingly, feeding the mice with these 2
metabolites reduced the TH17/Treg ration in the ileal
lamina propria. The bile acid composition in the gut, and
consequently in the liver, is highly dependent on
microbial bile acid metabolism, which has been linked
to adaptive immunity.[139] Song and colleagues showed
that gut bile acid composition can be affected by both
dietary elements and microbial factors. They found that
secondary bile acids acting on vitamin D receptors
modulate a specific population of FOXP3+ Treg cells
which express RORγ (RORγ+ Treg cells) and are critical
for maintaining immune homeostasis in the colon. The
significance of this bile acid-VDR signaling axis was
demonstrated in mice lacking VDR, which were more
susceptible to dextran sulphate sodium–induced
colitis.[140] Recently, Campbell et al reported that 3β-
hydroxydeoxycholic acid (isoDCA), a low-abundance
secondary bile acid, significantly enhances the differ-
entiation of peripherally induced Treg cells;[141] isoDCA
promoted FOXP3 induction by reducing the immune-
stimulatory activity of dendritic cells through the
involvement of isoDCA-farnesoid X receptor (FXR)
signaling. A microbial consortium producing isoDCA
was shown to increase RORγ+ Treg cell numbers in the
colon. Furthermore, bile acid-driven activation of the
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constitutive androstane receptor induces the expression
of xenobiotic transporters and detoxifying enzymes,
thereby protecting CD4+ T effector cells in the lamina
propria from harmful hydrophobic bile acids. Constitu-
tive androstane receptor activation by bile acids also
promotes the expression of the anti-inflammatory
cytokine IL-10.[142]

Overall, these studies highlight the crucial role of
microbiome-derived bile acids as signaling molecules,
particularly in the regulation of adaptive immunity.
Whether this also facilitates intestine-liver communica-
tion in regulating liver function and/or disease progres-
sion remains to be determined. It is worth noting that
local activation of effector T cells has been shown to
reduce the production of harmful bile acids in
hepatocytes,[36] emphasizing the reciprocal interaction
between immune responses and metabolism.

THE IMMUNE DYSREGULATION AND
THE ULTIMATE DAMAGE TO THE
BILIARY EPITHELIUM

Damage to the intrahepatic biliary epithelium in PBC is
perpetrated by an orchestrated activation of a dysregu-
lated immune system. The current paradigm is that the
ultimate damage to the biliary epithelium in early PBC is
driven by the TH1 immune response, whereas in the late
stage, the damage is sustained by TH17.[115] However,
both innate and adaptive immunity have a role in the
genesis of inflammation, and likely, neither would
suffice to cause the damage without the other's
contribution.

Innate immunity is thought to be a key driver of the
tolerance breakdown. The homeostatic balance in the
liver of patients with PBC might be broken by the hyper-
responsiveness of monocytes and macrophages to the
inflammatory stimuli. The number of nonclassical
monocytes (ie, CD14high and CD16low) is increased in
PBC patients, with a direct correlation between the
number of these cell subsets and liver injury severity
(defined as higher liver function tests). In fact, in vitro
data demonstrated an increased release of inflamma-
tory cytokines, such as IL-1, IL-6, IL-18, IL-12, and TNF-
α, by monocytes in patients with PBC, compared with
disease and healthy controls, on TLR stimulation.[79]

Nonclassical monocytes are a major source of IL-8, a
cytokine found increased in patients with PBC and
capable of activating macrophages, which are them-
selves secretors of this cytokine, starting a vicious
cycle.[143,144] We have already mentioned the hyper-
responsiveness of macrophages to PDC-E2 found in
apoptotic blebs. Macrophages from PBC have a
pronounced M1 polarisation and, when exposed to the
antigen exposed on apoptotic blebs, release a high
level of IL-12 and upregulate TNF-related apoptosis-
inducing ligand.[145,146] The infiltration of monocytes and

macrophages is likely to be mediated by activated
BECs; they are capable of releasing chemokines like
CCL2 and CX3CL1, attracting monocytes and macro-
phages expressing CCR2 and CX3CR1 receptors
respectively. Experimental models using 2-octynoic
acid-bovine serum albumin have shown that disrupting
these chemokine pathways can reduce liver inflamma-
tion and fibrosis.[107]

An intriguing player in the biliary damage in PBC is
the NK cells. These are a subset of effector lymphocyte
of the innate immune system which have, however,
been demonstrated to have immunological memory,
functioning effectively halfway through innate and
adaptive immunity.[147–149] They account for approxi-
mately 30% of liver lymphocytes and have exhibited
denser localization in portal tracts of PBC patients
compared with that of non-PBC diseased and healthy
controls. The liver homing of NK cells in PBC is likely
mediated by the liver homing marker, CXCR6. Hydes
and colleagues have demonstrated an upregulation of
this marker in NK cells isolated from the peripheral
blood of patients with PBC on exposure to low levels of
IL-12, showing once more the centrality of this cytokine
in PBC pathogenesis. The authors also demonstrated
constitutive activation of NKs in PBC, participating as
proinflammatory players when migrated to the liver.[150]

The NK/BEC ratio in vitro proved to be a factor in
determining the activity of NK cells against BECs. When
the ratio was lower (acting as a model of early disease),
NKs secreted IFN-γ, which upregulated MHC I and II
expression on the BEC surface. While this discourages
NK-mediate cytotoxicity, it makes BECS more suscepti-
ble to autoreactive cytotoxic T-cell clones, arguably
further contributing to the tolerance breakdown. On the
other end, when this ratio was high, it was associated
with a pronounced NK cell–mediated BEC injury,
autoantigen release, and perpetuation of the auto-
immune process.[151]

The interest in MAIT cells as a player in cholestatic
liver disease is relatively recent. As mentioned earlier,
they have been named as a “biliary firewall” because
they reside around the bile ducts, acting as a microbial
sieve.[127] They are abundant in peripheral organs, and
in the liver, yet increased liver infiltration with a parallel
reduction in peripheral populations has been described
in patients with PBC. Furthermore, an aberrant IL-17
secretion by MAIT cells on chronic IL-12 stimulation has
been described by Bottcher and colleagues, which
might play a role in the fibrogenesis by HSCs.[152,153]

The contribution of the adaptive immune system to
PBC is easily exemplified by the rich infiltrate of T
lymphocytes around the afflicted bile ducts. Data
accumulated over time on the antigen specificity of
such cells, which are 10 times more common in the
portal tracts compared with peripheral blood, elude to
them being the spark to sustain the bystander inflam-
mation and the biliary damage.[7–9,154] Kita and
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colleagues, alongside characterizing the main epitope
within PDC-E2, demonstrated also that autoantigen
immunocomplexes could be presented on DCs through
cross-presentation. The effectiveness of this interaction
for presentation was found also relatively enhanced.[7,8]

The well-orchestrated immune process among innate
and adaptive immunity overall causes an increase of
chemokine in the portal tract of PBC patients, such as
CXCL10, CXCL9, and CX3CL1, thereby recruiting T
cells expressing their cognate receptor.[107,155,156]

Throughout this review, the role of IL-12 has been
mentioned several times. This cytokine, likely secreted
by innate immune cells like macrophages and even
BECs themselves, polarises CD4+ T cells toward TH1
on the antigen presentation. Besides the convincing
results of GWAS showing several risk loci correlating
with the IL-12 pathway,[40,157] other experimental evi-
dence on the TH1 role comes from animal models. We
mentioned earlier how chronic exposure to IFN-γ,
obtained through the deletion of 162 nt AU-rich in the
untranslated region of the IFN gene, causes auto-
immune cholangitis in ARE-Del−/− mice used as a
model of PBC. These mice develop AMA at the age of
8–10 weeks, and liver injury with a female preponder-
ance at 20 weeks. They ultimately develop an auto-
immune cholangitis associated with granulomas. Of
note, liver damage can be transferred to B6/RAG1−/−

mice through adoptive transfer of CD4+ T cells from
ARE-Del−/− mice.[46,158,159]

Along with TH1 cells, activated BECs secrete also
TH17-polarising cytokines such as IL-6, IL-1β, and IL-
23.[160] Accordingly, TH17 cells accumulate around the
bile ducts. Further proof of the role of this pathway in
PBC is the increased levels of IL-17 in the serum of
patients with PBC and, in late-stage disease, TH17 cells
within their liver.[161,162] Furthermore, the immune-
mediated damage and AMA levels are reduced in some
PBC murine models after knocking out IL-17A.[163]

However, different results can be obtained using IL-
2Rα−/− mice, in which the autoimmune cholangitis gets
worse after knocking out IL-17A, suggesting a potential
protective effect of this cytokine in this setting rather
than pro-inflammatory.[164] These data were confirmed
by Chan and colleagues using a different model, 2-
Octynoic acid-BSA-immunized mice, in which they
alternately administered IL17-A, IL17-F, or IL-21.
Surprisingly, neither the administration of IL-17A nor
IL-17F affected inflammation or fibrosis. In fact, the
authors showed a reduced level of IFN-γ-secreting TH1
cells in mice treated with IL-17A. Instead, they
described a marked effect of IL-21 in worsening the
autoimmune cholangitis and promoting fibrosis.[165]

In the last few years, the PBC literature landscape
has been quite dense with interest around CD8+ T cells
and their cytotoxic effect on biliary epithelium. Histori-
cally, Gershwin and colleagues have provided compel-
ling data demonstrating the key role of CD8+ T cells in

PBC. They used dnTGFβRII murine model to adoptively
transfer CD8+ T cells to RAG1 knockout mice and
subsequently induced PBC-like autoimmune cholangi-
tis, demonstrating a dense infiltrate of terminally
differentiated CD8+ T cells.[166] Similar results were
found by Yang and colleagues, who used nonobese
diabetic c3c4 mice as donors of either CD8+ cells alone
or CD8+ and CD4+ cells for adoptive transfer to NOD
SCID mice. The autoimmune cholangitis could be
transferred by CD8+ T cells alone, while type 1 diabetes
systems needed the transfer of both CD8+ and CD4+ T
cells.[167,168]

Human data provides further characterization for the
phenotype of CD8+ T-cell populations involved in the
PBC pathogenesis. Chronic antigenic stimulation within
the liver of patients with PBC causes the infiltration of
terminally differentiated CD45ROhighCD57+CD8high T
cells.[169,170] The infiltrating cells become a source of
chemokines (ie, CX3CL1,) beginning and perpetuating
a vicious cycle, attracting more T cells from the
peripheral blood. Li et al provided further data pointing
toward CD8+ T cells as the perpetrator of the biliary
damage; they found a florid infiltrate of terminally
differentiated CD8+ T cells expressing killer cell lectin-
like receptor G1+ (KLRG1+), Granzyme B, and Perforin
in the portal tract of patients with PBC with higher levels
of ALP and an increased risk of requiring liver
transplantation.[168]

Huang and colleagues from Xiong lab described an
expanded PDC-E2-specific, CD103+ resident memory T
cell (TRM) population within the liver as the main
autoreactive and cytotoxic cells in PBC livers. They
speculated that the organ specificity and chronic
fashion of PBC could be justified by the longevity of
these cells and their inability to egress from the liver
environment. Interestingly, they found nucleoside
diphosphate X hydrolase 1, a nucleotide pool sanitizing
enzyme, crucial for improving tolerance to oxidative
stress, further justifying both the longevity of this cell
population and the likelihood of their role in autoreac-
tivity. To sustain this hypothesis, the authors tried to
knock down or pharmacologically block nucleoside
diphosphate X hydrolase 1, which showed a significant
reduction of portal inflammation. Furthermore, UDCA
treatment reduced the number of TRM cells, suggesting
also a prognostic role for these cells.[171]

Our lab recently demonstrated the existence of a
subset of E-cadherin–expressing CD8+ T cells that also
possessed markers of tissue-resident memory cells
(TRM; CD69+ CD103+ cells). These cells were capable
of invading BECs through a process we term AVentosis,
the frequency of which we showed correlated with the
expression of E-cadherin by these T cells. Importantly,
we demonstrated that CD8+ T cells derived from
patients with PBC expressed more E-cadherin on
TCR stimulation compared to controls. Additionally,
our data showed an increased cytotoxicity capacity of
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this cell subset and a correlation between hepatic
cytolytic markers and the frequency of TRM cells.[94]

Zhang and colleagues also correlated CD8+ T cells
emperipolesis within BECs with apoptotic markers
within them, suggesting that AVentosis is likely another
mechanism of biliary damage.[95]

To strengthen the evidence that the biliary inflam-
mation is ultimately executed by TRM cells, Zhu and
colleagues recently identified highly activated and
cytotoxic CD8+ TRM cells in the liver of Il12b−/−Il2ra−/−

murine model. These cells upregulated several immune
checkpoint molecules, including PD-1. The authors
showed in the same model how knocking down Cd8a
or treating the mice with anti-CD8α prevented or
reduced the biliary damage. They developed a chimeric
antigen receptor (CAR) targeting PD-1 expressing
CD8+ TRM cells; using PD-1 targeting CAR-T cells, they
demonstrated both a selective and efficacious approach
in treating autoimmune cholangitis.[172]

Altogether, these studies suggested that damage to
the BECs is ultimately perpetrated by CD8+ TRM cells.
The latest evidence has further defined this cytotoxic
population, characterized by markers such as
nucleoside diphosphate X hydrolase 1, E-cadherin,
and PD-1. This offers new outlooks for developing
anti-inflammatory treatments to offer patients
with PBC.

CONCLUSIONS: OLD AND NOVEL
POTENTIAL THERAPEUTIC
STRATEGIES IN PBC

This review explored the basis of the immunological
architecture of PBC. We have presented the auto-
immune hypothesis, which describes the aberrant
states of cells and immune pathways found in patients
with PBC, which eventually converge to drive the
disease’s pathogenesis. This model is well substanti-
ated by data and can be recapitulated in animal models.
The efforts in dissecting the disease pathogenesis
share an ultimate purpose which is to develop a
targeted treatment. However, despite extensive
research and numerous attempts over the past 4
decades to identify effective immune-modulating treat-
ments, significant challenges remain. Prototype
immune modulators, such as corticosteroids, have
proven ineffective in PBC, even when used as
adjunctive therapies.[14,173,174] Further attempts with
different classes of drugs, like colchicine and
penicillamine,[175,176] antivirals such as lamivudine,[177]

as well as immunosuppressants like azathioprine and
methotrexate, have been tested.[11,178,179] However,
these treatments have generally demonstrated only
marginal efficacy, or have been associated with
potential harm, leading to their exclusion from current
treatment recommendations.

More recent attempts with targeted immunological
treatment have still failed in proving meaningful clinical
effects. For instance, rituximab, an anti-CD20 monoclo-
nal antibody, showed some promise by reducing ALP
levels in a small cohort of patients, but overall clinical
efficacy remained limited.[180] High expectations were
put on Ustekinumab, which targets the IL-12 and IL-23
pathways, based on experimental and genetic data
supplementing a strong biological rationale. However, it
did not achieve significant improvements in ALP levels
in larger patient groups, despite some biochemical
indications of pathway modulation.[181,182] These out-
comes highlight the paradoxical nature of PBC, where
conventional and even specific immunosuppressive
strategies fail to effectively control disease. In the
advanced stages of PBC, liver transplantation remains
the only definitive treatment option, offering substantial
improvements in graft and patient survival rates. None-
theless, recurrence of PBC post-transplantation
remains a frequent concern.[183]

The currently used treatments for PBC action
through bile acid metabolism and the secretory machin-
ery of BECs. These molecules, UDCA, FXR agonists
like obethicolic acid, and PPAR agonists, also have an
effect on immune pathways. It would likely be helpful for
the general understanding of PBC pathogenesis to fully
detail the immune effects of these molecules. For
instance, UDCA possesses multiple immune-modulat-
ing properties. It decreases the expression of MHC
class I and II proteins on BECs, thereby reducing
antigen presentation and the activation of autoreactive
T cells.[184] This may help restore immune tolerance and
break the inflammatory cascade driven by cytotoxic
CD8+ T cells, TH1 cells, and macrophages. Additionally,
UDCA exerts anti-apoptotic effects where are mediated
through the modulation of survival signaling pathways,
such as NF-κB, AKT, MAPK, and PI3K.[185] Such effects
not only prevent biliary damage but it also interrupts
antigen spreading and reduces inflammatory triggers.
Additionally, UDCA restores natural killer T-cell activity
by reducing prostaglandin E2 production, fostering a
balanced immune environment and preventing the shift
toward a TH17-dominated response that promotes
fibrosis.[186]

In cases where UDCA treatment is inadequate,
second-line therapies targeting bile acid metabolism,
such as obeticholic acid and FXR agonists, are used.
These therapies aim to further modulate bile acid
synthesis and transport, enhance intestinal barrier
function, and reduce hepatic inflammation. However,
even for FXR agonists, there are several well-
described effects on the immune system. McMahan
et al showed that the FXR and TGR5 agonism skewed
monocytes to an anti-inflammatory phenotype in
obese mice.[187] Moreover, FXR stimulation was
shown to induce monocyte production of IL-10
in vitro. Additional experimental models have
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demonstrated that FXR agonists can decrease the
recruitment of natural killer (NK) cells and the
production of IFN-γ, thereby mitigating immune-medi-
ated liver damage and bacterial translocation from the
gut.[188] Also, OCA shows an effect in apoptosis
reduction on NF-κB activation.

PPAR-α and PPAR-δ agonists have also shown
promise in inhibiting profibrotic pathways and reducing
inflammation. PPARs are nuclear receptors that
regulate gene expression involved in lipid metabolism,
inflammation, and immune responses. Activation of
PPAR-α and PPAR-δ leads to the suppression of
proinflammatory cytokine production, inhibition of NF-
κB signaling, and modulation of immune cell differen-
tiation and function. Specifically, PPAR agonists
regulate T-cell responses by promoting the differentia-
tion of Treg cells while inhibiting the proliferation and
function of proinflammatory TH1 and TH17 cells. This
shift enhances immune tolerance and reduces auto-
immune-mediated damage to cholangiocytes. Addi-
tionally, PPAR agonists induce an anti-inflammatory
phenotype in macrophages, reducing the secretion of
proinflammatory cytokines such as TNF-α and IL-6.
This inhibits the activation of HSCs, which are central
to fibrosis development. By regulating the expression
of genes involved in bile acid transport and synthesis,
PPAR agonists help maintain bile acid balance,
thereby reducing hepatobiliary stress and subsequent
immune activation.[189,190]

The paradigm of treatment is shifting in autoimmunity
from treating to curing. The recent evidence of using
CAR-T-cell approaches that target B cells in complex
autoimmune conditions is certainly gaining attention
and pushing the field forward.[191] In the case of the
liver, remodeling the liver microenvironment, changing
the cell composition, and re-establishing immune
homeostasis should be set as the treatment goal.
Furthermore, a more targeted approach in this instance
relies on a deep knowledge of the self-antigen (PDC-
E2), a unique opportunity offered by PBC. The excite-
ment surrounding new technologies in cellular engineer-
ing and therapy may drive this shift from chronic
treatment to a possible cure. The recent data on CAR
technology targeting PD-1+ TRM cells may open new
treatment venues, although it remains to be seen how
these results translate to humans.

Increasing the number or reprogramming of Treg
cells is another therapy venue currently being pursued
in several autoimmune conditions. These treatment
approaches are several, and none of them are without
challenges. In situ expansion of Tregs can be obtained
using low doses of IL-2, selectively targeting Tregs that
express the high-affinity IL-2Rα (CD25) and avoiding
the proliferation of the cytotoxic population. This
approach has been tested in several autoimmune
diseases, including lupus and diabetes. The use of
low-dose IL-2 significantly boosted the number of Tregs

but with a significant increase also on NK and CD8+

T cells.[192]

We tested the ex vivo expansion of Tregs from
patients with autoimmune hepatitis and the reinfusion of
the cell product. This early phase trial proved that the
treatment was very well tolerated. We also showed that
the Tregs after reinfusion localised mainly within the
liver, most likely due to the homing to the inflamed
organ.[69] A similar approach is currently under inves-
tigation in our lab for PBC.

The collateral effect of inducing a broad tolerance
toward dangerous antigens can be overcome by
inducing or transferring antigen-specific Treg cells.
However, moving from a polyclonal Treg therapy to an
antigen-specific approach in humans remains incredibly
challenging. The expansion of autoreactive clones from
the periphery poses two issues; first, the identification of
the autoreactive clones relies on engineered tetramers,
which should target the epitope of interest. The second
is the isolation and the subsequent expansion of the cell
population, which could require a long time to reach a
therapeutic concentration. Alternatively, engineering the
TCR to generate antigen-specific clones is certainly an
emerging approach.[193] Sakaguchi’s group proposed
an epigenetic reprogramming of CD4+ T cells to induce
stable and functioning Treg cells by inhibiting cyclin-
dependent kinase 8 and 19. This approach allows for
the selection of CD4+ T memory cells and conversion of
them into induced Tregs by promoting the expression of
FOXP3.[194]

Over the past few decades, and especially in the
last 10 years, the clinical management of PBC has
advanced significantly. We now have several options
as second-line treatments, and we have the ability to
identify complex cases early using stratification tools.
However, the underlying causes of PBC remain
elusive. The variety of experimental findings to date
has not yet led to a comprehensive understanding of
the disease’s pathogenesis. Immunologically, PBC
stands out as a unique model for studying auto-
immunity. This is due to its well-defined disease
epitopes, slow disease progression, and relatively
consistent phenotype among patients. Moving for-
ward, ongoing research is crucial to decipher the
complexities of PBC to develop more targeted
therapies and even reestablish the tolerance toward
the antigen in these patients.
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