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Background: There is a significant need for predictive and stable in vitro human
liver representations for disease modeling and drug testing. Hepatic stellate cells
(HSCs) and liver sinusoidal endothelial cells (LSECs) are important non-
parenchymal cell components of the liver and are hence of relevance in a
variety of disease models, including hepatic fibrosis. Pluripotent stem cell-
(PSC-) derived HSCs (scHSCs) and LSECs (scLSECs) offer an attractive
alternative to primary human material; yet, the suitability of scHSCs and
scLSECs for extended in vitro modeling has not been characterized.

Methods: In this study, we describe the phenotypic and functional development of
scHSCs and scLSECs during 14 days of 2D in vitro culture. Cell-specific
phenotypes were evaluated by cell morphology, immunofluorescence, and
gene- and protein expression. Functionality was assessed in scHSCs by their
capacity for intracellular storage of vitamin A and response to pro-fibrotic stimuli
induced by TGF-β. scLSECs were evaluated by nitric oxide- and factor VIII
secretion as well as endocytic uptake of bioparticles and acetylated low-
density lipoprotein. Notch pathway inhibition and co-culturing scHSCs and
scLSECs were separately tested as options for enhancing long-term stability
and maturation of the cells.

Results and Conclusion: Both scHSCs and scLSECs exhibited a post-
differentiation cell type-specific phenotype and functionality but deteriorated
during extended culture with PSC line-dependent variability. Therefore, the
choice of PSC line and experimental timeframe is crucial when designing
in vitro platforms involving scHSCs and scLSECs. Notch inhibition modestly
improved long-term monoculture in a cell line-dependent manner, while co-
culturing scHSCs and scLSECs provides a strategy to enhance phenotypic and
functional stability.
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Introduction

Hepatic homeostasis is influenced by an interplay between
hepatocytes and non-parenchymal cells (NPCs) (Ramachandran
et al., 2019; Wallace et al., 2022), including hepatic stellate cells
(HSCs) and liver sinusoidal endothelial cells (LSECs). In the
homeostatic liver, HSCs exist in a non-proliferative, quiescent
state in the subendothelial space of Disse which is located
between the LSEC and hepatocytes. Here they exert various
functions including storage of vitamin A in cytoplasmic lipid
droplets (Tsuchida and Friedman, 2017; Kitto and Henderson,
2021). LSECs are specialized endothelial cells that line the liver
sinusoid which enables the selective transport of nutrients and
scavenger functions (Bhandari et al., 2021).

Liver diseases are a major health burden and were estimated to
account for 2.2% of deaths worldwide in 2016 (Cheemerla and
Balakrishnan, 2021). Upon liver injury, HSCs transdifferentiate to
an activated extracellular matrix-secreting myofibroblast- (MF-) like
phenotype (Tsuchida and Friedman, 2017). During chronic liver
inflammation, activated HSCs constitute the main source of the MFs
responsible for fibrotic development (Mederacke et al., 2013;
Iwaisako et al., 2014; Distler et al., 2019). LSECs also contribute
to the fibrotic niche formation by losing their fenestrated phenotype,
a phenomenon known as LSEC dedifferentiation (Xie et al., 2012).

These functions make HSCs and LSECs essential parts of
predictive in vitro liver models for studying a plethora of disease
conditions, including fibrosis (Thompson and Takebe, 2021).
However, the use of primary HSCs (pHSCs) and LSECs
(pLSECs) from human donors is limited by availability, batch
variations, and phenotypical and functional changes during
isolation and in vitro cultivation (Zeilinger et al., 2016).
Specifically, pHSCs are easily activated, e.g., by the stiffness of
the culture substrate, making it challenging to model progressive
conditions like fibrosis where the activation process of HSCs is
central to the pathogenesis (Sancho-Bru et al., 2005; Sakai and
Yoshimura, 2021). For pLSECs, no in vitro model known to the
authors allow the preservation of their fenestrated phenotype,
hampering their functionality.

Pluripotent stem cells (PSCs), including human induced PSCs
(hiPSC) and human embryonic stem cells (hESC), differentiated
toward HSCs and LSECs are a promising alternative source to
primary NPCs. Recent studies have established differentiation
protocols for both stem cell-derived HSCs (scHSCs) (Coll et al.,
2018; Koui et al., 2021; Vallverdú et al., 2021) and stem cell-derived
LSECs (scLSECs) (Gage et al., 2020). However, the phenotypic and
functional stability of the PSC-derived NPCs during long-term
in vitro culture as well as PSC line-dependent variations have not
been evaluated. Hence, a systematic approach to assess PSC-derived
NPCs for in vitro liver- and disease modeling is needed.

Fibrosis is currently irreversible, calling for the development of
predictive human in vitro models for anti-fibrotic drug discovery
(Marcellin and Kutala, 2018; Asrani et al., 2019). The transforming
growth factor-beta (TGF-β) signaling pathway is critical in liver
fibrogenesis both in vivo (Fabregat et al., 2016; Distler et al., 2019;
Kumar et al., 2021) and in vitro (Aimaiti et al., 2018; Coll et al., 2018;
Aimaiti et al., 2019; Koui et al., 2021; Vallverdú et al., 2021), largely
due to its involvement in HSC activation (Fabregat et al., 2016;
Dewidar et al, 2019). Several studies have demonstrated reciprocal

activation of the TGF-β signaling pathway and the Notch signaling
pathway during fibrotic development, (Wang et al., 2017; Aimaiti
et al., 2018; Aimaiti et al., 2019). In accordance, the inhibition of the
Notch pathway by a γ-secretase inhibitor has been shown to
attenuate steatosis and hepatic fibrosis in mouse models (Chen
et al., 2012; Wang et al., 2017; Fang et al., 2022). Similarly, Notch
activation has been linked to the dedifferentiation of LSECs (Duan
et al., 2018). Notch inhibition has not been explored in PSC-derived
NPC in vitro fibrosis models.

In this study, we established scHSC and scLSEC differentiation
from several PSC lines, characterized their phenotype and
functionality, evaluated changes during long-term in vitro culture
as individual cell cultures and in a scHSC and scLSEC co-culture,
and assayed their responsiveness to Notch inhibition and TGF-β
challenge.

Methods

Culturing and maintenance of PSCs

Human pluripotent stem cells (sc_1: H1, WiCell Research
Institute; sc_2: WTC-11, Corelli Institute for Medical Research;
sc_3: WTSli28-A, Wellcome Trust Sanger Institute and sc_4:
WTSli013-A, Wellcome Trust Sanger Institute) were cultured in
E8 media (Thermo Fisher Scientific, cell lines sc_2, sc_3 and sc_
4) or mTeSR medium (StemCell Technologies, 85,850, cell line
sc_1) on plates coated with 1% (v/v) Geltrex (Thermo Fisher
Scientific) in a humidified 37°C, 5% CO2 incubator. The culture
medium of PSCs was changed every 24 h. Cells were passaged
using 5 µM EDTA (Thermo Fisher Scientific) in DPBS (Thermo
Fisher Scientific) and replated as small clumps at a dilution of 1:
3–1:5. Quality control including flow cytometry, RT-qPCR, and
immunofluorescence imaging for pluripotency markers was
performed.

scHSC differentiation

scHSCs were generated following a modified version of
published approaches to scHSC 2D culture differentiation (Coll
et al., 2018; Vallverdú et al., 2021).

Human PSCs were seeded as single cells in a 1:4 ratio on plates
coated with 1% (v/v) GelTrex matrix (Thermo Fisher Scientific).
hESCs and hiPSCs were cultured in mTeSR medium (STEMCELL
Technologies) and E8 medium (Gibco™) respectively
supplemented with 10 µM Rock inhibitor (STEMCELL
Technologies) the first 24 h after seeding. The scHSC
differentiation protocol was initiated at approximately 40%
confluency, usually 2 days after seeding. The composition of the
scHSC differentiation medium is provided in Supplementary Table
S1 and a diagram of the protocol is presented in Figure 1A. The
differentiation medium was changed every 48 h. The scHSCs were
passaged on day 5 during the differentiation and 10 µM Rock
inhibitor was consequently added to the differentiation medium
for 24 h. For the passaging, Accutase (Gibco™) was used for
detachment and the cells were plated as single cells in a ratio of
1:2–1:3 on plates coated with 1% (v/v) GelTrex matrix.
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scLSEC differentiation

LSEC were generated following a modification of a published
protocol (Gage et al., 2020) adapted to the 2D culture.

PSCs were seeded as small colonies in a 1:10 ratio on plates
coated with a 2.5% (v/v) Geltrex matrix (Thermo Fisher Scientific).
Cells were incubated for 24 h after seeding in stem cell medium (E8),
supplemented with 10 µM Rock inhibitor (STEMCELL
Technologies). The composition of the scLSEC differentiation
medium is provided in Supplementary Table S1 and a diagram
of the protocol is presented in Figure 2A. The differentiation
medium was changed every 48 h. At day 8, CD34+ cells were
selected from the total cell population using anti-CD34
conjugated Dynabeads (Thermo Fisher) and a Dynamag 15 mL
tube magnet. Selected cells were then plated on a 12-well plate
coated with Geltrex 2.5% (v/v), at a high cell concentration. Cells
were cultured and expanded for 3 to 4 passages on 1:3 surface ratios
until the necessary number of cells was obtained. Cells were
detached for passaging with Trypsin/EDTA solution for
approximately 5 min.

scLSEC specification was performed for 5 days in specification
medium (see Supplementary Table S1) on fully confluent wells. The
differentiation and cultivation of scLSECs was performed under
hypoxic conditions (5% O2).

Culture of primary human HSCs, LSECs,
and LEC

Commercially available human pHSCs (iXCells
Biotechnologies), pLSECs (Axol Bioscience), and primary
liver-derived endothelial cells (pHLECs, mixed population)
(Lonza) were cultured according to the manufacturer’s
instructions. An aliquot of the pHSCs and pLSECs was
collected before plating for downstream transcriptomic
analysis. Commercial Stellate Cell Growth Medium (iXCells
Biotechnologies) and Sinusoidal Endothelial Growth Medium
(Axol Bioscience) were used for the initial plating of the pHSCs
and pLSECs respectively. For the duration of the long-term
culture, pHSCs were grown in HSC expansion medium and
pLSECs were grown in LSEC expansion medium
(Supplementary Table S1). pHLECs were grown in Endothelial
Cell Growth Medium-2 (Lonza).

Long-term culture of scHSCs and scLSECs

scHSCs were passaged for the long-term culture experiment at
the end of the differentiation protocol. The scHSCs were first
incubated on ice in Cell Recovery Solution (Corning) for 30 min
following detachment by Trypsin-EDTA (Gibco). The cells were
then seeded as a single cell suspension at a density of 73,000 cells/
cm2 and incubated for 1 h at 37°C in DMEM/F12 medium with
GelTrex diluted 1:50. The scHSCs were then incubated in HSC
expansion medium (see Supplementary Table S1) supplemented
with 10 µM Rock inhibitor for 24 h.

scHSCs and scLSECs were cultured in HSC and LSEC expansion
medium respectively (see Supplementary Table S1) for the duration

of the long-term culture, with or without 5 µM DAPT (Tocris). The
medium was changed every 48 h.

In vitro modeling of scHSC- and pHSC
activation

Activation modeling of pHSCs and scHSCs was performed by
incubation in HSC expansion medium supplemented with 25 ng/mL
TGF-β (Abcam) (Coll et al., 2018). The incubation time was 24 h if not
otherwise stated. The cells and culture medium were then harvested for
downstream analysis. All cells were washed once with room
temperature DMEM/F-12 medium before treatment with TGF-β to
avoid potential cross-reactions with previous treatments.

Co-culture of scHSCs and scLSECs

scHSCs were plated in the wells of transwell plates (Corning)
while scLSECs were plated in the transwell inserts. The co-culture
was initiated by transferring the inserts to the transwells and the cells
were incubated under hypoxic conditions (5% O2) for the duration
of the co-culture. The co-culture medium is specified in
Supplementary Table S1 and was changed every 48 h.

Analysis of gene expression by RNA
extraction and real-time quantitative
polymerase chain reaction (RT-qPCR)

Cultured cells were snap frozen at −80°C after detachment with
Trypsin-EDTA until total RNA isolation was performed by using
either TRIzol™ Reagent (Invitrogen, primarily used when the
expected RNA yield was high) or RNeasy Mini Kit (Qiagen,
primarily used when the expected RNA yield was low). The total
RNA isolate was reversely transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Gene expression of
selected genes was then determined by RT-qPCR analysis on a ViiA
7 (Thermo Fisher Scientific) thermocycler using TaqMan probes
(see “Supplementary Table S3”) and TaqMan Gene Expression
Master Mix (Thermo Fisher Scientific). Cell pellets, RNA- and
cDNA samples were kept on ice during processing and analysis.
RNA was stored at −80°C and cDNA was stored at −20°C. For
scHSCs and pHSCs, GAPDH was used as the housekeeping gene,
and for scLSECs, TBP was used as the housekeeping gene.

Measurement of procollagen type I
C-peptide secretion

scHSCs and pHSCs were either treated or not treated with 25 ng/
mL TGF-β. The conditioned medium was collected after 24 h and
stored at −80°C until the assay was performed. The concentration of
Procollagen type I in the samples was detected and measured by
Procollagen type I C-peptide ELISA kit (Takara Bio Inc.) according
to the manufacturer’s instructions and plate readout was performed
by measuring absorbance with a Wallac Victor2 1,420 multilabel
counter (Perkin Elmer/Wallac) reader.

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Wilhelmsen et al. 10.3389/fbioe.2023.1223737

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1223737


FIGURE 1
Generation and Characterization of PSC-derived scHSCs. (A) Schematic representation of the 12-day scHSC differentiation protocol. (B) Gene
expression of the pluripotency marker OCT4 and HSC markers PDGFR-β, DESMIN, ALCAM, NCAM1 and LRAT from n = 4 independent differentiations.
Relative expression was normalized to day 0 (PSCs) of the differentiation protocol. N = 3 technical replicates. (C) Gene expression of HSC markers from
scHSCs at the end of the differentiation protocol normalized to a sample of human pHSCs harvested before culturing. LRAT was normalized to
pHSCs after 5 days in culture as the LRAT level was undetectable in pHSCs before culturing. N = 3 technical replicates. (D) Representative
immunofluorescence confocal images of PDGFR-β, NCAM1, and Vimentin in scHSC_2 at the end of the differentiation protocol and pHSCs after 5 days in
culture. All images were captured using a confocal laser scanning microscope. Scale bars: 40 µm. (E) Histograms of flow cytometry analysis of scHSC_
1 and scHSC_2. The right-shift indicates autofluorescence at 405 nm, an indirect measure of vitamin A. PSC control: Undifferentiated hESCs. N =

(Continued )

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Wilhelmsen et al. 10.3389/fbioe.2023.1223737

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1223737


Immunofluorescence staining and confocal
microscopy/structure illumination
microscope (SIM) imaging

Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) for
10 min and were then permeabilized and blocked in a blocking
solution made of 0.1% (v/v) Triton-X (Sigma-Aldrich) and 10% (v/
v) Fetal Bovine Serum (Gibco) diluted in DPBS (Gibco). The cells
were then incubated overnight at 4°C with primary antibodies
diluted in a blocking solution. Secondary antibody- and nuclear
staining with DAPI (Thermo Fisher Scientific) was subsequently
performed in the dark for 1 h at room temperature. The dilutions of
the antibodies are specified in the Supplementary Table S3 section.
The glass coverslips with the stained cells were then mounted on
glass slides and the cells were imaged with an LSM700 (Zeiss,
Germany) confocal microscope. Stained samples were stored
at −20°C. Structure illumination microscope (SIM) imaging of
scLSECs was performed with an ELYRA PS.1 microscope (Zeiss).

Determination of autofluorescence and
PDGFR-β by flow cytometry

Flow cytometry of scHSCs was performed at the Flow Cytometry
Core Facility at Oslo University Hospital, Gaustad, on a BD
FACSMelody™ Cell Sorter. scHSCs were fixed in 4%
paraformaldehyde (Sigma-Aldrich) as a single-cell suspension before
staining with an antibody for PDGFR-β (R&D Systems). Cells were
washed in FACS buffer containing DBPS (Thermo Fisher Scientific)
and 0.1%BSA (SEQENS). PDGFR-βwas detected in the flow cytometer
by anAlexa Fluor 488-A laser and autofluorescencewas assessed using a
Pacific Blue 405-540/50-A laser. Retinyl esters are excited at
approximately 330 nm and optimal detection rates are hence
obtained using a 350 nm UV laser (Vallverdú et al., 2021), which
was not used in this study due to unavailability. A minimum of
10,000 cells were counted per sample. scHSC samples stained only
with secondary antibody were used as negative controls for the
detection of PDGFR-β and undifferentiated hESCs were used as the
negative control for the autofluorescence. Analysis and data
visualization was performed using the program Floreada (floreada.io).

α-SMA quantification

α-SMA intensity of confocal images was quantified by an
automated Python (03.09.2012) script, see Supplementary
Method S1 for a schematic display of the workflow. The script is
on GitHub: https://github.com/ingridwilhelmsen/a-SMA_analysis.
Antibody dilutions and confocal microscope settings were equal for

all samples that were compared in the image analysis to ensure that
the input material was quantifiable.

Vitamin A detection and quantification by UV
image analysis

Vitamin A was indirectly measured by UV image analysis.
scHSCs and pHSCs were imaged with an Axioscope fluorescence
microscope (Zeiss) at a ×10 magnification under UV light and fields
of 100% confluency were independently chosen. The UV images
were acquired immediately after turning the UV light on and the
microscope settings were equal for all images that were compared to
ensure that the input material was quantifiable. Image analysis was
performed in ImageJ (Java 8 32-bit) using two automated macros
and the results were exported and used for statistical analysis. See
Supplementary Method S2 for a schematic display of the workflow
and the scripts of the automated macros.

Senescence staining

scHSCs were either treated or not treated with DAPT (5 µM) during
the long-term post-differentiation culture. The fraction of senescent cells
was determined by Senescence Cells Histochemical Staining Kit (Sigma-
Aldrich) according to the manufacturer’s instructions. The scHSCs were
incubated overnight in the staining mixture of the kit. Stained cells were
then imaged at ×10magnification in a bright-field microscope and fields
of 100% confluency were independently chosen. Image analysis was
performed in ImageJ (Java 8 32-bit) using an automated macro (see
Supplementary Method S3) and the results were exported and used for
statistical analysis.

Measurement of coagulation factor VIII
secretion

Cell culture medium (at least 24 h old) was collected and stored
at −80°C until the assay was performed. Analysis was performed
with undiluted samples, thawed on ice, and analyzed with an FVIII
quantification ELISA kit (Abcam), and plate readout was performed
by measuring absorbance with a Wallac Victor2 1,420 multilabel
counter (Perkin Elmer/Wallac) reader.

Measurement of NO secretion

Nitric oxide (NO) was quantified using a Nitric oxide assay kit
(Life Technologies) according to the manufacturer’s instructions.

FIGURE 1 (Continued)
2 technical replicates. (F) Gene expression of fibrosis-associated markers in scHSCs and pHSCs after 24 and 48 h of treatment with TGF-β.
Expression values were normalized to the control samples. pHSC samples were harvested on day 5. scHSCs: n = 4 independent differentiations, N =
3 technical replicates per differentiation. pHSCs: n = 1 donor, N = 3 technical replicates. (G) Representative immunofluorescence confocal images of
PDGFR-β, α-SMA, and COL1α1 in scHSC_2. The cells were either treated or not treated with TGF-β before fixation. Scale bars: 40 µm. (H)
Quantification of the average integral α-SMA intensity within PDGFR-β positive areas of immunofluorescence confocal images, comparing cells either
treated or not treated with TGF-β. pHSC samples were harvested on day 5. N = 5 images of independent fields. Data from scHSC_1 (hESC-derived) is
colored purple or shown as purple dots throughout the figure. See also Supplementary Figure S1.
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Due to the high antioxidant content of the cell culture medium,
standards were prepared in the cell medium to equalize the possible
negative effect of the antioxidants on the enzymatic reaction of the
assay.

E. coli bioparticle and AcLDL uptake assay

For the E. coli bioparticle uptake assay, a concentration of
163 opsonized E. coli (K-12 strain) BioParticles™, Alexa Fluor™
594 conjugate (Thermo Fisher Scientific) was considered adequate.
scLSECs were detached and cultured in a suspension of bioparticles
in DMEM with 0.5% BSA for 1 h at 37 C°. Cells were then washed
once in DPBS and fixed in a 4% PFA solution for 15 min. Cells were
then washed three more times with PBS and stored at 4 C° until
analysis.

For the AcLDL uptake assay, a suspension of 15 μg/mL Low-
Density Lipoprotein from Human Plasma, Acetylated, Alexa
Fluor™ 488 Conjugate (Alexa Fluor™ 488 AcLDL) (Thermo
Fisher Scientific) was prepared in 0.5% BSA in DMEM. Cells
were detached and incubated in the suspension for 20 min at
37 C°. Cells were then washed three times with PBS and stored
at 4 C° until analysis.

Before flow cytometry, cells were blocked in a solution of 10%
FBS in DPBS for 1 h at room temperature. Cells were then incubated
with primary antibodies (anti-LYVE1, R&D, 1:60 dilution, and anti-
VE-cadherin, Abcam, 1:500 dilution). Cells were then washed three
times with PBS before incubation with secondary antibodies (see
Materials) for 1 h at room temperature. After washing three more
times with PBS, the stained cells were stored at 4 C° until flow
cytometry analysis. HUVEC cells (Thermo Fisher Scientific) were
used as the positive and negative controls.

Flow cytometry analysis was performed in biological triplicates
with a BD Accuri C6 Plus Flow Cytometer and data was analyzed
with the native software of the cytometer and histograms were made
with Floreada (floreada.io) online software.

Statistical analysis

Independent differentiations are treated as biological replicates
(denoted “n”) throughout the study, while independent wells in a
single differentiation are treated as technical replicates
(denoted “N”).

Statistical analyses and significance were determined using the
GraphPad Prism (9.3.1) software. When comparing two groups, a
two-tailed, unpaired Mann-Whitney test was performed. When
three or more groups were compared, a two-way ANOVA,
uncorrected Fisher’s least significant difference (LSD) was
performed. Culture conditions and scHSC/scLSEC lines were
used as variables in the ANOVA analyses. ANOVA analyses
performed for the heatmaps were performed with Šídák’s
multiple comparisons correction (Figures 1C, 2C, 3B, 4B, 5B,F, 6B).

Results were considered statistically significant at p < 0.05 with
the following markings: *p < 0.05, **p < 0.005, ***p < 0.0005, ****p <
0.0001. Results presented as bar graphs are expressed as the mean ±
standard deviation (SD). Box and whisker plots display the five-
number summary of the data, representing the minimum and

maximum values at the whiskers, the first and third quartiles
(Q1 and Q3) of the data within the box, and the median (Q2) at
the line in the box. Boxplots without whiskers include all the data
within the box and the median at the line in the box.

Figure creation

Schematic figures were created with BioRender (BioRender.
com). Heatmaps were created with Morpheus (https://software.
broadinstitute.org/morpheus). Graphs were created with
GraphPad Prism (9.3.1).

Ethics

hESC and hiPSC work is under the following ethical approval:
REK approval #50786: “The development of “organ-on-a-chip”
systems for the in vitro study of physiological responses of
organs, organ-like systems in metabolically active tissues at the
center of excellence—Hybrid technology, IMB, UiO”.

Results

Differentiation and characterization of
pluripotent stem cell-derived hepatic
stellate cells and liver sinusoidal endothelial
cells

Protocols for differentiating scHSCs and scLSECs have recently
been established (Coll et al., 2018; Gage et al., 2020; Vallverdú et al.,
2021). In this study, modified versions of the protocols for the
production of scHSC and scLSEC lines were established using one
hESC line (H1: sc_1) and three hiPSC lines (WTC-11: sc_2,
WTSli28-A: sc_3, and WTSli013-A: sc_4). Due to PSC line-
dependent differences in the differentiation efficiency of the
protocols, all four PSC lines were used for the production of
scHSCs while two PSC lines, sc_1 and sc_2, were used for the
production of scLSECs.

Figure 1A illustrates the 12-day scHSC differentiation protocol.
Real-time quantitative polymerase chain reaction (RT-qPCR)
analysis revealed decreased expression of the pluripotency marker
octamer-binding transcription factor 4 (OCT4) (Figure 1B). Markers
that are expressed in developing and mature HSCs were upregulated
throughout the differentiation protocol; platelet-derived growth
factor β (PDGFR- β), a surface marker of HSCs (Henderson et al.,
2013), was universally upregulated, and HSC-typical intermediate
filament desmin increased in all cell lines except scHSC_4 (Puche
et al., 2013). Moreover, we detected an increase in the expression of
the activated leukocyte cell adhesion molecule (ALCAM) (Asahina
et al., 2009) and the cell surface marker neural adhesion molecule
(NCAM1) (Knittel et al., 1996; Asahina et al., 2009). The expression
pattern of lecithin retinol acyltransferase (LRAT), an enzyme
required for all retinyl ester synthesis (Blaner et al., 2009a), was
consistent with published work on scHSC differentiation (Coll et al.,
2018). To benchmark the differentiated scHSCs to commercially
available pHSCs, the transcriptional levels of HSC markers were
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FIGURE 2
Generation and characterization of PSC-derived scLSECs. (A) Schematic depiction of the differentiation protocol from PSC towards scLSEC. (B)
Gene expression of OCT4, PECAM1, CD34, and LYVE1 during the differentiation protocol (PSC: Pluripotent stem cells, scLSEC: scLSECs at day 0 post-
specification). The y-axis is logarithmic in scale. Expression values are normalized to scLSECs. N = 3 technical replicates. (C) Gene expression of LSEC
markers from scLSECs at the end of the differentiation protocol normalized to a sample of human pLSECs harvested before culturing. Gray color
indicates no detectable expression. N = 3 technical replicates. (D) Gene expression of LYVE1 and F8 in scLSEC_2 and benchmark human primary pooled
hepatic endothelial cells (pHLEC). Expression values were normalized to the pHLEC samples. N = 2 technical replicates. (E) Representative
immunofluorescence confocal images of LYVE1 and VE-cadherin in scLSEC_2 and pLSECs after 5 days in culture. All images were captured using a
confocal laser scanning microscope. Scale bars: 20 µm. (F) Representative immunofluorescence structure illumination microscope (SIM) images of

(Continued )
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compared (Figure 1C). ALCAM and PDGFR-β were expressed at
levels similar to that of pHSCs with minor variations. Interestingly,
LRAT was detected at significantly higher levels in scHSCs. The loss
of vitamin A-storing lipid droplets is a hallmark of HSC activation
upon liver injury (Tsuchida and Friedman, 2017) and although the
role of LRAT in HSC activation is unclear, LRAT has been suggested
as a marker for HSC (Nagatsuma et al., 2009). The HSC markers
actin alpha 2 (ACTA2) and collagen type 1 alpha 1 (COL1α1),
associated with an activated phenotype (Kitto and Henderson,
2021), showed a tendency to be expressed at either a lower or
equal level in the scHSCs.

Both bright-field- (Supplementary Figure S1A) and confocal
imaging revealed that pHSCs were notably larger in appearance
compared to scHSCs. The transition from smaller to larger andmore
elongated cells has previously been characterized as a hallmark of
human HSC activation (El Taghdouini et al., 2015). The presence of
PDGFR-β and NCAM1 complemented by the cytoskeletal HSC
marker vimentin (Zhang et al., 2018) was confirmed by
immunostaining and confocal imaging (Figure 1D and
Supplementary Figure S1B). Quiescent HSCs store vitamin A
intracellular lipid droplets in the form of retinyl esters, which are
excited at approximately 330 nm (Blaner et al., 2009a). Vitamin A
was identified in the scHSCs by autofluorescence in flow cytometry
analysis, revealing right-shifting of the population as a result of
autofluorescence in both scHSC_1 and scHSC_2 (Figure 1E).
Imaging under UV light confirmed that all scHSC lines produced
autofluorescent signals, while no autofluorescence was detected in
the pHSCs (Supplementary Figure S1E). Hence, after the 12-day
differentiation protocol, we observed an overall favorable phenotype
in scHSCs compared to commercially available pHSCs.

As a functionality test for the scHSCs, we chose the ability to
respond to a fibrosis-inducing stimulus by TGF-β. Activation of the
TGF-β/Smad signaling pathway is well-characterized as a core pathway
of fibrosis (Distler et al., 2019) and HSCs are potently activated by
elevated concentrations of TGF-β (Dewidar et al, 2019). Data from all
scHSC lines revealed transcriptional elevation of the fibrosis-related
markers ACTA2 and COL1α1 as well as the TGF-β/Smad signaling
pathway target genes lysyl oxidase-like 2 (LOXL2), SMAD family
member 7 (SMAD7) and TIMP metallopeptidase inhibitor 1
(TIMP1) after both 24 and 48 h of treatment with TGF-β
(Figure 1F; scHSC_1 visualized in purple). pHSCs exhibited similar
patterns with a notable lack of ACTA2 induction upon activation.
Subsequently, the presence of PDGFR-β, both an HSC marker and a
receptor in a fibrosis-implicated pathway (Distler et al., 2019), alpha
smooth-muscle actin (α-SMA), and collagen type I alpha 1 chain
(COL1α1) was determined by IF (Figure 1G and Supplementary
Figure S1D; α-SMA quantified in Figure 1H). Increased intensity of
all the IF-marked proteins was observable in the images of scHSC_
2 treated with TGF-β (Figure 1G, see also Supplementary Figure S1D),

indicating an induction of an activated-like phenotype in response to
the pro-fibrotic stimulus. Quantification of the intensity of the α-SMA
IF signal (see Supplementary Methods S1 and script: https://github.
com/ingridwilhelmsen/a-SMA_analysis) revealed a significant increase
in α-SMA intensity in all hiPSC-derived scHSC upon treatment with
TGF-β, an effect that was not reproduced in the hESC-derived scHSC_
1 or pHSCs. Lastly, the impact of the pro-fibrotic stimulus on the ability
of the scHSCs to store vitamin A was assessed by quantifying UV
positivity, whereby scHSC_2 exhibited a significant reduction in UV
signal after treatment with TGF-β (Supplementary Figure S1F).

Collectively, the results indicate that the differentiation protocol
produced scHSCs that exhibited properties of a quiescent HSC
phenotype with an ability to respond to a pro-fibrotic stimulus
induced by TGF-β. However, we did note a differential response
between cell lines in the α-SMA IF and in the UV signal, the latter
indicative of vitamin A storage.

scLSECs were differentiated following a modified version of a
published protocol (Figure 2A) (Gage et al., 2020). During the
differentiation, an overall loss of the expression of OCT4 was
seen in the two tested cell lines (Figure 2B). The upregulation of
the endothelial cell markers platelet endothelial adhesion molecule 1
(PECAM1) (Woodfin et al., 2007), as well as hematopoietic
progenitor cell antigen CD34 (CD34) (Vestweber, 2008) and
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1)
(Helle et al., 2015), was evident at the expansion stage of the
differentiation. Specification toward scLSEC was accompanied by
stable or downregulated expression of PECAM1 and CD34 (Gage
et al., 2020). Next, we benchmarked the scLSEC_2 line to
commercially available primary human liver sinusoidal
endothelial cells (pLSEC, Figure 2C) and human hepatic
endothelial cells (pHLEC, Figure 2D). Comparison to pLSEC
revealed differences between the cell lines; increased expression
of LSEC markers ICAM and CD36 was observed in scLSEC_
1 while LYVE1 and PECAM1 were increased in scLSEC_2. None
of the tested LSECmarkers exhibited a significantly lower expression
in the scLSECs. Notably, LYVE1 expression was increased by
approximately 52-fold in scLSEC_2 compared to pHLECs,
demonstrating a specific LSEC-like identity in the scLSECs rather
than a general hepatic endothelial cells-like identity as presumably
present in the pHLECs. Nevertheless, we observed comparable
expression levels of coagulation factor VIII encoding gene (F8) in
the scLSECs and pHLECs.

The morphology of differentiated scLSECs varied between cells
derived from hiPSCs and hESCs. High-magnification bright-field
images revealed that scLSEC_1 derived from hESCs showed a
polygonal shape with frequent discontinuations. In contrast,
scLSEC_2 derived from hiPSCs showed a fusiform shape with
more frequent and smaller circular surface structures. scLSEC_
2 more closely resembled the morphology of the pLSECs

FIGURE 2 (Continued)
LYVE1 and non-phosphorylated β-catenin (non-P-β-catenin) in a magnified scLSEC_2 cell on day 5 post-differentiation. Scale bars lengths are
indicated in the pictures. (G) Total coagulation factor VIII concentration in the cell culture medium of scLSECs. N = 3 technical replicates. (H) Total nitric
oxide (NO) concentration in the cell culture medium of scLSECs at the end of the differentiation protocol. N = 3 technical replicates. (I) Percentage of
scLSECs positive for LYVE1 and labeled E. coli bioparticles as measured by flow cytometry. N = 3 technical replicates. (J) Percentage of scLSECs
positive for VE-cadherin and labeled acetylated low-density lipoproteins (AcLDL) as measured by flow cytometry. N = 3 technical replicates. Data from
scLSEC_1 (hESC-derived) are colored purple or shown as purple dots throughout the. See also Supplementary Figure S2.
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FIGURE 3
Characterization of Phenotypic and Functional Stability of scHSCs and pHSCs in Long-Term in vitro Culture. (A) Schematic representation of the
long-term culture experiment of scHSCs and pHSCs. (B) Heatmap of the expression profile of scHSCs and pHSCs after 14 days in culture. Gene
expression levels were normalized to day 0 of the culture for each respective cell line. The cell lines were clustered using the metric one minus Pearson
correlation with complete linkage. Z1: Zone 1, Z3: Zone 3, N = 3 technical replicates. (C) Gene expression of fibrosis-associated markers in scHSCs
and pHSCs during culture with or without treatment with TGF-β. Expression levels were normalized to the control. scHSCs: n = 4 independent
differentiations, N = 3 technical replicates per differentiation. pHSCs: n = 1 donor, N = 3 technical replicates. (D) Secretion of procollagen type I C-Peptide
by scHSCs and pHSCs either treated or not treated with TGF-β as measured by ELISA. scHSCs: n = 4 independent differentiations, N = 3 technical
replicates per differentiation. pHSCs: n = 1 donor, N = 3 technical replicates. (E) Representative immunofluorescence confocal images of PDGFR-β, α-

(Continued )
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(Supplementary Figure S2A). Collectively, these observations
suggest that, while both hESC- and hiPSC-derived scLSECs show
signs of maturity, there is a PSC line-dependent diversity in scLSEC.

Confocal imaging of scLSEC_2 labeled for LYVE1 and VE-
cadherin showed the expression of the markers in the majority of the
cell populations, similar to the expression observed in pLSECs
(Figure 2E). LYVE1 is a surface-scavenging receptor and VE-
cadherin is a common adherent-junction protein present in all
vascular endothelial cells (Vestweber, 2008). Notably, VE-
cadherin was spatially distributed in ring-like structures in the
cell-cell junction areas. Lastly, scLSEC_2 samples were labeled for
LYVE1 and non-phosphorylated β-catenin (non-P-β-catenin). The
samples, which were imaged with a structure illumination
microscope (SIM), illustrated the expression of non-P-β-catenin
in a repeated ring-like motif (Figure 2F). LYVE1 is seen to be present
independent of the non-P-β-catenin structures. The ring-like
elements had a diameter of around 1–3 µm. This diameter
corresponds with that of sieve plates, which are clustered groups
of fenestrae, in LSECs (Helle et al., 2015). However, the data does not
allow conclusive identification of such structures.

Next, the functionality of the scLSECs was assessed by their
ability to secrete coagulation factor VIII and nitric oxide (NO). The
production of factor VIII, vital for a functioning coagulation system,
is a task of LSECs while NO is a small signaling molecule essential to
preserve HSC quiescence that is produced by LSECs in small
amounts in the homeostatic liver (Iwakiri and Kim, 2015).
Enzyme-linked immunosorbent assay (ELISA) revealed that both
scLSEC lines produced and secreted factor VIII in the culture media
(0.006–0.008 IU/mL) (Figure 2G). Contrastingly, no factor VIII was
detected within the solid detection range of the assay in samples
from pLSEC after 1 and 5 days of culturing (data not shown). NO
production and secretion were detected in both scLSEC lines within
the range of approximately 1.5 and 2.0 µM (Figure 2H).

The scavenging function of the scLSECs was tested by the
endocytic uptake of fluorochrome-labeled acetylated low-density
lipoprotein (AcLDL) and bacterial bioparticles using flow cytometry
analysis. Figures 2I, J show that fractions of both scLSEC lines were
double positive for either LYVE1 and E. coli bioparticles (33.1% of
scLSEC_1% and 69.8% of scLSEC_2) or VE-cadherin and AcLDL
(95.9% of scLSEC_1% and 55.6% of scLSEC_2).

Overall, the results underline the robustness of the
differentiation protocol, leading to scLSECs with LSEC-like
phenotypes and detectable physiological functionality. While the
results suggest that PSC-derived scLSECs constituted heterogeneous
cell populations, they exhibited significant cell type-specific
secretory and endocytic functions.

Long-term culture of pluripotent stem cell-
derived hepatic stellate cells and liver
sinusoidal endothelial cells

After differentiation, PSC-derived cells should show
phenotypical and functional stability to enable reliable and robust
disease modeling. Hence, scHSCs, and scLSECs were cultured in
their respective expansion media (see Supplementary Table S1 for
media compositions) for 14 days, and the impact of both time in
culture and PSC line on the cell-specific phenotype and functionality
were characterized. As shown in the scheme of Figures 3A, 4A,
scHSCs and scLSECs were assessed before (day 0), during (day 5),
and at the end (day 14) of the culture. Data from the hESC-derived
scHSC_1 and scLSEC_1 is colored purple in all the figures.

scHSCs differentiated from four PSC lines and pHSCs from one
donor were examined (Figure 3A). Figure 3B shows the relative
changes in the expression of selected genes on day 14 of the culture
compared to day 0 of each respective cell line measured by RT-qPCR
and sub-divided into 4 groups: HSC markers, fibrosis markers, zone
1 markers, and zone 3 markers (see also Supplementary Figure S3A).
The analysis revealed significant, cell line-dependent effects and
differences. The HSC markers LRAT and NCAM1 were upregulated
in all cell lines. The time-dependent increase of NCAM1 expression
is associated with activation and myofibroblast formation
(Rosenberg et al., 2011; Hintermann and Christen, 2019).
Interestingly, however, fibrosis-related markers displayed a trend
of downregulation (scHSC_2, scHSC_3) or only slight elevation
(scHSC_4) in hiPSC-derived scHSCs. On the contrary, several
fibrosis markers (ACTA2, COL1α1, and LOXL2) were elevated in
the hESC-derived scHSC_1. The scHSC_1 line was thus similar to
pHSCs, which exhibited a modest elevation of all fibrosis markers.
Except for notable upregulations of the nerve growth factor receptor
(NGFR) (Dobie et al., 2019) and podocan (PODN) (Hutter et al.,
2013), no discernible pattern in the expression of zonation-related
genes was observed.

Next, we tested the impact of the long-term culture on the
functionality of scHSCs and pHSCs. RT-qPCR analysis of fibrosis-
related genes showed that overall, scHSCs and pHSCs retained the
capability to respond to a pro-fibrotic stimulus induced by TGF-β
after 5 days of culturing (Figure 3C). However, this ability had been
lost at day 14 of the culture except for TIMP1. ELISA for procollagen
type I C-peptide revealed increased concentrations of the protein in
the culture media from scHSCs treated with pro-fibrotic stimulus on
day 0 but not on day 14 (Figure 3D). In contrast, pHSCs displayed a
relatively low level of collagen secretion with no observable increase
upon treatment with TGF-β.

FIGURE 3 (Continued)
SMA, and COL1α1 in scHSC_2 and pHSCs during the culture. The cells were either treated or not treated with 25 ng/mL TGF-β for 24 h before
fixation. Scale bars: 40 µm. (F) Representative bright-field- and UV images of scHSC_2 and pHSC after 14 days in culture with and without treatment with
TGF-β. Scale bars: 100 µm. (G) Quantification of the average integral α-SMA intensity within PDGFR-β positive areas of immunofluorescence confocal
images, comparing time points (day 0, 5, and 14 of the long-term culture), cell lines (scHSC_2 and pHSC) and treatments (control or treatment with
TGF-β). scHSC: n = 4 independent differentiations, N ≥ 5 images of independent fields for each point. pHSC: N = 5 images of independent fields for each
condition. (H) Vitamin A storage in scHSCs and pHSCs is indirectly measured by quantification of the UV signal. scHSCs: n = 4 independent
differentiations, each point is the average of N = 3 technical replicates. pHSCs: n = 1 donor, N ≥ 2 images of independent fields. (I)Changes in the storage
capacity of vitamin A of scHSCs and pHSCs at different time points in culture and after treatment with TGF-β. scHSC: n = 4 independent differentiations,
N = 3 technical replicates for each point. pHSC: N ≥ 2 images of independent fields for each condition. Data from scHSC_1 (hESC-derived) is colored
purple or shown as purple dots throughout the figure. See also Supplementary Figures S3, S4.
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The morphology of scHSCs and pHSCs as well as protein
production and distribution of PDGFR-β, α-SMA, and
COL1α1 were assayed during the culture (Figure 3E and
Supplementary Figure S4D; α-SMA quantified in Figure 3G). We
noted differences in phenotype and functionality between hESC-
derived scHSC_1, hiPSC-derived scHSCs, and pHSCs. Notably,
pHSCs consistently displayed a more activated phenotype
compared to hiPSC-derived scHSCs during the culture, with
pHSC being larger with a pronounced presence of α-SMA and
COL1α1. The morphology of the hESC-derived scHSC_1 more
closely resembled the morphology of pHSC on both days 5 and
14 (Supplementary Figure S4D). Upon pro-fibrotic stimulation, sub-
populations of cells with an activated phenotype were induced in all
hiPSC-derived scHSC lines on days 5 and 14. hESC-derived scHSC_
1 and pHSC, in contrast, did not show an increased activated state
with the same treatment. Quantification of the α-SMA IF signal
intensity in scHSCs confirmed an intensity increase after a pro-

fibrotic stimulus at days 0 and 5, which declined at day 14. In pHSCs,
no change was detected in the α-SMA IF signal.

Lastly, vitamin A storage was measured by imaging under UV
light (Figure 3F), as the release of vitamin A is a characteristic of
HSC activation (Tsuchida and Friedman, 2017). Figure 3H shows
that scHSCs produced a higher UV signal compared to pHSC which
exhibited a signal of negligible intensity (covering less than 0.5% of
the image area). However, as shown in Figure 3I, the signal in
scHSCs significantly decreased after both 5 and 14 days in culture
compared to day 0. Moreover, the UV signal was unaffected by a
pro-fibrotic treatment in both scHSC and pHSC on days 5 and 14.
Noteworthy, hESC-derived scHSC_1 were at the lower end of the
UV signal range in the scHSC cluster, and hence closer to pHSCs.

Similar to pHSCs, scHSCs are impacted by time in culture as
they gradually lose their capacity to respond to the pro-fibrotic
stimulus induced by TGF-β when cultured for up to 14 days.
Noteworthy, hESC-derived scHSC_1 acquired a phenotype more

FIGURE 4
Characterization of Phenotypic and Functional Stability of scLSECs in Long-Term in vitroCulture. (A) Schematic representation of long-term culture
of scLSECs. (B) Heatmap of the expression profile of scLSECs after 14 days in culture. The gene expression values were normalized to day 0 of the long-
term culture for each respective cell line. Gray color indicates no detectable expression. Z1: Zone 1, Z3: Zone 3. N = 3 technical replicates. (C)
Representative immunofluorescence confocal images of LYVE1 and VE-cadherin of scLSEC_2 on day 14 of the long-term culture. Scale bars:
20 µm. (D) Total coagulation factor VIII concentration in the cell culture medium of scLSECs on days 0, 5, and 14 as measured by ELISA. N = 3 technical
replicates. (E) Total nitric oxide (NO) concentration in the cell culturemedium and eNOS expression of scLSECs on days 0, 5, and 14 asmeasured by ELISA
and qPCR respectively. eNOS expression values were normalized to day 0. N = 3 technical replicates. (F) Percentage of scLSECs on days 0 and 14 positive
for LYVE1 and labeled E. coli bioparticles as measured by flow cytometry. N = 3 technical replicates. (G) Percentage of scLSECs on days 0 and 14 positive
for VE-cadherin and labeled acetylated low-density lipoproteins (AcLDL) as measured by flow cytometry. N = 3 technical replicates. Data from scLSEC_1
(hESC-derived) are colored purple or shown as purple dots throughout the Figure. See also Supplementary Figure S5.
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FIGURE 5
The Effect of Notch Pathway Inhibition on Gene Expression and Functionality of scHSCs and scLSECs in Long-Term in vitro Culture. (A) Schematic
representation of the culture of scHSCs, comparing cells treated with DAPT and untreated cells. (B) Heatmap of the expression profile of scHSCs and
pHSCs treated with DAPT relative to that of untreated cells after 14 days in culture. The gene expression levels of DAPT-treated samples on day 14 were
normalized to the corresponding untreated samples on day 14. Z1: Zone 1, Z3: Zone 3. N = 3 technical replicates. (C) Gene expression of fibrosis-
associated markers in untreated and DAPT-treated scHSCs on day 14 after treatment with TGF-β. Expression levels were normalized to the control for
each condition. N = 4 independent differentiations, N = 3 technical replicates per differentiation. (D) Quantification of IF images measuring α-SMA
intensity in untreated and DAPT-treated scHSCs on days 0 and 5. hESC-derived HSCs: n = 1 independent differentiation, N ≥ 5 images of independent
fields, hiPSC-derived HSCs: n = 3 independent differentiations of three different hiPSC lines, N ≥ 5 images of independent fields for each cell line. (E)
Schematic representation of the long-term culture of scLSECs, comparing cells treated with DAPT and untreated cells. (F) Heatmap of the expression
profiles of scLSEC treated with DAPT relative to that of untreated cells after 14 days in culture. Gray color indicates no detectable expression. Z1: Zone 1,
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closely resembling that of pHSCs, with characteristics typical for
activated HSCs. Particularly hiPSC-derived scHSCs can be
considered a good alternative to pHSCs as they retain
comparatively more quiescent-like characteristics and a stronger
response to pro-fibrotic treatment.

Next, scLSECs differentiated from hESCs (scLSEC_1) or hiPSCs
(scLSEC_2) were cultured for 14 days as illustrated in Figure 4A. As the
commercially available pLSECs rapidly lose LSEC-like characteristics
after short-term in vitro cultivation (Elvevold et al., 2008), the long-term
experiments were performed without benchmarking to primary cells.
The gene expression of common LSEC-, pro-fibrotic- and zonation-
specific markers was analyzed by RT-qPCR, examining the relative
change in expression on day 14 of the culture compared to day 0
(Figure 4B, see also Supplementary Figure S5A). In both cell lines, we
observed a trend of downregulation of LSEC-specific gene expression
over time. In contrast, the fibrosis-related marker FBN1 was
significantly upregulated in both scLSEC lines. Like scHSCs, no
discernible pattern was observed in the LSEC zonation markers.
Next, the morphology of scLSECs was observed by bright-field
microscopy on day 14 (Supplementary Figure S5B). scLSECs
displayed a less endothelial-like morphology compared to day 0 as
evidenced by a reduction in LSEC-typical fusiform cell bodies and an
increase in fibroblast-like elongations.

Imaging of IF-stained scLSEC_2 visualized the preserved presence
of LYVE1 and VE-cadherin (Figure 4C). Contrastingly, scLSEC_
1 displayed a much weaker signal of both LYVE1 and VE-cadherin
(Supplementary Figure S5C). The decline in observable LYVE1 andVE-
cadherin co-expression in the scLSEC_1 line suggests the cells lose
LSEC-specific characteristics with time in culture.

The functionality of scLSECs was tested during the culture by the
same assays as earlier described. Factor VIII secretion by both scLSEC
lines remained stable during the culture with a small decrease detected in
the scLSEC_1 line (Figure 4D). In the liver, NO is synthesized by the
nitric oxide synthases (NOS) endothelial NOS (eNOS), and inducible
NOS (iNOS). eNOS expression is constitutive in LSECs and small
amounts of eNOS-derived NO maintain liver homeostasis while
inhibiting pathogenesis. Contrastingly, iNOS-derived NO is induced
in pathological conditions and results in high NO concentrations
which act as damaging reactive nitrogen species (Iwakiri and Kim,
2015). Both scLSEC lines displayed trends of increased NO secretion
during the culture, however, accompanied by decreased eNOS expression
(Figure 4E). These results suggest that the increase in NO release was not
eNOS-related, and can therefore be considered as a sign of cellular stress
in the scLSEC culture.

Flow cytometry analysis detected no statistically relevant
changes in the fractions of scLSEC_1 and scLSEC_2 double
positive for LYVE1 and E. coli bioparticles after 14 days in

culture (Figure 4F). In contrast, the fraction of the scLSEC_
1 cells double positive for VE-cadherin and AcLDL was greatly
reduced after 14 days in culture, with a significant decrease from
95.9% on day 0 to 12.5% on day 14 (Figure 4G). The scLSEC_2 line
demonstrated the same trend.

Overall, scLSEC exhibited a decline in their cell type-specific
expression profile and phenotypic attributes over time in culture, as
well as in the functional parameters of NO secretion and AcLDL
uptake. We note a differential response between the hESC-derived
scLSEC_1 and the hiPSC-derived scLSEC_2, as scLSEC_1 exhibited
reduced expression of LSEC-specific markers.

The effect of Notch inhibition on long-term
culture of pluripotent stem cell-derived
hepatic stellate cells and liver sinusoidal
endothelial cells

As a possible approach to preserve phenotype and functionality
over time, we investigated the impact of Notch signaling inhibition
on PSC-derived scHSCs and scLSECs. DAPT (γ-secretase inhibitor)
was chosen as it has been tested for the treatment of liver fibrosis in
rat models (Chen et al., 2012; Wang et al., 2017; Fang et al., 2022).
Both HSCs and LSECs were cultured in the presence of 10 uM
DAPT for 14 days of culture (Figures 5A,E). Successful targeting of
the Notch pathway was confirmed by RT-qPCR analysis revealing
transcriptional downregulation of Notch pathway markers in
scHSCs (JAG1 and HEY1) and scLSECs (HEY1 and HES1)
(Supplementary Figure S6A).

Changes in the expression profile of DAPT-treated scHSCs
compared to untreated scHSCs on day 14 were measured by RT-
qPCR (Figure 5B). Notably, the hESC-derived scHSC_1 line - which
was the PSC line that displayed the most activated phenotype in the
long-term culture (Figure 3) - showed the most significant response to
DAPT treatment. This was evident in the downregulation of HSC-
markers desmin and PDGFR-β (both associated with fibrotic
development) as well as the fibrosis-related markers COL1α1,
LOXL2, and TIMP1 (Ying et al., 2017; Zhang et al., 2018). Overall,
DAPT-treated scHSCs displayed an increase in sensitivity to a pro-
fibrotic stimulus on day 14 on the level of gene expression as evident in
the elevation of fibrosis-related markers ACTA2, COL1α1, LOXL2, and
SMAD7, which was especially prevalent in the scHSC_1 line (Figure 5C,
scHSC_1 data visualized in purple). Quantification of α-SMA IF
intensity also indicated that scHSC_1 was more sensitive to the pro-
fibrotic stimulus after treatment withDAPT (Figure 5D, Supplementary
Figure S7A), whereas hiPSC-derived scHSCs were sensitive to TGF-β
both in the presence or absence ofDAPT (Figure 5D). A beneficial effect

FIGURE 5 (Continued)
Z3: Zone 3. N = 3 technical replicates. (G) Representative immunofluorescence confocal images of LYVE1 and VE-cadherin of scLSEC_1 on day 14 of
the long-term culture, comparing cells treatedwith DAPT and untreated cells. Scale bars: 20 µm. (H) Total coagulation factor VIII concentration in the cell
culture medium of scLSECs on day 5 was measured by ELISA, comparing untreated and DAPT-treated samples. N = 3 technical replicates. (I) Total nitric
oxide (NO) concentration in the cell culture medium and eNOS expression of scLSECs on days 0, 5, and 14 as measured by ELISA and qPCR
respectively in untreated and DAPT-treated conditions. eNOS expression values were normalized to untreated samples for each day. N ≥ 2 technical
replicates. (J) Percentage of scLSECs on days 0 and 14 positive for LYVE1 and labeled E. coli bioparticles as measured by flow cytometry, comparing
untreated and DAPT-treated samples. N = 3 technical replicates. (K) Percentage of scLSECs on days 0 and 14 positive for VE-cadherin and labeled
acetylated low-density lipoproteins (AcLDL) as measured by flow cytometry, comparing untreated and DAPT-treated samples. N = 3 technical replicates.
Data from scHSC_1 and scLSEC_1 (hESC-derived) are colored purple or shown as purple dots throughout the figure. See also Supplementary Figures
S6, S7.
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FIGURE 6

Comparison of Monoculture and Co-culture of scHSCs and scLSECs. (A) Schematic representation of scHSCs and scLSECs co-culture. (B)Heatmap
of the expression profile of scHSCs and scLSECs grown in monoculture for 14 days. The gene expression level was normalized to day 0 of the culture for
each respective cell line. Z1: Zone 1, Z3: Zone 3, gray color: Marker not detected. N = 3 technical replicates. (C) Gene expression of selected markers in
scHSCs and scLSECs grown in monoculture or co-culture. The relative expression was normalized to day 0 for each respective cell line. N =
3 technical replicates. (D) Representative bright field- and UV images of scHSCs grown in monoculture and in co-culture with scLSECs with and without
treatment with TGF-β. Scale bars: 100 µm. (E) Vitamin A storage in scHSCs grown in monoculture or co-culture with scLSECs for 14 days and the
response to treatment with TGF-β. N = 3 technical replicates. See also Supplementary Figure S8.
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of DAPT treatment was not observed in pHSCs (Supplementary
Figure S6B).

Next, the expression of DAPT-treated scLSECs was compared to
untreated scLSECs on day 14 (Figure 5E). No clear trends in the
expression of the tested genes were detected in either cell line despite
a differential response of scLSEC_1 compared to scLSEC_2 (Figure 5F).
However, imaging of scLSECs cultured in DAPT-supplemented media
revealed a change in morphology as scLSEC_1 formed LYVE1-and VE-
cadherin positive branch-like condensations on top of the otherwise
LYVE1-and VE-cadherin negative monolayer of cells (IF images in
Figure 5G; bright-field in Supplementary Figure S6E). The same effect
was observed to a lesser extent in scLSEC_2 which expressed LYVE1 and
VE-cadherin more consistently (Supplementary Figure S7B).

LSEC functionality assays detected stable concentrations of factor
VIII and NO in the presence and absence of DAPT during the culture
except for a minor decrease in factor VIII for scLSEC_2 on day 5 and a
possible increase in NO for scLSEC_1 on day 14 (Figures 5H, I). Notably,
eNOS expression was elevated in the presence of DAPT for scLSEC_1,
which is an indicator of LSECs under homeostatic conditions (Iwakiri
and Kim, 2015). This is consistent with existing literature that
demonstrates decreased LSEC eNOS expression upon Notch activation
(Duan et al., 2018). Similarly, the fraction of cells double positive for
LYVE1 and E. coli bioparticles displayed a positive trend in the presence
of DAPT in both scLSEC lines (Figure 5J). Lastly, the average proportion
of scLSEC_1 positive for VE-cadherin and labeled AcLDL was
significantly increased from 12.5% to 55.9% after treatment with
DAPT, and a positive trend was observed in scLSEC_2 (Figure 5K).
These results suggest that DAPT can have a beneficial effect in preserving
the NO secretion and scavenging capacity of hESC-derived scLSEC_1.

Collectively, the data suggest that Notch inhibition by DAPT can
positively affect aspects of functionality and phenotype scHSCs and
scLSECs during long-term culture in a cell line-dependent manner.
The beneficial effect of DAPT treatment was more visible in hESC-
derived scHSCs and scLSECs which were more negatively impacted
by prolonged culture, when compared to their hiPSC-derived
counterparts.

Long-term Co-Culture of scHSCs and
scLSECs for the Assessment of phenotypical
and functional changes

In the hepatic sinusoids, HSCs and LSECs form a functional unit.
To investigate whether scHSCs and scLSECs influenced each other in
long-term culture, the cells were co-cultured in transwell plates for
14 days (Figure 6A) whereby scHSC_2 and scLSEC_2 were chosen due
to their favorable quiescent-like phenotypes (Figures 3, 4).

Figure 6B shows RT-qPCR gene expression data on day 14 relative
to day 0, comparing scHSCs and scLSECs grown in mono- and co-
culture (see also Supplementary Figure S8A). For both scHSCs and
scLSECs, the co-culture had an overall minimal impact on gene
expression except for the genes presented in Figure 6C. However,
notable alterations in the co-cultured scHSCs included the Wnt-
signalling agonist R-spondin 3 (RSPO3) which was significantly
upregulated in the monoculture but stayed at a low level in the co-
culture. RSPO3 overexpression has been reported in activated HSCs and
fibrotic liver tissue (Yin et al., 2016). The fibrosis-related marker SMAD7
showed a lower expression in co-cultured scHSCs. This indicates that co-

culture with scLSECs can positively affect scHSCs. Similarly, scLSECs
displayed favorable features in the co-culture (Figure 6C). The trend of
increased expression of the LSEC marker ICAM1 and the significant
decrease of PECAM1 is indicative of an LSEC-specific phenotype.
PECAM1 is known to be highly expressed on vascular endothelial
cells but downregulated in healthy LSEC (Poisson et al., 2017).
Furthermore, in scLSECs, the fibrosis-related marker CD34 displayed
downregulation in the co-culture.

The most notable effect of the co-culture was observed in the
increased capacity for vitamin A storage in scHSCs as measured by
UV autofluorescence. Images taken under UV light demonstrated a
large increase in the fluorescent signal of scHSCs grown in co-
culture (Figure 6D; UV signal quantified in 6E). Furthermore, the
functionality of the scHSCs in the co-culture was assessed by their
reactivity to a pro-fibrotic stimulus by TGF-β. Quantification of the
UV signal revealed a statistically significant decrease upon exposure
to TGF-β in co-culture that was absent in monoculture (Figure 6E).
As release of vitamin A is a hallmark of HSC activation, the results
may suggest a functional increase of the co-cultured scHSCs.

Collectively, the long-term co-culture of scHSCs and scLSECs
shows evidence of an improved quiescent state in both scHSCs and
scLSECs, and an enhanced functional response to a pro-fibrotic
stimulus in scHSCs.

Discussion

The time-dependent decline in cell-specific phenotypic traits
and functionality is a well-known limitation of in vitro cell culture
models (Sancho-Bru et al., 2005; Xie et al., 2013; Sakai and
Yoshimura, 2021). It is, therefore, crucial to thoroughly analyze
the stability of cell types if they are to be included in vitro disease
platforms. Our work is the first systematic study of phenotypic and
functional changes of hESC- and hiPSC-derived scHSCs and
scLSECs during prolonged in vitro culture, assessing the
applicability of PSC-derived cells in liver disease modeling.

Our study illustrates the importance of time as a variable in
experiments using PSC-derived scHSCs and scLSECs. We discovered
that scHSCs partly retain functional characteristics associated with a
quiescent HSC phenotype after 5 days in culture. However, the activation
capacity of the scHSCs was lost on day 14 of the culture. These results
suggest that PSC-derived scHSCs are affected by in vitro culture similarly
to pHSCs, which are known to acquire an activated phenotype in 2D
cultures (Sancho-Bru et al., 2005; Sakai and Yoshimura, 2021). On the
other hand, our data suggest that scHSCs may retain a more quiescent-
like phenotype than pHSCs, evident by the comparably low expression of
fibrosis-related genetic markers and high storage capacity of vitamin A.
This establishes PSC-derived scHSCs as an attractive alternative to pHSCs
for in vitromodeling. Similarly, most of the LSEC-specific characteristics
were altered in scLSEC after 14 days in culture, including a reduction of
LSEC surface markers LYVE1 and VE-cadherin and a lowered capacity
for endocytosis. Intrinsic identity markers of LSEC were downregulated
at the end of the culture and the common fibrosis marker FBN1 was
upregulated, indicative of a deteriorating LSEC identity.

We also describe cell line-dependent differences between the
hESC- and hiPSC-derived scHSCs and scLSECs. scHSCs derived
from hESCs (scHSC_1) exhibited a phenotype more closely
resembling that of the pHSCs during the culture compared to
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hiPSC-derived scHSCs (scHSC_2, scHSC_3, and scHSC_4). A
similar difference between the cell lines was also seen in scLSECs,
whereby hESC-derived scLSEC_1 tended to decline more
significantly, exemplified by gene expression data and reduced
endocytic capability. These results highlight key differences
between hESC- and hiPSC-derived scHSCs and scLSECs.

Notch activation is implicated in the damage of liver homeostasis
and LSEC dedifferentiation (Duan et al., 2018), and the Notch inhibitor
DAPT has been proposed as a therapeutic agent for the treatment of
liver fibrosis (Chen et al., 2012; Wang et al., 2017; Fang et al., 2022).
DAPT was therefore tested as a potentially beneficial medium
supplement for HSC and LSEC quiescence. Consistent with existing
literature, our results show a cell line-dependentmodestly positive effect
of DAPT treatment, displaying a greater phenotypic and functional
improvement in both hESC-derived scHSC_1 and scLSEC_1 compared
to their hiPSC-derived counterparts. This is notable as hESC-derived
cells exhibit a more activated and hence less healthy phenotype in long-
term culture. We detected no negative effects of DAPT on the tested
cells. Consequently, Notch inhibitors may be suitable as components in
an optimized culture medium.

A limitation of monoculture-based models can be an exceedingly
simplistic recapitulation of physiology and pathology. In our study, we
present a co-culture of scHSCs and scLSECs. scHSCs benefitted from
the co-culture by showing an increase in vitamin A storage, which is a
characteristic of a quiescent HSC phenotype (Tsuchida and Friedman,
2017). scLSECs also benefited from the co-culture as evidenced by
favorable changes in LSEC- and fibrosis-related markers.

In summary, we conducted a systematic study to assess the long-term
culture of PSC-derived scHSCs and scLSECs, highlighting the importance
of time-in-culture as a variable of in vitromodels. Additionally, we describe
PSC line-dependent phenotypical and functional variability of scHSCs and
scLSECs, whereby hESC-derived cells were more susceptible to time-
dependent decline in cell-specific traits. Notch inhibition by DAPT
displayed a modest but relevant improvement of cell performance most
prominent in hESC-derived scHSCs and scLSECs and canbe considered as
a supplement to long-term culture media. Lastly, the study suggests that a
co-culture of PSC-derived scHSCs and scLSECs improves the development
of cell-specific phenotypes and functions, casting a positive outlook on the
prospect of PSC-derived multicellular disease models.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

IW performed the scHSC differentiation, treatment, and
data analysis. MAM performed the scLSEC differentiation,
treatment, and data analysis. IW, MAM, and SK wrote the
manuscript of this article. JS cultured the PSCs that were used
as the starting material for differentiation and collaborated
with the aforementioned authors on the enzymatic assays and
transcriptomic sample preparations. CW performed the flow

cytometry of scHSCs and assisted in the following data
analysis. AA planned the experiments, provided guidance,
and supervised work. SK supervised the work, provided lab.
space, and procured funding for this study. All authors
contributed to the article and approved the submitted version.

Funding

The study was funded by Research Council of Norway, grant
number 262613, and Health Region East (HSØ), grant number
2021068.

Acknowledgments

We acknowledge the Norwegian Core Facility for Human
Pluripotent Stem Cells at the Norwegian Center for Stem Cell
Research for the use of the LSM700 confocal microscope for
immunofluorescence imaging. We thank Thomas Combrait (Ph.D.)
for his help in writing and running the α-SMA image analysis script.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1223737/
full#supplementary-material

SUPPLEMENTARY TABLE S1
Table 1.

SUPPLEMENTARY TABLE S2
Table 2.

SUPPLEMENTARY MATERIALS
Table 3.

SUPPLEMENTARY FIGURES S1-S8
Data Sheet 1.

SUPPLEMENTARY METHODS S1-S3
Data Sheet 2.

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Wilhelmsen et al. 10.3389/fbioe.2023.1223737

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1223737/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1223737/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1223737


References

Aimaiti, Y., Jin, X., Wang, W., Chen, Z., and Li, D. (2018). TGF-β1 signaling regulates
mouse hepatic stellate cell differentiation via the Jagged1/Notch pathway. Life Sci. 192,
221–230. doi:10.1016/j.lfs.2017.11.018

Aimaiti, Y., Yusufukadier, M., Li, W., Tuerhongjiang, T., Shadike, A., Meiheriayi, A.,
et al. (2019). TGF-β1 signaling activates hepatic stellate cells through Notch pathway.
Cytotechnology 71 (5), 881–891. doi:10.1007/s10616-019-00329-y

Asahina, K., Tsai, S. Y., Li, P., Ishii, M., Maxson, R. E., Sucov, H. M., et al. (2009).
Mesenchymal origin of hepatic stellate cells, submesothelial cells, and perivascular
mesenchymal cells during mouse liver development. Hepatology 49 (3), 998–1011.
doi:10.1002/hep.22721

Asrani, S. K., Devarbhavi, H., Eaton, J., and Kamath, P. S. (2019). Burden of liver
diseases in the world. J. Hepatol. 70 (1), 151–171. doi:10.1016/j.jhep.2018.09.014

Bhandari, S., Larsen, A. K., McCourt, P., Smedsrød, B., and Sørensen, K. K. (2021).
The scavenger function of liver sinusoidal endothelial cells in health and disease. Front.
Physiol. 12, 757469. doi:10.3389/fphys.2021.757469

Blaner,W. S., O’Byrne, S. M.,Wongsiriroj, N., Kluwe, J., D’Ambrosio, D.M., Jiang, H.,
et al. (2009a). Hepatic stellate cell lipid droplets: A specialized lipid droplet for retinoid
storage. Biochim. Biophys. Acta BBA - Mol. Cell Biol. Lipids. 1791 (6), 467–473. doi:10.
1016/j.bbalip.2008.11.001

Cheemerla, S., and Balakrishnan, M. (2021). Global epidemiology of chronic liver
disease. Clin. Liver Dis. 17 (5), 365–370. doi:10.1002/cld.1061

Chen, Y., Zheng, S., Qi, D., Zheng, S., Guo, J., Zhang, S., et al. (2012). Inhibition of
Notch signaling by a γ-secretase inhibitor attenuates hepatic fibrosis in rats. PLoS ONE 7
(10), e46512. doi:10.1371/journal.pone.0046512

Coll, M., Perea, L., Boon, R., Leite, S. B., Vallverdú, J., Mannaerts, I., et al. (2018).
Generation of hepatic stellate cells from human pluripotent stem cells enables in vitro
modeling of liver fibrosis. Cell Stem Cell 23 (1), 101–113.e7. doi:10.1016/j.stem.2018.
05.027

Dewidar, B., MeyerMeindl-Beinker, D., Dooley, S., and Meindl-Beinker, N. (2019).
TGF-B in hepatic stellate cell activation and liver fibrogenesis—updated 2019. Cells 8
(11), 1419. doi:10.3390/cells8111419

Distler, J. H. W., Györfi, A. H., Ramanujam, M., Whitfield, M. L., Königshoff, M., and
Lafyatis, R. (2019). Shared and distinct mechanisms of fibrosis. Nat. Rev. Rheumatol. 15
(12), 705–730. doi:10.1038/s41584-019-0322-7

Dobie, R., Wilson-Kanamori, J. R., Henderson, B. E. P., Smith, J. R., Matchett, K. P.,
Portman, J. R., et al. (2019). Single-cell transcriptomics uncovers zonation of function in
the mesenchyme during liver fibrosis. Cell Rep. 29 (7), 1832–1847.e8. doi:10.1016/j.
celrep.2019.10.024

Duan, J., Ruan, B., Yan, X., Liang, L., Song, P., Yang, Z., et al. (2018). Endothelial
Notch activation reshapes the angiocrine of sinusoidal endothelia to aggravate liver
fibrosis and blunt regeneration in mice. Hepatology 68 (2), 677–690. doi:10.1002/hep.
29834

El Taghdouini, A., Najimi, M., Sancho-Bru, P., Sokal, E., and van Grunsven, L. A.
(2015). In vitro reversion of activated primary human hepatic stellate cells. Fibrogenes.
Tissue Repair 8 (1), 14. doi:10.1186/s13069-015-0031-z

Elvevold, K., Smedsrød, B., and Martinez, I. (2008). The liver sinusoidal endothelial
cell: A cell type of controversial and confusing identity. Am. J. Physiol-Gastrointest Liver
Physiol. 294 (2), G391–G400. doi:10.1152/ajpgi.00167.2007

Fabregat, I., Moreno-Càceres, J., Sánchez, A., Dooley, S., Dewidar, B., Giannelli, G.,
et al. (2016). TGF-β signalling and liver disease. FEBS J. 283 (12), 2219–2232. doi:10.
1111/febs.13665

Fang, Z., Ruan, B., Liu, J., Duan, J., Yue, Z., Song, P., et al. (2022). Notch-triggered
maladaptation of liver sinusoidal endothelium aggravates nonalcoholic steatohepatitis
through endothelial nitric oxide synthase. Hepatology 76 (3), 742–758. doi:10.1002/hep.
32332

Gage, B. K., Liu, J. C., Innes, B. T., MacParland, S. A., McGilvray, I. D., Bader, G. D.,
et al. (2020). Generation of functional liver sinusoidal endothelial cells from human
pluripotent stem-cell-derived venous angioblasts. Cell Stem Cell 27 (2), 254–269.e9.
doi:10.1016/j.stem.2020.06.007

Helle, Ø. I., Øie, C. I., McCourt, P., and Ahluwalia, B. S. (2015). “Chip-based optical
microscopy for imaging membrane sieve plates of liver scavenger cells,” in San diego.
Editors P. Verma and A. Egner (California, United States. Available at: http://
proceedings.spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.2187277.

Henderson, N. C., Arnold, T. D., Katamura, Y., Giacomini, M. M., Rodriguez, J. D.,
McCarty, J. H., et al. (2013). Targeting of αv integrin identifies a core molecular pathway
that regulates fibrosis in several organs. Nat. Med. 19 (12), 1617–1624. doi:10.1038/nm.
3282

Hintermann, C., and Christen, H. (2019). The many roles of cell adhesion molecules
in hepatic fibrosis. Cells 8 (12), 1503. doi:10.3390/cells8121503

Hutter, R., Huang, L., Speidl, W. S., Giannarelli, C., Trubin, P., Bauriedel, G., et al.
(2013). Novel small leucine-rich repeat protein podocan is a negative regulator of
migration and proliferation of smooth muscle cells, modulates neointima formation,

and is expressed in human atheroma. Circulation 128 (22), 2351–2363. doi:10.1161/
circulationaha.113.004634

Iwaisako, K., Jiang, C., Zhang, M., Cong, M., Moore-Morris, T. J., Park, T. J., et al.
(2014). Origin of myofibroblasts in the fibrotic liver in mice. Proc. Natl. Acad. Sci. 111
(32), E3297–E3305. doi:10.1073/pnas.1400062111

Iwakiri, Y., and Kim, M. Y. (2015). Nitric oxide in liver diseases. Trends Pharmacol.
Sci. 36 (8), 524–536. doi:10.1016/j.tips.2015.05.001

Kitto, L. J., and Henderson, N. C. (2021). Hepatic stellate cell regulation of
liver regeneration and repair. Hepatol. Commun. 5 (3), 358–370. doi:10.1002/
hep4.1628

Knittel, T., Aurisch, S., Neubauer, K., Eichhorst, S., and Ramadori, G. (1996). Cell-
type-specific expression of neural cell adhesion molecule (N-CAM) in Ito cells of rat
liver. Up-regulation during in vitro activation and in hepatic tissue repair. Am. J. Pathol.
149 (2), 449–462.

Koui, Y., Himeno, M., Mori, Y., Nakano, Y., Saijou, E., Tanimizu, N., et al. (2021).
Development of human iPSC-derived quiescent hepatic stellate cell-like cells for drug
discovery and in vitro disease modeling. Stem Cell Rep. 16 (12), 3050–3063. doi:10.1016/
j.stemcr.2021.11.002

Kumar, S., Duan, Q., Wu, R., Harris, E. N., and Su, Q. (2021). Pathophysiological
communication between hepatocytes and non-parenchymal cells in liver injury from
NAFLD to liver fibrosis. Adv. Drug Deliv. Rev. 176, 113869. doi:10.1016/j.addr.2021.
113869

Marcellin, P., and Kutala, B. K. (2018). Liver diseases: Amajor, neglected global public
health problem requiring urgent actions and large-scale screening. Liver Int. 38, 2–6.
doi:10.1111/liv.13682

Mederacke, I., Hsu, C. C., Troeger, J. S., Huebener, P., Mu, X., Dapito, D.H., et al. (2013).
Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis
independent of its aetiology. Nat. Commun. 4 (1), 2823. doi:10.1038/ncomms3823

Nagatsuma, K., Hayashi, Y., Hano, H., Sagara, H., Murakami, K., Saito, M., et al.
(2009). Lecithin: Retinol acyltransferase protein is distributed in both hepatic stellate
cells and endothelial cells of normal rodent and human liver. Liver Int. 29 (1), 47–54.
doi:10.1111/j.1478-3231.2008.01773.x

Poisson, J., Lemoinne, S., Boulanger, C., Durand, F., Moreau, R., Valla, D., et al.
(2017). Liver sinusoidal endothelial cells: Physiology and role in liver diseases.
J. Hepatol. 66 (1), 212–227. doi:10.1016/j.jhep.2016.07.009

Puche, J. E., Saiman, Y., and Friedman, S. L. (2013). “Hepatic stellate cells and liver
fibrosis,” in Comprehensive physiology (China: Wiley), 1473–1492.

Ramachandran, P., Dobie, R., Wilson-Kanamori, J. R., Dora, E. F.,
Henderson, B. E. P., Luu, N. T., et al. (2019). Resolving the fibrotic niche
of human liver cirrhosis at single-cell level. Nature 575 (7783), 512–518.
doi:10.1038/s41586-019-1631-3

Rosenberg, P., Sjöström, M., Söderberg, C., Kinnman, N., Stål, P., and Hultcrantz, R.
(2011). Attenuated liver fibrosis after bile duct ligation and defective hepatic stellate cell
activation in neural cell adhesion molecule knockout mice. Liver Int. 31 (5), 630–641.
doi:10.1111/j.1478-3231.2011.02486.x

Sakai, M., and Yoshimura, R. (2021). Mechanotransduction-targeting drugs attenuate
stiffness-induced hepatic stellate cell activation in vitro biol. Pharm. Bull. 44 (3),
416–421. doi:10.1248/bpb.b20-00815

Sancho-Bru, P., Bataller, R., Gasull, X., Colmenero, J., Khurdayan, V., Gual, A., et al.
(2005). Genomic and functional characterization of stellate cells isolated from human
cirrhotic livers. J. Hepatol. 43 (2), 272–282. doi:10.1016/j.jhep.2005.02.035

Thompson, W. L., and Takebe, T. (2021). Human liver model systems in a dish. Dev.
Growth Differ. 63 (1), 47–58. doi:10.1111/dgd.12708

Tsuchida, T., and Friedman, S. L. (2017). Mechanisms of hepatic stellate cell
activation. Nat. Rev. Gastroenterol. Hepatol. 14 (7), 397–411. doi:10.1038/nrgastro.
2017.38

Vallverdú, J., Martínez García de la Torre, R. A., Mannaerts, I., Verhulst, S., Smout,
A., Coll, M., et al. (2021). Directed differentiation of human induced pluripotent stem
cells to hepatic stellate cells. Nat. Protoc. 16 (5), 2542–2563. doi:10.1038/s41596-021-
00509-1

Vestweber, D. (2008). VE-Cadherin: The major endothelial adhesion molecule
controlling cellular junctions and blood vessel formation. Arterioscler. Thromb.
Vasc. Biol. 28 (2), 223–232. doi:10.1161/atvbaha.107.158014

Wallace, S. J., Tacke, F., Schwabe, R. F., and Henderson, N. C. (2022). Understanding
the cellular interactome of non-alcoholic fatty liver disease. JHEP Rep. 4 (8), 100524.
doi:10.1016/j.jhepr.2022.100524

Wang, Y., Shen, R. W., Han, B., Li, Z., Xiong, L., Zhang, F. Y., et al. (2017). Notch
signaling mediated by TGF-β/Smad pathway in concanavalin A-induced liver fibrosis in
rats. World J. Gastroenterol. 23 (13), 2330. doi:10.3748/wjg.v23.i13.2330

Woodfin, A., Voisin, M. B., and Nourshargh, S. (2007). PECAM-1: Amulti-functional
molecule in inflammation and vascular biology. Arterioscler. Thromb. Vasc. Biol. 27
(12), 2514–2523. doi:10.1161/atvbaha.107.151456

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Wilhelmsen et al. 10.3389/fbioe.2023.1223737

https://doi.org/10.1016/j.lfs.2017.11.018
https://doi.org/10.1007/s10616-019-00329-y
https://doi.org/10.1002/hep.22721
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.3389/fphys.2021.757469
https://doi.org/10.1016/j.bbalip.2008.11.001
https://doi.org/10.1016/j.bbalip.2008.11.001
https://doi.org/10.1002/cld.1061
https://doi.org/10.1371/journal.pone.0046512
https://doi.org/10.1016/j.stem.2018.05.027
https://doi.org/10.1016/j.stem.2018.05.027
https://doi.org/10.3390/cells8111419
https://doi.org/10.1038/s41584-019-0322-7
https://doi.org/10.1016/j.celrep.2019.10.024
https://doi.org/10.1016/j.celrep.2019.10.024
https://doi.org/10.1002/hep.29834
https://doi.org/10.1002/hep.29834
https://doi.org/10.1186/s13069-015-0031-z
https://doi.org/10.1152/ajpgi.00167.2007
https://doi.org/10.1111/febs.13665
https://doi.org/10.1111/febs.13665
https://doi.org/10.1002/hep.32332
https://doi.org/10.1002/hep.32332
https://doi.org/10.1016/j.stem.2020.06.007
http://proceedings.spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.2187277
http://proceedings.spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.2187277
https://doi.org/10.1038/nm.3282
https://doi.org/10.1038/nm.3282
https://doi.org/10.3390/cells8121503
https://doi.org/10.1161/circulationaha.113.004634
https://doi.org/10.1161/circulationaha.113.004634
https://doi.org/10.1073/pnas.1400062111
https://doi.org/10.1016/j.tips.2015.05.001
https://doi.org/10.1002/hep4.1628
https://doi.org/10.1002/hep4.1628
https://doi.org/10.1016/j.stemcr.2021.11.002
https://doi.org/10.1016/j.stemcr.2021.11.002
https://doi.org/10.1016/j.addr.2021.113869
https://doi.org/10.1016/j.addr.2021.113869
https://doi.org/10.1111/liv.13682
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1111/j.1478-3231.2008.01773.x
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1111/j.1478-3231.2011.02486.x
https://doi.org/10.1248/bpb.b20-00815
https://doi.org/10.1016/j.jhep.2005.02.035
https://doi.org/10.1111/dgd.12708
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/s41596-021-00509-1
https://doi.org/10.1038/s41596-021-00509-1
https://doi.org/10.1161/atvbaha.107.158014
https://doi.org/10.1016/j.jhepr.2022.100524
https://doi.org/10.3748/wjg.v23.i13.2330
https://doi.org/10.1161/atvbaha.107.151456
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1223737


Xie, G., Choi, S. S., Syn, W. K., Michelotti, G. A., Swiderska, M., Karaca, G., et al.
(2013). Hedgehog signalling regulates liver sinusoidal endothelial cell capillarisation.
Gut 62 (2), 299–309. doi:10.1136/gutjnl-2011-301494

Xie, G., Wang, X., Wang, L., Wang, L., Atkinson, R. D., Kanel, G. C., et al. (2012). Role
of differentiation of liver sinusoidal endothelial cells in progression and regression of
hepatic fibrosis in rats. Gastroenterology 142 (4), 918–927.e6. doi:10.1053/j.gastro.2011.
12.017

Yin, X., Yi, H., Wang, L., Wu, W., Wu, X., and Yu, L. (2016). RSPOs facilitated HSC
activation and promoted hepatic fibrogenesis. Oncotarget 7 (39), 63767–63778. doi:10.
18632/oncotarget.11654

Ying, H. Z., Chen, Q., Zhang, W. Y., Zhang, H. H., Ma, Y., Zhang, S. Z., et al. (2017).
PDGF signaling pathway in hepatic fibrosis pathogenesis and therapeutics. Mol. Med.
Rep. 16 (6), 7879–7889. doi:10.3892/mmr.2017.7641

Zeilinger, K., Freyer, N., Damm, G., Seehofer, D., and Knöspel, F. (2016). Cell sources
for in vitro human liver cell culture models. Exp. Biol. Med. 241 (15), 1684–1698. doi:10.
1177/1535370216657448

Zhang, D., Zhuang, R., Guo, Z., Gao, M., Huang, L., You, L., et al. (2018). Desmin- and
vimentin-mediated hepatic stellate cell-targeting radiotracer 99m Tc-GlcNAc-PEI for
liver fibrosis imaging with SPECT. Theranostics 8 (5), 1340–1349. doi:10.7150/thno.
22806

Frontiers in Bioengineering and Biotechnology frontiersin.org18

Wilhelmsen et al. 10.3389/fbioe.2023.1223737

https://doi.org/10.1136/gutjnl-2011-301494
https://doi.org/10.1053/j.gastro.2011.12.017
https://doi.org/10.1053/j.gastro.2011.12.017
https://doi.org/10.18632/oncotarget.11654
https://doi.org/10.18632/oncotarget.11654
https://doi.org/10.3892/mmr.2017.7641
https://doi.org/10.1177/1535370216657448
https://doi.org/10.1177/1535370216657448
https://doi.org/10.7150/thno.22806
https://doi.org/10.7150/thno.22806
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1223737

	Characterization of human stem cell-derived hepatic stellate cells and liver sinusoidal endothelial cells during extended i ...
	Introduction
	Methods
	Culturing and maintenance of PSCs
	scHSC differentiation
	scLSEC differentiation
	Culture of primary human HSCs, LSECs, and LEC
	Long-term culture of scHSCs and scLSECs
	In vitro modeling of scHSC- and pHSC activation
	Co-culture of scHSCs and scLSECs
	Analysis of gene expression by RNA extraction and real-time quantitative polymerase chain reaction (RT-qPCR)
	Measurement of procollagen type I C-peptide secretion
	Immunofluorescence staining and confocal microscopy/structure illumination microscope (SIM) imaging
	Determination of autofluorescence and PDGFR-β by flow cytometry
	α-SMA quantification
	Vitamin A detection and quantification by UV image analysis
	Senescence staining
	Measurement of coagulation factor VIII secretion
	Measurement of NO secretion
	E. coli bioparticle and AcLDL uptake assay
	Statistical analysis
	Figure creation
	Ethics

	Results
	Differentiation and characterization of pluripotent stem cell-derived hepatic stellate cells and liver sinusoidal endotheli ...
	Long-term culture of pluripotent stem cell-derived hepatic stellate cells and liver sinusoidal endothelial cells
	The effect of Notch inhibition on long-term culture of pluripotent stem cell-derived hepatic stellate cells and liver sinus ...
	Long-term Co-Culture of scHSCs and scLSECs for the Assessment of phenotypical and functional changes

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


