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SUMMARY

Pluripotent stem cell (PSC)-derived hepatocyte-like cells (HLCs) have shown great potential as an alternative to primary human hepato-
cytes (PHHSs) for in vitro modeling. Several differentiation protocols have been described to direct PSCs toward the hepatic fate. Here, by
leveraging recent knowledge of the signaling pathways involved in liver development, we describe a robust, scalable protocol that al-
lowed us to consistently generate high-quality bipotent human hepatoblasts and HLCs from both embryonic stem cells and induced
PSC (iPSCs). Although not yet fully mature, such HLCs were more similar to adult PHHs than were cells obtained with previously
described protocols, showing good potential as a physiologically representative alternative to PHHs for in vitro modeling. PSC-derived
hepatoblasts effectively generated with this protocol could differentiate into mature hepatocytes and cholangiocytes within syngeneic

liver organoids, thus opening the way for representative human 3D in vitro modeling of liver development and pathophysiology.

INTRODUCTION

For decades, the study of human liver physiology and
development, as well as drug discovery, have been limited
by the lack of representative models. Animal studies and
in vitro models based on tumor cell lines proved to be
crucial to build our current knowledge but are inadequate
to assess the specificities of the human liver. Primary hu-
man hepatocytes (PHHs) suffer from major limitations
that have hampered our ability to generate representative
data. Although considered the “gold standard” by regulato-
ry agencies, PHHs do not allow for a reliable prediction of a
drug’s metabolism and toxicity in patients, which results in
a high failure rate at clinical phases and is partially respon-
sible for the high costs and long times of drug development
(Kola and Landis, 2004).

Stem-cell-derived hepatocyte-like cells (HLCs) have
shown great potential as an alternative to PHHs. Pluripo-
tent stem cells (PSCs), such as embryonic stem cells (ESCs)
and induced PSCs (iPSCs), represent an unlimited source
from which HLCs can be produced. Various differentiation
protocols inspired by liver organogenesis have been
described for both ESCs and iPSCs (Mallanna and Duncan,
2013; Shan etal., 2013; Si-Tayeb et al., 2010a; Touboul et al.,
2010). Empirical identification of best culture conditions
has historically played a central role in establishing such
protocols. Our knowledge of liver development has greatly
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advanced over the last decade, and we now have a reason-
able understanding of the signaling pathways involved
(Gordilloetal., 2015; Si-Tayeb et al., 2010b). This has helped
to improve the quality of PSC-derived HLCs (Fu et al., 2019;
Gaoetal., 2017; Takayama et al., 2017; Touboul et al., 2016;
Xieetal., 2019). Nevertheless, obtained HLCs are still closer
to fetal PHHs than to adult PHHs (Baxter et al., 2015). More-
over, the quality of differentiation varies widely among
HLCs obtained from different PSC populations, and cell
yield is often low with most of described protocols (Kajiwara
etal., 2012). Over the last few years, liver organoids that take
advantage of cell-to-cell interactions and paracrine signals
among the several cellular components of the liver “niche”
have been described and are increasingly used for in vitro
modeling (Asai et al., 2017; Takebe et al., 2013). Neverthe-
less, the representativeness of such 3D models relies on
the quality and maturation of the liver cells used. Overall,
the limitations of currently available protocols constitute
a significant barrier to the full implementation of HLCs
for in vitro modeling, drug testing, and cell therapy applica-
tions (Paganelli, 2019). By leveraging the most recent
knowledge about the signaling pathways involved in liver
development and their timely acting on Wnt/B-catenin,
oncostatin M (OSM), and transforming growth factor beta
(TGFB) pathways during the later stages of differentiation,
we developed a new, robust protocol allowing for the
high-yield, consistent generation of high-quality bipotent
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Figure 1. Differentiation prototocol and PSC-derived definitive endoderm and posterior foregut

(A) Description of our new differentiation protocol.
(B-F) PSC-derived endoderm (DE).

(B) Expression of EOMES, FOXA2, and SOX17 genes over the first 5 days of differentiation (qRT-PCR, expressed as log;o mean fold change
relative to PSCs + SEM, n =9, **p < 0.01, ***p < 0.001, ****p < 0.0001).

(C) Expression of endoderm-enriched genes in PSC-derived cells after 5 days of differentiation compared with undifferentiated PSCs (qRT-
PCR, expressed as log,o mean fold change relative to DE + SEM; n = 3 for PSCs, n = 6 for DEs, *p < 0.05, **p < 0.01; see also Figure S2A).
(D) Expression of DE markers at the end of day 5 of differentiation compared with undifferentiated PSCs (immunofluorescence, repre-
sentative images, 4',6-diamidino-2-phenylindole (DAPI) nuclear staining in included images, scale bar, 200 pum).

(E) Expression of DE markers is highly homogeneous in PSC-derived DE cells (flow cytometry, n > 4, mean + SEM).

(F) FOXA2/CXCR4/S0X17 triple-positive cells constitute >90% of PSC-derived DEs (flow cytometry, n = 4; left: mean + SEM, center and

right: representative experiment).

(G and H) PSC-derived ventral posterior foregut (VPFG): expression of HHEX, PROX1, HNF4A, AFP, and ALB genes in PSC-derived cells
(qRT-PCR expressed as log,o mean fold change + SEM, relative to: G, undifferentiated PSCs and H, PSC-derived DEs; n = 3 for PSCs, n > 3 for
DE, n > 5 for VPFG; *p < 0.05, ***p < 0.001; see also Figures S2E and S2F).

human liver progenitors and HLCs from both ESCs and
iPSCs.

RESULTS

We used 6 different PSC populations (one ESC line and five
iPSC lines) and differentiated them through the main

developmental stages that lead from the zygote to the fetal
liver following an optimized protocol based on an exhaus-
tive review of liver development (Figure 1A).

Hepatic specification
After careful characterization of PSCs (Figure S1), we recre-
ated the process of gastrulation in vitro, passing by a
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primitive streak stage and then pushing Brachyury (T)-pos-
itive cells toward the mesendoderm through the epithelial-
mesenchymal transition by concurrently activating both
the Activin/Nodal signaling (with Activin A) and canonical
Wnt/B-catenin pathways (via the selective inhibition of
GSK3B with CHIR99021). This led to the timed upregula-
tion of EOMES and FOXA2 (24 h) and SOX17 (48 h;
Figure 1B). Stimulation of the Activin/Nodal pathway for
3 additional days allowed the cells to acquire the gene
and protein expression profile typical of the definitive
endoderm (DE; Figures 1C and 1D). The obtained DE pop-
ulation was highly homogenous, with >90% of FOXA2-,
SOX17-, and CXCR4-positive cells (Figures 1E and 1F).
The addition of a knockout serum replacement (KOSR) at
a low concentration, which, as fibroblast grow factor
(FGF) secreted by the cardiac mesoderm, induces hepatic
specification through the mitogen-activated protein kinase
(MAPK) signaling pathway, significantly reduced cell death
without affecting the quality of the obtained DE (Figures
S2B and S2C). No difference was seen in the results ob-
tained from applying this protocol to ESC or iPSC popula-
tions (Figure S2D).

In the embryo, the DE is then exposed to bone morpho-
genetic protein (BMP) from the septum transversum
mesenchyme (STM) and to FGF from the cardiac mesoderm
(Gordillo et al., 2015; Si-Tayeb et al., 2010b). This drives the
cells toward the formation of the posterior foregut. Inhibi-
tion of the Wnt signaling pathway is needed to relieve the
repression of HHEX, which is required for the commitment
to the hepatic fate (McLean et al., 2007). TGF inhibition
allows for the upregulation of albumin (ALB) and PROX1
genes, with the latter playing an essential role in subse-
quent liver bud formation (Sosa-Pineda et al., 2000). After
a 5-day exposure to BMP4, low-dose FGF, A83-01 (TGFB
pathway inhibitor), and IWP2 (Wnt pathway inhibitor),
the cells acquired a phenotype suggestive of the commit-
ment of the ventral posterior foregut (VPFG) toward the he-
patic fate (corresponding to mouse embryonic day 8.5
[E8.5]), with an overexpression of HHEX, PROX1 (Fig-
ure 1G), HNF4A, alpha fetoprotein (AFP), and ALB genes
(Figure 1H).

Liver bud formation and expansion

In humans 9 days post-gastrulation, hepatic progenitor
cells from the VPFG delaminate and invade the surround-
ing stroma, forming the liver bud (LB). Hence, liver progen-
itors (hepatoblasts) enter into contact with the STM, which
continues secreting BMP, and are in close proximity with si-
nusoidal endothelial cells and stellate cells secreting Wnt
and hepatocyte growth factor (HGF). Supplementation of
hepatoblasts with BMP4, FGE, HGEF, and CHIR99021, in
the presence of insulin, for 5 days (Figure 1A) triggered
the re-establishment of cell-cell contacts and a deep
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commitment toward the hepatic fate. At the end of this
stage, such LB cells further increased the expression of tran-
scription factors HNF4A and of PROX1, which are both
required for their proliferation and differentiation (Fig-
ure 2A; Parviz et al., 2003; Sosa-Pineda et al., 2000). ALB
and AFP continued to be very highly expressed in LB cells.
The expression of HNF1B, which at this stage controls chol-
angiocyte fate, was instead reduced, while the expression of
SRY-box 9 (SOX9) was significantly increased in LB cells,
which is consistent with the expression of these genes in
bipotent hepatic progenitor cells (Figure 2A; Han et al.,
2019). Immunostaining showed that 79.1% + 13.4% of
LB cells were AFP-positive and that 80.4% + 10% were albu-
min-positive (Figure 2B). The expression of cytokeratin 19
(CK19 or KRT19) and epithelial cell adhesion molecule (Ep-
CAM) was ubiquitous at this stage (Figures 2B and 2D).
Zonula occludens-1 (ZO-1) expression at the cell surface
confirmed the re-establishment of cell-cell contacts (Fig-
ure 2B). Expression of the hepatoblast-enriched TBX3
gene increased in LB cells and subsequently decreased
over further maturation into HLCs (Figure 2C). The num-
ber of cells still expressing pluripotency markers was negli-
gible at this stage (Figure 2D). The staged activation of
HHEX, HNF4A, and PROX1 also led to the proliferation of
hepatoblasts (38.6% = 5.5% of Ki67-positive cells; Figures
2E and 2F), in line with the behavior of the LB at this stage
of development (days 24-48 of gestation, corresponding to
E10-E14 in mouse; Sosa-Pineda et al., 2000). No difference
between ESCs and iPSCs was noted (Figure S2I).

Maturation into HLCs

In the developing human embryo, starting at around gesta-
tional day 57 (E13.5 in mouse), the close contact between
hepatoblasts and hepatic stellate cells (secreting Wnt,
HGEF, and FGF) and hematopoietic cells (producing OSM)
drives their maturation into hepatocytes (Kamiya et al.,
1999; Matsumoto et al., 2008; Onitsuka et al., 2010;
Schmidt et al., 1995). Mature liver functions are then pro-
gressively acquired, with the liver expressing a fully mature
phenotype only several weeks after birth. We exposed LB
cells to OSM and dexamethasone, in addition to the stim-
ulation of BMP, FGE, HGE, and Wnt signaling pathways
and the inhibition of the TGFp pathway, for 5 days to
induce maturation into HLCs (Figure 1A). Subsequently,
we maintained only OSM and dexamethasone for another
5 days and then concluded the differentiation processes
with 5 more days without OSM in order to mimic the
decrease in the stimulus from hematopoietic cells that hap-
pens in the later weeks of gestation and post-natal life (Ka-
miya and Gonzalez, 2004; Khan et al., 2016). At the end of
the differentiation process, we obtained a homogeneous
monolayer of mono- and binucleated polygonal epithelial
cells (Figures 3A and 3G). Unlike LB cells, such PSC-derived
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Figure 2. PSC-derived liver bud (LB)

(A) PSC-derived cells after 15 days of differentiation achieve a gene expression profile consistent with hepatoblasts in the forming LB (qRT-
PCR, expressed as log,o mean fold change relative to VPFG + SEM; n = 3 for VPFG, n = 8 for DE, **p < 0.01; see also Figure S2G).

(B) Expression of hepatoblast-enriched AFP, albumin, CK19, EpCAM, and Z0-1 in PSC-derived LB cells (immunofluorescence, representative
images with DAPI nuclear staining, scale bars, 200 um, left, and 50 pum, right).

(C) Expression of hepatoblast-enriched TBX3 increases in LB cells and decreases upon further maturation into HLCs (qRT-PCR, expressed as
fold change relative to DE + SEM; n =8, *p < 0.05).

(D) LB cells show high homogeneity for EpCAM expression, while expression of a marker of pluripotency is negligible and comparable to
background noise (flow cytometry; TRA-1-60: n =6 for PSCs, n = 3 for LB, mean + SEM; EpCAM: n =5, mean + SEM, representative experiment).
(E) LB cells replicate actively (left panels), whereas HLCs reach a quiescent state (Ki67-albumin fluorescence co-staining, representative
images, DAPI nuclear staining in included images, scale bars, 200 um, left panels of each group, and 50 um, right panels).

(F) The differentiation protocol allows for the expansion of LB cells (automated cell count, n=6 for PSCs and LB, n =3 for DE, n =4 for HLCs;
mean + SEM, **p < 0.01).
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Figure 3. Characterization of PSC-derived HLCs
(A) Representative morphology at the end of the differentiation protocol (phase contrast; arrowheads showing binucleated hepatocytes;
scale bars, 200 pm, left, 100 pum, center, and 50 pum, right).
(B) Expression of liver-specific genes compared with LB cells (qRT-PCR, expressed as log;o mean fold change relative to LB + SEM; n =7
*p < 0.05, ***p < 0.001; see also Figure S3C).
(C) Expression of liver-specific genes compared with adult PHHs (qRT-PCR, expressed as log;o mean fold change relative to PHH + SEM;
n =9 for PHHs, n = 10 for HLCs; **p < 0.01, ***p < 0.001, not significant [ns] p > 0.05; see also Figure S3D).
(D) CYP3A4 expression and induction upon supplementation with 20 uM rifampicin for 72 h (qRT-PCR, mean fold change relative to
baseline + SEM; n =9, ***p < 0.001).
(E) Expression of liver-specific genes LXR, CAR, and PXR in HLCs compared with LB cells (qRT-PCR, log;o mean fold change relative to LB +
SEM; n =9 for LXR and CAR, n =5 for PXR, ****p < 0.0001).
(F) Effect of different maturation conditions between days 16 and 30 on the expression of liver-specific genes by HLCs (qRT-PCR, mean fold
change relative to the protocol shown in Figure 1A + SEM; n=3; p > 0.05 for all conditions; “shorter” corresponds to 3 days per step instead
of 5).

(legend continued on next page)
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HLCs did not actively proliferate (Figure 2E), which was
consistent with the achievement of quiescence expected
upon hepatocyte maturation (Berasain and Avila, 2015).

HLCs showed an important increase in the expression of
ALB (>1,000-fold change) and AFP (>10-fold change)
compared with that in LB hepatoblasts (Figure 3B). The
expression of mature liver-specific genes ALB, ASGR1, and
TAT in HLCs was comparable to PHHs (Figure 3C), with
HNF4A and AFP being more highly expressed. The expres-
sion of CYP3A4 was shown to be inducible upon supple-
mentation with rifampicin (Figure 3D). Liver-specific liver
X receptor (LXRa or NR1H3), which is upregulated early
during liver development and decreases during fetal life,
was highly expressed in hepatoblasts and was decreased
in HLCs (Figure 3E; Mu et al., 2020). Similarly, the expres-
sion of constitutive androstane receptor (CAR or NR1I3),
which is known to increase over the first and the beginning
of the second gestational trimesters and subsequently
decrease, was high in LB cells and decreased in HLCs
(but, as in the neonatal liver, it is still expressed; Chen
et al., 2013). On the contrary, the expression of pregnane
X receptor (PXR or NRI1I2) increased in HLCs compared
with in hepatoblasts (although it did not reach statistical
significance), as observed during later stages of liver devel-
opment because of the direct binding of HNF4a (Kamiya
etal., 2003; Masuyama et al., 2001). Concurrent inhibition
of the TGFp signaling pathway and activation of the Wnt
pathway during hepatoblasts maturation, together with
BMP4 and OSM supplementation, was superior to alterna-
tive protocols (Figure 3F). Shortening this maturation
phase (3 days/step instead of 5) resulted in less mature
HLCs (Figure 3F), whereas extending it reduced the yield
(data not shown). The differentiation protocol proved to
be robust, with negligible inter-population and -operator
variability (32 differentiations of 6 PSC populations, 3
different operators; Figure S3A). No difference between
ESCs and iPSCs was noted (Figure S3B).

Almost all HLCs expressed albumin, E-cadherin, and AFP,
although the latter was not expressed by larger, binucleated
cells (Figures 3G-3I). CK18 (KRT18) was expressed by >80%
of the cells. Expression of CK19 and EpCAM was still strong
but reduced compared with in LB cells (45% and 54% of the
HLCs being positive for each protein, respectively) and
reduced or absent in larger, binucleated cells. HLCs effec-
tively performed mature liver functions at levels compara-
ble to metabolism-qualified adult PHHs (Figures 4A-4D).

The activity of cytochrome P450 3A4 (Cyp3A4) was almost
50 times greater than the commonly used HepG2 cell line
(Figure 4A) and was inducible upon supplementation with
rifampicin (Figure 4B). Albumin secretion progressively
increased in HLCs over maturation, reaching levels compa-
rable to PHHs (Figure 4C). Similarly, HLCs produced urea as
effectively as PHH and >100 times more effectively than
HepG2 cells (Figure 4D).

As a proof of concept, we used such HLCs to assess
hepatotoxicity of two common drugs with a known dose-
dependent effect on hepatocytes (Figures 4E and 4F).
Mitochondrial dysfunction has emerged as an important
mechanism and indicator of drug-induced hepatotoxicity
(Ramachandran et al.,, 2018). By measuring their mito-
chondrial respiration (oxygen consumption rate [OCR]),
we showed that HLCs allow for a representative assessment
of the toxic effect of acetaminophen and amiodarone on
hepatocytes’ metabolism, with very little variability.

When compared with previously published protocols for
which a transcriptome was available (Fu et al., 2019; Gao
et al.,, 2017; Kim et al.,, 2019; Li et al.,, 2017; Touboul
et al., 2016; Warren et al., 2017; Xie et al., 2019), our new
protocol resulted in significantly more mature HLCs (Fig-
ures 5 and S4). Our HLCs significantly overexpressed key
liver-specific genes compared with other previously
described HLCs and resulted in expression profiles more
similar to freshly isolated PHH and adult liver samples (Fig-
ures 4A, 4B, and S4B). When compared with HLCs obtained
with a differentiation protocol not acting on the Wnt/
B-catenin and TGFp pathways beyond the DE stage (Fig-
ure S3G), our HLCs showed a 3- to 100-fold higher expres-
sion of genes encoding for albumin, HNF4a, AFP, tyrosine
aminotransferase, and enzymes involved in xenobiotic
metabolism, iron homeostasis, and lipid and bile acid
metabolism (Figures 5C-5E). Analysis of Gene Ontology
terms (Figure 5F) confirmed the overexpression of superclu-
sters of genes that are essential for the development
(epithelial cell differentiation), structural integrity (bicellu-
lar tight junction assembly, regulation of endothelial cell
proliferation), and function of the human liver (lipid
biosynthesis, response to ethanol and drugs, transmem-
brane transport, cell redox homeostasis, carbohydrate
metabolism, etc.). The advantage of the timed regulation
of Wnt/B-catenin and TGFp signaling pathways was even
more evident when measuring mature liver functions,
with a 10-fold increase in Cyp3A4 activity (Figure 5G)

(G) Expression of AFP, albumin, CK19, CK18, E-cadherin, and EpCAM in PSC-derived HLCs (immunofluorescence, representative images,
DAPI nuclear staining; yellow arrowheads showing binucleated hepatocytes; scale bar, 50 um).

(H) Percentage of HLCs expressing AFP, albumin, CK19, EpCAM, and CK18 (immunofluorescence, representative images, DAPI nuclear
staining; scale bar, 200 um; bottom: percentage of positive cells compared with DAPI-positive nuclei, n =9, mean + SEM).

(I) HLCs were highly homogeneous for albumin expression (flow cytometry; n =6, mean + SEM; p > 0.05 when HLCs were compared with LB

cells; see also Figures S3E and S3F).
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Figure 4. Liver-specific functions performed by HLCs

Time (minutes)

Time (minutes)

(A and B) Cyp3A4 activity performed by HLCs in comparison to PHHs and HepG2 cells (A; relative light units per million cells; n = 6 HLCs,
n =7 PHHs, n=5 PSCs, n = 3 HepG2 cells) and its induction upon supplementation with 20 puM rifampicin for 72 h (B; n = 9; mean + SEM,

*p <0.05, ***p <0.001).

(C) Albumin secretion in HLCs at days 25 and 30 compared with PHHs (ELISA, n = 4 for HLCs and PHHs, mean + SEM).
(D) Urea production by HLCs compared with PHHs and HepG2 cells (ELISA, n = 3 for HLCs, PSCs, and HepG2 cells, n = 12 for PHHs,

mean + SEM).

(E and F) Hepatotoxicity of acetaminophen (APAP) and amiodarone (AMIO) assessed through the measurement of oxygen consumption
rate on HLCs (0O, oligomycin; F, FCCP; R/A, Rotenone/Antimycin A; n = 12, mean + SEM).

and >2.5-fold increase in albumin secretion (Figure SH).
Moreover, our new protocol allowed us to obtain almost
10 times the HLCs generated by a differentiation protocol
not acting on the Wnt/p-catenin and TGFB pathways
beyond the DE stage (Figure 5I), as expected from the rela-
tive upregulation of Hippo signaling pathways (Figure 5F),
the expression of which is similar to PHHs (Figure S4C; Pa-
tel et al., 2017; Valizadeh et al., 2019). Nevertheless, YAP
(YAPI) was downregulated in HLCs when compared with
LB cells (Figure S4D), which was consistent with their ac-
quired quiescent state and resulted in a relative reduction
in the cell number at the end of the differentiation (Fig-
ure 2F), all while overall allowing for a 2-fold expansion
of seeded cells.

Overall, our new differentiation protocol allowed us to
consistently generate more mature HLCs, from both ESCs
and iPSCs, with good yield and using reagents that have
Good Manufacturing Practice (GMP)-compliant versions
available, compared with previously described approaches.
Designed for robustness and ease of clinical translation, the
protocol has been licensed to a regenerative medicine com-
pany, validated by 3 more independent operators, and suc-
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cessfully tech-transferred to an independent contract
development and manufacturing organization (CDMO)
for scale-up and optimization.

Bipotent hepatic progenitors give rise to hepatocytes
and biliary cells in liver organoids

To further prove the bipotency and differentiation poten-
tial of iPSC-derived hepatoblasts obtained with our new
protocol, as well as to assess the possible applications of
such cells to study liver physiology and development and
for disease modeling, we generated complex, syngeneic
liver organoids derived from iPSCs.

We differentiated each human iPSC population into
mesenchymal progenitor cells (MPCs) and endothelial pro-
genitor cells (EPCs). MPCs fulfilled the defining criteria of
mesenchymal stromal cells in terms of morphology, sur-
face markers, and multipotency (Figure S5; Dominici
et al., 2006). EPCs showed features suggestive of endothe-
lial colony-forming cells (Figure S5). Through the seeding
of iPSC-derived LB cells (hepatoblasts at day 16 of the dif-
ferentiation protocol shown in Figure 1A) with EPCs and
MPCs derived from the same iPSC line, in a defined ratio
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Figure 5. Comparison of our HLCs with cells obtained with previously described protocols, PHHs, and adult liver samples

(A) Heatmap showing the expression of the top 46 liver-enriched genes in HLCs obtained with our protocol compared with LB cells, HLCs
obtained with a protocol not acting on Wnt and TGFB signaling pathways beyond the DE stage (HLC-2; see Figure S3G), HLCs obtained with
other previously described protocols (1: Warren et al., 2017), hepatocytes derived by transdifferentiation (hiHeps; 2: Gao et al., 2017), and
PHHs (RNA-seq, unsupervised clustering; 2: Gao et al., 2017; list of genes from the Human Protein Atlas; Uhlén et al., 2015). Transcriptome
profile through the differentiation stages and comparison of the HLCs with adult liver samples is shown in Figures S4A and S4B.

(B) Our HLCs are more similar to freshly isolated adult PHHs than most HLCs obtained with previously described protocols (1: Warren et al.,
2017; 2: Gao et al., 2017; 3: Li et al., 2017; 4: Touboul et al., 2016; 5: Xie et al., 2019; 6: Fu et al., 2019; 7: Kim et al., 2019). 2D rep-
resentation of Uniform Manifold Approximation and Projection (UMAP)-based dimensionality reduction of the top 17 principal compo-
nents obtained analyzing the 3,000 most variable genes across datasets (Dorrity et al., 2020).

(legend continued on next page)
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(Takebe et al., 2013), we recreated favorable conditions for
self-aggregation and the formation of complex, syngeneic
liver organoids (Figure 6A). These organoids formed with
dimensions of 1.1 + 0.2 mm in diameter and allowed for
structural and histologic studies after 72 h. Generation of
the organoids in suspension, without the use of hydrogels,
minimized variability and facilitated processing.

The establishment of cell-to-cell contacts and paracrine
signals, together with the supplementation of FGF, insulin,
OSM, corticosteroids, and vascular endothelial growth fac-
tor (VEFG), allowed the rapid maturation of hepatoblasts
into hepatocytes performing liver-specific functions (Fig-
ure 6B). Seven days after seeding, the organoids were com-
parable to day-30 HLCs in terms of Cyp3A4 activity, while
they secreted significantly more albumin, reaching levels
superior to PHHs. Liver functions were maintained until
day 10 and then rapidly decreased following the progres-
sive death of liver cells and collagen deposition seen in
the central part of the organoids, presumably due to the
lack of vascularization and the poor perfusion caused by
the size of the aggregates.

Within the organoids, liver cells organized into cords of
small hepatocytes surrounded by significant extracellular
matrix produced by the mesenchymal cells (Figure 6C).
At day 7 post-seeding, bile ducts were clear within the outer
layer of the organoids (Figure 6D). These structures were
clearly separated from the hepatocytes and surrounded
by the mesenchyme. Many such bile ducts showed mature
features, such as a lumen and a single layer of cuboidal
CK19- and SOX9-positive cholangiocytes (Figure 6E; Vyas
et al., 2018). Many bipotent, CK18/CK19 double-positive
hepatoblasts quickly matured into CK18- and bile salt
export pump (BSEP or ABCB11)-positive, CK19-negative
hepatocytes, which mostly localized in the inner layers of
the organoids, and CK19/CK18-positive cholangiocytes,
forming bile ducts at different stages of maturation in the
outer layer (Figure 6F). Hepatocytes homogenously ex-
pressed albumin and did not replicate (Ki67-negative; Fig-
ure 6G). They also expressed HNF4o and ASGR1 (Figure S6).

HNF4a-, BSEP-, and ASGR1-negative bile ducts at different
stages were visible within the organoids (Figure S6), with
maturing structures composed of Ki67-positive cholangio-
cytes and more mature ducts showing no replicative activ-
ity (Figure 6G). These data confirm the bipotency of hepa-
toblasts generated with our new protocol and highlight the
potential for their use in 3D modeling of complex human
liver disease.

DISCUSSION

The study of human liver pathophysiology has been histor-
ically hampered by the lack of suitable in vitro models. Our
knowledge of liver development has greatly advanced over
the last decade, but most of what is known about hepato-
genesis derives from studies carried out in rodents. The un-
availability of representative in vitro models is partially
responsible for the high failure rate of experimental new
drugs (Kola and Landis, 2004). Besides being expensive
and of limited availability, PHHs suffer from major limita-
tions that hamper their utility for in vitro modeling and
drug development. Their quality is extremely variable be-
tween donors, which affects in vitro-in vivo extrapolations
of obtained data (Braver-Sewradj et al., 2016; Hallifax and
Houston, 2009). Freshly isolated PHHs do not replicate in
culture, tend to dedifferentiate rapidly with their metabolic
activity waning over a few days, and are logistically difficult
to procure and use (Elaut et al., 2006). Cryopreserved PHHs
are the tool of choice for drug metabolism studies, but they
withstand cryopreservation very poorly, with the majority
of lots retaining only some of the functions needed for drug
development and only for a short time. All these limita-
tions have major consequences on the consistency and
costs of conducted experiments and reduce their value to
reliably predict the behavior of the drug in patients (Halli-
fax and Houston, 2009; Kola and Landis, 2004). Several cell
lines are available, but, while valuable to answer specific
questions, their less mature state makes them less

(C) Liver-specific genes are overexpressed in HLCs obtained with our new protocol compared with HLC-2 (Figure S3G; gRT-PCR, log,o mean
fold change relative to HLC-2 + SEM, n =9, *p < 0.05, ***p < 0.001, ****p < 0.0001).

(D) Volcano plot showing the most variable genes in our HLCs compared with HLC-2 (n = 2).

(E) Representative sample of liver-enriched genes overexpressed in HLCs obtained with the new protocol compared with HLC-2 (differential

gene expression; >3-fold change, p adjusted < 0.05; n = 2).

(F) Semantic similarity-based scatterplot of Gene Ontology terms showing families of genes that are overexpressed in HLCs compared with

HLC-2 (REVIGO tree map, n = 2, p adjusted < 0.05).

(G) HLCs obtained with our new protocol show significantly more Cyp3A4 activity than HLC-2 (relative light units per million cells; n =6

HLCs, n = 4 HLC-2; mean + SEM, **p < 0.01).

(H) Our HLCs secrete more albumin per million cells than HLC-2 (ELISA, n = 4 for HLCs, n = 10 for HLC-2; mean + SEM, **p < 0.01).
(I) The new differentiation protocol allows for generating HLCs with significantly better efficiency (automated cell count, n = 4;

mean + SEM, *p < 0.05).
See also Figures S4C and S4D.
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Figure 6. Complex, syngeneic liver organoids generated with bipotent PSC-derived hepatoblasts

(A) Schematic representation and macroscopic appearance organoids generated with syngeneic, PSC-derived LB cells (hepatoblasts) and
mesenchymal and endothelial progenitor cells (MPCs and EPCs, respectively; characterization in Figure S5).

(B) Liver-specific functions performed by the organoids: cyp3A4 activity at day 7 (relative light units per million cells compared with PHHs
and HLCs; n =6 HLCs, n =7 PHHs, n = 3 organoids; mean = SEM); albumin secretion at day 7 and 10 compared with PHHs and HLCs (ELISA,
n = 4 for HLCs and PHHs, n = 3 organoids day 7, n = 6 organoids day 10; mean + SEM, *p < 0.05, ****p < 0.0001).

(legend continued on next page)
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representative of the human liver. Thus, the ability to
consistently generate human hepatoblasts and hepato-
cytes of predictable quality, allowing for representative
in vitro modeling, is considered an unmet need for the
study of liver physiology and pathophysiology as well as
for drug development.

Over the years, differentiation protocols to generate
HLCs from either ESCs or iPSCs have been progressively
refined by acting on very diverse signaling pathways.
Nevertheless, despite the heterogeneity of the growth fac-
tors, small molecules, culture media, and coating com-
pounds used, the full maturity of adult hepatocytes has
never been achieved in vitro, and a significant variability
in the performance of many protocols across various PSC
lines was often observed (Baxter et al., 2015; Kajiwara
et al., 2012). Here, we described a new protocol that,
through the timed activation and inhibition of key
signaling pathways playing a role along liver development,
allows for the reproducible generation of high-quality hep-
atoblasts and HLCs from PSCs with no significant vari-
ability when applied to various iPSC and ESC populations.

Our HLCs express most of the liver-specific genes respon-
sible for the organ’s synthetic and metabolic activity and
perform significantly better at key mature liver functions
than do many previously described differentiation proto-
cols. Advanced dimensionality reduction showed that the
transcriptome of our HLCs is more similar to freshly iso-
lated adult PHHs than those obtained with previously
described protocols, with only hepatocytes generated
through the forced expression of specific hepatocyte tran-
scription factors showing a gene expression profile more
similar to PHHs (Gao et al., 2017). Our HLCs achieve a state
of quiescence and show Cyp3A4 activity and albumin and
urea production capabilities comparable to metabolism-
qualified cryopreserved adult PHHs and proved suitable
for in vitro drug testing. Although cryopreserved PHHs are
known to lose functionality compared with freshly isolated
PHHs, they are still considered the industry gold standard
to assess candidate new drugs despite the high inter-donor
variability and costs (Braver-Sewradj et al., 2016). Never-
theless, despite liver-specific gene expression and functions

comparable to cultured PHHs, our HLCs are less mature
than hepatocytes within the adult liver, as shown by the
persistent expression of AFP and CK19 in a significant
number of cells. AFP is still expressed at the mRNA level
by most adult hepatocytes (MacParland et al., 2018), but
the synthesis of the protein decreases over a few weeks after
birth. Among our HLCs, only larger/binucleated cells lose
the expression of AFP, CK19, and EpCAM, probably as a
consequence of a more advanced stage of maturation.
Future assessment by single-cell RNA sequencing will allow
for the clarification of the different clusters of hepatocytes
composing our HLC population. Incomplete HLC matura-
tion was not surprising, as a 3D culture and an interaction
with non-parenchymal cells composing the liver niche are
indeed required for hepatocytes to achieve full maturity
(Berger et al.,, 2015; Goulart et al., 2019; Takebe et al.,
2013). Complete maturation of stem-cell-derived HLCs
alone in monolayer culture would depend on the recrea-
tion of gradients of paracrine signals that are still unknown
to date, which is unlikely to be achievable without the
forced expression of specific transcription factors (Du
et al., 2014; Gao et al., 2017; Xie et al., 2019). The impor-
tance of 3D cell-cell interactions between hepatocytes
and non-parenchymal cells and the inadequacy of avail-
able culture conditions is also shown by the rapid dediffer-
entiation of PHHs upon digestion and plating (Elaut et al.,
2006). A culture of our hepatoblasts in 3D together with
endothelial cells and MPCs recreated such cell-cell interac-
tions and led to a quicker maturation of liver cells, resulting
in hepatocytes losing the expression of bipotency marker
CK19 and acquiring a functional performance comparable
or superior to PHHs over a shorter time span.

The Wnt/B-catenin signaling pathway plays a crucial role
in orchestrating liver development. The effect of its activa-
tion in synergy with the Activin/Nodal pathway during the
early stages of PSC differentiation have previously been
used to obtain primitive streak cells and DEs (Nostro
et al., 2011; Teo et al.,, 2014). Although the role of this
pathway during the later stages of development has been
well shown in rodents and exploited to generate PSC-
derived hepatoblasts, the need for its subsequent

(C) Histological appearance of liver organoids at day 7 showing cords of small hepatocytes at the center, and bile ducts surrounded by
extracellular matrix in the outer layer of the structure (H&E staining, representative images, scale bar, 500 um).

(D and E) Mature bile ducts within the organoids: a single layer of CK19-positive, SOX9-positive cholangiocytes delimiting a lumen
surrounded and by the extracellular matrix (D: H&E staining, representative image, scale bar, 100 pm; E, immunofluorescence, scale bar,

50 pum).

(F) Within the organoids, LB cells differentiate into CK18-positive, CK19-negative, BSEP-positive hepatocytes mostly located at the center
of the organoids (white dashed line) and CK19- and CK18-positive cholangiocytes forming bile ducts (white arrowheads; immunofluo-
rescence, scale bars, 20 um, top left and right, 50 um, top center, and 200 pum, bottom; additional staining in Figure S6).

(G) Within the organoids, hepatocytes reach a state of quiescence (Ki67-negative). Cholangiocytes form bile ducts at different stages of
maturation, with immature ducts still showing cell replication and mature ones (arrowhead) being Ki67-negative (immunofluorescence,

representative images, scale bar, 200 um).

594 Stem Cell Reports | Vol. 17 | 584-598 | March 8, 2022



inhibition and activation in synergy with BMP, FGF, OSM,
and TGFB signaling modulation has not been exploited to
generate HLCs from hepatoblasts (Touboul et al., 2016). We
stimulate the Wnt pathway during endoderm formation,
inhibit it to foster hepatic specification and LB formation
through the activation of HHEX, and then activate it
once again to mimic the effect of endothelial cells on the
expanding LB and developing ductal plate. Sustained
Wnt activation during the maturation of hepatoblasts
into HLCs and the timed supplementation of OSM to
mimic the physiological role of sinusoidal and hematopoi-
etic cells residing in the liver during fetal life allowed for the
better maturation of our HLCs compared with the ESC-
derived cells previously described by Touboul et al.
(2016). We showed above that alternative maturation cock-
tails not acting on Wnt, TGFB, OSM, or BMP signaling
pathways resulted in less mature HLCs. Not surprisingly,
considering that we tried over 4 weeks to reproduce a pro-
cess that physiologically takes several months, reducing
the duration of the maturation step also affected the qual-
ity of the HLCs.

It is a widespread experience that most differentiation
protocols have an overall low yield with significant cell
death, which increases the costs of differentiation and
limits scalability. The activation of the Wnt/B-catenin
pathway has also been shown to have an important role
in hepatocyte proliferation and might contribute to the
good yield of our protocol (Reed et al., 2008). Such a bet-
ter yield compared with protocols not relying as much on
the modulation of the TGFB and Wnt pathways can also
be explained by the modulation of Hippo/YAP signaling
shown above. Besides promoting cell proliferation at the
hepatoblast stage, the activation of this pathway reduces
apoptosis and seems to play a key role in liver regenera-
tion (Patel et al., 2017; Valizadeh et al., 2019). The avoid-
ance of NOTCH inhibition resulted in higher SOX9
expression but had no impact on mature liver function,
though it did further support cell proliferation and
reduced the cost of differentiation (Touboul et al., 2016).
Moreover, we avoid the use of serum and use reagents
that are easily transitioned to GMP-compliant versions.
This will reduce the times and cost of GMP implementa-
tion and further ease the protocol’s translation for poten-
tial future therapeutic applications. Successfully tech-
transferred to a cell therapy company and a CDMO, the
protocol confirmed its robustness, although optimization
will be needed to allow for the large-scale production
required for meaningtul in vitro drug testing and cell ther-
apy applications.

We showed above that after 15 days of differentiation,
LB cells constitute a very homogenous population of hep-
atoblasts expressing markers of bipotent progenitor cells
capable of generating both hepatocytes and cholangio-

cytes. Within the liver organoids, such cells differentiate
into mature hepatocytes and bile ducts at different stages
of maturation. The localization of the bile ducts at the pe-
riphery of the organoids is probably secondary to the bet-
ter oxygenation of the cells on the surface compared with
on the deeper layers, which is in accordance with the
ducts being found in the portal area of the liver lobule
(Carpentier et al.,, 2011; Eyken et al.,, 1988). Unfortu-
nately, the absence of vascularization and the poor diffu-
sion of nutrients due to the size of the organoids limits
the time window for their use to a few days. Nevertheless,
the presence of the main components of the liver niche,
all sharing the same genetic background and forming liver
structures in a strictly controlled and highly reproducible
in vitro environment, opens interesting possibilities to
study human liver development as well as complex ge-
netic or multifactorial liver conditions, such as those lead-
ing to biliary diseases, fibrosis, or cirrhosis. HLCs are
instead a more suitable model to study parenchymal liver
diseases or to test the metabolism and toxicity of drugs
and compounds because of their maturation and
homogeneity.

Overall, we described here a new differentiation protocol
to consistently obtain high-quality, homogeneous, and
functional hepatoblasts and HLCs with a high yield from
both human ESCs and iPSCs. With low variability between
starting PSC lines, this protocol might prove useful for 2D
and 3D liver development and disease modeling. Com-
bined with genome editing of iPSCs, it might allow for
more representative studies of human-specific pathological
mechanisms (Pham et al., 2020). Moreover, the protocol
design and yield suggest good potential for scalability,
which makes it promising as a surrogate to PHHs for
in vitro drug testing and development. Once their potential
to replace mature liver functions in vivo has been proven,
such HLCs might also be considered for cell therapy
applications.

EXPERIMENTAL PROCEDURES

A detailed description of all experimental procedures is provided as
supplemental information.

PSC differentiation into HLCs

PSCs grown in Essential 8 Flex medium (see supplemental informa-
tion for details on PSC generation, characterization, and mainte-
nance) were dissociated by TrypLE (Life Technologies) to single
cells and seeded on human recombinant laminin 521 (Bio-
Lamina)-coated plates in Essential 8 Flex medium at a density of
7 x 10* cells/cm?. Differentiation was started (day 0) when the cells
reached 70% confluence by changing the medium to RPMI-
B27 minus insulin (Life Technologies) supplemented with 1%
KOSR (Life Technologies). For the first 2 days, the cells were
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exposed to 100 ng/mL Activin A (R&D Systems) and 3 uM CHIR-
99021 (Stem Cell Technologies) and then for the 3 following
days to 100 ng/mL Activin A alone. Subsequently, RPMI-B27
(minus insulin) medium was supplemented with 20 ng/mL
BMP4 (Peprotech), 5 ng/mL bFGF (Peprotech), 4 uM IWP-2 (Toc-
ris), and 1 puM A83-01 (Tocris) for 5 days, with daily medium
change. At day 10, the medium was changed to RPMI-B27 (Life
Technologies) supplemented with 2% KOSR, 20 ng/mL BMP4,
5 ng/mL bFGE 20 ng/mL HGF (Peprotech), and 3 pM CHIR-
99021 for 5 days, with daily medium change. At day 16, the me-
dium was changed to HBM/HCM (minus EGF) medium (Lonza)
supplemented with 1% KOSR, 20 ng/mL HGF, 20 ng/mL BMP4,
5 ng/mL bFGEF, 3 uM CHIR-99021, 10 uM dexamethasone (Sigma),
and 20 ng/ml OSM (R&D System) for 5 days, with daily medium
change. From day 20, for 5 days, HBM/HCM medium was supple-
mented with 1% KOSR, 10 pM dexamethasone, and 20 ng/mL
OSM, changing the medium every other day. From day 25, the cells
were maintained in HBM/HCM 1% KOSR medium supplemented
with 10 uM dexamethasone, with every other day medium change.
During all of the differentiation processes, the cells were kept at 37
°C, ambient O, and 5% CO,. Cells were characterized by real-time
qRT-PCR, RNA sequencing (RNA-seq), flow cytometry, and immu-
nofluorescence (see supplemental information for details).

Functional assessment of HLCs

Albumin production was evaluated using the Multigent microal-
bumin assay on the Architect cSystems. Cyp3A4 activity and
urea synthesis were measured using P450-Glo Assay (Promega)
and Quantichrom urea assay kit (Gentaur), respectively, according
to manufacturers’ instructions.

Mitochondrial respiration analysis

Mitochondrial stress testing was carried out using a Seahorse
Bioscience XF96 analyzer (Seahorse Bioscience) in 96-well plates
at 37°C as per the manufacturer’s instructions, with minor modifi-
cations (see supplemental information for details).

Generation of liver organoids

PSCs were differentiated into EPCs and MPCs as previously
described, with modifications (see supplemental information
for details; Kang et al., 2015; Nguyen et al., 2016). To generate
human liver organoids, 2.5 X 10° human PSC-derived hepato-
blasts at day 16 of the differentiation protocol, 1.75 x 10° syn-
geneic EPCs, and 0.5 x 10° syngeneic MPCs were resuspended
in a composite medium (50% EBM2-EGM2, 50% HBM-HCM),
supplemented with 10 pM dexamethasone, 20 ng/mL OSM,
and 20 ng/mL HGF, and seeded in ultra-low attachment 96-
well plates (Corning). Culture medium was changed every other
day, and supernatant was collected to assess liver functions. Af-
ter 7-10 days of culture, liver organoids were collected for
analysis.

Statistical analysis

Replicates refer to independent experiments on >3 different PSC
populations. Values are shown as mean =+ standard error (SEM).
Mann-Whitney U test was used to compare qRT-PCR and func-
tional data. A p value <0.05 was considered significant.
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Data and code availability

The RNA-seq data discussed in this publication have been depos-
ited in the NCBI Gene Expression Omnibus under GEO:
GSE152390.
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