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Abstract

Aim: Primary sclerosing cholangitis (PSC) and ulcerative colitis are often associated. In ulcerative colitis, a tight
junction defect can be detected, resulting in impaired secretion of hydrophobic phosphatidylcholine to the
intestinal mucus. This defect causes a vulnerable mucus shield, allowing the microbiota to attack and leading to
mucosal inflammation. A similar pathomechanism may be present in PSC.

Methods: To study biliary deletion of tight junctions, mice carrying a Cre/loxP system sensitive to tamoxifen were
used to delete kindlin-2, a tight junction adapter protein. The Cre-preceded promoter was derived from hepatocyte
nuclear factor-1p (Hnf1pB), which is specific for biliary and pancreatic epithelium operative in embryonic life until
adolescence. Cre-negative kindlin-2""* mice treated with tamoxifen served as controls.

Results: After tamoxifen induction, alterations in the biliary epithelium were detectable. As a hallmark feature of
PSC, an onion-skin type of fibrosis around the bile ducts was present. However, levels of alkaline phosphatase,
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bilirubin, aspartate aminotransferase, alanine aminotransferase, and lactate dehydrogenase in the serum were not
yet elevated in these young mice.

Conclusion: Genetic deletion of cholangiocyte kindlin-2 impairs tight junctions, revealing a PSC-like phenotype.
This supports the hypothesis that an impaired phosphatidylcholine content of biliary mucus allows luminal bile
acids to attack the biliary epithelium, leading to cholangitis.

Keywords: Primary sclerosing cholangitis (PSC), tight junctions, kindlin-2, Fermt2, animal model,
phosphatidylcholine

INTRODUCTION

Phosphatidylcholine (PC) is a major component of cell membranes and plays critical roles in various
physiological processes, including lipid metabolism, inflammation, and cell signaling"'. Changes in PC
physiology can significantly impact metabolic syndrome and conditions such as metabolic-associated
steatotic liver disease (MASLD), potentially leading to liver fibrosis”. Insufficient PC levels can impair very
low density lipoprotein (VLDL) production, leading to fat accumulation in the liver (steatosis) as an early
stage of MASLD that can progress to more severe liver damage'. It is the ongoing hepatic inflammation
resulting from oxidative and endoplasmic reticulum stress due to lipid accumulation that stimulates
fibrogenesis. Understanding these mechanisms might offer insights into potential therapeutic targets for
managing both metabolic disorders and associated liver conditions.

Another often neglected physiological function of PC relates to its protective property in mucus, where it
generates a hydrophobic barrier against luminal aggressors, such as protection against bile acid attack of
biliary epithelium or bacterial invasion of intestinal mucosa'. The presence of PC in mucus is mediated by
tight junctions (TJs)"". Lack of mucus PC, as proposed in this study, may be the key inflammatory trigger
for fibrogenesis. A classical fibrotic disease of the liver, with a different pathophysiology from MASLD, is
primary sclerosing cholangitis (PSC). The notion that disruption of TJ is a pathogenetic feature initially
came from studies with the deletion of TJ proteins and the TJ] adapter proteins, such as kindlin-2"".

There are several PSC animal models described, induced by chemicals, infectious agents, biliary obstruction,
or biliary cell injury". However, the reported genetically modified mouse models do not closely resemble
the human type of PSC*"\. The hallmark of PSC is the onion-skin type of periductal fibrosis, which, to our
knowledge, is rarely found in the available animal models of PSC". Most commonly reported are
cholestasis, biliary stenoses, and hepatic inflammation. Although TJ disruption has been described as a
cause or consequence of PSC®'?, an animal model with biliary TJ disruption and development of a PSC

phenotype showing the characteristic feature of periductal fibrosis is not currently available.

Previous studies have shown that mice with a deletion of kindlin-2 in the intestinal mucosa reveal a
phenotype of ulcerative colitis"”. The tamoxifen-induced gene deletion led to the destruction of
interepithelial TJ, which prohibited the translocation of lipophilic PC originating from lipoproteins in the

circulation across the TJ barrier to the intestinal mucus!”**,

The proposed mechanism regarding the physiology of PC transport into mucus involves the translocation
of PC within a lipoprotein-free fraction of blood through endothelial gaps to mucosal tissue!”'. In the
interstitial space of the intestinal mucosa, the positively charged head group of PC is attracted to the
negatively charged TJ between the apical side of mucosal cells. With time, the PC moves by passive flip-flop
or through TJ channels to the apical outer surface plasma membrane driven by the negative charge
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environment created by cystic fibrosis transmembrane conductance regulator (CFTR) with secretion of ClI
and HCO,. PC is then bound to membrane-anchored mucin 3, which is highly negatively charged"*. From
there, it is transferred to secretory mucin 2. This mechanism operates mainly in the distal ileum, but the
mucus with PC bound to mucin 2 moves to the colon to be discharged with stool"”**. This hydrophobic
shield protects against the attack of the microbiota**’,

In ulcerative colitis, TJs of the ileal mucosa are leaky, PC cannot be transported to the apical mucus layer,
and thus, the mucus PC is reduced by 70%, facilitating invasion of the microbiota and subsequent
inflammation®*?, The fact that ulcerative colitis is often associated with PSC prompted us to assume that -
at least in part of the PSC patients - the same type of pathomechanism may also be present in the biliary

epithelium with a defect in cholangiocyte TJ"?.

It is proposed that under physiologic conditions, the biliary epithelium is also covered by a mucus shield
containing PC bound to mucins to generate a hydrophobic barrier***”. Translocation of systemic PC
across T7J to biliary mucus is required. Disturbance of T]-mediated transport of PC to biliary mucus reduces
its hydrophobicity and promotes susceptibility toward attacks of bile acids from the biliary lumen. This
could be the key factor for the pathogenesis of PSC.

Theoretical consideration for the choice of tamoxifen-inducible Hnf1p-specific deletion of kindlin-2
as an appropriate tool to generate a PSC mouse model

Kindlin-2 represents an adapter protein for the laterally localized TJ, mediating paracellular PC
translocation to the apical mucus layer”"®. Deletion of kindlin-2 inhibits this PC transport"”'®. The
challenge was to delete kindlin-2 in the cholangiocyte epithelium. In the model used in our study, the Cre
recombinase is expressed under the control of the Hnf1 homeobox B (Hnf18) transcription factor. This
promoter is active throughout embryonic life until adolescence'””. While expressed in various organs such
as the kidney, colon, intestine, and testis**, Hnf1p plays a major role in differentiating hepatoblasts into
cholangiocytes and is strongly expressed in the biliary epithelium"”. Indeed, it is claimed that upon targeted
deletion of Hnf1, bile system morphogenesis defects develop”. In the above-mentioned study by Rodrigo
et al.””, the authors performed tamoxifen-inducible lineage tracing experiments in Hnf1pCreER/R26R"?/**
mice and showed that Hnf18 is expressed in cells forming ductular epithelia, specifically bile and pancreatic
ducts, while the contribution of Hnf1p positive cells to newly generated hepatocytes is low in most liver
injury models. The Hnf1B promoter operates in the biliary epithelium and pancreatic ducts””*", allowing for
the deletion of kindlin-2 in these epithelial cells after exposure to tamoxifen. This targeted deletion of
kindlin-2 is expected to inhibit the apical translocation of PC, leading to a disrupted and, thus, leaky mucus
layer. This disruption may cause a cholangitis phenotype due to exposure of cholangiocytes to luminal bile
acids, while the pancreatic epithelium is less susceptible to inflammation in the absence of bile acids.
Moreover, PSC is more prevalent in males™. Therefore, 7-week-old male mice were used in our study. The
applied strategy was thought to minimize the potential effects of kindlin-2 deletion in other organs,
although this cannot be ruled out. Moreover, only mice of young age were chosen because the promoter
Hnf1p only operates in embryonic and young adolescent life.

METHODS

Mouse housing and husbandry

Animal studies were conducted following the “ARRIVE” guidelines and were approved by the Heidelberg
ethics committee (Regierungsprasidium Karlsruhe, permit number: 35-9185.81/G-152/19). The studies took
place at the Interfaculty Biomedicine Research Facility (IBF) at Heidelberg University. Experimental and
control mice were housed under identical conditions under germ-free animal housing conditions. They
received Rod18 complete diet (Lasvendi, Soest, Germany) ad libitum and were kept in conventional caging
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with ABBEDD LT-E-001 bedding at 22 ‘C with a 12/12-h light/dark cycle.

Generation and treatment of a tamoxifen-inducible Hnf1p3-driven kindlin-2 null mouse model

The Cre-driver mouse strain [Tg(Hnf1b-Cre/ERT2): #027681, Jackson Laboratory] carries a creERT2 fusion
gene, replacing exon 1 of the Hnf1p gene. This fusion consists of a Cre recombinase bound to a human
estrogen receptor ligand binding domain sensitive to tamoxifen exposure™’. The mice were backcrossed to a
C57BL/6N mice strain at Heidelberg University. The second strain used in our study, kindlin-2""* has
loxP sites flanking exon 15 of the Fermt2/Kind2 gene, which includes the stop codon and polyadenylation
signal®. These mice were generously provided by Reinhard Fissler (Max-Planck Institute for Biochemistry,
Martinsried, Germany) and were bred on a C57BL/6N background. To minimize the influence of genetic
polymorphisms resulting from breeding at different locations or subtle genetic variations”, we only used
and compared results from littermates in our study. Tamoxifen treatment of Cre-positive homozygous
kindlin-2"¥"* knockout mice was done at 7 weeks of age because it is close to the time when the Hnf1p
promoter is no longer active. They were sacrificed 4 or 8 weeks later, as recommended for this induction
procedure™. The tamoxifen stock solution (10 mg/mL) was prepared by mixing 40 mg of tamoxifen with
400 pL of ethanol and 3.6 mL of sunflower oil. Each test animal received daily intraperitoneal injections of 2
mg of tamoxifen (200 pL of 10 mg/mL solution) for 5 days. Cre-negative kindlin-2""* mice with tamoxifen
treatment were used as controls to eliminate any nonspecific effects of tamoxifen or diluent (10% ethanol/
90% sunflower oil).

Genotyping of mice

Tissue samples from the ears of F2 generation mice were digested with 3% protein kinase K buffer overnight
at 56 'C before stopping the reaction at 96 ‘C for 10 min". The concentration of genomic DNA was
measured”>** and fragments were amplified and tested for the presence of the Cre transgene according to
the standard genotyping protocol provided by The Jackson Laboratory for stock #027681%". In brief,
primers Hnf1b-fw (24230): 5-CCC ACT TTC TCG GTT TTT CC-3’ and Cre-rev (0IMR9074): 5°-AGG
CAA ATT TTG GTG TAC GG-3" were used for detection of the Cre recombinase. In this PCR, the
presence of Cre recombinase (in a hemizygous or homozygous constellation) results in a ~215 bp amplicon.
As internal PCR control, the primers Crtl-fw (21238): 5°-CTG TCC CTG TAT GCC TCT GG-3’ and Crtl-
rev (21239): 5-AGA TGG AGA AAG GAC TAG GCT ACA-3’ were added in the same PCR reaction,
resulting in a 415 bp fragment that originated from an amplification of a fragment located on chromosome
5.To discriminate between wild-type kindlin-2 and floxed kindlin-2 sequences, primers kind2-fw: 5-AGG
GGA TTA ACT GGG TAC CAG-3’ and kind2-rev: 5’-GCT GTC ACT GAC TGA CAG TAA CC-3" were
used in genotyping PCR. This resulted in the amplification of a 169 bp fragment for the wild-type kindlin-2
allele and a slightly larger product for the kindlin-2 allele that, in addition to the 169 bp, contained two loxP
sequences. To estimate the size of amplicons, we used the Quick-Load Purple 1 kb Plus DNA ladder (New
England Biolabs GmbH, Frankfurt am Main, Germany) that contains size markers with sizes ranging from
100 bp to 10,002 bp.

Mice analyses

Mice were weighed and then euthanized using carbon dioxide. After sacrificing the animals, blood was
collected via heart puncture from the ventricular cavity that typically yielded a fraction of around 0.1 to 0.3
mL of blood. Following the guidelines for analyzing animal models of PSC in blood, serum levels of
aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), bilirubin,
and alkaline phosphatase (AP) were measured using standard clinical chemistry tests”. Mean values and
standard deviations (SD) were reported. A significance level of P < 0.05 was considered statistically
significant.
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The livers were perfused with 10 mL of phosphate buffered saline (PBS), pH 7.4, followed by 20 mL of 4%
paraformaldehyde in PBS at pH 7.4. The livers were then removed, weighed, and stored at 4 ‘C until further
analysis. For histological examination, the livers were dehydrated, embedded in paraffin, and sectioned into
5 um slices. The biliary tract was examined in liver sections following the guidelines for animal models of
PSC"™. The largest liver lobe was cut longitudinally in half for hematoxylin and eosin (H&E) staining for
conventional histology and Sirius red tissue staining for fibrotic tissue. To quantify periductal fibrosis, the
ratio of fibrosis diameter around the corresponding bile duct to the luminal distance of the bile duct was
calculated in the same cut direction. Five medium or large bile ducts were selected from liver section
printouts for each animal. Six control mice and six kindlin-2-deleted mice were analyzed after 4 or 8 weeks
of tamoxifen treatment, with 3 mice in each group. A predetermined cut-off ratio of periductal fibrosis
thickness to luminal diameter of 0.5 was considered physiologic, whereas a ratio of periductal fibrosis to
luminal diameter of > 0.5 defined a PSC phenotype. The printouts were analyzed blindly by three
investigators, and means were calculated for each periductal fibrosis measurement. These means were then
compared within each group. Since there was no difference between the 4- and 8-week tamoxifen groups
(control and kindlin-2-deleted mice), they were combined for the final analysis (means and SD, P < 0.05 was
statistically significant).

RESULTS

The topic of PC transport to the biliary mucus has been previously addressed””!. To introduce the rationale
of the present study, it is briefly summarized in Figure 1. In the polarized biliary epithelial cell line Mz-ChA-
1 with an intact TJ barrier, it was previously shown that TJs are disrupted by kindlin-2 deletion, leading to
diminished apical PC transport [Figure 1]"*. Transmission electron microscopy revealed that the structure
of TJ is disturbed. This proof of principle was demonstrated in intestinal mucosa-deleted kindlin-2 mice [
Figure 1]"\. In this figure of historic data, we also show the histology of human PSC and the kinetics of PC
transport across the TJ barrier to the apical (biliary lumen) side of the polarized human biliary tumor cell
line Mz-ChA-1">**. This luminal translocation of choline-containing phospholipids (sphingomyelin is of
minor abundance) is driven by the negative charge generated by CFTR and anion exchanger 2 (AE2)".

After the transport of PC across the TJ barrier, it is bound to mucins to establish a hydrophobic mucus
layer”**. Thus, the generation of a kindlin-2-deleted mouse with specificity to cholangiocytes was expected
to reveal a PSC phenotype.

Genotyping and characterization of TJ disruption in kindlin-2-deleted mice

Genotyping was performed using standard PCR with primers for Cre, kindlin-2 (Fermt2), and an internal
control, followed by gel electrophoresis. This method allowed for the identification of mice with the desired
genotypes, including those lacking kindlin-2 (Cre'/kindlin-2""), as well as control mice (Cre/kindlin-
2191 The wild-type and floxed kindlin-2 alleles were clearly distinguished through agarose gel
electrophoresis, as shown in Figure 2. Phenotypic depletion of T] proteins using Western blot analysis is a
technical challenge because, to our knowledge, pure cholangiocytes have not yet been successfully isolated
from mouse liver. Additionally, in total liver, cholangiocytes represent only a small fraction of the total cell
population in the liver, which dilutes the signal of cholangiocellular TT knockout in Western blot analysis.
Even immunohistochemistry is difficult to perform with sufficient accuracy.

Biometric description of mice

Each group of six control and kindlin-2-deleted mice was induced at the age of 7 weeks for either 4 weeks (n
= 3) or 8 weeks (n = 3) with tamoxifen. All animals appeared to be in good health and were active and
mobile in their cages. They did not exhibit any signs of distress, ate and drank normally, and had regular
breathing and heart rates. There were no signs of bleeding, and their skin appeared normal. The average
body weight of all control mice was 28.0 + 1.9 g, while that of all kindlin-2-deleted animals was 30.2 + 5.6 g,
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Figure 1. Historical data on the disrupted TJ structure in intestinal kindlin-2-deleted mice, histology of human PSC, and PC transport in
the polarized human biliary tumor cell line Mz-ChA-1. (A) On the left, an electron micrograph displays altered TJ architecture in
intestinal kindlin-2-deleted mice"”’.On the right, a liver section (HE staining) of human PSC shows the characteristic onion-skin type of
periductal fibrosis with cuboidal-shaped cholangiocytes indicating TJ disruption™; (B) Substrate transport was assessed using the
polarized biliary epithelial tumor cell line Mz-ChA-1in a transwell tissue culture system™®.Shown is the equilibrium distribution of PC
versus inulin when applied equally at 100 mM to the apical and basal compartments. Over 1-hour incubation, vectorial transport of PC
was directed apically, depleting PC at the basal side. In contrast, a significantly higher accumulation of inulin was registered at the basal
side; (C) Substrate specificity was examined by assessing apical transport for 1-hour after basal application of different substrates at a
10 mM concentration; (D) The mechanism of apical PC translocation after basal application (10 mM) involved ionic driving forces
generated by the apical application of salts and substrates. Anionic and cationic partners permeate the membrane at different velocities,
leaving a positive or negative-charged environment at the apical cell surface. The involvement of the responsible anion exporters CFTR
and AE2 was proven by their downregulation using respective siRNAs in comparison to scrambled siRNA. PC (10 mM) was applied to
the basal compartment; (E) Evidence of TJ involvement in apical transport of PC after their chemical disruption by acetaldehyde vapor or
the indicated PPAR-y inhibitors TOO70907 and GW9962. The involvement of the responsible TJ proteins was evaluated by indicated
siRNA preincubation in comparison to scrambled siRNA. PC (10 mM) was applied to the basal compartment in polarized Mz-ChA-1
cells. Means + SD, n = 6. Significances were calculated against PBS (control). ***P < 0.001. PSC: Primary sclerosing cholangitis; TJ: tight
junction; PC: phosphatidylcholine; PBS: phosphate buffered saline; CFTR: cystic fibrosis transmembrane conductance regulator; AE2:
anion exchange protein 2; PPAR-y: peroxisome proliferator-activated receptor-y.

with no significant difference based on the duration of tamoxifen induction. The same pattern was observed
for liver weight, which was 1.8 = 0.3 g in the untreated group and 1.9 + 0.3 g in the tamoxifen-treated group.

Serum parameters

The serum of each animal was tested for AST, LDH, ALT, and AP, as well as direct and total bilirubin.
However, since direct and total bilirubin levels were almost undetectable, they are not shown here. The
results of the different parameters are shown in Table 1.
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Table 1. Enzyme values (U/L, means with standard deviation) in serum of control and kindlin-2-deleted mice

AST LDH ALT AP
Controls (n=6) 78 +34 206 +59 36+13 99 +15
Kindlin-2-deleted mice (n = 6) 90 + 51 212+70 30+3 96 +£17

AST: Aspartate aminotransferase; LDH: lactate dehydrogenase; ALT: alanine aminotransferase; AP: alkaline phosphatase.
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Figure 2. Mouse genotyping strategy used in our study. (A) The locations of primers used for genotyping and the expected sizes of PCR
amplicons are shown; (B) DNA isolated from ear punches of mice was genotyped for internal control and Cre transgene. Animals 281,
284, 285, 286, and 288 tested positive, while animals 282, 283, 289, 292, 293, and 294 tested negative for Cre. The 415 bp internal
control was amplified in each PCR reaction; (C) DNA isolated from ear punches of mice was genotyped for kindlin-2 (Fermt2) wild type
and null alleles. Animals 280, 283, 284, 286, 287, 288, 289, and 291 are homozygous for the kindlin-2 null allele, animals 281, 282, and
290 are heterozygous for the null allele, and animal 285 carries two copies of the kindlin-2 wild-type allele. For details on the PCR
strategy, please refer to the Material and Methods section. For the images shown in Figure 2B and C, we used 1% agarose gels with a
running buffer of 1 x TAE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA). Gel electrophoresis was performed at 4 °C for 90 min at 140 V. It
should be noted that the Cre-preceded promoter that drives deletion of the kindlin-2 (Fermt 2) gene was derived from the hepatocyte
nuclear factor-18 (Hnflp) gene, which is active only in biliary and pancreatic epithelium operative in embryonic life until adolescence.

CRTL: Control; KIND2: kindlin-2.
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In all cohorts, the tested enzymes were within a comparable range with no difference after 4 and 8 weeks of
tamoxifen exposure (P > 0.05 between control and kindlin-2-deleted mice, whether they were under
tamoxifen for 4 or 8 weeks). The obtained values were in the normal range*. Standard deviations were
narrow for ALT (an indicator of hepatocellular injury) and AP (an indicator of cholestasis), whereas they
were higher for AST and LDH, most likely due to different degrees of hemolysis when blood was taken by
heart puncture. The observation indicates that 4 and 8 weeks after tamoxifen induction, the kindlin-2-
deleted mice did not show any signs of clinically obvious cholestasis or inflammation. Cholestatic and liver
enzymes are expected to rise later in the course of the disease.

The macroscopic appearance of explanted livers of kindlin-2-deleted mice

The livers of the kindlin-2-deleted mice compared to controls showed a marbled pale structure [Figure 3],
possibly indicating an increase in periductal fibrosis. In contrast, all other organs of kindlin-2-deleted mice,
including the pancreas, appeared macroscopically normal with no visible abnormalities.

Histology of control and kindlin-2-deleted mice

Control and kindlin-2-deleted mice were evaluated after induction with tamoxifen for either 4 or 8 weeks.
There was no difference between the 4- and 8-week induction periods. Representative data from two sets of
experiments (7-week-old mice induced by tamoxifen for 8 weeks) are shown in Figures 4-6. The appearance
of PSC showing various degrees of onion-skin fibrosis around the bile ducts differed, even within the same
liver [Figure 6]. At higher magnification, the biliary epithelial cells of human PSC [Figure 1] and kindlin-2-
deleted mice revealed a more cuboidal shape compared to controls, an indirect sign of TJ disturbance due to
impairment of lateral cell contacts"”.

Sirius red staining revealed a significant increase in collagen deposition after depletion of kindlin-2, as
indicated by the red staining, while the background appeared yellow. This observation confirms the
presence of increased collagen in the onion-skin fibrosis pattern. The semiquantitative determination of the
ratio of the thickness of periductal fibrosis to the luminal diameter of the corresponding bile duct (measured
in the same cut direction) further supported this finding. In kindlin-2-deleted mice, the values were > 0.5
(2.4 + 1.8), compared to controls with values < 0.5 (0.15 + 0.07) (P < 0.005) (1 = 30 in each group).

DISCUSSION

The genetic mouse model and its PSC-like phenotype

The present study demonstrates that the strategy of cholangiocellular deletion of kindin-2 as a T] adapter
protein could cause TJ disruption in the chosen genetic mouse model. Indeed, it resulted in an onion-skin

41-43]

type of fibrosis around the bile ducts, similar to that found in human PSC*"*,

The logic of previous experiments led us to delete TT in cholangiocyte epithelium in a genetic mouse model
with kindlin-2 deletion to impair mucus PC secretion, even though we were unable to demonstrate
structural disruption of TJs for technical reasons because of low abundancy and difficulty in identifying
cholangiocytes. However, in intestinally deleted kindlin-2 mice, disorganization of T] was shown, which we
considered a proof-of-principle [Figure 1]"”. One additional indication could be the observation that the
shape of biliary epithelial cells in kindlin-2-deleted mice and in human PSC [Figure 1] appeared more
cuboidal at higher magnifications compared to controls, similar to intestinal mucosa deletion of kindlin-
2" Tt suggests that the close lateral attachment of the cells is loosened, which allows the cholangiocytes to
expand to a more rounded shape. However, it is only an indirect criterion. Disturbed TJs weaken the barrier
function against the attack of luminal bile acids™.
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Figure 3. Phenotypic appearance of a kindlin-2-deleted liver. The images show the livers of a normal (A) and a kindlin-2-deleted (B)
mouse from two different views.

Figure 4. Hematoxylin and eosin staining of liver sections of 8-week tamoxifen-induced control (A) and kindlin-2-deleted (B) mice. The
controls displayed normal bile ducts, whereas the knockout mice exhibited the characteristic onion-skin type of fibrosis around the bile
ducts. Space bare are 100 um. BD: Bile duct; PA: portal artery; PV: portal vein.
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Figure 5. Sirius red staining of liver sections from 8-week tamoxifen-induced control (A) and kindlin-2-deleted (B) mice. The control
mice displayed normal bile ducts, while the kindlin-2-deleted mice exhibited a characteristic onion-skin type of fibrosis around the bile
ducts. Space bars are 250 um. BD: Bile duct; PA: portal artery; PV: portal vein.

The question of how the barrier function is established is quite intriguing. In kinetic studies conducted with
the human cholangiocellular carcinoma-derived cell line Mz-ChA-1, a new concept has been developed. It
suggests that PC is transported from systemic sources (lipoproteins in blood) to the biliary mucus, where it
helps to maintain a barrier function toward the biliary lumen. This transport of PC to the biliary mucus has
been demonstrated in a transwell culture system with the polarized biliary tumor cell line Mz-ChA-1,
following a similar process as described for the intestinal mucosa™. In conjunction with CFTR, the
nonerythroid anion exchanger AE2/solute carrier family 4 member 2 (AE2 encoded by the SLC4A2 gene)
transports Cl" and HCO, apically, creating what is referred to as ‘the biliary bicarbonate umbrella™**!. The
accumulation of negative charge provides the driving force to move PC across TJ for binding to mucin 3
and secretory mucin 2. When TJs are disrupted, PC translocation to the mucus is hindered, reducing its
repelling hydrophobicity. This allows bile acids to attack cholangiocytes, leading to portal inflammation
and, subsequently, to periductal fibrosis” [Figure 7]. This narrowing of the biliary lumen, along with
impaired motility due to tissue stiffness, exacerbates cholestasis and perpetuates inflammation, ultimately
leading to cirrhosis with a high risk of cholangiocellular carcinoma development, as has been well
established for human PSC™* >,
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Control

Knockout

Figure 6. H&E staining of liver sections. Sections from control mice after four (A) and eight weeks (B) after tamoxifen induction are
depicted. Here, the single layer of epithelial cells is without surrounding fibrosis. In contrast, the lower panel shows in (C-F) kindlin-2-
deleted mice with different degrees of periductular onion-skin type of fibrosis around the epithelial surface layer. Images in (C) and (D)
were taken from animals four weeks after tamoxifen induction and in (E) and (F) from animals eight weeks after tamoxifen treatment.
The layers of periductal fibrosis, also seen in Figures 4 and 5, vary in the kindlin-2 knockout mice, reflecting a multitude of histologic
phenotypes. Comparable to human PSC, histologic lesions are spotty and consistent with different stages of PSC that can be present in
a single liver simultaneously. There was no difference between the animals regarding serum markers of cholestasis and inflammation.
Original magnification 100 x. Scale bars represent 50 um. BD: Bile duct. PSC: primary sclerosing cholangitis.

The apical translocation of PC between biliary epithelial cells is comparable to its secretion into intestinal
mucus as described in the introduction. It is noteworthy that this transport is disrupted in ulcerative colitis
with its high association with PSC. One could argue that both diseases, at least in a subgroup of patients,
share a common pathophysiology that could be classified as ‘tight junctional disease’”).

The published mechanism, along with the in vivo disruption of T] by mucosal cell deletion of kindin-2
leading to an ulcerative colitis phenotype, inspired us to conduct this study. We hypothesized that luminal
bile acids penetrate the PC-depleted and, thus, leaky mucus layer, hitting the cholangiocyte cell layer from
the apical side, leading to their destruction. Repair mechanisms induce subepithelial fibrosis. This
localization likely results from the overactivation of portal myofibroblasts rather than hepatic stellate cells,
although this was not proven in the present study. Porto-portal septa develop, and regeneration of
cholangiocytes is expected, causing ductular proliferation. These kindlin-2-deficient cells, lacking T] and
protective PC secretion, are again attacked by mucus-penetrating bile acids, followed by another round of
repair. This perpetuating mechanism eventually results in an onion-skin type of periductal fibrosis, the
hallmark of PSC, although it may not be detectable in all cases****. The layers of periductal fibrosis vary
among different PSC patients and even within the liver of an individual patient, as also seen in our mouse
PSC model, although the increase in fibrotic tissue was always observed [Figures 4-6].
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Primary sclerosing cholangitis (PSC)
as tight junction disease
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Figure 7. A hypothesis on the pathophysiology of PSC. PC in mucus originates from systemic sources. Within a lipoprotein-free fraction,
PC travels out of the capillaries through endothelial gaps and distributes in the interstitial spaces between cholangiocytes, into which
PC cannot enter due to its complex structure. With its positively charged head group, PC is drawn to the negatively charged TJ. Over
time, PC accumulates and passes through the protein strands of the TJ to the outer surface of cholangiocytes driven by the negative
charge generated by CFTR and AE2. PC then binds to mucin 3, which is anchored in the external plasma membrane, before being
transferred to secretory mucin 2 to move further distally within the mucus of the biliary channel system. In cases of TJ disease, the
attraction to TJ proteins fails, preventing the outward movement of PC. Any disruption in the complex PC secretion mechanism,
particularly the binding to the TJ, can lead to insufficient PC accumulation in biliary mucus. This lack of mucus hydrophobicity results in
a defective mucus barrier, allowing bile acids from the biliary lumen to harm cholangiocytes. This leads to an inflammatory response
(cholangitis) and activates repair mechanisms like fibrosis, as is typical of PSC. Ultimately, this allows for bacterial invasion and the
progression of the disease'**® This image was modified from™¥.pC: Phosphatidylcholine; PSC: primary sclerosing cholangitis; TJ:
tight junction; CFTR: cystic fibrosis transmembrane conductance regulator; AE2: anion exchange protein 2.

It is remarkable that despite observing typical histologic alterations in the biliary system, the cholestatic
enzyme alkaline phosphatase (AP) and bilirubin levels (which were undetectable) remained normal in the
present study. It is important to note that the first consequence of the genetic defect chosen leads to a
disrupted molecular mechanism of PC secretion, resulting in histologic alterations limited to the biliary
epithelium and local fibrotic repair. Only when a critical level of biliary obstruction is reached does
cholestasis develop. This suggests that elevated AP already indicates a progressive state of cholestasis. For
PSC, the primary event is the typical onion-skin type of fibrosis, with cholestasis being the subsequent step.
It is surprising that no alterations in any biomarkers of liver injury were detectable, particularly
transaminases (AST, ALT) and LDH, which remained within the normal range. This indicates that hepatic
parenchymal inflammation is not yet present and would be the next step after cholestasis. Even in humans,
transaminases are only slightly elevated and often late during the course of PSC. However, it is expected that
further extending the kindlin-2 deletion will reveal inflammatory and cholestatic responses, when a
promoter that operates throughout the lifespan of the mice can be utilized.

At this point, it should be stressed that the molecular pathogenesis of PSC is far from being understood. The
present pilot study is simply a hypothetical suggestion based on previous experiments. Further studies are
necessary to prove the concept.

Further limitations of the present study

It should be critically noted that we used inbred mice with potentially different genetic backgrounds. The
kindlin-2""* mice were bred on a C57BL/6N genetic background, while the Cre driver mouse was created
by the microinjection of a transgene into the pronuclei of C57BL6/SJL eggs™. Despite multiple backcrosses
to C57BL/6N, an exact genetic background match between the two mouse strains used in our study is not
guaranteed. It may have an impact on the observed phenotypes because genetic variation and
environmental factors can modulate susceptibility to hepatic disease”*". However, by using littermates of
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both mouse strains in our experiment, we minimized the risk of phenotypic variations. While it is possible
that slight modifications in the genetic background may have affected the mice’s phenotype in our study,
the detailed description of the mice used should be adequate for study replication. The sample size and
analytical procedures are insufficient for definitive conclusions. Many aspects of PSC remain unexplored.
The most desirable would be the confirmation of a low biliary mucus PC concentration, as it is the key
pathogenetic feature in PSC and in this proposed mouse model. Technically, this is beyond our
experimental capabilities and should be performed in specialized laboratories. In particular, the time course
of kindlin-2 depletion in cholangiocytes should be better investigated by immunohistochemistry in our
model system. It would also be interesting to define the molecular changes that occur in primary
cholangiocytes lacking kindlin-2. Other shortcomings relate to the understanding of disease progression
and time course-dependent elevation of laboratory parameters (AST, ALT, AP, and LDH), mechanism of
cholestasis, reasons for onion-type fibrosis, cirrhosis and cholangiocellular carcinoma development, and the
impact of therapy on disease progression.

Future experimental and functional aspects of the model used in this study

Experimental

Specialized laboratories with more advanced technologies are now needed to reproduce our results and
analyze the animals as proposed for PSC genetic mouse models throughout the course of the disease!. A
promising approach could involve monitoring mice after tamoxifen induction by magnetic resonance
imaging using gadoxetate'™. This technique can be performed on living animals, allowing the imaging of
large bile ducts over time. It may also provide information about the long-term effects of a T] knockout. Of
particular importance is the documentation of PSC as a TJ disorder at both the structural and functional
levels. The demonstration of a defective apical PC translocation across the defective T] barrier into the
mucus is desirable.

Functional implication for therapy

The orally provided PC is not able to pass to the PC deficient biliary mucus as disturbed PC transport due
to the postulated TJ defect is the proposed key pathogenetic player in PSC. One strategy could be the
application of bile acids, which undergo cholehepatic shunting™’. In brief, bile acids are physiologically
translocated from the liver parenchymal cells across the hepatocellular canalicular plasma membrane via the
bile salt export pump (i.e., BSEP, ABCB11) into the bile and subsequently bound to biliary PC, which is
excreted from hepatocytes via MDR3 (ABCB4). Both constitute bile salt PC micelles. Most of these micelles
pass through the biliary tree to the duodenum to mediate fatty acid absorption. Biliary excreted bile acids,
which are not conjugated in hepatocytes because of poor affinity for coenzyme A synthetase, are readily
taken up by the biliary epithelium due to the high lipophilicity of the protonated acid. After passage through
cholangiocytes, they are recirculated via the periductular plexus to the liver. The perpetuation of
hepatocellular secretion into bile and reabsorption through biliary epithelial cells leads to their hepatic/
biliary circulation (cholehepatic shunt), which enhances bile flow [Figure 8]. Regarding the accompanying
PC secretion, it would mean that it is left behind in the biliary lumen after unconjugated bile acids have
been absorbed”™. As a complex lipid, it cannot be taken up by cholangiocytes and would be available to fill
up empty PC binding sites on mucin 2 from the biliary luminal side”***. Thus, a hydrophobic mucus shield
can be reestablished. Eventually, this could reverse the damage to the biliary epithelium. Indeed, the
application of norUDCA, as an example of a bile acid with enhanced cholehepatic shunting, showed
promising therapeutic benefits in initial trials in patients with PSC, although the mucus protective mode of
action has not been addressed yet"..
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Figure 8. The cholehepatic shunt. lllustrated is the hepatic secretion process of PC through the ABC transporter MDR3 (ABCB4) of the
canalicular plasma membrane into the biliary lumen. Additionally, conjugated (fat symbols) and unconjugated (lean symbols) bile acids
are secreted through the ABC transporter BSEP (ABCB11) into bile. These substances combine to form micelles that travel down the
biliary system to the intestinal lumen for fat absorption. Unconjugated bile acids, which are more lipophilic, are reabsorbed by
cholangiocytes and recirculated back to hepatocytes via the periductular plexus. Once taken up by hepatocytes, they are excreted again
in bile, enhancing bile flow through this mechanism (cholehepatic shunt). The accompanying phosphatidylcholine remains in the biliary
lumen and is available to occupy empty binding sites for phosphatidylcholine on mucin 2, compensating for its absence in mucus and
reestablishing a protective hydrophobic barrier. PC: Phosphatidylcholine.

Conclusion

Liver fibrogenesis is always the result of ongoing inflammation. Hepatocellular inflammation causes fibrosis
in MASLD. In this case, the intracellular lack of PC causes metabolic and inflammatory response
mechanisms that ultimately lead to fibrosis. Fibrosis is also the hallmark of PSC, characterized by a biliary
type of inflammation, for which the underlying defect has remained unknown until now. It represents
another pathogenetic mechanism of fibrosis originating from the extracellular biliary lumen side of the
biliary epithelium caused by a lack of mucus PC. The development of an onion-skin type of periductal
fibrosis in the liver of cholangiocellular kindlin-2-deleted mice is the most appropriate description of the
finding in the study presented here. Kindlin-2 is a stabilizing component of the TJ barrier between
cholangiocytes, which as a whole serves as the exit gate of systemic PC to the biliary mucus. Thus, any
disturbance of TJ could cause a PC-deficient biliary mucus layer, allowing bile acids to attack cholangiocytes
from the biliary lumen. Despite the lack of evidence of deficient mucus PC content due to experimental
obstacles, it is a likely hypothesis derived from intestinal mucosa experiments. Subsequent inflammation of
the biliary epithelium triggers fibrogenesis. Therefore, the unique hallmark feature of PSC is the detection of
onion-skin type of periductal fibrosis, as shown here, which is suggestive of a pathogenetic link to human
PSC. The adolescent age of the mice could explain the lack of biochemical signs of cholestasis and liver
injury. There are still many questions that need to be answered by further experiments. However, the road is
prepared by a mouse model where an onion-skin type of fibrosis is detectable.
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