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SUMMARY

Hepatic stellate cells (HSCs) play a central role in the progression of liver fibrosis by producing extracellular matrices. The development of
drugs to suppress liver fibrosis has been hampered by the lack of human quiescent HSCs (qHSCs) and an appropriate in vitro model that
faithfully recapitulates HSC activation. In the present study, we developed a culture system to generate qHSC-like cells from human-
induced pluripotent stem cells (hiPSCs) that can be converted into activated HSCs in culture. To monitor the activation process, a red
fluorescent protein (RFP) gene was inserted in hiPSCs downstream of the activation marker gene actin alpha 2 smooth muscle
(ACTA2). Using qHSC-like cells derived from RFP reporter iPSCs, we screened a repurposing chemical library and identified therapeutic
candidates that prevent liver fibrosis. Hence, hiPSC-derived qHSC-like cells will be a useful tool to study the mechanism of HSC activation

and to identify therapeutic agents.

INTRODUCTION

The liver is a central organ for homeostasis and consists of
parenchymal hepatocytes and non-parenchymal cells,
such as hepatic stellate cells (HSCs), liver sinusoidal endo-
thelial cells, cholangiocytes, and Kupffer cells. Regardless
of etiology, chronic liver injury induces fibrosis that often
proceeds to cirrhosis and hepatocellular carcinoma, indi-
cating that prevention and/or resolution of fibrosis is a
promising therapeutic target. HSCs are liver-specific
mesenchymal cells that are localized in the perisinusoidal
space known as the space of Disse (Friedman, 2008). In a
healthy liver, they are quiescent and store vitamin A but
convert to activated HSCs (aHSCs) in response to liver
injury (Tsuchida and Friedman, 2017). Although aHSCs
support the reconstruction of liver structure and the
improvement of liver function after liver injury by pro-
ducing growth factors and extracellular matrices, contin-
uous HSC activation results in cirrhosis and hepatocellu-
lar carcinoma (Friedman, 2008). Thus, the inhibition of
HSC activation should be an effective means to prevent
chronic liver diseases (Mederacke et al., 2013; Osawa
et al.,, 2015). To develop such therapeutic agents, it is
necessary to recapitulate and monitor the HSC activation
process in vitro. However, it is practically impossible to
obtain enough quiescent HSCs (gqHSCs) from human

3050 Stem Cell Reports | Vol. 16 | 3050—-3063 | December 14,2021 | © 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

healthy livers, and commercially available primary HSCs
and HSC lines are already activated and do not exhibit
the quiescent characteristics of HSCs (Herrmann et al.,
2007; Xu et al., 2005). Human-induced pluripotent stem
cells (hiPSCs) have been used as an alternative cell source
to develop disease models, and there are reports that show
the generation of HSCs from hiPSCs. However, these
hiPSC-derived HSCs are activated and exhibit limited
characteristics of HSCs (Coll et al.,, 2018; Koui et al.,
2017; Miyoshi et al., 2019). Hence, there are no practically
available human qHSCs for the development of therapeu-
tic agents for liver fibrosis. Furthermore, there is no conve-
nient method for the quantitative assessment of HSC
activation.

To overcome these challenges, we developed a protocol
to generate qHSC-like cells from hiPSCs, which can be acti-
vated in vitro to produce extracellular matrices. As actin
alpha 2 smooth muscle (ACTA2) encodes o smooth muscle
actin, a protein that is highly inducible in the activation of
HSCs, we developed a reporter hiPSC line by inserting red
fluorescent protein (RFP) at the ACTAZ2 locus to monitor
the activation processes of HSCs. Using the qHSC-like cells
derived from reporter ACTA2-RFP iPSCs, we established an
in vitro HSC activation model and demonstrated an applica-
tion of the system by identifying chemical compounds that
prevent liver fibrosis.
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RESULTS

Generation of hiPSC-derived qHSC-like cells

We established a method to generate qHSC-like cells from
hiPSCs by mimicking the HSC developmental process. As
HSCs were reported to derive from submesothelial cells
showing mesenchymal characteristics (Asahina et al.,
2011), we developed a differentiation system for qHSC-
like cells in three-dimensional culture through meso-
dermal induction of hiPSCs (Figure 1A). Embryoid bodies
(EBs) were formed and gradually became larger in culture
(Figure 1B). Because the aHSC-specific markers, ACTA2
and collagen type I alpha 1 chain (COL1A1), were increased
in a 4% O, culture condition compared with 20% O,, we
increased the oxygen concentration at day 6 (Figures 1A
and S1A). We found that expression of the pluripotency
marker genes, octamer-binding protein 4 (OCT4) and
nanog homeobox (NANOG), was decreased, whereas
expression of the mesodermal marker genes, mesoderm
posterior bHLH transcription factor 1 (MESPI) and T-box
transcription factor T (T), was increased along with meso-
dermal differentiation (Figure 1C). The septum transver-
sum mesenchyme (STM) and HSC marker genes, forkhead
box F1 (FOXFI1), LIM homeobox 2 (LHXZ2), H2.0 like ho-
meobox (HLX), platelet-derived growth factor receptor
alpha (PDGFRA), and platelet-derived growth factor recep-
tor beta (PDGFRB), were upregulated during differentiation
(Figure 1C). The expression of the low-affinity nerve
growth factor receptor (NGFR), which is a specific cell sur-
face molecule of HSCs, was detected by flow cytometric
(FCM) analysis (Figure 1D). NGFR* cells derived from
hiPSCs were separated from NGFR™ cells using a cell sorter.
NGFR and nestin (NES) were enriched in NGFR* cells
compared with pre-sorted or NGFR™ cells (Figure 1E).
Importantly, we found that expression of the aHSC-specific
marker genes, ACTA2 and COL1A1, were hardly detected in
NGFR* cells (Figure 1E). Moreover, we applied our differen-
tiation protocol to two additional hiPSC lines (FF-1 and FF-
2), and using FCM analysis, we found that NGFR* popula-
tions were clearly detected in both cell lines (Figure S1B),
indicating that this protocol is applicable to various hiPSC
lines.

Characterization of hiPSC-derived qHSC-like cells

hiPSC-derived qHSC-like cells exhibited a stellate cell-like
morphology (Figure 2A) and expressed neural cell adhesion
molecule (NCAM) at the protein level (Figure 2B). These
cells also exhibited the ability to store vitamin A (Figures
2C and 2D), which is a unique function of gHSCs. Notably,
compared with commercially available primary human
HSCs, the hiPSC-derived qHSC-like cells highly expressed
HSC marker genes and did not express the aHSC marker

genes, ACTA2 and COL1A1 (Figure 2E), indicating that
the commercial primary human HSCs were already acti-
vated and lost their characteristics of gHSCs. In addition,
to clearly show the quiescent phenotype of hiPSC-derived
qHSC-like cells, we compared their gene expression profile
with that of HSCs derived from hiPSCs using a previously
reported protocol (Koui et al., 2017). We found that HSC
marker genes were highly expressed in hiPSC-derived
qHSC-like cells (Figure S2A), whereas by contrast, the levels
of aHSC-specific markers were much higher in HSCs that
were generated using the conventional differentiation pro-
tocol (Figure S2A). Collectively, these findings indicate that
hiPSC-derived qHSC-like cells exhibit in vivo qHSC-like
phenotypes.

In vitro HSC activation model

First, we evaluated the activation of freshly isolated mouse
qHSCs in two-dimensional culture because it is well estab-
lished that qHSCs are rapidly activated in two-dimensional
culture (Olsen et al., 2011). As expected, we found that the
expression of the aHSC marker genes, Acta2 and Collal,
was upregulated in mouse HSCs after 5 days of two-dimen-
sional culture on a collagen-coated dish (Figure S2B). Based
on this result, we then established an in vitro HSC activa-
tion model using hiPSC-derived NGFR" qHSC-like cells by
transfer to two-dimensional culture, a stiff condition (Ol-
sen et al., 2011) (Figure 2F). Although the results were var-
iable between experiments, the expression level of the acti-
vation marker gene, ACTA2, was significantly increased at
day 3 in two-dimensional culture (Figure 2F). Expression
of COL1A1, collagen type I alpha 2 chain (COL1A2), and
collagen type III alpha 1 chain (COL3AI) was gradually
increased and reached the highest level at day 10 (Fig-
ure 2F). Immunocytochemical analysis showed a strong
expression of alpha smooth muscle actin («<SMA) encoded
by ACTA2, which is a specific marker of aHSC (Figure 2G).
The production of pro-collagen I alpha 1 was also upregu-
lated after 7 days of culture (Figure 2H). These results
demonstrate that hiPSC-derived qHSC-like cells exhibit
the potential to become aHSCs in a manner similar to
that of freshly isolated primary qHSCs.

Gene expression profiles of qHSCs and aHSCs

To further characterize our hiPSC-derived qHSC-like cells
and aHSCs, we performed RNA-sequencing (RNA-seq) anal-
ysis on hiPSC-derived HSCs prepared from two iPSC lines
(Figure 3A). Clustering analysis showed that iPSC-derived
qHSC-like cells and aHSCs were clustered into different
groups (Figures 3B and S3A; Table S1). The expression pat-
terns of known qHSC and aHSC markers are shown in Fig-
ure 3C. We found that qHSC marker genes were specifically
expressed in hiPSC-derived qHSC-like cells, whereas aHSC
marker genes, such as those encoding collagens, matrix
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Figure 2. Characteristics of hiPSC-derived qHSC-
like cells

(A) Phase-contrast image of hiPSC-derived gHSC-like
cells. Scale bar, 100 um.

(B) FCM analysis of NCAM in hiPSC-derived qHSC-like
cells (right). Positive gates were defined based on the
isotype control (left).

(C) FCM analysis of autofluorescence of intracellular
vitamin A droplets in hiPSC-derived qHSC-like cells
(iPS-qHSC) (lower). Human mesenchymal stem cells
(hMSC) are used as a control (upper).

(D) Phase-contrast and fluorescence images of hiPSC-
derived gHSC-like cells incubated with or without
retinol (vitamin A). Arrowheads indicate droplets of
vitamin A (blue). Scale bar, 100 pum.

(E) Expression levels of HSC marker genes (NGFR,
LRAT, and NES) and aHSC marker genes (ACTA2 and
COL1A1) in primary human HSCs (hHSC) and hiPSC-
derived NGFR* gHSC-like cells (iPS-gHSC). The results
are shown as the mean = SEM of independent exper-
iments (each experiment contains two technical
replicates). hHSC n = 2, iPS-gHSC n = 7.

(F) Schematic representation of an in vitro HSC acti-
vation model using hiPSC-derived gHSC-like cells
(iPS-gHSC) (upper). Expression levels of aHSC marker
genes (ACTA2, COL1A1, COL1A2, and COL3A1) in the
activation process of hiPSC-derived gHSC-like cells
(lower). The results are shown as the mean + SEM of
independent experiments (each experiment contains
two technical replicates). DayOn=7,day 1 n=7, day
3n=4,day5n=7,day10n=3.*p<0.05, **p<0.01,
**%p < 0.001.

(G) Immunofluorescence staining for aSMA (green) in
hiPSC-derived aHSCs. Scale bar, 100 pum.

(H) Secretion levels of pro-collagen I alpha 1 in the
activation process of hiPSC-derived gqHSC-like cells.
The results are shown as the mean + SEM of inde-
pendent experiments. n = 3 in each group.

See also Figure S2.
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Figure 3. Gene expression profiles of qHSC-like cells and aHSCs

(A) Schematic representation of the activation culture system of hiPSC-derived gHSC-like cells. qHSC-like cells (qHSC) and aHSCs were
prepared from two iPS cell lines (4M: TkDN4-M and FF: FF-1).

(B) Hierarchical clustering analysis of 4M iPSC-derived gHSC-like cells and aHSCs (qHSC n = 3, aHSC n = 3). Expression of 276 high fold-
change genes between gHSC-like cells and aHSCs is depicted by color.

(legend continued on next page)
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metalloproteinases, and members of the transforming
growth factor B (TGFp) family, were enriched in hiPSC-
derived aHSCs. In addition, gene ontology (GO) enrich-
ment analysis and pathway analysis showed that liver
fibrosis-related gene clusters involved in such processes
and pathways, like extracellular matrix (ECM) organiza-
tion, collagen fibril organization, TGFp signaling pathway,
ECM-receptor interaction, and cellmatrix adhesion, were
significantly changed in the process of activating hiPSC-
derived qHSC-like cells (Figures 3D, 3E, S3B, and S3C; Table
S2). Then, we compared gene expression profiles of hiPSC-
derived qHSC-like cells with those of primary human
qHSCs and aHSCs. Gene expression data of human qHSCs,
aHSCs (Liu et al., 2020) (GSE141100), sinusoidal endothe-
lial cells, hepatocytes (Shahani et al., 2014) (GSE43984),
and cultured hepatocytes (Koui et al., 2017) (GSE98710)
were extracted from a publicly available database and
further processed for comparison. Principal component
analysis (PCA) demonstrated that gene expression patterns
of hiPSC-derived qHSC-like cells were similar to those of
human qHSCs but distinct from other liver cells (Figure 3F).
Although human aHSCs revealed diverse gene expression
profiles between donors, PCA represented that there was
a clear difference in gene expression profile between
hiPSC-derived qHSC-like cells and primary human aHSCs.
Clustering analysis demonstrated that expression profiles
of hiPSC-derived qHSC-like cells were similar to those of
human qHSCs and can be distinguished from other hepatic
cells including aHSCs (Figure 3G). Although it has been re-
ported that the expression profiles are different between
in vivo and in vitro aHSCs (De Minicis et al., 2007), our re-
sults demonstrate that hiPSC-derived qHSC-like cells
exhibit a qHSC-type gene expression profile and partially
recapitulate the activation process of HSCs.

Quantitative assessment of HSC activation
To establish a method to quantitatively assess HSC activa-
tion in vitro, we searched for a critical marker of aHSCs.

We examined the expression of the HSC activation
markers, Acta2, Collal, Colla2, and Col3al, in qHSCs
and aHSCs isolated from normal and injured mouse livers.
The expression of Collal, Colla2, and Col3al was detected
in qHSCs and upregulated in aHSCs, whereas that of Acta2
was not detected in qHSCs (Figure S4A). These results were
consistent with the activation of iPSC-derived qHSC-like
cells. Among the HSC activation marker genes, we found
that the expression of ACTA2 was undetectable in hiPSC-
derived qHSC-like cells and induced immediately after con-
version from the quiescent to the activated state (Figure 2F).
These results suggest that qHSCs can be clearly distin-
guished from aHSCs by the expression of ACTA2. Accord-
ingly, we generated an ACTA2-RFP reporter hiPSC line by
inserting the RFP reporter gene at the ACTAZ2 locus using
the CRISPR-Cas9 system (Figure 4A). A positive hiPSC clone
(clone #25) containing donor DNA was identified by PCR
and sequencing following CRISPR-Cas9-mediated gene
edition (Figures S4B and S4C). We also confirmed that the
Cas9 vector was not integrated into the genomic DNA of
cells from the ACTA2-RFP reporter hiPSC line (clone #25)
(Figure S4D) and that these ACTA2-RFP reporter hiPSCs
had alkaline phosphatase activity (Figure S4E) and ex-
pressed OCT3/4 (Figure S4F). We then induced the NGFR*
gHSC-like cells from ACTA2-RFP reporter hiPSCs and
cultured them under activation conditions. Expectedly,
although ACTA2-RFP reporter hiPSCs and NGFR* qHSC-
like cells did not express RFP (Figures 4B and S4G), we
found that RFP fluorescence gradually increased along
with HSC activation (Figures 4B and S4H). Thus, the
gHSC-like cells derived from reporter hiPSCs express RFP
fluorescence after conversion into the activated state. In
addition, ACTA2-RFP reporter iPSC-derived NGFR* qHSC-
like cells can be cryopreserved without phenotypic changes
(Figure S4I). Next, we determined whether ACTA2-RFP re-
porter iPSC-derived NGFR* qHSC-like cells can be used
for the identification of therapeutic agents for liver fibrosis
including late-stage cirrhosis. We tested two well-known

(C) Comparison of gene expression levels of gHSC and aHSC marker genes in 4M iPSC-derived HSCs (qHSC_4M n =3, aHSC_4M n = 3) and FF
iPSC-derived HSCs (qHSC_FF n = 3, aHSC_FF n = 3). Gene expression is depicted by color.

(D) GO analysis of 276 high fold-change genes between 4M iPSC-derived gHSC-like cells and aHSCs. p values of the top 20 terms are
indicated.

(E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of 276 high fold-change genes between 4M iPSC-derived gHSC-Llike
cells and aHSCs. p values of enriched pathways are indicated.

(F) PCA of hiPSC-derived qHSC-like cells (iPS-qHSC_4M), primary human gqHSCs (human qHSC, GSE141100), primary human aHSCs (human
aHSC, GSE141100), hepatocytes (Hep, GSE43984), cultured hepatocytes (Cul_Hep, GSE98710), and liver sinusoidal endothelial cells (LSEC,
GSE43984) based on log(TPM). Raw data were extracted from GEO and further processed as described in Supplemental experiment pro-
cedures.

(G) Cluster map of hiPSC-derived qHSC-Llike cells (iPS-qHSC_4M), primary human gHSCs (Human qHSC, GSE141100), primary human aHSCs
(Human aHSC, GSE141100), hepatocytes (Hep, GSE43984), cultured hepatocytes (Cul_Hep, GSE98710), and liver sinusoidal endothelial
cells (LSEC, GSE43984) based on Z-scores. The y axis indicates DEG.

See also Figure S3.
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inhibitors of HSC activation, A83-01 and ICG-001, both of
which inhibit TGFp receptor 1 and the binding of -catenin
and CREB binding protein (CBP), respectively (Aimaiti
et al., 2019; Akcora et al., 2018). We found that ACTA2
and COLIA1 expression was completely inhibited by
A83-01 and ICG-001 (Figure 4C). Consistently, RFP fluores-
cence was also severely suppressed by treatment of either
inhibitor (Figure 4D), indicating that a reporter iPSC line
is a useful tool for monitoring the activation process of
HSCs and for drug discovery.

Screening of therapeutic agents for liver fibrosis

To identify therapeutic agents for liver fibrosis including
late-stage liver cirrhosis, we developed a high-throughput
screening system using the qHSC-like cells derived from
ACTAZ2-RFP reporter iPSCs (Figure 5A). The screening sys-
tem was optimized and validated in a 384-well plate. We
developed an automatic evaluation system for HSC activa-
tion (RFP-positive area) and cell viability (Hoechst33342-
positive cells) using image processing software (Figure 5B).
To validate the screening system, a Z'-factor was calculated
and determined to be 0.515, indicating that the system can
be used for screening compounds (Zhang et al., 1999) (Fig-
ure 5C). In addition, the screening assay was verified by in-
hibiting HSC activation using A83-01 and ICG-001. We
found that the RFP area was significantly decreased in the
presence of either inhibitor (Figure 5D). These results
demonstrate that this screening system is useful to evaluate
the inhibitory effect of compounds on HSC activation.
Thus, using a drug repositioning library, we then screened
for therapeutic agents of liver fibrosis (Figure SE). First,
based on an initial analysis of the inhibitory effects of
1,453 compounds in a validated compound library on
HSC activation (RFP-positive area-3XSD, n =1 of each com-
pound), we identified 218 compounds (Figures SE-5G).
Second, we verified the inhibitory effect of each compound
on HSC activation (n = 3 for each compound) and excluded
cytotoxic compounds based on the number of cells in each
well (<1,000 cells/well), resulting in a shortlist of 16 com-
pounds that significantly inhibit HSC activation without
affecting cell viability (Figure SE). Finally, we evaluated
these 16 compounds on freshly isolated qHSCs from
normal mouse livers and found that the activated HSC
marker genes, Acta2, Collal, Col3al, and Colla2, were in-
hibited in the presence of compounds B2, F2, H2, A3,
and B3 (Figures SH and SSA). Thus, using our screening sys-
tem, we identified five compounds as candidates for thera-
peutic agents of liver fibrosis. Among these five com-
pounds, we further excluded molecules that would not be
suitable for oral administration and concluded with two
candidates including artemisinin. Artemisinin is a long-
standing antimalarial drug with a well-known antifibrotic
effect (Cui and Su, 2009). Hence, we performed animal ex-

periments using the artemisinin derivative artesunate. We
administrated artesunate to carbon tetrachloride (CCly)-
induced liver fibrosis model mice (Figure 5I). After 2 weeks
of administration, we found that liver/body weight and
Acta2 expression level were significantly improved (Figures
5] and 5K), indicating that artesunate has a therapeutic ef-
fect on mouse liver fibrosis. These findings are consistent
with those of previous studies reporting on the antifibrotic
activity of artesunate in animal models (Kong et al., 2019;
Lv et al., 2018). Moreover, the expression of the aHSC
marker genes ACTA2, COL1A1, COL1A2, and COL3A1 in
cells of the human HSC line LX2 was inhibited by artesu-
nate in a dose-dependent manner (Figure S5B). All of these
findings demonstrate that our drug screening system based
on ACTA2-RFP reporter iPSC-derived qHSC-like cells will be
a useful tool for the identification of novel therapeutic
agents for liver fibrosis.

DISCUSSION

In this study, we developed a culture system to generate
gHSC-like cells from hiPSCs that can be converted into
aHSCs in culture. We characterized the hiPSC-derived
NGFR* cells by gene and protein expression analyses and
functional assays. The definition of “quiescence” of HSCs
is a sensitive issue. In fact, there are many studies on the
markers of gHSC and aHSC (Cassiman et al., 2001; Coll
et al., 2015; El Taghdouini et al., 2015; Passino et al.,
2007; Ramachandran et al., 2019; Trim et al., 2000; Tscha-
harganeh et al., 2014). Several comprehensive gene expres-
sion analyses of human HSCs and immunostaining ana-
lyses of human tissues demonstrated that NGFR and NES
expressions were detected in both qHSCs and aHSCs, and
their expressions were elevated in injured liver in humans
(Cassiman etal., 2001; Coll et al., 2015; El Taghdouini et al.,
2015; Passino et al., 2007; Ramachandran et al., 2019; Trim
etal., 2000; Tschaharganeh et al., 2014). We reanalyzed the
single-cell RNA-seq dataset to examine expression changes
of NGFR and NES genes in HSCs in uninjured and cirrhotic
livers and found that both qHSCs and aHSCs expressed
these genes in vivo (Ramachandran et al., 2019). NGFR
and NES expression in hiPSC-derived NGFR" cells was
also confirmed by qPCR and RNA-sequencing experiments,
indicating that hiPSC-derived NGFR* cells exhibit HSC-like
phenotypes.

Among several qHSC makers, LRAT has been identified as
a reliable and specific marker for qHSCs in healthy human
livers and reported that its expression was decreased along
with HSC activation (Mederacke et al., 2013; Nagatsuma
et al., 2009). Similarly, LRAT expression was detected in
hiPSC-derived NGFR" cells and dramatically decreased after
induction of activation (Figure 3C). LRAT is known to
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Figure 5. Screening of therapeutic agents
for liver fibrosis

(A) Schematic representation of high-
throughput drug screening system using the
ACTA2-RFP reporter iPSCs-derived qHSC-like
cells.

(B) Representative fluorescent images of RFP
(red) and Hoechst33342 (blue) in ACTA2-RFP
reporter iPSC-derived HSCs after 5 days of
culture (left). RFP-positive area (green) and
Hoechst33342-positive area (yellow) were
detected by image processing software
(right). Scale bars, 200 um.

(C) Values of RFP-positive area in ACTA2-RFP
reporter iPSC-derived HSCs cultured for 5 days
(green dots, n = 307) and control iPSC-
derived HSCs cultured for 5 days (pink dots,
n = 8). Results are shown as total RFP-posi-
tive area in each well. CV (%) of RFP-positive
area in ACTA2-RFP reporter iPSC-derived HSCs
and Z'-factor of this screening system were
calculated.

(D) Values of RFP-positive area in ACTA2-RFP
reporter iPSC-derived HSCs cultured with
A83-01 (yellow dots) and ICG-001 (blue dots)
for 5 days. Control n = 148, A83-01 n =72,
ICG-001 n =73. ***p < 0.001.

(E) The process of a three-step screening to
identify therapeutic agents for liver fibrosis.
(F) Representative results of first screening.
Values of RFP-positive area in ACTA2-RFP re-
porter iPSC-derived HSCs treated with the
compound were plotted (red dots, n = 1 of
each compound). Green dots indicate the
RFP-positive areas of ACTA2-RFP reporter
iPSC-derived HSCs treated without the com-
pound (control, n = 29). Blue dashed line
indicates the average of the controls. Blue
line indicates the average - 3XSD of the
controls.

(G) Representative images of RFP signals in
each well. The values of RFP-positive area are
shown under each image. Scale bar, 500 pum.
(H) Expression levels of activation marker
genes (Acta2 and Collal) in primary mouse
HSCs cultured with compounds. The results
are shown as the mean + SEM of independent
experiments (each experiment contains two
technical replicates). n = 3 in each group.
*p < 0.05, **p < 0.01, ***p < 0.001.

(I) Schematic representation of CCl,-induced
liver fibrosis model. The mice were intraper-
itoneally injected with CCl, twice a week for
8 weeks. Then, artesunate was administrated
for 2 weeks.

(J) Average of liver/body weight after PBS or artesunate (AS) administration. The results are shown as the mean + SEM of independent

experiments. n = 7 in each group. **p < 0.01.
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catalyze the esterification of retinol for storage and is neces-
sary for vitamin A storage in qHSCs. We demonstrated that
hiPSC-derived NGFR™ cells stored vitamin A (Figures 2B-
2D), suggesting that hiPSC-derived NGFR™ cells exhibit a
gHSC-like phenotype. Moreover, as shown in Figures 2E
and 2F, we also showed that the aHSC-specific markers,
ACTA2 and COLIA1, were hardly detected in hiPSC-
derived NGFR* cells. Therefore, we defined hiPSC-derived
NGFR" cells as qHSC-like cells in this study. However,
because NGFR and NES expressions were not upregulated
in the process of iPSC-derived qHSC-like cell activation,
iPSC-derived qHSC-like cells were not exactly the same as
primary qHSCs. Moreover, we identified the 23 differen-
tially expressed genes between human qHSCs and iPSC-
derived qHSC-like cells in Figure 3G (11 upregulated and
12 downregulated genes in iPSC-derived qHSC-like cells,
listed in Table S3). Among the 23 genes, IGFBP3 and
TGM2 were reported to regulate the character of the
HSCs. Although the expression of IGFBP3 and TGM2 was
upregulated in the process of the HSC activation (Man-
naerts et al., 2013; Wen et al., 2017; Yaqoob et al., 2020),
our analysis of publicly available RNA-seq data demon-
strated that they were highly expressed in the human
qHSCs compared with the human aHSCs (Liu et al,
2020), indicating that the expression of IGFBP3 and
TGM2 is controversial.

HSCs play essential roles in the progression of liver
fibrosis by changing their characteristics from a quiescent
to an activated state, leading to the production of ECMs.
However, existing drug screening efforts using human
HSCs have been hampered by the lack of gHSCs. Although
there are several approaches to address the preservation of
the quiescent state of HSCs in vitro (Guvendiren et al., 2014;
Olsen et al., 2011), the quiescent phenotype of HSCs
freshly isolated from the body cannot be maintained in cul-
ture. Similarly, human HSC lines such as LX1 and LX2 (Xu
et al., 2005) express aHSC marker genes and have lost the
quiescent phenotype. In this study, to overcome the
shortage of qHSCs needed for drug discovery, we generated
qHSC-like cells from human iPSCs. As the HSCs generated
by our current protocol are capable of being activated, they
are superior to primary human HSCs and hiPSC-derived
HSCs using previously established protocols (Coll et al.,
2018; Koui et al., 2017; Miyoshi et al., 2019). In concor-
dance with their activation, qHSC-like cells dramatically
changed their gene expression profile into the activated
state. Thus, hiPSC-derived gHSC-like cells can be converted
to aHSCs, and these phenotypic changes are partially
similar to the activation process during liver fibrosis in vivo.

We also generated an ACTA2-RFP reporter iPSC line by
CRISPR-Cas9-mediated gene editing. The qHSC-like cells
derived from ACTAZ2-RFP reporter iPSCs can be used to quan-
titatively monitor the HSC activation process. Using this
model, we demonstrated that A83-01 and ICG-001 in-
hibited HSC activation, and furthermore, by screening a
drug repositioning library, we identified compounds that
inhibit HSC activation, among which we found the antima-
larial artemisinin (Cui and Su, 2009). Artemisinin and its de-
rivatives were previously shown to inhibit HSC activation
in vitro and in vivo by regulating the PDGFRB/extracellular
signal-regulated kinase (ERK) and farnesoid X receptor-
sphingosine 1 phosphate receptor 2 (FXR-S1PR2) signaling
pathways (Chen et al., 2016a; Kong et al., 2019; Lv et al.,
2018; Xuetal., 2016, 2017). Furthermore, histopathological
changes of cirrhotic livers were previously examined by his-
tological analysis, and it was clearly shown that the artemi-
sinin derivative artesunate improved liver fibrosis (Chen
et al., 2016b; Lai et al., 2015; Shen et al., 2021). Similar to
the histological findings of these previous studies, we also
showed the effect of artesunate on liver fibrosis, reporting
improved liver/body weight and decreased Acta2 expression
in CCly-induced liver fibrosis model mice. We are currently
performing animal experiments using the other candidate
compound that was identified by our drug screening system
using hiPSC-derived qHSC-like cells to confirm its effective-
ness on liver fibrosis treatment.

In conclusion, our drug screening assay using hiPSC-
derived qHSC-like cells is an effective means to identify
novel therapeutic agents for liver fibrosis. This screening
approach can be readily applied to robustly screen for other
types of therapeutic agents, such as peptides, antibodies,
and oligonucleotides.

EXPERIMENTAL PROCEDURES

Maintenance of human iPSCs

Three human iPSC lines (TKDN4-M, FF-1, and FF-2) were used in
this study. TkKDN4-M was provided by Dr. Otsu (Institute of Medi-
cal Science, The University of Tokyo) (Takayama et al., 2010) and
maintained on Vitronectin (Thermo Fisher Scientific)-coated
dishes in StemFlex Medium (Thermo Fisher Scientific). FF-1 and
FF-2 were provided by FUJIFILM Cellular Dynamics, Inc, and main-
tained on GFR Matrigel (Corning)-coated dishes in StemFlex
Medium.

Differentiation of qHSC-like cells from human iPSCs
Human qHSC-like cells were induced from iPSCs in a three-dimen-
sional EB culture system. To form EBs, TkDN4-M iPSCs were

(K) Expression levels of Acta2 in whole livers after PBS or AS administration. The results are shown as the mean + SEM of independent
experiments (each experiment contains two technical replicates). n = 7 in each group. *p < 0.05.

See also Figure S5.
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dissociated into single cells and seeded on Ultra-Low Attachment
plates (Corning) at a density of 10,000 cells/cm?. FF-1 and FF-2
iPSCs were dissociated into small cell clusters and seeded on Ul-
tra-Low Attachment plates. Cells were cultured in Stempro-34
SFM medium (Thermo Fisher Scientific) supplemented with
Y27632 (10 uM) (Wako Pure Chemical Industries, Ltd.) and bone
morphogenetic protein 4 (BMP4) (2 ng/mL) (PeproTech) (day
0 to day 1), Activin A (TkKDN4-M: 5 ng/mL, FF-1: 1.25 ng/mL,
and FF-2: 5 ng/mL) (PeproTech), basic fibroblast growth factor
(bFGF) (5§ ng/mL) (Thermo Fisher Scientific), and BMP4 (TkDN4-
M: 30 ng/mL, FF-1: 120 ng/mL, and FF-2: 180 ng/mL) (day 1 to
day 4), vascular endothelial growth factor (VEGF) (10 ng/mL) (Pe-
proTech), SB431542 (5.4 uM) (Tocris), Dorsomorphin dihydro-
chloride (0.5 uM) (Tocris), and Y27632 (10 uM) (day 4 to day 8).
EBs were maintained in a 5% CO,, 4% O, environment from day
0 to day 6 and in a 5% CO,, ambient O, environment from day
6 to day 8. After 8 days of culture, EBs were collected and dissoci-
ated in 1xTripLE select (Thermo Fisher Scientific)/1 mM EDTA so-
lution for 15 min at 37°C. Cells were blocked by FcR blocking re-
agent (Miltenyi Biotech) for 20 min and incubated with APC-
conjugated anti-NGFR antibody (Miltenyi Biotech, 130-113-418)
and PE-conjugated anti-NCAM antibody (BioLegend, 304605) for
30 min on ice. NGFR* qHSC-like cells were isolated using a MoFlo
XDP cell sorter (Beckman Coulter).

Activation of gHSC-like cells in vitro

hiPSC-derived qHSC-like cells were seeded on Cellmatrix Type I-C
(Nitta gelatin)-coated plates at a density of 10,000 cells/cm? in
Stempro-34 SFM medium supplemented with VEGF (10 ng/mL),
SB431542 (5.4 pM), Dorsomorphin dihydrochloride (0.5 uM),
and Y27632 (10 pM). After 24 h of culture, medium was changed
to Stempro-34 SFM medium. The cells were cultured for 5 days in
5% CO,, ambient O, environment.

Drug screening system

Validated compound library (1,453 compounds) was provided
by Drug Discovery Initiative, The University of Tokyo. gHSC-
like cells derived from ACTAZ2-RFP reporter iPSCs were seeded
on collagen-coated 384-well plates (Corning) at a density of
1,000 cells/well in Stempro-34 SFM medium supplemented
with VEGF (10 ng/mL) and Y27632 (10 pM). After 24 h of cul-
ture, 1,453 validated compounds were dissolved in Stempro-34
SFM medium and added into each well at a final concentration
of 1 uM. After 4 days of incubation with each compound,
Hoechst 33342 was added into each well to visualize nuclei in
live cells, and Hoechst 33342 and RFP fluorescence were imaged
by the FV3000 confocal laser scanning microscope (OLYMPUS).
The cell numbers were quantitated based on Hoechst 33342
fluorescence signal. The levels of HSC activation were evaluated
by a total area of RFP fluorescence signal in each well. Image pro-
cessing and quantification were performed by cellSens imaging
analyzer (OLYMPUS).

Mice

C57BL/6] mice were purchased from CLEA Japan, Inc (Tokyo,
Japan). Mice were maintained in a temperature-controlled room
with 12 h light/dark cycles. All mouse experiments were performed
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according to the guidelines of the institutional Animal Care and
Use Committee of the University of Tokyo.

Mouse liver fibrosis model

Adult male C57BL/6] mice at 6 to 8 weeks of age were used for ex-
periments. The mice were randomly assigned to the control group
and administrated group. Liver fibrosis was induced by intraperito-
neal CCly administration (1 mL/kg body weight diluted in corn oil)
(Sigma) twice a week for 8 weeks (17 injections). To evaluate the
antifibrotic effects of the hit compounds, the mice were subjected
to daily intraperitoneal injection with or without 100 mg/kg arte-
sunate (Sigma) dissolved in PBS for 2 weeks. The mice were killed
24 h after the final injection.

Isolation of qHSCs and aHSCs from mouse livers

qHSCs or aHSCs were isolated from normal livers or chronically
injured livers of male mice, respectively. For a chronic liver injury
model, C57BL/6J mice were administrated 300 mg/L thioaceta-
mide (TAA) in drinking water for 8 weeks or fed a diet containing
0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) (F-4643;
Bio-Serv) for 5 weeks (Katsumata et al., 2017). A cell suspension
of hepatocytes and non-parenchymal cells (NPCs) was prepared
from livers by a two-step collagenase perfusion method (Okabe
etal., 2009). After isolation of the NPC fraction by centrifugal sep-
aration, qHSCs and aHSCs were identified based on the vitamin A
autofluorescence signal detected by a violet laser at 405 nm and
sorted by MoFlo XDP cell sorter.

Cell culture of mouse qHSCs

Mouse qHSCs were isolated from livers of 6- to 12-month old
C57BL/6] female mice. After isolation of the NPC fraction,
NPCs were subjected to a density centrifugation containing
11% Histodenz (Sigma). The purity was >90% based on vitamin
A content by UV excitation by FCM analysis (Matsuda et al.,
2018). Quiescent HSC fraction was collected and cultured on
Cellmatrix Type I-C coated plates in DMEM (Sigma) supple-
mented with 10% FBS, penicillin-streptomycin-glutamine, and
MEM non-essential amino acids solution (Thermo Fisher
Scientific).

Statistics

Data were presented as the mean + SEM. The F-test was per-
formed to evaluate equal variance in the data. Significant differ-
ences were determined by two-tailed Student’s t test or Welch's
t test depending on scedasticity. p < 0.05 was considered statisti-
cally significant.

Data and code availability
The accession number for the RNA-seq data reported in this paper
is GSE155017.
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