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Cholangiocyte organoids provide a powerful platform for applications ranging
from in vitro modeling to tissue engineering for regenerative medicine.
However, their expansion and differentiation are typically conducted in
animal-derived hydrogels, which impede the full maturation of organoids into
functional cholangiocytes. In addition, these hydrogels are poorly defined and
complex, limiting the clinical applicability of organoids. In this study, a novel
medium composition combined with synthetic polyisocyanopeptide (PIC)
hydrogels to enhance the maturation of intrahepatic cholangiocyte organoids
(ICOs) into functional cholangiocytes is utilized. ICOs cultured in the
presence of sodium butyrate and valproic acid, a histone deacetylase inhibitor,
and a Notch signaling activator, respectively, in PIC hydrogel exhibit a more
mature phenotype, as evidenced by increased expression of key cholangiocyte
markers, crucial for biliary function. Notably, mature cholangiocyte organoids
in PIC hydrogel display apical-out polarity, in contrast to the traditional
basal-out polarization of ICOs cultured in Matrigel. Moreover, these mature
cholangiocyte organoids effectively model the biliary pro-fibrotic response
induced by transforming growth factor beta. Taken together, an animal-free,
chemically defined culture system that promotes the ICOs into mature
cholangiocytes with apical-out polarity, facilitating regenerative medicine
applications and in vitro studies that require access to the apical membrane,
is developed.

cholangiocytes which differentiate to
progenitor/stem-cell like cells with signifi-
cant expansion potential in vitro. Notably,
expanded ICOs have a bipotential differen-
tiation capacity, and can be subsequently
differentiated into either hepatocytes or
cholangiocytes, making ICOs a promis-
ing tool for disease modeling,!!! tissue
engineering, as cellular building blocks
for organs-on-a-chip,/?! and as a potential
cell source for transplantation.}] However,
differentiated ICOs remain immature
with current culture protocols. Therefore,
research efforts increasingly focus on novel
ICOs differentiation methods in order
to obtain more mature cholangiocytes or
hepatocytes.[2#]

Currently, the most commonly used hy-
drogel for organoid generation and cul-
ture, including ICOs, relies on animal de-
rived extracellular matrix (ECM) hydrogels.
This native ECM hydrogel (e.g., Matrigel) is
extracted from Engelbreth-Holm—Swarm
mouse sarcoma cells, a tumor that produces
many ECM proteins, and has been used for
amyriad of organoid-culture applications.l®!
However, these animal-derived hydrogels

1. Introduction

Human intrahepatic cholangiocyte organoids (ICOs) are three-
dimensional (3D) tissue structures, generated from primary

exhibit significant lot-to-lot variations, in their biochemical prop-
erties, limited reproducibility. In addition, these hydrogels con-
tain various growth factors and ECM components, such as
laminins, which are essential for ICOs expansion!®! but may ham-
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per differentiation, making it difficult to control cell behavior and
maturation. Moreover, when contemplating cell therapy, there is
a potential risk of animal pathogen transmission and adverse im-
mune responses, hampering clinical application of ICOs. It is
therefore essential to find a replacement for animal-derived hy-
drogels in order to promote the standardize of organoid cultures
and facilitate regenerative medicine applications.

Synthetic hydrogels with defined physicochemical proper-
ties provide a promising tool to improve the reproducibil-
ity, standardization and utility of organoid cultures. From the
early stages of organoid culture, several hydrogels, biologi-
cal, semi-synthetic or synthetic have been applied to organoid
technology.”] For instance, as a biological hydrogel, Jagged1 im-
mobilized on hyaluronic acid has been used for the generation
of murine cholangiocyte organoids.!®] Furthermore, several fully
synthetic hydrogels have been developed for organoid culture.
For instance, polyethylene glycol (PEG) and polyisocyanopep-
tides (PIC) modified hydrogels have demonstrated biocompati-
bility with liver organoid culture upon addition of cellular bind-
ing motifs.[%) Although these synthetic hydrogel-based matrices
were widely used for ICO differentiation toward hepatocyte-like
cells, their use in improving ICOs differentiation toward cholan-
giocytes has, as of yet, not been investigated.

In this study, we developed a novel differentiation media and
utilized a thermo-responsive PIC hydrogel to improve the dif-
ferentiation of ICOs toward mature cholangiocyte. Previously,
Kouwer et al. established a biomimetic material from PIC hy-
drogel with ECM-mimicking properties.'?! Subsequently, Zi-
moch et al. modified the PIC hydrogels to pre-vascularize organ-
otypic structures.l'!l In recent years, Ye et al. described a fully
defined PIC hydrogel supplemented with laminin for human
liver organoid expansion and differentiation into hepatocyte-
like cells.l’] In addition, RNA sequencing of salivary gland
organoids indicated a more differentiated phenotype in PIC com-
pared to the standard Matrigel culture.l'?l Here, we propose a
novel differentiation media in combination with the PIC hy-
drogel as a suitable alternative to native hydrogels due to its
superior chemically defined and thermo-reversible gelation,**!
with the aim to improve the cholangiocyte differentiation of
ICOs. To demonstrate the utility of our novel culture system,
we applied it to study bile acid homeostasis and sensitivity to
bile duct injury, as well as disease modeling of bile duct fi-
brosis. We envision that a fully defined, animal-free culture
system with more mature cholangiocyte organoids could be
used in the future for liver transplantation and preclinical drug
screening.

2. Results

2.1. Optimization of ICO Culture Media for Cholangiocyte
Maturation

We have previously reported a novel method to differentiate ICOs
into cholangiocyte-like-cells (CLCs) utilizing a mixed natural hy-
drogel (Matrigel mixed with collagen type I).[2! To optimize the
culture conditions and promote further maturation of ICOs, we
investigated the addition of small molecules within the natu-
ral hydrogel before transitioning to the synthetic hydrogel. For
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this, two compounds were used to inhibit hepatocyte differen-
tiation and promote a maturation of the cholangiocyte pheno-
type, namely, sodium butyrate (SB) and valproic acid (VPA), a
histone deacetylase inhibitor and active Notch signaling activa-
tor, respectively.'*] ICOs were exposed to these compounds for
7 d during differentiation with concentrations ranging from 1 to
4 x 1073 M. Gene expression profiling after exposure to the com-
pounds indicated that sodium butyrate and valproic acid have the
ability to reduce hepatocyte markers expression, such as albumin
(ALB), alpha fetoprotein (AFP), and hepatocyte nuclear factor 4
alpha (HNF4A), and upregulate cholangiocyte markers including
Hes related family bHLH transcription factor with YRPW motif
1 (HEY1), secreted phosphoprotein 1 (SPP1), ATP binding cas-
sette subfamily B member 1 (ABCBI), solute carrier family 10
member 2 (SCL10A2), and somatostatin receptor 2 (SSTR2), as
shown in Figure S1 (Supporting Information). Both compounds
enhanced cholangiocytes maturation, and as trends were visible,
we used medium supplemented with 1 x 10~ M sodium butyrate
and valproic acid as an improved cholangiocyte differentiation
medium (CDM) to drive the ICOs toward a more mature cholan-
giocyte phenotype.

Next, ICOs were mechanically dissociated into small frag-
ments and resuspended in droplets of Matrigel mixed with colla-
gen type I, and maintained in CDM with forskolin for 2 d to pro-
mote the regeneration of organoids, followed by culture in CDM
to drive differentiation (Figure 1A). After culturing in CDM,
organoids became denser and formed thicker organoid walls in-
dicating differentiation (Figure 1B). At the gene expression level,
the stem/progenitor marker leucine rich repeat containing G
protein-coupled receptor 5 (LGR5) was downregulated in CDM
at all time points suggesting decreased stemness (Figure 1C). Ex-
pression of the hepatocyte marker albumin (ALB) decreased and
was lowest on day 4 in CDM whereas most of the cholangiocyte
markers showed highest expression at day 4, with some excep-
tions that continued to increase until day 9. More specifically, the
organoids expressed cholangiocyte markers (Figure 1D), includ-
ing hepatocyte nuclear factor 1 beta (HNF1p), SRY-box transcrip-
tion factor 9 (SOX9), keratin 7 (KRT7), keratin 19 (KRT19), cys-
tic fibrosis transmembrane conductance regulator (CFTR), and
aquaporin 1 (AQPI) in improved CDM conditions. Interestingly,
HEY], solute carrier family 4 member 2 (SLC4A2), SLC10A2,
SSTR2, and G protein-coupled bile acid receptor 1 (GPBARI)
showed a trend of increased expression from day 4 to day 9.
In addition, cholangiocyte markers Jagged canonical Notch lig-
and 1 (JAGI), SPP1, gamma-glutamyl transferase 1 (GGT1), and
ABCBI1 were significantly increased on day 7 compared to day 0.
SOX9 showed a decrease at day 4 compared to day 2, most likely
due to the removal of forskolin in CDM, which can influence
SOX9 by the cCAMP/PKA pathway.'>] Together, ICOs in expan-
sion medium displayed higher expression of cholangiocyte mark-
ers (KRT7 and KRT19) compared to human primary gallbladder
cholangiocytes (threefold to fivefold change). However, the ex-
pression of functional cholangiocyte markers decreased. Matu-
ration of ICOs in CDM resulted in an upregulation of GGT1 and
ABCBI. In addition, the cholangiocyte bile acid transport mark-
ers (SLC4A4, SLC10A2, GPBARI) and SSTR2 showed a trend
toward upregulation under CDM conditions. These results indi-
cate that ICOs display a more mature cholangiocyte phenotype
after culture for CDM.
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Figure 1. Improved differentiation of human intrahepatic cholangiocyte organoids (ICOs) to mature cholangiocyte phenotype. A) Schematic of the

protocol to differentiate ICOs to mature cholangiocyte phenotype. CDM, cholangiocyte differentiation medium; CDM+FSK, CDM with Forskolin medium;
M+C, Matrigel and collagen type | mixed hydrogel. B) Morphology of ICOs in CDM condition at different days. Scale bar = 100 um. C,D) Gene expression
analysis for cholangiocyte organoids in M+C hydrogel. Four independent donors for CDM conditions at five time points (day 0, 2, 4, 7, and 9). Results
are shown as fold change relative to human liver tissue for adult stem cell and hepatocyte markers and human gallbladder for the cholangiocyte markers.
Data are shown as box and whisker plots. Center line, median; box, interquartile; whiskers: minimum to maximum, show all points. Statistical differences

between groups were tested using one-way ANOVA followed by Dunn'’s test for multiple comparisons; n =
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2.2. PIC Hydrogel Enhances ICO Differentiation into Mature
Cholangiocyte

As shown in Figure 1, differentiation of ICOs toward the cholan-
giocyte lineage can be enhanced in Matrigel and collagen type I
mixed hydrogel with novel medium adaptations. In order to drive
increased biliary function and circumvent the batch-to-batch vari-
ation of Matrigel, as well as avoid the presence of proliferation-
inducing ECM components, such as laminins, we tested ICO dif-
ferentiation in a fully defined, synthetic PIC hydrogel, in the pres-
ence of CDM. Previously, we used PIC to maintain ICO cultures
and provided extensive rheological analysis of the hydrogel.l’!
Here, we compared the PIC with the “standard” natural hydro-
gel (Matrigel mixed with collagen I, M+C) as a control, as well
as the mixed PIC and collagen type I (PIC+C) hydrogel for ICO
differentiation into the cholangiocyte lineage. Bright field analy-
sis indicated that the organoids were smaller and denser in the
PIC+Cand PIC hydrogel compared to M+C hydrogel (Figure 2A)
following differentiation in CDM. Furthermore, the prolifera-
tion marker Ki67 showed decreased expression compared to
liver biopsy sample was absent at the protein level. These re-
sults indicate that the organoids exit their proliferative state as
they mature into cholangiocytes (Figure S2, Supporting Infor-
mation). Gene expression analysis indicated that KRT19 showed
increased expression in PIC+C hydrogels compared to M+C hy-
drogel. Interestingly, we observed that seven cholangiocyte mark-
ers (namely, HNF18, CFTR, GGT1, SLC4A2, ABCB1, SSTR2,
GPBAR]I) showed increased expression, and eight cholangiocyte
markers (JAG1, NOTCHI1, HES1, HEY1, SPP1, SOX9, KRT19,
SLC10A2) displayed a trend toward upregulation. Only three
genes (HES6, KRT7, AQP1) maintained the same levels of ex-
pression when compared to M+C hydrogel control. More impor-
tantly, only synthetic PIC hydrogel showed an increased expres-
sion of the cholangiocyte transporters (namely, CFTR, GGTI,
SLC4A2, ABCB1, SSTR2, GPBARI) compared to M+C hydro-
gel control (Figure 2B). In summary, gene expression analysis
showed that differentiation of ICOs in PIC hydrogel increased
the expression of mature cholangiocyte genes and outperformed
the PIC+C as well as the M+C hydrogel control.

Next, we performed immunostainings of differentiated ICOs
in the different hydrogels (M+C, PIC+C, and PIC) to deter-
mine the presence of key cholangiocyte markers on protein
level. This revealed the presence of epithelial markers of tight
junction protein 1 (TJP1, also known as Z01) and E-cadherin
1 (CDH1), as well as cholangiocyte cytoskeleton markers, K7
and K19 (Figures 3A and 4). Furthermore, the organoids ex-
pressed key cholangiocyte markers, including regulators of bile
acid modification and transportation markers, secretin recep-
tor (SCTR), GPBAR1 (also known as TGRS), sodium/bile acid
cotransporter, also known as the Na*-taurocholate cotransport-
ing polypeptide (NTCP), ATP binding cassette subfamily C
member 3 (MRP3, encoded by ABCC3) in Figure 3B-E, biliary
transcription marker SOX9 (Figure 3E) and the water channel
aquaporin-1 (AQP1) showed in Figure 3F. In addition, organoids
in the three different hydrogels were positive for ATP binding
cassette subfamily B member 1 (MDR1, encoded by ABCB1) in
Figure 4. Together, these markers confirmed that the organoids
acquired a mature cholangiocyte phenotype in three different hy-
drogels.
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Next, we analyzed the epithelial polarity of cholangiocyte
organoids through the localization of cholangiocyte markers by
immunofluorescent analysis. As shown in Figure 4, organoids
in three different hydrogels showed localized expression of
Z01, MDR1 and Integrin alpha 6 (CD49f) suggesting that the
organoids acquired an apicobasal polarity. The organoids in M+C
hydrogel culture showed mostly apicobasal polarity, with the api-
cal side facing the lumen in approximately 76% of the organoids.
However, the organoids in PIC hydrogel displayed mostly an in-
verted polarity with the apical membrane located at the outside in
approximately 68% of the organoids. Interestingly, we observed
that the organoids cultured in PIC+C hydrogel show mainly two
kinds of apicobasal polarity: one with the apical structure located
at the luminal side in approximately 5% of the organoids, and the
other with the apical structure located at the outside in approxi-
mately 44% of the organoids (Figure 4).

2.3. Functional Characterization of Cholangiocyte Organoids

In the liver, one of the major physiological functions of cholan-
giocyte is their modification of bile. To examine the functionality
of mature cholangiocytes in M+C, PIC+C, and PIC hydrogels
in vitro, we tested activation of the Farnesoid X receptor (FXR),
one of the most important bile acids activated nuclear receptor
controlling bile excretion to avoid excessive bile accumulation
leading to cholestasis. Cholangiocytes possess specific bile acid
transporters including ASBT (encoded by SCL10A2), an apical
transporter posed to take up biliary bile acids, and organic so-
lute transporter a/f (encoded by SCL51A and SLC51B, respec-
tively), which combined are responsible for a basolateral efflux
of bile acids. After incubation with GW4064, an FXR agonist, a
decreased expression of SLC10A2 and increased expression of
SLC51A/B was observed in line with the nuclear receptor acti-
vation. Furthermore, the organoids showed similar expression
pattern trends in response to high concentrations of bile acids
mimicking cholestatic conditions in all three different hydrogels
(Figure 5). Taken together, these data indicate that the mature
cholangiocyte organoids are able to perform FXR-mediated bile
homeostasis, which can be used to mimic cholestasis.

2.4. Mature Cholangiocyte Organoids to Model Biliary
Pro-Fibrotic Response

With the aim to extend and expand on our previous efforts high-
lighting the translational relevance of cholangiocyte organoids
cultured in our animal-free culture system, we investigated the
organoid’s ability to model TGF f-induced biliary fibrosis. During
fibrosis, (prolonged) activation of TGFp signaling leads to ma-
trix accumulation and, subsequently, organ dysfunction.'6] Af-
ter 6 days of culturing ICOs in three different hydrogels (M+C,
PIC+C, and PIC) in CDM, the organoids were incubated in the
absence and presence of TGFf (25 ng mL~!) for 48 h, after which
fibrosis related gene expressions were evaluated. As shown in
Figure 6, actin alpha 2 (ACTA2), collagen type I alpha 1 chain
(COL1A1), and tissue inhibitor of metalloproteinases 1 (TIMP1)
showed a trend toward upregulation in the M+C and PIC+C hy-
drogels after TGFp pathway activation. Interestingly, these three
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Figure 2. Generation of mature cholangiocytes from human intrahepatic cholangiocyte organoids (ICOs) in different hydrogels. A) Morphology of the
mature cholangiocyte organoids in different hydrogels at four time points of differentiation (day 2, 4, 6, and 8). M+C, Matrigel/collagen type | mixed
hydrogel; PIC+C, PIC/collagen | mixed hydrogel; PIC, PIC hydrogel. Scale bar = 500 um. B) Gene expression analysis for cholangiocyte organoids in CDM
conditions in different hydrogels after differentiation. Four independent donors in CDM conditions in three different hydrogels (M+C, PIC+C, and PIC
hydrogel) at day 7. Results are shown as fold change relative to human gallbladder. Data are shown as box and whisker plots. Center line, median; box,
interquartile; whiskers: minimum to maximum, shows all points. Statistical differences between the groups were tested using one-way ANOVA followed
by Dunn’s test for multiple comparisons; n = 4, *p < 0.05.
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Figure 3. Immunofluorescence analysis of the key cholangiocyte markers in organoids cultured in three different hydrogels (M+C, Matrigel/collagen I;
PIC+C, PIC/collagen I; PIC). A) Cytoskeleton, epithelial and junction markers [keratin (K) 19, cadherin 1 (CDH1) and tight junction protein 1 (ZO1)]. B-E)
Regulator of bile acid markers [secretin receptor (SCTR), G protein-coupled bile acid receptor 1 (GPBART, also known as TGR5), Na*-taurocholate co-
transporting polypeptide (NTCP), multidrug resistance protein 3 (MRP3)]. (E) Transcription factor marker [SRY-box transcription factor (SOX9)] and the

water channel marker (F) aquaporin 1 (AQPT). Scale bar = 50 um.

genes (ACTA2, COL1A1, and TIMPI) were all increased after
TGEp activation in PIC hydrogel (Figure 6). These results sug-
gest that the organoids are potentially suitable for biliary fibrosis
modeling.

3. Discussion

ICOs derived from primary tissue of the human liver are a
powerful technology for disease modeling, tissue engineering
and regenerative medicine applications. Compared to cell lines,
biopsy-derived organoids exhibit a high inter-donor variability,
which is inherent to diversity in genetic background. Previously,
we reported that human and murine ICOs can be differenti-
ated into mature cholangiocytes in an animal-derived hydrogel
(namely, the combination of Matrigel and collagen I) using a
defined differentiation media.l>*] However, despite improving
the overall differentiation into the cholangiocyte lineage, these
culture conditions had several limitations due to the poorly
defined and variable composition of Matrigel. This variability
impeded the complete maturation of cells into cholangiocytes
because of the presence of proliferative cues within the matrix.
With the development of chemically-defined hydrogels for
liver organoid expansion and differentiation into the hepato-
cyte lineage (e.g., PEG and PIC), a new opportunity arose for
cholangiocyte differentiation.[®®°] Previously, we found PIC
hydrogel alone was not sufficient to support ICOs growth, but
PIC combined with lamine-111 promote organoid formation
and proliferation.’] However, these bioactive motifs including
laminin are important for organoids growth, but may hamper
their differentiation. Whether the PIC hydrogel alone could
support ICOs differentiation is the issue tackled in this study.
Herein, we first optimized the CDM media conditions and
subsequently applied a synthetic PIC hydrogel to differentiate
ICOs to a more mature cholangiocyte phenotype. Indeed, under
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these conditions the organoids express various cholangiocyte
markers, and potentially mimic cholangiocyte functions to a
greater extent than their Matrigel cultures counterparts.

The generation of functional cholangiocytes from various
cell sources has been reviewed elsewhere.['’] Of importance in
cholangiocyte biology are the TGFg- and Notch signaling path-
ways, known to be essential for maturation and morphogenesis
of bile duct development in vivo.['8] Rizwan et al. reported that
Jagl combined with hyaluronan hydrogel activates hepatoblast
differentiation into cholangiocytes.['%! In addition, it has been
confirmed that VPA treatment induces hepatoblast differentia-
tion into cholangiocyte-like cells by activating Notch signaling.[2]
Therefore, one method to improve cholangiocyte differentiation
would be via activating the Notch signaling pathway to drive
differentiation of cholangiocytes from progenitor/stem cells.[32!]
Furthermore, histone deacetylase 1 (HDAC1) is known to regu-
late hepatocyte differentiation from liver progenitor cells.[??] Pre-
vious studies have reported that both valproic acid and sodium
butyrate, which can inhibit histone deacetylase activate the Notch
pathway.[?*) When ICOs were stimulated by sodium butyrate, the
expression of ALB and AFP were downregulated, indicating that
sodium butyrate can drive the ICOs away from the hepatocyte
lineage.**! With the condition where CDM was supplemented
with VPA, the expression of HEY1, SPP1, ABCB1, SLC10A2,
and SSTR2 was increased, which indicates that further matura-
tion toward the cholangiocyte lineage was successful in ICOs. In
vivo, intrahepatic cholangiocytes display functional and morpho-
logical heterogeneity. Compared to small cholangiocytes, large
cholangiocytes are involved in secretin and somatostatin signal-
ing via their corresponding receptors.®! In addition, only large
cholangiocytes express CFTR and AE2 and are responsible for
bile modification through the activation of a cAMP-dependent
pathway.[?] Importantly, our research revealed that ICOs-derived
cholangiocytes showed gene expression of SSTR2 and SLC4A2,
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Figure 4. Immunofluorescence analysis of the cholangiocyte organoids polarity in the three different hydrogels (M+C, Matrigel/collagen I; PIC+C,
PIC/collagen I; PIC), and quantified for percentage of apical-inside, mixed or apical-out organoids. A) Organoids cultured in M+C hydrogel showed
apicobasal polarity (apical side located at the inside of organoid), as indicated by apical markers (ZO1 and MDR1) and the basolateral marker (CD49f
/ integrin a 6), and quantified 176 organoids for polarity (D). B) Organoids in PIC+C hydrogel showed two kinds of apicobasal polarity, the apical-out
polarization and the normal apical-in organoid orientation, for which 262 organoids were quantified for polarity (E). C) However, PIC cultured organoid
showed apicobasal polarity, opposite to M+C cultures (apical-inside organoid), for which 161 organoids were quantified for polarity (F). Scale bar =

50 um, and data are shown as mean + SD of three independent donors for each group. Statistical differences between the groups were tested using

and positive staining for SCTR. These results support the influ-
ence of Notch signaling on the generation of mature cholangio-
cytes from ICOs, arguing for a large cholangiocyte phenotype.
Several studies reported that (liver-)specific ECM components
derived from human and porcine liver can support ICO prolif-
eration and differentiation in vitro.[”] Furthermore, liver-specific
ECM, derived from decellularized porcine livers, maintain a com-
plex biliary network!?8] suitable to support HepaRG cells to form
hepatic tissue for drug screening.?’! More specifically, Willemse
et al., showed that human or porcine liver-derived ECM could
support ICO proliferation, although this ECM hydrogel did not
affect hepatobiliary marker expression during expansion. They
concluded that the culture medium is more important to obtain
the cholangiocyte phenotype than the ECM components present
during culturing.[??] However, PIC cultured salivary organoids
were enriched more differentiation correlated genes compared
to Matrigel cultured.['?! Based upon these research papers, we
expected a switch in cholangiocyte phenotype when ICO culture

Adv. Healthcare Mater. 2024, 13, 2401511 2401511 (7 Of11)

one-way ANOVA followed by Tukey’s test for multiple comparisons; n = 3, **p < 0.01, ****p < 0.0001.

conditions were changed from the biological hydrogel to a chemi-
cally defined hydrogel. Indeed, the use of PIC hydrogel improved
expression of cholangiocyte markers, including HNF1g, CFTR,
GGT, SLC4A2, ABCB1, SSTR2, and GPBARI. Moreover, the im-
munofluorescence analysis indicated that the organoids main-
tain the expression of cholangiocyte-specific proteins. These re-
sults suggest that the PIC hydrogel favors maturation of ICO-
derived cholangiocytes. With regards to functionality, the cholan-
giocyte organoids acquired several cholangiocyte specific func-
tional markers when cultured in PIC, including the FXR signal-
ing pathway that regulates bile acid homeostasis.*%! Overall, the
ICO-derived cholangiocytes achieved a higher maturation level
in PIC compared to the previously used natural hydrogel and
demonstrate important cholangiocyte functions.?!

With regards to polarity, the organoids differentiated in the PIC
hydrogel displayed a reversed polarity compared to organoids
differentiated in Matrigel, where transporters are present in the
apical membrane and localized to the outside of the organoids,
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Figure 5. Functional FXR signaling in cholangiocyte differentiated organoids in three different hydrogels (M+C, Matrigel/collagen I; PIC+C, PIC/collagen
I; PIC). Gene expression analysis showing the activation of FXR signaling by downstream upregulated genes, SLC5TA, SLC51B, downregulated genes
SLC10A2 in DMSO (Control), FXR agonist (GW4064) and cholestatic condition (BA 100x) group. Data are shown as mean + SD of four independent
donors for each group. Statistical differences between the groups were tested using two-way ANOVA; n = 4, *p < 0.05, **p < 0.01, ****p < 0.0001.

rather than lining the lumen within the organoids. This con-
tradicts to the inside presence of apical markers when cultured
in Matrigel/collagen I hydrogel. In vivo, cholangiocytes have
transporters in an apicobasal configuration (OSTa/f, ASBT, and
MDR3) which perform key physiological functions in maintain-
ing bile acids homeostasis in the liver.?!! Such configuration
could be of interest when considering ICO-derived cholangio-
cytes for disease modeling. Of note, a similar polarity has been
reported for cholangiocyte organoids cultured in hyaluronan!®
or cellulose nanofibril hydrogel,[*?! and suspension culture for
intestinal organoidst®* or pancreatic duct organoids.**! The
apical-out organoids can be used in specific experiments where
this orientation is preferred. For instance, enteroids and gas-
tric organoids with an apical-out orientation could efficiently
absorb fatty acids and can be used for apical infection studies
of pathogens.***3] Moreover, we found the ICOs in mixed hy-
drogel (PIC with Collagen type I) showed two different phe-
notypes of polarity. The most pronounced difference between
organoids cultured in hydrogel was the polarity change in PIC
only. Thus, our results provide an important clue for the cell-
matrix influence on the organoids polarity reversal.**} Given
the unexpected location of polarity markers, in accordance with
the ECM plays a crucial role on the epithelial cell polarity and
morphogenesis.*’] Integrins are transmembrane receptors that
mediate cellular adhesion and migration to neighboring cells or
to ECM components.] Due to the shortage of integrin ligands
(e.g., fibronectin, osteopontin, vitronectin, and fibrinogen) in the
synthetic PIC hydrogel, the organoids showed an apical-out phe-
notype in this matrix.

To date, organoids have been used in a variety of cholan-
giopathy studies.[*®] We showed that ICOs cultured in PIC hy-
drogel could potentially maintain bile acid homeostasis and be
used to study drug-induced cholestatic conditions, as previously
described.['?] For further exploration of the PIC hydrogel in ICO
applications, we tested the system for TGFp signaling induced
pro-fibrotic phenotype. Our results showed that the organoids
acquired a pro-fibrotic phenotype after TGFf stimulation based
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on gene expression, consistent with reported findings on ECM
deposition.*!

4. Conclusion

In conclusion, animal-derived hydrogels hamper the clinical ap-
plication of cholangiocyte organoids for tissue engineering and
regenerative medicine. PIC as a chemically defined scaffold could
replace these hydrogels for organoid culture in a more standard-
ized fashion in in vitro modeling or even clinical applications.
In this work, we generated mature cholangiocyte organoids de-
rived from ICOs in a fully defined matrix (PIC hydrogel) and op-
timized culture medium. Using this PIC hydrogel, we were able
to support a more mature cholangiocyte phenotype in contrast to
organoids cultured in the animal-derived (mixed) hydrogel (Ma-
trigel and collagen I) used previously. The PIC hydrogel supports
maturation of organoid derived cholangiocytes which acquired
an apical-out polarity. The cholangiocyte organoids can be used
for cholangiocyte specific in vitro modeling, such as pathogen in-
fections and/or studying apical transport processes.

5. Experimental Section

Hydrogel Preparation: Mixed Matrigel (Corning, New York, NY) and
rat-tail type | collagen (1.2 mg mL~"; Merck Millipore) at a ratio of 2:3
hydrogel (Matrigel/collagen I, M+C). Noviogel (PIC, 1k-PIC-P) was pur-
chased from Sopachem (The Netherlands) and prepared at a concentra-
tion of T mg mL™" PIC hydrogel. PIC+C (PIC/collagen 1) hydrogel was
prepared via PIC (2 mg mL™") and collagen | (2 mg mL™") hydrogel mixed
at a ratio of 1:1.

ICO Establishment and Expansion: Liver biopsies from healthy liv-
ers were obtained during liver transplantation at the Erasmus Medical
Center in Rotterdam, approved by the Medical Ethical Council (MEC-
2014-060). The human ICOs were established and cultured as previously
described.[40] Briefly, the human liver biopsies were minced into small
fragments and enzymatically digested by 0.125 mg mL™ type Il collage-
nase (Gibco, Thermo Fisher Scientific, Waltham, MA) and 0.125 mg mL™"
dispase (Gibco) in DMEM GlutaMAX medium (Gibco) supplemented with
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Figure 6. Modeling pro-fibrotic responses in cholangiocyte organoids in
three different hydrogels (M+C, Matrigel/collagen I; PIC+C, PIC/collagen
I; PIC). Gene expression analysis showing the activation of fibrosis related
genes ACTA2, extracellular matrix gene COLTAT, and metallopeptidase in-
hibitor gene TIMP1 in the TGF1 treated group versus unstimulated con-
ditions (Control). Data are shown as mean + SD of four independent
donors for each group. Statistical differences between the groups were
tested using paired t-test (one-tailed); n = 4, * p < 0.05.

0.1 mg mL~" DNase | (Roche, Basel, Switzerland), 1% (v/v) fetal calf
serum (FCS; Gibco), and 1% (v/v) penicillin/streptomycin (P/S; Gibco)
in 37 °C shaking water bath. The supernatant was collected, and fresh
enzyme-supplemented medium was added every 10-15 min for three
times for tissue digestion. Single cells were washed in cold DMEM Glu-
taMAX medium supplemented with 1% (v/v) FCS and 1% (v/v) P/S and
centrifuged at 400 g for 5 min. The cells were resuspended in cold Ma-
trigel droplets and expansion medium (EM) was added after gelation.
The EM was consisted of Advanced DMEM/F12 medium (Gibco) supple-
mented with 1% (v/v) P/S, 10 X 1073 M HEPES (Gibco), 1% (v/v) Gluta-
Max (Gibco), 10% (v/v) Rspondin-1 conditioned medium (the Rspon1-Fc-
expressing cell line was a kind gift from Calvin J. Kuo), 2% (v/v) B27 sup-
plementwithout vitamin A (Invitrogen, Carlsbad, CA), 1% (v/v) N2 supple-
ment (Invitrogen), 1.25 x 10~ m N-acetylcysteine (NAC; Sigma-Aldrich,
St. Louis, MO), 10 x 1073 m nicotinamide (Sigma-Aldrich), 10 x 10~ m re-
combinant human (Leu15)-gastrin | (GAS; Tocris Bioscience, Bristol, UK),
50 ng mL~! epidermal growth factor (EGF; Peprotech, Rocky Hill, NJ),
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25 ng mL~" hepatocyte growth factor (HGF; Peprotech), 100 ng mL~" fi-
broblast growth factor 10 (FGF10; Peprotech), 10 x 107¢ m Forskolin (FSK;
Tocris Bioscience), and 5 x 1076 m A8301 (transforming growth factor f in-
hibitor; Tocris Bioscience). Organoids were passaged at 1:3—1:4 ratio each
week and medium was refreshed every 2-3 d.

ICO Differentiation to Mature Cholangiocyte Organoids:  The activity of
SB (Sigma) and VPA (Sigma) was examined using ICOs differentiation into
mature cholangiocyte organoids. ICOs were mechanically passaged at 1:2
ratio and seeded in fresh hydrogel (M+C; 40% Matrigel and 60% 1.2 mg
mL~" rat-tail type | collagen (Merck Millipore)). After hydrogel gelation,
~30 min, the CDM was added. The CDM was modified as follows: Ad-
vanced DMEM/F12 medium supplemented with 1% (v/v) P/S, 1% (v/v)
GlutaMax, 10 x 1073 m HEPES, 1% (v/v) ITS Premix (5 ug mL™" insulin,
5 pug mL~" transferrin, and 5 ug mL™! selenous acid; Corning), 2% (v/v)
B27 supplement without vitamin A, 1.25 X 1073 M NAC, 10 x 10~° m GAS,
50 ng mL™! EGF, 25 ng mL~! HGF, 100 ng mL™' FGF10, 10 X 107¢ m
FSK, 1x 1073 m sodium butyrate (Sigma), and 1 x 10~3 m valproic acid
(Sigma). After two days culture, the condition medium was removed FSK
and changed every two days from day 2 to day 9.

RNA Isolation and RT-gPCR: The TRizol Reagent (Invitrogen) was
used to isolate total RNA from liver biopsy, gallbladder and organoids
following the manufacturer’s instructions. RNA quality and quan-
tity were measured with the ND-1000 spectrophotometer (NanoDrop,
Thermo Fisher Scientific). cDNA synthesis was performed using the
iScript cDNA synthesis kit (Bio-Rad, Hercules, California, USA), and
qPCR was performed using the SYBR Green method (Bio-Rad) ac-
cording to the manufacturer’s instructions. Hypoxanthine phosphoribo-
syltransferase 1 (HPRTT), ribosomal protein S5 (RPS5), and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta
(YWHAZ) were selected as stably expressed reference genes, and their av-
erage expression was used for normalization. Details of all primers are
described in Table S1 (Supporting Information).

Immunofluorescence Analysis:  Organoids were fixed with 4% (v/v)
paraformaldehyde solution for 1 h at room temperature. Fixed samples
were dehydrated in 70% (v/v) ethanol and embedded in paraffin. The
deparaffinized and rehydrated sections were incubated at 98 °C 30 min
in Tris-EDTA (PH 9.0) for antigen retrieval. Nonspecific antibody binding
was avoided by adding 10% (v/v) goat serum in PBS for 1 h and primary
antibodies were incubated overnight at 4 °C. After being washed in PBS
with 0.1% Tween (Sigma), slides were incubated with secondary antibod-
ies and nuclei were stained with DAPI (1:1000; Sigma-Aldrich) for 1 h. Fi-
nally, slides were washed with PBS and mounted with Prolong Diamond
Antifade Mounting Medium (Invitrogen). Images were acquired using a
Leica TCS SP8 X imaging system. Details of all antibodies are described in
Table S2 (Supporting Information).

FXR Signaling Pathway and Bile Acids Homeostasis Assay:  For the bile
acid homeostasis assay, organoids were pretreated with DMSO (Con-
trol), 10 x 107 M GW4064 (an agonist of FXR; Sigma-Aldrich), or a
hundred-fold concentrated bile acid cocktail to mimic cholestatic condi-
tion (BA 100x cocktail consisting of 132.0 x 107 m glycochenodeoxy-
cholate, 40.0 x 10~® m deoxycholic acid, 39.0 X 1076 m chenodeoxycholic
acid, 35.0 X 107 m glycocholic acid, 31.0 x 107® m glycodeoxycholic acid;
all bile acid were purchased from Sigma-Aldrich) for 48 h. RNA was iso-
lated and used to evaluate the bile acid transporter gene expression.

Model Phenotype of Biliary Pro-Fibrotic Response: Organoids were pre-
treated with culture medium (CDM, Control), culture medium with 25 ng
mL~" TGFp (Sigma-Aldrich) for 48 h. RNA was isolated and used to eval-
uate the biliary fibrosis gene expression.

Statistical Analysis: Statistical analysis was performed using Graph-
Pad Prism 9 (GraphPad Software). Data are presented as box and whisker
plots (minimum to maximum, Figures 1C,D and 2B), or the mean =+ stan-
dard deviation (Figures 4D-F, 5, and 6). Statistical differences between
the groups were tested using one-way ANOVA followed by Dunn’s test
(Figures 1C,D and 2B) or Tukey’s test (Figure 4D-F), two-way ANOVA
(Figure 5) or paired Student’s t-test (Figure 6). Results were considered
statistically significant when *p < 0.05, and details are described in the
figure legends.
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