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Human cholangiocyte organoids are promising for regenerative medicine applications, such as repair of damaged
bile ducts. However, organoids are typically cultured in mouse tumor-derived basement membrane extracts
(BME), which is poorly defined, highly variable and limits the direct clinical applications of organoids in pa-
tients. Extracellular matrix (ECM)-derived hydrogels prepared from decellularized human or porcine livers are
attractive alternative culture substrates. Here, the culture and expansion of human cholangiocyte organoids in
liver ECM(LECM)-derived hydrogels is described. These hydrogels support proliferation of cholangiocyte orga-
noids and maintain the cholangiocyte-like phenotype. The use of LECM hydrogels does not significantly alter the
expression of selected genes or proteins, such as the cholangiocyte marker cytokeratin-7, and no species-specific
effect is found between human or porcine LECM hydrogels. Proliferation rates of organoids cultured in LECM
hydrogels are lower, but the differentiation capacity of the cholangiocyte organoids towards hepatocyte-like cells
is not altered by the presence of tissue-specific ECM components. Moreover, human LECM extracts support the
expansion of ICO in a dynamic culture set up without the need for laborious static culture of organoids in
hydrogel domes. Liver ECM hydrogels can successfully replace tumor-derived BME and can potentially unlock
the full clinical potential of human cholangiocyte organoids.

therefore relevant for preparing in vitro tissue engineered liver con-
structs that can be used for tissue engineering and regenerative medicine

1. Introduction

Intrahepatic cholangiocyte organoids (ICO) are a valuable source of
hepatobiliary cells for tissue engineering and regenerative medicine
applications [1-4]. These organoids can be initiated from relatively
small liver biopsies and give rise to large numbers of genetically stable
cells [1,5,6]. Cholangiocyte organoids have shown to efficiently repair
damaged bile ducts ex vivo [7,8] and can potentially be used to fully
repopulate the biliary network of decellularized human livers [9]. ICO
also have the ability to differentiate towards hepatocyte-like cells,
making them a potential source of hepatocytes as well [1,5,10]. ICO are

(TERM) applications, such as bridging therapies, auxiliary liver trans-
plantation or complete replacement of hepatobiliary tissue [2,3,11].
However, these future clinical applications are currently limited by
the use of mouse tumor-derived basement membrane extracts (BME) in
which ICO are typically cultured. The commercially available extracts
(e.g. Corning Matrigel or Cultrex BME) provide the cells with a bioactive
micro-environment in which they can proliferate and self-organize into
spherical structures [12,13]. BME is derived from the tumor extracel-
lular matrix (ECM) produced by Englebreth-Holm-Swarm (EHS) mouse
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cells. These cells produce an abundance of basement membrane com-
ponents, such as laminin-111, collagen type IV and entactin [12-16].
However, it should be mentioned that large batch-to-batch variations
are known to exist [12]. The mouse tumor origin of the extracts and
relative large variability are hampering production of clinical-grade
extracts. Therefore, the ICO grown in BME cannot be used for clinical
applications. In addition, the use of BME stimulates cell proliferation
and maintains stem cell phenotypes [17,18]. This, combined with the
facts that BME lacks tissue-specific (bio)chemical cues and/or ECM
components, could impede cell differentiation.

The importance of liver-specific ECM components to support cell
proliferation and differentiation in vivo is illustrated by the vital role the
liver extracellular matrix (LECM) plays in embryonic development of
hepatic tissue, maintaining organ homeostasis and regeneration after
damage [19-21]. Moreover, alterations in the composition of LECM are
linked to the development of diseases, such as fibrosis and/or cirrhosis
[21,22]. The LECM is a highly complex and dynamic environment,
which is challenging to mimic in vitro [23]. Synthetic hydrogels have
shown to support organoid growth, but often do not approach the tis-
sue’s biochemical complexity [24-28]. In many cases, these ‘bare’
synthetic hydrogels are decorated with ECM extracts derived from the
mouse tumor cells [28-30]. Alternatively, tissue-specific ECM compo-
nents, derived from healthy decellularized livers, can be used to create
tissue-specific liver-derived hydrogels [30,31]. Decellularized ECMs
have been allowed for clinical applications [32,33], thus tissue-specific
liver-derived hydrogels can be used to generate clinical-grade ICO.
Similar approaches with tissue-specific ECM hydrogels have been stud-
ied for replacing BME for other types of organoids [34-38].

Liver ECM components can be sourced from decellularized human
livers, but also from animal livers, such as porcine livers, because these
ECM components are highly preserved between species [30]. However,
human liver ECM (HLECM) is not completely similar to porcine liver
ECM (PLECM), since anatomical differences between the liver exist.
Hepatic lobules in porcine livers are separated by dense septa, which are
not present in healthy human livers [39]. These septa can only be found
in fibrotic human livers [20,39]. These septa are made of collagen and
their presence could shift the relative distribution of the ECM in the ECM
extracts. This ultimately could influence cellular behavior [40].

Hydrogels made from solubilized LECM are an alternative to BME,
particularly as a tissue-specific and clinically applicable culture sub-
strate for ICO expansion [33,41-43]. The use of these healthy LECM
extracts could thus also unlock the full clinical potential of the ICO by
providing them with a clinically relevant tissue-specific in vitro micro-
environment. The aim of this study is to investigate whether hydrogels
derived from healthy porcine LECM (PLECM) or human LECM (HLECM)
can replace mouse tumor-derived BME for the culture and expansion of
ICO. We hypothesize that these clinical and biological relevant culture
substrates support (large-scale) expansion of the organoids.

2. Material and methods
2.1. Liver procurement

2.1.1. Porcine livers for decellularization

Porcine livers (N = 7) were obtained from healthy pigs (weight
range: 30-40 kg). The animals were used for acute terminal medical
research experiments (DEC 105-14-05). The use of liver tissue for
decellularization purposes was allowed by the animal welfare commit-
tee of the Erasmus University Medical Center to comply with the 3R rule
(replacement, reduction and refinement). The animals were heparinized
(300 IU/kg body weight) before euthanasia. The liver was cannulated
via the portal vein and hepatic artery. After procurement, the liver was
flushed with cold 0.9% NacCl and stored at —20 °C.

2.1.2. Human research livers for decellularization
Human livers, deemed unsuitable for transplantation, were obtained
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after declination for liver transplantation by all transplant centers in the
Eurotransplant (ET) zone. Informed consent for use of these livers for
research purposes was given to transplant coordinators of the Dutch
Transplant Foundation (NTS) by next of kin and was approved by the
Erasmus MC medical ethics committee (MEC-2012-090). Human livers
(N = 4) were retrieved by specialized organ retrieval teams according to
the ET manual, chapter 5. The livers were stored in University of Wis-
consin (UW, bridge to life) preservation fluid on melting ice and trans-
ported to the Erasmus University Medical Center. Organs were stored at
—20 °C after the portal vein and hepatic artery were cannulated.

2.1.3. Human donor liver biopsies for organoid cultures

For the initiation of human intrahepatic cholangiocyte organoids
(ICO), liver biopsies (0.5 em®~1em® from healthy donor livers (N = 39)
were obtained during liver transplantation procedures at the Erasmus
MC. The use of liver biopsies for research purposes was approved by the
medical ethics committee of the Erasmus University Medical center
(MEC-2014-060). The biopsies were stored in UW on melting ice. All
liver biopsies were viable frozen in recovery freeze medium (Table S1)
and stored in liquid nitrogen until used for ICO initiation.

2.1.4. Decellularization procedure

2.1.4.1. Porcine liver. Porcine livers were decellularized by perfusion
with Triton-X-100 (4%, Tx100) as previously described [9]. In short,
porcine livers were thawed and flushed with 20 L dH3O. Subsequently,
10 L of 4% Tx100 + 1% NHj (Tx100 solution) was perfused continu-
ously through the liver. Perfusion rates were pressure controlled and the
upper limit for the hepatic artery was set at 120 mm Hg. Subsequently,
10 L Tx100 solution was reperfused for 120 min. In total, five 120 min
cycles were used. Afterwards, the livers were continuously perfused with
50 L dH30 before being stored at 4 °C for 10-14 days in 10 L dH»O,
which was replaced every other day. Finally, the livers were perfused
with DNase solution 5 mg/L DNase type I (Sigma) in 0.9% NaCl + 100
mM CaCl, + 100 mM MgCl,) for 120 min.

2.1.4.2. Human liver. Human livers (N = 4) were decellularized as
previously described [9]. In short, the human livers were thawed and
flushed with 50 L dH3O. Subsequently, the livers were continuously
perfused with Tx100 solution for 120 min. The livers were further
decellularized by ten 120 min reperfusion cycles with 10 L Tx100 so-
lution. Afterwards, the livers were flushed with 100 L dH,O and stored
in sealed containers with 10 L. dH20 for 10-14 days. The dH,0 was
refreshed every other day. The final step consisted of an 8 h reperfusion
cycle with DNase solution (10 mg/L DNase type I (Sigma) in 0.9% NaCl
-+ 100 mM CacCl; + 100 mM MgCly).

2.1.5. Confirmation of decellularization

Two biopsies were taken per liver before and after decellularization
procedures. One sample was fixed in 4% paraformaldehyde (PFA, Fre-
senius Kabi) and one sample was snap frozen and stored at —80 °C. PFA-
fixed biopsies were embedded in paraffin, 4 pm sectioned were obtained
and stained with Hematoxylin-Eosin (HE) or 4',6-diamidino-2-phenyl-
indole (DAPI, Vectashield, Vectorlabs). HE stained slides were imaged
with a Zeiss Axioskop 20 microscope and captured with a Nikon DS-U1
camera. DAPI stained slides were analyzed using EVOS microscope
(Thermofisher). The snap frozen biopsies were used for DNA quantifi-
cation. Prior to DNA isolation the wet weight of the biopsies was
measured. DNA was isolated using a QIAamp DNA Mini Kit (QIAGEN)
kit according to manufacturer’s protocol. DNA yield was measured using
a NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA for
detection of porcine endogenous retrovirus (PERV) was isolated using
the miRNeasy (Qiagen) kit according to manufacturers’ protocol. RNA
yield was measured using a Nanodrop 2000. RT-qPCR was performed
using SYBR select master mix for SFX (Applied Biosystems) on a
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StepOnePlus RT PCR system (Applied Biosystems). Primers used are
listed in Table S7 [44].

2.1.6. Hydrogel preparation

PLECM and HLECM were prepared by removing the Glisson’s
capsule and cutting the ECM in smaller cuboidal fragments using sur-
gical scissors (~0.1-0.5 cm®). The ECM was frozen at —20 °C and freeze-
dried using a lyophilizer (Zirbus Technology Sublimator 400) over a
period of 72-96 h. Subsequently, the freeze-dried ECM was pulverized
using a Retsch ZM200 knife mill with a <200 pm sieve.

PLECM and HLECM were digested at a concentration of 40 mg/ml in
10%(W/W) Pepsin (Sigma, 3,200-4,500U/mg) in 0.5 M Acetic Acid over
a 72-h period at RT. Afterwards, the mixtures were cooled on melting ice
for 30-60 min 10%(V/V) 10X PBS and 10%(V/V) ADV+ (Table S2) was
added. pH was adjusted to 7.4-7.6 using 5 M NaOH. Final pH adjust-
ments were made with 1 M NaOH or 1 M HCl until the color indicator of
the ADV + switched from yellow to pink/orange. Small aliquots were
taken to confirm the desired pH with an electronic pH meter (VWR
symphony SB70P). After setting the pH, the digested LECM was diluted
to 8 mg/ml. This is considered the ‘stock concentration’ of the pre-gel
solution. The pre-gel solutions were spun down at 1811RCF (30 min,
4 °C) in order to remove undigested debris.

50 pl of each batch of pre-gel solution was plated in a 24-well plate
and the plate was placed in a humidified COy incubator at 37 °C for
30-45 min. Gelation of the droplets was confirmed by rotating the plate
upside down. PLECM (N = 7) or HLECM (N = 6) pre-gel solutions were
pooled together after successful inversion tests. The pre-gel solutions
were aliquoted and used directly or stored at —20 °C.

2.2. Hydrogel characterization

2.2.1. Biochemical analysis

The degree of protein digestion was determined using a Pierce BCA
assay kit (ThermoFisher) according to manufacturer’s protocol. The
absorbance was measured at 562 nm using an infinite M nano plate
reader (TECAN). The total collagen content was measured using a total
collagen kit (QuickZyme biosciences) according to manufacturer’s pro-
tocol. Absorbance was measured at 570 nm using an infinite M nano
plate reader (TECAN). A Glycosaminoglycan (GAG) assay kit (Biocolor)
was used to measure GAG content according to manufacturer’s protocol.
The overall protein concentration of the samples was used to normalize
the results. Samples were digested at 65 °C with Papain (10 mg/ml,
Sigma) for 8 h. Absorbance was measured at 680 nm using a Model 680
XR Microplate Reader (Bio-Rad).

Human growth factors were quantified using a Quantibody Human
Growth Factor Array Q1 (RayBioTech) according to manufacturers’
protocol. In short, samples were weighed, placed in RIPA buffer and
sonicated. The protein concentration of the lysate was measured using
the BCA assay and protein input in growth factor array was normalized
to 0.75 mg/ml. The microarray was imaged using a Typhoon 5 laser
scanner (Cytiva). Analysis was performed using ImageJ. Growth factors
with unreliable standard curves were omitted.

2.2.2. Mechanical properties

A MCR 301 Rheometer (Anton-Paar) using parallel plates (Diameter:
25 mm, 0°) was used in oscillatory mode to determine the storage (G’)
and loss (G”) modulus. Cooled pre-gel samples (250 pl) were pipetted on
the bottom plate, which was cooled to 4 °C. The test geometry was
lowered to a gap height of 1 mm and excess hydrogel was discarded. The
temperature was rapidly increased to 37 °C. Frequency (o: 0.01-10 Hz,
Slope: 10 pt./decimal) and strain sweeps (Y:0.01-10%, Slope:10 pt./
decimal) were performed in order to determine the linear viscoelastic
region. Every 10s a measurement was made and based on the results the
linear viscoelastic region was determined. Subsequent time sweeps were
performed with the following settings: Y: 0.5%, : 1 Hz. Time sweeps
were performed with 1 measurement every 6s (150 measurements in
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total).

The effective Young’s modulus was measured using a Piuma Nano-
indenter (Optics11 Life). 50 pl of cold pre-gel droplets were pipetted into
35 mm petri dished and allowed to solidify inside a humidified CO,
incubator at 37 °C for 24 h. The Piuma system was calibrated according
to the manufacturer’s protocol. The probe used had a stiffness of 0.062
N/m and a tip radius of 27 pm. Measurements were performed sub-
merged in PBS. The indentation profile was default, except for the
indentation depth (set to 15,000 nm) and distance above sample (7,000
nm). The effective Young’s modulus was calculated using the Hertzian
contact model by the Optics 11 Life data viewer software (version 2.3).
Measurements without a contact point or with an otherwise unreliable
model fit were regarded as false measurements and discarded from
further analysis.

2.2.2.1. Turbidity assay. The gelation of the pre-gel PLECM and HLECM
samples was determined with a turbidity assay. Cooled pre-gel solution
(100 pl) was pipetted in a cooled 96-well plate (Greiner Bio one) and the
plate was placed in infinite M nano plate reader (TECAN). The tem-
perature was increased to 37 °C at the start of the assay. The absorbance
was measured at 405 nm every 30s for 60 min. The normalized absor-
bance (Nu) was calculated using the following formula (1):

A(f) — Ay

Na=y @

max — Ao

Where A(t) is the measured absorbance at a time point, Ag is the
absorbance measured at time point T = 0 and Appay is the maximum
measured absorbance.

2.2.3. Scanning electron microscopy

LECM samples for scanning electron microscopy were fixed in 4%
PFA and dehydrated in an ethanol/hexamethyldisilazane (Sigma) series,
as previously described in Ref. [9]. The samples were coated in 15 pm
gold (Quorum Q300T D sputtering device, Quorumtech) and scanned in
a JSM-7500F field emission electron microscope (JEOL).

2.2.4. Organoid cultures

2.2.4.1. ICO initiation in BME. Viably frozen liver biopsies (N = 18)
were partially thawed until a small ice clump containing tissue could be
removed from the cryotubes. Tissue was washed in cold ADV+
(Table S2). Organoid initiation was performed as previously described
[45]. In short, liver tissue was digested in 2.5 mg/ml Collagenase type A
(Sigma) for 20 min at 37 °C. Afterwards, the suspension was strained (70
pm cell strainer) and washed with cold ADV+. The cell pellet was
resuspended in reduced growth factor basement membrane matrix
(BME, Cultrex) solution (70% BME, 30% cold ADV+). The cell suspen-
sion was plated in 25 pl droplets in 48-well suspension culture plates
(Greiner Bio One). The BME was allowed to solidify for 45-60 min at
37 °C before 250 pl startup expansion medium (SEM, Table S3) was
added. After 72 h, SEM was replaced with expansion medium (EM,
Table S3).

ICO were cultured in BME according to previously published pro-
tocols [45]. EM was refreshed every 3-4 days and organoids were
typically split every 7-10 days by mechanical dissociation. Organoid
fragments were replated in fresh 25 pl BME droplets. Split ratios were
empirically determined to maintain the 7-10 day ICO split schedule.
Typically, ratios ranged from 1:4 to 1:8.

2.2.5. Transfer from BME to LECM hydrogel

ICO initiated in BME were transferred to LECM hydrogels after they
were allowed to proliferate in BME for 2 passages. ICO were harvested
by mechanical dissociation. Residual BME was washed away with cold
ADV+ and centrifuged (453RCF, 4 °C). The resulting cell pellet was
resuspended in cold LECM hydrogel. The cell-LECM suspensions were
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plated in 25 pl droplets and were allowed to solidify at 37 °C for 45-60
min before 250 pl EM was added. Medium was refreshed every 3-4 days.

LECM grown ICO were split in a similar manner as BME-grown ICO.
However, in case of dense ‘cell-matrix’ clumps, additional mechanical
dissociation was performed in the well (after removal of EM and before
collection in a cold 15 ml tube) or after the first wash and centrifugation
step. In any case, mechanical dissociation was performed in small vol-
umes (typically ranging from 100 to 500 pl) of cold ADV + using a 200 pl
pipet by pipetting up and down until large fragments had been disso-
ciated. The resulting ICO-fragment pellet was resuspended in LECM and
plated in 25 pl droplets.

2.2.6. Live dead assay

Transferred ICO and ICO grown in BME were incubated with calcein
AM (0.5 pM) and propidium iodide (50 pg/ml) at 37 °C, 5% CO, for 60
min. Afterwards, Hoechst 33342 (100 pg/ml) was added to stain all
nuclei and incubated for 15 min. Organoids were imaged using an EVOS
microscope (Thermofisher).

2.2.7. Cell proliferation assay

DNA synthesis, a hallmark for cell proliferation, was measured using
a Click-iT™ EdU Cell Proliferation Kit (ThermoFisher). Experiments
were performed in ICO 48 h after passaging. 5-ethynyl-2'-deoxyuridine
(EdU, final concentration 10 pM) was added to EM and incubated at
37 °C for 4 h. Afterwards, ICO were harvested, made single cell using
Trypsin-EDTA (15-30 min at 37 °C) and fixed/permeabilized using a
Cytofix/Cytoperm kit (BD). The cells were fluorescently labelled with
Alexa 488 according to the EAQU protocol and the percentage of cells in S-
phase was determined using a FACScanto II system (BD). Results were
analyzed in Flowjo (10.7).

2.2.8. Metabolic assay

PrestoBlue assays were used to measure the increase in metabolic
activity over time. ICO were plated in 48-well plates (n = 8 per condi-
tion). EM was replaced with 400 pl PrestoBlue solution (10% PrestoBlue
in ADV+) and samples were incubated for 4 h at 37 °C. Empty hydrogel
domes (HLECM, PLECM or BME) were included as negative background
controls. After the incubation period, 3-100 pl was transferred to a white
walled 96-well plate (Costar). Fluorescence intensity was measured
using a fluorescent plate reader (ex:530 nm, em:590 nm). This was
performed 1, 3, 5 and 7 days after plating ICO. The day 1 measurement
was set as reference measurement for subsequent measurements.

2.2.9. Stable Isotope Labeling with amino acids in cell culture

Protein synthesis by the ICO was analyzed by labelling the proteins
with Stable Isotope Labeling with Amino acids in Cell culture (SILAC).
SILAC-R-Spondin medium was produced by replacing ‘normal’ r-Lysine
with 13Cg 1°N, 1-Lysine-2HCI and 1- Arginine with 3¢, 15N, L-Arginine-
HCI. SILAC-R-Spondin was harvested, filtered and stored at —20 °C until
used. SILAC-EM was prepared by replacing ADV+ and R-spondin with
SILAC-ADV+ and SILAC-R-spondin containing ‘heavy’ amino acids.
BME initiated ICO (N = 3) were cultured in ‘heavy’ EM for a minimum of
2 passages before ICO were switched to HLECM. Subsequently, ICO were
cultured for another 3 passages before samples were harvested. All ICO
were cultured for a minimum of 28 days in total in ‘heavy’ medium.
Organoids were harvested by removal of medium and collection of the
BME or HLECM domes. These were snap-frozen in liquid nitrogen and
stored at —80 °C. Before analysis, samples were lyophilized (Zirbus
Technology Sublimator 400).

2.2.10. Sample preparation

Lyophilized samples were rehydrated in 100-200 pl extraction buffer
with 100 mM ammonium bicarbonate +8 M urea. Samples were ho-
mogenized using a Bioruptor®Plus (Diagenode SA) at 4 °C for 40 cycles,
15 s ON/OFF. This was followed by a centrifuge step (14,000 g, 15min)
and the protein content of supernatants was determined using Pierce
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BCA Protein Assay Kit (Thermo Scientific). 30 pg of protein was pro-
cessed further by reduction with 5 mM tris-2-carboxyethyl phosphine for
30 min at 37 °C and subsequently alkylated with 10 mM iodoacetamide
for 45 min at RT. This was followed by overnight trypsin digestion at
37 °C. Digestion was stopped by addition of trifluoroacetic acid to a pH
lower than 3. Desalting was performed using C18 reversed-phase spin
columns (UltraMicro Spin Column, Nest group) according to manufac-
turer’s instructions. After desalting, samples were resuspended in 2%
acetonitrile and 0.1% trifluoroacetic acid. Peptide concentrations were
determined using a NanoDrop 2000c (Thermo Scientific).

2.2.11. LC MS/MS analysis

The LC MS/MS analysis was performed on Tribrid mass spectrometer
(MS) Orbitrap Fusion equipped with a Nanospray source and coupled
with an EASY-nLC 1000 ultrahigh pressure liquid chromatography
pump (Thermo Fischer Scientific). One microgram of peptide was
loaded and concentrated on an Acclaim PepMap 100C18 precolumn (75
pm x 2 cm, Thermo Scientific) and then separated on an Acclaim Pep-
Map RSLC column (75 pm x 25 cm, nanoViper, C18, 2 pm, 100 ;\) with a
column temperature of 45 °C. Peptides were eluted by a nonlinear 2 h
gradient at the flow rate of 300 nl/min from 2% solvent B (0.1% formic
acid/ACN, Merck)/98% Solvent A (0.1% formic acid in water, Merck) to
40% solvent B.

The Orbitrap Fusion was operated in the positive data-dependent
acquisition mode. Full MS survey scans from m/z 375-1500 with a
resolution 120,000 were performed in the Orbitrap detector. The auto-
matic gain control target was set to 4 x 10° with an injection time of 50
ms. The most intense ions (up to 20) with charge states 2-7 from the full
MS scan were selected for fragmentation. MS2 precursors were isolated
with a quadrupole mass filter set to a width of 1.2 m/z. Precursors were
fragmented by Higher Energy Collision Dissociation and detected in
Orbitrap detector with the resolution of 30,000. The normalized colli-
sion energy in HCD cell was set 30%. The values for the automatic gain
control target and injection time were 5 x 10% and 54 ms, respectively.
The duration of dynamic exclusion was set 45s and the mass tolerance
window 10 parts per million (PPM).

2.2.12. Data analysis

Analysis of raw files was performed with MaxQuant (version
2.0.1.0). The resulting peak lists were searched in Andromeda against a
reviewed human UniProtKB database (release 2020_04), complemented
with the standard MaxQuant contaminant database. Enzyme specificity
was set to trypsin/P with a maximum of two missed cleavages. Precursor
mass tolerance was set to 4.5 PPM and fragment ion mass tolerance to
20 PPM. Carbamidomethylation of cysteine was used as fixed modifi-
cation and deamidation (Asparagine), oxidation (Methionine), hy-
droxyproline and acetylation were considered as variable modifications.
The false discovery rate was set to 0.01 for both peptides and proteins,
“match between runs” was enabled. Additional data analysis was done
on LFQintensities in R (version 4.0.3). EdgeR (version 3.32.1) and
Limma (version 3.46.0) R packages were used for differential expression
analysis. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository (ref:
DOI: 10.6019/PXD028417).

2.2.13. ICO-initiation in LECM

Viably frozen biopsies (N = 21) were thawed and processed as
described in ‘ICO initiation in BME’, however, one additional wash step
was added after the collagenase step with PBS-EDTA (0.1 M) in order to
stop collagenase activity. The resulting cell pellets were split two-way or
three-way, depending on the size of the pellet. Large cell pellets were
split three-ways (BME + PLECM + HLECM), whereas smaller pellets
were split two-ways (BME + HLECM) or (BME + PLECM). The cell
suspension was seeded in 25 pl domes and SEM was added after the
hydrogel was allowed to solidify for 60 min at 37 °C. SEM was replaced 7
days after initiation with EM. Splitting of the cultures was performed as
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previously described.

2.2.14. Differentiation of ICO

ICO grown in BME, transferred from BME to LECM and/or initiated
in LECM were tested for their differentiation capacity towards
hepatocyte-like cells. All ICO were differentiated after passage 4. The
transferred ICO were cultured for 2 passages in LECM before the
experiment was started. The differentiation experiment was performed
as previously described for ICO grown in BME [10]. In short, the ICO
were plated and cultured for 3-10 days in EM until LECM or BME
(control) domes were 50-60% full. EM was replaced with EM + BMP-7
(25 ng/ml) and ICO were cultured for 5 more days. Afterwards, ICO
were passaged according to normal procedure and differentiation me-
dium (DM; Table S4) was added after hydrogel domes solidified. ICO
were cultured for 9 days in DM before being harvested. Differentiated
organoids were fixed in 4%PFA for histology or lysed and stored at
—80 °C in Qiazol.

2.2.15. Large scale expansion in spinner flasks

The large scale expansion of ICO experiments were based on previ-
ously published methods by Schneeberger et al. [5]. The spinners were
adapted for 50 ml conical tubes. ICO cultured in BME, transferred to-
wards HLECM or initiated in HLECM were used for these experiments.
ICO were cultured under normal conditions and expanded in EM. Har-
vesting of organoids was performed as described above. Single cell
suspensions were created by incubation with Trypsin-EDTA for 15-20
min at 37 °C. BME (10%V/V) and HLECM (10%V/V) in EM suspensions
were prepared on ice and mixed with cells. Starting concentration in the
spinners was 110° cells/ml and starting volumes ranged from 2.5 ml to
5 ml. Cell + ECM extract suspensions were placed in 50 ml conical tubes
and placed in an incubator (37 °C, 5% CO5). ICO were incubated under
constant rotation at 80RPM. EM + HLECM suspension was doubled
every 3-4 days for a total of three times. On day 14, cells were harvested.
The cell suspensions were homogenized by mechanical mixing and
subdivided for further analysis. Cell suspensions (5 ml) were used for
cell counting. Two times 5 ml of cell suspension was fixed in 4%PFA for
histological analysis. An additional 5 ml of cell suspension was first
centrifuged (480 g, 5min) before the cells were lysed in QIAzol and
stored at —80 °C.

2.2.16. Histology

Samples were washed 3 times with 1x PBS before being per-
meabilized with 0.1% Triton-X-100 in 1x PBS for 20 min. The samples
were blocked in 5% serum in 1x PBS for 60 min. The primary antibodies
(Table S5) were incubated overnight at 4 °C. The samples were washed 5
times in 1x PBS before the secondary antibody (see Table S6) was added.
The secondary antibody was incubated at RT for 60 min. Samples that
were stained for cytokeratin 7 (KRT 7) or cytokeratin 19 (KRT 19) were
stained with Alexa Fluor 488 Phalloidin (Thermofisher) for 20 min. All
samples were stained with DAPI (Vectashield anti fade mounting me-
dium with DAPI, Vectorlabs). Samples were imaged using a Leica 20X
water dipping lens on Leica DM6000 CFS microscope with a LEICA TCS
SP5 1II confocal system. Data was processed and analyzed using ImageJ.

Formalin fixed paraffin embedded (FFPE) samples were sectioned as
previously described (histology) at 4 pm. The sections were deparaffi-
nized and heat-induced epitope retrieval was performed using TRIS-
EDTA buffer (pH = 8.0). Slides were incubated in goat serum for 1 h
before incubation of primary antibodies (see Table S5) overnight at 4 °C.
Slides were washed using PBS before incubation (1 h, RT) with sec-
ondary antibodies (see Table S6). All slides were counterstained with
DAPI (Vectashield anti fade mounting medium with DAPI, Vectorlabs),
and imaged on a Leica DM6000 CFS microscope with a LEICA TCS SP5 II
confocal system. Data was processed and analyzed using ImageJ.

2.2.17. RT-qPCR
Qiazol samples were homogenized using a TissueRuptor (Qiagen).
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RNA isolation was performed with the miRNeasy (Qiagen) kit according
to manufacturers’ protocol and RNA was measured on the Nanodrop
2000. cDNA (2 ng/pl) was prepared using 5x PrimeScript RT Master Mix
and a 2730 Thermal cycler (Applied Biosystems). RT-qPCR was per-
formed using SYBR select master mix for SFX (applied Biosystems) on a
StepOnePlus RT PCR system (Applied Biosystems). Primers used are
listed in Table S7.

2.3. Statistical analysis

Data analysis was performed in Prism 8.0. Kruskal-Wallis test by
ranks was performed on data sets with non-paired samples or different
samples sizes. Friedman test was performed on matched samples (stated
in text).

3. Results

3.1. Characterization of liver extracellular matrix extract and hydrogel
formation

LECM was obtained from fully decellularized human and porcine
livers (Fig. 1A and Fig. S1) [9]. Complete decellularization of the livers
was confirmed by histological evaluation (Fig. S1) and DNA quantifi-
cation (Fig. 1B). To exclude potential zoonotic transmission of porcine
endogenous retroviruses (PERV) [46], PERV-pol viral RNA was assessed
in PLECM. As shown in Fig. 1C, no viral transcript was detected after
decellularization, indicating that potential infectious retrovirus particles
are effectively removed.

After pepsin-digestion, both PLECM and HLECM formed viscous
suspensions (Fig. 1A) and during the normalization of pH to 7.5 (SD:+
0.1), the extracts formed stable hydrogels. The digestion efficiency (total
protein content of supernatant compared to input weight of ECM) for
PLECM was 40% (N = 8 pooled batches, SD:+5%) and 33% (N = 7
pooled batches, SD:+2%, Fig. 1D) for HLECM. Mass spectrometry
analysis found 91 unique proteins for BME (supplementary file 1) and 17
for HLECM (supplementary file 1). For BME laminins are the most
abundant proteins, whereas for the HLECM collagens were most abun-
dant. There was an overlap of 5 proteins between BME and HLECM
(Fig. 1E). No significant differences in amount of total collagen were
found between PLECM and HLECM hydrogels (Fig. 1F). Compared to
commercially available Matrigel (Corning) and BME (Cultrex), LECM
was found to contain 43 and 86 times more total collagen, respectively.
IHC staining for collagen type I, IIl and IV showed that all three types
were present in the LECM hydrogels (Fig. S1). No significant differences
in sGAG content between LECM (average HLECM: 36 pg/mg protein, SD:
+6 pg/mg protein, N = 4 different batches, PLECM: 44 pg/ml protein,
SD:+7 pg/ml protein, N = 4 different batches) and BME (BME: 37 pg/
mg, N =1 batch, Matrigel: 48 pg/mg, N = 1 batch) were found (Fig. 1G).
The turbidity assay revealed that PLECM has a longer lag-phase before
turbidity increased (Fig. S1). The pooled batches of HLECM (N = 3)
reach T; /5 on average after 20 min and PLECM (N = 3) after 30 min, but
both LECM extracts preparations plateau off at the same time. This could
indicate that the pepsin extrication reduced the PLECM into smaller
fragments than HLECM [47].

The mechanical hydrogel characteristics were determined by shear
rheology and nanoindentation measurements. Average peak values for
the storage modulus (G’) measured during a time sweep indicate that
PLECM (3.0 mg/ml) has a higher stiffness when compared to Matrigel
and HLECM using (3.0 mg/ml) (Fig. 1H). Stiffness of PLECM was
significantly different from Matrigel (P < 0.05), but did not significantly
differ from either Matrigel or HLECM. Representative examples of fre-
quency, shear and time sweeps for different LECM formulations are
shown in Fig. S2. Nano-indentation experiments revealed no significant
differences between pooled batches of PLECM (315Pa, SD:+203Pa) and
HLECM (322Pa, SD:+204Pa) when comparing effective Young’s
modulus (Fig. 1I). Matrigel (612Pa, SD:+57Pa) did have a significantly
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Fig. 1. Preparation and characterization of LECM extracts from decellularized livers. A: Schematic overview showing the entire process from liver decellularization,
preparation of lyophilized LECM powders and extraction of LECM pepsin digestion. B: Confirmation of full cell removal in both porcine and human livers. DNA
concentration after decellularization was 47.2 ng DNA (N = 8, SD:+15.4 ng) for porcine livers and 14.3 ng DNA (N = 4, SD:+9.2 ng) for human livers. C: Removal of
PERV from porcine livers was confirmed using qPCR methods. No PERV was detected after decellularization (N = 4). D: The digestion efficiency of the LECM as
determined by the amount of input material and measured protein content afterwards. The difference in digestion efficiency between PLECM (average: 40%, SD:
+5%) and HLECM (average: 33%, SD:+2%) was significant (P < 0.01, N = 8 different pooled batches of HLECM and PLECM) and PLECM was digested more
efficiently than the human ECM. E: Venn diagram showing the number of unique proteins found for BME and HLECM. 5 overlapping proteins were found. F: Total
collagen content of different substrates showing that LECM (PLECM: 0.9 mg collagen mg—1 protein, SD: +0.13 mg, N = 3 pooled batches, HLECM: 1.0 mg, SD:£0.24
mg, N = 2 pooled batches) contained more collagen than commercially available BME (N = 1). G: No significant differences were found between BME (N = 1) and
LECM (PLECM and HLECM,; N = 4) for the total SGAG content after solubilization. H: max storage modulus (G') values measured by rheology. The difference between
matrigel (N = 3, average: 92Pa, SD:+15Pa) and PLECM (N = 3, average: 647Pa, SD:+30Pa) was significant (P < 0.05). PLECM has a higher G’ than HLECM (N = 3,
average 260Pa, SD:+57Pa). I: Nano-indentation showed that matrigel (average: 612Pa,SD:+57Pa) had a significantly higher (P,0.001) effective Young’s modulus
than BME 70% (average:371Pa,SD:+50Pa), HLECM (average:315Pa,SD:203Pa) and PLECM (average:322Pa, SD:+204Pa). 1J: scanning election microscopy images
for HLECM (I) and PLECM (J) showing the fibrous structure of the LECM hydrogels. Scale bars (from left to right): 10 pm, 2.2 pm, 10 pm and 5 pm).
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higher Young’s modulus (P < 0,001) than both LECM preparations and
BME 70% (371Pa, SD:+50Pa). LECM hydrogels prepared from individ-
ual livers showed significant biomechanical heterogeneity between in-
dividual livers, in both PLECM (n = 4) and HLECM (n = 4) (Fig. S1).
PLECM extract for porcine liver 1, liver 1 had significantly higher (P <
0.0001) effective Young’s modulus compared to the other three porcine
livers. Significant differences were also determined between human
liver 2 and 3 and human liver 3 and 4 (both p < 0.01). This unwanted
heterogeneity can be mitigated by pooling extracts of multiple livers
together.

Increasing the concentration of the PLECM and HLECM hydrogels (6
mg/ml) did not yield higher effective Young’s modulus (Fig. S2), which
indicates less efficient solidification of the LECM hydrogels at higher
concentrations. At lower concentrations, the resulting hydrogel domes
were difficult to reliably measure using the Nanoindenter, as finding the
surface, which is required for the Hertzian contact model, was chal-
lenging. No significant differences were found between PLECM and
HLECM of similar (6.0 mg/ml and 4.5 mg/ml) concentrations (Fig. S2).

Scanning electron microscopy showed the fiber structures within
HLECM (Fig. 1J) and PLECM (Fig. 1K). No clear differences were
observed, with both hydrogels showing non-aligned bundles of fibers
present within the overall structure.

Matrix-bound growth factors can influence cell behavior. Forty
different growth factors were quantified in order to determine the effect
of decellularization and solubilization. Thirty-three (out of 40) human
growth factors were detected in human liver samples before decell (T =
0). In general, the concentration of growth factors decreased after
decellularization and remained stable during the solubilization process
(Fig. S2, relative change compared to T = 0).

3.2. Transfer of ICO from BME to PLECM hydrogels

To determine the optimal PLECM concentration, ICO were trans-
ferred from BME to different concentrations of PLECM hydrogel (4.5
mg/ml, 3 mg/ml and 1.5 mg/ml, Fig. 2A). Bright field microscopy ex-
aminations of ICO cultures in BME and PLECM at day 3 and day 7
showed that organoid growth was maintained in PLECM hydrogels
(Fig. 2B). ICO altered the shapes of the.

PLECM domes, forming dense aggregates that came off from the well
surface, as was especially evident at the lowest (1.5 mg/ml) PLECM
concentration, demonstrating ECM-remodeling. PLECM domes at 3 mg/
ml and 4.5 mg/ml were more stable over the culture period. The ICO
created small branch-like structures or formed tube-like structures in-
side the PLECM in all concentrations (Fig. S3). Similar structures were
not seen in BME controls.

Passaging of ICO grown in LECM was done using the standard
passaging protocol. However, dissociation of dense aggregates into
smaller fragments required more mechanical dissociation by pipetting
up and down when compared to BME controls. Especially ICO grown in
the condensed 1.5 mg/ml and stiffer 4.5 mg/ml conditions were more
difficult to dissociate. This caused uneven spread of cells through fresh
PLECM and subsequently, uneven organoid growth. The 3 mg/ml
PLECM contained fewer dense organoids structures and could therefore
be mechanically dissociated more easily than the other conditions.

Switching ICO from BME to PLECM hydrogels did not change the
gene expression (N = 9) of selected genes (Fig. 2C, Fig. S3). Also no
major differences in protein expression of KRT-7, a cholangiocyte
marker, and albumin, a marker for hepatocyte-like cells, were observed
for ICO grown in PLECM (Fig. 2D).

The changes in optical density as a result of ICO-ECM interactions
when grown in PLECM were typically visualized as ‘pulling’ on the
PLECM fibers. This interaction alters the biochemical and physical
characteristics of the local environment surrounding the organoids,
which could mitigate the effects of different PLECM concentrations. The
PLECM 3.0 mg/ml condition was chosen as the optimal culture condi-
tion for expansion of ICO, also partly based upon ease-of-use, since this
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ICO grown in this concentration required less mechanical dissociation
than the 1.5 mg/ml or 4.5 mg/ml.

Cell viability is a common issue in the field of liver tissue engineer-
ing. However, Huch et al. showed that ICO can be maintained in vitro for
up to 6 months in BME [1]. The transfer from BME to PLECM could
influence the cell viability, and therefore a live dead assay was per-
formed to assess cell viability after transferring to PLECM. Fig. 2E shows
representative images of ICO grown in BME and transferred to 3.0
mg/ml PLECM. Viable cells converted calcein AM to fluorescent (green)
calcein and dead cells were stained with propidium iodide.

3.3. Transfer of ICO from BME to HLECM hydrogels

Transfer experiments were extended to HLECM hydrogels (N = 3,
Fig. S3), with generally similar results to PLECM hydrogel cultures. As 3
mg/ml HLECM performed similarly to 3 mg/ml PLECM this concentra-
tion was also chosen to culture ICO. At 3.0 mg/ml, protein expression of
KRT-7 and albumin (Fig. 3B) was similar when grown in BME (Fig. 3A).
Expression of zonula occludens 1 (ZO-1) was also similar for ICO grown
in BME or ICO transferred to HLECM or PLECM (Fig. 3B). There were no
significant differences in gene expression of selected genes between ICO
grown in BME (N = 16), HLECM (N = 10) or PLECM (N = 10, Fig. 3C,
Fig. $3).

ICO were passaged every 7-10 days. In general, ICO transferred to-
wards LECM hydrogels were split in lower ratios (30-50% lower) than
their control counterparts grown in BME, which indicates lower prolif-
eration rates. However, after 7 days of culture, no significant differences
were found in gene or protein expression of the proliferation marker KI-
67 (Fig. 3D and 3E) between the ICO grown in different substrates.

EdU incorporation was performed two days after passaging in order
to determine the amount of cells that synthesize de novo DNA in the S-
phase during a 4-h incubation period. ICO grown in BME showed the
highest percentage of proliferating cells (average:11.9%, SD:+4.9%,
Fig. 3F). The difference between BME and HLECM (average: 6.2%, SD:
+4.4%) was significant (P < 0.05), whereas the difference between BME
and PLECM (average: 6.1%, SD:+3.4%) approached significance (P =
0.06). ICO grown in HLECM or PLECM also had lower metabolic activity
over a 7-day culture period, which was on average 1.8-fold lower when
compared to BME (N = 11 for BME and PLECM, N = 5 for HLECM,
Fig. 3G). This difference was, however, not significant at the day 7 time
point.

3.3.1. Proteome analyses of ICO cultured in BME and HLECM

Cells are capable of responding to changes in their local environment
and can do so by altering the syntheses and turnover of proteins. Normal
mass spectrometry (MS) techniques are limited in detecting these (often
subtle) changes, as the de novo synthesized proteins can be obscured by
the large bulk of pre-existing proteins (e.g. ECM components from the
culture substrates). However, Stable Isotope Labelling with Amino acids
in Cell culture (SILAC) allows for labelling of the synthesized proteins by
replacing amino acids with normal-weight isotopes with amino acids
with heavy-weight isotopes (Fig. 4A). SILAC was used to determine the
proteins produced by ICO that were initially cultured in BME and
transferred to HLECM.

In total, 2,184 unique heavy-weight’ proteins produced by ICO were
identified. On average, 665 proteins (SD:£96 proteins) could be detec-
ted which were synthesized by ICO grown in BME (N = 3). For the ICO
transferred to HLECM, 672 synthesized heavy-weight proteins (SD:+152
proteins) were detected. Out of these proteins, on average 620 proteins
(SD:+95 proteins, BME) and 629 proteins (SD:+150 proteins, HLECM)
were identified as cellular proteins. The remaining 45 (BME) and 43
(HLECM) proteins were identified as proteins related to the ECM
(Fig. 4B). Interestingly, in the collagen-based HLECM more heavy col-
lagens were found. In the laminin-based BME more proteoglycans were
found. This indicates that the culture substrate influences the proteins
produced by the cells. Of all detected proteins, 373 proteins were
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Fig. 3. Switching from BME to LECM hydrogels does not significantly alter ICO gene expression, but does lower proliferation rates. A: ICO transferred towards
HLECM maintained expression of Albumin and KRT. Scale bars: 100 pm. B: Transferred organoids (HLECM and PLECM) maintained expression of ZO-1. Scale bars:
100 pm. C: Gene expression (2-ACt) does not show significant differences between ICO transferred to HLECM (N = 10) or PLECM (N = 10) and BME controls (N = 16)
for selected genes. D: Gene expression (2-ACt) does not reveal significant differences after 7 days of culturing ICO in LECM. E: Each ICO contained several nuclei
positive for the proliferation marker KI-67. Scale bars: 100 pm. F: EDU incorporation (N = 6 matched ICO pairs) reveals that ICO grown in BME (12%, SD:+5%) had
significantly more proliferating cells compared to HLECM (6%, SD:+4%, P < 0.05), but not to PLECM (6%, SD:+3%, P = 0.06). G: relative metabolic activity over a
7-day period as measured by PrestoBlue reveals BME (N = 10) had higher metabolic activity than PLECM (N = 5) and HLECM (N = 5). Fold change was calculated

based upon day 1 activity for each sample.

present in both groups. When looking more closely at these 373 proteins,
no differentially expressed proteins could be found (Fig. 4C), indicating
no significant changes in synthesized proteins by the ICO upon changing
from BME to HLECM. However, subtle differences were present. Pro-
teins, such as CA-2 and HNRNPM, were more abundant in HLECM. CA-2
plays a role in acid base homeostasis [48]. HNRNPM plays a role in RNA
splicing [49] and was closest to differentially expressed for the HLECM
group. Simultaneously, there were also proteins which were more
abundant in BME. These were for example HSPG2 (Perlecan), IQGAP-1
and RPL7A. Perlecan is a component of basement membranes [13,14]

and IQGAP-1 is a regulator molecule in bile canaliculi [50]. RPL7A was
closest to being differentially expressed for the BME grown ICO. In other
words, subtle non-significant differences exist for proteins produced by
ICO grown in both substrates. Ten proteins were exclusively present in
BME grown ICO, but not in ICO transferred to HLECM. Proteins are
classified as exclusive if they are present in all samples of one conditions,
while absent in all others. These proteins are listed in supplementary file
1. Vice versa, ten proteins were exclusively found in ICO transferred to
HLECM. Interestingly, six out of ten protein exclusively found for
HLECM are collagens, whereas three out of ten exclusive proteins for the
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Fig. 4. SILAC assessment does not reveal significant differences in proteins synthesized by ICO grown in BME or HLECM. A: schematic overview of SILAC exper-
iments. EM was replaced with ‘heavy’ medium containing 1-Lysine and r-arginine with heavier isotopes. ICO were cultured for 2 passages in heavy EM in BME before
they were transferred towards HLECM and cultured for another three passages. B: 45 and 43 matrisome-related proteins were detected for BME and HLECM grown
ICO respectively. C: Volcano plot showing that there were no differentially expressed proteins present in all samples. D: Principal components analysis does not reveal
any clustering based on donor and/or matrix in which ICO were grown. E: The heat map shows that samples can cluster based upon culture substrate.

BME group are glycoproteins related to the basement membrane. This
could indicate that cells respond to the biochemical differences in their
environment.

A PCA plot of all protein abundances shows a heterogeneous pro-
duction of proteins in each group, with no apparent clustering of orga-
noid lines or culture substrates (HLECM or BME) (Fig. 4D). The samples
do cluster together based on culture substrate based on subtle differ-
ences in protein abundances between the BME or HLECM group
(Fig. 4E). Taken together, the data shows that subtle differences exist in
proteins synthesized by ICO when cultured in BME or HLECM, but no
significant differences were found.

10

3.4. Direct initiation of ICO cultures in LECM

Previous experiments were performed with ICO initiated in BME as
per normal initiation protocol. However, for clinical applications, a
mouse tumor-derived BME free culture is required. Therefore, it was
investigated whether ICO could also be initiated in LECM hydrogels. In
order to do so, the cell suspension for ICO initiation was divided in
equals parts and cultures were initiated in LECM hydrogels.

During the first days of culture, small cyst-like organoids became
visible. Typically, there were less ICO present in HLECM (Fig. 5B). The
BME cultures, which were deemed successful, were split 7-10 days after
initiation, whereas the HLECM cultures were typically split for the first
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Initiation of ICO from liver biopsies in LECM
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Fig. 5. ICO could successfully be initiated in LECM. A: A schematic overview of the initiation of ICO from liver biopsies in HLECM. B: Representative bright field
images of ICO cultures deemed successful at passage 1 and 5 (scale bar: 2,000 pm). CD: Whole mount confocal images for KRT-7(C) and albumin (D). Scale bars: 100
pm (C) and 200 pm (D). E: Gene expression (2-ACt) of selected genes between matched ICO from the same donors (N = 5) grown in BME (BME), ICO transferred from
BME towards HLECM (HLECM trans) and initiated in HLECM (HLECM ini). Significant differences were found for albumin between BME and HLECM ini (P < 0.05).

time after 14 days. This indicated that ICO initiated in LECM grew
slower than their BME counterparts. Out of all initiated cultures, 63% of
HLECM initiated ICO and 67% of the PLECM initiated ICO were deemed
as successful cultures. For BME initiated organoids this percentage was
74%. A successful culture was defined by the presence of multiple (>10)
ICO per dome, which could be expanded within 14 days. The ICO
initiated in LECM had phenotypes similar to BME grown ICO or ICO
transferred to LECM (Fig. 5B, Fig. S4).

The ICO initiated in LECM showed similar proliferation patterns as
matched BME-to-LECM transferred ICO and were split in similar ratios.
In general, proliferation rates were lower in HLECM, but large donor
variations were noted with some individual ICO lines growing at the
same pace as their BME initiated counterparts. Moreover, ICO could be
maintained for 10 passages (Fig. S4). Expression of F-actin (HLECM
initiated ICO: Fig. S4B, PLECM initiated ICO: Fig. S5) was comparable
between BME grown ICO and ICO transferred from BME to LECM
hydrogels. Moreover, KRT-7 and Albumin protein expression was visu-
alized by whole mount confocal staining (HLECM initiated ICO:
Fig. 5CD, PLECM initiated ICO: Fig. S5). On gene expression level a
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significant difference in albumin expression (p < 0.05) was found be-
tween matched (N = 5) BME grown and HLECM initiated ICO (Fig. 5E).
Expression of albumin was on average 12-fold (SD:+14) higher
compared to ICO grown in BME. Other than that, no significant differ-
ences were found for the selected genes for HLECM initiated ICO
(Fig. 6E) and PLECM initiated ICO (Fig. S5). Overall, this indicates that
ICO initiated in HLECM and PLECM were able to proliferate, and retain a
similar overall phenotype and gene expression levels as BME initiated
ICO.

3.4.1. ICO differentiation towards hepatocyte-like cells

ICO can be stimulated to differentiate towards hepatocyte-like cells
when cultured in differentiation medium (DM; Fig. 6A) [1]. However,
these differentiation protocols are not optimal yet as no mature hepa-
tocytes in terms of hepatocyte functionality and/or expression of he-
patocyte markers are grown [10]. Tissue-specific micro-environments
have shown to aid and/or improve the differentiation of (induced)
pluripotent stem cells towards hepatocyte(-like) cells [51-53]. There-
fore, ICO were differentiated to test whether tissue-specific LECM can
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Fig. 6. The use of tissue-specific HLECM extracts did not aid in the differentiation of cholangiocytes towards hepatocyte-like cells. A: Schematic for the differen-
tiation protocol. The ICO were first grown in EM for 4-10 days (not shown), before medium was supplemented with BMP-7 for 5 days. The ICO were split once before
medium was switched to differentiation medium. B: Bright field images showing ICO on day 9 of being cultured in DM. ICO were growing in dense structures and
were smaller than their EM-control counterparts. Scale bars: 200 pm. CDE: whole mount confocal images for F-actin (C), KRT-7(D) and albumin(E) of differentiated
ICO. Scale bars: 200 pm. F: Fold changes (2-AACt) of selected genes compared to matched ICO grown in BME in EM. Albumin and CYP-3A4 were upregulated when
compared to the BME grown ICO control, whereas LGR-5 and KI-67 were downregulated. LGR-5 and KI-67 was significantly (LGR-5: P < 0.01, KI-67: P < 0.05) higher

for ICO initiated in HLECM when compared to BME grown ICO.

improve the differentiation towards hepatocytes.

Concentration series (1.5 mg/ml, 3.0 mg/ml and 4.5 mg/ml) with
ICO transferred from BME to PLECM (N = 9) were first performed in
order to establish the effect of differences in (bio)physical characteris-
tics. ICO became dense in structure and had smaller lumens (Fig. S6).
Moreover, F-actin expression of cells changed from a more ‘honey
comb’-like structure in EM to random deposition of F-actin in DM
(Fig. S6). Gene expression of hepatic markers, such as albumin, CYP-
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3A4, HNF-4a and.

MRP-2, were upregulated upon differentiation. KI-67 and LGR-5,
markers for proliferation and stem-cell phenotype, expression was
downregulated, whereas, KRT-7 and KRT-19 expression remained stable
(Fig. S6). However, no significant differences were found between BME
grown ICO or ICO transferred to PLECM or between the different PLECM
concentrations.

These differentiation experiments were

repeated with ICO
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transferred towards HLECM and ICO initiated in HLECM. Experiments
were performed with N = 5 sets of ICO at a HLECM concentration of 3.0
mg/ml. Upon differentiation, the ICO form relative small and optically
more dense ‘clump’ of cells (Fig. 6B). HE-staining revealed that these
differentiated ICO often have multiple lumens (Fig. S7). Expression
patterns of F-actin changed from ‘honey comb’-like structures in EM to
more randomly deposited patterns in DM, similar to PLECM initiated
ICO (Fig. 4C).

The cholangiocyte marker KRT-7 was still detectable in all conditions
after differentiation (Fig. 6C). Albumin staining was also detectable in
all conditions. Increase in albumin expression was observed on gene
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expression level, as 1,136-fold (SD:+1,078-fold), 1368-fold (SD:+801-
fold) and 774-fold (SD:+344-fold) increases were calculated for the ICO
grown in BME, ICO transferred towards HLECM and ICO initiated in
HLECM, respectively, compared to BME grown ICO controls. Similarly,
CYP-3A4 was upregulated 945-fold (SD:+1205-fold) for the BME grown
ICO, whereas the expression ICO transferred towards HLECM was
upregulated 3853-fold (SD:£5731-fold) compared to BME controls.
Expression of CYP-3A4 was 476-fold (SD:4+808-fold) higher for the ICO
initiated in HLECM compared to BME controls. However, the differences
between conditions were not significant. Gene expression of LGR5-5 (P
< 0.01) and KRT-7 (P < 0.05) did significantly differ between BME
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Fig. 7. Large-scale expansion of ICO using spinner flasks is feasible. A: The relative increase in cell numbers after 14 days of culture compared to T = 0. ICO
transferred to HLECM increased 3-fold (SD:+1-fold) and ICO initiated in HLECM 2-fold (SD:+1-fold). The difference was not significant. The respective static controls
increased 2-fold (Transferred to HLECM, SD:+1-fold) and 1-fold (initiated in HLECM, SD:=1-fold). BC: Immunofluorescence of PPFE slides stained for KRT-7 (B) and
KRT-19 (C). Scale bars: 200 pm (B) and 100 pm (C). D: Gene expression of selected genes between ICO expanded in spinner flasks and ICO grown in static hydrogel
domes. No significant differences were found for LGR-5 and KRT-7, whereas ICO had higher expression of CYP-3A4 when cultured under dynamic spinner conditions

compared to static controls (*:P < 0.05, **:P < 0.01, **

P < 0.001). No significant differences were found for KI-67 expression.
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grown ICO and ICO initiated in HLECM. Significant differences were also
found for expression of HNF-4a and KRT-19 between BME grown ICO
and ICO transferred towards HLECM (Fig. S7, P < 0.05). HLECM (initi-
ated ICO can be differentiated towards hepatocyte-like cells with com-
parable efficiency as their BME grown counterparts.

3.4.2. Dynamic expansion of ICO in HLECM

TERM applications, such as repopulation of damaged or decellular-
ized biliary tree with cholangiocytes, require large numbers of viable
cells. Current static culture techniques are inefficient and time-
consuming. Moreover, they are prone to pipetting errors, leading to
loss of cells or contamination of cultures. Schneeberger et al. showed
that dynamic cultures in spinner flasks allow for safe, convenient and
large scale expansion. This protocol was adapted for use with 50 ml
conical tubes in order to test whether HLECM can be used for this dy-
namic and easy form of organoid expansion. Experiments were per-
formed with HLECM initiated organoids (N = 8) and BME-to-HLECM
transferred organoids (N = 12). Small spherical organoids started
becoming visible after an initial lag-phase of three days. The ICO
appeared to ‘clump’ together into large and heavy aggregates, which
sunk to the bottom of the spinners. The relative increases in cell numbers
after 14 days of culture compared to the start were 3-fold (SD:+1.5) for
the ICO transferred to HLECM and 2-fold (SD:41.4) for the ICO initiated
in HLECM (Fig. 7A). On average the spinners yielded more cells than the
static controls, as the cell numbers in static controls only increase 2-fold
(ICO transferred to HLECM, SD:+1.2) and 1.1-fold (ICO initiated in
HLECM, SD:40.6). ICO transferred from BME to HLECM or initiated in
HLECM were growing on denser structures (Fig. S8). HE-staining of
FFPE-sections revealed that the ICO were growing on HLECM particles
in the suspension (Fig. S8). ICO were positive for KRT-7 (Fig. 7B) and
KRT-19 (Fig. 7C).

Gene expression of selected genes showed a trend to express higher
levels of LGR-5 in the spinners, but differences were not significant
(Fig. 7D). Similarly, no significant differences could be found for
expression of KRT-7, LGR-5 or KI-67. Interestingly, expression of CYP-
3A4 was upregulated under dynamic spinner conditions. The expres-
sion was on average 66-fold (transferred) and 2.2-fold (initiated) higher
under dynamic conditions when compared to their respective static
controls. No significant differences were found between KRT-19 and
albumin (Fig. S8). Expression of HNF-4a remained stable between the
three spinner conditions, whereas MRP-2 was upregulated for the BME
grown ICO spinner condition (Fig. S8). These results show that LECM
can also be used for more efficient expansion of ICO in a clinically
relevant manner, as the cell yield can be doubled under dynamic culture
conditions.

4. Discussion

Patient-derived hepatobiliary organoids are a promising cell source
for clinically relevant TERM applications. However, the mouse tumor-
derived ECM extracts that are typically used to initiate and expand
these organoids are hampering these clinical applications. Therefore,
there is a clear need for clinically relevant alternative culture substrates
which can unlock the full potential of the hepatobiliary organoids for
future TERM applications. Synthetic hydrogel alternatives are inter-
esting substitutes. They can be tuned and chemically modified with
relative ease. However, they are often too simplistic when it comes to
mimicking the biochemical complexity of the LECM [28,30]. ‘Fine--
tuning’ of their composition with natural ECM components and/or
synthetic ECM substitute until they can fully substitute the LECM is
challenging [25]. On the other hand, the use of ECM extracts from
healthy decellularized livers circumvent the need for ‘fine-tuning’ and
is, therefore, an attractive method for creating dynamic tissue-specific
and bioactive microenvironments in vitro [30,54-56].

In theory, ECM components should be highly preserved between
species [11,57], and therefore, extracts from human and porcine livers
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are both of interest. However, we observed differences between PLECM
and HLECM, as PLECM could be fully digested, whereas HLECM con-
tained undigested ECM particles. This is likely due to accumulation of
age-related damage and/or non-enzymatic cross-linking of ECM mole-
cules in aged human livers (average age human livers: 56 years, SD:+24
years) [58]. This in turn can prohibit the pepsin enzyme from digestion
of the ECM [59,60]. In fact, these biological differences are one of the
disadvantages of using tissue-derived products as these differences
create batch-to-batch differences. This has also been described for BME,
where batch variance up-to 50% have been measured [12]. However,
100 g of lyophilized HLECM could, for example, yield +5,000 ml of
HLECM extracts at a protein concentration of 6 mg/ml (Stock concen-
tration). Therefore, single human-sized livers should yield plenty of
LECM extracts for large experiments using the same batch of LECM.
Moreover, multiple livers can be pooled together to mitigate biological
variances.

Porcine livers can be obtained easily from bio-industry. Moreover,
they can be obtained from animals in the same (young) age-range, which
could minimize the effect of the aforementioned accumulated damage
and crosslinking of the ECM during the life span. However, the trans-
mission of zoonotic diseases, such as the PERYV, is a risk associated with
the use of porcine tissue [44,61-63]. The PERV-pol gene was not
detectable after decellularization by conventional PCR techniques,
thereby potentially reducing the risk of transmission. Similar (clinical)
research using porcine-derived ECM products, such as heart valves, have
not found any evidence of transmission [62,63]. PLECM could therefore
be an interesting alternative source of livers for creating tissue-specific
culture substrates for ICO. Animals could in the future be bred in
controlled environments to further mitigate the risk of disease trans-
mission. Moreover, multiple tissues for other tissue engineering appli-
cations could be harvested from the same animal.

LECM extracts have shown to be able to maintain hepatic phenotypes
of hepatocytes [54-56], liver sinusoidal endothelial cells and hepatic
stellate cells in vitro [64]. Moreover, LECM supported formation of
complex biliary networks by cholangiocyte cell-lines [65] and improved
differentiation capacity of stem cells [51-53,66]. Based upon this
research, it was expected that switching from the laminin-rich BME to
collagen-based tissue specific LECM extracts could improve the differ-
entiation of ICO towards hepatocyte-like cells. However, we could not
show improvement in differentiation in our study. In fact, the use of
LECM also did not significantly alter the expression of selected hep-
atobiliary proteins and genes in expansion medium. Moreover, it did not
alter the cell viability of the ICO. The most pronounced difference be-
tween ICO grown in BME or LECM was the lower proliferation rates for
the ICO grown in LECM. These results could indicate that the phenotype
of the ICO is more dictated by the culture medium and its components
than by the ECM components.

Cell-matrix interactions were observed for ICO grown in LECM ex-
tracts, as the LECM domes in which ICO were grown often showed
(partial) contraction of dome. Similar findings have been reported for
other cell and ECM-derived hydrogels [67,68]. The LECM hydrogels
were relatively weak and cells could condense them. By doing so, the
ICO could have ‘normalized’ their local environment, thereby mitigating
the effect of different LECM concentrations. However, studying the ef-
fect of different (bio) physical characteristics is of interest, as these
mechano-modulatory signals play important roles in cell survival, pro-
liferation and differentiation [19,24-27,69]. The mechanical rigidity of
LECM can be improved by chemical modification by adding different
‘polymer backbones’ and/or cross-linkers. By doing so, the mechanical
properties can be altered without altering the biochemical concentration
of LECM [24,25,70]. Of note, LECM extracts can also be used to ‘enrich’
other (synthetic) hydrogels in an effort to create more tissue-specific
hydrogels and/or bio-inks for three-dimensional printing [70]. This
way the LECM extracts can also be utilized to reconstruct tissue-specific
micro-environments for hepatobiliary disease modelling [22].

Hepatocyte functionality tests are the most important proof of
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successful hepatocyte differentiation. However, since the differentiation
was not improved over previously published protocols [1,10], hepato-
cyte functionality was not assessed. Nevertheless, the ability to obtain
both functional cholangiocytes and hepatocytes from the same ICO,
would be valuable for TERM applications [71]. Perhaps, differentiation
to hepatocytes can be improved with more complex and extended dif-
ferentiation protocols, which include growth factor gradients.

For TERM applications, vast amounts of cells are required. Currently
used culture methods (in small 25 pl hydrogel domes) is laborious and
time-consuming. Schneeberger et al. showed that dynamic cultures in
spinner flasks allow for large scale expansion of ICO [5]. Our results with
spinner flasks show feasibility of culturing ICO using HLECM under
dynamic conditions. However, the relative increase of cells in HLECM
was lower compared to the numbers for BME reported by Schneeberger
et al. Although the cell yield was not comparable, culturing ICO under
dynamic conditions was less time consuming and more efficient when
compared to normal static culture in domes. Moreover, the spinner flaks
could in the future allow for automation of certain steps of the culture
process (e.g. medium refreshment). Automation reduces the risk of
human error in production of clinically relevant cells. To prevent the
formation of large cell aggregates in future application, increased vis-
cosity by changing HLECM concentration or addition of inert viscous
agents could potentially create more homogenized cultures and further
improve proliferation capacity.

ICO are not the only cholangiocyte organoids which could benefit
from clinically relevant culture substrates. In recent years, different
patient-derived cholangiocyte organoid cultures have also been estab-
lished from extrahepatic bile duct (extrahepatic cholangiocyte organo-
ids: ECO) [72,73] and bile samples (Bile derived cholangiocyte
organoids: BCO) [74,75]. These organoids retain cholangiocyte-specific
characteristics [76,77] and can be used for various biliary TERM ap-
plications, such repopulation of decellularized EBD scaffolds [78],
reconstruction of bile duct in vitro [73,79] and bile duct repair after
(ischemic) damage [7].

Mouse tumor-derived BME hamper the clinical application of
patient-derived cholangiocyte organoids for TERM applications. ECM
extracts derived from healthy decellularized human or porcine liver are
clinically relevant replacements. These LECM extracts can replace BME
as a culture substrate for ICO expansion. Subtle differences, such as
lower proliferation rates, were noted, but ICO do not change expression
of cholangiocyte-specific markers upon switching to LECM extracts.
Moreover, LECM extracts allowed for the successful initiation and large-
scale expansion of the organoids, providing a basis for complete BME-
free culture methods.
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