UH

iti
2 ¥ Universitait Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

The Bidirectional Crosstalk
between CD4' T Cells and Cholangiocytes

in a Patient-Derived Organoid Model

Dissertation

to obtain the degree
Doctor rerum naturalium (Dr. rer. nat.)

at the Faculty of Mathematics, Informatics and Natural Sciences
of the University of Hamburg

submitted by
Nicola luso

Hamburg, October 2025






REFEREES:

Prof. Dr. med. Christoph Schramm

I. Department of Medicine and Martin Zeitz Center for Rare Diseases
University Medical Center Hamburg-Eppendorf

MartinistraBe 52

20251 Hamburg

Prof. Dr. Tim-Wolf Gilberger

Department of Cellular Parasitology

Bernhard Nocht Institute for Tropical Medicine
Bernhard Nocht Straf3e 74

20359 Hamburg

Date of oral defence: 18.03.2026






And I'm still a believer, but I don't know why

I've never been a natural, all I do is try, try, try

I'm still on that trapeze

I'm still trying everything to keep you looking at me
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ABSTRACT

Primary sclerosing cholangitis (PSC) is a rare disease characterised by long-standing
periductalinflammation directed against cholangiocytes, the epithelial lining cells of the
bile ducts. Over time, chronic inflammation leads to fibrosis and progressive destruction
of the biliary tree. The aetiology of PSC remains only partly understood, but immune
dysregulation is thought to be a key driver. Cholangiocytes are now recognised not as
passive bystanders of tissue injury, but as active participants capable of releasing
cytokines, expressing adhesion molecules and, under certain conditions, presenting
antigens, thereby shaping the immune milieu. In contrast, alcohol-associated liver
disease (ALD) arises from toxic and metabolic injury due to sustained alcohol intake.
Here, inflammation and ductular reaction are also prominent, but the underlying
mechanisms differ fundamentally from immune-mediated cholangiopathies.
Comparing cholangiocytes from PSC and ALD therefore provides an opportunity to
distinguish disease-specific features from general responses to chronic injury. In this
work, patient-derived cholangiocyte organoids were used as a three-dimensional model
to explore how these cells contribute to inflammation and immune regulation. Two main
questions were addressed: whether PSC- and ALD-derived organoids differ at baseline
and under inflammatory stimulation, and how cholangiocytes interact with CD4" T cells
in co-culture, with attention to activation, regulation and survival pathways.
Transcriptomic analysis revealed subtle but consistent differences in PSC-derived
organoids at baseline. Our observations suggest that PSC cholangiocytes retain a
plastic, immune-ready state, likely imprinted through epigenetic mechanisms that
persist outside their native tissue. Upon IL-17A stimulation, organoids from both PSC
and ALD donors activated a broad inflammatory transcriptional programme.
Chemokines, cytokines, defensins and acute-phase markers were upregulated, and
pathway analysis confirmed engagement of IL-17, TNF and NF-kB signalling. Despite this
strong and consistent response, only a limited number of transcripts remained
differentially expressed between PSC and ALD, indicating convergence of acute
responses, while a small number of disease-specific traits were preserved. CD4* T cells
were brought into co-culture with organoids under optimised conditions that preserved
epithelial integrity and enabled physical interaction. Exposure to T cell-derived
supernatants alone induced a pro-inflammatory response, but direct contact resulted in
broader activation of cholangiocytes, highlighting the importance of cell-cellinteraction.
In parallel, CD4" T cells displayed changes in both activation and regulatory pathways,
with a clear involvement of the PD-1/PD-L1 axis. This suggests that cholangiocytes are
able not only to stimulate T cells, but also to engage inhibitory checkpoint mechanisms.
Overall, PSC- and ALD-derived organoids were more similar than different, reflecting a
tendency towards phenotypic convergence in vitro, which facilitates expansion but can
obscure tissue-specific signatures. Nevertheless, key disease-associated features were
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retained. These findings underscore both the strengths and limitations of organoid
models: while they effectively recapitulate essential epithelial functions, they cannot
fully reproduce the complexity and fidelity of the disease environment.



ZUSAMMENFASSUNG

Primar sklerosierende Cholangitis (PSC) ist eine seltene Erkrankung, die durch eine
langanhaltende periduktale Entzindung gekennzeichnet ist, die sich gegen
Cholangiocyten, also die Epithelzellen der Gallengange, richtet. Im Verlauf fuhrt diese
chronische Entziindung zu Fibrose und progressiver Zerstorung der Gallengange. Die
Atiologie der PSC ist bisher nur teilweise verstanden, jedoch wird eine Fehlregulation des
Immunsystems als zentraler Mechanismus angesehen. Cholangiocyten, die
Epithelzellen, die den Gallenbaum auskleiden, werden in Cholangiopathien nicht mehr
als passive Zuschauer des Leberschadens betrachtet, sondern als aktive Akteure. Sie
sind in der Lage, Zytokine freizusetzen, Adhasionsmolekile zu exprimieren und unter
bestimmten Bedingungen sogar Antigene zu prasentieren und somit das
immunologische Milieu aktiv zu beeinflussen. Im Gegensatz zur PSC entsteht die
alkoholassoziierte Lebererkrankung (ALD) durch toxische und metabolische Schadigung
infolge eines anhaltenden Alkoholkonsums. Auch hier spielen Entzindung und ductulare
Reaktion eine wichtige Rolle, jedoch unterscheiden sich die zugrunde liegenden
Mechanismen grundlegend von den immunvermittelten Cholangiopathien. Der
Vergleich von Cholangiocyten aus PSC- und ALD-Gewebe bietet daher die Moglichkeit,
krankheitsspezifische Merkmale von allgemeinen Reaktionen auf chronische
Schadigung zu unterscheiden. In der vorliegenden Arbeit wurden patientenabgeleitete
Cholangiocyten-Organoide als dreidimensionales Modell verwendet, um zu
untersuchen, wie diese Zellen zur Entzindung und Immunregulation beitragen. Zwei
zentrale Fragestellungen wurden behandelt: ob sich PSC- und ALD-abgeleitete
Organoide in ihrem Ausgangszustand und unter entzindlicher Stimulation
unterscheiden, und wie Cholangiocyten mit CD4*-T-Zellen in Kokultur interagieren —
insbesondere im Hinblick auf Aktivierungs-, Regulations- und Uberlebensmechanismen.
Die Transkriptomanalyse zeigte, dass PSC-abgeleitete Organoide im Ausgangszustand
subtile, aber konsistente Unterschiede im Vergleich zu ALD aufwiesen. Unsere
Beobachtungen deuten darauf hin, dass PSC-Cholangiocyten in einem plastischen,
immunologisch ,,bereiten“ Zustand verbleiben, der wahrscheinlich durch epigenetische
Mechanismen gepragt und auch auBerhalb des nativen Gewebes erhalten bleibt. Nach
Stimulation mit IL-17A aktivierten Organoide beider Gruppen (PSC und ALD) ein breites
Spektrum entzlndlicher Gene. Chemokine, Zytokine, Defensine und Akutphasenmarker
waren hochreguliert, und die Pfadanalyse bestatigte die Aktivierung der IL-17-, TNF- und
NF-kB-Signalwege. Trotz einer starken und konsistenten Reaktion auf IL-17A blieben nur
wenige Transkripte unterschiedlich exprimiert, wenn PSC- und ALD-Organoide direkt
verglichen wurden, was darauf hinweist, dass akute Reaktionen weitgehend
konvergieren, wahrend nur wenige krankheitsspezifische Merkmale unter
Basalbedingungen bestehen bleiben
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INTRODUCTION

INTRODUCTION

1. CHOLANGIOCYTE MORPHOLOGY AND HETEROGENEITY
WITHIN THE BILIARY TREE

The metabolism of lipids and carbohydrates is certainly what the liver is best known for,
butits functions extend far beyond this. Positioned at the interface between the intestine
and the systemic circulation, it receives approximately 1.5 L of blood per minute from the
portal vein, carrying not only nutrients but also bacteria, toxins, and antigens from the
diet’. This constant exposure forces the organ to act as a biological filter: mostincoming
molecules must be tolerated, while potentially harmful ones must trigger an appropriate
immune response. Achieving this balance is not trivial, and it is one of the reasons why
the liver has long been regarded as both an immunologically active and a highly
tolerogenic organ’2#. Hepatocytes constitute the majority of liver parenchymal cells and
are organised in plates within the lobular structure that radiates from the terminal
branches of the hepatic veins. Adjacent plates are separated from the bloodstream by
liver sinusoidal endothelial cells (LSECs), characterised by fenestrations and the
absence of a basement membrane, which enable the direct exchange of antigens and
other molecules, facilitating immediate immune recognition. The narrow space of Disse,
which separates hepatocytes from the sinusoidal endothelium, provides a niche for
hepatic stellate cells (HSCs). Under physiological conditions, these cells primarily store
vitamin A; however, when the liver is injured, they undergo activation and contribute to
extracellular matrix deposition and fibrosis®. Kupffer cells (KCs) constitute another
essential component of the hepaticimmune defence. Residing within the sinusoids, they
represent the largest population of resident macrophages in the human body and
continuously clear microbes and cellular debris from the bloodstream, while secreting
cytokines that shape and modulate adaptive immune responses®* (Fig.1 A-C).
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Figure 1. Morphological and functional organisation of the liver and biliary tree.
A) Schematic representation of intrahepatic and extrahepatic bile ducts. Small ducts (15-300 um) express
BCL2, DCDC2, and SOX4, whereas large ducts (300-800 pm) express MUC1, TFF2, and FGF19. Both share




INTRODUCTION

epithelial markers KRT19, KRT7, and SOX9. (B) The hepatic lobule is organized around the central vein, with
hepatocyte plates bordered by sinusoids that receive blood from the portal vein and hepatic artery. (C)
Sinusoids are lined by LSECs and Kupffer cells, while the space of Disse hosts hepatic stellate cells.
Together, these components regulate metabolism, immune surveillance, and tissue remodelling. Adapted
from Banales et al., 2019 and Boyer, 2013. Adapted from Servier Medical Art (https://smart.servier.com),
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Bile is produced by hepatocytes and transported from the liver to the duodenum through
the biliary tree, a complex, tree-like system of branching ducts®. Starting from the canals
of Hering (CoH), bile flows towards the intestine through intrahepatic and then
extrahepatic bile ducts which, together with the cystic duct of the gallbladder, unite to
form the common bile duct (choledochus)’®. Within the liver, intrahepatic ducts are
organised according to their diameter, ranging from the smallest bile ducts (<15 um) to
the right and left hepatic ducts that exceed 800 um®. The smaller ducts are lined by
approximately 4-5 cuboidal cholangiocytes measuring 8-10 ym in diameter, whereas
larger ducts contain 8 to 15 taller columnar cholangiocytes of approximately 15 pm™.
Although they represent only a very small proportion of the hepatic cell population,
cholangiocytes form a selective barrier specialised in the transport and modification of
bile'"2. All cholangiocytes possess microvilli on their apical membrane, but only the
larger cells carry a single primary cilium that acts as a mechanosensor and chemosensor
of bile flow and composition’™. The secretory and proliferative capacities of
cholangiocytes vary depending on duct size and anatomical location. In smaller ducts,
cholangiocytes display generally reduced synthetic and secretory activity, yet they still
contribute to biliary regeneration in the event of injury®'*'®, Notably, while there are no
major qualitative differences in organelle composition between small and large
cholangiocytes, both the number and size of organelles tend to be greater in large
cholangiocytes, consistent with their more active role in bile modification, including
bicarbonate and water secretion in response to hormonal stimulation'17:18,

2. DIVERSITY, PLASTICITY, AND SECRETORY FUNCTION OF
CHOLANGIOCYTES

The cells that constitute the biliary epithelium display significant heterogeneity. This is
reflected in the distinct transcriptomic profiles observed along different regions of the
biliary tree. Stemness markers such as SOX9 and HNF1[ are expressed by cells of the
ductal plate, distinguishing them from hepatocytes. These cells subsequently
differentiate to form mature biliary tissue. As the small and large ducts develop,
cholangiocytes acquire distinct gene expression profiles'®?°, yet despite differences in
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several key functional proteins, they continue to share the same epithelial markers,
including keratins 7 and 19 and EpCAM. Large cholangiocytes exclusively express the
secretin receptor (SR), the cystic fibrosis transmembrane conductance regulator (CFTR)
chloride channel, and the anion exchanger 2 (AE2). Together, these proteins form a
cAMP-dependent secretory pathway'”?'. When secretin, a peptide hormone produced in
the duodenum, binds to its basolateral receptor, intracellular cAMP levels rise, resulting
in CFTR-mediated chloride secretion and chloride/bicarbonate exchange via AE2. This
leads to bile alkalinisation?® and creates the so-called “bicarbonate umbrella”, a
protective microenvironment that shields the biliary epithelium from the detergent
properties of protonated bile acids?*?*. By modifying bile primarily formed by
hepatocytes, cholangiocytes contribute up to 40% of the final bile volume in humans®.
In doing so, they play a role not only in regulating bile volume, but also in responding
dynamically to its composition. Bile acids regulate cholangiocyte activity through
receptors such as the nuclear farnesoid X receptor (FXR) and the membrane receptor
TGR5, enabling cholangiocytes to detect bile acid concentration. Through feedback
mechanisms, cholangiocytes modulate transporter expression and secretory rates,
helping maintain bile flow and composition during physiological fluctuations, for
example after meals?®?’. Cholangiocyte secretion is also modulated by a wide range of
hormones and paracrine mediators. Glucagon and vasoactive intestinal peptide (VIP)
mimic the effects of secretin by increasing cAMP levels and promoting bicarbonate
secretion, whereas somatostatin and endothelin exert opposing effects?>2, In addition,
ATP and UTP released from nerves or from cholangiocytes themselves act on P2Y
receptors, raising intracellular calcium and altering chloride channel function. This
makes small cholangiocytes responsive to purinergic signalling via the IP; pathway,
resultingin calcium-dependent chloride secretion through TMEM16A2%2°, This alternative
secretory pathway is especially important when the function of large ducts is
compromised’. Small cholangiocytes lack SR, CFTR and AE2 expression and therefore
do notrely on the cAMP pathway, instead depending on calcium-mediated mechanisms.
These anatomical and functional differences between small and large cholangiocytes
not only define their secretory capacities but also underlie their distinct responses to
apoptotic and proliferative signals. For instance, following selective injury to large ducts
using acute carbon tetrachloride (CCl,) administration in murine models, small
cholangiocytes, which are normally mitotically quiescent, begin to proliferate and newly
express SR. Secretin binding then promotes not only bicarbonate secretion but also
morphological and functional adaptations that facilitate bile duct repair'’’*%3', This
plasticity reflects a hierarchical organisation within the biliary epithelium, in which small
cholangiocytes can serve as progenitor or reserve cells. The increased number of
progenitor cells observed in the canals of Hering and in peribiliary glands during chronic
liver injury further supports this concept®>-4,
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Injury can also be triggered in murine models using cholestatic toxins such as 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC), where small cholangiocytes similarly
contribute to biliary regeneration and remodelling®. However, following ligation of the
large bile ducts (BDL), only large cholangiocytes showed robust proliferation®. It is
important to emphasise that small cholangiocytes are not entirely inactive, but rather
exhibit a lower basal proliferative rate. Moreover, in experimental liver injury models they
have been shown to acquire hepatocyte-like features® (Fig. 2).
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Figure 2. Transport and signalling pathways in cholangiocytes.

Hepatic progenitor cells (HPCs) in the canals of Hering differentiate into cholangiocytes forming the biliary
epithelium. Large cholangiocytes express the secretin receptor (SR), which activates cAMP-dependent
CFTR and AE2, promoting chloride and bicarbonate secretion and bile alkalinisation. Aquaporin-1 (AQP1)
facilitates water movement. FXR and TGR5 receptors regulate bile acid transport and enhance secretion
and proliferation. Small cholangiocytes lack SR, CFTR, and AE2, relying instead on calcium-dependent
purinergic signaling: ATP/UTP activate P2Y receptors, raising intracellular Ca®* and stimulating TMEM16A-
mediated secretion. Cholangiocytes also sustain the cholehepatic shunt through glucose transporters
SGLT1 and GLUT1, supported by Na*/K*-ATPase activity. Adapted from Banales et al., 2019 and Alpini et
al.,, 2002. Adapted from Servier Medical Art (https://smart.servier.com), licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).
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On top of their regenerative and secretory functions, cholangiocytes help to maintain
essential homeostatic processes within the liver. To do so, they express a range of
transporters involved in the uptake and efflux of different solutes. The sodium-
dependent bile acid transporter ASBT (SLC10A2) and the sodium-glucose co-transporter
SGLT1 (SLC5A1) are located on the apical membrane. Conversely, the basolateral
membrane features the organic solute transporters a and B (OSTa/OST), which mediate
bile acid efflux, as well as the glucose transporter 1 (GLUT1/SLC2A1) for glucose
reabsorption?®38, Together, these transporters allow cholehepatic shunting, the process
by which bile acids are reabsorbed by cholangiocytes and returned to the liver via the
portal circulation. In addition, cholangiocytes express a wide range of specialised
carriers that facilitate the bidirectional movement of solutes such as amino acids,
peptides, and both organic and inorganic ions. Members of the multidrug resistance
protein family also contribute to these transport processes, thereby supporting biliary
homeostasis and detoxification®>.

3. IMMUNOBIOLOGY OF CHOLANGIOCYTES

The bile ducts are anatomically connected to the intestine through the enterohepatic
circulation, meaning that cholangiocytes are continuously exposed to microbe-derived
molecules. As a result, they function as sentinels of the biliary tree and contribute to the
recognition and clearance of microbial products®. In PSC and PBC, increased exposure
or heightened sensitivity to pathogen-associated molecular patterns (PAMPs), such as
bacterial lipopolysaccharide (LPS), has been reported. This is not thought to reflect the
direct entry of bacteria into the ducts, but rather alterations in bile flow, dysbiosis, or
changes inimmune surveillance mechanisms*’. Cholangiocytes respond strongly to LPS
via Toll-like receptor signalling pathways, which is essential for antimicrobial defence
but, when sustained, can contribute to chronic inflammatory injury of the bile ducts*'. To
cope with microbial threats, cholangiocytes employ a series of pattern recognition
receptors (PRRs) that detect bacteria, viruses, and other pathogens. These include Toll-
like receptors (TLRs) and NOD-like receptors (NLRs). Human cholangiocytes
constitutively express TLR1-4 and additional PRRs not only on the cell surface but also
within endocytic vesicles*®*2, Activation of these receptors leads to the release of pro-
inflammatory cytokines and chemokines through pathways such as NF-kB and MAPK*3,
A typical example is the recognition of LPS via TLR4. With the involvement of MD-2 and
CD14, TLR4 triggers MyD88-dependent signalling, resulting in NF-kB activation and the
production of cytokines such as TNF-a, IL-1B, IL-6, IL-8, and MCP-1404244 MCP-1
contributes to monocyte recruitment into the portal tract, while IL-8 similarly attracts
neutrophils. IL-6 and TNF-a also act on Kupffer cells and support activation of the
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adaptive immune system*. Although NF-kB is central to this response, MAPK pathways
including ERK1/2, JNK, and p38 also participate, together shaping the inflammatory
response and contributing to the ductular reaction*?. Cholangiocytes also express
NLRP3 and other NOD-like receptors that sense cellular stress signals. For example, the
presence of bile acid crystals can activate these receptors, promoting the release of IL-
18 and IL-18 and thereby amplifying the inflammatory response®“. In addition,
cholangiocytes communicate directly with immune cells through adhesion molecules
and co-stimulatory proteins. In response to cytokines such as IFN-y, TNF-a, or IL-18,
cholangiocytes upregulate ICAM-1 and VCAM-1 on their surface. These changes
enhance lymphocyte adhesion via LFA-1 and neutrophil adhesion via Mac-1. In PSC and
PBC, however, ICAM-1 is often aberrantly or persistently expressed, contributing to the
accumulation of immune cells along the biliary epithelium and within the periductal
tissue, rather than allowing their physiological resolution*’8, VCAM-1 plays a different
role, as it helps Th17 and CD8" T cells migrate into the ducts*. Additionally,
cholangiocytes can produce LFA-3, which binds to CD2 on cytotoxic T cells and NK cells,
strengthening adhesion and enhancing cytotoxic activity®>®'. Furthermore, one study
suggests that T cells can interact with CD40 expressed by cholangiocytes, thereby
increasing local cytotoxic responses and inducing IL-12 production. While interaction
with LFA-2 on T cells stimulates CD40L expression, IFN-y further enhances CD40
expression®2. The antigen-presenting capacity of cholangiocytes is relatively limited.
Conventional co-stimulatory molecules such as CD80 and CD86, which are required for
efficient priming of naive CD4* T cells, are generally absent, although HLA class | and
class Il (HLA-DR) molecules can be induced by IFN-y®*°%3*%4 Consequently, class Il
expression is often regarded as an epiphenomenon of inflammatory activation rather
than evidence of professional antigen presentation®. Nonetheless, cholangiocytes may
engage alternative co-stimulatory pathways, such as through CD40, or present antigen
to memory or already primed T cells®?. In addition, during microbial challenge,
cholangiocytes can interact with unconventional T cells, including MAIT and NKT cells,
which recognise non-peptide antigens via MR1 and CD1d, respectively, leading to
cytokine secretion and biliary inflammation®*’. Under homeostatic conditions, PD-L1
expression on cholangiocytes is low, but it is markedly upregulated in response to TNF-
a and IFN-y. Through PD-1 engagement on activated T cells, cholangiocytes can
therefore exert co-inhibitory effects®®°, In recent experimental models of cholangitis,
Stein et al. (2021) reported that IL-17A further enhances PD-L1 expression in
cholangiocytes, establishing a negative feedback loop that limits CD8* T-cell-mediated
bile duct injury® (Fig. 3).
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Figure 3. Cholangiocyte-immune cell crosstalk

Cholangiocytes act as immune sentinels of the biliary tree, detecting microbial and inflammatory signals.
Apical TLRs sense LPS and activate NF-kB/MAPK pathways, inducing cytokines such as TNF-q, IL-1, IL-6,
and IL-8 that recruitimmune cells and activate Kupffer cells. NLRs detect bile acid crystals, amplifying IL-
1B release. Basolateral ICAM-1, VCAM-1, and HLA molecules mediate lymphocyte interactions, while IFN-
y-induced CD40 and IL-12 promote Th1 responses. Cholangiocytes also present antigens via MR1 and
CD1, and upregulate PD-L1 in response to cytokines and IL-17A, providing feedback inhibition of T cell
activity. Adapted from Banales et al., 2019. Adapted from Servier Medical Art (https://smart.servier.com),
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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4. CHOLANGIOCYTES AND CHOLANGIOPATHIES: FOCUS
ON PRIMARY SCLEROSING CHOLANGITIS (PSC)

The term “cholangiopathies” refers to a group of chronic diseases that damage both
intrahepatic and extrahepatic bile ducts. Their aetiology ranges from genetic alterations
to viral infections and toxic insults, and in some cases remains idiopathic; however,
regardless of cause, the immune system consistently targets cholangiocytes driving
uncontrolled inflammation®-%%. As a result, cholangiocytes become reactive and
proliferative while releasing pro-inflammatory cytokines and chemokines such as IL-8,
TNF-a and IL-6. These mediators act not only on surrounding cells but also feed back
onto cholangiocytes themselves, thereby perpetuating the inflammatory cycle. If this
vicious cycle is not interrupted, inflammation progressively involves the extracellular
matrix. Step by step, this leads to periportal fibrosis, cholestasis and ultimately cirrhosis,
resulting in liver failure and the need for liver transplantation. The list of cholangiopathies
is extensive, including PSC, PBC, biliary atresia, cystic fibrosis-related liver disease,
Alagille syndrome and cholangiocarcinoma, although the pathogenesis of PSC remains
particularly complex. Current evidence suggests that multiple factors contribute to
disease onset. An abnormal response to environmental triggers, such as antigens
derived from the gut microbiota, may initiate disease in genetically predisposed
subjects®5. This leads to chronic inflammation and scarring that remodels the hepatic
architecture. Far from being passive targets, cholangiocytes play an active role in this
process. Under persistent epithelialinjury, they may enter a senescent state and develop
a senescence-associated secretory phenotype (SASP), characterised by the release of
pro-fibrogenic cytokines and growth factors that intensify local inflammation and
promote a pro-fibrotic milieu®’. These mediators activate hepatic stellate cells and portal
fibroblasts, resulting in excessive extracellular matrix deposition and the characteristic
“onion-skin” fibrosis observed in PSC®-"°. Over time, this fibrotic remodelling culminates
in ductopenia, biliary cirrhosis and liver failure® 772, Approximately 60% of people
affected by PSC are young to middle-aged men, presenting clinically with fatigue,
pruritus and recurrent episodes of cholangitis’>’%. Notably, up to 70% of people with PSC
also develop inflammatory bowel disease (IBD), most commonly ulcerative colitis,
highlighting the contribution of the gut-liver axis to disease pathogenesis’®’4. Microbial
translocation and dysbiosis may activate cholangiocytes through Toll-like receptors,
particularly TLR4, and promote chronic inflammation via NF-kB signalling?®®¢, |n
addition, epithelial barrier defects in PSC cholangiocytes, including reduced expression
of tight junction proteins such as ZO-1, may exacerbate bile leakage into portal areas,
further amplifying immune activation and fibrosis’®. The biliary epithelium in PSC exhibits
clear immunological activation. Increased expression of adhesion molecules (ICAM-1,
VCAM-1), MHC class I/ll, and secretion of chemokines such as CCL20 recruit
lymphocytes into the portal tracts’®7’°. CD4" and CD8" T cells, together with
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macrophages, neutrophils, NK cells and yd T cells, accumulate in peribiliary areas and
sustain chronic inflammation®-22, Th17 cells are particularly enriched and may
contribute directly to fibroinflammatory progression, especially since regulatory T cells
(Tregs) appear to be numerically or functionally impaired in PSC”®7°. Importantly, people
with PSC have a significantly increased risk of malignancy, particularly
cholangiocarcinoma and gallbladder cancer®-%, Despite progress in understanding PSC
pathogenesis, no effective pharmacological therapy is currently available. Although
ursodeoxycholic acid (UDCA) may offer some benefit, it does not significantly improve
survival or halt disease progression®. Liver transplantation remains the only curative
option, although recurrent disease can occur post-transplantation®.

5. CHOLANGIOCYTES IN ALCOHOL-ASSOCIATED LIVER
DISEASE (ALD)

Alcohol-associated liver disease (ALD) remains the leading cause of chronic liver disease
worldwide. In Europe, more than 40% of cirrhosis-related deaths are related to alcohol
intake, representing a significant impact on liver disease worldwide®. Alcohol
metabolism varies between people and particularly between Asia and Western
countries, due to polymorphisms in the ADH and ALDH2 genes, which influence
acetaldehyde production and thereby the pathogenesis of ALD. In particular, ALDH2
variants, common in Asia, are associated with increased inflammation and fibrosis®°,
The picture is further complicated by a clear sex disparity. Likely due to hormonal and
metabolic differences®’, women are more susceptible than men to alcohol-induced liver
injury at lower levels of consumption. Although more men are diagnosed with ALD
overall, women often experience more severe disease and worse outcomes®°, Alcohol-
associated hepatitis (AH), cirrhosis, hepatocellular carcinoma (HCC) and simple
steatosis all fall within the clinical and histological spectrum of ALD®*. The progression
from early-stage steatosis to cirrhosis and hepatocellular carcinoma (HCC) is a gradual
process driven by chronic inflammation and ongoing cellular injury. Cirrhosis and HCC
resulting from ALD account for nearly 20% of liver cancer deaths worldwide,
underscoring the severity of ALD®%. Sustained high-level alcohol consumption
suppresses immune function, increasing susceptibility to bacterial and viral infections®’,
while compromising the integrity of the gut barrier®®. Long-term alcohol consumption is
also closely linked to intestinal dysbiosis and small intestinal bacterial overgrowth®-1%°,
Progressive hepatocyte loss due to alcohol-induced injury and increased intestinal
permeability leads to robust recruitment of immune cells to the liver. This includes
infiltrating neutrophils and macrophages, as well as the activation of Kupffer cells, the
liver’s resident macrophages®. These cells release reactive oxygen species (ROS) and
proteases that support antimicrobial defence and regeneration®®'"1°2 but, when
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persistent, cause oxidative hepatocyte damage. Neutrophils can also form neutrophil
extracellular traps (NETs), web-like structures composed of DNA and antimicrobial
proteins which, in alcoholic hepatitis, may further exacerbate inflammation and
contribute to tissue injury'’. Other lymphocyte subsets participate in the inflammatory
milieu. In addition to NKT cells, Th17 cells and mucosa-associated invariant T cells,
infiltration of CD8* T lymphocytes is commonly observed, although their precise role
remains incompletely understood®'%. B cells also play a direct role; in severe alcoholic
hepatitis (SAH) they promote inflammation through antibody secretion and activation of
the complement cascade'. In advanced disease stages, the ductular reaction becomes
a key feature of ALD progression. In people with sAH, Dubuquoy et al. identified CK7" or
CK19* cells, suggesting that the ductular reaction originates primarily from
cholangiocytes or progenitor cells rather than hepatocytes. More recent work has shown
that neutrophils associated with the ductular reaction (DRAN) actively promote biliary
remodelling by stimulating cholangiocyte proliferation and fibrosis'®. Inflammatory
infiltration and extracellular matrix deposition are frequently observed during
cholangiocyte and hepatic progenitor cell expansion®. Altered NF-kB signalling and
mTOR activation in cholangiocytes have been identified as major drivers of the ductular
reaction in humans'®'%,  However, because these pathways are difficult to target
selectively, effective therapies remain lacking, therfore ductular reaction is associated
with poorer outcomes in ALD. Genetics play a substantial role in ALD progression.
Variants in PNPLA3 (rs738409 C>G) and TM6SF2 (rs58542926 C>T), both involved in lipid
handling, influence not only the risk of cirrhosis but also the likelihood of progression to
HCC™°'""  Conversely, variants in genes such as HSD17B13 and MARC appear
protective, reducing the risk of cirrhosis'?''®. Other variants, including in MBOAT?7,
NCAN or WNT3A-WNT9A, promote disease progression and hepatocarcinogenesis'*
¢ Despite extensive research, there are still no FDA-approved drugs for ALD.
Corticosteroids are used in severe alcoholic hepatitis but provide only short-term
benefit'"’. For this reason, therapeutic strategies have focused more on modulating the
immune response. For instance, in animal models, treatment with cenicriviroc, a dual
CCR2/CCR5 antagonist, reduced macrophage infiltration and fibrosis, making it a
promising potential therapeutic approach™®.

11
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6. DEVELOPMENT AND OPTIMIZATION OF CHOLANGIOCYTE
ORGANOID CULTURE FOR DISEASE MODELLING AND
REGENERATIVE THERAPY

In advanced liver diseases, when treatment options are limited, the liver’s intrinsic
regenerative capacity is often insufficient’®. This highlights the urgent need for new
strategies that can either enhance the natural repair potential of liver cells or replace
damaged tissue through cell-based therapies and tissue engineering''®'?2, Three-
dimensional cell technologies have emerged as a promising approach in this context.
Organoids are three-dimensional structures that mimic the architecture and function of
the original tissue, in which progenitor cells self-organise and differentiate into
functional cell types'?®. Numerous strategies have been developed to support organoid
growth, proliferation and maturation, enabling the study of both disease pathogenesis
and potential pharmacological interventions, thereby showing strong promise for
personalised medicine'. In the context of cholangiopathies, organoids have been
successfully established using different culture strategies, providing disease-relevant
models for both basic and translational research'. However, cholangiocyte organoids
do not fully resemble adult biliary cells. They typically show reduced expression of
mature markers such as HNF1B, CK7, CK19 and CFTR, while maintaining higher levels of
genes associated with progenitor or foetal states, including LGR5, PROM1 (CD133) and
TBX3'2%27 Nevertheless, organoids display several key characteristics of differentiated
cholangiocytes, including MDR1-mediated bile salt export and responsiveness to
physiological stimuli such as secretin, somatostatin and VEGF. These responses are
mediated through transporters and receptors such as CFTR, ASBT, SCTR and SSTR2,
which are also present in mature biliary tissue. Thus, despite their comparatively less
mature transcriptional profile, cholangiocyte organoids retain a physiologically
meaningful and relevant phenotype'®. Embedding cholangiocytes within an
extracellular matrix (ECM) is crucial for the morphological and functional development
of organoids, since ECM components such as laminin, collagen IV and associated
growth factors provide both mechanical support and biochemical cues necessary for
cell polarisation and appropriate three-dimensional organisation'32, When embedded
in matrix, cholangiocytes self-organise into organoids characterised by an “inside-out”
epithelial polarity, where the apical membrane faces the inner lumen and the basal
surface interfaces with the surrounding ECM™3, Just as ECM composition is essential for
organoid expansion and maturation, so too is the culture medium. Huch et al. (2015)
developed one of the earliest protocols, combining mitogens such as EGF, HGF and
FGF10 with inhibition of TGF-B signalling via A83-01 and activation of the canonical
Wnt/B-catenin pathway through R-spondin1'?. According to Francis et al. (2004),
forskolin is also used to increase cAMP signalling, promoting lumen expansion and
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secretory activity. Nicotinamide supports cellular stability and stress resistance, while

supplements such as B27, N2 and gastrin provide metabolic and hormonal support'4.

The essential components of cholangiocyte organoid culture media are listed in the table

below:

Component Main Role / Function Phase of Use Ref.

EGF Promotes cholangiocyte maturation, Expansion/ 135
transdifferentiation, and biliary marker maintenance
expression (e.g., CFTR, CK19). Enhances
Wnt/B-catenin signaling and upregulates
biliary progenitor genes (NOTCH2, LGR5).

Critical for 3D organoid morphology and
functional maturation.

RSPO Potentiates Wnt signaling by binding Expansion/ 136
LGR4/5/6 and ZNRF3/RNF43. Maintains maintenance
stemness and progenitor identity (LGR5*
cells). Essential for long-term organoid
expansion.

Wnt (Wnt3a CM) Activates B-catenin-dependent Wnt signaling. Initial phase / 135,137
Maintains progenitor cell identity and expansion
supports early organoid formation.

FGF10 Drives biliary specification from Expansion/ 126
hepatoblasts. Promotes cholangiocyte maintenance
progenitor formation and ductal
morphogenesis.

HGF Supports cell motility, proliferation, and Expansion/ 138

morphogenesis via c-MET signaling.

maintenance

Nicotinamide

Protects against cellular stress; supports
NAD* metabolism and genomic stability.

Expansion/
maintenance

139

A83-01

Inhibits ALK5/TGF-B signaling; prevents
premature differentiation and senescence.

Expansion/
maintenance

140

Forskolin (FSK)

Increases intracellular cAMP; enhances
apical secretion, lumen expansion, and
epithelial polarization.

Expansion/
maintenance

141

N-Acetylcysteine

Antioxidant; improves cell viability and
proliferation.

Expansion/
maintenance

142

proliferative pathways.

maintenance

N2 supplement Provides insulin, transferrin, selenium, etc.; Expansion/ 143
supports growth under serum-free maintenance
conditions.

B27 supplement Supplies vitamins, antioxidants, fatty acids; Expansion/ 143
enhances epithelial survival and maturation. maintenance

Gastrin Gastrointestinal hormone; stimulate pro- Expansion/ 144
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Refinements in these culture protocols have enabled the generation of cholangiocyte
organoids from different anatomical regions. Intrahepatic cholangiocyte organoids
(ICOs) arise from LGR5" progenitor cells and require canonical Wnt signalling to sustain
proliferation and maintain stemness'?. Extrahepatic cholangiocyte organoids (ECOs),
on the other hand, grow more efficiently under conditions favouring non-canonical Wnt
signalling, such as planar cell polarity pathways, which support functional duct
formation and more advanced differentiation. Cholangiocyte organoids derived from bile
or extrahepatic tissue under non-canonical conditions, for example in the presence of
DKK1, show higher expression of CFTR, AQP1 and other mature functional markers,
while retaining hormonal responsiveness such as secretin sensitivity, as demonstrated
by studies from Sampaziotis et al. (2015) and Roos et al. (2021)'%28, Applications of
patient-derived cholangiocyte organoids now span multiple research areas, including
PSC, PBC, cystic fibrosis, cholangiocarcinoma and emerging clinical uses. Notably,
cholangiocyte organoids derived from people with cystic fibrosis are used to model
disease-associated pro-inflammatory features'® and to perform drug screening via
forskolin-induced swelling assays. In genetic disease research, cholangiocyte organoids
are valuable tools because CRISPR-mediated correction of CFTR mutations can be
directly evaluated in these cultures, facilitating personalised therapeutic strategies'® 14,
In cholangiocarcinoma research, organoid models enable preclinical assessment of
tumour-specific drug sensitivity and regenerative capacity in a patient-specific
manner'®. With regard to regeneration, Sampaziotis et al. (2021) transplanted
cholangiocyte organoids into damaged bile ducts in human livers maintained under
normothermic perfusion exvivo'?'. The transplanted organoids successfully repopulated
the injured ducts and restored both structure and function. These findings open the way
for cell-based therapies that could potentially repair biliary injury without requiring full
liver transplantation.
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AIM OF THE STUDY

AIM OF THE STUDY

Cholangiocytes are directly exposed to immune attack in chronic liver diseases such as
primary sclerosing cholangitis (PSC) and alcohol-associated liver disease (ALD), which
are characterised by fibrosis, epithelial damage and ultimately progressive loss of liver
function due to excessive inflammation around the bile ducts. Rather than being passive
targets, cholangiocytes actively shape the local immune environment. They release
cytokines and express adhesion molecules, and under prolonged stress can acquire a
senescence-associated secretory phenotype (SASP), which sustains inflammation in a
feedback loop. Cholangiocytes can also express MHC class |l molecules, which are
involved in antigen recognition, although the extent of their antigen-presenting capacity
and how this may contribute to the overall immune response in liver diseases remains
unclear.

Based on these observations, we hypothesised that the bidirectional interaction
between immune cells and cholangiocytes determines biliary inflammation and thereby
contributes to the pathogenesis of cholangiopathies. Using our newly developed and
optimised cholangiocyte organoid co-culture system, we first aimed to investigate
transcriptional and functional changes in cholangiocytes, highlighting disease-
associated alterations that may explain differences in epithelial regulation between
immune-mediated (PSC) and non-immune-mediated (ALD) liver diseases. Secondly, we
examined the interaction between cholangiocytes and CD4* T cells under both HLA-
matched and HLA-mismatched conditions, to assess whether the immune response in
PSC could be attributed to disease-related autoimmune mechanisms. In this context,
we analysed how cholangiocytes influenced T cell activation, and, conversely, how T
cells impacted cholangiocyte phenotype. This approach also enabled us to evaluate the
suitability of the organoid co-culture model for studying such bidirectional interactions
in vitro and to identify mechanisms that may contribute to disease progression.
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Primary sclerosing cholangitis is a rare liver disease of still uncertain origin. A
distinguishing feature is the accumulation of immune cells around the bile ducts,
accompanied by a gradual loss of epithelial integrity. In this setting, cholangiocytes are
not merely passive targets; they release cytokines, express adhesion molecules and
might even present antigens. Yet, how they communicate with immune cells remains
incompletely understood. In this work, we used patient-derived cholangiocyte organoids
as a three-dimensional model to investigate these interactions. Organoids provide a
physiologically relevant system, as they reproduce key features of native tissue,
including epithelial polarity, expression of differentiation markers and essential
functional properties. To this end, we combined organoid culture with immune cells and
applied a range of approaches, including flow cytometry, gene expression profiling and
imaging-based analyses, to characterise both cholangiocyte identity and their response
to immune-derived stimuli. We anticipated that these data would establish
cholangiocyte organoids as a robust model for studying epithelial-immune interactions
in PSC, providing new insights into the role of cholangiocytes in sustaining or modulating
chronic inflammation.

1. GENERATION OF CHOLANGIOCYTE ORGANOIDS FROM
LIVER TRANSPLANT TISSUE

Cholangiocyte organoids are an innovative three-dimensional model system for studying
liver disease. Derived from progenitors of the biliary epithelium, these organoids
replicate many of the functional and structural properties of in vivo cholangiocytes.
However, how well they mirror the molecular and functional features of the specific
pathology or the donor largely depends on the culture conditions applied in each
laboratory. In this study, we generated cholangiocyte organoids according to the
protocol described by Broutier et al.'?®

We found that the generation of intrahepatic cholangiocyte organoids from people with
PSC was less efficient than from those with ALD. Among the 42 liver samples processed
(PSC, n =26; ALD, n = 16), 13 samples from people with ALD successfully gave rise to
cholangiocyte organoids, corresponding to an overall success rate of 81.2%. In contrast,
organoids were obtained from only nine out of 26 PSC-derived liver samples,
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corresponding to a markedly lower success rate of 34.6%. These results suggest that the
derivation of cholangiocyte organoids from PSC tissue is more complex, possibly

reflecting underlying disease-related alterations in cholangiocyte physiology.

Diagnosis

Organoids
Generated

from Patients

Total Patients

Success Rate
(%)

Alcoholic Liver Disease (ALD)

13 16

81,2

Primary Sclerosing Cholangitis (PSC)

9 26

34,6

100

80

60

40

Success Rate (%)

20

ALD

Diagnosis

Organoid Generation Success Rate by Diagnosis

PSC

Figure 4. Comparison of cholangiocyte organoid generation success rates from liver samples derived
from people diagnosed with Alcoholic Liver Disease (ALD) and Primary Sclerosing Cholangitis (PSC).

2. CHARACTERIZATION OF CHOLANGIOCYTE ORGANOID
MODELS: TRANSCRIPTOMIC ANALYSIS

Since methods for the isolation and cultivation of organoids are not yet fully
standardised, we next aimed to characterise the cholangiocyte organoids we
established in detail to ensure their reliability. To this end, we performed a comparative
transcriptomic analysis of cholangiocyte organoids derived from people with PSC and
ALD, using the Clariom S Human microarray platform. The table below summarises the

clinical details of the cohort included in the study.
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Pseudonym Age Sex Disease Histopathology

Cirrhosis with low-to-mid grade chronic
periportal inflammation, low-grade

ALD-01 60 male ALD . .
hepatocellular siderosis, low-grade
cholestasis, and chronic cholecystitis
Low grade steatosis (<5%), swollen
ALD-02 63 male ALD hepatocytes, ischemic remodelling,

cirrhosis

Cholestasis, low grade steatosis (ca.
ALD-03 60 male ALD 10%), cirrhosis,
chronic cholecystitis

Chronic sclerosing cholangitis with severe
PSC-01 66 male PSC cholestasis, hepatocellular siderosis, bile
infarctions, and cirrhosis
Bile duct dilatations with 40% steatosis,
chronic sclerosing and ulcerative
PSC-02 37 male PSC cholangitis, coagulative necrosis (90%),
several bile infarctions, cirrhosis, and low-

grade chronic cholecystitis.

Chronic sclerosing cholangitis with
canalicular and hepatocellular
cholestasis, fibro-obliterative
degeneration of bile ducts, loss of bile
ducts (over 50% of portal fields), cirrhotic
remodelling, low-grade siderosis, bile

PSC-03 56 male PSC

stones in the liver hilus, chronic
cholecystitis, cholecystolithiasis, and bile
ducts with ulcerative and necrotic
inflammation plus purulent inflammation.

2.1. TRANSCRIPTOMIC PROFILING OF BASELINE PSC AND ALD
ORGANOIDS USING MICROARRAY ANALYSIS

Transcriptomic analysis (Fig. 5A) of organoids in a basal quiescent state revealed modest
but significant differences between PSC- and ALD-derived samples. In PSC-derived
cholangiocyte organoids, we detected higher expression levels of PLXDC2, a molecule
implicated in angiogenesis and cell orientation, and PROM1 (CD133), a marker of
epithelial progenitor cells. Upregulation of INSL4 was also observed, which, although
classically linked to placental growth and development, may also be involved in
morphogenesis and apoptosis. Among the genes involved in extracellular matrix
deposition, we identified SLIT3, which interacts with ROBO receptors to regulate tissue
organization, along with ROBO1 itself. Further differences were detected in the
expression of TXK, a tyrosine kinase associated with oxidative stress responses, and
MUCSG6, a mucin important for epithelial protection. PSC-derived organoids also showed
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higher levels of IFI6 associated with innate immunity, as well as the transcriptional
regulator ZKSCAN7, and the adhesion molecule CNTNAP3. Collectively, the enrichment
of PLXDC2, PROM1, and SLIT3/ROBO1 suggests that PSC-derived cholangiocyte
organoids display transcriptional features related to tissue growth, structural
organisation and progenitor cell activity, while also engaging immune- and stress-
associated pathways even when maintained in a resting state. In contrast, cholangiocyte
organoids derived from people with ALD showed higher expression of CADPS, a calcium-
dependent activator of vesicle exocytosis, PTPRR, a tyrosine phosphatase that
modulates MAPK signalling and cell differentiation, and TMEM200A, a poorly
characterised transmembrane protein potentially linked to epithelial integrity. Further
upregulation was observed in SLC44A5, which encodes a choline transporter, and GJC1,
which encodes a connexin family protein forming gap junction channels. The
upregulation of these genes indicates that ALD-derived organoids preserve a cohesive
and functionally stable epithelial architecture, with a pronounced focus on metabolic
regulation. To explore the functional significance of these molecular differences, KEGG
pathway enrichment analysis was performed on genes upregulated in PSC-derived
organoids. At a less stringent cut-off (p < 0.2), the axon guidance pathway emerged, in
line with the increased expression of ROBO1 and SLIT3 (Fig. 5B). Gene Ontology analysis
of genes enriched in PSC-derived organoids further pointed to cytokine- and chemokine-
mediated responses (Fig. 5C). Even under basal conditions, PSC-derived organoids
display a molecular signature enriched inimmune-related pathways, suggesting they are
primed to respond to immune stimuli. Although the overall expression patterns of PSC-
and ALD-derived organoids remain substantially similar in the absence of stimulation,
the presence of these disease-specific signatures suggests a degree of transcriptional
imprinting derived from the tissue of origin.

19



RESULTS

EEEES——— 400 2 condition
PLXDC2

ALD non-stimulated
1 PSC non-stimulated

PROM1
INSL4
0
SLIT3
K -1
MUCB
-2
IFI16
ZKSCANT
ROBO1
CNTNAP3P2
CADPS
PTPRR
TMEM220
SLC44A5
[
ALD 1 ALD 3 ALD 2 PSC3 PSC1 PSC2
regulation of
B C cytokine-mediated signaling .
. pathway
Axon guidance . regulation of response to .
cytokine stimulus
regulation of
chemokine-mediated signaling{ @
pathway
. p-adjust aortic valve morphogenesis | © p-adjust
Cytosolic DNA-sensing pathway 1 © 0.01
0.09 ventricular septum | o
morphogenesis 0.02
012
aortic valve development| @ 003
X o 0.15
Choline metabolism in cancer{ ® negative chemotaxis{ ® 00e
Count semi-lunar valve development{ @ Count
X o 10 h ' h e o 20
Leukocyte transend‘othf‘llal_ ° O 12 eart val Ye morpl oger\esls O 22
migration negative regulation of G
O protein-coupled receptor{ ® O 2
O s signaling pathway QO 2s
O 18 ventricular septum development| @ O 28
NOD-like receptor signaling | °
pathway O 20 cardiac septum morphogenesis | ® O 30
heart valve development @
Transcriptional chemokine-mediated signaling °
misregulation in cancer | e pathway
response to chemokine | @
0.15 0.20 0.25 0.18 0.20 022 0.24
GeneRatio GeneRatio

Figure 5. Transcriptomic comparison between unstimulated cholangiocyte organoids derived from
people with ALD and PSC.

(A) Heatmap showing hierarchical clustering of the top differentially expressed genes (p < 0.05, |log2FC| >
1) between unstimulated cholangiocyte organoids derived from people with ALD and PSC. Z-score
normalized expression values are shown. (B) KEGG pathway enrichment analysis performed on genes
upregulated in PSC-derived cholangiocyte organoids compared to ALD (cutoff: p-value < 0.2). The Axon
guidance pathway was identified as enriched. (C) GO enrichment analysis (Biological Process) performed
on genes upregulated in PSC organoids compared to ALD. Significant enrichment was observed in
cytokine-mediated signalling and chemokine-related pathways.
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2.2. MOLECULAR RESPONSE OF PSC- AND ALD-DERIVED
CHOLANGIOCYTE ORGANOIDS TO IL-17A STIMULATION

Three-dimensional cell culture provides a powerful model to reproduce disease-specific
features, including cellular responses to inflammatory stimuli. In this study, we
established cholangiocyte organoids from people with two chronic inflammatory
diseases (PSC and ALD) characterized by persistent cytokine imbalance.Cholangiocyte
organoids were analysed both under basal conditions, in the absence of external stimuli,
and after 24 hours of stimulation with IL-17A, a pro-inflammatory cytokine known to be
involved in biliary tract injury. The aim was to evaluate the ability of the cholangiocyte
organoids to mirror the inflammatory responses observed in vivo in PSC and ALD, in order
to confirm the suitability of the model for studying disease mechanisms.

2.2.1. TRANSCRIPTOMIC ANALYSIS OF PSC-DERIVED CHOLANGIOCYTE
ORGANOIDS STIMULATED WITH IL-17A

The heatmap shows a clear separation between upregulated and downregulated
differentially expressed genes in PSC-derived cholangiocyte organoids stimulated with
IL-17A, compared with non-stimulated ones after 24 hours (Fig. 6A). In the control group,
we observed higher expression of genes associated with epithelial differentiation and
homeostasis. These include CCDC66, associated with cytoskeletal organisation, CPA4,
a secreted carboxypeptidase that modifies extracellular peptides and contributes to
tissue remodeling, and MND1, which participates in meiotic recombination processes.
In addition, ELOVLA4, involved in lipid biosynthesis, and KRT13, a marker of epithelial
differentiation, were also found to be more highly expressed. Following IL-17A
stimulation, cholangiocyte organoids expressed a broad set of genes related to
inflammation and the recruitment of neutrophils and lymphocytes, including CXCL1-5
and CCL20. Pro-inflammatory cytokines IL1B, together with its mRNA regulator
ZC3H12A, were also upregulated, alongside the antimicrobial genes DEFB4A and
DEFB4B, and the acute-phase proteins SAA1 and SAA2. Genes involved in cytokine
signalling, such as ZC3H12A and NFKBIZ, were increased, together with PDZK1IP1,
which is associated with membrane transport and signal transduction, and PIGR,
responsible for mucosal immunity. KEGG pathway enrichment analysis of the
upregulated genes confirmed a significant overrepresentation of inflammatory and
immune-related pathways, including TNF and NF-kB signalling (Fig. 6B). Gene Ontology
analysis further highlighted biological processes such as neutrophil migration,
granulocyte chemotaxis, antimicrobial activity and cytokine-mediated signalling, all of
which are linked to epithelial defence and leukocyte recruitment (Fig. 6C).
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Figure 6. Comparative analysis of gene expression and enriched pathways between PSC non-
stimulated and PSC stimulated samples.

(A) Heatmap showing the expression levels of differentially expressed genes (|log2FC| > 1, p < 0.05)
between PSC non-stimulated and PSC stimulated cholangiocyte organoids. Blue represents
downregulated genes, and red represents upregulated genes. (B) Top 10 KEGG pathways enriched among
the differentially expressed genes, identified via functional enrichment analysis. Dot size corresponds to
the number of genes in each pathway, and the colour gradient indicates the adjusted p-value (p.adjust).
(C) Top 10 GO Biological Processes associated with the differentially expressed genes. Similar to (B), dot
size reflects the number of genes involved, and the colour gradient represents the adjusted p-value
(p.adjust).
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2.2.2. TRANSCRIPTOMIC ANALYSIS OF ALD-DERIVED CHOLANGIOCYTE
ORGANOIDS STIMULATED WITH IL-17A
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Figure 7. Comparative analysis of gene expression and enriched pathways between ALD non-stimulated and ALD
stimulated samples.

Heatmap displaying the expression levels of differentially expressed genes (|log2FC| > 1, p < 0.05) between ALD non-
stimulated and ALD stimulated cholangiocyte organoids. Blue represents downregulated genes, and red represents
upregulated genes. (B) Top 10 KEGG pathways enriched among the differentially expressed genes, identified via
functional enrichment analysis. Dot size indicates the number of genes involved in each pathway, and the colour
gradient represents the adjusted p-value (p.adjust). (C) Top 10 GO Biological Processes associated with the
differentially expressed genes. Dot size reflects the number of genes, and the colour gradient corresponds to the
adjusted p-value (p.adjust).

ALD-derived cholangiocyte organoids showed marked transcriptional changes after 24
hours of IL-17A stimulation compared to the non-stimulated condition, as expected. The
heatmap (Fig. 7A) illustrates that in the absence of stimulation, ALD-derived
cholangiocyte organoids predominantly expressed genes linked to epithelial
differentiation and integrity, including USP34, TERF1, G2E3, BRCA1, WDR76, and KRT13.
Genes related to metabolism and detoxification, such as UGT2B7, UGT2B11, UGT2B10,
and FAM133B, were also enriched. Additional transcripts associated with cytoskeletal
organisation and cellular transport included CA13, ARL6, and SORBS3. In contrast, ALD-
derived cholangiocyte organoids stimulated with IL-17A showed a strong induction of
inflammatory and antimicrobial genes, similar to PSC-derived organoids. These included
the chemokines CXCL1-5, CCL20 and CCL28, as well as NFKBIZ and DUOX2. Further
upregulated transcripts comprised ZC3H12A, PDZK1IP1, CHAC1, and members of the
SPRR family (SPRR2A/B/D), all of which are linked to cytokine-mediated signalling,
glutathione metabolism and epithelial barrier repair. To assess the functional
significance of these changes, KEGG and GO enrichment analyses were performed on
the upregulated gene set. KEGG analysis highlighted a clear dominance of immune- and
epithelium-related signalling pathways (Fig. 7B). The IL-17 signalling pathway was the
most strongly enriched, alongside chemokine, TNF, cytokine-cytokine receptor
interaction, and NF-kB signalling. Additional enriched pathways included NOD-like
receptor signalling, the intestinal immune network for IgA production, and antimicrobial
defence pathways. GO enrichment analysis (Fig. 7C) confirmed the activation of innate
immune and epithelial defence processes. The top enriched terms included neutrophil
chemotaxis, granulocyte migration, antimicrobial humoral response, response to
chemokines, and cell killing. Processes reflecting epithelial interaction with immune
cells, such as cytokine-mediated signalling and structural responses to inflammation,
were also prominent. Together, these results demonstrate that, while ALD-derived
organoids retain a stable epithelial and metabolic programme in a quiescent state, IL-
17A stimulation activates a broad immune-related transcriptional response
characterised by chemokine release, antimicrobial peptide production and epithelial
immune signalling.
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2.2.3. TRANSCRIPTOMIC ANALYSIS OF IL-17A STIMULATED CHOLANGIOCYTE
ORGANOIDS REVEALS SHARED AND DISEASE-SPECIFIC RESPONSES
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Figure 8. Transcriptomic responses of PSC- and ALD-derived cholangiocyte organoids after IL-17A
stimulation.
(A) Heatmap showing the expression of 15 differentially expressed genes (DEGs) between PSC (PSC1-3)
and ALD (ALD1-3) -derived cholangiocyte organoids following 24 hours of IL-17A stimulation (50 ng/ml).
PSC and ALD samples cluster separately, reflecting subtle but consistent disease-specific transcriptional
signatures. (B) Gene Ontology (GO) enrichment analysis of the DEGs highlights processes such as
regulation of G protein-coupled receptor signalling, axon guidance, neuron projection guidance,
chemokine-mediated signalling, and cardiac valve/septum development, suggesting a role in tissue
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remodelling and epithelial-immune interactions. (C) KEGG pathway enrichment analysis shows axon
guidance as the top pathway, alongside additional associations with immune and infection-related
pathways such as Legionellosis, Pertussis, Leishmaniasis and IL-17 signalling.

The comparison between unstimulated and IL-17A-stimulated organoids revealed 50
DEGs in PSC and 58 in ALD samples. However, when comparing PSC-derived
cholangiocyte organoids with ALD-derived ones under IL-17A stimulation, only 15 genes
were significantly different. This is likely because IL-17A triggers a largely overlapping
transcriptional programme, leading to similar inflammatory responses in both
conditions. Among these 15 genes, APBB1IP, CNKSR1, TMEM220, and RGS5 were more
highly expressed in IL-17A-stimulated samples derived from people with ALD. In
contrast, IL-17A-stimulated PSC-derived cholangiocyte organoids showed higher
expression of several genes previously associated with immune activation and epithelial
remodelling, including ROBO1, SLIT3, IFI16, MUC6, C3, and TMEM45A. To better
understand the biological implications of these transcriptional differences, Gene
Ontology (GO) and KEGG pathway enrichment analyses were performed using genes that
were upregulated in PSC versus ALD under stimulated conditions. GO enrichment
revealed terms linked to axon guidance, regulation of G protein-coupled receptor
signalling, and heart valve and septum morphogenesis. These results suggest a
transcriptional tendency towards epithelial remodelling and guidance-related pathways
in PSC-derived cholangiocyte organoids. Because the number of differentially expressed
genes was relatively small, KEGG enrichment analysis was performed using a relaxed
adjusted p-value threshold of 0.5. This revealed modest enrichment in axon guidance,
IL-17 signalling, and cytosolic DNA sensing pathways, in line with previous observations
in PSC-derived epithelial cells (Fig. 8A-C).

3. OPTIMIZING 3D CO-CULTURES FOR CHOLANGIOCYTE
ORGANOIDS AND IMMUNE CELL INTERACTIONS

Primary sclerosing cholangitis (PSC) is characterised by the accumulation of immune
cells around the bile ducts, where they interact with cholangiocytes and contribute to
disease progression. To reproduce these interactions experimentally, we established
co-culture systems combining cholangiocyte organoids with CD4" T cells. This model
enabled us to examine how direct cell-cell contact and soluble factors released by
immune cells influence cholangiocyte behaviour, and how such interactions may
contribute to the immunopathology of PSC. Establishing co-cultures required extensive
optimisation. One of the main challenges was the culture medium, which needed to
maintain cholangiocyte organoid stability while also supporting CD4" T-cell activation
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and survival. Extracellular matrix components, such as Matrigel, introduced additional
complexity. While Matrigel is essential for preserving cholangiocyte organoid polarity
and structural organisation, it can also act as a physical barrier that limits direct contact
between immune cells and organoids. Maintaining epithelial polarity was particularly
important, as its loss compromises barrier function and can alter the nature of
interactions with immune cells. Balancing these factors highlighted the technical
complexity of the model. In the following section, we describe these challenges in more
detail and examine how medium composition, extracellular matrix organisation,
cholangiocyte polarity and immune cell contact collectively shape the stability and
functionality of 3D co-culture systems.

3.1. DEVELOPING OPTIMAL MEDIA CONDITIONS FOR CO-CULTURE
SYSTEMS

T cells were efficiently activated in vitro by antibody-based T-cell receptor stimulation
(aCD3/aCD28). For their expansion and survival, CD4* T cells were maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS). In contrast,
cholangiocyte organoids were cultured in expansion medium (EM) based on Advanced
DMEM/F12, supplemented with growth factors required for their viability and
differentiation, but without FBS, to prevent the outgrowth of non-epithelial cell types
such as fibroblasts. To determine the optimal culture conditions for the co-culture
system, we compared CD4" T-cell proliferation and activation in RPMI and in the
classical cholangiocyte organoid EM. CD4" T-cell proliferation was monitored using
CellTrace Violet (CTV), a fluorescent dye that is equally distributed between daughter
cells during division, resulting in progressive dilution that can be quantified by flow
cytometry. Using this approach, we measured the proportion of proliferated versus non-
proliferated cells in both media. Stimulation with aCD3/aCD28 induced proliferation in
only 29% of CD4* T cells cultured in cholangiocyte organoid EM, compared with
markedly higher proliferation in classical RPMI medium after four days. This
demonstrated that EM alone is not sufficient to support robust T-cell activation.
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Figure 9. CD4" T cell proliferation in RPMI and expansion medium (EM).

Proliferation levels were measured in response to TCR stimulation. In RPMI 1640 supplemented with FBS,
46.76% of CD4+ T cells divided, whereas in complete EM only 29.54% proliferated. The removal of forskolin
and A83.01 from EM resulted in the restoration of proliferation to 46.88%, reaching levels comparable to
those observed in RPMI. The results show that specific EM components impair T cell proliferation, thereby
underscoring the significance of the medium composition in co-culture experiments involving organoids.

Thus, we observed that the expansion medium (EM) substantially reduced CD4* T-cell
proliferation and activation. This effect was most likely linked to specific components
within the EM, particularly A83-01 (a TGF-B receptor | inhibitor) and forskolin, both of
which are known to interfere with signalling pathways essential for T-cell function. A83-
01 is included to support cholangiocyte organoid growth by blocking inhibitory TGF-8
signalling; however, it also alters cytokine production required for efficient T-cell
activation. Since TGF- plays a key role in the differentiation and maintenance of Th17
cells and regulatory T cells, its inhibition may have additional consequences on T-cell
phenotype. Forskolin likewise reduced CD4* T-cell proliferation by modulating the
expression of cell-cycle regulatory genes. Notably, this antiproliferative effect occurred
without evidence of apoptosis, indicating an interference with proliferative signalling
rather than the induction of cell death. For these reasons, we generated a modified
culture medium lacking A83-01 and forskolin to assess CD4* T-cell activation in the co-
culture system. Removal of these two components restored CD4* T-cell proliferation to
levels comparable to those observed in classical RPMI medium, confirming that A83-01
and forskolin were responsible for the impaired proliferative capacity seen in the full EM
formulation (Fig. 9).
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3.1.1. ACTIVATION OF T CELLS IN CO-CULTURE EXPANSION MEDIUM
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Hl 81.70% Activated [ 9.10% Exhausted
[ 18.30% Non-activated “ B 90.90% Non-exhausted

Figure 10. CD4" T cell activation and exhaustion during pre-culture, expansion, and adaptation

phases before co-culture setup.

(A) PBMCs after 6 days of pre-culture in RPMI medium with low aCD3/aCD28 stimulation (1:500), showing
69.2% activated (dark purple, CD25%) and 0.9% exhausted (light blue, PD-1*/LAG-3%) cells. (B) CD4* T cells
isolated by MACS on Day 6 and further expanded for 3 days in RPMI medium containing higher
aCD3/aCD28 stimulation (1:100), resulting in 81.7% activation and 9.1% exhaustion. (C) CD4* T cells after
24 hours in optimized expansion medium (EM) lacking forskolin and TGF-f inhibitor but supplemented with
5% Matrigel and IL-2, maintaining high activation (81.4%) and low exhaustion (5.8%).

Before establishing the optimal co-culture system, we tested different conditions to
determine the CD4* T-cellresponse in terms of activation and exhaustion. Activation was
assessed by flow cytometry using CD25 expression, while LAG-3 and PD-1 served as
inhibitory markers. PBMCs were thawed on day 1 and expanded for six days in a pre-
culture phase in RPMI medium containing a low concentration of aCD3/aCD28 (1:500).
This step allowed the cells to increase in number without inducing premature
exhaustion. On day 6, CD4* T cells were isolated by magnetic cell separation (MACS). At
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this stage, most of the cells (69.2%) were activated, while only a small fraction (0.9%)
expressed exhaustion markers. The cells were then transferred to fresh RPMI medium
with a higher aCD3/aCD28 concentration (1:100) in order to maintain activation while
further expanding the CD4* T-cell population. As the number of CD4" T cells obtained
from patient-derived PBMCs was limited, this expansion step was necessary. After three
days under these conditions (day 9), activation increased to 81.7%, while exhaustion
remained relatively low (9.1%). To mirror the conditions of the co-culture environment,
the cells were subsequently cultured for 24 hours in an adapted EM formulation lacking
forskolin and the TGF-B inhibitor, supplemented with 5% Matrigel and IL-2. On day 10,
following this period in optimised EM, activation remained high (81.4%) and exhaustion
low (5.8%). This workflow therefore ensured both a sufficient number and an appropriate
activation state of CD4" T cells for co-culture experiments (Fig. 10).

Of note, we also tested alternative conditions, including a 1:40 dilution of aCD3/aCD28
and variations in the duration of the activation period. However, these approaches either
increased exhaustion or resulted in less efficient activation. The 1:100 dilution, followed
by a 24-hour period in optimised EM, was ultimately selected as the optimal balance to
maintain activation, minimise exhaustion, and ensure compatibility of CD4" T cells with
cholangiocyte organoids within the co-culture system.
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3.2. STABILITY OF FLOATING ORGANOIDS WITH REDUCED MATRIX
SUPPORT
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Figure 11. Matrigel matrix concentration influences cholangiocyte organoid morphology, survival,
and interaction with T cells.

(A) Cholangiocyte organoids embedded in a Matrigel dome and surrounded by peripheral T cells. The
lymphocytes remain viable at the periphery without penetrating the gel, illustrating the barrier properties
of Matrigel in modulating organoid-immune cell interactions. (B) Relative expression of apoptosis-
associated genes in cholangiocyte organoids cultured in suspension with different Matrigel
concentrations (0%, 1%, 5%, 10%) for five days. Overall expression levels changed little across conditions;
MCL1 remained stably expressed and may support cell survival, while TNF and FASL were consistently
reduced. EPCAM expression was preserved in all groups. (C) Morphology of cholangiocyte organoids
grown with increasing Matrigel concentrations. At 0% and 1%, organoids were smaller and darker,
indicative of stress and loss of polarity, whereas at 5% and 10% they appeared larger, lighter, and more
uniform in structure Since 10% Matrigel limited immune cell access, 5% was chosen as the optimal
condition for co-culture experiments.

In 3D culture systems, the Matrigel matrix is essential because its removal affects
organoid survival, architecture and function. In our co-culture system, cholangiocyte
organoids embedded in Matrigel developed tissue-like morphologies, while the absence
of extracellular matrix (ECM) frequently resulted in polarity reversal and an “apical-out”
orientation, a condition associated with reduced proliferation and increased cell death.
The Matrigel matrix also limited immune-epithelial interactions, as CD4" T cells
remained positioned at the periphery of the domes rather than penetrating the matrix
(Fig. 11A). To overcome this limitation, we established a floating culture condition in
which cholangiocyte organoids were maintained in suspension with only a minimal
amount of Matrigel. In this configuration, organoids were no longer fully embedded in a
dense matrix but floated freely in the medium, which provided sufficient structural
support while increasing accessibility to T cells. Different Matrigel concentrations
between 1% and 10% were tested to identify the optimal balance: higher concentrations
restricted T-cell movement, whereas very low concentrations compromised polarity and
survival. Stress responses associated with reduced Matrigel were assessed after five
days in floating culture by measuring pro- and anti-apoptotic gene expression (Fig. 11B).
Organoids were grown in classical EM supplemented with 0%, 1%, 5% or 10% Matrigel.
Gene expression profiles were largely comparable across conditions, with only subtle
differences. FOS and CASP7 displayed minorreductions in the absence of Matrigel, while
MCL1 remained stable and EPCAM expression was preserved at all concentrations
tested. In this context, MCL1 rather than BCL2 supported cell survival, consistent with
previous evidence that cholangiocytes rely predominantly on MCL1™. TNF and FASL
remained suppressed across all conditions, showing no clear dependency on Matrigel
concentration, suggesting that apoptotic signalling through these pathways is limited
and not strongly influenced by ECM availability. Microscopy further supported these
findings. Organoids grown with 0% or 1% Matrigel appeared smaller and darker,
indicative of cellular stress and potential polarity disruption due to insufficient ECM
support. Although 1% provided a slight improvement compared with complete absence,
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it remained inadequate to maintain structural integrity. By contrast, organoids cultured
with 5% or 10% Matrigel were larger, brighter and more uniform, consistent with reduced
stress and preserved polarity. Since higher Matrigel content can hinder immune cell
access, 5% was selected as the optimal condition for co-culture (Fig. 11C).

3.2.1. STABILITY OF CHOLANGIOCYTE ORGANOIDS IN OPTIMIZED COCULTURE
EXPANSION MEDIUM

Cholangiocyte organoid stability in the optimised co-culture medium was assessed by
maintaining cholangiocyte organoids in floating culture for 24, 48, and 72 hours in either
standard expansion medium or co-culture medium supplemented with 5% Matrigel
matrix (Fig. 12).

Full EM CoCult medium Normalization

3.0 3.0 3.0 KRT19
2.5 2.5 2.5 KRT7
2.0 v 2.0 A 9 2.0 LGR5
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1.0+ 1.0+ 1.0+ 4 GPBAR1
0.5+ 051 0.5+ /‘\.i; y @ SOX9
0.0{ 0.0{ ¢ 0.0{7 — ———— & ALB
0.5 0.5 0.5 \./ 4 CFTR
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Figure 12. Analysis of cholangiocyte organoid stability and gene expression across three time points
(24, 48, and 72 hours) in standard expansion medium and co-culture medium supplemented with 5%
Matrigel matrix.

Normalized expression data demonstrate consistent profiles for key markers, including cholangiocyte
differentiation (KRT19, KRT7), stem-like properties (LGR5), epithelial identity (EPCAM), and functional
signalling (GPBAR1, SOX9). Graph A highlights overall marker expression stability in standard medium,
while graphs B and C illustrate similar trends in the improved medium, confirming that the co-culture
medium does not significantly alter the organoid transcriptional dynamics or stability over time.

We observed that KRT19 and KRT7 were consistently expressed at high levels in all
conditions, confirming that the organoids preserved their cholangiocyte identity.
Epithelial features were also maintained, as shown by stable expression of LGR5 and
EPCAM. GPBART1, linked to bile acid signalling, and SOX9, a progenitor marker typically
expressed in the biliary tract, were detected at moderate levels, while ALB remained low,
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in line with the absence of hepatocyte differentiation. CFTR and AQP1, associated with
fluid transport and cholangiocytes functionality, showed low but steady expression.
Expression profiles over time were comparable in the two media, with only minor
differences, indicating that the adapted co-culture medium preserved stability without
altering the main transcriptional features of the organoids.

4. UNDERSTANDING THE CROSSTALK BETWEEN RESTING
CHOLANGIOCYTE ORGANOIDS AND ACTIVATED CD4+ T
CELLS

Because cholangiocytes in people with disease are surrounded by reactive immune cells
during inflammation, we developed a co-culture system to reproduce this in vivo context.
This allowed us to investigate whether resting cholangiocyte organoids exhibit
immunomodulatory properties at baseline and how these properties change in the
presence of activated CD4" T cells. We were particularly interested in determining
whether these effects depend on direct cell-cell contact, soluble mediators, or a
combination of both. To address this, cholangiocyte organoids were either exposed to
the supernatant of pre-activated CD4" T cells or cultured directly together to allow cell-
cell contact. This approach helped us distinguish between the effects of soluble
cytokines and direct cell-cell contact in shaping epithelial-immune interactions. In this
way, the use of TCR-activated CD4" T cells to recreate an inflammatory environment
enabled us to evaluate the potential immunomodulatory role of resting cholangiocyte
organoids.

4.1. EFFECT OF CD4" T CELL-DERIVED SOLUBLE FACTORS ON
CHOLANGIOCYTE ORGANOIDS

To test the role of soluble factors, CD4" T cells were stimulated via the T cell receptor for
24 hours in the co-culture optimised medium. The supernatant was collected and
transferred onto cholangiocyte organoids maintained under floating conditions for
another 24 hours, recreating an inflammatory milieu without direct contact. Organoids
were analysed by flow cytometry and gPCR (Fig. 13).
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Figure 13. Immune marker expression in cholangiocyte organoids with or without CD4" T cell
supernatant.

(A) Flow cytometry plots of cholangiocyte organoids maintained in control medium (purple) or exposed to
supernatant from activated CD4" T cells (blue). ICAM1 and HLA-DR show a clear increase in the treated
group, consistent with an inflammatory response. (B) Relative gene expression (2*-ACt) of immune-
related markers in cholangiocyte organoids under the same conditions. Control samples are shown in
purple, and cholangiocyte organoids exposed to CD4" T cells derived supernatant are shown in grey.
Consistent with the FACS data, ICAM1 and HLA-DR transcripts were strongly upregulated, supporting the
notion that soluble mediators from activated CD4* T cells promote pro-inflammatory activation of
cholangiocyte organoids.

After exposure to T cell supernatant, cholangiocyte organoids showed higher expression
of ICAM1, HLA-DR and CD40 at a protein level compared to non-stimulated organoids,
as showed by FACS data. CD70 stayed unchanged as CD137L but the checkpoint
molecule PD-L1 increased slightly instead. Gene expression analysis confirmed the
induction of the mRNA of ICAM1 and HLA-DR. This is consistent with the flow cytometry
data and hints that soluble mediators released by CD4" T cells can trigger a pro-
inflammatory switch in cholangiocyte organoids.
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4.2. CO-CULTURE OF ORGANOIDS WITH CD4" T CELLS:
COMPARING HLA-MATCHED AND MISMATCHED SETTINGS

Following the assessment of cytokine-mediated effects using supernatants from pre-
activated CD4* T cells, we next explored the impact of direct cell-cell contact on
cholangiocyte-T cell interactions. To this end, co-cultures of cholangiocyte organoids
with pre-activated CD4"* T cells were established under two conditions: HLA-matched
and HLA-mismatched. In the HLA-matched setting, cholangiocyte organoids were co-
cultured with autologous CD4* T cells, providing a patient-specific model to study
immune responses. In the HLA-mismatched setting, cholangiocyte organoids were co-
cultured with CD4" T cells from healthy donors, mimicking an alloimmune response
similarto that observed in PSC. This approach was applied to both PSC- and ALD-derived
cholangiocyte organoids co-cultures, enabling a direct comparison of immune dynamics
in the two disease models and revealing differences in tolerance and immune activation.
To prevent contamination from residual T cells during analysis, a double-gating strategy
was used: after exclusion of dead cells, only EpCAM* epithelial cells derived from
organoids were included. Histograms were normalised in FlowJo using mode
normalisation, allowing direct comparison of fluorescence distributions across
conditions.

4.2.1. CO-CULTURE SETUP: HLA-MISMATCHED AND SEX-MATCHED

For these experiments, cholangiocyte organoids derived from liver transplant patients
were combined with CD4* T cells from sex-matched healthy donors. The patient cohort
is listed in the table below:

Pseudonym Age Sex Disease Histopathology

Cirrhosis with mild steatosis,
portal inflammation, local
ALD-04 63 female ALD cholestasis, mild sinusoidal
dilatation, chronic cholecystitis
with bleeding.

Cirrhosis with severe
hepatocellulariron
accumulation, chronic
ALD-06 55 male ALD . ) .
cholestasis, benign bile duct
cyst, and chronic cholecystitis;

no tumour or dysplasia
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Chronic sclerosing cholangitis
with loss of bile ducts,
fibroobliterative lesions, bile
PSC-04 33 female PSC casts, ulcerative and purulent
cholangitis, cholestasis,
cirrhotic remodelling, and low-
grade steatosis (5%).

Cholangiocyte organoids were generated from explanted liver tissue. After isolating the
bile duct progenitor cells, cultures were established and expanded to obtain patient-
specific organoid lines. Co-cultures were performed with cholangiocyte organoids at
passages 4-5, when growth was stable. The results presented in this set-up are indicative
of the findings from 3 co-culture experiments, as consistent trends were observed
across all patients and disease conditions.

4.2.1.1. CD4" T CELL RESPONSES TO CO-CULTURE WITH CHOLANGIOCYTE
ORGANOIDS

To assess the effect of direct epithelial contact on T cell activation, we analysed CD4" T
cell surface marker expression after 24 hours of co-culture. CD4* T cells from healthy
donors, pre-stimulated with aCD3/aCD28, were either cultured alone (control) or co-
cultured with cholangiocyte organoids derived from people with ALD or PSC. Flow
cytometry revealed distinct alterations in activation marker expression when compared
with the control condition, indicating that interaction with cholangiocyte organoids
affects the activation profile of CD4" T cells (Fig. 14).
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Figure 14. Impact of co-culture with cholangiocyte organoids on pre-activated CD4+ T cell marker
expression.

The figure compares the expression levels of activation and costimulation markers (green box) and
exhaustion/negative regulation markers (red box) in pre-activated CD4+ T cells (TCR-stimulated) after 24
hours of co-culture with cholangiocyte organoids (dark brown bars) versus CD4+ T cells cultured alone as
controls (orange bars). CD4"* T cells cultured together with cholangiocyte organoids (Org+CD4) showed an
overall decrease in activation markers such as CD25, OX40, and CD137, as well as in regulatory or
exhaustion markers including CTLA-4, PD-1, LAG-3, and TIM-3, when compared with controls. The co-
culture thus reduced CD4" T cell activation and appeared to limit the risk of excessive immune activation.

In both co-culture settings, with ALD- or PSC-derived cholangiocyte organoids, CD4* T
cells consistently showed reduced expression of activation and co-stimulatory markers,
such as CD25, OX40, HLA-DR, ICOS, CD28, 4-1BB (CD137), and CCR6, suggesting that
interaction with cholangiocyte organoids dampens T-cell activation irrespective of
disease origin. CD27 expression was increased in co-cultured T cells. Although CD27
upregulation is often associated with memory differentiation, in this context it more likely
reflects an early activation state while supporting short-term cell survival. At the same
time, the co-cultured T cells showed decreased expression of checkpoint molecules,
including CTLA-4, LAG-3 and TIM-3, with the most marked reduction observed for PD-1.
These findings suggest that co-culture dampens T-cell activation without promoting
exhaustion, leading to an intermediate state where CD4* T cells remain less activated
but not inhibited.
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4.2.1.2. IMMUNOLOGICAL MARKER EXPRESSION IN CHOLANGIOCYTE
ORGANOIDS AFTER CO-CULTURE WITH CD4* T CELLS

Co-culture with pre-activated CD4" T cells for 24 hours induced clear changes in
cholangiocyte organoids as shown by flow cytometry (Fig. 15).
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Figure 15. Expression of immunological markers on cholangiocyte organoids after 24 hours of co-
culture with pre-activated CD4+ T cells.

Flow cytometry showed higher levels of HLA-DR (antigen presentation), PD-L1 (immune checkpoint), and
ICAM-1 (cell adhesion) in organoids after co-culture compared with controls. In contrast, CD40, CD80,
CD86, and CD70 did not show clear differences. These results suggest that cholangiocyte organoids react
to activated CD4" T cells by activating specific immune pathways and can be used as a model to study
immune-epithelial interactions in cholangiopathies.

A marked increase in HLA-DR expression was observed, indicating an enhanced
potential for antigen presentation. This effect was consistent across biologicalreplicates
and suggests that cholangiocyte organoids actively respond to the presence of activated
CD4" T cells by engaging immune-related pathways. PD-L1 expression was also
increased, pointing to a feedback mechanism that prevents overactivation of T cells. In
addition, ICAM-1 was increased, consistent with an enhanced potential of cholangiocyte
organoids to engage in adhesive interactions with immune cells. In contrast, CD40,
CD80, CD86 and CD70 showed minimal or no differences between co-cultured and
control cholangiocyte organoids. This pattern was reproducible across three
independent experiments, confirming both the stability of the co-culture system and the
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ability of cholangiocyte organoids to mount a specific and coordinated response to
activated CD4"* T cells.

4.2.1.3. GENE EXPRESSION ANALYSIS OF CHOLANGIOCYTE ORGANOIDS
AFTER CO-CULTURE WITH CD4"* T CELLS

Gene expression analysis of cholangiocyte organoids after 24 hours of co-culture with
pre-activated CD4" T cells also revealed reproducible transcriptional changes across
experiments. Following careful separation of cholangiocyte organoids from CD4* T cells,
gene expression was compared with organoids cultured alone, using HPRT as reference.
Overall, these data show that cholangiocyte organoids mountarobustresponse to direct
interaction with immune cells, characterised by a clear upregulation of severalimmune-
related genes (Fig. 16)
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Figure 16. qPCR analysis of immune-related gene expression in cholangiocyte organoids after 24
hours of co-culture with pre-activated CD4+ T cells.

Gene expression in cholangiocyte organoids after 24 hours of co-culture with pre-activated CD4"* T cells.
Expression was compared with organoids cultured alone, using HPRT as reference. HLA-DR and PD-L1
(CD274). CD80 and CD86 were not detected in resting organoids but showed low expression after co-
culture. OX40L and 4-1BBL were detected and increased in co-cultured organoids.

HLA-DR expression was consistently increased in co-cultured cholangiocyte organoids,
confirming the flow cytometry results. PD-L1 (CD274) was also upregulated compared
with controls, supporting a role in restraining T-cell activity. Only small increases were
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observed for CD80 and CD86. The co-stimulatory ligands OX40L and 4-1BBL also
showed elevated expression, although not uniformly across all samples. Together, these
findings show that cholangiocyte organoids can modulate CD4* T-cell activation.
However, the specific outcome depends on the activation level and functional state of
the T cells.

4.3. CO-CULTURE WITH HLA- AND SEX-MATCHED SAMPLES

In addition to experiments conducted under HLA-mismatched but sex-matched
conditions, further co-cultures were performed using samples matched for both HLA
and sex. This approach minimised potential allogeneic immune responses and reduced
bias arising from HLA incompatibility or sex-related differences, thereby allowing a
clearer evaluation of immune-epithelial interactions. Cholangiocyte organoids and
CD4" T cells were isolated from liver tissue of individuals with PSC or ALD, and cultured
between passages 4 and 5 prior to co-culture. The patient cohort included:

Pseudonym Age Sex Disease Histopathology

Cirrhosis with low-to-mid grade
chronic periportal inflammation,
low-grade hepatocellular
ALD-05 60 male ALD ) )
siderosis, low-grade
cholestasis, and chronic

cholecystitis

Cirrhosis with severe
hepatocellulariron
accumulation, chronic
ALD-06 55 male ALD . . .
cholestasis, benign bile duct
cyst, and chronic cholecystitis;

no tumour or dysplasia

Micronodular cirrhosis with
cholestasis, hepatocellular al-
antitrypsin inclusions, siderosis,
ALD-07 61 male ALD . L
and chronic cholangitis with

early cholangiopathic

remodelling
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PSC-05

45

female

PSC

Chronic sclerosing cholangitis
with loss of intraseptal and
interlobar bile ducts, fibro-
obliterative lesions, biliary

cirrhosis, and chronic
cholecystitis.

In this case, CD4"* T cells were obtained from PBMCs of the same patients, so that they
matched the cholangiocyte organoids. The cells were pre-activated and then expanded,
mainly to make sure we had enough and that they were ready for co-culture. The data
shown here come from four separate co-cultures with consistent patterns across all the

experiments.
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4.3.1. RESULTS OF THE HLA MATCHED AND SEX MATCHED CO-CULTURE

Immune Activation And Co-stimulatory Markers In CD4* T Cells
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Figure 17. Analysis of immune marker expression in cholangiocyte organoids and CD4+ T cells after
24 hours of co-culture under HLA-matched and sex-matched conditions.

(A) Expression of activation and co-stimulation markers (e.g., CD25, OX40) and regulatory markers (e.g.,
PD-1, CTLA-4) on CD4+T cells. The HLA-matched setup revealed a consistent balance between activation
andregulation, emphasizing the compatibility of the co-culture system. (B) Upregulation of activation (e.g.,
CD40, CD80) and regulatory (e.g., PD-L1) markers on cholangiocyte organoids. Histogram overlays show
normalized fluorescence intensity and confirm that marker levels changed in a similar way under HLA-
matched conditions. (C) Gene expression analysis of cholangiocyte organoids revealed higher
transcription of HLA-DR, ICAM-1, and CD274 (PD-L1), indicating that cholangiocyte organoids take an
active part in immune modulation during HLA-matched co-culture.

Under HLA- and sex-matched conditions, the outcome was comparable to the
mismatched set-up. In both cases, cholangiocyte organoids upregulated HLA-DR, PD-
L1, CD40 and ICAM-1. Correspondingly, CD4* T cells showed increased expression of
CD25, 0OX40, CTLA-4 and PD-1. The similarity between the two conditions indicates that
the observed responses primarily arise from the intrinsic properties of cholangiocyte
organoids and T cells, rather than from HLA compatibility. Overall, the co-culture model
revealed a dynamic interplay in which cholangiocyte organoids stimulated immune
activation yet maintained regulatory properties, and CD4* T cells reflected both
activation and inhibition (Fig. 17).
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DISCUSSION

1. CHOLANGIOCYTE ORGANOIDS REVEAL IMPAIRED
REGENERATIVE CAPACITY IN PSC

Primary sclerosing cholangitis (PSC) is a chronic, immune-mediated cholangiopathy
characterised by progressive inflammation and fibrosis of the bile ducts. The
pathogenesis of PSC remains not fully understood, leaving medical treatment largely
ineffective and highlighting the need for further research. In people with PSC,
accumulation of immune cells around bile ducts is commonly observed, yet the nature
of the interaction between cholangiocytes and infiltrating lymphocytes is still unclear.
We hypothesised that cholangiocytes are not merely passive targets of immune-
mediated damage, but active participants in shaping the local immune
microenvironment. In particular, we focused on the crosstalk between cholangiocytes
and CD4* T cells, which play a central role in mucosal and autoimmune responses. o
explore this, we used cholangiocyte organoids derived from people with PSC and ALD,
which reproduce key features of the human biliary epithelium, and first assessed their
growth efficiency and gene expression profiles. While most ALD samples (81.2%)
successfully formed cholangiocyte organoids, only about a third (34.6%) of PSC-derived
cells were able to generate organoids. This difference suggests a fundamental disease-
specific feature in progenitor cell behaviour. In people with ALD, hepatocytes are the
primary target of injury while cholangiocytes remain relatively preserved'¥. By contrast,
PSC is characterised by chronic inflammation, progressive fibrosis of the bile ducts, and
bacterial colonisation, which may impair the survival and expansion of cholangiocytes
even in vitro®. Understanding how disease-specific microenvironments influence
epithelial regeneration is therefore a relevant area of investigation. Notably, human bile
ducts can already be regenerated in vivo by transplanting cholangiocyte organoid-
derived cells to repopulate injured tissue'’; this regenerative capacity highlights the
relevance of this system for studying how intrinsic and environmental cues influence
progenitor behaviour. Finally, these findings suggest the need to adjust organoid culture
conditions, such as oxidative stress or bile acid composition, when culturing cells
derived from people with PSC in vitro.
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2. BASELINE GENE EXPRESSION OF PSC AND ALD
ORGANOIDS REVEAL BOTH SHARED AND DISEASE-
SPECIFIC SIGNATURES

Although PSC samples showed lower efficiency in generating cholangiocyte organoids,
the organoids that did grow had baseline gene expression patterns similar to those from
ALD. Genes linked to epithelial identity, biliary function and some immune interactions
were expressed at similar levels, indicating a notable degree of resemblance between
the two conditions. A plausible explanation is that the culture system favours the survival
of the most viable cholangiocyte progenitors, so that PSC-derived organoids arise from
only a small fraction of the total cells isolated from the tissue. Consequently, PSC
organoids become enriched in relatively “healthy” cells that do not fully reflect the
complexity of disease-associated alterations presentin vivo. Moreover, organoid culture
media, being rich in mitogens and optimised for proliferation, can profoundly reshape
cellular identity through epigenetic remodelling. As a result, cholangiocyte organoids in
vitro tend to acquire a more uniform phenotype across samples regardless of their
disease background, as the “resetting” effect of culture conditions overrides
transcriptional programmes specific to each disease. For example, when adult
cholangiocytes are cultured as organoids, their gene expression does not completely
match the original tissue, even at early passages. These variations are not spontaneous,
but rather a direct consequence of in vitro culture conditions™®. A similar phenomenon
occurs in hepatic organoids, which are also maintained in media rich in growth factors
(EGF, R-spondin, Noggin, etc.) required to sustain viability and proliferation. Such factors
notonly support growth but also influence the transcriptional profile and metabolic state
of hepatocytes'. Likewise, prolonged culture of human intestinal organoids leads to
extensive changes in DNA methylation patterns, in turn masking tissue-specific
epigenetic signatures™®. In line with this, Soroka and colleagues demonstrated that bile-
derived cholangiocyte organoids from people with PSC retain key immunological
features of their tissue of origin, such as elevated MHC Il and interferon-stimulated gene
expression, yet these signatures can be modulated over time in vitro, suggesting that
inflammatory imprinting is partially preserved but remodelled by culture conditions™".
An unintended consequence of this cellular plasticity is that the resulting cultures
become more “standardised” in phenotype, losing certain disease-specific
characteristics while gaining stability in culture. To overcome this limitation, future
protocols that maintain cells in conditions closer to physiological environments may
help preserve tissue-specific memory in primary cholangiocytes and and enhance the
physiological relevance of the model. We observed similar gene expression profiles in
both PSC- and ALD-derived cholangiocyte organoid at baseline resting conditions.
However, this observation does not necessarily imply functional equivalence, as a
subset of differentially expressed genes suggests that disease-specific signatures
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persist. We observed that genes upregulated in PSC-derived cholangiocyte organoids
cluster around epithelial plasticity, progenitor-like pathways, and innate immune
signalling. These include PROM1 (CD133), a membrane protein used to identify epithelial
progenitor cells in both liver and hematopoietic stem cell populations™?2. INSL4, on the
other hand, is a member of the insulin-like family mainly associated with proliferation
and differentiation in trophoblasts. In other cellular models, INSL4 overexpression not
only promotes cell growth but also influences cell fate and morphogenesis via
apoptosis’™:. Since PROM1 and INSL4 are both expressed concurrently, PSC organoids
may not be fully differentiated, instead adopting a regenerative-like state. It is also
noteworthy that ROBO1 and SLIT3 were upregulated together. These key components of
the axon-guidance pathway regulate epithelial organization, suggesting that
cholangiocytes derived from individuals with PSC may activate developmental or repair
processes. The SLIT3/ROBO1 axis is best known for its role in cell development and
migration, but it has also more recently been associated with liver fibrosis. Its profibrotic
effect primarily involves hepatic stellate cells (HSCs), which deposit extracellular
matrix'®* "¢, Fu et al. (2023) showed that silencing SLIT3 reduces TGF-B-induced stellate
cell activation by suppressing YAP signalling. Their data indicate that SLIT3 is
upregulated in response to TGF-B and, in a pro-fibrotic context, contributes to the
enhancement of TGF-B-driven activation through YAP™*. Lower SLIT3 expression
therefore attenuates fibrotic tissue formation. Kong et al. (2023) further demonstrated,
in a Schistosoma japonicum infection model, that miR-29a-3p counteracts fibrosis by
targeting ROBO1'%°. By binding to ROBO1 mRNA, miR-29a-3p reduces ROBO1 protein
levels and consequently attenuates hepatic stellate cell activation and extracellular
matrix accumulation in the liver. Consistent with these observations, KEGG pathway
analysis identified axon guidance as the only enriched signalling pathway. Finally, an
increasein genes associated withimmune functions has been observed in PSC samples.
TXK is a tyrosine kinase belonging to the Tec family, canonically associated with the
activation and polarization of T lymphocytes™” '8, Although its role in epithelial cells has
not been extensively investigated, TXK has also been implicated in the regulation of redox
and inflammatory signalling pathways in immune contexts°. While this mechanism has
not been described in cholangiocytes, the upregulation of TXK observed in PSC-derived
organoids may represent an adaptive response to the oxidative and inflammatory biliary
microenvironment characteristic of the disease. In this regard, other Tec-family kinases,
such as BMX/ETK, are known to modulate epithelial barrier integrity and proliferative
responses through PI3K/AKT, STAT3, and NF-kB signalling, and it has been described in
several solid tumours where it promotes epithelial growth and survival'®*'¢', By analogy,
the presence of TXKin PSC cholangiocytes could indicate a shift toward a progenitor-like
or regenerative phenotype driven by chronic inflammatory cues, a hypothesis that
remains to be experimentally validated. IFI6 is an interferon-inducible gene involved in
antiviral defence and linked to apoptosis'®®'®, From this, we can conclude that PSC
cholangiocytes maintain their susceptibility to inflammatory stimuli and remain
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responsive to microenvironmental cues, even at resting state. By comparison, ALD-
derived cholangiocyte organoids displayed higher expression of genes associated with
epithelial homeostasis, vesicle trafficking and metabolic remodelling. Under stress
conditions (inflammatory or alcohol-derived), cholangiocytes from ALD appear to adapt
their metabolism to mitigate damage and preserve function. Among the upregulated
genes was CADPS, a calcium-dependent secretion activator that regulates calcium-
mediated vesicular release and supports intercellular communication™*. We also
observed an upregulation of PTPRR, a protein tyrosine phosphatase that dampens
MAPK/ERK signalling and limits proliferative activity in colorectal cancer models™®.
Furthermore, the GJC1 gene encodes Connexin-45 (Cx45), a junction protein expressed
in the intestinal tract, including both small and large intestine'®, although its function in
bile ducts remains unclear. Other connexins (Cx26, Cx32, Cx43 in the liver; Cx43 and
Cx45 in the intestine) have well-established roles in epithelial coordination, barrier
stability, proliferation and stress responses. By analogy, Cx45 may have similar
relevance in cholangiocytes, though this requires direct experimental confirmation. As
shown in our data, cholangiocytes in vitro express a broad repertoire of pattern-
recognition receptors, enabling rapid responses to microbial and pro-inflammatory
cues. It is well known that bile duct epithelial cells can release cytokines and
chemokines to coordinate immune responses’®. Considering cholangiocytes as central
regulators of local immunity, even subtle molecular variations may influence how they
interact with their microenvironment. Due to this immune-sensing capacity, small
changes in gene expression can have meaningful functional consequences, potentially
shaping long-term disease trajectories. Overall, our findings suggest that, despite their
different tissues of origin (PSC or ALD), cholangiocytes tend to converge towards a
shared basal phenotype in culture, while still retaining discrete molecular signatures
that reflect their respective diseases.

3. L-17A INDUCES CONSERVED INFLAMMATORY
PROGRAMS BUT UNMASKS PSC-SPECIFIC IMMUNE
SIGNATURES

We next aimed to understand how inflammatory stimuli influence cholangiocyte
function and responsiveness. To this end, we analysed the gene expression profiles of
cholangiocyte organoids derived from people with PSC and ALD following stimulation
with IL-17A. IL-17A was chosen because it is closely linked to PSC and associated with
an aberrant Th17 response, particularly following microbial colonisation in the biliary
tract. Peripheral CD4" T cells from people with PSC display increased IL-17A production
compared to healthy controls, suggesting a bias towards the Th17 lineage’. Evidence
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that monocytes from people with PSC enhance Th17 differentiation through abnormal
cytokine release further highlights the role of innate immune cells in shaping this
response’®®. Moreover, naive-like liver-resident CD4" T cells are increased in PSC,
according to single-cell studies, indicating a reshaped T cell pool in the liver'®®. Th17
lymphocytes are recruited to the liver via CXCR3 and CCR6 chemokine receptors
expressed on their surface. This process is largely driven by epithelial-derived
chemokines that attract immune cells to inflamed sites'”°. Importantly, cholangiocytes
respond to IL-17A by secreting chemokines such as CCL20, which in turn recruits
additionalimmune cells, particularly Th17 and Tc17 lymphocytes expressing CCR6. This
IL-17-dependent loop enhances communication between epithelial and immune cells
and supports the ongoing recruitment of immune cells, leading to sustained
inflammation in the biliary environment'”". In line with this, we observed that despite their
distinct pathogenic backgrounds (immune-mediated in PSC and toxic-metabolic in ALD)
the global transcriptional response to IL-17A was remarkably similar in both groups. In
particular, the coordinated upregulation of the chemokines CXCL1, CXCL3, CXCL5 and
CCL20, together with the transcriptional regulator NFKBIZ (also known as IkB{), an IL-17-
responsive nuclear co-activator of NF-kB-dependent gene transcription that amplify
inflammation induced by IL-17, indicates that cholangiocytes activate a conserved
epithelial inflammatory programme upon stimulation. Bronchial epithelial cells and
other type of cells are also susceptible to IL-17A ability to induce chemokines and
inflammatory mediators. Indeed, in the lung, IL-17A induces CXCL5 and the recruitment
of neutrophils, via NF-kB and MAPK. In in vitro models of primary human
tracheobronchial epithelial cells (TBE cells), when stimulated with IL-17A, produce IL-6,
which in turn acts in an autocrine/paracrine manner, amplifying the response by
increasing the expression of the MUC5B/MUCS5AC mucin genes'’?. It is reasonable to
assume that cholangiocytes mayrespond in a similar way. Thisis in line with our findings,
where PSC cholangiocyte organoids showed upregulation in the MUC5AC and MUC6
genes. However, PSC and ALD cholangiocyte organoids stimulated by IL-17A are even
more similar at transcriptional level when directly compared with each other. Our data
once again demonstrate the presence of the components of the axon guidance pathway
genes, ROBO1 and SLIT3, in PSC cholangiocyte organoids. As previously explained, while
traditionally associated with neural development'®, these genes have also been
implicated in epithelial morphogenesis'”4, cell migration'”®, and in some contextimmune
cell positioning'”®, we can therefore confirm that PSC cholangiocytes may indeed be
predisposed towards tissue remodelling and immune coordination. We found the same
outcome for other PSC-specific genes. Among these, IFI16, a cytosolic DNA sensor that
activates inflammasome signalling’” , was again found to be upregulated. On the other
hand, PHF20L1, achromatin-binding protein involved in epigenetic regulation, was found
to be specific to stimulated PSC cholangiocytes. PHF20L1 is a component of the NSL
(Non-Specific Lethal) complex, which increases chromatin accessibility and enables
rapid gene transcription through histone acetyltransferase activity'’®. Taken together,
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these findings align with the concept of “transcriptional memory”. The upregulation of
genes associated with innate immunity and epithelial plasticity suggests that PSC
cholangiocytes may be more reactive to inflammatory clues. According to this model,
previous inflammatory exposures leave stable epigenetic marks that prime cells for
stronger or faster responses in the future'®. We also identified subtle yet consistent
differences between PSC and ALD cholangiocyte organoids. The immune signature of
PSC organoids was defined by the coordinated activation of chemokines, cytokines and
antimicrobial genes (CXCL1-3, CCL20, IL1B, IL6, DEFB4, SAA1/2), supported by key
signalling pathways such as IL-17, NF-kB and TNF. ALD organoids similarly induced
inflammatory genes, but with greater inter-patient variability and a narrower profile
mostly limited to neutrophil-attracting chemokines (CXCL1, CXCL2, CXCL8), without the
enrichment of antimicrobial or epigenetic components observed in PSC. Instead, ALD
cholangiocyte organoids showed transcriptional features associated with cell adhesion,
intracellular signalling and tissue homeostasis. For example, APBB1IP (amyloid beta
precursor protein-binding family B member 1-interacting protein) facilitates integrin
activation and promotes leukocyte adhesion to the epithelium'°. However, APBB1IP
expression alone does not indicate activation of a full inflammatory programme: we did
not observe concurrent induction of HLA molecules or co-stimulatory signals such as
CD40 or PD-L1. In this context, APBB1IP reflects a state of “readiness for adhesion”
rather than immune activation. It is also important to emphasise that, at this stage,
cholangiocytes were only stimulated in vitro with IL-17A. Co-culture with immune cells
may therefore provide a more comprehensive view of their activation status. Similarly,
CNKSR1 (connector enhancer of kinase suppressor of Ras 1) is a scaffold protein that
modulates MAPK responses, but is not intrinsically pro-inflammatory; its principal role is
to optimise cellular responses to cytokines, growth factors and environmental stress,
preventing excessive signalling'. Elevated RGS5 (Regulator of G protein signalling 5) in
ALD organoids may likewise reflect an adaptation aimed at dampening sustained or
damaging signals, including those derived from alcohol metabolism'2. This pattern is
consistent with long-term adaptation to metabolic and oxidative stress. Cells
experiencing chronic oxidative and metabolic stress in the liver often shift away from
acute inflammatory responses. In ALD, alcohol and its metabolites (e.g. acetaldehyde)
induce oxidative injury, while metabolic alterations (lipid composition, mitochondrial
function) further modify cellular behaviour. As previously discussed, even at resting
state, ALD cholangiocyte organoids show upregulation of genes such as PTPRR and GJC1
compared to unstimulated PSC organoids. Overall, our data indicate that cholangiocytes
in ALD organoids prioritise the maintenance of tissue integrity over the initiation of strong
immune activation. While IL-17A stimulation provides valuable insight into epithelial
responsiveness, the inflammatory landscape in vivo is considerably more complex.
Multiple cytokines (e.g. TNF-a, IFN-y, IL-1[3, IL-22) and diverse immune cell populations
(CD8* T cells, NK cells, neutrophils, macrophages, dendritic cells) contribute to the
biliary immune environment. Therefore, stimulation with a single cytokine in vitro

50



DISCUSSION

captures only a fraction of the inflammatory processes occurring in the livers of people
with PSC or ALD.

4. DIRECT CD4" T CELL CONTACT UNVEILS THE DUAL
IMMUNOMODULATORY ROLE OF CHOLANGIOCYTES

To address this limitation, we extended our co-culture experiments using cholangiocyte
organoids, first with T cell-derived cytokine supernatant and then with pre-activated
CD4" T cells, to better mimic the conditions of the inflamed liver in vivo, as understanding
how cholangiocytes interact with CD4* T lymphocytes is key to uncovering the
mechanisms that drive immune-mediated liver diseases. The importance of this
interaction in PSC lies in the dual nature of cholangiocytes, which, although susceptible
to inflammatory injury, also express adhesion molecules such as ICAM-1 and VCAM-1
that mediate direct interaction with T lymphocytes'®. Recent single-cell RNA sequencing
(scRNA-seq) data from our group indicate that people with sclerosing cholangitis have a
higher number of naive CD4* T cells resident in the liver. In PSC, liver-infiltrating T cells
may behave differently from those in other tissues as a result of chronic inflammation.
Thus, a larger reservoir of naive cells may differentiate into pro-inflammatory
subpopulations, such as Th17 cells, shaping the epithelial-immune interaction'. The
specific effects of T cell-derived sighals on cholangiocytes remain incompletely
understood. In our system, cholangiocyte organoids responded to IL-17A, although the
responses were limited, as expected after a single cytokine stimulus. To explore how
cholangiocytes respond to immune stimuli, and to distinguish between soluble and
contact-dependent signals, we first exposed cholangiocyte organoids to supernatant
from pre-activated CD4* T cells, mimicking a cytokine-rich inflammatory environment,
and in parallel established direct co-cultures with T cells to allow physical interaction in
both PSC- and ALD-derived organoids. This approach enabled us to determine whether
soluble mediators alone are sufficient for cholangiocyte activation, or whether direct
contact with T cells is also required. Under stimulation with supernatant enriched in
CD4" T cell mediators, we observed consistent upregulation of ICAM1 and HLA-DR at
both transcriptional and protein levels, and a similar increase in CD40 protein. These
molecules are involved in leukocyte adhesion and antigen presentation, reflecting a
clear epithelial response to immune signals. Interestingly, CD70 and OX40L were
transcriptionally upregulated, yet no corresponding increase was detected at protein
level, which may reflect post-transcriptional regulation or a delayed induction pattern.
This observation is consistent with previous findings in dendritic cells, where
prostaglandin E, enhances the expression of CD70 and OX40L mRNA withoutimmediate
protein translation'*. Additionally, the expression of co-stimulatory molecules is highly
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context-dependent: the cytokine environment, such as IFN-y, IL-17 or TNF-a, as well as
whether the cells are quiescent or have been previously primed, strongly influence
whether these molecules are upregulated or remain transcriptionally silent. In contrast,
PD-L1, CD86, CD80 and CD137L (4-1BBL) showed no changes at either transcript or
protein level. This suggests that soluble mediators released by activated CD4" cells are
insufficient to fully modulate these pathways. These observations demonstrate that,
although cholangiocytes clearly sense T cell-derived signals, the response remains
partial in the absence of direct contact. We therefore established a co-culture system
allowing direct interaction between cholangiocyte organoids and pre-activated CD4" T
cells. This model was designed to capture not only the effects of soluble factors but also
the spatial and physical aspects of immune-epithelial interactions that are essential for
immune synapse formation and cellular crosstalk. Establishing a co-culture system that
maintained the viability and functionality of both epithelial and immune cells required
careful modification of culture conditions. Standard expansion medium (EM), which
supports organoid growth, contains components that influence T cell behaviour.
Forskolin elevates intracellular cAMP, suppressing IL-2 production and inhibiting T cell
proliferation without inducing apoptosis'®. A83-01, a selective inhibitor of the TGF-B type
| receptor (ALK5), interferes with TGF-B signalling'®é, a pathway crucial for Th17 and Treg
differentiation®. Beyond its effects on CD4" T cells, TGF-B is important for maintaining
epithelial homeostasis, yet can also drive fibrogenesis and epithelial-mesenchymal
transition (EMT). Although stellate and immune cells are major sources of this growth
factor, stressed and senescent cholangiocytes also release TGF-B. Indeed,
cholangiocytes in PSC livers often exhibit a senescence-associated secretory phenotype
(SASP)7>188.18° The TGF-B released by them promotes chronic inflammation and fibrosis,
thus sustaining chronic biliary damage and progressive fibrosis'®'%, Notably, when
cholangiocytes are in contact with activated CD4" T cells, they increase the production
of endogenous TGF-f3, establishing regulatory feedback loops between the epithelium
and immune cells. Completely blocking TGF-B signalling with A83-01 would therefore
create an artificial state; cholangiocytes would no longer produce or respond to TGF-,
which would alter T cell activation in a non-physiological manner. We therefore
optimised the culture conditions to preserve physiological TGF-B responsiveness.
Another crucial variable was the presence of the extracellular matrix (ECM); particularly
of Matrigel matrix, which is essential for maintaining organoid polarity and stability.
Standard dome-embedded 3D cultures present a physical barrier that limits T cell
infiltration. To address this issue, we introduced a novel floating culture system with only
5% Matrigel matrix, preserving epithelial identity and structure of cholangiocytes, while
facilitating immune cell invasion. Gene expression and morphological analysis
confirmed the expression of cholangiocyte markers (EPCAM, KRT7 and KRT19) without
inducing stress-related apoptosis. Ultimately, the choice of 5% Matrigel matrix
represented a balance between structural support and CD4+ accessibility. We also
verified that higher concentrations restricted T cell mobility, while lower concentrations
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(0-1%) impaired organoid polarity and survival. Careful adjustment of the culture
conditions was crucial. In our optimised co-culture model, direct interaction with pre-
activated CD4"* T cells caused a stronger activation of cholangiocytes than exposureto T
cell-derived supernatant alone. Our data indicate that robust expression of PD-L1 and a
modest induction of CD80, as well as upregulation of ICAM1 and HLA-DR, occurred
altogether only upon direct cell-to-cell contact. Comparable epithelial-immune
interactions have also been reported in other organs, such as the lung and intestine,
where epithelial cells express MHC class Il and can function as non-classical antigen-
presenting cells for T cells, a role typically restricted to professional APCs'™'9 In the
intestine, the epithelium shows an even more complex behaviour, being able to either
stimulate or suppress T cells when needed'®'%?, Consistently, our findings indicate that
cholangiocytes also require direct contact with T cells to exert the full range of their
immunomodulatory functions. PD-L1 and CD80 can form cis-heterodimers on the
surface of epithelial cells and send opposing signals to lymphocytes: binding of CD80 to
CD28 promotes activation, whereas interaction between PD-L1 and PD-1 induces
inhibitory signals leading to tolerance or functional shutdown of CD4% T cells':.
Furthermore, our data on ICAM-1 and CD40 expression suggest that cholangiocyte
interaction with CD4" T cells may also involve LFA-1 and CD40L binding, respectively.
However, CD40 upregulation was less consistent across samples. ICAM-1 is known to
increase in inflammatory conditions under the action of cytokines such as IFN-y or TNF-
a®3, while CD40-CD40L engagement is crucial for sustained T helper cell activation,
promoting co-stimulatory molecule expression and cytokine production™. These
interactions are not limited to transient encounters, but allow prolonged contact with
sustained intracellular signalling cascades in both cells. Since these mechanisms
directly contribute to the persistence of inflammation at the bile duct interface, they also
represent potential therapeutic targets. Attempts have been made to block CD40-
CDA40L in order to reduce liver inflammation'™®. More recently, frexalimab, a next-
generation anti-CD40L antibody, has entered clinical trials for the treatment of
autoimmune diseases, suggesting that a similar approach could potentially be explored
in PSC, where excessive T cell activation contributes to bile duct damage'®®. ICAM-1, in
contrast, primarily amplifies inflammation by recruiting innate immune cells. In
experimental models of hepatic ischaemia-reperfusion or cholestatic injury, ICAM-1
blockade reduced neutrophil accumulation and liver parenchymal damage'’-"%.
However, the clinical translation has proven challenging: in a rat liver transplant model,
ICAM-1 inhibition reduced leukocyte adhesion without improving graft function and in
clinical trials, anti-ICAM-1 antibodies such as enlimomab initially showed protective
effects but subsequently caused complications due to excessive immune
suppression?-21 |nterestingly, the co-culture also affected lymphocytes. CD4* T cells
interacting with cholangiocyte organoids showed broad downregulation of both
activation markers (CD25, OX40, ICOS) and exhaustion markers (PD-1, CTLA-4, LAG-3),
which was unexpected. In the context of co-culture, cholangiocytes display a
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paradoxical dual role. While they can promote immune activation by expressing
adhesion or antigen-presenting molecules, they can also exert inhibitory effects through
PD-L1. Clinically, this mirrors PSC, where chronic inflammation persists alongside
exhausted and dysfunctional T cells. Our findings therefore highlight the role of
cholangiocytes in maintaining this delicate balance within the peribiliary area. The early
reduction of T-cell activation observed after 24 hours likely represents only the initial
phase of a chronic phenomenon in patients. We hypothesise that, over time, exhausted
T cells may lose their capacity to target altered or potentially harmful cholangiocytes.
Although our data do not clarify whether these changes would persist, reverse, or evolve
in vitro, they suggest that cholangiocytes in the liver may act both as regulators and as
targets of persistent inflammatory stimuli. Cholangiocytes are constantly exposed to
signals from Th17 cells, as well as to microbial products derived from the gut microbiota
(the “leaky gut” hypothesis), which sustain cycles of tissue injury and repair?®2. Newly
recruited T cells in the inflamed liver repeatedly encounter cholangiocyte-derived
chemokines (e.g., CXCL1-3 and CXCL5), which further perpetuate local immune
activation®®44_ At this point, cholangiocytes would attempt to contain the
aggressiveness of CD4+ cells through PD-L1, but in chronic inflammatory contexts
something goes wrong. Currently, the concept of enhancing PD-L1 signalling is being
explored in preclinical models of autoimmune disease to restore immune tolerance and
prevent excessive tissue damage. In PSC, however, we suggest that the effect of PD-L1
is likely to be phase-dependent. Transient PD-L1 upregulation may be beneficial in the
acute phase by protecting tissue from excessive immune activation. Yet, when sustained
over time, PD-1/PD-L1 signalling can drive T-cell exhaustion, a state associated with loss
of CD28 expression and functional impairment in intrahepatic T cells?°®. Chronic PD-1
signalling can therefore weaken immune surveillance instead of resolving inflammation.
This implies that liver inflammation is not a static process, but progresses through
distinct immunological phases. Consequently, the effectiveness of PD-L1-targeted
therapies will depend on when they are administered. For example, short-term
stabilisation of PD-L1 signalling may be protective in the early stage of inflammation.
Supporting this idea, PD-1 agonists have been shown to suppress T-cell proliferation and
cytokine production in mouse models of arthritis and inflammatory bowel disease?°42%,
Other strategies are being explored to increase local tolerance and stabilise PD-L1
expression. One option is to stimulate PD-L1 directly via IFN-y or TNF-a. Another is to
enhance PD-L1 transcription indirectly by increasing chromatin accessibility. In this
context, drugs already under investigation in oncology, such as the histone deacetylase
inhibitors entinostat and mocetinostat, or the DNA methyltransferase inhibitor
decitabine, may be explored as potential strategies to boost PD-L1 expression and
reduce acute biliary injury?°6-2®, The situation is completely different in the chronic
phase. PD-L1 remains high with T cell exhaustion. In this context, rather than increasing
PD-L1, it would be more appropriate to consider partially inhibition of the PD-1/PD-L1
axis. The aim would be to reduce PD-L1 enough to restore functionality to the T cells
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without triggering an uncontrolled immune response against cholangiocytes. Therefore,
to determine the optimal timing of intervention, additional biological markers should be
identified, for instance by monitoring exhaustion signatures (TIM-3, and CTLA-4) or IFN-
y/STAT1 activity in tissue samples. Moreover, systemic administration over a prolonged
period of time could induce immune-related adverse events (irAEs) and cause severe
systemic effects involving multiple organs?°®2'°, An additional layer of complexity is
added by cholangiocarcinoma (CCA), a major comorbidity in PSC. In cancer, PD-L1
enables tumour cells to evade immune surveillance and promotes malignant
progression?'-2'3, While transient PD-L1 enhancement may be advantageous in early
inflammation, progression to malignancy, as observed in CCA, demands timely
antineoplastic intervention. In this setting, immune checkpoint inhibitors such as
nivolumab and pembrolizumab have shown efficacy in PD-L1-positive or MSI-high
CCA%'3215 Thus, tailoring treatment with intervals (intermittent dosing), and, where
possible, targeted local administration (local delivery) could be conceivable?®?'°, A
partial and timed strategy would also allow combination of different therapies to act
simultaneously on multiple targets while blocking other pro-inflammatory cytokines or
signals derived from direct cell-to-cell contact. What surprised us most was the absence
of major differences between co-cultures with HLA-matched and HLA-mismatched
cholangiocytes and T cells. We hypothesise that allorecognition, that is, direct
recognition of the MHC complex by T cells, is not the main mechanism driving the
observed interactions. A possible explanation lies in the activation state of the T cells
used in our model, which had already been strongly pre-activated through the TCR,
thereby reducing their dependence or sensitivity to the fine discrimination between self
and non-self HLA. When a T cellis activated in vitro through TCR stimulation, for example
with anti-CD3/CD28 antibodies, it undergoes strong activation, leading to global
expression of activation molecules, proliferation, and cytokine release. In this state, T
cells respond independently of antigen specificity, thereby masking responses to
specific antigens. Consequently, the interactions we observed were likely driven by
adhesion molecules and immune checkpoint engagement. Although not professional
antigen-presenting cells, cholangiocytes possess the necessary molecular repertoire to
actively influence immune responses in the liver, also acting on other hepatic cells, such
as hepatic stellate cells, and influencing fibrogenesis. Through co-stimulatory and
inhibitory signalling, cholangiocytes contribute to maintaining a state of chronic yet
regulated inflammation, consistent with PSC. What remains unclear is the initial driver
of this immune—-epithelial imbalance, whether rooted in cholangiocytes, CD4"* T cells or
other cell types. More complex co-culture models that incorporate additional hepatic
and immune cells, such as macrophages, MAIT cells or yo T cells, as well as stromal
components or microbial stimuli, will be required to address this question and to
establish a clearer chronology of the events sustaining inflammation in the biliary tree.
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5. STRENGTHS AND LIMITATIONS OF THE CHOLANGIOCYTE
ORGANOID CO-CULTURE MODEL

Compared to classical 2D cell culture, organoids retain the capacity to organise
themselves into structures that closely resemble the architecture and function of their
tissue of origin. This allows them to better model cell-cell interactions under
physiologically relevant conditions and to preserve proliferative capacity and cellular
heterogeneity. Importantly, being derived directly from patient material, in vitro organoid
cultures represent considerable value for human disease modelling and drug screening
within the context of personalised medicine. In our study, cholangiocyte organoids
recapitulated essential features of the biliary epithelium, including architecture,
transcriptional identity, and disease-relevant phenotypes. Notably, we observed subtle
yet consistent disease-associated expression signatures at baseline (e.g.,
PROM1/INSL4, ROBO1/SLIT3, TXK/IFI6 vs CADPS/PTPRR/GIJC1), indicating the
persistence of some epigenetic “priming” despite convergence during in vitro expansion.
Our optimised cholangiocyte organoid culture system also proved highly adaptable to a
more physiologically oriented co-culture. We successfully co-cultured organoids with
CD4" T cells in a modified medium that supported the survival and function of both cell
types without immunosuppression, allowing us to dissect mechanistic aspects of
epithelial-immune crosstalk under controlled conditions. Furthermore, the
compatibility of these organoids with CRISPR/Cas9-mediated genetic manipulation
enables future functional studies of gene-specific effects, while their long-term stability
supports reproducibility across experiments, making them suitable for both basic and
translational research. However, several limitations should be considered when
interpreting our findings. One of the main challenges relates to the incomplete tissue
complexity of organoids. Being composed primarily of epithelial cells, they lack stromal
and endothelialcomponents that are essential for processes such as inflammation, neo-
duct formation, and fibrosis. The absence of vascularisation further affects
cholangiocyte function, as in vivo these cells are continuously exposed to bile flow and
nutrient gradients. In organoid cultures, all cells experience uniform chemical and
mechanical conditions, preventing the establishment of region-specific differences in
transporter expression (e.g., CFTR, ABC transporters) and in flow-responsive signalling.
In the native biliary tree, cholangiocytes sense bile flow and ductal pressure through
Ca**-mediated mechano-responsive pathways and the Hippo-YAP/TAZ axis, which
together regulate bile secretion and cholangiocyte integrity?'®2'”. In organoid cultures,
however, these physiological mechanical cues are absent. Instead, YAP/TAZ activity is
sustained primarily by mitogen-rich medium and matrix-derived mechanical tension
rather than flow-dependent mechanotransduction, so these pathways are not fully
engaged as they are in vivo, resulting in a more homogeneous and less physiologically
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patterned epithelial state. Additionally, the use of growth factor-rich culture conditions
may induce epigenetic reprogramming and partial phenotypic convergence, potentially
masking some disease-specific signals. Another limitation of our study concerns the
short co-culture window (24 h), which may have prevented us from capturing the
temporal dynamics of activation and the emergence of dysfunction/exhaustion
phenotypes in both cholangiocyte organoids and CD4* T cells. Gene and protein
expression changes involved in epithelial-immune crosstalk often develop over longer
periods (48-96 h), and may therefore not be fully represented in our dataset. Finally, the
use of pre-activated T cells likely bypasses HLA-dependent activation, limiting
conclusions regarding antigen presentation and allorecognition. To address this, future
work should aim to introduce naive autologous CD4" T cells, which strictly require MHC-
Il engagement for activation. This would allow us to determine whether cholangiocytes
can function as non-professional antigen-presenting cells and to distinguish antigen-
dependent from contact- or cytokine-mediated immune modulation.
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CONCLUSIONS

Our research established a co-culture system combining ALD- and PSC-derived
cholangiocyte organoids with activated CD4" T cells to investigate immune modulation
within the biliary niche. This model revealed a fundamental duality: cholangiocytes are
not merely passive targets of immune attack, but active contributors to the regulation of
local immune microenvironment. Although PSC- and ALD-derived organoids converged
transcriptionally under basal culture conditions, they retained few distinct disease-
related features. PSC organoids exhibited gene expression patterns consistent with
epithelial plasticity and heightened immune readiness, indicating a greater propensity to
sustain inflammatory responses and initiate tissue regeneration. In contrast, ALD
organoids preferentially expressed genes associated with metabolic regulation,
vesicular trafficking, and epithelial homeostasis, suggesting a tendency to prioritise
tissue integrity and functional stability over immune activation. These persistent
transcriptional signatures imply that cholangiocytes keep a memory of their pathological
environment, which may influence how they respond to subsequent immune-derived
stimuli. Building on these observations, we demonstrated that direct contact with pre-
activated T lymphocytes induces resting cholangiocyte organoids to express regulatory
molecules capable of shaping immune response. Notably, this effect extends to the T
cells themselves: CD4" T cells co-cultured with cholangiocyte organoids showed a
consistent reduction in both activation and exhaustion markers. In this way
cholangiocytes exert a dual regulatory influence, able to promote immune engagement
via adhesion molecules and MHC-II, while simultaneously suppressing excessive
immune activation through PD-L1. These findings reflect the clinical paradox observed
in PSC, where persistent inflammation coexists with dysfunctional and partially
exhausted T cells. Under sustained inflammatory pressure, cholangiocytes may become
senescent and adopt a SASP phenotype, releasing pro-inflammatory mediators and
proteases. Over time, this cycle contributes to ductal damage and the progressive
fibrosis characteristic of PSC. While the co-culture system developed here provides a
valuable platform for dissecting epithelial-immune crosstalk, several refinements will
be required to more accurately recapitulate in vivo complexity. The current model lacks
stromal and endothelial components and does not reproduce the mechanical and
metabolic cues coming from bile flow and vascularisation. These factors are
fundamental for full cholangiocyte differentiation, and their absence may mask disease-
specific signatures. In this regard, microfluidic organoid-on-a-chip platforms represent
a promising advancement. These systems integrate 3D organoid structures within
perfused chambers, enabling controlled nutrient flow, shear stress, and
compartmentalised co-culture?'. Microchannels can be co-seeded with liver sinusoidal
endothelial cells or Kupffer-like macrophages to more closely resemble the biliary
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tissue. Moreover, immune cells, such as CD4" or CD8" T cells, can be introduced via
perfusion in a time-resolved manner, allowing the progression from early activation to
chronic dysfunction to be monitored experimentally. Beyond reproducing tissue
architecture, our model can be applied to test mechanistic hypotheses arising from our
findings. Among these, PD-L1 blockade experiments would allow us to determine
whether the reduction in T-cell activation that we observed is primarily driven by PD-
L1/PD-1 checkpoint signalling, or whether cholangiocytes also employ additional
contact-dependent inhibitory mechanisms. This could be addressed either by co-
culturing cholangiocyte organoids and CD4" T cells in the presence of blocking
antibodies against PD-L1/PD-1, or by selectively reducing PD-L1 expression in
cholangiocytes using CRISPR-based approaches. For example, CRISPR-interference
(CRISPRI) can be used to selectively suppress CD274 transcription in cholangiocytes,
producing organoids in which PD-L1 is stably reduced while the cells remain otherwise
genetically identical to their parental counterparts. Overall, our findings highlight the
value of organoid-based system as translational platform capable of linking basic
immunology with clinically relevant questions, with the expectation that this model will
support the identification of novel therapeutic targets aimed at improving both the
quality of life and life expectancy of people affected with cholangiopathies.
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Tab.1 List of consumables used in this study

MATHERIALS

Article Catalog Company County
number

Cell Culture Multiwell | 662160 Greiner Bio- Germany

plate, 24 well One

Corning® 96-well Clear | 3474 Corning USA

Flat Bottom Ultra-Low

Attachment Microplate

Costar® 6-well Clear Flat | 3471 Corning USA

Bottom Ultra-Low

Attachment Multiple Well

Plates

Cryotubes 1.8 ml 379 Sarstedt AG Germany

FACS Tubes 551579 Sarstedt AG Germany

gentleMACS C Tubes 130-093-237 Miltenyi Biotec = Germany

Pasteur Pipette 4522.1 Roth Selection  Germany

Pipette tips 0.01 ml 1130100 Sarstedt AG Germany

Pipette tips 0.2 ml 760012 Sarstedt AG Germany

Pipette tips 1 ml 762 Sarstedt AG Germany

Pipettes 10 ml 1688010 Sarstedt AG Germany

Pipettes 25 ml 1685020 Sarstedt AG Germany

Pipettes 5 ml 1687010 Sarstedt AG Germany

Strainer 100 um 542000 Roth Selection  Germany

Strainer 30 um 130-098-458 Miltenyi Biotec = Germany

Tubes 1.8 ml 379 Sarstedt AG Germany

Tubes 10 ml 62515006 Sarstedt AG Germany

Tubes 15 ml 188271 Greiner Bio- Germany

One

Tubes 2 ml 72691 Sarstedt AG Germany

Tubes 5 ml 72701 Sarstedt AG Germany

Tubes 5 ml, for FACS 551579 Sarstedt AG Germany
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Tubes 50 ml 227261 Greiner Bio- Germany
One
Tab.2 List of devices used in this study
Article Catalog Company County
number

Cytek Aurora 5 Lasers flow Cytek USA

cytometer

Eppendorf5427R 5409000010 Eppendorf Germany

Eppendorf5810R 5810000010 Eppendorf Germany

Eppendorf 5920R 5948000010 Eppendorf Germany

Eppendorf Research® plus | 3123000012 Eppendorf Germany

0.17-2pul

Eppendorf Research® plus | 3124000016 Eppendorf Germany

0.5-10pul

Eppendorf Research® plus | 3124000083 Eppendorf Germany

10-200 pl

Eppendorf Research® plus | 3124000121 Eppendorf Germany

7100- 1000 ul

Eppendorf ThermoMixer® | 5382000015 Eppendorf Germany

Comfort

gentleMACS Octo | 130-096-427 Miltenyi Biotec Germany

Dissociator with Heaters

GFL 1083 water bath 1083 GFL GmbH Germany

Leica DM IRB Leica Germany
Microsystems

Nanodrop 2000 ND-2000 Thermofisher USA
Scientific

Pipetboy Acu 2 155000 Integra Germany
Biosciences

T100 Thermal Cycler Bio- | 1861096 Bio-rad USA

Rad, USA

ViiA 7 Real-Time PCR Thermofisher USA

System Scientific

Vortex-Genie 2 S1-0236 Scientific USA
industries
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Tab. 3 List of media used in this study

MATHERIALS

Article Catalog number Company County
Advanced 12634010 Gibco USA
DMEM/F12

DMEM GlutaMAX 11965092 Gibco USA
EBSS (Ca2+/Mg2+) | 24010043 Gibco USA
RPMI 1640 11875085 ThermoFisher USA

Tab. 4 List of commercially available solutions used in this study

Article Catalog Company County
number

Cell Recovery | 354253 Corning USA

Solution

CellTrace™ Violet | C34557 ThermoFisher USA

Cell Proliferation Kit

Collagenase D 1108866001 Roche Switzerland

Ficoll-Paque PLUS Cytiva UK

Matrigel-Culturex 3533-005-02 R&D Systems USA

RGF BME TypeZ2

RBC Lysis/Fixation | 422401 Biolegend USA

Solution (10X)

Recovery 12648-010 Gibco USA

CellCulture freezing

medium

Sodium pyruvate 11360070 Gibco USA

Trypan blue | 15250 - 061 Thermofisher USA

solution (0.4 %) Scientific

Trypan blue | 15250 - 061 Thermofisher USA

solution (0.4%) Scientific

TrypLE™ Express | 10043382 Gibco USA

Enzym (1x),

Phenolred

UltraComp 01-2222-42 Thermofisher USA

eBeads™ Scientific
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B-Mercaptoethanol

Sodium Pyruvate

444203-250ML  Sigma-Aldrich

11360070

Gibco

Tab. 5 List of cell culture supplements used in this study

USA

MATHERIALS

Germany

Article Catalog number Company County
[Leu] Gastrin G9145 Sigma-Aldrich Germany
A83-01 2939 Tocris UK

B27 12587-010 Life Technologies USA
EGF AF-100-15 PeproTech USA

FCS P40-37500 PAN - Biotech Germany
FGF10 AF 100-26 PeproTech USA
Forskolin 1099 Tocris UK

HGF 100-39 PeproTech USA
Human IL-17A | 200-17-25UG PeproTech USA
Recombinant

Protein

IL-2 (cell culture) 202-IL-010 R&D Systems USA
ImmunoCult™™ 100-0784 STEMCELL Canada
Human CD3/CD28 Technologies

T Cell Activator

L-Glutamin 25030-024 Gibco USA
N-acetylcysteine A0737 Sigma-Aldrich Germany
N2 17502-048 Life Technologies USA
Nicotinamide N0636 Sigma-Aldrich Germany
Penicillin /115140122 Thermofisher USA
Streptomycin Scientific
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Tab. 6 List of commercially available Kits used in this study

Article Catalog number Company County
CellTrace™ Violet | C34557 ThermoFisher USA

Cell Proliferation

Kit

Clariom™ S Assay, | 902927 Applied USA
Human Biosystems

High-capacity 4368814 Applied USA
cDNA reverse Biosystems

transcription kit

Human CD4+ T | 130-096-533 Miltenyi Biotec Germany
Cell Isolation Kit

NucleoSpin® RNA | 740955.50 Macherey-Nagel Germany
TagMan™ Fast | 11380912 Applied USA
Advanced Master Biosystems

Mix

Zombie NIR™ | 423105 Biolegend USA
Fixable Viability Kit

Zombie Aqua™ | 423101 Biolegend USA

Fixable Viability Kit

Tab. 7 List of softwares used in this study

Article Company County
Biorender Biorender Canada
FlowJo™ v10 BD USA
Graphpad prism (v10) | Graphpad USA

Nanodrop 2000/2000c

Software (v1.6.198)
R(v4.4.2)

Spectroflo (v3.3.0)

Thermofisher Scientific USA

The R Project for Austria

Statistical Computing

Cytek Biosciences USA

Viia 7 software (v1.2.4) | Thermofisher Scientific USA
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Tab. 8 List of buffers and solutions used in this study

MATHERIALS

Article Concentration  Composition County
PBS, pH 7,4 1,5mM KH2PO4
6,5mM Na2HPO4
2,7mM KCl
137 mM NaCl
in Distilled water
FACS-Buffer EDTA 2 mM Carl Roth,
Germany
FCS 2% Carl Roth,
Germany
NaN3 0.01% Merck, Germany
in PBS
MACS-Buffer EDTA 2 mM Carl Roth,
Germany
BSA 1% Carl Roth,
Germany
in PBS
Differentiation Rspo1 10 %
Medium Wnt 30 %
P/S 1%
L-Glutamin 1% Gibco, USA
B27 2% Life
Technologies,
USA
N2 1% Life
Technologies,
USA
N- 1TmM Sigma-Aldrich,
acetylcysteine Germany
Nicotinamide 10 mM Sigma-Aldrich,
Germany
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[Leu] Gastrin 10 nM Sigma-Aldrich,
Germany
EGF 50 ng/ml PeproTech, USA
HGF 25 ng/ml PeproTech, USA
FGF10 100 ng/ml PeproTech, USA
Forskolin 10 uM Tocris, UK
A83-01 5uM Tocris, UK
In Advanced
DMEM/F12
Expansion Rspo1 10 %
Medium P/S 1%
L-Glutamin 1% Gibco, USA
B27 2% Life
Technologies,
USA
N2 1% Life
Technologies,
USA
N- 1TmM Sigma-Aldrich,
acetylcysteine Germany
Nicotinamide 10 mM Sigma-Aldrich,
Germany
Gastrin 10 nM Sigma-Aldrich,
Germany
EGF 50 ng/ml PeproTech, USA
HGF 25 ng/ml PeproTech, USA
FGF10 100 ng/ml PeproTech, USA
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Forskolin 10 uM Tocris, UK
A83-01 5uM Tocris, UK
In Advanced
DMEM/F12
Optimized
Expansion
Medium
Basal Medium P/S 1%
L-Glutamin 1% GIBCO
In Advanced
DMEM
Wash Medium FBS 1%
P/S 1%
Sodium Pyruvate 1%
In DMEM
Digestion Collagenase D 2,5 mg/mL Roche,
Solution Switzerland
DNase | 1U/ml Roche,
Switzerland
in EBSS
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METHODS

1. PATIENT SELECTION

A total of 11 livers from patients who attended the specialized outpatient clinic of the I.
Department of Medicine, University Medical Centre Hamburg-Eppendorf (UKE), were
included in this study. Diseases were diagnosed and treated following the guidelines of
the European Association for the Study of the Liver (EASL)?'°. Patient characteristics are
summarised in the Results section. This was a single-centre, cross-sectional study
conducted in adult patients (>18 years of age) undergoing liver transplantation (LTX) for
PSC (n = 5) or ALD (n = 6) at the University Medical Centre Hamburg-Eppendorf (UKE,
Hamburg, Germany). Liver tissue and whole blood samples were obtained from each
patient at the time of surgery, and clinical parameters were recorded immediately
beforehand. The age of participants ranged from 33 to 66 years. Where possible, patients
of similar age and with comparable histopathological and pharmacological backgrounds
were matched in order to minimise inter-individual variability. All patients participating
in this study provided written informed consentin accordance with the ethical guidelines
of the Institutional Review Board of the Medical Faculty of the University of Hamburg
(PV4081).

2. ISOLATION OF MONONUCLEAR CELLS FROM WHOLE
BLOOD

PBMCs were isolated from whole blood collected in EDTA tubes using Ficoll density-
gradient separation. Briefly, 15 mL of blood were diluted 1:2 in 1x PBS and gently layered
onto 15 mL of 33/77% Ficoll in a 50 mL tube. Samples were centrifuged at 600 g for 20
minutes at room temperature, using low acceleration and no brake. The PBMC layer was
then collected using a Pasteur pipette and washed twice with 1x PBS. Cells were
counted immediately after the final wash.
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3. THAWING OF LYMPHOCYTES

Frozen mononuclear cells were taken from long-term storage (LN.) and directly put into
a water bath of 37 °C until they were completely thawed. After washing twice in RPMI
1640 medium, cells were counted and their viability was assessed with Trypan Blue
(Sigma-Aldrich, Germany).

4. MAGNETIC-ACTIVATED CELL SORTING (MACS)

CD4" T cells were enriched from freshly isolated PBMCs using the Human CD4* T Cell
Isolation Kit (Miltenyi Biotec, Germany). All steps were carried out in accordance with the
manufacturer’s instructions.

5. IN VITRO PROLIFERATION ASSAY OF CD4+ T CELLS

Freshly isolated CD4* T cells were resuspended at a density of 5 X 10° cells/mL in RPMI
1640 medium and incubated with 5 uM CellTrace Violet (CTV; ThermoFisher Scientific,
USA) for 20 minutes at 37 °C. The staining reaction was stopped by adding culture
medium containing 10% fetal calf serum (FCS). For optimal proliferation, cells were
subsequently cultured in RPMI 1640 supplemented with 10% FCS, 1%
penicillin/streptomycin, and IL-2, in the presence of ImmunoCult™ Human CD3/CD28 T
Cell Activator (STEMCELL Technologies, Canada). Half of the culture medium was
replaced with fresh medium with IL-2, every three days. On day 6, dilution of CTV in viable
cells was assessed by flow cytometry.

6. IN VITRO ACTIVATION AND EXPANSION OF CD4+ T CELLS
FOR CO-CULTURE

PBMCs were thawed on day 1 and cultured in RPMI medium supplemented with
ImmunoCult™ diluted 1:500 and with 50 U/mL IL-2 to prevent premature cell exhaustion.
Every three days, 50% of the medium was then refreshed with new IL-2. After six days,
CD4+ T cells were isolated from the cultured PBMCs using MACS separation (see XX) and
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transferred to fresh RPMI medium containing a 1:100 dilution of ImmunoCult™ and 50
U/mL IL-2 for further expansion. Cells were maintained in culture for another three days
and then on day 10, were transferred to our optimized culture medium (EM)
supplemented with 5% Matrigel and 50 U/mL IL-2 for 24 h before starting co-culture
experiments.

7. HUMAN INTRAHEPATIC CHOLANGIOCYTE ORGANOIDS
(ICOs) ESTABLISHMENT AND EXPANSION

Tissue samples from people undergoing liver transplantation at the University Medical
Centre Hamburg-Eppendorf (UKE) were collected with approval from the local Medical
Ethics Board (PV4081). Liver-derived intrahepatic cholangiocyte organoids (ICOs) were
isolated and cultured following an adapted version of the protocol described by Broutier
et al. (2016). No more than 48 hours were allowed to elapse between liver explant and
tissue processing. Liver pieces were weighed and washed in cold wash medium prior to
digestion. Reagents were pre-cooled, sterile equipment was used throughout, and all
possible steps were carried out on ice; centrifugation was performed at 4°C. Liver tissue
was transferred to a sterile 10 cm Petri dish and finely minced using a scalpel and forceps
into pieces of approximately 0.5 mm. The minced tissue was placed into gentleMACS C
Tubes™ (Miltenyi Biotec, Germany) containing 5 mL of digestion solution per gram of
tissue. The digestion solution consisted of Earle’s Balanced Salt Solution (EBSS),
collagenase D (2.5 mg/mL) and DNase | (1 U/mL). Mechanical dissociation was
performed using the gentleMACS Octo Dissociator™ (Miltenyi Biotec, Germany) at 37°C
for 36 minutes. Following digestion, 5 mL of pre-cooled wash medium was added to stop
further enzymatic activity. The suspension was passed through a 100 ym sterile cell
strainer to remove undigested debris and centrifuged at 500 g for 5 minutes at4°Cin cold
basal medium. To isolate hepatoblasts, a discontinuous Percoll gradient (77%/33%) was
prepared by layering 3.5 mL of 77% Percoll beneath 3.5 mL of 33% Percoll in a 15 mL
tube. The cell pellet was resuspended in 3 mL of ice-cold PBS and carefully layered on
top of the gradient. Samples were centrifuged at 500 g for 30 minutes at 4°C with minimal
acceleration and no brake. Hepatoblasts were collected from the yellow-brown interface
(~6 mL mark), transferred into a new tube and centrifuged again at 400 g for 5 minutes at
4°C in basal medium. The resulting viscous cell pellet was resuspended in Cultrex
Basement Membrane Extract (BME), Type 2, at a ratio of 5 pL per 600 uL BME, thereby
providing the extracellular matrix (R&D Systems, USA) required for cholangiocyte
organoid formation. Domes of 60 uL were plated in 24-well plates (Corning, USA) and
incubated at 37°C for 30 minutes to polymerise. Wells were then overlaid with 500 pL of
differentiation medium (DM), and any remaining pellet was frozen in Recovery Cell
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Culture Freezing Medium (Gibco, USA) for future use. Differentiation medium consisted
of Advanced DMEM/F12 (Gibco, USA) supplemented with 1% penicillin/streptomycin,
1% GlutaMAX, 1% N2, 2% B27 (Thermo Fisher Scientific, USA), 1 mM N-acetylcysteine,
10 nM gastrin I, 10 mM nicotinamide (Sigma-Aldrich, Germany), 10% R-spondin1-
conditioned medium and 30% Wnt3a—-conditioned medium (home-produced from cell
lines kindly provided by Prof. C.J. Kuo, Stanford University), together with 50 ng/mL EGF,
100 ng/mL FGF10, 25 ng/mL HGF (PeproTech, USA), 5 uM A83-01 and 10 uM forskolin
(both Tocris Bioscience, UK). After three days, DM was replaced with Expansion Medium
(EM), identical to DM but lacking Wnt3a-conditioned medium, to promote organoid
maturation. Organoids were passaged at aratio of 1:3-1:4 every week once they reached
approximately 80% confluence (typically after six days), and medium was refreshed
every three days to maintain optimal growth conditions

8. ORGANOID PASSAGING AND EMBEDDING IN MATRIGEL

Matrigel/Cultrex RGF BME Type 2 was thawed on ice, and basal medium was kept cold
throughout the procedure. Organoid domes were split as required, typically at a ratio of
1:3. After removing the old culture medium, 500 pL of ice-cold basal medium was added
toeachwell, and the organoids were gently resuspended and transferred toa 15 mL tube.
No more than three to four domes were processed per tube. The volume was brought to
8 mL with additionalice-cold basal medium and centrifuged at 400 g for 5 minutes at 4°C.
Following centrifugation, approximately 2 mL of medium was retained, and organoids
were mechanically dissociated by pipetting up and down 4-5 times using a 2 mL
serological pipette fitted with a 100 pL filter tip. The volume was then refilled to 8 mL with
ice-cold basal medium and centrifuged again under the same conditions. After the
second centrifugation, the supernatant was removed and the pellet was resuspended in
Cultrex BME Type 2. For reseeding, organoids from one well were resuspended in 180-
240 pL of fresh BME; when pooling three wells, up to 750 yL was used. A 60 pL droplet of
the organoid-BME mixture was plated per well in 24-well flat-bottom plates (Greiner Bio-
One, Germany) to form domes. Domes were allowed to settle briefly and polymerised at
37°C for 15-30 minutes. Once polymerisation was complete, 500 uL of differentiation
medium was added to each well. After three days, the medium was replaced with 500 pL
of expansion medium lacking Wnt but containing all other growth factors necessary to
sustain organoid proliferation.

71



METHODS

9. ORGANOID FREEZING AND LONG-TERM STORAGE

Organoids were handled as described in the splitting protocol, including thawing
Matrigel/Cultrex RGF BME Type 2 on ice, keeping basal medium at 4°C, removing the
supernatant, resuspending organoids in ice-cold basal medium and centrifuging at 400
g for 5 minutes at 4°C. At this stage, instead of proceeding with Matrigel embedding, the
supernatant was removed and the cell pellet (corresponding to up to four domes) was
resuspended in 1 mL of freezing medium (Life Technologies, USA). Organoids were then
frozen at —80°C in an insulated (cotton) freezing box and transferred to liquid nitrogen
after 24 hours for long-term storage.

10. ORGANOIDS STIMULATION WITH IL-17A OR
SUPERNATANT OF PRE-ACTIVATED CD4+ T CELLS

Organoids were first maintained for three days in differentiation medium to allow growth
and adaptation, followed by one day in expansion medium to support further
development. Cultures were then stimulated for 24 h at 37°C either with recombinant
human IL-17A (50 ng/mL in expansion medium; 500 yL per well) or with supernatant
collected from pre-activated CD4" T cells cultured in our optimised co-culture medium.
Following stimulation, the medium was removed and organoids were harvested for
downstream analyses.

11. DISSOCIATION OF ORGANOIDS INTO SINGLE CELLS

The supernatant was removed, and 1 mL of cold Cell Recovery Solution (Corning, USA)
was added to each well, followed by incubation on ice for up to 15 minutes. Matrigel
domes were gently broken by repeated pipetting and scraping, and the suspension was
transferred to a 15 mL tube. Wells were rinsed with an additional 300 pL of Cell Recovery
Solution to maximise recovery, and the suspension was combined. Tubes were
incubated on ice for 15 minutes, diluted to a final volume of 10 mL with cold basal
medium, and centrifuged at 400 g for 5 minutes at 4°C. The supernatant was removed,
leaving approximately 2 mL, and organoids were further dissociated according to the
splitting protocol. The volume was again adjusted to 10 mL with basal medium and
centrifuged under the same conditions. After centrifugation, the pellet was resuspended
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in pre-warmed TrypLE supplemented with DNase | (200 U/mL) and incubated at 37°C. To
assist dissociation, the suspension was vortexed briefly at intervals, each step followed
by a 5-minute incubation at 37°C. Dissociation status was monitored microscopically by
examining 10 uL aliquots as required. Optimal dissociation into single cells was typically
achieved within 25-30 minutes. The reaction was stopped by diluting to 10 mL with MACS
buffer (PBS 1x, 2 mM EDTA, 0.5-1% BSA), followed by centrifugation at 500 g for 5
minutes at 4°C. The pellet was resuspended in MACS buffer and used immediately for
downstream applications, including flow cytometry.

12. FLOATING ORGANOID HANDLING AND SEEDING FOR
CO-CULTURE

Organoids were cultured for at least three days in differentiation medium, followed by
one day in expansion medium in Matrigel domes. It is important that organoids do not
grow excessively large, as this may lead to collapse and loss of structure. To release
organoids from the matrix, 1 mL of cold Cell Recovery Solution (Corning, USA) was added
per dome and incubated for 15-30 minutes on ice. The solution was then removed and
replaced with 1 mL of cold basal medium (or other medium of interest). Using cut 1000
ML pipette tips, organoids were gently resuspended and transferred into 50 mL tubes,
with no more than four domes processed pertube. Tubes were left onice for up to 1 hour
to allow organoids to settle by gravity; no centrifugation was required. The supernatant
was carefully removed and organoids were resuspended in the desired culture medium
supplemented with 2-5% Matrigel. Organoids were then seeded into 96-well ultra-low
attachment plates (Corning, USA) for co-culture. If organoids appeared collapsed or dark
under the microscope, they were instead resuspended in 2-3 mL of expansion medium
and transferred to 6-well ultra-low attachment plates, allowing them to recover their
spherical morphology over 1-2 days. After recovery, organoids were again resuspended
in cold basal medium, transferred to 50 mL tubes, allowed to settle on ice, and
processed as described above.
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13. CO-CULTURE OF CD4+ T CELLS WITH FLOATING
ORGANOIDS

Organoids were kept in suspension according to the procedure described above, and
CD4" T cells were isolated and pre-activated prior to co-culture. Typically, the yield from
one Matrigel dome was sufficient to seed approximately four wells in a 96-well ultra-low
attachment plate, with organoids reaching about 80% confluence. For each co-culture,
organoids and CD4" T cells were resuspended together in the optimised co-culture
medium, and a total of 250 pL of this suspension was added per well, corresponding to
a final concentration of 2.5 x 10° CD4* T cells per well. The medium was supplemented
with 50 U/mLIL-2, a 1:100 dilution of ImmunoCult™, and 2-5% Matrigelin order to sustain
cell viability and activation throughout the co-culture period. Control conditions were
established in parallel using the same co-culture medium. Organoid-only cultures
received 50 U/mL IL-2 and 2-5% Matrigel, while CD4* T cell-only wells were maintained
with 50 U/mL IL-2, a 1:100 dilution of ImmunoCult™, and 2-5% Matrigel. All conditions
were kept under identical incubation and handling procedures. Organoids were always
manipulated using cut P1000 filter tips to preserve their morphology and prevent
physical damage. Co-cultures were maintained for 24 hours before proceeding to
downstream analyses.

14. ISOLATION OF CD4+ T CELLS AND CHOLANGIOCYTE
ORGANOIDS AFTER CO-CULTURE

Following co-culture, CD4" T cells and cholangiocyte organoids were isolated while
maintaining all solutions and equipment on ice to preserve cell integrity and reduce
matrix interference. The contents of each well were gently resuspended using a cut
P1000 pipette tip, and the entire suspension from one well of a 96-well plate was passed
through a 30 um strainer placed over a FACS tube. Wells were then rinsed with 200 pL of
cold basal medium, and the rinse was passed again through the same strainer to
maximise recovery of CD4" T cells. To retrieve organoids, the strainer was washed with
1-2 mL of basal medium using firm pipetting with a cut tip, allowing organoids retained
onthe filterto be transferred into a separate 15 mLtube. Organoids were washed in basal
medium and dissociated into single cells immediately prior to downstream applications,
including RNA extraction or flow cytometry. In parallel, PBMCs collected in FACS tubes
were centrifuged at 400 g for 5 minutes at 4°C, and pellets were resuspended in ice-cold
PBS (1x) and prepared for flow cytometric staining.
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15. IMMUNOFLUORESCENT SURFACE STAINING AND
FLOW CYTOMETRY ANALYSIS OF CD4+ T CELLS AND
ORGANOIDS

Surface staining was performed on CD4* T cells and dissociated organoid-derived cells
using fluorochrome-conjugated antibodies (see Tables X and Y). CD4* T cells were
incubated with the antibody panel for 15 minutes at 37°C, followed by an additional 15
minutes atroom temperature. Organoid samples were incubated for 30 minutes atroom
temperature. Dead cells were identified and excluded using Zombie NIR or Zombie Aqua
viability dyes. A multicolour spectral panel was established to assess activation and
inhibitory markers on CD4" T cells, including CD4, HLA-DR, CD25, CD27, CD28,
CD134/0X-40, CD137/4-1BB, CD152/CTLA-4, CD196/CCR6, CD223/LAG-3,
CD278/I1COS, CD279/PD-1 and CD366/TIM-3. Organoid-derived cells were analysed for
immune and adhesion-related surface markers, targeting CD40, CD54/ICAM-1, CD70,
CD80, CD86, CD274/PD-L1, CD326/EpCAM and HLA-DR. An anti-CD4 antibody was
included to exclude immune cell contamination by double-gating on EpCAM*/CD4"~
cells. Flow cytometry was performed using a Cytek Aurora spectral cytometer (five-laser
configuration). Data acquisition and spectral unmixing were carried out in SpectroFlo™
(v3.3.0). Subsequent gating and population analysis were performed in FlowJo™ (v10),
and statistical analyses and visualisations were generated in GraphPad Prism (v10).

75



METHODS

Tab. 9: CD4+ T Cell Surface Marker Panel for Flow Cytometry

Antigen Conjugate Clone Company

CD4 FITC OKT4 Biolegend, USA

HLA-DR PE-Cy5 L243 Biolegend, USA

CD25 BUV563 M-A251 BD Biosciences,
USA

CD27 BUV805 L128 BD Biosciences,
USA

CD28 PE-Cy7 CD28.2 Biolegend, USA

CD134 (0OX-40) BV711 Ber-ACT35 (ACT35) Biolegend, USA

CD137(4-1BB) AF594 145501 R&D Systems,

CD152 (CTLA-4)
CD196 (CCR6)
CD223 (LAG-3)
CD278 (ICOS)
CD279 (PD-1)

CD366 (TIM-3)
Live/Dead

PE-Dazzle594
APC-Fire750
BUV737

PE

AF647
AF700

BV785
BV605
Zombie NIR
Zombie Aqua

L3D10
L3D10
11A9

11C3C65
11C3C65
C398.4.A
EH12.2H7
F38-2E2

USA

Biolegend, USA
Biolegend, USA
BD Biosciences,
USA

Biolegend, USA
Biolegend, USA
Biolegend, USA
Biolegend, USA
Biolegend, USA

Table 10: Organoid Surface Marker Panel for Flow Cytometry

Antigen Conjugate Clone Company
cp4 V500 L200 BD Biosciences, USA

AF700 OKT4 Biolegend, USA
CD40 BV750 5C3 BD Biosciences, USA
CD54 (ICAM-1) Pacific Blue HCD54 Biolegend, USA
CD70 BUV737 Ki-24 BD Biosciences, USA
CD80 PE QA18A16 Biolegend, USA
CD86 AF594 37301 R&D Systems, USA
CD274 (PD-L1) PE-Cy7 29E.2A3 Biolegend, USA
CD326 (EPCAM) APC 9C4 Biolegend, USA
HLA-DR FITC L243 Biolegend, USA
Live/Dead Zomb?e NIR

Zombie Aqua
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16.

METHODS

GENE EXPRESSION ANALYSIS IN ORGANOIDS

Total RNA was isolated from corganoids, after breaking them into single cells, using the
NucleoSpin RNA Kit, and cDNA was then prepared using the High-Capacity cDNA
Reverse Transcription Kit. All kits were used according to the manufacturers’ protocols.

For quantitative real-time PCR, the mRNA expression of the genes was analysed using

TagMan™ Fast Advanced Master Mix and TagMan™ Gene Expression Assays tool. The

primer sequences and genes are listed in Table 11. Target gene expression were

normalised to HPRT mRNA expression, and relative fold changes were calculated using

the AACt method, as in the following equations:

ACt = Ctppgr - Cttargetgene

AACt = ACtsample - Athontrolgroup

x-fold expression = 2—244Ct

Table 11: TagMan Gene Expression Assays

Symbol Gene Name Chromosome Assay-ID Company
Location on Build
GRCh38
Thermo
Chr.18: 63123346 - Hs0060802 .
BCL2 B-cell ymphoma 2 Fisher,
63319778 3_m1
USA
Thermo
. . Chr.1: 150574551 - Hs0105089 Fisher,
MCL1 Myeloid cell leukemia 1
150579738 6_m1 USA
Thermo
. . Chr.6: 33572552 - Hs0094024 Fisher,
BAK1 BCL2 antagonist/killer 1
33580276 9_m1 USA
Thermo
Chr.10: 113679162 - Hs0016915 Fisher,
CASP7 Caspase 7
113730909 2_mi1 USA
FBJ murine Thermo
. Chr.14: 75278778 - Hs0017063 .
FOS osteosarcoma viral Fisher,
75282234 0_m1
oncogene homolog USA
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TNF

FASL

EPCAM

KRT19

KRT7

LGRS

GPBAR1

SOX9

ALB

CFTR

Tumor necrosis factor

Fas ligand

Epithelial cell adhesion
molecule

Keratin 19

Keratin 7

Leucine-rich repeat-

containing  G-protein

coupled receptor 5

G protein-coupled bile
acid receptor 1

SRY-box
factor 9

transcription

Albumin

Cystic fibrosis
transmembrane

conductance regulator

Chr.6: 31575567
31578336

Chr.1: 172659008
172666873

Chr.2: 47369148
47387028

Chr.17: 41523617
41528389

Chr.12: 52233170
52252667

Chr.12: 71439770
71586310

Chr.2: 218259496
218263861

Chr.17: 72121020
72126420

Chr.4: 73404255
73421412

Chr.7: 117478367
117668665

Hs0017412
8 m1

Hs0018122
5 m1

Hs0015898
0_m1

Hs0076176
7_s1

Hs0055984
0_m1

Hs0096942
2. mil

Hs0054489
4 m1

Hs0016581
4 m1

Hs0091022
5 m1

Hs0035701
1_m1

METHODS

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA
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AQP1

HPRT1

CD80

CD86

HLA-DR

CD274

ICAM-1

MKl67

TNFSF4

CD70

Aquaporin 1

Hypoxanthine
phosphoribosyltransfer
ase 1

CD80 molecule

CD86 molecule

Major
histocompatibility
complex, class Il, DR

CD274 molecule (PD-
L1)

Intercellular adhesion

molecule 1

Marker of proliferation
Ki-67

Tumor necrosis factor
superfamily member 4

CD70 molecule

Chr.7:

30911800

30925516

Chr.X:

134460145

134500668

Chr.3:

119523909

119559709

Chr.3:

122055362

122121143

Chr.6:

32439842

32445046

Chr.9:

5450503

5470567

Chr.19:

10270841

10286615

Chr.10: 128096659

128126405

Chr.1:

173183729

173462208

Chr.19:

6581646

6591152

Hs0102891
6_m1

Hs0280069
5 m1

Hs0104516
1_m1

Hs0156702
6_m1

Hs0021957
5 m1

Hs0020425
7_m1

Hs0016493
2. m1

Hs0060699
1_m1

Hs0096719
5 m1

Hs0017429
7_m1

METHODS

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA

Thermo
Fisher,
USA
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Thermo
Tumor necrosis factor Chr.19: 6530999 - Hs0016940 Fisher,
TNFSF9 ]
superfamily member9 6535928 9_mi1 USA

17. STATISTICAL ANALYSES

Statistical analyses were performed using GraphPad Prism (v10). Differences between 2
groups were calculated using the Mann-Whitney U test after calculation of p values, by
setting error a to the conventional 0.05, for all analyses. Significant differences were
marked as follows: ****: p <0.0001; ***: p < 0.001; **: p<0.01; *: p<0.05.

18. TRANSCRIPTOMIC ANALYSIS OF IL-17A-STIMULATED
AND NON-STIMULATED ORGANOIDS USING
MICROARRAY TECHNOLOGY

Organoids were stimulated with IL-17A for 24 hours, dissociated into single cells, and
total RNA was extracted for transcriptomic profiling. RNA samples were analysed by
ATLAS Biolabs GmbH (Berlin, Germany) using the Clariom™ S Human Assay (Applied
Biosystems™), a high-throughput microarray platform that provides broad transcriptome
coverage and allows sensitive detection of both coding and non-coding RNA species.
Raw .CEL files were processed in R (version 4.4.2). Data preprocessing was performed
using the oligo package and included background correction, log, transformation and
Robust Multi-array Average (RMA) normalisation to standardise expression values
across samples. Differential expression analysis was conducted with limma, fitting
linear models to each transcript cluster and applying empirical Bayes moderation to
stabilise variance estimates. Experimental groups were defined according to stimulation
conditions, and statistical contrasts were generated to identify differentially expressed
genes. Genes were considered significantly regulated when displaying p < 0.05 and an
absolute log, fold change greater than one. Annotation was carried out using the
Clariom_S_Human.r1.na36.hg38.a1.transcript.csv reference file, mapping transcript
cluster IDs to gene symbols and retaining only valid annotated entries. Expression
patterns were visualised using the pheatmap package, enabling hierarchical clustering
of differentially expressed genes and comparison between experimental conditions.
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Functional enrichment analysis was performed with clusterProfiler. Gene symbols were
converted to Entrez Gene IDs using org.Hs.eg.db, and over-representation analyses were
conducted against KEGG pathways and Gene Ontology (GO) categories to identify
biological processes and signalling pathways significantly enriched among the
differentially expressed genes.

SAFETY

All experiments in this study were conducted following biosafety level 1 and 2 guidelines,
ensuring proper handling of cell cultures, reagents, and laboratory materials. Processing
of explanted liver tissue was performed in laboratories with biosafety level 3 (BSL-3),
following strict containment measures to prevent contamination and exposure to
potentially infectious materials. The use of chemical reagents and biological samples
was performed under controlled laboratory conditions to minimize exposure risks.
Several reagents used in this study pose potential health hazards and require proper
precautions during handling. The Globally Harmonized System (GHS) classification, CAS
numbers, hazard (H) statements, and precautionary (P) statements for the most critical
chemicals are summarized in table below:

Article GHS CAS Number H- P-
Classificatio Statements Statements
n
CellTrace™ Violet Cell | Warning 67-68-5 227 210-280
Proliferation Kit
Collagenase D Warning 2593923 H315, H319, P261, P280,
H334 P305 + P351
+ P338
DMEM/F12 (with | Warning 143-74-8 H341, H351 P201, P281
Phenol Red)
DMSO Warning 67-68-5 227 210-280
Forskolin Warning 66575-29-9 H302, H315, P264, P270,
H319 P280,
P301+P312
L-Glutamine Warning 56-85-9 H319 P264, P280,
P305+P351+
P338
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N-acetylcysteine

NaN,

Nicotinamide

Penicillin/Streptomy
cin

RBC  Lysis/Fixation
Solution (10X)

Sodium Pyruvate

Trypan Blue Solution
(0.4%)
TrypLE™
Enzyme (1x), Phenol
Red

Zombie Aqua™
Fixable Viability Kit

Express

Zombie NIR™ Fixable
Viability Kit

B-Mercaptoethanol

Warning

Danger

Warning

Warning

Danger

Warning

Warning

Warning

Danger

Danger

Danger

616-91-1

26628-22-8

98-92-0

69-57-8
(Pen), 3810-
74-0 (Strep)

111-46-6, 50-
00-0

113-24-6

72-57-1

143-74-8

50-00-0

50-00-0

60-24-2

H315, H319

H300, H310,
H330, H373

H315, H319

H317

H331,
H319,
H317,
H341,
H373

H302,
H315,
H350,
H335,

H315, H319

H341, H350

H341, H351

H350, H341,
H317,H314

H350, H341,
H317,H314

H301, H312,
H331, H373

METHODS

P280,
P302+P352,
P305+P351+
P338

P260, P264,
P280,
P301+P310
P264, P280,
P305+P351+
P338

P261, P272,
P280,
P302+P352
P201, P202,
P280, P271,
P260, P270,
P264, P272
P280, P305 +
P351 + P338
P201, P281
P201, P281
P201, P280,
P305+P351+
P338

P201, P280,
P305+P351+
P338

P261, P280,
P301 + P310
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