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Induced Pluripotent Stem Cells From
Subjects With Primary Sclerosing
Cholangitis Develop a Senescence
Phenotype Following Biliary

Differentiation
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Primary sclerosing cholangitis (PSC) is a chronic fibroinflammatory disease of the biliary tract characterized by cel-
lular senescence and periportal fibrogenesis. Specific disease features that are cell intrinsic and either genetically or
epigenetically mediated remain unclear due in part to a lack of appropriate, patient-specific, in vitro models. Recently,
our group developed systems to create induced pluripotent stem cell (iPSC)-derived cholangiocytes (iDCs) and biliary
epithelial organoids (cholangioids). We use these models to investigate whether PSC cholangiocytes are intrinsically
predisposed to cellular senescence. Skin fibroblasts from healthy controls and subjects with PSC were reprogrammed
to pluripotency, differentiated to cholangiocytes, and subsequently grown in three-dimensional matrigel-based culture
to induce formation of cholangioids. RNA sequencing (RNA-seq) on iDCs showed significant differences in gene ex-
pression patterns, including enrichment of pathways associated with cell cycle, senescence, and hepatic fibrosis, that
correlate with PSC. These pathways also overlapped with RNA-seq analysis on isolated cholangiocytes from subjects
with PSC. Exome sequencing on the subjects with PSC revealed genetic variants of unknown significance in the genes
identified in these pathways. Three-dimensional culture revealed smaller size, lack of a central lumen, and increased
cellular senescence in PSC-derived cholangioids. Congruent with this, PSC-derived iDCs showed increased secretion of
the extracellular matrix molecule fibronectin as well as the inflammatory cytokines interleukin-6, and chemokine (C-C
motif) ligand 2. Conditioned media (CM) from PSC-derived iDCs more potently activated hepatic stellate cells com-
pared to control CM. Conclusion: We demonstrated efficient generation of iDCs and cholangioids from patients with
PSC that show disease-specific features. PSC cholangiocytes are intrinsically predisposed to cellular senescence. These
features are unmasked following biliary differentiation of pluripotent stem cells and have functional consequences in
epithelial organoids. (Hepatology Communications 2022;6:345-360).

rimary sclerosing cholangitis (PSC) is a com-  characterized by idiopathic fibro-obliterative destruc-
plex cholangiopathy for which no universally tion of the large and small bile ducts that ultimately
effective medical therapy exists. The disease is leads to strictures, cholestasis, progressive periportal
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HE hepatic progenitor; HS, hepatic specification; HSC, hepatic stellate cell; iDC, induced pluripotent stem cell-derived cholangiocyte; IL, interleuking
IPA, ingenuity pathway analysis; iPSC, induced pluripotent stem cell; Nanog, Nanog homeobox; OCT4, POU class 5 homeobox 1; PSC, primary
sclerosing cholangitis; RGD, arginylglycylaspartic acid; RNA-seq, RNA sequencing; RT-PCR, reverse-transcription polymerase chain reaction; SASE
senescence-associated secretory phenotype; Sox, SRY-box transcription factor; SSEA, stage-specific embryonic antigen 3.
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fibrogenesis, and a predisposition to cholangiocarci-
noma. The phenotype of PSC ranges from benign
intrahepatic strictures that rarely progress to severe
and rapidly progressive disease that leads to early liver
transplantation. The pathophysiology of the disease
is complex and multifactorial, involving a complex
intersection of genetics, epigenetics, environmental
exposures in susceptible individuals, as well as interac-
tions with the microbiome and the immune system.?
We hypothesized that certain features of PSC, such
as cellular senescence, are intrinsic to cholangiocytes,
genetically/epigenetically encoded, and may emerge
following biliary differentiation. Because of this com-
plexity, standard cell culture and animal models are
inadequate to test these hypotheses. Individualized
disease models, such as those used in this study, could
provide additional insight into certain aspects of dis-
ease pathogenesis and allow for targeted therapies to
emerge. In particular, the induced pluripotent stem cell
(iPSC)-based approach can help to define aspects of
PSC that are intrinsic to cholangiocytes and that may
be genetically or epigenetically mediated, while the
three-dimensional (3D) organoid-based culture sys-
tem can identify functionally relevant consequences.
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The phenomenon of cholangiocyte senescence
is increasingly implicated in the pathobiology of
PSC.%4 During cellular senescence, normal cholan-
giocytes undergo replication arrest yet remain meta-
bolically active. Senescent cells can be identified by
their expression of certain characteristic marker pro-
teins, such as beta-galactosidase (B-gal). Senescent
cells also typically display the senescence-associated
secretory phenotype (SASP), which includes massive
release of inflammatory cytokines, fibrogenic growth
factors, and extracellular vesicles (EVs) that promote
hepatic stellate cell (HSC) activation and disease pro-
gression.”) However, the underlying causes of cholan-
giocyte senescence in PSC remain obscure. Therefore,
we sought to determine whether PSC cholangiocytes
are intrinsically predisposed to cellular senescence and
whether epithelial organoids derived from them are
phenotypically and functionally distinct from controls.

We have an established and well-characterized
methodology to generate individualized cholan-
giocytes from patients with liver disease by using
iPSCs.® In this method, skin fibroblasts are isolated
and cultured from patients and reprogramed to plurip-
otency using standard reprograming factors. We then
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pursue a stepwise differentiation strategy toward chol-
angiocytes by using biliary morphogens to mimic bile
duct development. In this study, for the first time, we
generated iPSC-derived cholangiocytes (iDCs) from
subjects with PSC undergoing liver transplantation
and from healthy living liver donors. These patient-
derived cholangiocytes were then used for individual-
ized disease modeling with genome-wide sequencing
and organoid-based approaches. We used these novel
methods to test whether PSC-derived iDCs efficiently
differentiate toward cholangiocytes and whether they
can recapitulate certain features seen in PSC, such as
altered gene expression patterns, cellular senescence,

SASP, and ability to activate HSCs.

Materials and Methods

SKIN FIBROBLAST FROM
CONTROLS AND PATIENTS WITH
PSC

Under an institutional-approved protocol, subjects
with liver disease were identified from the Hepatobiliary
Clinic, the Cholestasis Clinic, the Liver Transplant
Clinic, or the Liver Transplant Hospital Service at
Mayo Clinic, Rochester, MN. Informed consent in
writing was obtained from each patient. Healthy con-
trols were selected from a pool of living liver donors who
had undergone an extensive predonation evaluation to
ensure no occult liver disease was present. Following
informed consent, subjects and controls underwent a
clinic-based skin biopsy in the Regenerative Medicine
Consult Clinic or an operative skin biopsy at the time
of liver transplantation or living liver donation. Skin
fibroblasts were isolated, expanded, cataloged, and
cryopreserved in the Center for Regenerative Medicine

Biotrust Laboratory (Mayo Clinic).

CELLULAR REPROGRAMING

Selected normal and PSC fibroblast samples were
reprogramed to pluripotency at Regen Theranostics
by forced expression of Kruppel-like factor 4 (KLF4);
POU class 5 homeobox 1 (OCT4); SRY-box tran-
scription factor 2 (SOX2); and MYC proto-oncogene,
bHLH transcription factor (c-MYC). Three sepa-
rate iPSC clones were generated from each patient.
iPSC clones underwent extensive quality control,
including differentiation to all three primary germ
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layers (endoderm, mesoderm, and ectoderm), karyo-
type analysis, and both staining and flow cytometry
for pluripotency markers (Oct4, stage-specific embry-
onic antigen 3 [SSEA], Nanog homeobox (Nanog),
and T-cell receptor alpha locus [TRA-1-60]). A sin-
gle clone from each patient was then selected for dif-
ferentiation to cholangiocytes.

STELLATE CELL ACTIVATION
ASSAYS

On the last day of differentiation, iDCs were washed
with phosphate-buftered saline and replaced with basal
media for 24 hours. This conditioned media (CM) was
used to treat primary human HSCs (ScienCell #5300)
at carly passages (P1-P4) overnight.”) HSCs were
then fixed and stained for alpha-smooth muscle actin
(a-SMA; Abcam #ab5694) and collagen (Southern
Biotech #1310-01). Dimethyl sulfoxide or 200 nM
arginylglycylaspartic acid (RGD) peptide was added to
the CM before HSC treatment; 24 hours later, HSCs
were collected and analyzed by reverse-transcription
polymerase chain reaction (RT-PCR).

STATISTICAL ANALYSIS

Data represent typical experiments reproduced at
least 3 times. Data were analyzed by analysis of vari-
ance with Bonferroni posttest or paired ¢ test, using
GraphPad Prism software (GraphPad Software, Inc.,
La Jolla, CA). The difference was considered signifi-
cant at P < 0.05. Results are presented as mean + SEM
(refer to Supporting Information for other methods
and detailed information).

Results

SAMPLES FROM PATIENTS WITH
PSC CAN BE REPROGRAMMED
NORMALLY TO iPSC CLONES

We suspected that PSC-derived fibroblasts would
reprogram normally to iPSCs. To test this, we first
reprogrammed fibroblasts from 3 healthy controls (liv-
ing liver donors) and 4 subjects with PSC (who under-
went liver transplantation) to pluripotency using the
standard Yamanaka reprograming factors (Table 1). In
addition to classical stem cell morphology with tightly
packed colonies and high nuclear-to-cytoplasmic ratio,
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the presence of pluripotency markers was confirmed
using immunostaining for Oct4 and SSEA and flow
cytometry analysis for Oct4, SSEA, Nanog, and Tra-
1-60 (Fig. 1A,B; Supporting Figs. S1-S6). Karyotype
analysis was performed on all clones, and only clones
with normal karyotype were used for further studies
(Fig. 1C; Supporting Figs. S1-S6). iPSC clones were
evaluated for their ability to differentiate into all three
primary germ layers. Following ectoderm, endoderm,
or mesoderm differentiation, cells stained positive for
neuroepithelial stem cell protein (Nestin) and paired

box protein Pax-6 (Pax-6) (ectoderm markers), fork-
head box A2 (FoxA2) and SRY-box transcription

HEPATOLOGY COMMUNICATIONS, February 2022

factor 17 (Sox17) (endoderm markers), or neural cell
adhesion molecule (NCAM) and brachyury (meso-
derm markers), respectively, indicating efficient tri-
lineage differentiation (Fig. 1D; Supporting Figs.
S1-S6).

iPSCs FROM PATIENTS WITH
PSC DIFFERENTIATE INTO
CHOLANGIOCYTES AS
EFFICIENTLY AS CONTROLS

We hypothesized that iPSCs derived from
patients with PSC would differentiate efficiently to
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FIG. 1. Quality control analysis on the iPSC clones. (A) iPSC clone stained for pluripotency marker OCT4 (red) and SSEA (green).
(B) Flow cytometry analysis for the pluripotency markers on the iPSC clone show greater than 96% purity for the clone. (C) Karyotype
analysis shows no abnormalities in the clone. (D) Immunostaining for the three germ layer markers (Nestin and Pax-6 for ectoderm,
FoxA2 and SOX17 for endoderm, NCAM and brachyury for mesoderm) shows the ability of the iPSCs to differentiate. Abbreviations:
FL INT, Fluorescence Intensity; FoxA2, forkhead box A2; Nan, Nanog; NCAM, neural cell adhesion molecule; Nestin, neuroepithelial
stem cell protein; OCT4, POU class 5 homeobox 1; Pax-6, paired box protein Pax-6; SS, Somatostatin; TRA, T-cell receptor alpha locus.
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cholangiocytes. Using our published protocol, we dif-
ferentiated the iPSCs from both the healthy controls
and patients with PSC toward cholangiocytes.”) Both
control and PSC samples demonstrated loss of stem
cell morphology and acquired an epithelial cell pheno-
type following differentiation (Fig. 2A; representative
images shown from control and PSC patient 3). Based
on the acquisition of cholangiocyte markers cytokeratin
17 (CK-7) and CK-19, we noted efficient differentia-
tion of the iPSCs derived from both healthy controls
and subjects with PSC. Both RT-PCR (Fig. 2B) and
western blotting (Fig. 2C) demonstrated progres-
sive acquisition of the biliary cytokeratins as the cells

JALAN-SAKRIKARET AL.

progressed through the five phases of differentiation
(iPSC, definitive endoderm [DE], hepatic specification
[HS], hepatic progenitor [HP], iDC). We then evalu-
ated for the presence of primary cilia by western blot
(Supporting Fig. S7A) and immunofluorescence stain-
ing (Fig. 2D) for acetylated a-tubulin in our normal
and PSC-derived iDCs. Western blotting for other cilia
markers, i.e., adenosine diphosphate ribosylation factor-
like guanosine triphosphatase 3 (ARL3) and intraflagel-
lar transport 88 (IF'T'88) (Supporting Fig. S7A), further
confirmed the presence of primary cilia in the iDCs,
and we found no significant differences between the
normal and PSC-derived cells. We also verified nuclear
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FIG. 2. Differentiation of iPSCs from healthy controls and patients with PSC. (A) Differential interference contrast images of iPSCs
and differentiated iPSCs to iDCs from a healthy control and patient with PSC. Scale bar =50pm (B) RT-PCR analysis on iPSC-iDC
differentiation showing progressive acquisition of biliary markers CK7 and CK19 for both the healthy control and PSC patient 3. (C)
Western blot for CK7 and CK19 of the iPSC to iDC differentiation for both healthy control and PSC patient 3; Data represented as
Mean + SEM **P < 0.0001. (D) Immunofluorescence on iDCs showing the presence of cilia (green for acetylated tubulin and blue
for DAPI) on the iDCs obtained from both the healthy patient and PSC patient 3. (E) SOX9 (green) immunostaining on iDCs from
a healthy control and PSC patient 3. Abbreviations: Ac, acetylated; DAPI, 4°,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde
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staining of the cholangiocyte transcription factor SOX9
(Fig. 2E) as well as expression of biliary transporters
(cystic fibrosis transmembrane conductance regulator
[CFTR], apical sodium-bile acid transporter [ASBT]),
anion-exchanger 2 [AE2], G-protein-coupled bile acid
receptor 1 [TGRS5], and the transcription factor hepato-
cyte nuclear factor 1 beta [HNF1p]) (Supporting Fig.
S7A,B). Functionally, we confirmed that the cells have
intact secretin-induced cyclic adenosine monophos-
phate signaling (Supporting Fig. S7C). Overall, these
data confirm that iPSCs derived from subjects with
PSC differentiate as efficiently as those derived from
healthy controls. We have previously demonstrated
that these CK7-positive and CK19-positive cells also
express other cholangiocyte markers, such as aquaporin
1 (AQP-1), have intact adenosine triphosphate-induced
calcium signaling, and can engraft in mouse liver fol-
lowing retrograde intrabiliary infusion.”

RNA SEQUENCING
DEMONSTRATES ENRICHMENT
OF THE SENESCENCE PATHWAY
IN PSC-DERIVED iDCs

We anticipated that certain pathological gene
expression patterns would be recapitulated in iDCs
derived from patients with PSC. To investigate
whether known features of PSC can be recapitulated
in the differentiated cholangiocytes, we performed
transcriptomic analysis in three biological replicates
of control (3 living donors) and PSC- (4 patients)
derived iDCs using RNA sequencing (RNA-seq).
Heat-map analysis (P < 0.05, and log-fold change
>2) showed many genes up-regulated in PSC sam-
ples (Fig. 3A). The analysis identified 1,261 genes
that are significantly differentially expressed between
PSC-derived iDCs and the control group (P < 0.05).
Notably, gene set enrichment analysis (GSEA) iden-
tified several pathways enriched in PSC-derived iDCs
that are known to be dysregulated in PSC, includ-
ing anaphase-promoting complex (APC) targets,
enhancer of zeste 2 polycomb repressive complex 2
subunit [EZH?2] targets, interleukin-6 (IL)-6 signal-
ing, and the senescence pathway (Fig. 3B; Supporting
Fig. S7B). Ingenuity pathway analysis (IPA) of the
differentially expressed genes further confirmed the
senescence features of the PSC-derived iDCs as well
as a proinflammatory and fibrogenic profile (Fig. 3C).
This is in agreement with Enrichr analysis that
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showed an enrichment of cell-cycle pathway in our
PSC-derived iDCs (Fig. 3D). Furthermore, transcrip-
tion factor analysis revealed tumor protein P53 (p53),
E2F transcription factor 1 (E2F1), ATM serine/thre-
onine kinase (ATM), and myc pathways enriched
in our gene set from PSC-derived iDCs (Fig. 3D).
Additional analysis showed that 79% of the genes
altered in PSC-derived iDCs were associated with
the cell cycle and 21% were involved in senescence
(Fig. 3E). Thus, the transcriptomic analysis of the
iDCs from patients with PSC suggests that indeed
the cholangiocytes derived from skin fibroblasts of
patients express some of the pathological gene expres-
sion profiles that characterize the disease.

GENE PROFILE OF PSC-DERIVED
iDCs OVERLAPS WITH OTHER PSC
DATA SETS

In order to further validate the disease relevance
of our gene expression observations, we compared
the genes up-regulated in our data set to publically
available genomic data on PSC. The gene expression
profile found in PSC-derived iDCs includes several
genes that have been reported to be associated with
PSC, including major histocompatibility complex
class II, DQ_beta 1 (HLA-DQBI); histone deacety-
lase 7 (HDAC?7); SET domain containing 1A, his-
tone lysine methyltransferase (SE7TDI); and several
others!” (Fig. 4A). Furthermore, Enrichr analysis on
these genes identified sclerosing cholangitis as the
top disease followed by other autoimmune diseases
(Fig. 4B). To gain additional insight into our iPSC-
derived iDCs, we performed GSEA with a custom
data set that included up-regulated genes in cholan-
giocytes isolated from patients with PSC compared to
healthy controls.’®) Interestingly we observed signifi-
cant enrichment of these genes in our PSC-derived
iDCs, further supporting their recapitulation of gene
expression profiles found in cholangiocytes from
patients with PSC (Fig. 4C). Particularly, 78 genes
were found in both data sets (Fig. 4D) that are mostly
associated with epithelial to mesenchymal transition
and inflammatory processes (Fig. 4E). Additionally,
IPA showed that 134 of 142 pathways were corepre-
sented in both the iDCs and the human PSC samples
(Fig. 4F; Supporting Table S2). Overall, these data
demonstrate that the iDCs recapitulate many gene
expression changes seen in patients with PSC.
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FIG. 3. RNA-seq analysis on the iDCs. (A) Heat map showing gene expression analysis for all the healthy and PSC clones used in the
study; red shows up regulated, blue shows down regulated. (B) GSEA analysis revealing pathways enriched in our gene set. (C) Canonical
pathways associated with differentially expressed genes in iPSC-derived iDCs show senescence, hepatic fibrosis, and inflammatory
pathways. (D) Enrichr analysis on the up-regulated genes in PSC samples show transcription factors and pathways implicated in cell
cycle and senescence. (E) Pie chart generated from IPA reveals 21% of the altered genes in PSC-derived iDCs are involved in senescence;
the lower panel shows some of the senescence genes. Abbreviations: ATM, ataxia telangiectasia mutated; BRF1, BRE1 RNA Polymerase
IIT Transcription Initiation Factor Subunit; CAT, Chloramphenicol acetyltransferase; CSNK2A1, Casein Kinase 2 Alpha 1; DNMT1,
DNA Methyltransferase 1; DOTL1, Disruptor of telomeric silencing 1-like; E2F1, E2F Transcription Factor 1; EIFAE, Eukaryotic
Translation Initiation Factor 4E; FASN, Fatty Acid Synthase; FDR, false discovery rate; HMGA1, High Mobility Group AT-Hook
1; HOXB7, Homeobox B7; HRAS, HRas Proto-Oncogene; ID1, Inhibitor Of DNA Binding 1; IL1A, Interleukin 1A; ING, inhibitor
of growth; LIG1, DNA Ligase 1; LMNA, Lamin A/C; MAP2K7, Mitogen-Activated Protein Kinase Kinase 7; MAPK12; MCRS1,
Microspherule Protein 1; Mitogen-Activated Protein Kinase 12; MYC, MYC Proto-Oncogene; MYCN, MYCN Proto-Oncogene,
BHLH Transcription Factor; NES, normalized enrichment score; NFKB, nuclear factor-kappa B; NPM1, Nucleophosmin; PATZ1,
POZ/BTB And AT Hook Containing Zinc Finger 1; PLOD2, Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2; POM121,
POM121 Transmembrane Nucleoporin; POT1, Protection of Telomeres 1; RIH2, rox1-helix2; RBM38, RNA-binding motif protein 38;
RELA, RELA Proto-Oncogene, NF-KB Subunit; RUNX3, RUNX Family Transcription Factor 3; SIRTS, Sirtuin 6; SMARCA4, SW1/
SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin, Subfamily A, Member 4; SMARCB1, SWI/SNF Related,
Matrix Associated, Actin Dependent Regulator Of Chromatin, Subfamily B; SRF, Serum Response Factor; STK11, Serine-Threonine
Kinase 11; STUB1, STIP1 homology and U-Box containing protein 1; TAB1, TGF-Beta Activated Kinase 1; TAF1C, TATA-Box
Binding Protein Associated Factor, RNA Polymerase I Subunit C; TCF3,Transcription Factor 3; TP53, Tumor Protein 53; TP73, Tumor
Protein P73; TRP53, transformation-related protein 53; TSC2, Tuberous Sclerosis Complex 2; TWEAK, TNF-related weak inducer of
apoptosis; UHRF1, Ubiquitin Like With PHD And Ring Finger Domains 1
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To better understand how these gene expression
patterns may emerge following biliary differentiation,
we next analyzed whole exome sequencing data on 3
of our subjects with PSC (Supporting Table S1) for
the gene set identified by the IPA and genome-wide
association study analysis. The analysis identified 50
variants of unknown significance, including variants

of many epigenetic regulators and transcription fac-
tors (e.g., HDAC7; BRF4; SWI/SNF related, matrix
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associated, actin dependent regulator of chromatin,
subfamily a, member 4 [SMARCA4]; SETD1A).
Conceivably, the genetic variants noted in epigenetic
regulators and transcription factors may be import-
ant for proper cholangiocyte differentiation. This
may explain why the senescence phenotype is only
unmasked after biliary differentiation. Overall, the
data suggest that some PSC features (such as senes-
cence) may have a genetic predisposition that can be
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studied using this iz vifro model system. These find-
ings are similar to recent work published using an
iPS-derived hepatocyte system to study nonalcoholic
steatohepatitis-related phenotypes.®

iDCs-DERIVED CHOLANGIOIDS
FROM SUBJECTS WITH PSC
HAVE INCREASED CELLULAR
SENESCENCE

Based on the gene expression profiling, the over-
representation of senescence pathways was intriguing

JALAN-SAKRIKARET AL.

because it has been shown that PSC is highly asso-
ciated with senescence and the SASP® Given this,
we hypothesized that the cells would indeed display
teatures of cellular senescence and its consequences.
Several studies have described the development of 3D
cultures from cholangiocytes to model biliary diseases,
such as Alagille’s syndrome, polycystic liver disease,
and cystic fibrosis.’"
thelial organoids from 3D-cultured cholangiocytes
(cholangioids) and were able to recapitulate features
of senescence and SASP.¥ Thus, to evaluate for
senescence and SASP in our patient-derived samples,

12) Previously, we generated epi-
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we used the published protocol to generate epithe-
lial organoids from both healthy control samples and
PSC-derived iDCs. Consistent with the senescence
phenotype, cholangioids from PSC-derived iDCs were
significantly smaller in size compared to those from
healthy controls (mean + SEM, 18.3 + 2.5 um? vs.
9.5 + 0.92 pm? P < 0.005) (Fig. 5A). This phenotype
persisted even when fewer cells were used for chol-
angioid formation (Supporting Fig. S9A). These data
were consistent with our published observation that
cholangioids from senescent cholangiocytes are uni-
formly smaller compared to the nonsenescent cells. 1
Furthermore, when we stained these cholangioids
with a membrane dye, we observed that the normal
cholangioids had a lumen greater than 10 pm, which
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was lacking in the PSC-derived cholangioids (Fig. 5B;
Supporting Fig. S9B), also in concordance with our
prior study. Next, we used RT-PCR to evaluate for
gene expression changes in B-gal, a well-characterized
marker of cellular senescence. We noted significant
increases in P-gal expression in PSC-derived chol-
angioids compared to control samples (Fig. 5C).
We also noted decreases in the proliferation marker
Ki-67 and an increase in the apoptosis resistance gene
B-cell lymphoma-extra large (BCL-XL). These data
correlate with published findings of increased apop-
tosis resistance in senescent cholangiocytes'™ We fur-
ther evaluated the senescence phenotype at different
stages of differentiation. Interestingly, the increase in
B-gal expression was only present in the final stage of
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differentiation, suggesting that the senescence pheno-
type is only unmasked following biliary differentiation
(Fig. 6A).1DC senescence changes were further evalu-
ated using a quantitative f-gal assay on the iDCs, and
this analysis confirmed that PSC-derived iDCs have
nearly 2-fold greater levels of senescence compared
to controls (Fig. 6B). Immunohistochemical staining
of the iDCs in both 2D and 3D culture confirmed
an increase in positive f-gal staining in PSC samples
compared to controls (Fig. 6C). No positive p-gal

stain was observed in patient fibroblasts or iPSCs,

JALAN-SAKRIKARET AL.

confirming that this phenotype is only recognized fol-
lowing biliary differentiation (Supporting Fig. S10).
Lastly, we treated our control and PSC-derived iDCs
with the senolytic agent navitoclax for 24 hours. RT-
PCR analysis on the treated cells showed a reduction
in senescence markers (B-gal, p16, and p21) with
navitoclax treatment in PSC-iDCs (Fig. 6D). Taken
together, these findings corroborate our RNA-seq
analysis where senescence was overrepresented as one
of the disease features present in the patient-derived
iDCs. Furthermore, this senescence phenotype was
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apparent only in the final stage of cholangiocyte dif-
terentiation, suggesting biliary specificity.

iDCs FROM SUBJECTS WITH PSC
DISPLAY SASP AND ACTIVATE HSC

In order to evaluate whether iDCs derived from
patients with PSC can provoke the SASP, we analyzed
for expression of typical SASP-associated inflamma-
tory cytokines IL-6 and C-C motif chemokine ligand
2 (CCI2). We noted significant increases in both IL-6
(mean + SEM, 10.3-fold + 3.7-fold; P < 0.05) and
CCI12 (mean + SEM, 22-fold + 6.5-fold; P < 0.05) in
iDCs derived from subjects with PSC. Consistent with
the senescence data, the increased generation of SASP-
associated markers (IL-6, CCL2) was only present in
the iDC phase and not the earlier phases of differ-
entiation (Fig. 7A). Also, consistent with the SASP,
we detected an approximately 2.5-fold increase in the
number of EVs released from PSC-derived samples
(Fig. 7B). Beause PSC is a fibrosing cholangiopathy
and senescent cholangiocytes release paracrine activa-
tors of HSC, we evaluated the expression and release of
fibronectin (FN). FN released from activated cholan-
giocytes is a canonical paracrine mediator of myofibro-
blast activation that subsequently leads to deposition of
extracellular matrix during biliary ﬁbrogencsis.(ls) RT-
PCR analysis showed increased expression of FN as
the differentiation proceeded. However, PSC-derived
iDCs showed significantly increased FN expression
compared to control iDCs (Fig. 7C). The increased
expression was further confirmed by western blotting
for FN during each phase of the differentiation pro-
cess. Not only did we observe increased FN production
in cell lysates from PSC-derived iDCs (mean + SEM,
4.12-fold + 1.13-fold; P < 0.01), we also noted a nearly
3-fold increase in the release of FN into the culture
media (Fig. 7D). In order to evaluate whether chol-
angioids derived from subjects with PSC could more
potently activate HSCs, we used CM experiments. To
test the activating potential of CM from PSC-iDCs,
we cultured primary human HSCs with CM derived
from control iDCs or the media of iDCs derived from
subjects with PSC. Immunofluorescence for typical
markers of HSC activation (a-SMA and collagen)
revealed increased HSC activation by CM derived
from PSC-iDCs compared to that from control iDCs
(Fig. 7E). Indeed, we found an increase in a-SMA
(mean + SEM, 2.44-fold + 0.11-fold; P < 0.0001) and
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collagen staining (mean +* SEM, 5.26-fold + 0.34-
fold; P < 0.005). We also performed RT-PCR anal-
ysis for the HSC activation marker SMA as well as
inflammatory markers, including chemokine (C-X-C
motif) ligand 1 (CXCL1) and IL-1f (Fig. 7F). One
common HSC activator in cholangiocyte media is FN,
as we previously characterized."> We therefore used
the RGD peptide, which blocks FN binding to the
integrin receptors on HSCs. RT-PCR analysis of the
HSCs incubated with iDC-conditioned medium in
the presence of RGD showed less activation (Fig. 7F).
Overall, the secretory phenotype and the HSC activa-
tion potential revealed functional abnormalities of the

patient-derived iDCs.

Discussion

The current study demonstrates that iPSC from
patients with PSC differentiate efficiently to cholan-
giocytes and form epithelial organoids in 3D culture.
Furthermore, PSC-derived cholangiocytes display
disease-specific features, including PSC-related gene
expression changes, luminal narrowing of organoids,
cellular senescence, an inflammatory and fibrogenic
SASP, and an increased ability to activate HSCs. The
inflammatory profile observed in our system corrob-
orates with a recent study on organoids derived from
bile of patients with PSC.1® Our work suggests that
PSC cholangiocytes are intrinsically predisposed to
cellular senescence and its consequences, presumably
through genetic and/or epigenetic mechanisms. The
significance of these observations lies in the concept
that biliary differentiation itself unmasks a senescence
phenotype in PSC-derived cholangiocytes that is not
present in the skin fibroblasts or in the reprogrammed
iPSC. This approach provides a novel source of cells
for modeling certain cholangiocyte-intrinsic aspects
of PSC, such as senescence, and may serve as a plat-
form for testing senolytic therapies.

The past decade has seen remarkable advances
in stem cell technology, including simpler and more
accessible methods of reprograming somatic cells to
pluripotency.!”) Furthermore, a variety of differentia-
tion protocols have emerged that allows the generation
of multiple adult cell types for disease modeling and
pharmacologic testing. With respect to the liver, sev-
eral well-characterized protocols now exist for generat-
ing hepatocyte-like cells and cholangiocytes.(5’9’10’18’19)
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While these technologies are most obviously suited to
study purely genetic disorders with known mutations
(e.g., polycystic liver disease, cystic fibrosis-related chol-
angiopathy), there is also an opportunity to study cell-
intrinsic features of complex disorders that may have
genetic and epigenetic factors.?”) For these reasons, we
have populated a robust biorepository of skin fibroblasts
and iPSCs from subjects with a variety of hepatocellular
and cholestatic liver diseases for future studies (Table 1).

In this study, we initially evaluated the quality of
iPSCs derived from heathy subjects and those with
PSC. We report that skin fibroblasts from subjects
with PSC can be reprogrammed with similar effi-
ciency as those derived from healthy subjects, based
on expression of pluripotency markers, flow cytometry,
karyotype analysis, and trilineage differentiation. We
also found that PSC-derived iPSCs differentiate effi-
ciently to iPSC-derived cholangiocytes, based on their
temporal acquisition of the biliary-specific cytokeratins
CK7 and CK19. We used RNA-seq to compare the
transcriptome of iDCs derived from heathy subjects
or subjects with PSC as well as three cholangiocyte
cell lines derived from the isolated cholangiocytes of
subjects with PSC. We found that PSC-derived iDCs
share transcriptome differences with cells derived from
patients with PSC, particularly in pathways related to
cellular senescence. These findings suggest alterations
present in skin fibroblasts from subjects with PSC that
then have functional consequences following repro-
gramming and differentiation. Indeed, whole exome
sequencing identified several genetic variants in the
PSC samples that correspond with epigenetic regulators
and transcription factors. While cellular senescence has
been observed in PSC liver and is increasingly impli-
cated in the pathophysiology of the disease, these are
the first data to suggest that a predisposition to chol-
angiocyte senescence may be cell intrinsic, genetically
encoded, and/or epigenetically activated during biliary
differentiation. While such mechanisms are likely to
be highly complex, it is tempting to speculate that
mutations in certain epigenetic regulators may lead to
an altered transcriptional profile in a temporal context-
dependent manner. It appears that these changes only
become apparent as liver progenitor cells reach their
terminal phase of cholangiocyte development. Further
studies will be needed to confirm and clarify these
ideas, but our study suggests that individualized dis-
ease modeling with iDCs may be an important tool in
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Having identified changes in senescence pathways,
we then sought to further evaluate morphologic and
functional characteristics of the iDCs in 3D culture.
Our prior studies have shown that cholangiocyte epi-
thelial organoids (cholangioids) derived from cellular
models of PSC result in cholangioids that are smaller
in size and lack a central lumen."® Similarly, the
iDC-derived organoids from subjects with PSC are
also approximately half the size of those derived from
healthy subjects and they display near complete oblit-
eration of the central luminal space. We confirmed
that PSC-derived iDCs display cellular senescence
in both 2D- and 3D-culture conditions. Interestingly,
the differences in senescence are not present in the
skin fibroblasts, the iPSC cells, or in the intermedi-
ate phases of differentiation (DE, HS, and HP). In
line with this, the PSC-derived iDCs take on a secre-
tory profile consistent with the SASP, secreting large
amounts of IL-6, CCI2, EVs, and FN into the culture
media. Again, this phenotype is only unmasked in the
final biliary phase of differentiation and is not present
in the earlier phases. Predictably, the CM from these
highly secretory cholangiocytes has the ability to more
potently activate HSCs through paracrine mecha-
nisms of epithelial-mesenchymal crosstalk, consistent
with previous observations of the cholangiocyte secre-
tome activating HSCs. (12D

Our study, while intriguing, has a variety of import-
ant limitations to be considered. First, while we have
recruited a large number of subjects for skin biopsy,
the time- and resource-intensive nature of the iPSC
and organoid technologies leads to smaller numbers
ultimately being analyzed. Especially given the con-
siderable heterogeneity of PSC phenotypes within
and between patients, important features could have
been either overrepresented or overlooked. We chose
to study patients with advanced PSC who were under-
going transplantation because it allowed us to simul-
taneously obtain skin fibroblasts from the transplant
recipients and the corresponding living donors. The
living donors are thoroughly prescreened to ensure
no occult liver disease, making them excellent healthy
control subjects. Analyzing reprogrammed iPSC lines
derived from patients with earlier stages of PSC as
well as other cholestatic diseases can be important
goals for future studies. Further studies will also be
needed to determine whether the senescence features
are also found in primary biliary cirrhosis and other
idiopathic cholestatic diseases. Multiple methods have
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been developed for cholangiocyte differentiation from
iPSCs'? and for generation of cholangiocyte organ-
0ids.?” While the various techniques are all broadly
similar in principle, different protocols could yield
different results. Furthermore, while it seems that
iDCs have a more mature phenotype in general than
iPSC-derived hepatocyte-like cells, ") it is possible
that iDCs lack a fully mature cholangiocyte pheno-
type. Lastly, the genetic and epigenetic underpinnings
of the changes we observe in gene expression, cellular
senescence, and HSC activation will require further
investigation.

In summary, we report differentiation and charac-
terization of cholangiocytes from skin fibroblasts of
patients with PSC and generation of epithelial organ-
oids. The results reveal differentiation-dependent
differences in gene expression, organoid morphology,
cellular senescence, SASP, and HSC activation poten-
tial. The results suggest that PSC cholangiocytes
are predisposed to cellular senescence and its conse-
quences and highlight the utility of iPSCs and organ-
oid systems for modeling various aspects of complex
genetic cholangiopathies.
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