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Introduction Primary sclerosing cholangitis (PSC) is an idiopathic cholestatic liver disease with progressive inflammation
of the intra- or extrahepatic bile ducts, leading to segmental fibrosis and, ultimately, cirrhosis. It is considered a rare
disease, with a prevalence of approximately 10—-16 cases per 100,000 individuals (1). Since its earliest description in
1867 by CEE Hoffman, there have been hundreds of studies published regarding PSC’s natural history, diagnosis, and
clinical features, including its strong association with inflammatory bowel disease (IBD). However, even with much-
improved diagnostic technologies, PSC is still considered a clinically challenging disease. Patients with PSC generally
have a higher risk for biliary complications and malignancies such as cholangiocarcinoma (2). Given the lack of effective
pharmacotherapy, liver transplantation is still the main therapeutic option, however, there is a 25% of risk of disease
recurrence in the graft. The precise etiology is still unknown but likely involves a combination of gut dysbiosis, altered bile
acid composition, and unidentified “toxins” that may drive dysregulated innate immune responses in the liver. These
factors ultimately culminate in stricturing, segmental biliary fibrosis. Synthesizing the knowledge gained from recent
studies as outlined below could uncover the main driving pathways of this enigmatic disease. Our goal is not to provide a
detailed review of recent findings but rather to focus on salient points that could be further explored [...]
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Introduction

Primary sclerosing cholangitis (PSC) is an
idiopathic cholestatic liver disease with
progressive inflammation of the intra- or
extrahepatic bile ducts, leading to segmen-
tal fibrosis and, ultimately, cirrhosis. It is
considered arare disease, with a prevalence
of approximately 10-16 cases per 100,000
individuals (1). Since its earliest description
in 1867 by CEE Hoffman, there have been
hundreds of studies published regarding
PSC’s natural history, diagnosis, and clini-
cal features, including its strong association
with inflammatory bowel disease (IBD).
However, even with much-improved diag-
nostic technologies, PSC is still considered
a clinically challenging disease. Patients
with PSC generally have a higher risk for
biliary complications and malignancies
such as cholangiocarcinoma (2). Given the
lack of effective pharmacotherapy, liver
transplantation is still the main therapeutic
option, however, there is a 25% of risk of
disease recurrence in the graft. The precise
etiology is still unknown but likely involves
a combination of gut dysbiosis, altered bile
acid composition, and unidentified “tox-
ins” that may drive dysregulated innate
immune responses in the liver. These fac-
tors ultimately culminate in stricturing,
segmental biliary fibrosis. Synthesizing
the knowledge gained from recent studies
as outlined below could uncover the main
driving pathways of this enigmatic disease.
Our goal is not to provide a detailed review
of recent findings but rather to focus on
salient points that could be further explored
for potential therapies (Figure 1).

Genetic susceptibility studies

Several studies demonstrated an elevated
risk of PSC among first-degree relatives
(3). GWAS have described 23 loci asso-
ciated with disease risk (4). Intriguingly,

the genetic profile of PSC-associated IBD
was distinct compared with Crohn’s dis-
ease or ulcerative colitis. Thus, PSC-IBD
may represent a different entity, which is
also supported by its clinical features (2).
More recently, network-based drug-dis-
ease proximity analyses were performed
to identify potential compounds that could
be repurposed for PSC (5). The top-ranked
drug in this study, denileukin diftitox, reg-
ulates immune tolerance by controlling
Treg activity and could be a candidate
agent for further studies. The same study
suggested that ursodeoxycholic acid
(UDCA), the mainstay of treatment for pri-
mary biliary cholangitis (PBC), may not be
a genetically promising candidate drug for
PSC. Accordingly, UDCA did not improve
the course of PSC in recent clinical trials
(6). Further understanding of the genetic
architecture of PSC is of key importance.
Improving risk stratification strategies,
using multiomics analyses, and perform-
ing longitudinal studies of this population
could be the next steps to identify poten-
tial candidate drugs.

Molecular pathogenesis and
potential therapeutic targets

In recent years, several studies have
focused on defining gut microbial signa-
tures and metabolites in PSC. These find-
ings revealed reduced microbial diversity,
as well as bacterial and fungal dysbiosis
that was independent of the IBD-related
microbiome signatures (7-9). Specifically,
there was a marked increase in the Veil-
lonella genus in patients with PSC-IBD
when compared with both healthy controls
and patients with IBD alone. To better eval-
uate a causative link between dysbiosis,
intestinal permeability, and hepatobiliary
effects, Nakamoto et al. transplanted fecal
microbiota from patients with PSC into
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gnotobiotic mice and identified three bac-
terial strains (Klebsiella pneumoniae, Prote-
us mirabilis, and Enterococcus gallinarum)
from their mesenteric lymph nodes (10).
These were associated with hepatobiliary
inflammation and a high Thl7 response
that was reversible with antibiotic treat-
ment. These bacteria were also more prev-
alent in patients with PSC. More recently,
a lytic phage cocktail was developed that
targets Klebsiella pneumoniae and Entero-
coccus gallinarum. Administration of the
cocktail improved liver inflammation and
fibrosis in colonized specific pathogen-free
mice (11). Awoniyi et al. studied protective
versus detrimental bacterial species that
can affect PSC outcomes and found that
in the Mdr27- mice, short chain fatty acid-
producing Lachnospiraceae species could
have protective effects against Enterococcus
faecalis and E. coli enterohepatic transloca-
tion, thereby exerting an antifibrotic effect
in the liver. In patient cohorts, fecal E. fae-
calis and Enterobacteriaceae had a positive
association with the Mayo risk score, while
Lachnospiraceae showed a negative associ-
ation with the score (12).

Despite these recent advances,
clearly identifying a causative associa-
tion between fecal microbiota and liver
immune responses remains challenging.
Further studies are needed to focus on
gut epithelium-associated bacteria that
could uniquely modify mucosal immune
responses and affect disease severity.

Patients with PSC were also found to
exhibit increased Thi17 differentiation,
which, as noted above, could be affect-
ed by the microbiota (10). Monocytes
from patients with PSC have significantly
increased IL-1B and IL-6 production (nec-
essary for Th17 differentiation) compared
with monocytes from healthy controls, and
PSC patient PBMCs stimulated with C.
Albicans produced significantly higher lev-
els of IL-1B compared with healthy controls
or patients with PBC (13). The first atlas of
intrahepatic T cells in PSC demonstrated
that naive CD4" T cells have a propensity to
develop into Th17 cells, exhibiting a predis-
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Figure 1. Schematic depiction of potential therapeutic areas for PSC. Emerging research suggests several possible strategies to treat PSC, including
immunomodulation to reestablish “healthy” innate immune responses, manipulation of microbiota and the BA pool, as well as the development of novel

antifibrogenic and fibrolytic approaches.

position to an effector function (14). Addi-
tionally, naive CD4" T cells are less likely
to differentiate into Foxp3* Tregs. Studies
also reported a reduced number of Tregs in
PSC compared with PBC (15), and reduced
Treg expansion was linked to upregulation
of the IL-12 receptor (16). Stimulating Treg
expansion with IL-2/anti-IL-2 immune
complexes reduced the CD8* T cell count
and improved biliary injury and fibrosis in
Mdr2”/- mice (17). GWAS revealed a cor-
relation between the reduced expansion of
Tregs and SNP of the IL-2 receptor a (15).
Therefore, Treg dysfunction could have
a key role in the pathogenesis of PSC. In
a clinical trial using adoptive Treg trans-
fer, Voskens et al. observed that ex vivo-
expanded autologous Tregs from a patient
with refractory ulcerative colitis and PSC
resulted in a decrease in liver enzymes (47%
decrease in alkaline phosphatase [ALP] by
week 4) that lasted 4 weeks and returned to
baseline by week 12 (18).

Mast cells (MCs) are tissue-resi-
dent immune cells that were observed to
accumulate around the portal tracts in
both human and animal models of PSC.

Mice that were deficient in MCs exhib-
ited decreased portal inflammation and
ductular reaction, and these effects were
linked to H2 histamine receptor signaling
(19). MCs expressing farnesoid X recep-
tor (FXR) played an important role in liv-
er injury and regulation of bile acid (BA)
levels through alteration of intestinal and
biliary FXR/FGF15 signaling (20).

Another study showed that the FGF15/-
19/FXR/CYP7A1 axis had a key role in
modulating BA synthesis. In patients, sup-
pressed BA synthesis portended a worse
prognosis with low serum C4 levels (21).
FXR agonism with cilofexor is currently
being evaluated in a phase III trial.

TGR5 is a GPCR for primary and sec-
ondary BAs and was shown to have a protec-
tive role in biliary epithelial cells (BECs) by
stimulating tight junction integrity. Reich et
al. demonstrated TGR5 downregulation in
PSC, and this contributed to a reactive BEC
phenotype. Restoring TGR5 or increasing its
level by norursodeoxycholic acid (norUD-
CA) resulted in improved liver enzymes and
histology (22). Clinical trials focusing on
norUDCA are currently ongoing.

Last, a significant amount of research
has focused on the role of secretin and
the secretin receptor (SR), which is only
expressed on cholangiocytes within the
liver. Recently, long-term administration
of the SR antagonist (SCT 5-27) decreased
ductular reaction and liver fibrosis in bile
duct-ligated and Mdr2”~ mice through miR-
125b and FoxA2 (23). Taken together, these
preclinical studies provide a strong ratio-
nale to pursue clinical trials. Ongoing trials
in this field are briefly summarized below.

Clinical trials

Based on preclinical studies, FXR is an
intriguing target for PSC studies. The results
of the phase II and open-label extension tri-
al of the FXR agonist cilofexor were promis-
ing, withimproved liver enzymes and serum
BA levels in noncirrhotic PSC patients (24).
A large phase I trial (PRIMIS) is current-
ly evaluating the safety and efficacy of the
drug (ClinicalTrials.gov  NCT03890120)
(25). Phase I1I trials studying the effects of
long-term simvastatin (NCT03041662),
oral vancomycin (NCTO03710122), and
norUrsodeoxycholic acid (NCT03872921)
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are also currently underway. In addition,
an open-label clinical trial evaluated the
safety and efficacy of fecal microbiota
transplantation in ten patients with con-
comitant IBD (NCT02424175). They found
that ALP decreased by more than 50%
in three patients, which correlated with
improved microbiota diversity (26). Obser-
vational studies using vedolizumab (a4f7
integrin blocker) in patients with PSC-IBD
showed no clear evidence of a biochemi-
cal response, although serum levels of ALP
decreased by 20% or more in a subset of
patients with a more aggressive phenotype
of the disease (27).

Summary and future
possibilities

Despite tremendous efforts to define the
key pathogenic features and therapeutic
targets, effective medical therapy for PSC
is still lacking. There are several obstacles
that may impede faster progress. PSC ani-
mal models do not faithfully phenocopy
the complex nature of human disease, thus
translation may not be straightforward. We
are now beginning to understand the early
triggering events, such as the role of microbi-
ota and mucosal immunity and their effects
on innate immunity in PSC, and there is a
significant effort to develop new biomarkers
with acceptable sensitivity and specificity.
High-throughput methods could be useful
for biomarker discovery, cellular landscape
analysis, and identification of novel path-
ways and networks related to the disease.
The combination of single-cell and high-
resolution spatial transcriptomics could
advance the field by identifying new subsets
of immune cells and their connection to oth-
er cell types or the extracellular matrix.

Furthermore, identification of the
subsets of patients at high risk for disease
progression or development of cholangio-
carcinoma is critical. Improved surveil-
lance involving a serum microRNA profile
or Al-based technologies could help define
predictive models (28).

With all the recent discoveries, effective
medical therapy is expected to be available
in the next few years. This could involve
using combination therapies, considering
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genetic susceptibilities, and targeting dif-
ferent disease pathways such as those for
immune dysregulation, fibrosis, and dysbio-
sis, and manipulating the microbiome.
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