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Abstract 

Primary sclerosing cholangitis (PSC) is a rare cholangiopathy strongly associated with 

inflammatory bowel disease (IBD), particularly ulcerative colitis. PSC-IBD defines a 

clinically quiescent but biologically aggressive colitis phenotype, characterized by 

extensive yet often asymptomatic mucosal inflammation and disproportionately elevated 

risks of colorectal cancer—approximately 3- to 5-fold higher than in IBD alone—and 

cholangiocarcinoma (CCA), with IBD comorbidity representing an independent risk 

factor for hepatopancreatobiliary malignancy. The pathogenesis remains incompletely 

understood but involves genetic susceptibility, immune dysregulation—including 

aberrant lymphocyte trafficking and an imbalance between T helper 17 (Th17) and 

regulatory T (Treg) cells—intestinal barrier dysfunction, and gut–liver axis perturbations 

involving alterations in the microbiota and bile acid homeostasis. Within the biliary tree, 

chronic inflammation activates peribiliary glands (PBGs), which harbor stem/progenitor 

cells. PBG hyperplasia may contribute to periductal fibrosis through Hedgehog signaling 

and epithelial-to-mesenchymal transition and may represent a key step in PSC-associated 

cholangiocarcinogenesis. The true burden of PSC-IBD is likely underestimated, as PSC 

may remain clinically silent for years. Bidirectional screening is therefore essential: all 

patients with PSC should undergo ileocolonoscopy with biopsies regardless of symptoms, 

whereas patients with IBD and cholestatic liver biochemistry—particularly elevated 

gamma-glutamyl transferase or alkaline phosphatase—should undergo magnetic 

resonance cholangiopancreatography. No medical therapy has demonstrated a clear 

ability to alter the natural history of PSC, and liver transplantation remains the only 

definitive treatment for advanced disease. This review integrates current evidence on the 

epidemiology, pathophysiology, and management of PSC-IBD, critically examining 

unmet needs in timely diagnosis, mechanistic understanding, and therapeutic 

development, with particular attention to non-invasive biomarkers, microbiota-directed 

strategies, individualized risk stratification, and disease-modifying endpoints. 

Academic Editor: Laurent 

Dubuquoy 

Received: 27 May 2026 

Revised: 16 July 2026 

Accepted: 30 July 2026 

Published: 5 August 2026 

Copyright: © 2026 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 

https://doi.org/10.3390/livers6040075
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Livers 2026, 6, 75 2 of 54 
 

https://doi.org/10.3390/livers6040075 

Keywords: primary sclerosing cholangitis; inflammatory bowel disease; gut–liver axis; 

peribiliary glands; colorectal cancer; cholangiocarcinoma; surveillance; liver 

transplantation; unmet clinical needs; precision medicine 

 

1. Introduction 

Primary sclerosing cholangitis (PSC) is a chronic cholangiopathy characterized by 

progressive inflammation and fibrosis of the intrahepatic and extrahepatic bile ducts, 

leading to multifocal strictures, cholestasis, cirrhosis, and an increased risk of 

hepatobiliary and colorectal malignancies [1,2]. PSC is strongly associated with 

inflammatory bowel disease (IBD), and their coexistence defines a distinctive clinical 

phenotype, including extensive but often clinically mild colitis and a higher colorectal 

cancer risk than IBD alone [3–5]. Whether PSC-IBD represents a single disease process or 

a distinct clinical phenotype arising from partially shared pathogenic mechanisms 

remains unresolved. The occurrence of PSC in the absence of IBD, the persistence of 

hepatobiliary disease after colectomy, and the imperfect correlation between intestinal 

and hepatobiliary activity argue against considering PSC merely an extraintestinal 

manifestation of IBD [3]. Importantly, 20–30% of patients with PSC never develop IBD, 

and among those with PSC without IBD, the male predominance is much lower and the 

clinical course may differ, suggesting that gut-independent pathogenic pathways may 

operate in a substantial subset of patients [2,6]. A cross-disease genetic analysis of five 

chronic inflammatory diseases found that the strong comorbidity between PSC and IBD 

is best explained by biological pleiotropy—shared genetic effects acting through partially 

overlapping pathways—rather than by heterogeneity or diagnostic misclassification, and 

concluded that PSC-IBD is “likely the result of a unique disease, which is genetically 

distinct from classical inflammatory bowel disease phenotypes” [7]. These observations 

underscore that PSC encompasses substantial biological heterogeneity, and that the 

relationship between PSC and IBD cannot be adequately captured by any single 

pathogenic model. This distinction is further supported by genetic and molecular 

evidence. The largest genome-wide association study of PSC demonstrated that the 

genome-wide genetic correlation between PSC and ulcerative colitis is only modest, and 

that between PSC and Crohn’s disease is negligible, with approximately half of PSC 

susceptibility loci showing little or no association with IBD and instead overlapping with 

autoimmune diseases such as type 1 diabetes and celiac disease [8,9]. At the mucosal level, 

single-cell transcriptomic and spatial analyses have revealed that the PSC-UC colon 

harbors distinct region-specific microbial communities and an enrichment of activated 

CD8 T and γδ T cells in the right colon, even in the absence of histological inflammation, 

indicating that PSC-UC and UC are fundamentally different at the tissue level [10]. 

Moreover, the development of de novo IBD in 14–30% of patients within 10 years after 

liver transplantation (LT) for PSC further challenges a simple cause-and-effect 

relationship between intestinal and hepatobiliary disease [11,12]. Conversely, the aberrant 

hepatic expression of MAdCAM-1 and CCL25—normally restricted to the gut—and the 

consequent recruitment of α4β7-expressing mucosal lymphocytes to the liver provide a 

mechanistic link between intestinal and biliary inflammation; however, the failure of 

vedolizumab (anti-α4β7) to improve liver biochemistry despite effective control of IBD 

suggests that gut lymphocyte trafficking alone does not fully explain PSC pathogenesis 

[9,13,14]. 

Current evidence supports a role for the gut–liver axis in PSC-IBD, involving genetic 

susceptibility, immune dysregulation, intestinal barrier dysfunction, microbial factors, 

and altered bile acid homeostasis [3,15–17]. Microbial alterations are closely linked to 
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changes in intestinal barrier function, mucosal immunity, and bile acid metabolism. 

Whether they contribute to PSC pathogenesis or result from cholestasis and intestinal 

inflammation remains unclear. The pathophysiology can be conceptualized as a triad of 

gut dysbiosis, altered bile acid metabolism, and immune-mediated biliary injury, in which 

bile acids shape the gut microbiome while gut microbes alter bile acid profiles, creating a 

bidirectional and potentially self-reinforcing cycle [17]. However, this conceptual 

framework, while heuristically useful, should be recognized as a working model rather 

than an established mechanism. The relative contribution of each component—dysbiosis, 

bile acid perturbation, and immune-mediated biliary injury—likely varies across PSC 

phenotypes (large-duct vs. small-duct, with vs. without IBD, pediatric vs. adult), and the 

directionality and hierarchy of these interactions remain largely hypothetical [18,19]. 

Disruption of the intestinal barrier allows microbial products to enter the portal 

circulation, stimulating hepatic immune cells and triggering biliary inflammation through 

pathways involving FXR and TGR5 signaling [20]. Notably, the dysbiosis in PSC extends 

beyond bacteria: patients with PSC harbor a distinct fungal gut microbiota (mycobiome), 

characterized by increased Exophiala and decreased Saccharomyces species, with a 

marked disruption of bacteria–fungi interkingdom correlation networks, suggesting that 

host–mycobiome interactions represent an underappreciated component of pathogenesis 

[21]. Preliminary evidence from fecal microbiota transplantation studies—in which FMT 

increased bacterial diversity and engraftment correlated with decreased alkaline 

phosphatase levels—provides early support for a causal role of the microbiome, although 

clinical responses have been modest and inconsistent [22,23]. Advances in imaging, 

molecular biology, and microbiome research have improved understanding of disease 

mechanisms, yet major gaps persist between pathophysiological insights and effective 

clinical translation [1,15,17,24,25]. 

Despite growing awareness, the natural history of PSC-IBD remains unpredictable, 

therapeutic options are limited, and the risk of malignancy remains substantial [1,2,5]. 

This review is organized around five interconnected domains of unmet need in PSC-IBD: 

(1) diagnostic gaps, including underdiagnosis of subclinical disease, limitations of current 

imaging and histological criteria, and the absence of validated non-invasive biomarkers; 

(2) mechanistic gaps, particularly the incomplete understanding of the gut–liver axis, the 

relative contributions of microbiota, bile acids, and immune trafficking, and the lack of 

actionable therapeutic targets derived from pathogenetic insights; (3) therapeutic gaps, 

including the absence of any disease-modifying therapy for PSC, the dissociation between 

biochemical improvement and clinical benefit, and the limited evidence base for IBD-

directed therapies on cholangiopathy outcomes; (4) surveillance gaps, including 

inconsistencies among guideline recommendations, the uncertain cost-effectiveness of 

intensive protocols, and the lack of validated risk-stratification tools to individualize 

monitoring; and (5) research design gaps, including the reliance on surrogate endpoints, 

the scarcity of large-scale multicenter trials, and the need for composite, clinically 

meaningful outcome measures. Each section of this review presents the current evidence 

within the framework of these unmet needs, aiming to identify priorities that should 

guide future research and clinical strategies. 

2. Literature Search 

This narrative review was based on a focused search of PubMed/MEDLINE and 

Embase, last updated in July 2026. Search terms included “primary sclerosing 

cholangitis”, “inflammatory bowel disease”, “PSC-IBD”, “ulcerative colitis”, “Crohn’s 

disease”, “microbiome”, “cholangiocarcinoma”, “surveillance”, “liver transplantation”, 

and “clinical trials”. Priority was given to international guidelines, systematic reviews and 

meta-analyses, randomized trials, prospective cohort studies, and key mechanistic studies 
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relevant to PSC-IBD. Reference lists of selected articles and guidelines were also reviewed 

to identify additional relevant publications. No formal systematic-review methodology or 

quantitative synthesis was applied. 

3. Epidemiology of the PSC-IBD Association 

PSC is a rare disease with marked geographic variation in incidence. In Europe, 

incidence ranges from approximately 0.1 per 100,000 in Southern countries to over 1.5 per 

100,000 in Northern regions [26,27]. IBD is reported in 20–80% of PSC patients, with 

substantial geographic variability [28]. This association is likely underestimated because 

colonoscopy has not been systematically performed in all PSC cohorts [3]. Guidelines 

recommend colonoscopy with random biopsy at PSC diagnosis and regular surveillance 

thereafter due to the high colorectal cancer (CRC) risk [1,2]. While compliance with the 

first colonoscopy is high (89–92%), adherence to subsequent procedures after a negative 

result drops markedly (40%), leading to underdiagnosis of IBD in PSC patients [29]. 

Histological assessment often detects subclinical colonic inflammation missed by 

endoscopy alone. In a cohort of PSC patients undergoing ileocolonoscopy with segmental 

biopsies, inflammatory changes were detected significantly more often on histology than 

on endoscopy (89% vs. 47%), indicating that a substantial proportion of inflammation may 

be missed in the absence of routine random biopsies [30]. Similarly, pediatric PSC-IBD 

frequently shows subclinical inflammation despite clinical remission [31]. 

While IBD may be underestimated in PSC (Figure 1), the true prevalence of PSC 

among patients with IBD is also uncertain. Reported prevalence ranges from 2% to 14%, 

reflecting differences in diagnostic approaches and populations. However, an additional 

major determinant is IBD subtype: PSC is consistently more prevalent in UC than in CD, 

with intermediate or higher estimates reported in IBD-unclassified. In a systematic review 

and meta-analysis, the pooled prevalence of PSC was 2.16% in IBD overall, 2.47% in UC, 

0.96% in Crohn’s disease (CD), and 5.01% in IBD-unclassified [4]. Prevalence increases 

when imaging such as magnetic resonance cholangiopancreatography (MRCP) is 

systematically performed, reflecting the long subclinical phase of PSC. This prolonged 

silent phase makes underdiagnosis particularly likely in IBD populations [3,4]. Notably, 

Lunder et al. found PSC about 3 times more often in long-term IBD when MRCP is 

performed outside stringent clinical indications [32]. 

A UK study shows that the prevalence of PSC-IBD is rising faster than that of IBD 

alone. This trend cannot be attributed solely to improved diagnostic capability, suggesting 

a true increase in disease burden [33]. The projected prevalence in the UK in 2027 is 

estimated to reach 13.3 per 100,000 population, up from 5.7 per 100,000 in 2015. This 

growing burden will likely place additional demands on national healthcare systems [33]. 

Geographic differences should also be considered, as most population-based data derive 

from Western countries. Recent Asian data suggest a lower prevalence of PSC among 

patients with IBD and a milder presentation in more recent diagnostic eras, while data 

from China also indicate lower PSC prevalence than in Western populations and marked 

regional variation [34,35]. A multinational study across six Asian countries (n = 51,314 IBD 

patients) reported a PSC prevalence of 0.92% in IBD overall (1.4% in UC and 0.13% in CD), 

substantially lower than the pooled Western estimate of 2.16% [35]. In more recent 

diagnostic eras, Asian patients with PSC-IBD presented with fewer symptoms, lower 

alkaline phosphatase (ALP) levels, and better liver function scores, while the increased 

use of MRCP was associated with earlier detection and milder disease severity [35]. Data 

from South Asia are even more limited. In a large Chinese population-based study of over 

44,000 patients with IBD, PSC was uncommon, occurring in approximately 0.5% of 

patients with UC and 0.2% of those with CD [36]. A scoping review of IBD in South Asia 

similarly found PSC to be rare among Indian IBD cohorts, although specific prevalence 
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estimates were not reported [37]. In Japan, a 2019 nationwide hospital-based survey 

estimated the point prevalence of PSC at 1.80 per 100,000 population, nearly double the 

0.95 per 100,000 reported in a 2007 survey, with a shift in the male-to-female ratio from 

1:1.4 to 1:0.88 [38]. A single-center Japanese study reported a cumulative PSC risk of 3.0% 

in patients with UC and a PSC-UC comorbidity rate of 53.6%, substantially higher than 

the 34% reported in the earlier nationwide survey, suggesting that PSC-UC may be 

increasing in Japan in parallel with the rising prevalence of UC [39]. These data suggest 

that the epidemiology of PSC-IBD in East Asia may be evolving and that earlier estimates 

may underestimate the true burden. These differences may reflect genetic background, 

environmental exposures, IBD phenotype, diagnostic intensity, and healthcare access. 

Longitudinal temporal trends also vary by region. While the UK study projects a rising 

prevalence of PSC-IBD, the Asian multinational study found that more recent diagnostic 

eras were associated with milder presentations and longer time to LT, suggesting that 

increased diagnostic intensity, particularly greater MRCP availability, may be shifting the 

clinical spectrum toward earlier and less severe disease in some populations [35]. In Japan, 

the near-doubling of PSC prevalence between 2007 and 2016 may reflect both a true 

increase in incidence and improved diagnostic ascertainment [38]. 

 

Figure 1. Underestimation of PSC–IBD and its impact on epidemiological estimates. Diagnosed 

PSC–IBD represents only a fraction of the true disease burden. Long subclinical phases and 

incomplete case findings—particularly when colonoscopy and systematic biopsies are not routinely 

performed—contribute to underdiagnosis and to wide variation in reported prevalence across 

cohorts and regions. 

Mortality differences further support the prognostic impact of PSC in patients with 

IBD. Population-based data consistently demonstrate that PSC-IBD is associated with 

substantially worse outcomes than IBD alone. In a nationwide English cohort of 284,560 

incident IBD cases, development of PSC was associated with a 3.2-fold increased risk of 

death (HR 3.20; p < 0.001), with the greatest mortality difference observed in patients 

diagnosed with IBD before the age of 40 years (incidence rate ratio > 7), compared with 

those diagnosed after the age of 60 years (incidence rate ratio < 1.5). LT and PSC-related 

events accounted for approximately 75% of clinical events in the younger group versus 

https://doi.org/10.3390/livers6040075


Livers 2026, 6, 75 6 of 54 
 

https://doi.org/10.3390/livers6040075 

31% in the older group [5]. Two large database studies using propensity-matched designs 

confirmed the adverse prognostic impact of concomitant PSC in IBD, reporting mortality 

hazard ratios of 1.69 (95% CI 1.46–1.96) [40] and 2.26 (95% CI 1.85–2.75) [41], respectively. 

Although the difference in effect size likely reflects variations in matching strategies and 

outcome definitions, both studies consistently demonstrated increased mortality, 

hospitalization, and colorectal cancer risk in PSC-IBD. A population-based pediatric 

cohort from the EPIMAD Registry found that cancers were 28 times more frequent (SIR 

27.9; 95% CI 7.0–111.7) and death was 13 times more frequent (SMR 13.3; 95% CI 3.3–53.4) 

in pediatric-onset IBD-PSC compared with the general population, whereas no increased 

risk was observed in pediatric IBD without PSC [42]. Interestingly, a recent systematic 

review and meta-analysis comparing PSC with IBD versus PSC alone found that PSC-IBD 

was associated with a lower risk of all-cause mortality or LT compared with PSC alone 

(HR 0.77; 95% CI 0.62–0.97), but with an increased risk of hepatopancreatobiliary cancer 

(HR 2.37; 95% CI 1.35–4.15) [43]. The lower all-cause mortality in PSC-IBD may reflect 

earlier diagnosis and more intensive hepatobiliary surveillance in patients identified 

through IBD follow-up, whereas the increased hepatopancreatobiliary cancer risk may 

reflect the additive carcinogenic effects of chronic colonic and biliary inflammation. These 

findings suggest that the prognostic impact of IBD in PSC is complex and direction-

dependent. Data specifically separating colorectal cancer-related mortality from overall 

cancer-related mortality in PSC-IBD remain limited, representing an important gap for 

future population-based studies [44]. 

Unmet need. The true burden of PSC-IBD remains uncertain due to geographic 

heterogeneity in diagnostic intensity, inconsistent use of MRCP screening in IBD 

populations, and the absence of prospective population-based registries that 

systematically capture both hepatobiliary and intestinal disease dimensions. 

Standardized, internationally harmonized case-finding strategies—including systematic 

MRCP in high-risk IBD subgroups—are needed to define the actual prevalence and 

inform healthcare resource planning. 

4. Definition and Diagnostic Framework of PSC-IBD 

The non-random co-occurrence of PSC and IBD, their shared but incomplete genetic 

architecture, and the distinctive intestinal inflammatory phenotype observed in PSC all 

support the concept that PSC-IBD represents more than the incidental coexistence of two 

unrelated conditions. However, the precise nature of this relationship remains 

unresolved. Three competing models have been proposed: (a) PSC as an extraintestinal 

manifestation of IBD; (b) PSC and IBD as two distinct diseases that share a common 

genetic and environmental susceptibility, leading to a dual phenotype; and (c) PSC-IBD 

as a unified disease process driven by shared gut–liver pathogenic mechanisms. Each 

model is supported by some evidence but contradicted by other observations [1,3]. A 

fourth perspective has been proposed by Ellinghaus et al., who suggested that PSC-IBD 

may represent a genetically unique disease entity distinct from both classical PSC and 

classical IBD, based on cross-disease pleiotropy analysis [7]. This model is not mutually 

exclusive with the others but highlights that the genetic architecture of PSC-IBD may not 

be reducible to a simple combination of PSC and IBD susceptibility. The coexistence of 

these competing frameworks reflects the genuine biological complexity of the PSC-IBD 

relationship and argues against premature adoption of any single unifying model. 

At the hepatic level, PSC is a chronic large bile duct cholangiopathy affecting the 

intra- and extrahepatic bile ducts, leading to progressive fibrosis, multifocal stricturing, 

and ultimately to biliary cirrhosis and its complications [1,2,45]. At the intestinal level, 

PSC is most frequently associated with UC and less commonly with CD. However, in the 

setting of PSC, IBD often exhibits distinctive clinical and endoscopic features, supporting 
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the concept of a PSC-associated IBD phenotype that does not entirely overlap with 

conventional UC or CD (IBD-unclassified) [3,30,31]. Nevertheless, conventional IBD 

categories remain necessary for treatment decisions, surgical planning, cancer 

surveillance, and comparison across studies, even if they do not fully capture the peculiar 

pattern of intestinal inflammation observed in PSC. A structured diagnostic approach also 

requires exclusion of PSC mimickers and secondary sclerosing cholangitis, which are 

discussed in detail in the differential diagnosis section. 

The persistence of PSC after colectomy, the development of de novo IBD after LT, 

and the failure of IBD-directed therapies to modify cholangiopathy all argue against a 

simple unified model [3]. Conversely, the aberrant hepatic expression of gut-homing 

molecules, including MAdCAM-1 and CCL25, and the distinctive mucosal immune 

profile of PSC-UC support at least partially shared pathogenic mechanisms [10,13]. Until 

this question is resolved, PSC-IBD is best regarded as a clinically distinct phenotype—or, 

more precisely, a spectrum of phenotypes—whose underlying pathogenic architecture 

remains incompletely defined and may differ across patient subgroups according to age 

at onset, ductal involvement, IBD subtype, and autoimmune overlap features [6,18]. 

Recognizing PSC-IBD as a clinically distinct phenotype, regardless of which pathogenic 

model ultimately prevails, has implications for diagnosis, surveillance, and therapeutic 

strategies [3,15,17]. 

In PSC-IBD, diagnostic accuracy depends on multidisciplinary integration rather 

than reliance on isolated findings. PSC-IBD diagnosis relies on the integration of clinical, 

biochemical, radiological, and histological data. Histology should therefore be interpreted 

within the broader clinical and diagnostic context. When detached from clinical 

presentation, biochemical patterns, serological profiles, cholangiographic findings, and 

genetic predisposition, liver biopsy may lead to diagnostic misinterpretation. 

Unmet need. Despite growing recognition of PSC-IBD as a distinct phenotype, no 

consensus diagnostic criteria specific to PSC-IBD exist. The current reliance on 

conventional IBD classification systems, including the Montreal and Paris classifications, 

does not capture the distinctive intestinal inflammatory pattern observed in PSC, while 

the absence of validated non-invasive biomarkers for early PSC detection in IBD 

populations limits timely diagnosis. The development of PSC-IBD-specific diagnostic 

algorithms integrating clinical, biochemical, cholangiographic, and molecular data 

represents a priority. 

5. PSC-IBD in the Pediatric Setting 

PSC-IBD in children raises the question of whether it represents a distinct phenotype 

or an early phase of a broader pathogenic continuum. Kellermayer et al. proposed a 

“developmental window of opportunity” and an “Early PSC-IBD-AIH overlap,” although 

the biological relationship between pediatric and adult disease remains incompletely 

defined. Their proposal—that all PSC originates from a complex “Early PSC-IBD-AIH 

overlap” along an age-dependent continuum—remains a hypothesis rather than 

established evidence. The authors themselves describe this framework as speculative, and 

prospective longitudinal data bridging pediatric and adult cohorts are lacking to confirm 

or refute it [46]. 

In children, PSC-IBD more often presents a prominent inflammatory phenotype 

affecting both the liver and intestine. Autoimmune liver features and autoimmune 

hepatitis (AIH) overlap are more common than in adults. This contrasts with adult 

disease, where fibrotic and stenosing features predominate. Moreover, small-duct PSC 

(sdPSC) appears to be relatively more common in children, further reinforcing the concept 

of an early-stage disease, in which inflammatory injury precedes the development of overt 
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cholangiographic strictures. In early disease, histological bile duct injury may precede 

detectable imaging abnormalities [1,31,47,48]. 

Whether these differences define a separate nosological entity or are best understood 

as temporal and biological gradients within the same disease spectrum remains an open 

question. The largest pediatric cohort study, including 781 children, found that small-duct 

PSC and PSC-IBD were associated with a favorable prognosis, and some pediatric patients 

with small-duct PSC may never progress to large-duct disease [49]. In mixed-age cohorts 

of small-duct PSC, approximately 23% of patients progress to large-duct disease over 5–

14 years [2]. Whether this estimate applies specifically to pediatric PSC remains uncertain. 

The transition from inflammation to irreversible bile duct fibrosis is neither abrupt nor 

uniform, but appears directionally consistent across age groups [1,3,47]. 

This perspective has potential therapeutic implications. The inflammatory 

predominance in children may represent a therapeutic window before irreversible fibrosis 

develops [1,31,47]. In adults, diagnosis often occurs later, when fibrotic changes are 

already established. 

Overall, pediatric PSC-IBD may represent an earlier and more inflammatory 

presentation within the PSC spectrum, rather than a fully separate disease entity. 

However, the higher prevalence of AIH overlap in children—reported in up to 35% of 

cases according to the American Association for the Study of Liver Diseases (AASLD) 

guidance—may reflect a genuinely distinct immunopathogenic mechanism rather than 

simply an earlier disease stage [2]. A multicenter ESPGHAN study of very early-onset 

PSC-IBD, diagnosed before 6 years of age, found that 92% of patients met criteria for PSC-

AIH overlap, compared with 67.5% of older children. Baseline PSC characteristics were 

otherwise similar, although biliary complications developed earlier in the very early-onset 

group [50]. These findings suggest that the immunopathogenic landscape of pediatric 

PSC-IBD may be qualitatively different from that of adult disease, rather than merely 

shifted along a temporal continuum. Prospective studies are needed to clarify its 

relationship with adult fibrotic and stenosing disease. Timely diagnosis, appropriate 

surveillance, and the development of stage-adapted therapeutic strategies are essential. 

Unmet need. Prospective longitudinal studies bridging pediatric and adult cohorts 

are lacking. Whether the inflammatory predominance in children represents a true 

therapeutic window—and whether early intervention can prevent progression to 

irreversible fibrosis—remains untested. Pediatric-specific clinical trials and validated 

transition-of-care protocols are urgently needed. 

6. Small-Duct Primary Sclerosing Cholangitis and Its Association  

with IBD 

SdPSC is a variant characterized by inflammation confined to intrahepatic bile ducts 

with normal MRCP findings [1,51]. The AASLD guidance and the international cohort by 

Weismüller et al. report that approximately 10% of patients have small-duct disease, 

whereas pediatric series have reported frequencies of 13–24% [2,6,47,49]. The AASLD 

guidance explicitly states that whether small-duct PSC represents a separate entity or an 

early or mild form of PSC remains controversial [2]. Available evidence is conflicting. A 

dual-center magnetic resonance imaging (MRI) follow-up study found that more than half 

of patients with sdPSC developed cholangiographic changes consistent with large-duct 

PSC over a mean interval of 10.6 years, supporting the early-stage hypothesis [52]. 

Conversely, the multicenter study by Björnsson et al. found that only 22.9% of patients 

progressed to large-duct disease over a median follow-up of 7.4 years and that 

cholangiocarcinoma did not occur unless progression to large-duct involvement had 

taken place [53]. Furthermore, a recent study showed that isolated intrahepatic PSC has 

clinical characteristics and outcomes similar to those of small-duct PSC, suggesting that 
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ductal phenotype may define prognostically meaningful subgroups within the PSC 

spectrum [54]. The diagnostic and prognostic landscape of sdPSC therefore remains 

incompletely understood, highlighting a significant unmet need in clinical hepatology. 

Diagnosis relies primarily on liver histology, as imaging is non-diagnostic (Figure 2). 

Histological findings may include periductal fibrosis, ductopenia, and ductular reaction. 

None of these features is pathognomonic, complicating clinical decision-making [45]. 

Therefore, sdPSC should not be regarded as a single homogeneous entity, but rather as a 

diagnostic category that may include early-stage PSC and other small-duct 

cholangiopathies that may mimic PSC. In this setting, the coexistence of IBD may 

substantially increase diagnostic confidence [45]. 

 

Figure 2. Diagnostic approach to small-duct primary sclerosing cholangitis (sdPSC). Abbreviations: 

PSC, primary sclerosing cholangitis; sdPSC, small-duct primary sclerosing cholangitis; IBD, 

inflammatory bowel disease; ANA, antinuclear antibodies; AMA, antimitochondrial antibodies; 

MRCP, magnetic resonance cholangiopancreatography. Secondary causes are grouped as: immune-

mediated (IgG4-related cholangitis); ischemic (critical illness, hepatic artery thrombosis, intra-

arterial chemotherapy); infectious (HIV/AIDS cholangiopathy, recurrent pyogenic cholangitis, 

parasitic disease); iatrogenic/traumatic (post-cholecystectomy or anastomotic biliary injury); and 

obstructive or neoplastic (choledocholithiasis, cholangiocarcinoma, diffuse metastatic or infiltrative 

disease). 

IBD is reported in up to 80% of patients with sdPSC, with a distribution that slightly 

differs from that observed in large-duct PSC. While UC remains predominant 

(approximately 78%), CD accounts for a larger proportion of cases (around 21%) 

compared to its frequency in PSC, suggesting a potentially distinct immunological 

phenotype [51,53]. Available data suggest that the risk of CRC may be lower than in large-

duct PSC; nevertheless, patients with concomitant IBD should continue colorectal cancer 

surveillance according to PSC-IBD recommendations [1,2,55]. The substantially lower risk 

of hepatobiliary malignancy has direct implications for surveillance. The AGA Clinical 

Practice Update recommends against routine cholangiocarcinoma surveillance in patients 

with small-duct PSC, unless progression to large-duct disease occurs [56]. Therefore, 
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whether sdPSC represents a distinct entity or an early phase of conventional PSC is not 

merely a nosological question but directly influences surveillance intensity and risk 

communication. In the absence of IBD, the diagnosis of sdPSC becomes more uncertain 

and should prompt careful exclusion of alternative causes of small-duct cholangiopathy. 

Histological features of sdPSC may overlap with genetic cholangiopathies, including the 

spectrum of ABCB4-related disease [57], as well as other genetic biliary disorders. 

Therefore, genetic testing with an appropriate cholestasis genes panel is strongly 

recommended in patients without concomitant IBD [2,57]. 

Overlap with AIH adds another layer of diagnostic complexity, particularly in 

pediatric populations, where up to 52% of children with large-duct PSC (ldPSC) fulfill 

criteria for autoimmune sclerosing cholangitis (ASC). These patients often present with 

elevated alanine aminotransferase (ALT) and immunoglobulin G (IgG) levels and may 

benefit from immunosuppressive therapy. However, distinguishing overlap forms from 

“pure” PSC remains a clinical challenge, and standard criteria may not fully capture this 

[47,48,58]. 

In summary, while sdPSC is often perceived as a benign or indolent variant, it 

represents a diagnostically complex and frequently IBD-associated form of PSC. 

Integration of histology with clinical context is essential for accurate diagnosis and 

management. 

Unmet need. The natural history of sdPSC remains insufficiently characterized, with 

limited data on long-term progression rates, predictors of evolution to large-duct disease, 

and malignancy risk. The absence of pathognomonic histological features and the overlap 

with genetic cholestasis/cholangiopathies create diagnostic uncertainty, particularly in 

patients without IBD. Prospective registries and standardized histological criteria for 

sdPSC are needed. 

7. Pathogenesis of PSC-IBD: Microbiota, Genetics, and  

Immune Mechanisms 

Understanding the mechanisms underlying inflammation and fibrosis in PSC 

represents one of the most critical unmet needs in the field, as the absence of validated 

therapeutic targets is a direct consequence of incomplete pathogenetic knowledge. Several 

hypotheses attempt to explain these mechanisms, but none has yet been translated into 

effective therapy. A systematic review comparing immune activation patterns in PSC 

(with or without IBD) and IBD alone found that PSC is characterized by upregulation of 

T helper 17 (Th17) responses and downregulation of regulatory T-cell (Treg) function, a 

profile that distinguishes PSC from IBD-only and suggests that PSC-specific immune 

dysregulation operates at least partly independently of intestinal inflammation [59]. This 

finding reinforces the view that PSC and IBD, even when co-occurring, involve non-

identical immune mechanisms. The close relationship between PSC and IBD has raised 

doubts that PSC was only an extraintestinal manifestation of IBD and that isolated PSC is 

a separate entity. Several pathogenic hypotheses support partially shared gut–liver 

mechanisms between PSC and IBD, although PSC-IBD should not be interpreted as a 

uniform disease process [3]. One of the most relevant pathogenetic hypotheses suggests 

that IBD may be the primary trigger of the disease [60]. Dysregulation of the immune 

system and impairment of the intestinal barrier at the level of the biliary tract constitute 

central elements. The gut microbiota plays a crucial role in pathogenesis, highlighting the 

close association between these diseases, although its contribution has yet to be fully 

elucidated [61]. In addition, recent advances in genome-wide association studies (GWAS) 

are providing a deeper understanding of the molecular mechanisms involved, although 

the overall pathogenesis remains largely poorly understood [8,62]. 
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7.1. An Integrative Framework 

Conceptually, the pathogenesis of PSC-IBD can be organized as a sequential but 

bidirectional cascade operating along the gut–liver axis (Supplementary Figure S1) 

[17,20,63]. In genetically susceptible individuals, environmental triggers—including 

microbial shifts and altered bile acid profiles—disrupt intestinal barrier integrity, enabling 

translocation of microbial products, including lipopolysaccharide and pathobiont-

derived outer membrane vesicles, into the portal circulation [64,65]. In parallel, gut-

primed lymphocytes expressing α4β7 integrin and CCR9 are aberrantly recruited to the 

liver through ectopic hepatic expression of MAdCAM-1 and CCL25, establishing a 

cellular bridge between intestinal and biliary inflammation [9,66]. Within the liver, these 

convergent signals—microbial products via TLR4/NLRP3 pathways and recruited 

immune cells via adaptive and innate mechanisms—activate cholangiocytes, which 

transition from passive targets of injury to active effectors through the acquisition of a 

senescence-associated secretory phenotype (SASP) and the secretion of profibrogenic 

mediators including IL-6, IL-8, CCL2, and PAI-1 [67–69]. Senescent cholangiocytes, in 

turn, engage portal fibroblasts—the first responders to biliary injury and the primary 

collagen-producing cells in cholestatic fibrosis—generating the characteristic concentric 

“onion-skin” periductal fibrosis [70–72]. Simultaneously, cholestasis itself amplifies the 

cycle: retained bile acids alter gut microbial composition, further disrupt the intestinal 

barrier, and directly promote cholangiocyte injury and proliferation, creating a self-

reinforcing loop [73,74]. Over time, the sustained fibroinflammatory microenvironment—

characterized by chronic cholangiocyte activation, SASP-driven paracrine signaling, peri-

biliary gland hyperplasia, and accumulation of DNA damage—may provide the substrate 

for neoplastic transformation and chol-angiocarcinoma development [75–77]. This 

integrated framework, while supported by converging lines of evidence from human 

tissue studies, preclinical models, and single-cell analyses, remains a working model: the 

temporal sequence, the relative weight of each component, and the points at which the 

cascade becomes self-sustaining independently of the initiating trigger are incompletely 

defined. The subsections that follow examine each component of this framework in detail. 

7.2. Intestinal Microbiota 

Several lines of evidence support a role for intestinal dysbiosis in PSC pathogenesis. 

Current models propose that environmental and genetic factors disrupt the biliary 

mucosal barrier and bile acid homeostasis, promoting biliary fibrosis and 

cholangiocarcinogenesis [15]. Within the integrated gut–liver framework outlined above, 

dysbiosis operates both as a potential initiating factor—by generating proinflammatory 

metabolites and disrupting barrier integrity—and as a downstream consequence of 

cholestasis-induced changes in bile acid composition, illustrating the bidirectional nature 

of the pathogenic cascade. 

PSC is associated with an enrichment of potentially pro-inflammatory bacteria such 

as Veillonella, Streptococcus, Enterococcus, and a reduction in beneficial short-chain fatty 

acid producers [16,61] (Table 1). Metagenomic analyses have shown that PSC is associated 

with reduced microbial diversity and functional alterations involving bile acid and amino 

acid metabolism, which correlate with adverse liver-related outcomes [78,79]. Microbiome 

alterations in PSC extend beyond the intestine, as distinct salivary signatures have been 

described, partly overlapping with fecal dysbiosis and independent of IBD comorbidity 

[61]. Beyond bacterial communities, non-bacterial components of the intestinal 

microbiome may also be relevant. Altered fungal communities have been described in 

PSC [21,80], whereas the intestinal virome remains largely unexplored in PSC and PSC-

IBD. Evidence from IBD suggests that disease-associated changes in virome composition 

and phage–bacteria interactions may influence mucosal immune activation and epithelial 
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barrier integrity [81,82]. Gut virome dysbiosis in IBD is primarily driven by an expansion 

of Caudovirales bacteriophages and a loss of mucosal virome diversity, with disrupted 

phage–bacteria ecological networks that may perpetuate dysbiosis [83,84]. 

Bacteriophages can also directly modulate mucosal immunity: experimental studies 

have demonstrated that phage DNA stimulates IFN-γ production via the nucleotide-

sensing receptor TLR9, and that phage expansion exacerbates colitis through this 

pathway, with mucosal IFN-γ levels correlating with bacteriophage abundance in 

ulcerative colitis patients [85]. In addition to bacteriophages, eukaryotic viruses may 

contribute to IBD-associated immune dysregulation. Metagenomic studies have reported 

enrichment of Anelloviridae—particularly Torque teno virus (TTV) species—in the fecal 

virome of patients with Crohn’s disease, with TTV abundance linked to immune 

disequilibrium and autoimmunity-related molecular mimicry [86]. Furthermore, 

members of the Herpesviridae family, including Epstein–Barr virus and cytomegalovirus, 

are frequently detected in the colonic mucosa of IBD patients at rates significantly higher 

than in immunocompetent controls, and have been identified as risk factors for IBD 

development and exacerbation [87–89]. Whether analogous virome alterations—

involving bacteriophages, Anelloviridae, or Herpesviridae—contribute to hepatobiliary 

inflammation or disease progression in PSC-IBD remains unknown and represents an 

important area for future investigation. To further elucidate the role of the gut-liver axis 

in the pathogenesis of PSC, Liao et al. demonstrated in a mouse model of Mdr2-/- 

deficiency that the loss of the phospholipid transporter Mdr2 triggers a cholestatic 

response, inducing intrahepatic sclerosing cholangitis. By analyzing the Mdr2-/- 

microbiota, they highlighted a reduced species diversity and significant alterations in the 

Lachnospiraceae family, which plays a key role in secondary bile acid formation, as well 

as increased NLRP3 inflammasome activation in Mdr2-/- dysbiotic mice, leading to 

disrupted intestinal barrier integrity and translocation of endotoxins into the portal vein 

[74]. Recent metagenomic data in PSC-IBD patients confirmed enrichment of specific bile 

acid-modifying taxa and alterations in secondary bile acid profiles correlating with liver 

fibrosis [79]. 

These findings provide a biological rationale for microbiota-targeted interventions, 

discussed in the therapeutic section. 

In summary, PSC is associated with reduced gut microbial diversity and distinct 

taxonomic and functional profiles. Although reduced microbial diversity is a hallmark of 

IBD, PSC-associated dysbiosis should not be interpreted solely as a consequence of colonic 

inflammation [16]. Several studies have reported overlapping microbial alterations in 

patients with PSC with and without IBD, while showing differences from IBD-alone 

cohorts [16,78]. These findings suggest that the microbial signature of PSC may be at least 

partly disease-specific and linked to gut–liver axis perturbations, altered bile acid 

metabolism, and cholestasis. Whether these microbial alterations contribute to PSC 

pathogenesis, represent a consequence of liver disease, or act as disease modifiers remains 

unclear. 

Unmet need. The causal role of dysbiosis in PSC pathogenesis remains unproven. 

Current evidence is largely cross-sectional and cannot distinguish cause from 

consequence. Longitudinal studies with serial microbiome sampling before and after PSC 

diagnosis, combined with functional validation in gnotobiotic and humanized mouse 

models, are needed to establish causality and identify actionable microbial targets. 
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7.3. Genetic Risk 

PSC is approximately ten times more common among first-degree relatives of 

patients, and genetic studies have identified several risk loci, highlighting its hereditary 

component [3]. Within the integrated pathogenic framework, genetic susceptibility—

particularly HLA variants and non-HLA loci involved in immune regulation—is best 

understood as the background upon which environmental and microbial triggers act, 

determining individual vulnerability to the gut–liver cascade described above. However, 

there is limited genetic overlap between PSC (with or without IBD) and IBD. A much 

stronger genetic correlation exists between CD and UC. About half of the PSC-associated 

genes overlap with those linked to IBD, and genetic studies estimate a relatively low 

comorbidity rate of around 1.6%. This is considerably lower than the roughly 60% 

comorbidity observed clinically in patients with UC [8]. This disparity indicates that 

common genetic variants alone cannot explain the high PSC-IBD comorbidity. A 

Mendelian randomization study corroborated a causal association between genetically 

predicted PSC and UC but found no significant causal evidence for an association between 

PSC and CD, further supporting the specificity of the PSC-UC genetic link and arguing 

against a uniform PSC-IBD genetic architecture [90]. These findings are consistent with 

the observation by Ji et al. that approximately half of PSC susceptibility loci show little or 

no association with IBD and instead overlap with autoimmune diseases such as type 1 

diabetes and celiac disease, suggesting that PSC pathogenesis involves immune pathways 

that are not captured by IBD-centric models [8]. Rare variants might play a role, as GWAS 

may not fully capture shared genetic influences. Additionally, PSC shares susceptibility 

loci with other autoimmune diseases, pointing to an autoimmune component in its 

pathogenesis and aligning with the increased prevalence of autoimmune disorders in PSC 

patients [62]. 

Previous studies have demonstrated a strong association between PSC and specific 

HLA haplotypes, suggesting a potential genetic role in its pathogenesis. Key alleles, 

including HLA-B8, -DR3, -DR2, -DR6, and -DQ, have been linked to increased 

susceptibility [55]. Schrumpf et al. observed higher frequencies of HLA-B8 and -DR3 in 

patients with both PSC and UC compared to those with UC alone [91]. Further analyses 

also identified HLA-DR2 as significant in HLA-DR3-negative cases [92]. Additional 

investigations into markers such as MICA5.1 and MICB24 support this genetic association 

[93]. While these findings indicate a genetic association, additional research is needed to 

better define the precise role of these markers in PSC. 

GWASs have identified several genetic loci associated with PSC through SNP 

markers, with large patient samples providing strong statistical power. Srivastava et al. 

found associations between PSC and loci 3p21, 10p15 (IL2RA), and 4q27 (IL-2/IL-21), 

highlighting the significant role of the IL-2/IL2RA pathway in PSC. Other identified loci 

include 1p36 (MNEL1, TNFRSF1), 19q13 (FUT2), 2q37 (GPR35), 18q21 (TCF4), and 2q13 

(BCL2L11), with the latter involved in apoptosis of autoreactive T cells [94]. Additionally, 

another study identified two non-HLA loci, 2p16 (REL) and 9q34 (CARD9), associated 

with PSC, which play roles in inflammatory signaling and innate immune activation [95]. 

These findings further support the hypothesis of a genetic predisposition to PSC, with 

several loci influencing immune regulation and inflammation. However, further research 

is needed to fully understand the functional implications of these genetic associations. 

Unmet need. Despite the identification of numerous risk loci, the functional 

consequences of most PSC-associated genetic variants remain unknown. The gap between 

genetic discovery and mechanistic understanding limits the translation of GWAS findings 

into diagnostic or therapeutic applications. Functional genomic studies, including 

CRISPR-based perturbation screens in cholangiocyte and immune cell models, and 
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integration of genetic data with single-cell transcriptomic and epigenomic profiling, are 

needed to bridge this gap. 

7.4. Immunological Factors 

The close association between PSC and IBD supports an immune-mediated 

component; however, the precise nature of this immune dysregulation remains 

incompletely defined [96]. 

Histopathological studies demonstrate portal tract infiltration by memory T 

lymphocytes in PSC [97], mirroring immune features reported in some extra-intestinal 

manifestations of IBD [98]. PSC may occur in patients with IBD irrespective of clinically 

active colitis and may persist after colectomy, suggesting that ongoing intestinal 

inflammation is not required to sustain the hepatic disease process [3,99]. De novo IBD 

has also been described after LT, even under systemic immunosuppression, often with a 

milder clinical course [3,12]. Collectively, these observations argue against models in 

which persistent bacterial translocation or luminal toxins from the inflamed gut are the 

sole drivers of PSC. 

Aberrant lymphocyte homing to the liver has been proposed as a key link between 

intestinal inflammation and biliary injury. In PSC-IBD, hepatic endothelium may express 

adhesion molecules typically associated with mucosal immune trafficking, including 

VAP-1 and MAdCAM-1, thereby permitting recruitment of gut-primed T cells to portal 

areas. Experimental and immunohistochemical studies have supported this concept, 

suggesting that effector lymphocytes activated within intestinal lymphoid tissue can 

persist as memory cells and subsequently localize to the liver through the portal 

circulation [98]. Although this trafficking model provides a mechanistic bridge between 

gut and liver immunity, it does not account for the predominance of PSC in ulcerative 

colitis compared with Crohn’s disease, nor does it fully explain why immune cell 

recruitment evolves into progressive fibro-obliterative cholangiopathy rather than self-

limited inflammation. 

Beyond adaptive immunity, accumulating evidence implicates innate immune 

dysfunction at the level of cholangiocytes. Biliary epithelial cells are continuously exposed 

to gut-derived microbial products through portal circulation. Pattern recognition 

receptors (PRRs), particularly toll-like receptors (TLRs), enable cholangiocytes to detect 

pathogen-associated molecular patterns, such as lipopolysaccharide (LPS) from Gram-

negative bacteria and lipoteichoic acid from Gram-positive bacteria. In PSC, this 

regulatory mechanism appears to be impaired [100,101]. Experimental data show 

enhanced TLR expression and activation of downstream signaling pathways, including 

the MyD88/IRAK complex, particularly in advanced disease stages. This heightened 

responsiveness is associated with increased production of pro-inflammatory cytokines 

such as interferon-γ and TNF-α, potentially amplifying local inflammation and promoting 

fibrogenesis. However, early-stage PSC livers showed low levels of pro-inflammatory 

markers, suggesting that the hyperactive immune response in PSC is more pronounced in 

advanced stages. The association of PSC with IBD may increase endotoxin exposure and 

enhance TLR-mediated signaling, though these findings are not exclusive to PSC [101]. In 

addition to soluble microbial products, gut pathobiont-derived outer membrane vesicles 

(OMVs) have recently been identified as a novel mechanism linking intestinal dysbiosis 

to biliary fibrosis. In both preclinical Mdr2-/- models and patients with PSC-IBD, 

translocation of OMVs to the liver correlated with enhanced bacterial sensing and 

accumulation of the NLRP3 inflammasome. Using ductal organoids, the pro-

inflammatory and pro-fibrogenic properties of OMVs were attributed to signaling 

pathways dependent on TLR4 and NLRP3-gasdermin-D, with confirmed 

immunostimulatory effects on macrophages and hepatic stellate cells [64]. The transition 
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from periductal inflammation to progressive biliary fibrosis involves multiple converging 

mechanisms. Persistent cholangiocyte activation may induce a senescence-associated 

secretory phenotype (SASP), characterized by secretion of IL-6, IL-8, CCL2, PAI-1, and 

other profibrogenic mediators, thereby sustaining a periductal fibroinflammatory niche 

[67,102,103]. PSC cholangiocytes express significantly higher levels of the senescence 

markers p16INK4a and γH2A.x compared with other liver diseases, and SASP induction 

can be triggered by biologically relevant biliary constituents, including oxysterols and 

LPS, through N-Ras activation [67]. Furthermore, telomere dysfunction—with telomere 

attrition and reduced TERT expression in PSC bile ducts—has been identified as a 

mechanistic driver of cholangiocyte senescence and biliary fibrosis, and androgen therapy 

targeting telomerase rescued liver fibrosis in a genetic mouse model of PSC [102]. 

Senescent cholangiocytes can also induce senescence in bystander cholangiocytes, 

potentially amplifying the fibrogenic response across the biliary tree [104]. Within this 

periductal niche, portal fibroblasts—rather than hepatic stellate cells—appear to be the 

first responders to biliary injury and the primary collagen-producing cells in cholestatic 

fibrosis, generating extracellular matrix in a characteristic concentric “onion-skin” pattern 

around interlobular bile ducts [70]. Recent single-cell transcriptomic studies have 

identified Clec3b+ portal fibroblasts as a distinct subset that rapidly expands after biliary 

injury and gives rise to the bulk of portal myofibroblasts, with their activation governed 

by a KLF4/periostin (POSTN) axis [72]. In parallel, IL-17 production by intrahepatic γδ T 

cells—stimulated by translocated gut bacteria such as Lactobacillus gasseri—has been 

shown to promote periductal fibrosis in Mdr2-/- mice, and neutralization of either IL-17A 

or γδ TCR significantly reduced hepatic fibrosis [105]. IL-17-expressing lymphocytes 

localize to peribiliary regions in human PSC, and the IL-17/Th17 axis is increasingly 

recognized as a key profibrogenic pathway through its interactions with cholangiocytes, 

neutrophils, and hepatic stellate cells [106]. The Th17 response in PSC appears to be 

driven, at least in part, by pathogen stimulation: PBMCs from PSC patients manifest 

significantly higher frequencies of Th17 cells after stimulation with bacteria and fungi 

isolated from bile fluid compared with healthy controls, with the highest Th17 induction 

observed after stimulation with Candida albicans—a pathogen linked to disease 

progression—and selective stimulation of TLR5 and TLR7 [106]. Monocytes from PSC 

patients produce significantly more IL-1β and IL-6 upon microbial stimulation than 

controls, and these cytokines are known drivers of Th17 differentiation; moreover, 

microbe-activated monocytes induce cholangiocytes to secrete CCL20 and CCL2, 

chemokines that recruit additional Th17 cells and monocytes into portal tracts, 

establishing a self-amplifying inflammatory loop [107]. These observations provide a 

mechanistic link between innate pattern recognition through TLR signaling and adaptive 

Th17 polarization in PSC. The reciprocal relationship between Th17 and regulatory T 

(Treg) cells adds further complexity. Single-cell RNA sequencing of intra-hepatic T cells 

has revealed an expanded population of liver-resident naive-like CD4+ T cells in PSC that 

are transcriptionally predisposed to Th17 polarization, suggesting that the Th17 bias in 

PSC may be imprinted at the level of T-cell priming within the liver microenvironment 

[108]. 

Bile acids themselves may contribute to this Th17/Treg imbalance. In a murine model 

of sclerosing cholangitis, bile acids were shown to repress Treg suppressor function and 

polarize Tregs toward a Th17 phenotype via S1PR-STAT3 signaling; conversely, IBAT 

inhibitor-mediated reduction of hepatic bile acid concentration promoted hepatic Treg 

expansion and diminished liver injury and fibrosis [109]. This finding provides a direct 

mechanistic link between cholestasis and immune dysregulation, suggesting that the 

cholestasis amplification loop described in the integrative framework may be partly 

mediated through bile acid-driven Th17/Treg imbalance. 
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A recent narrative review has further characterized the IL-17/Th17 axis as an 

emerging pathogenic frontier in PSC, noting that IL-17 has context-dependent roles in 

tissue homeostasis and host defense that complicate its therapeutic targeting [110]. A 

comprehensive discussion of individual T-cell subsets warrants a dedicated review; here, 

the Th17/Treg axis is highlighted as a critical node linking innate and adaptive immunity 

in the PSC-IBD pathogenic cascade, and its interplay with bile acid metabolism represents 

a promising area for therapeutic investigation. 

The detection of autoantibodies in PSC patients is common, but their specificity is 

low, and there is no solid evidence that auto-antibodies are the primary cause of PSC. 

Immunosuppressive therapies targeting adaptive immunity have not demonstrated 

efficacy in altering the natural history of PSC [1,2]. Autoantibodies found in PSC include 

anti-biliary epithelial cell (BEC) antibodies, pANCA, ANA, smooth muscle actin, and 

anticardiolipin antibodies. The prevalence of pANCA in PSC patients with UC ranges 

from 33% to 83%, while in PSC patients with CD, it is much lower (0–27%) [111,112]. 

Xu et al. found significantly higher levels of anti-BEC antibodies in PSC patients 

(63%) compared to PBC (37%) and AIH (16%), while controls had only 8% [113]. Ge et al. 

reported anti-BEC antibodies in 55.6% of patients with PSC undergoing LT [114]. These 

antibodies might develop due to end-stage liver disease or suggest a greater likelihood of 

progression to advanced liver disease in these patients [113,114]. PR3-ANCA, an atypical 

ANCA, has been linked to PSC. Mahler et al. detected PR3-ANCA in 31.1% of UC patients’ 

sera compared to 1.9% in CD patients [115]. Stinton et al. found PR3-ANCA in 38.5% of 

PSC patients compared to 10.6% in controls (p < 0.0001), but no association was found 

between PR3-ANCA and IBD type [116]. The presence of anti-Saccharomyces cerevisiae 

antibodies (ASCA) in PSC patients has been reported but does not predict IBD onset or 

type [55]. Autoantibodies in PSC likely reflect an abnormal immune response rather than 

being a pathogenic factor. Taken together, the evidence reviewed in the preceding 

subsections supports a model in which intestinal barrier dysfunction, microbial and bile 

acid alterations, immune-cell trafficking, and cholangiocyte activation act as 

interconnected rather than independent mechanisms within the gut–liver axis. Intestinal 

dysbiosis and barrier disruption provide the upstream signals—microbial products, outer 

membrane vesicles, and altered bile acid profiles—that reach the liver via the portal 

circulation. Aberrant lymphocyte homing delivers gut-primed effector cells to the biliary 

epithelium. Cholangiocyte activation and senescence generate a periductal 

fibroinflammatory niche that recruits and activates portal fibroblasts, driving progressive 

biliary fibrosis. Strictures of large bile ducts, reduced bile flow, increased biliary pressure, 

and alterations in bile composition associated with cholestasis may further amplify 

fibrosis progression independently of immune-mediated injury. Finally, the sustained 

inflammatory and cholestatic milieu may promote neoplastic transformation through 

DNA damage, epithelial-to-mesenchymal transition, and peribiliary stem cell niche 

activation, linking the fibrogenic cascade to cholangiocarcinogenesis [75,76]. However, 

this integrated model should be interpreted with caution: most evidence derives from 

cross-sectional human studies or preclinical models that do not fully recapitulate human 

PSC, and the hierarchy and temporal sequence of these mechanisms remain hypothetical 

rather than established. 

Unmet need. The failure of conventional immunosuppressive therapies to modify 

PSC progression underscores the incomplete understanding of the immune mechanisms 

driving biliary fibrosis. Whether the key pathogenic events occur at the level of adaptive 

immunity, innate cholangiocyte responses, or the senescence–fibrosis axis remains 

unclear. Identifying the dominant immune pathway—and the disease stage at which it is 

most amenable to intervention—is essential for rational therapeutic development. 
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Table 1. Gut microbiota alterations in PSC and PSC–IBD. Summary of key human and experimental 

studies investigating gut (and oral) microbiota alterations in primary sclerosing cholangitis (PSC) 

and PSC associated with inflammatory bowel disease (PSC–IBD). The table reports study 

populations, PSC phenotypes, biological samples analyzed, main microbial compositional changes, 

and their reported clinical or functional associations. Arrows indicate relative enrichment (↑) or 

depletion (↓) compared with control groups. Abbreviations: BCAA, branched-chain amino acids; 

HC, healthy controls; IBD, inflammatory bowel disease; PSC, primary sclerosing cholangitis;; Th17, 

T helper 17 cells; UC, ulcerative colitis; 16S rRNA, 16S ribosomal RNA. 

Study (Year) Population PSC Phenotype Sample Type 
Main Microbiota 

Findings 
Clinical Implication: 

Rossen et al. 

(2015) [117] 

PSC vs. 

controls 
PSC ± IBD Mucosal biopsy 

↑ Blautia, ↑ 

Ruminococcus; ↓ 

Clostridiales II; ↓ 

diversity 

Reduced diversity and loss of 

Clostridiales suggest impaired 

mucosal ecosystem stability in 

PSC 

Kevans et al. 

(2016) [118] 

UC+PSC vs. 

UC 
PSC-IBD Mucosal biopsy 

No consistent taxa 

differences 

PSC status may not always be 

reflected by clear mucosal 

taxonomic shifts 

Torres et al. 

(2016) [119] 

PSC vs. 

controls 
PSC ± IBD Mucosal biopsy 

↑ Escherichia, 

Megasphaera; ↓ 

Prevotella, Roseburia, 

Bacteroides 

PSC-specific mucosa-

associated microbiota 

signature 

Quraishi et al. 

(2017) [120] 

PSC-IBD vs. 

IBD 
PSC-IBD Mucosal biopsy 

↑ Escherichia, 

Megasphaera; ↓ 

Prevotella, Roseburia, 

Bacteroides 

Adherent microbiota differs 

from IBD alone 

Sabino et al. 

(2016) [121] 

PSC vs. HC 

vs. IBD 
PSC ± IBD Stool 

↑ Veillonella, 

Streptococcus, 

Enterococcus, 

Lactobacillus, 

Fusobacterium; ↓ 

Christensenellaceae 

PSC dysbiosis distinct from 

IBD alone 

Bajer et al. 

(2017) [122] 

PSC-IBD vs. 

PSC alone 

vs. HC 

PSC ± IBD Stool 

↑ Veillonella, ↑ Rothia, 

↑ Streptococcus, 

↑ Enterococcus, ↓ 

Christensenellaceae 

Gut microbiota alterations 

associated with PSC 

independent of IBD; 

enrichment of oral-derived 

taxa suggests altered gut–liver 

axis 

Iwasawa et al. 

(2017) [123] 

Paediatric 

PSC vs. HC 
PSC Stool 

↑ Veillonella, 

Streptococcus, 

Enterococcus; ↓ 

Christensenellaceae 

PSC microbial signature 

present early in disease course 

Kummen et al. 

(2017) [124] 

PSC vs. 

healthy 

controls vs. 

UC without 

liver disease 

PSC ± IBD 
Stool (16S rRNA 

sequencing) 

↓ bacterial diversity; 

distinct microbial 

composition vs. controls 

and UC; ↑ Veillonella 

genus 

PSC has a gut microbiota 

signature distinct from both 

healthy controls and UC, 

independent of IBD status 

Torres et al. 

(2018) [125] 

PSC-IBD vs. 

controls 
PSC-IBD Stool 

↑ Ruminococcus, 

Fusobacterium; ↓ Blautia, 

Roseburia, Veillonella, 

Dorea 

Microbiota correlates with bile 

acid composition 
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Nakamoto et 

al. (2019) [126] 
PSC vs. HC PSC ± IBD Stool 

↑ Enterococcus 

gallinarum, Klebsiella 

pneumoniae, Proteus 

mirabilis; ↓ Coprococcus 

Pathobionts linked to gut 

barrier dysfunction and Th17 

liver inflammation 

Rühlemann et 

al. (2019) [127] 

PSC vs. HC 

vs. IBD 
PSC ± IBD Stool 

↑ Veillonella, 

Streptococcus, 

Enterococcus, 

Lactobacillus, 

Parabacteroides, 

Gammaproteobacteria; ↓ 

Ruminococcus, 

Faecalibacterium, Blautia 

Consistent PSC-specific 

microbiome signature 

independent of colitis 

Vieira-Silva et 

al. (2019) [128] 

PSC vs. IBD 

vs. HC 
PSC ± IBD 

Stool (shotgun 

metagenomics) 

↓ microbial diversity in 

PSC; ↑ Veillonella, ↑ 

Enterococcus, ↑ 

Enterobacteriaceae; 

decreased Eubacterium 

and Ruminococcus 

species 

Distinct gut microbiome 

signature in PSC; specific taxa 

associated with disease and 

markers of liver injury 

Lemoinne et 

al. (2020) [21] 
PSC PSC ± IBD 

Stool 

(mycobiome) 

↑ fungal diversity; ↑ 

Exophiala; ↓ 

Saccharomyces cerevisiae 

Fungal dysbiosis distinct from 

IBD alone 

Kummen et al. 

(2021) [78] 

PSC vs. IBD 

alone vs. HC 
PSC ± IBD 

Stool (shotgun 

metagenomics) 

↑ Clostridium spp. ↓ 

Eubacterium spp. ↓ 

Ruminococcus obeum; 

altered vitamin B6/BCAA 

pathways 

↓ vitamin B6 and BCAA levels 

associated with reduced liver 

transplant-free survival 

Leibovitzh et 

al. (2024) [79] 

IBD-PSC vs. 

IBD alone 
PSC–IBD 

Stool (shotgun 

metagenomics) 

↑ Veillonella atypica; ↑ 

Veillonella dispar; ↑ 

Clostridium scindens; ↓ 

Blautia obeum 

Altered secondary bile acid 

profile; associations with liver 

fibrosis 

Lapidot et al. 

(2021) [129] 
PSC vs. HC PSC ± IBD Saliva + Stool 

↑ Veillonella, Scardovia, 

Streptococcus, 

Clostridium XIVa, Blautia 

producta 

Oral–gut microbiome 

signature independent of IBD 

8. Diagnosis of PSC-IBD 

The diagnosis of PSC-IBD requires the exclusion of other causes of liver disease and 

characterization of IBD (Figure 3A,B). Initial assessment should include a careful review 

of drug exposure, liver biochemistry, viral hepatitis screening, autoimmune serology 

including antimitochondrial antibodies (AMA), antinuclear antibodies (ANA), anti-

smooth muscle antibodies (ASMA), and disease-specific ANA when appropriate (sp100 

and gp210), serum IgG, and high-quality biliary imaging with MRCP [1,51] (Figure 3A). 

Common causes of liver test abnormalities in IBD include drug-induced liver injury 

(DILI), viral hepatitis, metabolic dysfunction-associated steatotic liver disease (MASLD), 

and AIH [1,45,51,130] (Figure 3B). However, the differential diagnosis mainly relies on 

distinguishing PSC from other cholangiopathies, overlap syndromes, and conditions that 

may mimic multifocal biliary stricturing [1,45,51]. 
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Figure 3. Diagnostic approach (A,B) and follow-up in PSC and IBD (C). Proposed diagnostic 

pathways: (A) PSC–IBD in patients presenting with cholestatic liver disease/cholangiopathy; (B) 

PSC in patients with established IBD. (C) Suggested follow-up strategy in PSC–IBD based on 

periodic liver biochemistry and imaging reassessment in the presence of new or worsening 

cholestasis. Abbreviations: PSC, primary sclerosing cholangitis; IBD, inflammatory bowel disease; 

UC, ulcerative colitis; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; LFTs, liver 

function tests; MRCP, magnetic resonance cholangiopancreatography; ERCP, endoscopic 

retrograde cholangiopancreatography; EUS, endoscopic ultrasound. 

High-quality MR-based diagnostics are central to the diagnostic work-up. In difficult 

or borderline cases, suboptimal MRCP acquisition or non-expert interpretation may lead 

to both overdiagnosis and underdiagnosis of PSC [1,24,51]. 

Secondary causes are grouped as: immune-mediated (IgG4-related cholangitis); 

ischemic (critical illness, hepatic artery thrombosis, intra-arterial chemotherapy); 

infectious (HIV/AIDS cholangiopathy, recurrent pyogenic cholangitis, parasitic disease); 

iatrogenic/traumatic (post-cholecystectomy or anastomotic biliary injury); and obstructive 

or neoplastic (choledocholithiasis, cholangiocarcinoma, diffuse metastatic or infiltrative 

disease). In addition, advanced cirrhosis may complicate cholangiographic interpretation 

[1,51]. 

IgG4-associated cholangitis (IAC) is one of the most important mimickers of PSC. 

The differential diagnosis may be particularly difficult in IAC type 2, which can involve 

both intrahepatic and extrahepatic bile ducts and resemble PSC radiologically [131]. The 

presence of autoimmune pancreatitis or other IgG4-related disease manifestations 

strongly supports IAC [131,132]. However, serum IgG4 should be interpreted with 

caution, as mild-to-moderate IgG4 elevation may also occur in PSC and is not diagnostic 

per se. Conversely, markedly elevated IgG4 levels, particularly values greater than four 

times the upper limit of normal, strongly support IAC in the appropriate clinical context 

[1]. Diagnosis should be assessed according to the HISORt framework, integrating 

histology, imaging, serology, other organ involvement, and response to steroid therapy. 
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In selected cases with persistent diagnostic uncertainty, a carefully monitored steroid trial 

may help distinguish IAC, which is usually steroid-responsive, from PSC [131–133]. 

Caroli disease may resemble PSC clinically and radiologically, and early-stage 

disease can be difficult to distinguish. Caroli disease is a ductal plate malformation 

frequently accompanied by congenital hepatic fibrosis and renal cystic disease [134,135]. 

Radiologically, Caroli disease shows diffuse saccular and fusiform intrahepatic duct 

dilatation with a peripheral funnel-shaped sign, normal intervening ducts, and a normal 

common bile duct, together with the central dot sign on contrast-enhanced CT/MRI. High-

quality MRCP combined with cross-sectional imaging therefore usually distinguishes the 

two, though an equivocal study should be repeated at an experienced center [134,135].  

In patients without concomitant IBD or with atypical clinical features, genetic 

cholestasis/cholangiopathies should be considered. ABCB4-related disease may mimic 

small-duct PSC or classic PSC, e.g., low phospholipids associate cholestasis (LPAC), but 

genetic evaluation should not be limited to ABCB4 alone. In selected cases, an appropriate 

cholestasis/cholangiopathy genes panel should be considered to exclude genetic genetic 

disorders presenting with PSC-like features. This is particularly relevant in patients with 

early-onset disease, family history of cholestatic liver disease, recurrent cholestasis, 

disproportionate biliary abnormalities, or absence of typical PSC-associated features such 

as inflammatory bowel disease [2,55,57]. 

PSC-AIH overlap should be considered when cholangiographic features of PSC 

coexist with convincing biochemical, serological, and histological features of autoimmune 

hepatitis [1]. However, this diagnosis remains challenging and is prone to overdiagnosis, 

because PSC and AIH may share several non-specific features. 

Hypergammaglobulinemia, positive autoantibodies, and elevated serum transaminases 

may occur in both conditions; similarly, mild interface hepatitis may be observed in liver 

biopsies from patients with classical PSC. 

When MRCP is normal or inconclusive, liver biopsy is indicated. Biopsy helps 

identify sdPSC, AIH, or other parenchymal disease [1,51,136]. 

Liver biopsy is essential when PSC-AIH overlap is suspected, since the diagnosis of 

AIH cannot be established without histological assessment in this setting. Features 

supporting the coexistence of AIH include a predominantly hepatocellular pattern of liver 

injury disproportionate to cholestasis, clearly elevated IgG, compatible autoantibodies, 

and moderate-to-severe interface hepatitis with lymphoplasmacytic portal inflammation 

[1,58]. In any case of AIH diagnosis followed by a PSC diagnosis, the AIH diagnosis 

should be carefully reassessed. 

The use of AIH scoring systems requires caution. Although revised International 

Autoimmune Hepatitis Group criteria have classified a proportion of patients with PSC 

as having PSC-AIH overlap, these scores were not designed to diagnose variant 

syndromes, and resulting estimates should therefore be interpreted as approximate rather 

than definitive [58,137]. The distinction has therapeutic relevance because the AIH 

component may respond to immunosuppressive therapy, whereas classical PSC generally 

does not. Nevertheless, immunosuppression should be reserved for patients with 

convincing AIH features to avoid unnecessary treatment in patients with classical PSC [1]. 

In patients with IBD, drug-induced autoimmune-like hepatitis, particularly during 

or after exposure to anti-TNF-α agents, should also be excluded before diagnosing PSC-

AIH overlap [138,139]. 

Unmet need. The differential diagnosis of PSC remains challenging, particularly in 

distinguishing PSC-AIH overlap from classical PSC, and sdPSC from genetic 

cholangiopathies. Overdiagnosis of overlap syndromes may lead to unnecessary 

immunosuppression, while underdiagnosis of genetic cholangiopathies delays 

appropriate management. Validated diagnostic algorithms incorporating 

https://doi.org/10.3390/livers6040075


Livers 2026, 6, 75 21 of 54 
 

https://doi.org/10.3390/livers6040075 

cholangiographic phenotype, histological features, autoimmune serology, and genetic 

testing are needed to reduce diagnostic misclassification. 

9. Malignancy Risk and Surveillance in PSC-IBD 

The coexistence of PSC and IBD profoundly modifies malignancy risk, defining a 

distinct oncological profile compared with PSC or IBD alone. In this setting, cancer 

susceptibility reflects the combined influence of biliary disease phenotype and chronic 

intestinal inflammation [140,141]. In a nationwide population-based cohort from England, 

PSC-IBD was associated with an increased risk of colorectal cancer compared with IBD 

alone (HR 2.43), with a particularly marked excess in patients diagnosed with IBD before 

the age of 40 years. Hepatobiliary and pancreatic malignancies were also increased, 

especially cholangiocarcinoma (HR 28.46), while elevated risks were also reported for 

hepatocellular, pancreatic, and gallbladder cancer [5]. However, these estimates should 

be interpreted cautiously because cancer risk varies according to study design, 

surveillance intensity, IBD subtype, PSC phenotype, disease duration, dominant 

strictures, and cirrhosis [51,141–143]. 

Cholangiocarcinoma (CCA) represents the most clinically relevant malignancy 

associated with PSC-IBD [2,142]. While the annual incidence of CCA in unselected PSC 

cohorts ranges between 0.6% and 1.5%, accumulating evidence suggests that this risk is 

largely driven by patients with concomitant IBD, particularly UC [2,142]. CCA frequently 

occurs early in the disease course, with a substantial proportion of cases diagnosed within 

the first year after PSC recognition [2]. Importantly, CCA risk is heterogeneous across PSC 

phenotypes: patients with dominant biliary strictures exhibit the highest incidence, 

whereas CCA is rare in sdPSC and in PSC–AIH overlap syndromes [2,51,142]. In contrast, 

CD and the absence of IBD are associated with a lower biliary malignancy risk, suggesting 

that concomitant UC may identify a subgroup with a particularly elevated risk of biliary 

carcinogenesis [142]. 

CRC constitutes a major component of the malignancy burden in PSC-IBD and occurs 

more frequently than in IBD without PSC [140,144]. CRC in this setting typically develops 

at a younger age and is characterized by a right-sided and multifocal distribution, often 

arising in the context of extensive but clinically mild colitis [5]. This dissociation between 

inflammatory activity and neoplastic risk limits the reliability of symptom-based or 

activity-driven risk stratification and supports phenotype-specific surveillance strategies 

initiated at the time of PSC diagnosis, irrespective of apparent intestinal disease severity 

[5]. 

Surveillance in PSC-IBD should be structured, lifelong, and phenotype-driven, 

integrating hepatobiliary and colonic monitoring (Figure 3C). While all major guidelines 

agree on the need for structured surveillance, they differ in important aspects of 

implementation. These differences are summarized in Table 2 and discussed by domain 

below. 

Table 2. Comparison of surveillance recommendations across major guidelines for PSC and PSC-

IBD. Abbreviations: AASLD, American Association for the Study of Liver Diseases; ACG, American 

College of Gastroenterology; AGA, American Gastroenterological Association; BSG, British Society 

of Gastroenterology; CCA, cholangiocarcinoma; CT, computed tomography; ERCP, endoscopic 

retrograde cholangiopancreatography; EASL, European Association for the Study of the Liver; 

FISH, fluorescence in situ hybridization; GB, gallbladder; HCC, hepatocellular carcinoma; HD, high-

definition; HPB, hepatopancreato-biliary; LGD, low-grade dysplasia; MRCP, magnetic resonance 

cholangiopancreatography; MRI, magnetic resonance imaging; PSC, primary sclerosing cholangitis; 

SD, standard definition; US, ultrasound; AFP, alpha-fetoprotein; CA19-9, carbohydrate antigen 19-

9; IBD, inflammatory bowel disease. 
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Domain AASLD (2023) EASL (2022) BSG/UK-PSC AGA (2019) ACG (2015) 

Hepatobiliary 

imaging 

Annual 

MRI/MRCP 

(preferred) 

≥Yearly US 

and/or 

MRI/MRCP 

Annual US; MRCP 

when indicated 

US, CT, or 

MRI/MRCP 

every 6–12 

months 

US or MRI + CA19-9 

every 6–12 months 

CA19-9 
Optional (“with or 

without”) 

Not 

recommended 

for routine use 

Cautious; not 

routine 

Recommended 

every 6–12 

months with 

imaging 

Recommended every 6–

12 months 

Dominant/relevan

t strictures 

ERCP with 

cytology + FISH 

routinely for 

relevant strictures 

ERCP with tissue 

sampling for 

dominant 

strictures 

ERCP when 

clinically indicated 

ERCP with 

cytology + FISH 

for dominant 

strictures 

Not specifically 

addressed 

Gallbladder 

polyps 

Cholecystectomy 

if >8 mm; US every 

6 months if ≤8 mm 

Cholecystectomy 

regardless of size 

(historical) 

Annual US; HPB 

referral for 

polyps/mass 

Annual US; 

cholecystectomy 

regardless of size 

(historical) 

Cholecystectomy if >8 

mm 

Colonoscopy 

(PSC-IBD) 

HD colonoscopy 

every 1–2 years 

from PSC-IBD 

diagnosis; start at 

age 15 

Annual 

colonoscopy 

from PSC 

diagnosis 

Annual 

colonoscopy from 

PSC diagnosis 

Not specifically 

addressed 

Annual colonoscopy 

with chromoendoscopy 

from PSC diagnosis 

Chromoendoscop

y 

When only SD 

colonoscopy 

available; for 

invisible LGD 

Recommended Recommended 

HD colonoscopy 

+ one modality of 

chromoendoscop

y 

Preferred modality for 

annual surveillance 

Small-duct PSC 

No CCA/GB 

surveillance; 

MRCP every 3–5 

years for 

progression 

Not specifically 

addressed 

Not specifically 

addressed 

Not specifically 

addressed 

Not specifically 

addressed 

HCC (cirrhosis) 

Per AASLD 

cirrhosis 

guidelines 

Standard 

cirrhosis 

pathways 

Standard cirrhosis 

pathways 

US/CT/MRI ± 

AFP every 6 

months 

Not specifically 

addressed 

9.1. Hepatobiliary Imaging 

AASLD recommends annual abdominal imaging, preferably MRI/MRCP, for 

surveillance of CCA and gallbladder carcinoma, and explicitly states that surveillance is 

not recommended for patients with PSC under 18 years of age or with small-duct PSC [2]. 

The European Association for the Study of the Liver (EASL) supports at least yearly 

ultrasound (US) and/or MRI/MRCP in ldPSC but does not specify MRI/MRCP as the 

preferred modality [1]. The British Society of Gastroenterology (BSG) and UK-PSC 

guidelines recommend annual US for gallbladder surveillance and MRI/MRCP when 

clinically indicated, but does not mandate annual MRCP for all patients [145]. The 

American Gastroenterological Association (AGA) Clinical Practice Update recommends 

imaging by US, computed tomography (CT), or MRI/MRCP every 6 to 12 months, offering 

the broadest range of modality options [56]. Recent prospective data from a Swedish 

nationwide cohort (n = 512) found that yearly CA19-9 and MRI/MRCP surveillance 

followed by ERCP was ineffective in detecting CCA early enough to support long-term 

survival, with median survival for patients diagnosed with CCA of only 13 months 

despite surveillance [146]. Conversely, a retrospective Australian cohort study found that 

MRCP surveillance was associated with improved overall 5-year survival (94% vs. 69%) 
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compared with non-surveillance, although it did not detect early CCA or improve CCA-

specific survival [147]. A multicenter comparison of three surveillance strategies—

scheduled ERCP, annual MRI/MRCP, and on-demand ERCP—found that scheduled 

ERCP with individual risk stratification was associated with the best overall prognosis, 

although no differences in liver-related deaths were observed between strategies [148]. 

These conflicting data underscore the uncertainty surrounding the optimal imaging 

modality and interval for hepatobiliary surveillance. 

9.2. CA19-9 

AASLD includes CA19-9 as an optional component of annual surveillance (“with or 

without serum CA19-9”), noting that a cutoff of 129 U/mL achieves 78% sensitivity and 

98% specificity, whereas a cutoff of 20 U/mL achieves 78% sensitivity but only 67% 

specificity [2]. The AGA similarly recommends CA19-9 every 6–12 months in combination 

with imaging [56]. EASL does not recommend CA19-9 for routine surveillance [1]. 

BSG/UK-PSC guidance is also cautious regarding routine CA19-9 use [145]. Importantly, 

up to one third of PSC patients with elevated CA19-9 may not have CCA, and up to 10% 

of the population do not express CA19-9 due to Lewis antigen negativity [2]. CA19-9 

elevations may also reflect cholangitis, cholestasis, or relevant biliary strictures rather than 

malignancy, and should therefore be interpreted only in the context of imaging and 

clinical evolution. Importantly, CA19-9 exhibits high between-subject variation in PSC, 

with an index of individuality of 0.37, suggesting that population-based fixed cutoffs may 

be suboptimal. A longitudinal analysis of 513 PSC patients demonstrated that CA19-9 

levels began to rise significantly 3–6 months before clinical diagnosis of biliary tract 

cancer, and that over 90% of patients who developed cancer showed an increase exceeding 

the calculated reference change value of 46.23% in the year prior to diagnosis, while CA19-

9 remained stable in cancer-free patients [149]. These findings suggest that serial 

longitudinal monitoring with individualized reference values may outperform single 

fixed-cutoff measurements, and that shorter screening intervals, such as every 3 months, 

may warrant investigation in high-risk patients. However, a prospective Swedish study 

of 512 unselected PSC patients found that yearly CA19-9 and MRI/MRCP surveillance 

followed by ERCP was ineffective in detecting CCA early enough to support long-term 

survival, with a median survival of only 13 months among the 2% of patients diagnosed 

with CCA during follow-up [146]. These data highlight the urgent need for improved 

diagnostic methods and individualized surveillance strategies for PSC-related CCA. 

9.3. Dominant or Relevant Strictures 

AASLD recommends that intraductal tissue sampling for cytology and FISH should 

be performed routinely during ERCP for relevant strictures [2]. EASL and BSG/UK-PSC 

similarly recommend ERCP with tissue sampling when dominant strictures are identified, 

but differ in the threshold for triggering ERCP [1,145]. All guidelines agree that new or 

worsening cholestasis, recurrent cholangitis, or clinical deterioration should prompt 

earlier MRCP and/or ERCP with tissue sampling to evaluate relevant or dominant 

strictures and exclude malignancy. 

9.4. Gallbladder Lesions 

AASLD recommends cholecystectomy for gallbladder polyps >8 mm, preferably at 

an experienced center in patients with advanced disease, with monitoring by US every 6 

months for polyps ≤8 mm [2]. The AGA notes that EASL and AASLD previously 

recommended cholecystectomy regardless of polyp size, whereas the American College 

of Gastroenterology (ACG) suggests cholecystectomy only for polyps >8 mm [56,150]. 

BSG/UK-PSC guidance emphasizes annual gallbladder ultrasound, with gallbladder 
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polyps or mass lesions requiring specialist hepatopancreatobiliary assessment [145]. This 

discrepancy reflects the varying rates of neoplasia reported in small polyps and the 40% 

risk of postoperative complications following cholecystectomy in patients with advanced 

PSC [2]. 

9.5. Colonoscopic Surveillance 

All guidelines recommend ileocolonoscopy with biopsies from all colonic segments, 

including the terminal ileum, at the time of PSC diagnosis, regardless of symptoms or the 

presence of endoscopic lesions. If IBD is confirmed, regular surveillance colonoscopy is 

required, generally annually, or every 1–2 years in selected lower-risk cases—specifically, 

patients with persistently quiescent disease, no prior dysplasia, and no family history of 

colorectal cancer—although the evidence base for risk-stratified interval extension in PSC-

IBD specifically remains limited. PSC, active inflammation, and increasing age have been 

identified as independent risk factors for advanced colorectal neoplasia in IBD, and 

dysplasia is more often endoscopically invisible in PSC-IBD than in non-PSC IBD, 

underscoring the need for caution when considering interval extension in this population 

[151]. The National Comprehensive Cancer Network (NCCN) Colorectal Cancer 

Screening Guidelines classify PSC as a “higher risk” feature warranting annual 

colonoscopy follow-up, with 2–5-year intervals reserved only for lower-risk patients 

without PSC, active inflammation, or family history of CRC diagnosed before age 50 [152]. 

9.6. Chromoendoscopy 

AASLD recommends chromoendoscopy when only standard-definition colonoscopy 

is available, and for surveillance of biopsy-proven invisible low-grade dysplasia [2]. The 

ACG recommends chromoendoscopy as the preferred modality for annual surveillance in 

PSC-IBD [150]. The AGA recommends high-definition colonoscopy complemented with 

one modality of chromoendoscopy with targeted biopsy sampling [153]. There is no 

consensus on whether chromoendoscopy is superior to high-definition white-light 

endoscopy specifically in the PSC-IBD population, and the choice should consider local 

expertise and availability. 

9.7. Small-Duct PSC 

AASLD explicitly states that CCA and gallbladder carcinoma surveillance is not 

recommended for patients with small-duct PSC but recommends monitoring by 

MRI/MRCP every 3–5 years for the development of large-duct disease [2]. EASL and 

BSG/UK-PSC do not provide specific surveillance recommendations for small-duct PSC 

[1,145]. This gap is clinically relevant because small-duct PSC carries a substantially lower 

risk of CCA, but approximately 23% of patients progress to large-duct disease over 5–14 

years, at which point standard surveillance protocols would apply. 

9.8. PSC-Related Cirrhosis 

AASLD recommends that patients with PSC-related cirrhosis should undergo 

hepatocellular carcinoma (HCC) surveillance consistent with current AASLD guidelines 

[2]. The AGA recommends HCC surveillance with US, CT, or MRI, with or without alpha-

fetoprotein (AFP), every 6 months [56]. EASL and BSG/UK-PSC similarly recommend 

standard cirrho-sis-based HCC surveillance pathways [1,145]. All guidelines agree on 6-

monthly imaging for HCC in cirrhotic PSC patients. 
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9.9. PSC Without IBD 

In patients with PSC but no IBD at initial evaluation, annual colonoscopic 

surveillance is not routinely recommended; repeat diagnostic colonoscopy may be 

considered every 3–5 years or whenever symptoms suggestive of IBD occur. 

Unmet need. Current surveillance strategies are based on expert consensus rather 

than prospective evidence of clinical benefit. Key uncertainties include the optimal 

surveillance interval, the role of CA19-9 in routine monitoring, the cost-effectiveness of 

annual MRCP in all PSC phenotypes, and the absence of validated risk-stratification tools 

to individualize surveillance intensity. Prospective studies comparing risk-adapted 

versus uniform surveillance protocols, and incorporating novel biomarkers of early 

neoplastic transformation, are needed to optimize resource allocation and improve early 

cancer detection. 

10. Advances in Early Detection of PSC in IBD 

Recent advances in diagnostic tools have improved the early identification of PSC in 

patients with IBD. MRCP is the preferred non-invasive imaging technique, providing high 

sensitivity for detecting biliary abnormalities, including strictures and ductal 

irregularities. Recent innovations, such as contrast-enhanced MRCP and diffusion-

weighted imaging, have further improved diagnostic accuracy by enabling the detection 

of subtle changes in the bile ducts and liver parenchyma [24]. 

A quantitative MRCP-based score combining biliary strictures and spleen size has 

been shown to predict medium-term outcomes more accurately than conventional 

radiological scores, suggesting potential utility for patient monitoring and clinical trial 

design [25]. 

Advanced endoscopy plays a crucial role in the evaluation of biliary strictures in PSC 

[154,155]. Endoscopic ultrasound (EUS) may help identify early biliary alterations by 

providing morphological assessment of bile duct wall thickening, which may be useful in 

selected patients with suspected PSC or indeterminate strictures [156]. EUS is the modality 

of choice in the evaluation of distal biliary strictures suspicious for malignancy, where 

tissue sampling by fine-needle biopsy (FNB) ensures high diagnostic accuracy while 

minimizing the risk of neoplastic seeding [157]. Furthermore, EUS-FNB has proven 

superior to CT and MRI for lymph node staging, a crucial parameter in determining 

surgical resectability or eligibility for LT [158]. In cases of dominant strictures where 

biliary drainage is required, ERCP is the procedure of choice, as it effectively combines 

biliary drainage with the possibility of tissue sampling through brushing or targeted 

biopsies performed under the guidance of cholangioscopy [157,159]. When both EUS and 

ERCP are clinically indicated, a same-session approach may improve diagnostic yield in 

the characterization of indeterminate biliary strictures [160]. Finally, the integration of 

molecular techniques such as fluorescence in situ hybridization, or FISH, for the detection 

of chromosomal aneuploidy, and next-generation sequencing, or NGS, for the analysis of 

multi-target mutations on extracted DNA, enhances the diagnostic yield of biliary tissue 

sampling (via brushing or biopsy), ensuring an early diagnosis of cholangiocarcinoma 

even in complex clinical contexts such as PSC [161,162]. 

Unmet need. No single non-invasive test reliably detects early PSC in asymptomatic 

IBD patients or predicts progression from subclinical to clinically significant disease. The 

integration of advanced imaging, molecular tissue sampling, and—if validated—AI-

assisted tools into a unified early-detection pathway remains an aspirational rather than 

an evidence-based goal. 

  

https://doi.org/10.3390/livers6040075


Livers 2026, 6, 75 26 of 54 
 

https://doi.org/10.3390/livers6040075 

11. Artificial Intelligence: Investigational Applications 

Artificial intelligence (AI) and machine learning offer potential tools for pattern 

recognition and predictive modeling that could support diagnostic assessment. Unlike 

established imaging modalities such as MRCP and endoscopic techniques including 

ERCP and cholangioscopy, which have defined diagnostic accuracy and validated roles 

in clinical practice guidelines, AI-based approaches in PSC remain at an early, 

investigational stage. AI algorithms trained on large datasets may analyze imaging and 

clinical data to support the detection of early-stage PSC. Data-driven approaches have 

also been explored to support disease recognition and patient stratification in the PSC-

IBD setting, ranging from conventional clinical–genetic prediction models to artificial 

intelligence-based image analysis [163,164]. Among the latter, DeePSC, a deep-learning 

model applied to two-dimensional MRCP images, achieved high accuracy for the 

automated classification of PSC-compatible findings in both internal and external test sets 

[163]. However, no AI tool has yet been validated for routine diagnosis or risk 

stratification specifically in PSC-IBD. It is important to distinguish these experimental 

technologies from validated molecular diagnostic advances—such as fluorescence in situ 

hybridization (FISH) for polysomy detection in biliary strictures or next-generation 

sequencing panels for cholangiocarcinoma surveillance—which, although still evolving, 

have a more established evidence base supporting their clinical application [161,162]. 

Despite these preliminary developments, significant challenges remain before AI can 

transition from investigational to clinical use in PSC-IBD. Current limitations include 

small and heterogeneous training datasets, lack of multicenter external validation, 

absence of prospective studies demonstrating clinical utility, and potential biases arising 

from imbalanced cohorts in rare diseases such as PSC. Access to cutting-edge 

technologies, such as advanced MRCP and AI-driven tools, may also be limited by cost 

and infrastructure, particularly in resource-constrained settings. Furthermore, integration 

into routine clinical practice requires rigorous external validation, standardization of 

input data and outcome definitions, regulatory approval, and demonstration that AI-

assisted decisions improve patient-relevant outcomes beyond the current standard of 

care. Addressing these gaps will be essential to maximizing the impact of early detection 

efforts and reducing the burden of undiagnosed PSC in patients with IBD. If externally 

validated in prospective multicenter studies, these tools may complement—but not 

replace—traditional clinical assessment and established diagnostic modalities, supporting 

earlier recognition and more individualized follow-up. Until such evidence is available, 

AI-based tools should be regarded as research instruments rather than clinical decision-

support systems ready for routine use. 

12. Therapeutic Management of PSC-IBD 

The absence of any disease-modifying therapy for PSC represents the single most 

important unmet need in the field. In PSC-IBD, treatment must address both the biliary 

disease and the intestinal inflammation; however, effective control of colitis does not 

necessarily translate into improvement of PSC, and no IBD-directed therapy has 

convincingly modified the course of the cholan-giopathy. This therapeutic gap is 

compounded by the repeated failure to translate biochemical improvement into clinically 

meaningful disease modification, and by the lack of validated surrogate endpoints that 

reliably predict long-term outcomes. Most PSC trials have instead targeted cholestasis, 

bile acid signaling, microbiota, inflammation, or fibrosis, with limited success. 

Therapeutic strategies targeting bile acid signaling, including FXR agonists, FGF19 

analogues, PPAR agonists, and bile acid-based therapies, have demonstrated biochemical 

effects on cholestatic markers, most notably alkaline phosphatase, in early-phase studies 
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[165–167]. However, the International PSC Study Group consensus concluded that no 

biomarker currently exceeds level 3 validation as a surrogate endpoint in PSC, and that 

there are insufficient data to support level 2 validation for any surrogate endpoint [168]. 

This limitation applies to ALP, histology, transient elastography, and bilirubin alike, and 

means that biochemical improvement in any PSC trial should be interpreted as a 

pharmacodynamic signal rather than as evidence of disease modification until validated 

against hard clinical outcomes. To date, no pharmacological agent has demonstrated a 

proven benefit on fibrosis progression, biliary complications, hepatobiliary malignancy, 

transplantation, quality of life, or survival. 

12.1. Bile Acid-Based Therapies and Lessons from UDCA 

Ursodeoxycholic acid (UDCA) remains widely used despite lack of proven disease-

modifying benefit [1]. Randomized controlled trials and meta-analyses have consistently 

shown that UDCA improves cholestatic liver biochemistry but does not confer benefit on 

survival, LT, symptoms, histology, or risk of CCA [1,2]. Standard-dose UDCA (13–15 

mg/kg/day) improves serum liver tests without affecting symptoms, histology, or long-

term outcomes, while higher doses (≥28–30 mg/kg/day) are associated with increased 

serious adverse events and worse clinical outcomes, despite biochemical improvement 

[169]. 

These findings underscore the limitations of ALP as a surrogate endpoint in PSC. In 

a prospective analysis of 234 patients with large-duct PSC enrolled in a phase 2b trial, 

Trivedi et al. demonstrated that median per-patient ALP variation was approximately 

12% over 12 weeks and 20% over 48–96 weeks, with spontaneous reductions of >40% 

observed in 10.9–17.9% of patients without any therapeutic intervention. Critically, serum 

ALP activity did not associate with fibrosis progression or development of cirrhosis over 

a 2-year period, whereas the Enhanced Liver Fibrosis (ELF) score at multiple timepoints 

did predict fibrosis progression [170]. These data indicate that ALP-based endpoints in 

PSC trials are vulnerable to both spontaneous fluctuation and a disconnect from fibrosis 

outcomes, and that fibrosis-specific biomarkers such as the ELF score—which is strongly 

associated with transplant-free survival in PSC and has less serial variability than ALP 

[2]—may provide more reliable measures of disease progression. Observational and 

withdrawal studies in both adult and pediatric PSC have shown biochemical deterioration 

and worsening of pruritus after UDCA discontinuation, supporting continued use of 

moderate doses in clinical practice despite the absence of evidence for benefit on hard 

endpoints [171,172]. Data on UDCA for chemoprevention of colorectal neoplasia in PSC-

IBD are conflicting, with randomized trials and meta-analyses showing no overall 

reduction in neoplasia risk, although subgroup analyses suggest a possible protective 

effect limited to low-dose regimens and advanced lesions [173,174]. Evidence for a 

protective effect against CCA is similarly limited and derives mainly from observational 

cohorts rather than controlled trials [2]. Overall, UDCA exemplifies the dissociation 

between biochemical improvement and true disease modification in PSC, highlighting the 

need for future trials to demonstrate effects on clinically meaningful outcomes, fibrosis 

progression, biliary disease progression, and transplant-free survival rather than relying 

solely on changes in ALP or other cholestatic biomarkers [175]. 

12.2. Antibiotics and Microbiota-Targeted Therapies 

Guidelines do not recommend routine antibiotic therapy except for bacterial 

cholangitis [1]. However, small studies suggest that vancomycin may influence key 

pathogenic mechanisms, including gut microbiota composition, bile acid metabolism, and 

immune modulation [23,176,177]. These studies reported improvements in cholestatic 

biomarkers, Mayo Risk Score, and cholangiographic features [23,176,178]. However, these 
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data derive from two small, randomized trials (n = 29 and n = 35) and open-label case 

series with follow-up limited to 12 weeks, and no study has demonstrated an effect of 

vancomycin on fibrosis progression, transplant-free survival, biliary complications, or 

malignancy risk. The largest retrospective analysis from the Pediatric PSC Consortium (n 

= 264) found that neither UDCA nor oral vancomycin was associated with improvements 

in biochemistries, fibrosis, or clinical outcomes compared with observation. Accordingly, 

the AASLD Practice Guidance concludes that there is insufficient evidence to recommend 

oral vancomycin for the treatment of PSC, and results of ongoing randomized trials 

(NCT03710122) are awaited [2]. In pediatric PSC-IBD, vancomycin has been associated 

with improvement or normalization of markers of intestinal inflammation, including fecal 

calprotectin and endoscopic activity [179]. These IBD-directed benefits, while clinically 

relevant, should not be conflated with modification of the underlying cholangiopathy, as 

no study has shown that vancomycin-associated improvement in intestinal inflammation 

translates into reduced fibrosis progression or improved liver-related outcomes. Available 

studies suggest an acceptable safety profile, including during long-term use and post-

transplant settings [23,176,180]. 

12.3. IBD-Directed Therapies and Their Impact on PSC 

Corticosteroids are ineffective for PSC except in overlap syndromes [181–183]. 

The most extensively studied biologics include anti-TNF-α agents, adhesion 

molecule antagonists, and Janus kinase (JAK) inhibitors. Importantly, these meta-analyses 

assessed only biochemical and imaging surrogates; no controlled trial of anti-TNF agents 

or ve-dolizumab has evaluated fibrosis progression, transplant-free survival, or biliary 

complications as primary or secondary endpoints in PSC [184]. More encouraging data, 

although needing confirmation through larger studies, concern the use of oral Janus 

kinase inhibitors such as tofacitinib in patients affected by PSC-IBD. Tofacitinib has been 

shown to reduce the transaminase levels and cholestasis biomarkers, but it is necessary to 

confirm that this significant biochemical improvement is associated with improvement of 

PSC-related abnormalities [185,186]. While these biochemical improvements are 

encouraging, it remains essential to demonstrate that JAK inhibitor-associated reductions 

in liver enzymes translate into measurable effects on fibrosis, biliary disease progression, 

or clinical outcomes before inferring disease modification [187]. 

The increasing availability of biosimilars for infliximab, adalimumab, and 

ustekinumab has substantially changed the landscape of biologic therapy in IBD. 

Randomized controlled trials, including the NOR-SWITCH study and the VOLTAIRE-CD 

trial, have demonstrated that switching from originator to biosimilar biologics is not 

associated with differences in efficacy, safety, immunogenicity, or treatment persistence 

[188]. Real-world registry data have confirmed comparable remission rates and healthcare 

utilization between biosimilar and originator initiators [189]. The ACG and AGA 

guidelines now endorse biosimilars as interchangeable with originator products, with 

multiple FDA-approved biosimilars available for infliximab, adalimumab, and 

ustekinumab, including two ustekinumab biosimilars with interchangeable status 

[190,191]. Biosimilar adoption has been associated with at least a 30% reduction in 

treatment costs, potentially improving access to biologic therapy in resource-constrained 

settings [190]. In parallel, subcutaneous formulations of infliximab (CT-P13 SC) and 

vedolizumab have been approved for maintenance therapy in both CD and UC, 

demonstrating pharmacokinetic, efficacy, and safety profiles comparable to their 

intravenous counterparts while enabling self-administration and reducing infusion-

related healthcare resource utilization [192,193]. Beyond currently available formulations, 

oral delivery systems for biologics are under preclinical and early clinical investigation, 

including enteric-coated capsules, nanoparticle-based platforms, and inflammation-
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targeting delivery systems, although none has yet reached clinical use [194–196]. Despite 

these advances in IBD treatment delivery, the impact of biosimilars and novel 

formulations on PSC-specific outcomes remains unproven, as no study has specifically 

evaluated whether improved treatment access, adherence, or drug exposure translates 

into modification of cholangiopathy progression in PSC-IBD. 

12.4. Fecal Microbiota Transplantation 

Fecal microbiota transplantation (FMT) is effective in selected IBD settings, although 

data in PSC are limited [23]. FMT has shown benefits in two case reports involving 

recurrent acute bacterial cholangitis [197,198]. Additionally, in a pilot study by Allegretti 

et al., FMT in PSC was found to be safe and associated with early and sustained increases 

in bacterial diversity, which might be linked to the improved ALP levels observed in PSC 

patients [22]. These findings remain at the level of microbiome engraftment and 

biochemical response; no FMT study in PSC has assessed fibrosis, biliary progression, or 

clinical endpoints [22,197,198]. 

12.5. Colectomy, Ileal Pouch–Anal Anastomosis, and Pouchitis in PSC-IBD 

Colectomy may be required in PSC-IBD for medically refractory colitis, colorectal 

cancer, or dysplasia not amenable to endoscopic management. However, colectomy 

should not be considered a liver-directed intervention, as available evidence does not 

show a consistent effect on PSC progression [99]. This supports the concept that 

cholangiopathy may persist independently of ongoing colonic inflammation. 

Accordingly, colectomy should be guided by intestinal disease activity, dysplasia or 

cancer risk, liver disease stage, transplant candidacy, and patient preferences, rather than 

by the expectation of modifying cholangiopathy. 

Restorative proctocolectomy with ileal pouch–anal anastomosis (IPAA) remains 

feasible in selected patients with PSC-UC, but PSC modifies pouch outcomes. Compared 

with UC alone, PSC-UC is associated with worse pouch outcomes after IPAA, including 

higher rates of any pouchitis, chronic pouchitis, and pouch failure, as shown in a meta-

analysis of 11 studies [199]. These data suggest that IPAA should not be considered 

contraindicated in PSC-UC, but that its expected benefits must be balanced against a 

higher burden of pouch-related inflammatory complications. 

Recent studies suggest that pouchitis in PSC-UC may not simply be more frequent, 

but also phenotypically distinct. PSC-associated pouchitis appears more likely to be 

chronic and treatment-refractory, with higher rates of prepouch ileitis and more severe 

pouch inflammation than conventional UC-associated pouchitis [200]. This supports the 

view that pouch inflammation in PSC-IBD may be part of the broader gut–liver 

inflammatory phenotype rather than a purely postoperative complication. Although PSC-

associated pouchitis may have distinctive features, treatment currently follows standard 

pouchitis algorithms, with antibiotics as first-line therapy and escalation to chronic or 

cycling antibiotics, corticosteroids, or advanced IBD therapies such as vedolizumab in 

chronic antibiotic-dependent or antibiotic-refractory cases [201]. 

The relationship between IPAA and LT adds further complexity. Available data 

suggest that pouchitis is common in patients with PSC-IBD undergoing LT, particularly 

when IPAA precedes transplantation, although IPAA does not appear to uniformly 

compromise pouch or graft survival [202,203]. Surgical planning should therefore be 

individualized and discussed within a multidisciplinary pathway involving IBD 

specialists, colorectal surgeons, and transplant hepatologists. Overall, colectomy and 

IPAA should be regarded as intestinal and oncological interventions in PSC-IBD, not as 

strategies to modify PSC progression. 
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12.6. Liver Transplantation in PSC-IBD 

The progression of PSC is variable; about 40% of patients develop end-stage liver 

disease (ESLD), making LT the only curative therapeutic option [204]. PSC accounts for 

5% of all liver transplants in Europe [205]. Listing and the prioritization for LT are usually 

based on Model for End-Stage Liver Disease (MELD) score or the sodium-adjusted MELD 

(MELD-Na) score. However, MELD and MELD-Na perform less well in PSC than in other 

causes of ESLD [204]. To address this limitation, exception points may be considered for 

PSC-specific complications not adequately captured by MELD, such as recurrent bacterial 

cholangitis or severe, intractable pruritus [203]. In patients with PSC and high-grade 

biliary dysplasia confirmed by cytology or ductal histology, listing for LT may be 

considered on an individualized basis within a multidisciplinary setting and according to 

local resources and allocation policies [203]. 

The choice of biliary anastomosis during transplantation for PSC is typically at the 

surgeon’s discretion. Two techniques can be used for bile duct reconstruction: 

hepaticojejunostomy and duct-to-duct anastomosis. Both techniques show comparable 

outcomes in terms of long-term survival, PSC recurrence, and biliary strictures 

[203,204,206]. Duct-to-duct anastomosis showed a lower risk of ascending cholangitis 

because it maintains more normal anatomy of the biliary tree, preserving the sphincter of 

Oddi function, and allowing easier endoscopic access to the biliary tree when needed 

[203,204,206]. 

Unmet need. MELD-based allocation inadequately captures the disease burden of 

PSC, and no validated PSC-specific allocation model exists. The optimal biliary 

reconstruction technique, the role of pre-transplant neoadjuvant strategies for occult CCA, 

and the prevention of PSC recurrence after transplantation remain unresolved. Disease-

specific allocation policies and prospective studies comparing surgical strategies are 

needed 

12.7. Recurrence and Immunosuppression 

After LT, PSC patients have favorable outcomes, with 1-, 5-, and 10-year survival 

rates of approximately 87%, 79%, and 70%, respectively [207]. 

PSC recurrence occurs in approximately 17% of patients, typically around 5 years 

after LT, and is more frequent in younger patients with UC [204,207]. Early PSC 

recurrence significantly reduces long-term graft survival [207]. 

Immunosuppressive regimens should be individualized in PSC transplant recipients 

[203]. 

Both early and late acute rejection are associated with PSC recurrence [204,207]. 

Accordingly, initial triple immunosuppression based on tacrolimus is often 

recommended, followed by prolonged dual therapy [203]. 

After LT, UC may remain stable, improve, or worsen, with post-transplant 

worsening reported in approximately 25% of patients [11]. Additionally, PSC patients 

without pre-existing IBD may develop de novo IBD after LT with a 10-year cumulative 

risk of 25.4% [11]. 

A recent Italian nationwide study on LT for PSC further highlighted the oncological 

complexity of the post-transplant setting, reporting a non-negligible prevalence of occult 

CCA identified on explanted livers, which was associated with poor post-transplant 

outcomes and represented a relevant cause of early and intermediate-term mortality [208]. 

These observations suggest that neoplastic transformation may already be ongoing 

at the time of transplantation and support the hypothesis of a diffuse biliary field 

cancerization in PSC, potentially providing a biological rationale for surgical strategies 

aimed at minimizing the persistence of recipient biliary epithelium, such as bilio-digestive 

reconstruction, although direct evidence is currently lacking [1,208]. 
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12.8. Management of IBD After Transplantation 

Active IBD before transplantation is associated with a higher risk of post-transplant 

colitis flares [203]. Active IBD before and/or after LT increases the risk of post-transplant 

complications, such as hepatic artery thrombosis, graft loss, and mainly PSC recurrence 

[203,209]. 

Achieving mucosal healing in PSC-IBD is crucial, particularly for patients who may 

require LT or retransplantation. 

Corticosteroids and 5-aminosalicylic acids (5-ASA) may induce remission, while 5-

ASA and azathioprine are effective in maintaining remission both before and after LT 

without adversely affecting post-operative outcomes or increasing PSC-related cancer 

risks [1,203,210]. Although mycophenolate mofetil is clearly effective in preventing 

rejection after LT, its usefulness in maintaining IBD remission in PSC transplant patients 

appears less certain, and azathioprine should be favored over mycophenolate [203,210]. 

Vedolizumab has shown clinical efficacy in patients with IBD after LT, although post-

transplant infections have been reported; therefore, caution is recommended in patients 

with unstable liver graft function [203,211]. 

Limited case-series data suggest that JAK inhibitors may be feasible for the treatment 

of IBD after LT in patients receiving standard anti-rejection therapy, but their safety and 

efficacy require confirmation in larger studies [212]. 

Immunomodulatory therapies may increase the risk of opportunistic infections and 

malignancies [213–216]. Therefore, it is advisable to minimize the immunosuppressive 

load in transplant recipients to balance the risk of rejection, the risk of IBD worsening, and 

the risk of complications. 

Retrospective studies link tacrolimus, but not ciclosporin, with increased IBD 

progression and de novo IBD post-transplant, but the evidence is not strong and may 

reflect changes in transplant practices [203]. 

Patients with PSC-UC have a higher lifetime risk of CRC before and after LT 

compared with UC alone [217,218]. According to current guidelines, colectomy should be 

considered in PSC-UC patients with resectable neoplasia or high-risk dysplasia, including 

flat, invisible, and/or multiple low-grade dysplastic lesions, considering the risk of 

progression [219–221]. 

Unmet need. The optimal immunosuppressive strategy that balances graft 

protection, IBD control, and oncological risk in PSC transplant recipients remains 

undefined. Prospective studies comparing immunosuppressive regimens with respect to 

IBD activity, PSC recurrence, and malignancy incidence are needed. The role of emerging 

therapies such as JAK inhibitors in the post-transplant setting requires dedicated 

evaluation. 

12.9. Emerging Therapeutic Strategies in PSC 

The absence of disease-modifying therapies for PSC has led to the investigation of 

multiple pharmacological pathways involved in cholestasis, bile acid signaling, 

inflammation, and fibrogenesis (Table 3). Therapeutic strategies targeting bile acid 

signaling, including FXR agonists, FGF19 analogues, PPAR agonists, and bile acid-based 

therapies, have demonstrated biochemical effects on cholestatic markers, most notably 

alkaline phosphatase, in early-phase studies [165,166,222,223]. Among these, 

norursodeoxycholic acid (norUDCA) has recently shown positive phase 3 results on a 

combined primary endpoint, but its place in clinical practice will depend on full peer-

reviewed results, regulatory assessment, durability of response, safety, and evidence of 

benefit beyond bio-chemical endpoints [167]. Conversely, the phase 3 PRIMIS trial of the 

FXR agonist cilofexor was terminated early for futility, underscoring the limitations of 

pathway-driven approaches based mainly on surrogate endpoints [224]. The PRIMIS trial 
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is particularly instructive because it was the only PSC trial to use histology-based liver 

fibrosis progression (Ludwig classification stage increase ≥1 at week 96) as its primary 

endpoint—chosen in conjunction with FDA guidance—yet fibrosis progression occurred 

in 31% of cilofexor-treated patients versus 33% on placebo (treatment difference −1.4%; p 

= 0.42), with no differences in ELF score or liver stiffness measurement [224]. Conversely, 

the NGM282 (aldafermin) phase 2 trial did not meet its primary ALP endpoint but 

significantly improved fibrosis biomarkers—ELF score and Pro-C3—that independently 

predict transplant-free survival in PSC [222]. These contrasting results illustrate a 

fundamental challenge: biochemical improvement does not guarantee histological or 

clinical benefit, and conversely, agents that fail on biochemical endpoints may still 

modulate fibrosis. This dissociation argues strongly for composite trial endpoints that 

integrate biochemical, fibrosis, imaging, and clinical outcome measures rather than 

relying on any single surrogate. 

Table 3. Selected pharmacological agents evaluated in clinical trials for primary sclerosing 

cholangitis. Abbreviations: ALP, alkaline phosphatase; CCR, C-C chemokine receptor; FGF19, 

fibroblast growth factor 19; FXR, farnesoid X receptor; HVPG, hepatic venous pressure gradient; 

LOXL2, lysyl oxidase-like 2; PPAR, peroxisome proliferator-activated receptor; ULN, upper limit of 

normal. 

Compound 
Target/Mecha

nism 

PSC Population/Primary 

Endpoint 
Endpoint Met Clinical Phase Key Reference 

norursodeoxycholic 

acid (norUDCA) 

Bile acid 

derivative 

Phase III NUC-5: 301 

adults with biopsy-

confirmed PSC and ALP 

≥1.5× ULN; at Week 96, 

ALP <1.5× ULN plus no 

worsening in Ludwig 

fibrosis stage 

Yes 

Phase III ongoing; 

Week-96 analysis 

reported, full peer-

reviewed 

publication pending 

NCT03872921; 

Phase II [165]; 

Phase III [167] 

cilofexor 
Non-steroidal 

FXR agonist 

Phase III PRIMIS: 419 

adults with non-cirrhotic 

large-duct PSC; 

histological fibrosis 

progression at Week 96 

No 

Phase III terminated 

early after interim 

futility analysis 

NCT03890120; 

[224] 

obeticholic acid FXR agonist 

Phase II AESOP: 76 

randomized adults with 

PSC and ALP ≥2× ULN; 

change in ALP at Week 24 

and safety 

Yes in the 5–10 

mg arm; lower-

dose arm not 

significant 

Phase II completed 
NCT02177136; 

[223] 

aldafermin 

(NGM282) 

FGF19 

analogue 

Phase II: 62 adults with 

PSC and ALP >1.5× ULN; 

change in ALP at Week 12 

No Phase IIb completed 
NCT02704364; 

[222] 

simtuzumab 
LOXL2 

inhibitor 

Phase IIb: 234 adults with 

compensated PSC and 

bridging fibrosis or 

cirrhosis; Week-96 change 

in hepatic collagen 

content or HVPG, 

according to baseline 

disease stage 

No Phase IIb completed 
NCT01672853; 

[225] 

cenicriviroc 
CCR2/CCR5 

antagonist 

Phase II, open-label 

exploratory study: 24 

adults with PSC and ALP 

Not applicable: 

uncontrolled 

study; median 

Phase II completed 
NCT02653625; 

[226] 
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≥1.5× ULN; percentage 

change in ALP at Week 24 

ALP reduction 

18% 

elafibranor 
PPAR-α/δ 

agonist 

Phase II ELMWOOD: 68 

adults with PSC and ALP 

≥1.5× ULN; safety and 

tolerability over 12 weeks 

Yes: favourable 

safety profile; 

biochemical 

effects were 

secondary 

outcomes 

Phase II completed; 

Phase III recruiting 

NCT05627362; 

Phase II [227]; 

Phase III: 

NCT07387549 

Microbiota-directed therapies beyond antibiotics and FMT are also being explored, 

reflecting the broader evolution of microbiome therapeutics from empirical interventions 

toward rationally designed, mechanism-based strategies [228]. These emerging 

approaches can be broadly categorized into three domains: (i) targeted elimination of 

candidate pathobionts, (ii) restoration of beneficial microbial communities, and (iii) 

modulation of microbial metabolites. Phage-based approaches represent the most 

advanced pathobiont-directed strategy in PSC. Ichikawa et al. developed a lytic phage 

cocktail targeting PSC-derived Klebsiella pneumoniae, demonstrating that both oral and 

intravenous administration suppressed K. pneumoniae colonization and attenuated 

hepatic Th17 responses, liver inflammation, and disease severity in hepatobiliary injury-

prone mice, without off-target dysbiosis [229]. These findings provide proof-of-concept 

for precision antimicrobial strategies in PSC, although clinical translation requires 

demonstration of safety, sustained pathobiont suppression, and clinical benefit in human 

trials. 

Defined microbial consortia—rationally designed communities of characterized 

bacterial strains—represent a second emerging strategy. Unlike FMT, which transfers an 

undefined and variable microbial community, defined consortia offer standardized 

composition, reproducible manufacturing, and the potential for functional design 

targeting specific metabolic deficiencies. In pre-clinical colitis models, functionally 

designed synthetic consortia have demonstrated efficacy comparable to FMT in 

counteracting dysbiosis [230]. In PSC specifically, colonization of antibiotic-pretreated 

Mdr2-/- mice with short-chain fatty acids (SCFA)-producing Lachnospiraceae reduced 

liver fibrosis, inflammation, and pathobiont translocation, providing a rationale for 

consortia enriched in protective taxa [231]. The regulatory framework for such products 

is evolving, with the FDA defining live biotherapeutic products (LBPs) as a distinct 

category requiring rigorous clinical development [232]. However, no defined consortium 

has yet entered clinical testing in PSC. 

Modulation of microbial metabolites constitutes a third therapeutic avenue. SCFAs, 

particularly butyrate, are depleted in PSC and have demonstrated anti-inflammatory and 

antifibrotic properties in preclinical liver disease models, including improvement of 

intestinal barrier function and reduction in hepatic inflammation [233,234]. Postbiotics—

defined as preparations of inanimate microorganisms and/or their components—and 

microbial metabolite supplementation strategies are under investigation in various liver 

diseases, although none has been tested specifically in PSC [235]. Additionally, next-

generation probiotics featuring improved colonization and safety profiles, as well as 

genetically engineered bacteria designed to deliver anti-inflammatory molecules in situ, 

are being developed for IBD and may eventually be explored in PSC-IBD, though these 

remain at the preclinical or early clinical stage [236,237]. Overall, these microbiota-

directed strategies remain experimental and have no established role in current clinical 

practice. Their translation to PSC-IBD will require disease-specific clinical trials 

demonstrating safety, sustained microbiome modulation, and improvement in clinically 

meaningful endpoints beyond biochemical markers [238]. 

https://doi.org/10.3390/livers6040075


Livers 2026, 6, 75 34 of 54 
 

https://doi.org/10.3390/livers6040075 

Overall, current therapeutic development in PSC remains promising but uncertain, 

and future trials should prioritize endpoints that capture biliary disease progression, 

fibrosis, liver-related complications, quality of life, and transplant-free survival. In 

parallel, the growing emphasis on precision medicine in IBD—including biomarker-

guided therapy selection, therapeutic drug monitoring, and multi-omic patient 

profiling—highlights the need to develop analogous individualized approaches for PSC-

IBD, where treatment decisions must account for both intestinal and hepatobiliary disease 

dimensions [239]. A core outcome set initiative for PSC clinical trials is currently 

underway, reflecting a paradigm shift from biochemistry-based endpoints toward 

histological assessment of liver fibrosis, imaging-based biomarkers, and patient-reported 

outcome measures [240]. The ELF score has emerged as a particularly promising 

candidate: it is strongly associated with transplant-free survival independently of the 

Mayo Risk Score, has substantially less serial variability than ALP, and predicted fibrosis 

progression and PSC-related clinical events in the simtuzumab trial [241,242]. Until a 

validated composite endpoint is established, future trials should incorporate multiple 

complementary measures—including fibrosis biomarkers (ELF, Pro-C3), imaging (MRCP-

based scores, elastography), histology, patient-reported outcomes, and clinical events—to 

enable post hoc assessment of which endpoints best capture true disease modification. 

Unmet need. The development of effective therapies for PSC is hampered by 

fundamental research design limitations: reliance on ALP as a primary endpoint despite 

its substantial spontaneous variability and lack of association with fibrosis progression 

over 2 years [170]; short trial durations insufficient to capture fibrosis progression or 

clinical events; small sample sizes inherent to a rare disease; and the absence of validated 

composite endpoints that integrate biliary, fibrotic, and clinical outcomes. The 

International PSC Study Group concluded that no surrogate endpoint currently exceeds 

level 3 validation [168], and a core outcome set initiative is underway to harmonize trial 

endpoints [240]. International consensus on trial design—including agreement on 

primary endpoints, enrichment strategies, minimum follow-up duration, and the 

incorporation of fibrosis biomarkers and patient-reported outcomes—is a prerequisite for 

meaningful therapeutic progress. 

13. Conclusions and Future Perspectives 

PSC associated with IBD represents a clinically distinct phenotype—or, more 

precisely, a heterogeneous group of phenotypes—with specific epidemiological, 

pathological, and clinical features that vary according to ductal involvement, IBD subtype, 

age of onset, and autoimmune overlap [3,6]. The close relationship between PSC and IBD 

influences disease presentation, cancer risk, and long-term outcomes, underscoring the 

need for coordinated hepatological and gastroenterological care. Whether PSC-IBD 

ultimately proves to be a single disease process, a genetically unique entity distinct from 

both classical PSC and classical IBD [7], or a convergent phenotype arising from partially 

overlapping but non-identical pathogenic mechanisms [3] remains one of the central 

unresolved questions in the field. Future mechanistic and longitudinal studies should be 

designed to test these competing models rather than assuming any one of them, and 

should explicitly account for the biological heterogeneity across PSC subtypes—including 

small-duct disease, pediatric-onset disease, and PSC without IBD—that current evidence 

increasingly reveals. 

Several gaps remain, particularly in the early diagnosis of subclinical disease, 

individual risk stratification, and the design of trials based on clinically meaningful 

outcomes rather than biochemical response alone. Table 4 summarizes the main priorities 

for future research. Five overarching unmet needs emerge from this review and should 

be prioritized in future research and clinical practice: (1) diagnostic: development of 
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validated non-invasive biomarkers and standardized screening strategies for early PSC 

detection in IBD populations; (2) mechanistic: functional validation of candidate 

pathogenic pathways—including microbiota–bile acid interactions, cholangiocyte 

senescence, and immune-cell trafficking—to identify actionable therapeutic targets; (3) 

therapeutic: design of clinical trials powered for clinically meaningful endpoints, 

including fibrosis progression, biliary complications, and transplant-free survival; (4) 

surveillance: prospective evaluation of risk-adapted surveillance protocols incorporating 

novel biomarkers of neoplastic transformation; and (5) research design: international 

consensus on trial methodology, including composite endpoints, enrichment strategies, 

and minimum follow-up duration for PSC-specific studies. 

Further progress in this field will require structured, sustained collaboration among 

hepatologists, gastroenterologists, microbiologists, immunologists, radiologists, 

pathologists, and translational researchers. The complexity of PSC-IBD—spanning 

chronic cholangiopathy, intestinal inflammation, immune dysregulation, microbiome 

perturbation, and a high oncological burden—exceeds the scope of any single specialty 

and demands integrated multidisciplinary care models. Dedicated PSC-IBD clinics or joint 

hepatology–gastroenterology pathways, ideally embedded within academic centers with 

access to advanced imaging, endoscopy, and translational research infrastructure, may 

facilitate coordinated surveillance, timely therapeutic decisions, and enrollment in clinical 

trials. Multidisciplinary tumor boards involving hepatobiliary surgeons, transplant 

hepatologists, oncologists, and interventional endoscopists are essential for the 

management of indeterminate biliary strictures and suspected malignancy. Equally, 

collaborative research networks integrating clinical cohorts with multi-omic platforms—

including metagenomics, metabolomics, and immunophenotyping—will be critical to 

advancing mechanistic understanding and identifying actionable therapeutic targets. 

Despite improvements in diagnostic strategies, PSC-IBD remains frequently 

underdiagnosed, and no medical therapy has yet been shown to modify disease 

progression. Careful phenotypic characterization, including the identification of small-

duct disease and pediatric forms, together with appropriate surveillance strategies, may 

contribute to improved patient management. Achieving these goals will require not only 

scientific advances but also organizational commitment to multidisciplinary care delivery, 

including shared clinical protocols, joint training programs, and patient registries that 

capture both hepatobiliary and intestinal disease dimensions longitudinally. 

Future studies should assess whether the integration of intestinal inflammatory 

activity with cholestatic and fibrosis markers, cholangiographic phenotype, and 

oncological risk can improve patient stratification and support a more individualized 

management of PSC-IBD. In IBD, the concept of biomarker-guided treatment selection has 

gained increasing support. The CALM trial demonstrated that timely therapy escalation 

guided by fecal calprotectin and C-reactive protein, rather than symptoms alone, 

improved rates of deep remission and mucosal healing in Crohn’s disease [243,244]. The 

STRIDE-II consensus further endorsed normalization of serum and fecal inflammatory 

markers as intermediate treatment targets within a treat-to-target framework [245]. More 

recently, a multidimensional conceptual framework for dynamic clinical profiling of IBD 

patients has been proposed, integrating disease complexity, patient frailty, extraintestinal 

manifestations, patient preferences, and sustainability into an iterative, personalized 

treatment strategy [246]. 

In PSC-IBD, however, the application of precision medicine remains in its infancy. 

The unique challenge lies in the need to integrate intestinal inflammatory biomarkers with 

cholestatic and fibrosis markers, cholangiographic phenotype, and oncological risk—

domains that are not captured by current IBD-specific treat-to-target algorithms. 

Proteomic profiling approaches aimed at identifying PSC-IBD-specific biomarkers are 
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under investigation and may contribute to refining disease stratification in the future 

[247]. Whether composite, disease-specific profiling strategies can improve therapeutic 

decision-making and long-term outcomes in PSC-IBD remains to be determined and 

should be a priority for future research. 

The development of validated non-invasive biomarkers for PSC remains a critical 

priority. The Enhanced Liver Fibrosis (ELF) score is strongly associated with transplant-

free survival independently of the Mayo Risk Score, has substantially less serial variability 

than ALP, and predicted fibrosis progression and PSC-related clinical events in the 

simtuzumab trial [170,241,242]. Pro-C3, a marker of type III collagen formation, has shown 

moderate diagnostic ability for advanced fibrosis (AUROC 0.73–0.78) and predicted PSC-

related clinical events (AUROC 0.70–0.71) in the same trial [242]. Newer clinical prediction 

models—including PREsTo (C-statistic 0.90 for hepatic decompensation), the UK-PSC 

score (C-statistic 0.85 for 10-year transplant-free survival), and the Amsterdam–Oxford 

model—have outperformed the revised Mayo Risk Score [248,249]. However, none of 

these models can predict cholangiocarcinoma, which can occur at any disease stage [2]. 

Proteomic profiling approaches aimed at identifying PSC-IBD-specific biomarkers are 

under investigation and may contribute to refining disease stratification in the future 

[247]. Prospective validation of these biomarkers—individually and in combination—

across diverse populations and disease stages is needed before they can be incorporated 

into clinical practice or trial enrichment strategies. 

13.1. Quantitative Imaging 

Quantitative MRCP-based metrics represent a promising avenue for objective 

disease monitoring. The qMRCP-PSC score, combining biliary stricture count and spleen 

size, outperformed the semiquantitative Anali score (C-statistic 0.78 vs. 0.64) in predicting 

medium-term hepatobiliary complications [25]. A systematic review of MRCP+ metrics 

confirmed their association with validated clinical prediction models and adverse 

outcomes, with AUC values ranging from 0.65 to 0.87 [250]. The complementary use of 

MRI-based scores and vibration-controlled transient elastography has been shown to 

separate patients into low-, medium-, and high-risk groups with 5-year adverse outcome 

rates of 8%, 16%, and 38%, respectively [251]. However, these tools require external 

validation in multicenter prospective cohorts and standardization of acquisition protocols 

before they can serve as trial endpoints or clinical decision-support tools. 

13.2. Standardized Trial Endpoints and Patient-Reported Outcomes 

The International PSC Study Group concluded that no surrogate endpoint currently 

exceeds level 3 validation [168], and a core outcome set (COS) initiative is underway to 

harmonize trial endpoints through a four-stage process involving systematic literature 

review, stakeholder interviews, international Delphi survey, and consensus meeting [240]. 

This initiative reflects a paradigm shift from biochemistry-based endpoints toward 

histological assessment, imaging-based biomarkers, and patient-reported outcome 

measures (PROs). Several PSC-specific PRO instruments are now available or under 

development: the PSC PRO, a 42-item self-administered instrument with two modules 

(Symptoms and Impact of Symptoms), has demonstrated good psychometric properties 

including internal consistency (Cronbach alphas 0.84–0.94) and discriminant validity 

[252]; the CLDQ-PSC, a 24-item health-related quality of life instrument with five domains 

(emotional function, fatigue, symptoms, worry, and sleep), has shown discrimination 

between patients with and without cirrhosis or its complications [253]; and additional 

symptom-specific measures are being developed by the PSC Partners Seeking A Cure 

organization and UK-based groups [254]. The AASLD Practice Guidance has identified 

the development of a PSC-specific PRO tool that encompasses the entire patient 
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experience—including abdominal pain, pruritus, and fatigue—as a key research priority 

[2]. Incorporating validated PROs as co-primary or key secondary endpoints in future 

trials would ensure that therapeutic benefit is assessed from the patient’s perspective, not 

solely through biochemical or imaging surrogates. 

13.3. Pediatric Cohorts and Small-Duct PSC 

The natural history of pediatric PSC and small-duct PSC remains insufficiently 

charac-terized, and both populations are systematically underrepresented in clinical 

trials. The largest pediatric cohort study, including 781 children, demonstrated that nearly 

half of children develop an adverse liver outcome after 10 years, with small-duct PSC and 

PSC-IBD associated with more favorable prognosis [49]. However, whether the 

inflammatory predominance in children represents a true therapeutic window—and 

whether early intervention can prevent progression to irreversible fibrosis—remains 

untested. For small-duct PSC, approximately 23% of patients progress to large-duct 

disease over 5–14 years [2], but predictors of progression are unknown, and surveillance 

recommendations are largely absent from EASL and BSG/UK-PSC guidelines. Prospective 

longitudinal registries bridging pediatric and adult cohorts, with standardized 

phenotyping and serial biomarker collection, are needed to define the natural history of 

these subgroups and to identify patients who may benefit from early therapeutic 

intervention. Pediatric-specific clinical trials and validated transition-of-care protocols are 

urgently needed. 

13.4. Longitudinal Multi-Omics 

Current mechanistic evidence in PSC-IBD is largely cross-sectional and cannot 

distinguish cause from consequence. A pilot integrative analysis combining colonic gene 

expression, gut microbiota, and immune infiltration data in PSC-IBD identified 

upregulation of bile acid signaling pathways and dysregulation of colonic bile acid 

homeostasis compared with UC, with multi-omic integration revealing networks 

involved in bile acid homeostasis and cancer regulation [255]. More recently, single-cell 

transcriptomic and spatial analyses have revealed that the colon of patients with PSC and 

ulcerative colitis (PSC-UC) harbors distinct region-specific microbial communities and an 

enrichment of activated CD8 T and γδ T cells in the right colon, even in the absence of 

histological inflammation [10]. However, these studies are limited by small sample sizes 

and cross-sectional design. Longitudinal studies integrating metagenomics, 

metabolomics—particularly bile acid profiling—immunophenotyping, and clinical data, 

with serial sampling before and after PSC diagnosis, during disease progression, and in 

response to therapeutic interventions, are essential to establish causal relationships, 

identify actionable therapeutic targets, and develop composite biomarker panels for 

disease monitoring and trial enrichment. 

Table 4. Priority unmet needs and research priorities in PSC–IBD. This table summarizes the main 

diagnostic, mechanistic, surveillance, and therapeutic gaps discussed in the review and the corre-

sponding priorities for future research. Abbreviations: ALP, alkaline phosphatase; CCA, 

cholangiocarcinoma; CLDQ-PSC, Chronic Liver Disease Questionnaire–Primary Sclerosing 

Cholangitis; COS, core outcome set; CRC, colorectal cancer; ctDNA, circulating tumor DNA; ELF, 

Enhanced Liver Fibrosis; IBD, inflammatory bowel disease; MRI, magnetic resonance imaging; 

MRCP, magnetic resonance cholangiopancrea-tography; MRCP+, quantitative MRCP analysis 

platform; PREsTo, Primary Sclerosing Cholangitis Risk Estimate Tool; Pro-C3, N-terminal 

propeptide of type III collagen; PRO, patient-reported outcome; PSC, primary sclerosing 

cholangitis; qMRCP-PSC, quantitative MRCP-based PSC score; RCT, randomized controlled trial. 
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Domain Specific Unmet Need Priority Research Action 
Recommended Study 

Design 
References 

Biomarkers 

No validated surrogate 

endpoint exceeds level 3 

validation 

Prospective validation of 

ELF score, Pro-C3, and 

composite panels against 

transplant-free survival 

and fibrosis progression  

Multicenter prospective 

cohort with serial 

sampling 

[2,168,241,242] 

Biomarkers 
No biomarker predicts 

CCA at any disease stage 

Discovery and validation 

of CCA-specific 

biomarkers (liquid biopsy, 

ctDNA, proteomic 

signatures) 

Nested case–control 

within prospective 

registries 

[2,247] 

Quantitative imaging 

Semi-quantitative MRCP 

scores have poor inter-

reader agreement 

External validation of 

qMRCP-PSC score and 

MRCP+ metrics in 

multicenter cohorts  

Prospective multicenter 

imaging study with 

standardized protocols 

[25,250,251] 

Quantitative imaging 

Complementary value of 

elastography and MRI not 

established in trials 

Incorporate combined MRI 

+ elastography as 

exploratory endpoints in 

phase 2/3 trials  

Embedded imaging 

substudy within 

therapeutic trials 

[2,251] 

Trial endpoints 
No consensus on primary 

endpoints for PSC trials 

Complete the core 

outcome set (COS) 

initiative and disseminate 

for adoption  

International Delphi 

consensus and 

stakeholder engagement 

[168,240,256] 

Trial endpoints 

ALP has high 

spontaneous variability 

and does not predict 

fibrosis 

Adopt fibrosis biomarkers 

(ELF, Pro-C3) and 

histology as co-primary 

endpoints 

Composite endpoint 

design in phase 2b/3 

trials 

[2,168,242] 

Patient-reported 

outcomes 

No PSC-specific PRO 

validated as a trial 

endpoint 

Complete psychometric 

validation of PSC PRO, 

CLDQ-PSC, and 

symptom-specific 

measures in diverse 

populations 

Prospective validation 

studies with known-

groups and 

responsiveness testing 

[252,253,257] 

Pediatric cohorts 

Pediatric PSC 

systematically excluded 

from therapeutic trials 

Design pediatric-specific 

trials with age-appropriate 

endpoints and transition-

of-care protocols 

Multicenter pediatric 

RCTs embedded within 

adult trial platforms 

[49,258] 

Pediatric cohorts 

Whether early 

intervention prevents 

fibrosis progression is 

untested 

Prospective longitudinal 

registries bridging 

pediatric and adult cohorts 

with serial biomarker 

collection 

International registry 

with standardized 

phenotyping 

[2,49] 

Small-duct PSC 

Natural history and 

predictors of progression 

to large-duct disease are 

unknown 

Prospective registries with 

serial MRCP and 

biomarker monitoring 

Multicenter prospective 

cohort with ≥10-year 

follow-up 

[2] 

Longitudinal multi-

omics 

Current evidence is cross-

sectional; causality 

unestablished 

Serial multi-omic sampling 

(metagenomics, 

metabolomics, 

immunophenotyping) 

Longitudinal cohort with 

pre-diagnostic sampling 

(e.g., IBD cohorts) 

[10,255] 
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before and after PSC 

diagnosis 

Risk stratification 

Individual risk of biliary 

progression, CCA, and 

CRC remains 

unpredictable 

Validate composite risk 

models (PREsTo, UK-PSC, 

Amsterdam–Oxford) in 

diverse populations and 

integrate with biomarkers 

External validation in 

population-based cohorts 
[2,248] 

Surveillance 

Optimal surveillance 

interval and modality are 

consensus-based, not 

evidence-based 

Prospective comparison of 

risk-adapted vs. uniform 

surveillance protocols 

Multicenter pragmatic 

RCT or stepped-wedge 

design 

[2] 
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