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Abstract

Preclinical models that can accurately predict the toxicity and efficacy of candidate drugs to human liver tissue are

in urgent need. Human liver organoid (HLO) derived from human pluripotent stem cells offers a possible solution.
Herein, we generated HLOs, and demonstrated the utility of these HLOs in modeling a diversity of phenotypes associ-
ated with drug-induced liver injury (DILI), including steatosis, fibrosis, and immune responses. Phenotypic changes

in HLOs after treatment with tool compounds such as acetaminophen, fialuridine, methotrexate, or TAK-875 showed
high concordance with human clinical data in drug safety testings. Moreover, HLOs were able to model liver fibrogen-
esis induced by TGF3 or LPS treatment. We further devised a high-content analysis system, and established a high-
throughput anti-fibrosis drug screening system using HLOs. SD208 and Imatinib were identified that can significantly
suppress fibrogenesis induced by TGF(, LPS, or methotrexate. Taken together, our studies demonstrated the potential

content analysis

applications of HLOs in drug safety testing and anti-fibrotic drug screening.
Keywords: Human liver organoid, Pluripotent stem cell, Drug-induced liver injury, Anti-fibrotic compounds, High-

Background

The high failure rate of the new drug development has
been well recognized. The majority of failures were due
to a lack of either efficacy, or safety, or combined, repre-
senting in total 73% of all phase II failures and 69% of all
phase III failures (Harrison 2016). The primary reason of
the high failure rate is the heavy relying on the pre-clini-
cal data obtained from animal experiments. Many studies
have demonstrated biological processes that are specific
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to the human body and cannot be modeled with animal
models. For example, the liver cytochrome P450 (CYP)
enzymes are different between human beings and animals
(Hammer et al. 2021), thus animals have different suscep-
tibilities to toxic agents than human beings. An analy-
sis of 150 drugs that caused adverse events in humans
showed that the regulatory testings in rats and dogs can
only correctly predict 71% of toxicities in humans (Jang
et al. 2019). A recent survey comparing target organ tox-
icities in animal and first-in-human studies also iden-
tified a low concordance of drug-induced liver injury
(DILI) between human and animals (Monticello et al.
2017). Also in other cases, many human liver patholo-
gies occur under a specific metabolic or immune context,
such as non-alcoholic steatohepatitis (NASH) and auto-
immune hepatitis (AIH) (Ahmed et al. 2021; Mahdinloo
et al. 2020), which cannot be fully recapitulated in animal
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models. Therefore, the lack of physiological relevance
between human and animal models calls for an urgent
need to develop human-originated in vitro cell models
for studying drug toxicity and efficacy.

Human liver organoids (HLOs) generated from pluri-
potent stem cells (PSCs) were recently reported that
contain multiple cell types, including hepatocytes, liver
stellate cells, and kupffer cells (Ouchi et al. 2019). These
HLOs were able to model steatohepatitis induced by
free fatty acids treatment or genetic mutation of certain
genes, or drug-induced cholestasis (Shinozawa et al.
2021). However, as a potential cellular model for study-
ing drug toxicities, whether HLO can recapitulate DILI
by toxins with different mechanisms has not been exam-
ined. Herein, we treated HLO with tool compounds that
are known to cause diverse phenotypes of DILI, and
characterized the utility of HLOs for risk assessment in
humans. We found good concordance between DILI in
human clinic data and in vitro models of HLOs. We fur-
ther devised a high-content analysis (HCA) system for
fibrogenesis analysis, and developed a high-throughput
anti-fibrosis drug screening system using HLOs. Taken
together, our study demonstrated that HLOs can be
applied to model DILI and drug screenings.

Results

Functional characterization of human liver organoids
derived from hPSCs

To develop HLOs from hPSCs, we followed a previ-
ously described protocol (Ouchi et al. 2019; Shinozawa
et al. 2021). Human PSCs were initially differentiated to
foregut spheroids, which were then cultured in 3D with
retinoid acid (RA) to allow the specification of both
parenchymal and non-parenchymal cells, followed by
further maturation in liver maturation medium (Fig. 1A).
Alternatively, foregut cells can be dissociated into single
cells using accutase, and then expanded in medium that
is composed of 5 factors, including fibroblast growth fac-
tor 2 (FGF2), vascular endothelial growth factor (VEGEF),
epidermal growth factor (EGF), CHIR99021 (glycogen
synthase kinase 3 inhibitor) and A83-01 (transforming
growth factor-p inhibitor) with ascorbic acid, before RA
treatment and further maturation (Fig. 1A). Consistent
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with previous report (Shinozawa et al. 2021), this proto-
col with additional expansion in medium with 5 factors
(therefore termed as “5F”) resulted in almost a tenfold
number of HLOs than the one without 5F treatment
(termed as “HLO”) (Figs. 1B, C). In addition, analyses
of albumin secretion (Fig. 1D) and expression levels of
several hepatic marker genes (ALB, CYP3A4, CYP2B6,
CYP2EI) (Fig. 1E) suggested that 5F method-derived
HLOs contain more mature hepatocytes. Gene expres-
sion analysis also demonstrated the expression of mark-
ers from stellate cells (°PDGFRf5, COL1a1), cholangiocytes
(KRT19, SOX9), and kupffer cells (CD14, CD68) (Fig. 1E),
which were then further confirmed by immunofluores-
cence analysis of the cholangiocyte marker (SOX9) and
stellate cell marker (PDGFRp) (Fig. 1F), proving that
multiple cell types exist in HLOs. Additional functional
assessment with CDCFDA uptake and release, indicat-
ing of bile canaliculi and multi-drug resistance pro-
tein 2 (MRP2) activity (Torok et al. 2020) (Fig. 1G),
Dil-LDL uptake, suggesting low-density lipoprotein
uptake (Fig. 1H), and periodic acid-Schiff (PAS) staining
for examination of glycogen accumulation (Fig. 1I), alto-
gether demonstrated basic hepatocyte and cholangiocyte
functions in these HLOs.

Modeling DILI with diverse phenotypes using HLOs

We further assessed whether these HLOs can be used to
model DILI with different toxins. HepG2, a liver hepa-
tocellular carcinoma cell line, which was commonly
adopted as an in vitro liver toxicity model, was applied
here as control (Ramirez et al. 2018). Acetaminophen
(APAP), an analgesic drug used to relieve chronic pain
or to reduce fever, can directly cause injury to hepato-
cytes and produce DILI when overdosed (Yoon et al.
2016). A portion of APAP (~10%) is shunted by hepatic
cytochrome CYP2E1 to oxidation, generating a highly
reactive toxic metabolite N-acetyl-para-benzo-quinone
imine (NAPQI). Excessive NAPQI depletes glutathione
(GSH) and causes oxidative stress and mitochondrial
dysfunction in hepatocytes, leading to the exhaustion of
adenosine triphosphate (ATP) stores and liver injury. To
evaluate the liver toxicity mediated by APAP, we treated
both the HLOs and HepG2 spheroids with APAP at 0.5,

(See figure on next page.)

one-way ANOVA with Dunnett’s multiple comparisons test (E)

Fig. 1 Functional characterization of human liver organoids derived from hPSCs. A Schematic representation of the differentiation method for
human liver organoids. DE represents definitive endoderm. B Representative bright field image (4 x, 20 x) of HLOs or 5F-HLOs at day 20. Scale
bar, 100 um, 50 um, respectively. C, D The number and the albumin secretion level of HLOs or 5F-HLOs. E Expression level of representative genes
in iPSC, HLOs and 5F-HLOs. Hepatic markers (ALB, CYP3A4, CYP2B6, CYP2E1), stellate cell markers (PDGFRB, COL1a1), cholangiocyte markers
(KRT19, SOX9), and kupffer cell markers (CD14, CD68). mRNA levels were assessed by qPCR and expressed as fold versus iPSC. n=3 independent
differentiations, *P < 0.05, #P < 0.05 versus HLO. F Immunostaining for Albumin (ALB), SOX9 and PDGFR@ in HLO and 5F-HLO. Nuclei were stained
with DAPI (blue). Scale bar, 50 pm. G CDCFDA uptake and release in HLO and 5F-HLO. Scale bar, 50 um. H LDL uptake evaluated by Dil-LDL
fluorescent staining in HLO and 5F-HLO (Dil-LDL in red, and DAPI in blue). Scale bar, 50 um. I Glycogen accumulation evaluated by PAS staining in
HLO and 5F-HLO. Scale bar, 50 um. Values represent means with SEM. P values were assessed by unpaired, two-tailed Student’s t test (C, D), and
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3, or 10 mM for 7 days. Treatment with APAP in HLOs
resulted in a significant and dose-dependent decrease
in albumin secretion and cellular ATP levels (Figs. 2A,
B). The oxidative stress due to GSH depletion after
APAP treatment was also demonstrated by a remark-
able increase in the formation of reactive oxygen spe-
cies (ROS), as revealed by the increased intensity of a
fluorogenic probe, CellROX (Fig. 2C). Whereas in HepG2
spheroids, albumin level did not show clear change after
APAP treatment, and a decrease in ATP level was only
seen with high dose (10 mM) APAP treatment (Figs. S1A,
B), although clear oxidative stress was also observed (Fig.
S1C). These results highlight that HLOs were more sensi-
tive to APAP-induced toxicity than HepG2 cells.
Fialuridine (FIAU), an antiviral nucleoside analog,
caused specific liver steatosis and severe liver injury in
humans (Jolly et al. 2020). Specifically, the FIAU-induced
drug toxicity could not be well predicted using animal
models, due to the species selective uptake of FIAU into
mitochondria via the human equilibrative nucleoside
transporter-1 (hENT-1, SLC29A1) (Lai et al. 2004). We
then treated HLOs with FIAU to investigate whether
HLOs can be adopted to predict FIAU-induced drug tox-
icities. FIAU was applied to HLOs and HepG2 spheroids
at 1, 10, or 30 uM for 10 days at a daily basis. A dose-
dependent decline in albumin secretion was noticed in
HLOs after FIAU treatment, suggesting drug-induced
liver cell injury (Fig. 2D). In line with previous discover-
ies in human clinical trials (Mckenzie et al. 1995), clear
lipid accumulation was observed with Bodipy staining
after FIAU treatment (Fig. 2E), suggesting liver steato-
sis induced by FIAU treatment. In addition, significant
mitochondrial membrane depolarization, as indicated by
decreased density of a mitochondrial membrane poten-
tial sensitive dye TMRM (Creed and McKenzie 2019),
was also observed (Fig. 2E), which may contribute to
the induction of steatosis by FIAU. In contrast, although
being a human-originated cell line, FIAU treatment
in HepG2 spheroids did not cause any effect on lipid
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accumulation or mitochondrial function (Figs. S1D, E),
which is consistent with previous in vitro data (Jolly et al.
2020) in HepG2 and HepaRG models, suggesting the
inability of these tumor cells in predicting FIAU-induced
liver injury.

Methotrexate (MTX) is another drug that has been dis-
covered to cause liver injury in humans associated with
steatosis, and also fibrosis and even cirrhosis (Bath et al.
2014). We next determined whether HLOs can recapit-
ulate these toxic effects, especially the fibrogenic effect,
after MTX treatment. Indeed, HLOs treated with 1, 10,
or 30 pM MTX for 7 days resulted in significant lipid
accumulation and remarkable fibrosis, as evidenced
by Collagen I staining and gene expression analysis
of marker genes (Figs. 2F, G). Differently, MTX treat-
ment did not cause clear lipid accumulation in HepG2
cells (Fig. S1F). Since the HepG2 spheroids did not con-
tain stellate cells, which play a key role in the initiation
and progression of liver fibrosis, no signal of Collagen I
was detected in HepG2 cells after MTX treatment (Fig.
S1F). In addition, no significant abnormalities in albu-
min secretion were observed in the HLOs or HepG2 cells
after MTX treatment (Figs. 2H, S1G), consistent with
the lack of predictive or diagnostic biomarkers for moni-
toring these toxicities in humans in clinic (Ezhilarasan
2021). Taken together, these results suggest that HLOs
provide an available in vitro model for predicting drug-
toxicity induced liver steatosis and fibrosis.

Idiosyncratic DILI (I-DILI) is a rare event that repre-
sents one of the difficult forms of liver toxicity to pre-
dict in the clinic. I-DILI is generally considered to be
caused by the intrinsic chemical reactivity of drugs or
reactive metabolites. Previous reports suggested that
the immune-mediated responses, mitochondrial injury
or bile salt export pump (BSEP) inhibition are involved
in the development of I-DILI (Teschke 2019). We next
tested whether the HLOs can be useful in predicting
these types of responses using TAK-875 treatment. TAK-
875 is a G protein-coupled receptor 40 (GPR40) agonist

(See figure on next page.)

Fig. 2 Modeling DILI with diverse phenotypes using HLOs. A Albumin secretion after administration of APAP at 0.5, 3, or 10 mM for 7 days in HLOs.
n=3,*P<0.05. B ATP content analysis after administration of APAP at 0.5, 3, or 10 mM for 7 days in HLOs. n=3, *P< 0.05. C Representative images
of ROS intensity (CellROX in red, and DAPI in blue) after administration of APAP at 0.5, 3, or 10 mM for 7 days in HLOs. Scale bar, 50 pm. Right:
Quantification of the number of CellROX-positive events per organoid. n=15, *P<0.05. D Albumin secretion after administration of FIAU at 1, 10,
or 30 uM for 10 days. n=3. E Representative images of lipid droplets (Bodipy in green, and DAPI in blue) and mitochondrial depolarization (TMRM
in red) in the HLOs after administration of FIAU at 1, 10, or 30 uM for 10 days. Scale bars, 50 um. Right: Quantification mean of Bodipy fluorescent
intensity and quantification of the number of depolarization events per organoid. n=15, *P < 0.05. F Representative images of lipid droplets (Bodipy
in green, and DAPI in blue) and fibrosis (Collagen I in green, and DAPI in blue) in HLOs after administration of MTX at 1, 10, or 30 uM for 7 days. Scale
bars, 50 um. Right: Quantification mean of Bodipy and Collagen fluorescent intensity. n=15, *P<0.05. G Expression of fibrogenic marker genes

in HLOs after treatment with MTX at 1, 10, or 30 uM for 7 days. n=3, *P<0.05. H Albumin secretion after MTX treatment for 7 days in HLOs. n=3.

I Representative images of ROS (CellROX in red, and DAPI in blue), after administration of TAK-875 at 3, 10 or 30 uM for 7 days in HLOs. Scale bars,

50 um. Right: Quantifications of CellROX-positive events per organoid. n=15. J Released MCP-1 and IL-6 in HLOs after 7 days of TAK-875 treatment.
n=3.*P<0.05. K Albumin secretion after TAK-875 treatment for 7 days in HLOs. n= 3. Values represent means with SEM. P values were assessed by
one-way ANOVA with Dunnett’s multiple comparisons test (A, B, D, G, H, J, K), Kruskal-Wallis tests (C, E, F, 1)
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that was withdrawn from phase III clinical trials due to
rare but serious incidents of DILI (Otieno et al. 2018).
Subsequent studies have suggested that the oxidative
stress, mitochondrial dysfunction, disrupted bile acid
homeostasis, immune response, and certain genetic risk
factors may all contribute to TAK-875-induced I-DILI
(Mosedale et al. 2021). In HLOs after TAK-875 treat-
ment, an increase in ROS formation was noticed after
1 week treatment at 30 uM (Fig. 2I), together with a sig-
nificant increase in the release of inflammatory cytokines
Monocyte chemoattractant protein-1 (MCP-1) and
Interleukin 6 (IL-6) (Fig. 2J). No abnormalities in albumin
secretion in HLOs after treatment was detected (Fig. 2K).
These results demonstrated a detectable toxicity in oxida-
tive stress and immune response with HLOs treated by
TAK-875. HepG2 spheroids also showed accumulation
of ROS after TAK-875 treatment (Fig. S1H), however, no
effect in inflammatory cytokines was noticed (Fig. S1I),
possibly due to the lack of immune cells.

Predicting anti-hepatofibrotic drug efficacy based

on high-content analysis using HLOs

With the above-mentioned experimental settings,
we have demonstrated that HLOs were able to model
diverse toxic phenotypes induced by different drugs,
such as steatosis, fibrosis, mitochondrial dysfunction,
oxidative stress and immune response. We next wanted
to examine whether these HLOs can be used to predict
drug toxicity or efficacy in a high-throughput man-
ner. Liver fibrosis is a wound-healing response gener-
ated against an insult that causes liver injury, which is
seen in many disease conditions, including DILI and
NASH (Ezhilarasan 2021; Loomba et al. 2021). Liver
fibrosis can progress to liver cirrhosis, leading to liver
cancer or liver failure, with no effective treatment so
far (Maharjan et al. 2021). We thus wanted to establish
a high-throughput platform with HLOs for anti-fibro-
genic drug screening. Transforming growth factor beta
(TGEP) and lipopolysaccharides (LPS) are well-known
common profibrogenic factors that induce liver fibro-
sis in many liver diseases (Kisseleva and Brenner 2021).
Indeed, administration of TGEP at 10, 25, or 50 ng/
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mL or LPS at 100 ng/mL or 200 ng/mL for 3 days all
resulted in increased Collagen I deposition (Figs. 3A,
S2A). Gene analysis demonstrated more enhanced pro-
fibrogenic effects after TGFp treatment when compared
to LPS treatment (Figs. 3B, S2B). In addition, massive
fragmentation was observed in Collagen I staining after
treatment with TGFp at 50 ng/mL or LPS at 200 ng/
mL, possibly due to cell death. We thus adopted TGEFf
treatment at 25 ng/mL as a fibrogenic model for later
screening.

The staining signal for the fibrotic marker Collagen I
was used as a readout for liver fibrosis, and the high-con-
tent analysis (HCA) was performed to assess the possible
anti-fibrogenic effects of 60 compounds (Table S1). These
compounds were chosen for their potentiality to inhibit
fibrosis based on literature search (Kisseleva and Bren-
ner 2021; Zheng et al. 2011) (Table S2). Vehicle-treated
cells were adopted as control. High-content analysis was
then setup in which a total of 16 features in three types
of organoids relevant to organoid shape, collagen dis-
tribution and fluorescence intensity were extracted and
quantified to assess the anti-fibrotic efficacies (Fig. S2C).
T-distributed stochastic neighbor embedding (tSNE)
analysis was then performed to identify major clusters
among compounds (Supplementary material 1). Interest-
ingly, ten compounds were grouped together with three
vehicle groups, suggesting a possible anti-fibrogenic
effect with these compounds, in which SD208 is an iden-
tified TGFp inhibitor (Fig. 3C).

We further went on to validate 4 of these compounds
(SD208, Imatinib, Cilofexor, Silymarin) in suppress-
ing fibrosis induced by TGFp treatment. Gene expres-
sion analysis demonstrated that SD208 and Imatinib
treatment suppressed the expression of several fibro-
genic markers, e.g. ACAT2, COLIal, LOX, SMAD?,
TGFB1, TIMPI, with a higher efficacy of SD208; whereas
Cilofexor or Silymarin did not show a significant effect
(Fig. 3D). Staining of Collagen I confirmed the anti-
hepatofibrotic effect of SD208 in HLOs with TGEFp treat-
ment (Fig. 3E). Further analysis with MTX induced- and
LPS induced-liver fibrotic HLO models also demon-
strated potential anti-fibrogenic effects of SD208 in both

(See figure on next page.)

Fig. 3 Predicting anti-hepatofibrotic drug efficacy based on high-content analysis using HLOs. A Representative images of fibrosis (Collagen |,

green) in HLOs after administration of TGF1 at 10, 25, or 50 ng/mL for 3 days. Right: Quantification mean of Collagen fluorescent intensity. n =15,
*P<0.05. B Gene expression analysis in HLOs after treatment with TGF(1 at 10, 25, or 50 ng/mL for 3 days. n=3, *P<0.05. C tSNE analysis of
potential anti-fibrotic effects of tested compounds in HLOs with HCA-based quantitative assessment screen. D Gene expression analysis in HLOs
incubated with 25 ng/mLTGFB and 1 uM anti-fibrotic compound (SD208, Imatinib, Cilofexor, or Silymarine) for 3 days. n=3, *P<0.05, versus TGF(3
group. E HLOs were incubated with 25 ng/mLTGF@ and 1 uM anti-fibrotic compound (SD208, Imatinib) for 3 days. Scale bars, 50 um. Representative
images of fibrosis (Collagen I in green and DAPI in blue). Right: Quantification mean of fluorescent intensity. n=15, *P <0.05. F Gene expression
analysis in HLOs incubated with 30 uM MTX and 1 pM SD208/ 4 uM Imatinib for 9 days. n=3, *P<0.05, versus MTX group. G HLOs were incubated
with 30 pM MTX and 1 pM SD208/ 4 uM Imatinib for 9 days. Scale bars, 50 um. Representative images of fibrosis (Collagen I in green and DAPI in
blue). Right: Quantification mean of fluorescent intensity. =15, *P < 0.05. Values represent means with SEM. P values were assessed by one-way
ANOVA with Dunnett’s multiple comparisons test (B, D, F), and Kruskal-Wallis tests (A, E, G)
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MTX and LPS-induced liver fibrosis, and Imatinib in
MTX-induced fibrosis (Figs. 3F, G; S2D, E).

Discussion

In this study, we first demonstrated the utility of HLOs
in recapitulating diverse phenotypes of DILI by apply-
ing four different tool compounds—APAP, FIAU, MTX
and TAK-875, each of which causes liver injury under
different mechanisms. Different toxic-relevant pheno-
types were observed mostly in accordance with previous
human data, including steatosis, fibrosis, and immune
responses, proving that HLOs can be applied for safety
testing. Compared to many other in vitro toxicity-pre-
dicting cellular systems with only hepatocytes, the major
advantage of HLOs is the existence of multiple functional
cell types involved in DILI, which therefore enables the
detection of fibrosis, immune responses, and cholestasis,
all contributing heavily to DILIL In addition, the com-
parison of HLOs with HepG2 also suggested that the
hepatocytes in HLOs were more sensitive in detecting
drug-induced injuries than HepG2 tumor cells. Although
more tests with thorough phenotypic studies and differ-
ent compounds are needed before we learn all the pros
and cons of HLOs, the application of HLOs in drug safety
testing is promising.

One of the limitations of this study is that we used the
liver hepatocellular carcinoma HepG2 cells as control.
Although HepG2 was commonly adopted as an in vitro
liver toxicity model (Ramirez et al. 2018), it is hard to
accurately reflect the physiological response as a tumor
cell line. In comparison, human primary hepatocytes
can be a better control here. However, human primary
hepatocytes are hard to obtain and can lose their hepatic
characteristics quickly in vitro. Significant advances have
been achieved in the development of in vitro models
using human primary hepatocytes that can predict DILI,
such as the 3D spheroid model that can maintain meta-
bolic competence for prolonged durations (Huch et al.
2015; Xiang et al. 2019; Zhang et al. 2018a). Considering
that the non-parenchymal cells (NPCs) fractions in liver
are major drivers of liver fibrosis progress or immune
responses in response to toxins, for example HSCs
(Zhang et al. 2016), and Kupffer cells (Damm et al. 2013),
many attempts have also been executed aiming to recre-
ate a more physiological cell model by co-culturing pri-
mary liver non-parenchymal cells with human primary
hepatocytes. For example, co-cultures of hepatocytes
with either Kupffer cells, HSCs, or biliary cells have also
been shown to increase the predictive power of cell cul-
ture models (Baze et al. 2018; Feaver et al. 2016). While
incorporating NPC fractions is a viable option, the use of
a mixture cannot be controlled and induced 3D co-cul-
ture constructs lack cytoarchitecture and physiologically
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relevant tissue-tissue interfaces that have been demon-
strated to be a key driver of cell function (Bale et al. 2016;
Jang et al. 2019). Nevertheless, direct functional compari-
sons with HLO models derived from hPSCs used in this
study and 3D models with human primary hepatocytes
and other NPC fractions are warranted in the future.

In the second part of this manuscript, we initiated
an effort in devising a high-throughput platform using
HLOs for anti-fibrogenic drug screening. Sixteen fea-
tures with high-content analysis using Collagen I staining
as the main readout were extracted and used for efficacy
calculating. Sixty compounds were chosen for testing,
in which 10 compounds showed potential anti-fibro-
genic efficacy from the screening, and 2 of 4 compounds
were successfully validated later. Different treatments
to establish fibrosis models and more parameters to
reflect the anti-fibrogenic effects will surely improve the
sensitivity and robustness of this system. Nonetheless,
SD208 was screened out that could significantly reduce
fibrosis induced by treatment with TGFB, MTX or LPS,
highlighting the potentiality of this system as a simple,
convenient, and effective anti-fibrosis drug screening
platform.

It is currently acknowledged that Kupffer cell-derived
TGEP1 induces HSCs activation and collagen produc-
tion (Sato et al. 2016). TGEp1 is also considered as the
key cytokine that drives liver fibrosis in patients with
chronic liver disease (Weng et al. 2009). The in vitro
studies have also shown that Kupffer cells can induce the
expression of platelet-derived growth factor (PDGF) on
HSCs, thus enhancing HSCs proliferation in response
to PDGF (Sato et al. 2016). In addition, IL-6 and MCP-
1, which are produced by the activated Kupffer cells, are
also mitogenic and chemoattractant for HSCs (Gregory
et al. 1998; Wang et al. 2017). In this regard, SD208 and
Imatinib, may exert their anti-fibrotic effects through
inhibition of TGFB1 and PDGF receptor in Kupffer cells
in HLOs, respectively. Further investigation of whether
SD208 or Imatinib could be used in the therapy of liver
fibrosis and the detailed mechanism combined with liver
fibrosis model or even humanized mice could offer more
insights. For example, we could transplant human liver
organoids into immunodeficient animals and induce liver
fibrosis with CCL, or other toxins to establish in vivo
human liver fibrosis models for drug tests (Benten et al.
2018; Ma et al. 2022; Wang et al. 2022).

Conclusions

In summary, we have demonstrated the utility of HLOs
in modeling DILI in dish and in high-throughput anti-
fibrogenesis compound screening in this study. However,
despite of the functional responses of HLOs to drugs
that induce fibrosis or immune responses, suggesting
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functional stellate and immune cells in HLOs, we did not
provide careful studies of the cell compositions as well
as the functions of each cell type in HLOs in this study.
Besides, the hepatocytes in HLOs also retain a fetal-like
stage, as revealed by relatively low albumin secretion.
Efforts with systematic characterization of each cell type
in HLOs, incorporation of developmental findings and
bioengineer approaches to improve the differentiation of
HLOs, and comparisons between HLOs and in vivo liver
responses under different conditions will certainly be
helpful to accelerate the applications of HLOs in clinical
and pre-clinical studies.

Methods

Generation of human liver organoids (HLOs) and HepG2
3D spheroids

The 1016 human induced pluripotent stem cells (hiP-
SCs) clone used in this study was kindly provided by
the department of stem cell and regenerative biology in
Harvard University and Harvard stem cell institute. The
hiPSCs were differentiated into foregut using a previously
described method (Ouchi et al. 2019). In brief, hiPSCs
were detached by Accutase (Thermo Fisher Scientific)
and were seeded on Gelterx (Gibco, A1413202) coated
tissue culture plates with 100,000 cells/cm?. The medium
was changed to RPMI 1640 (Gibco, C11875500CP) with
100 ng/mL activin A (Peprotech, 120-14E) and 50 ng/mL
bone morphogenetic protein 4 (BMP4; Peprotech, 120—
05) at day 1, 100 ng/mL activin A and 0.2% fetal bovine
serum (FBS; Gibco, 16000-044) at day 2, and 100 ng/mL
activin A and 2% FBS at day 3. On day 4 to 6, cells were
cultured in Advanced DMEM/F12 (Gibco, 12634028)
with 1xB27 (Gibco, 12587010), 1xN2 (Gibco,
17502048), 1 x GlutaMaX (Gibco, 35050-061), 500 ng/
mL FGF4 (Peprotech, AF-100-31), 3 uM CHIR99021
(Sigma, SML1046) and 1% penicillin/streptomycin (Bey-
otime, C0222). Cells were maintained at 37 “C in humidi-
fied air with 5% CO,, and the medium was replaced every
day.

For the HLO induction, at day 6 the foregut cells were
detached easily by gentle pipetting. The foregut cells were
then centrifuged at 800 rpm for 2 min. Cells were sus-
pended in Matrigel (Corning, 356237). A total of 300,000
cells were embedded in 50 uL. Matrigel drop on the dishes
in RA medium [Advanced DMEM/F12 with 1 x B27,
1x N2, 1 x GlutaMaX, 2 uM retinoic acid (RA; Sigma,
R2625), and 1% penicillin/streptomycin] and cultured
for 4 days. During day 10-20, the media was switched to
liver maturation medium [Hepatocyte Culture Medium
(HCM; Lonza, CC-3198) prepared as manufacturer’s
instructions, except no EGF, and supplemented with
10 ng/mL hepatocyte growth factor (HGF; PeproTech,
100-39), 0.1 puM Dexamethasone (Dex; Sigma, D4902),
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20 ng/mL Oncostatin M (OSM; Peprotech, 300-10) and
1% penicillin/streptomycin]. Cells were maintained at 37
C in humidified air with 5% CO,, and the medium was
replaced every 3 days (Thompson and Takebe 2020).

Alternatively, at day 6 the foregut cells were detached
by accutase, and then centrifuged at 800 rpm for 2 min.
A total of 100,000 cells were embedded in 50 uL. Matrigel
drop on the dishes in 5F medium [Advanced DMEM/
F12 with 1 x B27, 1 x N2, 1 x GlutaMaX, 5 ng/mL FGF2
(Peprotech, 100-18B), 10 ng/mL VEGF (Peprotech,
100-20-10), 20 ng/mL EGF (Peprotech, AF-100-15),
3 uM CHIR99021, 0.5 uM A83-01 (Tocris, 2939), 50 pg/
mL ascorbic acid (Sigma, A5960) and 1% penicillin/strep-
tomycin] for 4 days (Zhang et al. 2018b). After 4 days’
treatment, the media was switched to RA media for
another 4 days. At day 15, organoids were harvested from
Matrigel by scratching and pipetting and re-embedded
in Matrigel on the ultra-low attachment multiwall plate
(Corning, 3471) in liver maturation media for 10 days.
Cells were maintained at 37 °C in humidified air with 5%
CO,, and the medium was added every 2 days (Shino-
zawa et al. 2021).

Hep@G2 cells provided by Cell Bank (Type Culture Col-
lection Committee, Chinese Academy of Sciences) were
resuscitated in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, C11995500CP) supplemented with 10%
FBS and 1% penicillin/ streptomycin and seeded in 6 well
plate at 2 x 10* cells/cm?® Cells were maintained at 37
C in humidified air with 5% CO,, and the medium was
replaced every day, and passaged every 2 days. For 3D
HepG2 spheroids formation, cells were seeded at 8 x 10*
cells/well in a 96-well plate (Corning, 4442). Cells were
maintained in DMEM containing 10% FBS and 1% peni-
cillin/ streptomycin in a humidified incubator with 5%
CO, at 37 °C for 2 days before treatment with drugs.

RNA isolation and RT-qPCR

Total RNA was isolated from cells by Trizol reagent
(Thermo Fisher Scientific, 10296010) according to the
manufacturer’s instructions. One microgram RNA was
reverse transcribed into cDNA with PrimeScript reverse
transcription kit (Takara, RR047A). Quantitative real-
time PCR was carried out using SYBR Green supermix
(Applied Biosystems, 4472908). The sequences of primers
used are as follows:

ALB-F: GCCTTTGCTCAGTATCTT

ALB-R: AGGTTTGGGTTGTCATCT

CYP3A4-F: TTCAGCAAGAAGAACAAGGACAA
CYP3A4-R: GGTTGAAGAAGTCCTCCTAAGC
CYP2B6-F: GCACTCCTCACAGGACTCTTG
CYP2B6-R: CCCAGGTGTACCGTGAAGAC
CYP2EI-F: ATGTCTGCCCTCGGAGTCA
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CYP2E1-R: CGATGATGGGAAGCGGGAAA
PDGFRf-F: AGCACCTTCGTTCTGACCTG
PDGFRf-R: TATTCTCCCGTGTCTAGCCCA
COLI1al-F: GAGGGCCAAGACGAAGACATC
COLI1al-R: CAGATCACGTCATCGCACAAC
KRTI19-F: AACGGCGAGCTAGAGGTGA
KRTI19-R: GGATGGTCGTGTAGTAGTGGC
SOX9-F: AGCGAACGCACATCAAGAC
SOX9-R: CTGTAGGCGATCTGTTGGGG
CD14-F: TCTCTGTCCCCACAAGTTCC
CD14-R: CCCGTCCAGTGTCAGGTTATC
CD68-F: GAACCCCAACAAAACCAAG
CD68-R: GATGAGAGGCAGCAAGATG
ACTA2-F: AAAAGACAGCTACGTGGGTGA
ACTA2-R: GCCATGTTCTATCGGGTACTTC
PCDH7-F: GGATCGGGTGAGGTGACTTTC
PCDH7-R: GTTCTCGTCGAAGATCATCTGAC
LOX-F: CGGCGGAGGAAAACTGTCT
LOX-R: TCGGCTGGGTAAGAAATCTGA
SMAD7-F: TTCCTCCGCTGAAACAGGG
SMAD7-R: CCTCCCAGTATGCCACCAC
TGFB1-F: GGCCAGATCCTGTCCAAGC
TGFB1-R: GTGGGTTTCCACCATTAGCAC
TIMPI-F: CTTCTGCAATTCCGACCTCGT
TIMPI-R: ACGCTGGTATAAGGTGGTCTG
CCL20-F: TGCTGTACCAAGAGTTTGCTC
CCL20-R: CGCACACAGACAACTTTTTCTTT
IL6-F: ACTCACCTCTTCAGAACGAATTG
IL6-R: CCATCTTTGGAAGGTTCAGGTTG
MCP-1-F: CAGCCAGATGCAATCAATGCC
MCP-1-R: TGGAATCCTGAACCCACTTCT
GAPDH-F: GGAGCGAGATCCCTCCAAAAT
GAPDH-R: GGCTGTTGTCATACTTCTCATGG

ELISA

Supernatants from differentiated HLOs or HepG2 sphe-
roids were collected at the end of differentiation or after
drug treatment. Levels of human albumin, MCP-1, and
IL-6 were measured by the human serum albumin duoset
ELISA (R&D system, DY1455), human MCP-1 (CCL2)
mini TMB ELISA development kit (Peprotech, 900-
TM31), and human IL-6 mini TMB ELISA development
kit (Peprotech, 900-TM16), respectively.

Immunofluorescence staining

Organoids were fixed with 4% paraformaldehyde (PFA) in
PBS (30 min, room temperature), followed by permeabi-
lization in 0.2% Triton X-100 in PBS (1 h, room tempera-
ture) and blocking (1% BSA in PBS) for 1 h. Samples were
then incubated with primary antibodies against Albumin
(1:100, R&D systems, MAB1455), SOX9 (1:500, Millipore,
AB5535), PDGFRp (1:200, Abcam, ab32570), Collagen I
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(1:500, Abcam, ab34710) at 4 °C for 24 h and secondary
antibodies Alexa 488 donkey-anti-rabbit (1:200, Invitro-
gen, R37118), Alexa 647 donkey-anti-mouse (1:1000, Inv-
itrogen, A21235) for 3 h. Nuclei were counterstained with
4,6-diamidino-2-phenylindole (DAPI) (1:2000, Beyotime,
C1002). Organoids were washed with PBS between dif-
ferent steps. Stained organoids were imaged by confo-
cal microscope (Zeiss LSM 880) (Dekkers et al. 2019).
All image analysis was performed using the Image]-Fiji
software.

CDCFDA uptake and release

To visualize bile canaliculi and MRP2 activity, cells were
incubated with the HCM containing 2 pM CDCFDA
(Meilunbio, MB6180) for 30 min at 37°C. The samples
were then washed twice with pre-warmed PBS. The green
fluorescence of CDCF (CDCEF is the fluorescent metabo-
lite of CDCFDA, which can be secreted by MRP2 and
accumulated in canaliculus-like structures (Torok et al.
2020) was visualized by confocal microscopy (Zeiss LSM
880). The organoids were subsequently washed with PBS
and refilled with liver maturation medium for 72 h before
images of the CDCFDA release were captured using a
confocal microscope (Zeiss LSM 880).

PAS staining

To assess glycogen storage, the organoids were stained by
a PAS staining kit (Beyotime, C0142S), according to the
manufacturer’s protocol. Then samples were imaged by
microscope (Revolve 6).

LDL uptake

LDL uptake was detected with Dil-LDL (Yeasen,
20614ES76). The organoids were treated with 40 pg/ mL
Dil-LDL for 2 h, then the organoids were collected, fixed,
incubated with DAPI and imaged by confocal microscope
as mentioned above.

Drug treatment

About 100 HLOs per well were incubated with a culture
medium containing 5% Matrigel and acetaminophen
(APAP; MCE, TO0065), methotrexate (MTX; Selleck,
§$1210), fasiglifam (TAK-875; MCE, 1000413-72-8) for
7 days, fialuridine (FIAU; Sigma, SML0632) for 10 days,
or TGFP1 (Peprotech, AF-100-21C) /LPS (Sigma, L4391)
for 3 days, in 96 well ultra-low attachment multiwell plate
(Corning, 3473), respectively.

TMRM/ CellROX/ Bodipy staining

After treatment with drugs, organoids were collected
and stained with CellROX (Thermo Fisher, C10422) to
visualize cellular oxidative stress, tetramethylrhodamine
methyl ester (TMRM; Thermo Fisher, T668) to visualize



Wau et al. Cell Regeneration (2023) 12:6

active mitochondria, and 4,4-difluoro-1,3,5,7,8-pentame-
thyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 493/503;
GLPBIO, GC42959) to visualize lipid droplet accumula-
tion (Qiu and Simon 2016), respectively. Staining solu-
tion was prepared in a blank medium (HCM for HLO
TMRM/ CellROX staining, DMEM for HepG2 TMRM/
CellROX staining, PBS for BODIPY staining), and orga-
noids were kept in staining solution for 15 min at 37 °C.
The TMRM stained organoids were imaged immedi-
ately. The CellROX or BODIPY stained organoids were
collected, fixed, incubated with DAPI and imaged by
the confocal microscope as mentioned above. Using
Image]J-Fiji software, the fluorescent images of z-stack
were combined into one image, followed by fluorescence
quantification (Creed and McKenzie 2019; Ouchi et al.
2019). All of the plots were generated using Prism 9 soft-
ware (GraphPad).

Compounds preparation

The small molecule compound library for screening were
purchased from Topscience with details listed in Tables
S1 and S2. Stock solution of each compound was pre-
pared by dissolving the compound in dimethyl sulfoxide
(DMSO; Yeasen) at a concentration of 10 mM.

High-content imaging and analysis

About 100 organoids per well were incubated with cul-
ture medium containing 5% Matrigel, TGFp1 (25 ng/
mL) and the compound (1 pM or 0.1 uM of each com-
pound) for 3 days in the 96 well high content imaging
plate (Corning, 4580) before staining for Collagen I as
mentioned above. Organoids treated only with DMSO
were used as vehicle group, and treated with DMSO and
TGFP1 (25 ng/mL) as TGF P group. The images were
acquired using a high content screening system (Cel-
lomics ArrayScan VTI, Thermo Fisher Scientific). All
images were taken with a 5 X air objective. Nine high-
resolution images (1024 x 1024 pixels, 5 z-stack images
compressed into 1) were taken per well. Image segmen-
tation and feature extraction were performed with Cel-
lomics HCS studio 3.0 image analysis system, in which
individual organoids were classified into 3 types and 16
features describing organoid shape, collagen distribution
and fluorescence intensity were extracted from 1-channel
(DAPI) or 2-channel (Collagen I), respectively. T-distrib-
uted stochastic neighbor embedding (tSNE) analysis was
then used to generate clusters to distinguish compounds
with potential anti-fibrosis efficacy (Supplementary
material 1).

Statistics
The unpaired, two-tailed Student’s ¢ test was used for
experiments with two groups and one-way ANOVA
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Dunnett’s multiple comparisons tests were used for
parametric data, and the Kruskal-Wallis tests was used
for nonparametric data that contained more than two
groups. All statistical analyses were performed using
Prism 9 (GraphPad). Error bars in graphs are defined in
the figure legends and represent the mean with SEM.

Abbreviations

hiPSCs: Human induced pluripotent stem cells; HLO: Human liver organoid;
DILI: Drug-induced liver injury; CYP: Cytochrome P450; NASH: Non-alcoholic
steatohepatitis; AIH: Autoimmune hepatitis; HLOs: Human liver organoids;
HCA: High-content analysis; RA: Retinoid acid; FGF2: Fibroblast growth factor
2; VEGF: Vascular endothelial growth factor; EGF: Epidermal growth factor;
MRP2: Multi-drug resistance protein 2; PAS: Periodic acid-Schiff; APAP: Aceta-
minophen; NAPQI: N-acetyl-para-benzo-quinone imine; GSH: Glutathione;
ATP: Adenosine triphosphate; ROS: Reactive oxygen species; FIAU: Fialuridine;
hENT-1: Human equilibrative nucleoside transporter-1; MTX: Methotrexate;
I-DILI: Idiosyncratic DILI; BSEP: Bile salt export pump; GPR40: G protein-coupled
receptor 40; MCP-1: Monocyte chemoattractant protein-1; IL-6: Interleukin

6; TGFB: Transforming growth factor beta; LPS: Lipopolysaccharides; tSNE:
T-distributed stochastic neighbor embedding; NPCs: Non-parenchymal

cells; BMP4: Bone morphogenetic protein 4; FBS: Fetal bovine serum; HGF:
Hepatocyte growth factor; PFA: Paraformaldehyde; DAPI: 4,6-Diamidino-
2-phenylindole; TMRM: Tetramethylrhodamine methy! ester; BODIPY 493/503:
4,4-Difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513619-022-00148-1.

Additional file 1: Figure S1. Phenotypic analysis using HepG2 spheroids
after drug treatment. Figure S2. Predicting anti-hepatofibrotic drug
efficacy based on high-content analysis using HLOs. Table S1. List of all 60
test compounds and CAS numbers in HCA screening. Table S2. List of all
60 test compounds detail information.

Acknowledgements

We thank Zhigang Li, Yanging Qing from the Shanghai Institute of Nutrition
and Health, CAS and Ni Su, Shuning Liu from the School of Pharmacy, East
China University of Science and Technology for helping with the confocal
microscopy study.

Authors’ contributions

XW.and Q.D. conceived the project and designed experiments; X.W. per-
formed most of the experiments and analyzed the data; D.J. and S.L. assisted
in some experiments; XW,, S.L. and QD. prepared the manuscript; D.J. and
Y.Y. edit the manuscript; Q.D. supervised the project. The authors read and
approved the final manuscript.

Funding

This work was supported by grants from Shanghai Science and Technology
Commission (21140901700, 20dz1101400), the Strategic Priority Research
Program of the Chinese Academy of Sciences (XDA16030402), the National
Natural Science Foundation of China (31971063, 82070824), China Postdoc-
toral Science Foundation (2019M661661), and Youth Innovation Promotion
Association of CAS (2022274).

Availability of data and materials

All supporting data and materials are available within the article and its
additional files.

Declarations

Ethics approval and consent to participate
Not applicable.


https://doi.org/10.1186/s13619-022-00148-1
https://doi.org/10.1186/s13619-022-00148-1

Wau et al. Cell Regeneration (2023) 12:6

Consent for publication
Not applicable.

Competing interests
All authors declare that there was no conflict of interest.

Author details

'School of Biotechnology, East China University of Science and Technology,
Shanghai 200237, P. R. China. 2CAS Key Laboratory of Nutrition, Metabo-

lism and Food Safety, Shanghai Institute of Nutrition and Health, Shanghai
Institutes for Biological Sciences, University of Chinese Academy of Sciences,
Chinese Academy of Sciences, Shanghai 200031, P. R. China. 3School of Phar-
macy, Fujian Health College, Fujian 350101, P. R. China. “Shanghai Jiao Tong
University Affiliated Sixth People’s Hospital, Shanghai 200233, China. *Institute
for Stem Cell and Regeneration, Chinese Academy of Sciences, Beijing 100101,
P.R.China.

Received: 4 July 2022 Accepted: 1 November 2022
Published online: 03 March 2023

References

Ahmed O, Robinson MW, O'Farrelly C. Inflammatory processes in the liver:
divergent roles in homeostasis and pathology. Cell Mol Immunol.
2021;18:1375-86. https://doi.org/10.1038/541423-021-00639-2.

Bale SS, Geerts S, Jindal R, Yarmush ML. Isolation and co-culture of rat paren-
chymal and non-parenchymal liver cells to evaluate cellular interactions
and response. Sci Rep-Uk. 2016;6:25329. https://doi.org/10.1038/srep2
5329.

Bath RK, Brar NK, Forouhar FA, Wu GY. A review of methotrexate-associated
hepatotoxicity. J Dig Dis. 2014;15:517-24. https://doi.org/10.1111/1751-
2980.12184.

Baze A, Parmentier C, Hendriks DFG, Hurrell T, Heyd B, Bachellier P, et al. Three-
dimensional spheroid primary human hepatocytes in monoculture
and coculture with nonparenchymal cells. Tissue Eng Part C Methods.
2018;24:534-45. https://doi.org/10.1089/ten. TEC.2018.0134.

Benten D, Kluwe J, Wirth JW, Thiele ND, Follenzi A, Bhargava KK, et al. A human-
ized mouse model of liver fibrosis following expansion of transplanted
hepatic stellate cells. Lab Invest. 2018;98:525-36. https://doi.org/10.1038/
$41374-017-0010-7.

Creed S, McKenzie M. Measurement of mtochondrial membrane poten-
tial with the fluorescent fye tetramethylrhodamine methyl ester
(TMRM). Methods Mol Biol. 2019;1928:69-76. https://doi.org/10.1007/
978-1-4939-9027-6_5.

Damm G, Kegel V, Schulz T, Burkhardt B, Seehofer D, Glanemann M, et al.
Drug induced liver injury: establishment of a human in vitro model to
investigate Kupffer cell related inflammatory reactions after hepatocyte
damage. N-S Arch Pharmacol. 2013;386:516-7. https://dx.doi.org/10.
1055/5-0032-1331924.

Dekkers JF, Alieva M, Wellens LM, Ariese HCR, Jamieson PR, Vonk AM, et al.
High-resolution 3D imaging of fixed and cleared organoids. Nat Protoc.
2019;14:1756-71. https://doi.org/10.1038/541596-019-0160-8.

Ezhilarasan D. Hepatotoxic potentials of methotrexate: understanding the pos-
sible toxicological molecular mechanisms. Toxicology. 2021;458:152840.
https://doi.org/10.1016/j.tox.2021.152840.

Feaver RE, Cole BK, Lawson MJ, Hoang SA, Marukian S, Blackman BR, et al.
Development of an in vitro human liver system for interrogating nonalco-
holic steatohepatitis. JCI Insight. 2016;1:€90954. https://doi.org/10.1172/
jci.insight.90954.

Gregory SH, Wing EJ, Danowski KL, van Rooijen N, Dyer KF, Tweardy DJ. IL-6
produced by Kupffer cells induces STAT protein activation in hepato-
cytes early during the course of systemic listerial infections. J Immunol.
1998;160:6056-61. https://doi.org/10.4049/jimmunol.160.12.6056.

Hammer H, Schmidt F, Marx-Stoelting P, Potz O, Braeuning A. Cross-
species analysis of hepatic cytochrome P450 and transport protein
expression. Arch Toxicol. 2021;95:117-33. https://doi.org/10.1007/
500204-020-02939-4.

Harrison RK. Phase Il and phase lll failures: 2013-2015. Nat Rev Drug Discov.
2016;15:817-8. https://doi.org/10.1038/nrd.2016.184.

Page 12 of 13

Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MMA, et al.
Long-term culture of genome-stable bipotent stem cells from adult
human liver. Cell. 2015;160:299-312. https://doi.org/10.1016/j.cell.2014.
11.050.

Jang KJ, Otieno MA, Ronxhi J, Lim HK, Ewart L, Kodella KR, et al. Reproducing
human and cross-species drug toxicities using a liver-chip. Sci Transl Med.
2019;11(517):eaax5516. https://doi.org/10.1126/scitransimed.aax5516.

Jolly CE, Douglas O, Kamalian L, Jenkins RE, Beckett AJ, Penman SL, et al.

The utility of a differentiated preclinical liver model, HepaRG cells, in
investigating delayed toxicity via inhibition of mitochondrial-replication
induced by fialuridine. Toxicol Appl Pharmacol. 2020;403:115163. https:.//
doi.org/10.1016/j.taap.2020.115163.

Kisseleva T, Brenner D. Molecular and cellular mechanisms of liver fibrosis and
its regression. Nat Rev Gastroenterol Hepatol. 2021;18:151-66. https://doi.
0rg/10.1038/541575-020-00372-7.

Lai Y, Tse CM, Unadkat JD. Mitochondrial expression of the human equilibra-
tive nucleoside transporter 1 (hENT1) results in enhanced mitochondrial
toxicity of antiviral drugs. J Biol Chem. 2004,279:4490-7. https://doi.org/
10.1074/jbc.M307938200.

Loomba R, Friedman SL, Shulman Gl. Mechanisms and disease consequences
of nonalcoholic fatty liver disease. Cell. 2021;184:2537-64. https://doi.org/
10.1016/j.cell.2021.04.015.

Ma J, Tan X, Kwon Y, Delgado ER, Zarnegar A, DeFrances MC, et al. A novel
humanized model of NASH and its treatment with META4, a potent
agonist of MET. Cell Mol Gastroenterol Hepatol. 2022;13:565-82. https://
doi.org/10.1016/j,jcmgh.2021.10.007.

Maharjan S, Bonilla D, Sindurakar P, Li H, LiW, Duarte S, et al. 3D human nonal-
coholic hepatic steatosis and fibrosis models. Bio-Des Manuf. 2021;4:157-
70. https://doi.org/10.1007/542242-020-00121-4.

Mahdinloo S, Kiaie SH, Amiri A, Hemmati S, Valizadeh H, Zakeri-Milani P. Effi-
cient drug and gene delivery to liver fibrosis: rationale, recent advances,
and perspectives. Acta Pharm Sin B. 2020;10:1279-93. https://doi.org/10.
1016/j.apsb.2020.03.007.

Mckenzie R, Fried MW, Sallie R, Conjeevaram H, Dibisceglie AM, Park Y, et al.
Hepatic-failure and lactic-acidosis due to fialuridine (fiau), an investi-
gational nucleoside analog for chronic hepatitis-B. New Engl J Med.
1995;333:1099-105. https://doi.org/10.1056/Nejm199510263331702.

Monticello TM, Jones TW, Dambach DM, Potter DM, Bolt MW, Liu M, et al. Cur-
rent nonclinical testing paradigm enables safe entry to First-In-Human
clinical trials: the 1Q consortium nonclinical to clinical translational
database. Toxicol Appl Pharm. 2017,334:100-9. https://doi.org/10.1016/j.
taap.2017.09.006.

Mosedale M, CaiY, Eaddy JS, Kirby PJ, Wolenski FS, Dragan Y, et al. Human-rele-
vant mechanisms and risk factors for TAK-875-induced liver injury identi-
fied via a gene pathway-based approach in collaborative cross mice.
Toxicology. 2021;461:152902. https://doi.org/10.1016/j.tox.2021.152902.

Otieno MA, Snoeys J, Lam W, Ghosh A, Player MR, Pocai A, et al. Fasiglifam
(TAK-875): Mechanistic investigation and retrospective identification of
hazards for drug induced liver injury. Toxicol Sci. 2018;163:374-84. https.//
doi.org/10.1093/toxsci/kfx040.

Ouchi R, Togo S, Kimura M, Shinozawa T, Koido M, Koike H, et al. Modeling
steatohepatitis in humans with pluripotent stem cell-derived organoids.
Cell Metab. 2019;30(374-84):e6. https://doi.org/10.1016/j.cmet.2019.05.
007.

Qiu B, Simon MC. BODIPY 493/503 staining of neutral lipid droplets for micros-
copy and quantification by flow cytometry. Bio Protoc. 2016;6(17):1912.
https://doi.org/10.21769/BioProtoc.1912.

Ramirez T, Strigun A, Verlohner A, Huener HA, Peter E, Herold M, et al. Predic-
tion of liver toxicity and mode of action using metabolomics in vitro in
HepG2 cells. Arch Toxicol. 2018;92:893-906. https://doi.org/10.1007/
500204-017-2079-6.

Sato K, Hall C, Glaser S, Francis H, Meng FY, Alpini G. Pathogenesis of Kupffer
cells in cholestatic liver injury. Am J Pathol. 2016;186:2238-47. https://doi.
0rg/10.1016/j.ajpath.2016.06.003.

Shinozawa T, Kimura M, CaiY, Saiki N, Yoneyama'Y, Ouchi R, et al. High-fidelity
drug-induced liver injury screen using human pluripotent stem cell-
derived organoids. Gastroenterology. 2021;160(831-46):e10. https://doi.
org/10.1053/j.gastro.2020.10.002.

Teschke R. Idiosyncratic DILI: analysis of 46,266 cases assessed for causality
by RUCAM and published from 2014 to early 2019. Front Pharmacol.
2019;10:730. https://doi.org/10.3389/fphar.2019.00730.


https://doi.org/10.1038/s41423-021-00639-2
https://doi.org/10.1038/srep25329
https://doi.org/10.1038/srep25329
https://doi.org/10.1111/1751-2980.12184
https://doi.org/10.1111/1751-2980.12184
https://doi.org/10.1089/ten.TEC.2018.0134
https://doi.org/10.1038/s41374-017-0010-7
https://doi.org/10.1038/s41374-017-0010-7
https://doi.org/10.1007/978-1-4939-9027-6_5
https://doi.org/10.1007/978-1-4939-9027-6_5
https://dx.doi.org/10.1055/s-0032-1331924
https://dx.doi.org/10.1055/s-0032-1331924
https://doi.org/10.1038/s41596-019-0160-8
https://doi.org/10.1016/j.tox.2021.152840
https://doi.org/10.1172/jci.insight.90954
https://doi.org/10.1172/jci.insight.90954
https://doi.org/10.4049/jimmunol.160.12.6056
https://doi.org/10.1007/s00204-020-02939-4
https://doi.org/10.1007/s00204-020-02939-4
https://doi.org/10.1038/nrd.2016.184
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1126/scitranslmed.aax5516
https://doi.org/10.1016/j.taap.2020.115163
https://doi.org/10.1016/j.taap.2020.115163
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.1074/jbc.M307938200
https://doi.org/10.1074/jbc.M307938200
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.jcmgh.2021.10.007
https://doi.org/10.1016/j.jcmgh.2021.10.007
https://doi.org/10.1007/s42242-020-00121-4
https://doi.org/10.1016/j.apsb.2020.03.007
https://doi.org/10.1016/j.apsb.2020.03.007
https://doi.org/10.1056/Nejm199510263331702
https://doi.org/10.1016/j.taap.2017.09.006
https://doi.org/10.1016/j.taap.2017.09.006
https://doi.org/10.1016/j.tox.2021.152902
https://doi.org/10.1093/toxsci/kfx040
https://doi.org/10.1093/toxsci/kfx040
https://doi.org/10.1016/j.cmet.2019.05.007
https://doi.org/10.1016/j.cmet.2019.05.007
https://doi.org/10.21769/BioProtoc.1912
https://doi.org/10.1007/s00204-017-2079-6
https://doi.org/10.1007/s00204-017-2079-6
https://doi.org/10.1016/j.ajpath.2016.06.003
https://doi.org/10.1016/j.ajpath.2016.06.003
https://doi.org/10.1053/j.gastro.2020.10.002
https://doi.org/10.1053/j.gastro.2020.10.002
https://doi.org/10.3389/fphar.2019.00730

Wau et al. Cell Regeneration (2023) 12:6

Thompson WL, Takebe T. Generation of multi-cellular human liver organoids
from pluripotent stem cells. Methods Cell Biol. 2020;159:47-68. https.//
doi.org/10.1016/bs.mcb.2020.03.009.

Torok G, Erdei Z, Lilienberg J, Apati A, Homolya L. The importance of transport-
ers and cell polarization for the evaluation of human stem cell-derived
hepatic cells. PLoS One. 2020;15:€0227751. https://doi.org/10.1371/journ
al.pone.0227751.

Wang C, Zhang L, Sun Z, Yuan X, Wu B, Cen J, et al. Dedifferentiation-associated
inflammatory factors of long-term expanded human hepatocytes
exacerbate their elimination by macrophages during liver engraftment.
Hepatology. 2022. https://doi.org/10.1002/hep.32436.

Wang XH, Ai LY, Xu QQ, Wu CW, Chen ZW, Su DZ, et al. A20 attenuates liver
fibrosis in NAFLD and inhibits inflammation responses. Inflammation.
2017;40:840-8. https://doi.org/10.1007/510753-017-0528-2.

Weng HL, LiuY, Chen JL, Huang T, Xu LJ, Godoy P, et al. The etiology of liver
damage imparts cytokines transforming growth factor beta 1 or inter-
leukin-13 as driving forces in fibrogenesis. Hepatology. 2009;50:230-43.
https://doi.org/10.1002/hep.22934.

Xiang C, Du 'Y, Meng G, Soon Yi L, Sun S, Song N, et al. Long-term func-
tional maintenance of primary human hepatocytes in vitro. Science.
2019;364:399-402. https://doi.org/10.1126/science.aau7307.

Yoon E, Babar A, Choudhary M, Kutner M, Pyrsopoulos N. Acetaminophen-
induced hepatotoxicity: a comprehensive update. J Clin Transl Hepatol.
2016;4:131-42. https://doi.org/10.14218/JCTH.2015.00052.

Zhang CY, Yuan WG, He P, Lei JH, Wang CX. Liver fibrosis and hepatic stellate
cells: etiology, pathological hallmarks and therapeutic targets. World J
Gastroenterol. 2016;22:10512-22. https://doi.org/10.3748/wjg.v22.i48.
10512.

Zhang K, Zhang L, Liu W, Ma X, Cen J, Sun Z, et al. In vitro expansion of primary
human hepatocytes with efficient liver repopulation capacity. Cell Stem
Cell. 2018a;23(806-19):e4. https://doi.org/10.1016/j.stem.2018.10.018.

Zhang RR, Koido M, Tadokoro T, Ouchi R, Matsuno T, Ueno Y, et al. Human iPSC-
derived posterior gut progenitors are expandable and capable of forming
gut and liver organoids. Stem Cell Rep. 2018b;10:780-93. https://doi.org/
10.1016/j.stemcr.2018.01.006.

Zheng B, Tan L, Mo X, Yu W, Wang Y, Tucker-Kellogg L, et al. Predicting in vivo
anti-hepatofibrotic drug efficacy based on in vitro high-content analysis.
PLoS One. 2011;6:226230. https://doi.org/10.1371/journal.pone.0026230.

Page 13 of 13

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/bs.mcb.2020.03.009
https://doi.org/10.1016/bs.mcb.2020.03.009
https://doi.org/10.1371/journal.pone.0227751
https://doi.org/10.1371/journal.pone.0227751
https://doi.org/10.1002/hep.32436
https://doi.org/10.1007/s10753-017-0528-2
https://doi.org/10.1002/hep.22934
https://doi.org/10.1126/science.aau7307
https://doi.org/10.14218/JCTH.2015.00052
https://doi.org/10.3748/wjg.v22.i48.10512
https://doi.org/10.3748/wjg.v22.i48.10512
https://doi.org/10.1016/j.stem.2018.10.018
https://doi.org/10.1016/j.stemcr.2018.01.006
https://doi.org/10.1016/j.stemcr.2018.01.006
https://doi.org/10.1371/journal.pone.0026230

	Modeling drug-induced liver injury and screening for anti-hepatofibrotic compounds using human PSC-derived organoids
	Abstract 
	Background
	Results
	Functional characterization of human liver organoids derived from hPSCs
	Modeling DILI with diverse phenotypes using HLOs
	Predicting anti-hepatofibrotic drug efficacy based on high-content analysis using HLOs

	Discussion
	Conclusions
	Methods
	Generation of human liver organoids (HLOs) and HepG2 3D spheroids
	RNA isolation and RT-qPCR
	ELISA
	Immunofluorescence staining
	CDCFDA uptake and release
	PAS staining
	LDL uptake
	Drug treatment
	TMRM CellROX Bodipy staining
	Compounds preparation
	High-content imaging and analysis
	Statistics

	Acknowledgements
	References


