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Abstract: The possibility to reproduce key tissue functions in vitro from induced pluripotent stem
cells (iPSCs) is offering an incredible opportunity to gain better insight into biological mechanisms
underlying development and disease, and a tool for the rapid screening of drug candidates. This
review attempts to summarize recent strategies for specification of iPSCs towards hepatobiliary
lineages —hepatocytes and cholangiocytes—and their use as platforms for disease modeling and
drug testing. The application of different tissue-engineering methods to promote accurate and reliable
readouts is discussed. Space is given to open questions, including to what extent these novel systems
can be informative. Potential pathways for improvement are finally suggested.
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1. Introduction

The hepatobiliary system, which includes the liver and the biliary tract, is crucial
for several physiological processes. In a simplistic view, the liver plays a central role
in metabolic control, drug detoxification, and protein synthesis, while the biliary tract
modifies and releases the bile produced in the liver facilitating intestinal lipid digestion
and absorption [1].

The human liver is classically divided into left, right, caudate and quadrate lobes. On
the histological level, the lobule represents the liver functional unit, which receives blood
through branches of the portal vein and hepatic artery. On the other hand, the biliary tract
consists of a network of ducts located inside or outside the liver, referred to as intrahepatic
bile ducts (IHBDs) and extrahepatic bile ducts (EHBDs), respectively. The IHBDs can be
further classified in intrahepatic large and small bile ducts, whereas the EHBDs consist of
left and right hepatic ducts, cystic duct, common bile duct, and gallbladder [2].

Microscopically, two main types of epithelial cells compose the hepatobiliary system:
the hepatocytes, which are the most abundant cells in the liver parenchyma, and the biliary
cells or cholangiocytes, which line both IHBDs and EHBDs. Hepatocytes and intrahepatic
cholangiocytes are derived from the hepatoblast [3]. During development, those hepato-
blasts adjacent to portal veins will form the ductal plate and become cholangiocytes. Notch
signaling in both hepatoblasts and cells of the portal mesenchyme is crucial for this step
of cholangiocyte specification [4]. By contrast, hepatoblasts farther away from the portal
mesenchyme will differentiate into mature hepatocytes [4]. The origin and development
of extrahepatic cholangiocytes is markedly different. In fact, these cells share a common
developmental origin with the ventral pancreas [5,6].
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Under homeostatic conditions, both liver and biliary tissues are maintained by simple
proliferation of existing hepatocytes and cholangiocytes [7]. Tissue recovery after injury
can occur through either a similar mechanism or through cellular reprogramming. In
experimental and clinical biliary tract injury, and in various types of liver injury, cells
with mixed hepatobiliary phenotype arise along the canals of Hering (the anatomic in-
terface between cholangiocytes and hepatocytes), the portal bile duct, and the periportal
areas [8-11]. These hybrid and proliferating cells were variably termed oval cells (in
rodents), ductular reactions, and liver progenitor cells, among others [12-15]. The liver
progenitor cell designation implies an origin from tissue-specific stem cells, however, there
is no evidence to suggest that tissue-specific stem cells exist in the adult liver as in intestine
and skin. Lineage tracing, gene expression analyses and mouse genetics rather suggest that
the cells with mixed hepatobiliary phenotype, which occur during disease, might derive
from the reprogramming of adult hepatocytes and cholangiocytes [16-20]. In other words,
hepatocytes and cholangiocytes would function as ‘facultative” stem cells for each other
when conventional repair mechanisms are impaired. The potential of hepatocytes to rescue
intrahepatic cholangiocytes—phenomenon referred to as hepatocyte transdifferentiation—
is well accepted and has been recently supported by additional evidence [21], while the
opposite has been highly debated [22,23]. Recent investigations in animal models of liver
injury and regeneration, however, support this idea [24,25]: cholangiocytes are not cinderel-
las to the hepatic regenerative response [26], but can be the providers of new hepatocytes
when surviving hepatocytes are compromised in their ability to proliferate.

Differently from the liver, peribiliary glands around the bile ducts possess multipotent
stem cells, which self-renew and can differentiate into hepatocytes, cholangiocytes or
pancreatic islets, depending on the microenvironment [27]. Similar cells—presumably
committed progenitor cells—are found in gallbladder’s mucosal crypts [28,29]. These
discoveries have significant clinical implications. A wide variety of diseases and conditions
affect the liver and the biliary system, and many patients, unfortunately, progress into
chronic conditions, which require liver transplantation. Liver transplantation itself might
cause biliary complications in transplant recipients [30]. In vitro expansion of native
hepatocytes, cholangiocytes, liver progenitor cells, and /or multipotent stem/progenitor
biliary cells could theoretically provide key components for the development of screening
platforms to identify candidate treatments and block disease progression, and/or building
blocks for liver and biliary tissue engineering. Barriers to the translation of liver and biliary
primary cells into research and clinical applications, however, include the difficult task
of cell isolation and purification, aggravated by the chronic shortage of suitable donor
organs and tissues, as well as the lack of robust protocols for long-term maintenance
of cell function. Cell lines possess numerous advantages with respect to primary cells,
including an almost unlimited proliferative capacity, a relatively cheap culture process,
and reproducibility of metabolic performance across different batches (one of the main
pitfalls of using primary cells). Nonetheless, liver cell lines must still demonstrate a mature
state and metabolic functions comparable to human primary cells as well as being safe and
non-tumorigenic [31]. As such, much effort has been devoted in recent years to the search
for alternative sources. One such source is mesenchymal stromal cells (MSCs). MSCs
of different origin are more easily isolated and propagated than liver primary cells [32].
A plethora of studies has established that MSCs can differentiate in vitro into multiple
lineages, although satisfactory results were obtained only in the case of MSC conversion
into mesodermal lineages (osteocytes, chondrocytes, and adipocytes) [33]. Yet, MSCs
remain a promising source for liver repair thanks to their well-documented paracrine
activities [34,35]. More recently, the development of the induced pluripotent stem cell
(iPSC) technology, which allows to convert one cell type into another [36], has created a
potentially inexhaustible supply of cells for large-scale toxicity testing and drug screening,
and an outstanding source of patient-specific cells for disease modeling. Both hepatocytes
and cholangiocytes have been generated from iPSCs [37]. How closely such iPSC-derived
cells can recapitulate in vivo cell functions is subject of intense investigation.
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In this review, we briefly describe attempts of hepatocyte and cholangiocyte generation
from human iPSCs, and discuss their application in disease modeling and drug testing.
Finally, we discuss the importance of adopting three-dimensional (3D) cell culture systems
to build functional tissue surrogates. We review the current literature around the use
of tissue-engineering approaches to improve iPSC specification and maturation towards
hepatobiliary lineages.

2. Generation of Hepatocytes and Cholangiocytes from Human Induced Pluripotent
Stem Cells and Their Applications

2.1. Introduction to iPSC Technology and Lessons from Development for iPSC Differentiation into
the Hepatoblast

The past decades have seen remarkable progress in the development and use of
human cell-based models to study organ development as well as mechanisms underlying
disease. With the discovery that many tissues and organs contain a small number of adult
stem cells, researchers began to focus on establishing long-term in vitro 3D culture systems
that could recapitulate the complex cellular diversity and function of native organs [38,39].
However, challenges in the identification, isolation, and expansion of many adult stem
cell populations, as well as concerns regarding the potency of stem cells derived from a
diseased or injured organ created a need for the development of novel and renewable cell
sources for basic research and potential clinical applications. The turning point occurred
in 2006, when Yamanaka and Takahashi discovered that it is possible to convert somatic
cells into cells with pluripotent features [36]. Their reprogramming strategy was based on
retroviral transduction of four transcription factors, namely octamer-binding transcription
factor 3/4 (Oct3/4), sex-determining region Y-box 2 (Sox2), krupper-like factor 4 (KIf4),
and cellular myelocytomatosis (c-Myc). Since this protocol was reported, non-integrating
strategies, including but not limited to those based on the use of episomal vectors or
Sendai virus, were developed to prevent the potentially deleterious effects of random
and stable integration of the four transgenes into the genome of infected cells [40]. In
parallel, cell-adhesive matrices (including but not limited to vitronectin and fibronectin)
progressively replaced traditionally used feeder layers, to facilitate cell preparation and
also clinical application of the iPSC derivatives [41,42]. Current effort is directed towards
the identification of small molecules that can increase reprogramming efficiency and
quality, or even replace the transcription factors [43] and the multitude of recombinant
growth factors, which are used in virtually all directed differentiation protocols [44,45].
Small molecules are more stable and cost-effective than recombinant growth factors, and
their use would be convenient for large-scale cell production. Yet, significant obstacles to
clinical translation exist. iPSCs display cancer stem cell features, and still there exists no
differentiation protocol that can guarantee the generation of a cellular product which is
devoid of contaminating undifferentiated or partially differentiated iPSCs [46,47]. These
cells could potentially lead to a malignant growth in the patient. As such, iPSC derivatives
lend themselves better for in vitro disease modeling and drug/toxicity testing at this time,
although they might one day provide unprecedented opportunities to rebuild functional
organs.

Both hepatocyte- and cholangiocyte-like cells can be obtained from iPSCs using step-
wise protocols that mimic embryonic development [3]. Both protocols share the induction
of a definitive endoderm (DE) state followed by DE differentiation into a bipotential
progenitor, the hepatoblast [48,49].

In vertebrates, the transforming growth factor beta (TGF-f3)-related ligand Nodal is
indispensable for the formation of the DE [50-52]. As such, a related ligand, Activin A,
is commonly used to induce DE in pluripotent stem cells. While high doses of Activin A
are sufficient to induce DE in vitro in both embryonic stem cells (ESCs) and iPSCs, this
process is more efficient in low serum culture conditions [53] or when phosphatidylinositol
3-kinase (PI3K) signaling is suppressed [54]. For this reason, PI3K pathway inhibitors such
as 1Y294002 are often added to the culture medium to induce DE. Of note, in vivo, nodal
signals act in concert with other growth factors belonging to the fibroblast growth factor
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(FGF), wingless-type MMTYV integration site (Wnt) and bone morphogenetic protein (BMP)
families [55]. This finding has led to the inclusion of additional signaling molecules such
as FGF2, Wnt-3a, the glycogen synthase kinase (GSK-3) inhibitor/Wnt agonist CHIR99021,
and/or BMP4 in the DE induction medium [56-58]. FGF2 and BMP4 are also often used to
direct hepatic fate-specification from DE, and also dimethyl sulfoxide (DMSO) has been
used to the same purpose. However, while DMSO successfully induced hepatoblasts from
ESC-derived DE [59], its ability to induce the same cells from iPSC-derived DE remains
controversial. Indeed, DMSO alone induced differentiation of iPSC-derived DE toward
hepatoblasts in a study [44], while in a different report, caused obvious toxicity to the cells
and was not sufficient to induce hepatic differentiation [45].

Recently, a search for cost-effective protocols to support hepatoblast expansion with
preserved bipotency has led to the establishment of a chemically defined culture medium
consisting of a mixture of the TGF-3 inhibitor A83-01, CHIR99021, the hepatocyte growth
factor (HGF) receptor agonist N-hexanoic-Tyr-Ile-(6) amino hexanoic amide (Dihexa), the
protein kinase A (PKA) signaling activator Forskolin (FSK), sonic hedgehog agonist (SAG),
and vitamin C [60]. Small molecules, however, present some hidden risks. Indeed, the
pathways which they modulate are regulated by various feed-forward and feed-back
loops and cross-talks. Therefore, while notions from developmental biology indicate that
differentiation into a given cell lineage is dependent upon a specific sequence of cellular
events, it is very challenging to control these events experimentally, and this is aggravated
by a lack of proper knowledge of the specific properties of most small molecules currently
in use.

Regardless of how they were obtained, established hepatoblasts are later treated
with specific growth factors and modulators of key developmental signaling pathways in
order to trigger differentiation into hepatocytes or cholangiocytes. Among determinants
of hepatoblast cell fate is the Notch signaling pathway. Notch activation in hepatoblasts
results in repression of hepatocytic differentiation and induction of biliary differentiation [4].
In physiological conditions, it is the interaction of Notch2 expressed in the hepatoblasts
with the JAGGED1 (JAG1) ligand expressed in the developing portal mesenchyme that
drives hepatoblast differentiation into cholangiocytes [4]. Disruption of IHBD development
in mice following liver-specific inactivation of Notch2, but not of Notchl, indicated that
Notch2 is the dominant receptor responsible for the establishment of a functional biliary
system [61]. On the other hand, the critical role of JAG1 was supported by the finding
that mutations in JAGI result in humans in a condition called Alagille syndrome, which is
characterized by a paucity of IHBDs, as well as abnormalities in other organs [62]. Notch
signaling controls the expression of liver-enriched transcription factors, including members
of the hepatocyte nuclear factor (HNF) and the CCAAT/enhancer binding protein (C/EBP)
families [4]. HNF1o, HNF4, and C/EBPo are crucial for the development of hepatocytes,
whereas HNF1(3 and HNEF6 are essential for the development of the biliary lineage [4].

The Notch signaling is also important for normal development of EHBDs. Indeed,
deletion of the Notch target gene Hes1 in mice results in gallbladder agenesis and severe
hypoplasia of EHBDs [63]. Interestingly, biliary epithelium in Hes1~/~ mice ectopically ex-
presses the proendocrine gene Neurog3, differentiates into endocrine and exocrine cells, and
forms acini and islet-like structures in the mutant bile ducts [63]. Thus, HES1 determines
biliary organogenesis by preventing the pancreatic differentiation program.

The importance of Notch signaling in cholangiocyte specification from iPSCs was also
confirmed by inhibiting the formation of the Notch intracellular domain (NICD) with the
use of the gamma-secretase (GSI) inhibitor L-685,458, which suppressed the expression of
JAG1, HES1, and NOTCH2 and hence, cholangiocyte organoid formation [64].

DE induction in iPSCs and subsequent hepatic specification can be monitored through
analysis of specific markers, including but not limited to SOX17 for DE, and HNF4«,
alpha-fetoprotein (AFP), and T-Box Transcription Factor 3 (TBX3) for hepatoblasts. In
the following paragraphs, we will dive into the most common protocols of hepatoblast
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differentiation into hepatocyte- or cholangiocyte-like cells, and provide some examples of
how these cells can be exploited for disease modeling and drug testing.

2.2. Generation of Hepatocyte-Like Cells and Applications in Disease Modeling and Drug Testing

Since the first reports of hepatocyte-like cell generation from iPSCs [48,65], there
has been a growing interest in developing increasingly efficient and reproducible pro-
tocols for their obtainment. Hepatic induction protocols often use FGF2 and BMP4 for
hepatoblast differentiation, and HGF, oncostatin M (OSM), and dexamethasone (DEX)
for hepatic maturation [66]. Many of the characteristics of native hepatocytes are re-
capitulated in hepatocyte-like cells obtained following these protocols. Among these
are liver-specific protein expression (such as albumin [ALB], asialoglycoprotein receptor
[ASGPR], alpha-1 antitrypsin [AAT]), glycogen and lipid storage, urea synthesis, uptake
of low-density lipoprotein, metabolism of indocyanine green (ICG), and binucleated mor-
phology [65,67]. Moreover, induced hepatocytes maintain functional activity of major
cytochrome P450 (CYP) isoforms and possess active efflux capacity of marker substrates
(such as the multidrug resistance-associated protein 2 substrate CDFDA) into bile canalicu-
lar compartments [68]. Of note, induced hepatocytes are able to respond to hepatotoxins,
such as acetaminophen, troglitazone, nefazodone, and theophylline [65,68].

With the aim of discovering some promising chemical compounds to replace the
use of growth factors (including HGF and OSM) in the last stage of hepatocyte differ-
entiation, Siller et al. established a protocol to induce hepatic progenitor cells from DE
based on the use of small molecules DMSO, DEX, the glucocorticoid receptor agonist
hydrocortisone-21-hemisuccinate (HC), and Dihexa [44]. The differentiated cells demon-
strated similar levels of function (metabolic potential, production of serum proteins, ability
to store glycogen, and uptake of ICG) with respect to hepatic progenitor cells derived
using growth factor-based approaches [44]. Similarly, Du et al. established a protocol to
induce hepatic progenitor cells from DE based on the use of A83-01, along with the histone
deacetylase (HDAC) inhibitor sodium butyrate and DMSO [45]. Such small molecule-based
differentiation protocol proved to be more efficient than growth factor-driven protocol.
Moreover, expression of hepatic markers and liver-specific activities could also be main-
tained [45].

Xenobiotic metabolism, involving CYP enzyme family among others, plays an im-
portant role in drug metabolism and biotransformation of endogenous and exogenous
compounds. Therefore, the hepatocytes derived from iPSCs must express those enzymes if
intended for drug testing. Among major CYP isoenzymes in the adult liver are CYP1A2 and
CYP3A4. Activity of CYP3A4 is of particular importance, as this isoenzyme is responsible
for the metabolism of the majority of drugs [69]. CYP activities in induced hepatocytes were
stable for at least one week in culture, while they dramatically decreased in human primary
hepatocytes during the first 48 h of culture [70]. However, low CYP1A2 and CYP3A4
expression levels in induced hepatocytes suggested they had an immature phenotype,
although the concomitant low levels of the fetal isoenzyme CYP3A7 indicated that they
no longer had a fetal phenotype [70]. Similar data were obtained by Medine et al., who
established induced hepatocytes with ~34% CYP3A and ~1% CYP1A2 activity of primary
human hepatocytes [71]. Importantly, Holmgren et al. demonstrated that induced hepato-
cytes could be maintained for at least 2 weeks in culture, thus enabling a repeated-dose
chronic exposure to hepatotoxic compounds [72]. Even more striking were results from
Khetani’s group, who showed that induced hepatocytes from multiple donors display
significantly greater levels and stability of major liver functions (i.e., CYP450 activities) for
~4 weeks [73], when they are micropatterned onto collagen-coated domains of empirically
optimized dimensions, surrounded by 3T3-J2 murine embryonic fibroblasts, and then sand-
wiched with a thin layer of Matrigel [74]. This platform improved the sensitivity of drug
toxicity detection over conventional cultures. It correctly classified 24 of 37 hepatotoxic
drugs, while conventional confluent cultures failed to detect several.
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While genome-wide array analysis has recently confirmed that induced hepatocytes
show signs of immaturity [75], evidence continues to accumulate in support of induced hep-
atocytes for hepatotoxicity studies, not only over primary hepatocytes, but also over most
hepatoma cell lines [76]. To demonstrate the utility of induced hepatocytes as a platform
for drug screening, Choi et al. established induced hepatocytes from patients with AAT
deficiency [76], for which there is currently no drug or gene therapy available. Through a
blind large-scale drug screening, they identified five clinical drugs able to reduce AAT ac-
cumulation in the induced cells. Similarly, Cayo et al. generated induced hepatocytes from
patients with homozygous familial hypercholesterolemia (HoFH) and screened a library of
2320 existing drugs [77]. Authors looked for compounds that could reproducibly decrease
apolipoprotein B secretion, and identified several cardiac glycosides that could meet this
challenge. Gurevich et al. instead, generated induced hepatocytes from non-alcoholic
steatohepatitis (NASH) donors [78]. The NASH induced hepatocytes displayed increased
lipid accumulation in response to fatty acid (FA) exposure, and interestingly, exhibited
spontaneous lipid accumulation in the absence of FA supplementation, thus mimicking a
feature of in vivo NASH hepatocytes. Of note, gene expression signatures similar to those
of liver tissues from patients with NASH could be also obtained in iPSC-derived hepatic
organoids from healthy control patients following incubation with free FA [79]. The bile
canaliculi network in these organoids was disrupted, and a mislocalization of dipeptidyl
peptidase IV (DPPIV), could be observed, which is indicative of loss of polarity within the
hepatocytes.

Induced hepatocytes were also established from urine cell-derived iPSCs, taken from
patients with Wilson disease and MEDNIK syndrome (mental retardation, enteropathy,
deafness, peripheral neuropathy, ichthyosis, keratodermia), which are two inherited copper
(Cu) metabolism-related liver disorders caused by mutations in ATP7B and AP1S51 genes,
respectively [80]. ATP7B, encodes for the copper-transporting ATPase ATP7B, while AP151,
encodes for the 01A subunit of adaptor protein complex 1 (AP-1), which directs intracellular
trafficking of the ATP7B protein. ATP7B normally resides in the trans-Golgi network (TGN).
However, when intracellular Cu?* levels become too high, ATP7B translocates to the bile
canaliculus, where excess Cu?* is excreted. Interestingly, investigation of induced mutant
hepatocytes revealed unexpected and new trafficking phenotypes of ATP7B. Indeed, the
Wilson disease-causing ATP7B-H1069Q mutation per se did not preclude trafficking of
ATP7B to the TGN. Instead, it prevented its Cu**-induced polarized redistribution to the
bile canalicular domain, which could not be reversed by the pharmacological folding chap-
erones curcumin and 4-phenylbutyrate. On the other hand, MEDNIK syndrome-causing
AP1S1 mutations were not associated with defects in the Cu?*-induced redistribution of
ATP7B to the bile canaliculi. Overall, this study demonstrated the importance of investigat-
ing the response of endogenously expressed mutant proteins to novel therapeutic strategies
in patients” own cells.

A combination of human iPSCs with genetic correction can accelerate the genera-
tion of clinically relevant cells for basic research and even autologous cell-based ther-
apies. Footprint-free gene correction of AAT was achieved in iPSCs derived from an
AAT-deficient patient with the Z mutation (Glu342Lys), using ZFNs and piggyBac DNA
transposon [81]. The transcription activator-like effector nuclease (TALEN) technology was
used by Choi et al. for the same purpose [82]. Alongside the above-mentioned genome edit-
ing systems, the clustered-regularly-interspaced-short-palindromic-repeats /Cas-associated
9 (CRISPR/Cas9) system and its newest evolution base-editing are making gene editing
faster, cheaper, and even more efficient. CRISPR/Cas9 was used to permanently correct a
3-base pair homozygous deletion in exon 4 of the low-density lipoprotein receptor (LDLR)
of patient-derived HoFH iPSCs [83]. The genetic correction restored LDLR-mediated en-
docytosis in induced HoFH hepatocytes, demonstrating that CRISPR-mediated genome
editing can be successfully used to normalize HoFH cholesterol metabolism deficiency at
the cellular level.
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Not only as an in vitro platform for metabolic disease modeling and drug discovery,
but also induced hepatocytes were exploited to study viral infections, including those
from hepatitis C virus (HCV) [84,85] and hepatitis B virus (HBV) [86], and test antivi-
ral drugs. Pluripotent stem cells (both ESCs and iPSCs) and DE were not permissive
to HCV infection, whereas induced hepatocytes could be persistently infected, and se-
creted infectious particles in the culture medium [84]. Transition to HCV permissiveness
during the in vitro differentiation process seemed to require both the activation of posi-
tive factors (microRNA 122 [miR122], epidermal growth factor receptor/ephrin type-A
receptor 2 [EGFR/EphAZ2], phosphatidylinositol 4-kinase III « [PI4KIllx] etc.) and the
downregulation of antiviral genes such as IFITM1, which encodes the interferon induced
transmembrane protein 1 [84]. Induced hepatocytes supported the entire life cycle of HCV,
including inflammatory responses to infection [85]. Furthermore, induced hepatocytes
could support long-term infection of multiple HCV genotypes in vivo, following engraft-
ment and further maturation in mouse livers [87]. Similarly, fully differentiated induced
hepatocytes, but not cells at earlier stages of differentiation, supported productive HBV
infection [86]. Infection could be maintained over a period of weeks by inhibiting the
innate immune response with inhibitors of the Janus kinase (JAK) family or the signaling
intermediate TANK binding kinase 1 (TBK1) [86]. Conversely, treatment with the HBV
reverse-transcriptase inhibitor entecavir, or an alternate antiviral, interferon beta (IFN-f3)
abrogated the infection [86]. To further improve the hepatic maturation and facilitate HBV
infection, a trans-well co-culture system of induced hepatocytes with non-parenchymal
cells was very recently established [88]. Liver sinusoidal endothelial cells (LSECs) enhanced
HBYV infection through a paracrine mechanism [88]. Specifically, LSECs secreted epidermal
growth factor (EGF), and EGEF, in turn, modulated HBV infection dose-dependently via
EGFR-mediated endocytosis pathways [88].

Overall, the reviewed studies provide a strong evidence of the utility of iPSC-derived
hepatocytes for modeling both genetic and viral diseases, and for drug repurposing screen-
ing strategies, although there is still much room for improvement.

2.3. Generation of Cholangiocyte-Like Cells and Applications in Disease Modeling and
Drug Testing

Knowledge of the mechanisms driving bile duct development in the mouse guided
the design of protocols for cholangiocyte generation from iPSCs. Previously, we described
how Notch pathway functions to specify the cholangiocyte lineage from the hepatoblast.
The TGF-31, EGF, and HGF pathways were identified as key determinants promoting
further maturation of the cholangiocyte-committed cells [89,90].

To our knowledge, the first report about the possibility of generating cholangiocyte-
like cells from iPSCs appeared in 2014. Dianat et al. grew hepatoblasts for three days
in growth hormone (GH) and EGF, and then, for additional three days, in interleukin
(IL)-6 [49]. Cells were therefore transferred onto collagen I-treated wells, differentiated
for three days in IL-6, and then, for two additional days, in taurocholate bile salt. In the
course of differentiation, cells progressively acquired a cuboidal morphology (typical of
small cholangiocytes) and expression of cholangiocyte markers. Induced cholangiocytes
expressed cytokeratin (CK) 7, CK19, HNF6, SOX9, and cystic fibrosis transmembrane
conductance regulator (CFTR) at the protein level and showed primary cilia. To assess
the potential of induced cholangiocytes to form cysts and tubules, a 3D culture system
was used. Through this system, induced cholangiocytes demonstrated the ability to form
polarized cysts that could transport the fluorescent bile acid cholyl-L-lysyl-fluorescein
(CLF). Luminal extrusion of bile acids is mediated by the apical Na*-dependent bile acid
transporter (ABAT), and is a feature of differentiated cholangiocytes. In another study, a
combination of Activin-A, retinoic acid, and FGF10 were used to differentiate hepatoblasts
into cholangiocyte progenitors (CP) [64]. To promote maturation of CPs, 3D culture condi-
tions were used. CPs grown in 3D proliferated rapidly, organized into ring-like structures
after 48-72 h and within 5-7 days gave rise to cystic organoids and branching tubular
structures bearing primary cilia. The organoids expressed biliary markers, including CK?7,
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CK18, CK19, HNF1, gamma-glutamyltransferase (GGT), JAG1, NOTCH2, CTER, secretin
receptor (SCR), somatostatin receptor 2 (S§5TR2), aquaporin 1 (AQP1), and anion exchange
protein 2 (AE2) at levels similar to those in primary cholangiocytes. The induced cholan-
giocytes displayed a range of functions of the native biliary epithelium, corresponding
however to intrahepatic cholangiocytes with fetal characteristics [64]. The multidrug resis-
tance protein 1 (MDR1) fluorescent substrate rhodamine 123 was detected in the lumen of
organoids derived from induced cholangiocytes, confirming MDRI1 functionality. Active
export of CLF from organoid lumen was also demonstrated. The same protocol was later
followed to generate cholangiocyte-like cells from skin fibroblasts of a patient homozygous
for the most common cystic fibrosis (CF) mutation AF508. Wild type cholangiocyte-like cell
organoids appropriately modified intracellular chloride in response to media with varying
concentrations, whereas no change was observed in CF-cholangiocyte-like cells, confirming
the absence of functional CFTR in these cells. Incubation of CF cholangiocyte-like cells
with the CFTR corrector VX809 for 48 h increased CFIR function. This effect was negated
by CFTR inhibitor 172, confirming that the phenotypic rescue of CF-cholangiocyte-like cells
by VX809 was dependent on improved CFIR function. Thus, mature, functional cholan-
giocytes can be derived from human iPSCs and utilized to model biliary diseases in vitro.
More recently, this protocol was used by Takeishi et al. with some modifications [91]. To
differentiate hepatoblasts into CPs, cells were exposed to Activin A, FGF10, and retinoic
acid for four days. Markers of early biliary specification including SOX9, HNF1B, and CFTR
were upregulated at the mRNA level, and CK7 and AFP were also detected, indicating a
transition into CP. To enhance natural bile duct maturation, authors added a differentia-
tion stage based on the role of Notch and TGF-f signaling, as well as signaling through
IL-6 and EGF. Specifically, they added EGF, IL-6, DEX, sodium pyruvate, TGF-f31, and
soluble Delta-like protein 1 (DLL-1, a ligand for Notch receptors). These factors induced
expression of the mature cholangiocyte markers SOX9, CK19, and CK7, and in most cells
eliminated AFP expression. Importantly, CFIR and Inositol 1,4,5-Trisphosphate Receptor
Type 3 (ITPR3) were induced. Next, the functionality of the induced cholangiocytes was
characterized in 3D culture conditions through organoid formation. Organoids of induced
cholangiocytes were able to actively export CLF from their lumen.

To induce cholangiocyte maturation from hepatic progenitors, another group exposed
cells daily to TGF-p [92]. Induced cholangiocytes lacked significant expression of early
hepatic markers and showed instead high expression of multiple cholangiocyte markers
including CK19, CK7, CFTR, PKD2 (Polycystin 2), and AE2 by RT-PCR, and biliary proteins
by western blot including acetylated «-tubulin, AQP1, ABAT, and SSTR2, along with
CK7 and CK19. RNA-seq analysis next indicated that induced cholangiocytes had an
intermediate molecular phenotype between the freshly isolated intrahepatic cholangiocytes
and the cholangiocyte cell lines. Induced cholangiocytes formed primary cilia following
serum starvation and had intact calcium signaling. Moreover, they formed duct-like
structures in a 3D collagen/Matrigel culture system. Finally, retrograde infusion of induced
cholangiocytes in the mouse revealed engraftment capability.

A co-culture with OP9 stromal cells, which are known to express different Notch
ligands including JAG1, was used by other authors to induce maturation of cholangiocytes
from hepatoblasts [93]. When co-cultured on OP9 cells for 9 d, hepatoblasts formed distinct
clusters of CK19+ cells that downregulated ALB expression, suggesting that they had
undergone the initial stage of cholangiocyte specification. Co-culture of hepatoblasts with
OP9 cells in the presence of EGF, HGF and TGF-f1 further promoted the development of a
population that expressed markers of more mature cholangiocyte including CFTR, ABAT
and «-tubulin. Expression of Notch targets HES1, HES5 and HEY1 was upregulated after
9 d of culture on OP9 cells in the presence of EGF, HGF and TGF-f31. GSI blocked down-
regulation of ALB, reduced the proportion of CK19+ cells and inhibited the development
of branched structures in the cultures, indicating that these effects were mediated by Notch
signaling. Chimeric aggregates consisting of day-25 hepatoblasts and OP9 stromal cells
were later cultured in gels made of collagen type-1 and Matrigel in the presence of HGF,
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EGF, and TGF-f31. Within 2 weeks of culture, the aggregates gave rise to 3D structures
that displayed either a tubular and ductal morphology, a hollow cyst morphology or a
mixture of both. The generation of cysts and duct structures was dependent on Notch
signaling, as these structures did not develop in the presence of GSI. Induced cholangio-
cytes acquired apico-basal polarity, a feature of mature epithelial ducts, and formed ductal
structures ectopically in vivo, after transplantation in a Matrigel plug into mammary fat
pads of nonobese diabetic—severe combined immunodeficient-interleukin 2ry knockout
(NOD-SCID-IL2ry~/~; NSG) mice. The activity of MDR1 and CFTR was next evaluated by
using rhodamine 123 and FSK. Finally, biliary CF was modeled in vitro and the efficacy
of potential therapeutic agents (chemical correctors VX-809/Corr-4a) was demonstrated
using a cyst-swelling assay.

Thus, similar to induced hepatocytes, induced cholangiocytes might set the foundation
for the development of high-throughput drug screening platforms for multiple diseases
in the future using patient-derived cells. What emerges from the literature is that while it
is possible to differentiate iPSCs towards hepatocyte-like cells with the only use of small
molecules modulating crucial signaling pathways, cholangiocyte protocols still suffer from
the dependence of growth factors, interleukins, and other compounds for both specification
and maturation stages. Table 1 summarizes commonly used small molecules for the
generation of both hepatobiliary lineages. Information is given about which pathway each
molecule modulates, and the specific effect on the pathway or the cells.

Table 1. List of small molecules used for hepatobiliary cell fate specification.

Small Molecule for

Differentiation Stage Induction Pathway Involved Effect
Activin A TGF-f3 Activation
DE LY29002 IRS/PI3K Activation
CHIR99021 Wnt/ 3-catenin Activation
A83-01 TGF-f3 Inhibition
CHIR99021 Wnt/ 3-catenin Inhibition
Dihexa HGF/Met Activation
Hepatoblast Foskolin PKA Activation
SAG Sonic Hedgehog Activation
Vitamin C Non-specific Modulation of cell senescence
DMSO Non-specific Increase in cell differentiation
DEX Glucocorticoid Activation
Hepatocyte-like cells Dihexa HGF/Met Activation
A83-01 TGF-f3 Inhibition
Sodium butyrate p21Wafl/Cipl Activation (cell cycle arrest)

Activin A TGF- Activation

Cholang%ocyte Inhibition of canonical Wnt and

progenitors Retinoic acid Wnt/ 3-catenin activation of non-canonical Wnt

pathway

Activin A TGF-f3 Activation

Inhibition of canonical Wnt and

Retinoic acid Wnt/ 3-catenin activation of non-canonical Wnt

Cholangiocyte-like cells pathway

DEX Glucocorticoid Activation

Sodium pyruvate Energy metabolism Increase in cell survival
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3. Toward Improved Human iPSC-Based Hepatobiliary Models

Liver cells generated from iPSCs hold great promise for accelerating pharmaceutical
testing and drug development without the use of animals. How much culture conditions
for iPSCs closely mimic native hepatic/biliary niches and to which extent the iPSC-derived
cells resemble their native counterparts are key factors to consider when using these cells
for drug testing. A widespread concern exists about the use of two-dimensional (2D) cell
culture systems for the generation of iPSCs and their subsequent differentiation. This fast
and cost-effective approach is based on maintaining cells as monolayers on flat plastic
surfaces, which can be pre-treated with different coating materials to promote cell adhesion
and growth. The advent of increasingly sophisticated cell analysis tools, however, has shed
light on important limitations associated with such cell culture systems. It is now well
accepted that cells in a 2D monolayer often assume unnatural conformations, which might
result in unrealistic biological responses. For example, cells grown in vitro onto rigid and
flat surfaces (e.g., culture flasks, multi-well plates) often undergo apical-basal polarization,
which is unnatural for cytotypes such as MSCs [94]. This has spurred an interest over the
last 20 years in developing cell culture systems that could allow cells to spatially organize
into more realistic structures [94]. Physiologically, cells are embedded into the extracellular
matrix (ECM), which provides structural support as well as dynamic signaling cues that
influence cell fate [94]. This consideration has guided the development of biomaterials that
could provide specific biological and mechanical cues to the differentiating cells in vitro.
The use of such biomaterials has allowed 3D cell culture technology to rapidly evolve
from cell aggregate-based methods that recapitulate cell-cell interactions to more complex
scaffold-based methods that also recapitulate cell-to-ECM interactions [95]. Among these
methods, the matrix-assisted 3D culture system seems to be one of the most promising
and versatile strategies, with cells embedded within an ECM-like matrix that supports
their growth and promotes the deposition of newly produced ECM. The ECM-like matrix
also protects the cells from external degradative stimuli, such as a host’s immune system
response after implantation in vivo [96].

Hydrogels, which are a class of water-retaining materials with great ECM similarity,
represent candidate biomaterials for the fabrication of ECM-like matrix [97]. Chemically,
hydrogels are polymeric compounds composed of a main chain (backbone) that can be used
as an anchorage point for several bioactive molecules or secondary polymer molecules (side
chains) characterized by different chemical-physical properties. Hydrogels are classified
as natural, if polymers derive from a natural source (e.g., collagen, fibrin, hyaluronic acid),
or synthetic/semi-synthetic, if they derive, completely or partially, from chemical reac-
tions [98]. Such chemical heterogeneity enables a wide range of structural modifications,
and thus modulation of biological responses from embedded cells. For example, matri-
ces made of hydrogels with inert structure (e.g., alginates) limit cell-matrix interactions,
promoting the formation of self-assembling 3D structures such as spheroids. Hepatocyte
aggregates obtained using this approach showed improved biological activity in vitro, in-
cluding metabolic and biotransformation capabilities [99-101]. Conversely, the insertion of
bioactive peptides into the polymeric backbone allows cell-matrix interactions, promoting
cell adhesion while preventing cell dedifferentiation. This approach was followed by Ye
et al. [102], who used an ECM-like hydrogel matrix made of polyisocyanopeptides (PIC)
and functionalized with laminin-111, as a scaffold for human hepatocytes. Matrix function-
alization allowed to maintain hepatic phenotypes in cultured cells and to develop a human
liver organoid in vitro. In addition, MacPherson et al. developed a nanofibrous 3D hydrogel
functionalized with the integrin-binding motif Arg-Gly-Asp (RGD) and with tailored me-
chanical properties, to recreate an in vitro environment suitable for maintenance of primary
hepatocytes. This scaffold promoted hepatocyte survival, hepatic functions and expression
of hepatocyte-specific genes [103]. Thus, not only spatial cell geometry [104], but also cell
differentiation can be controlled by modifying the chemical structure of the hydrogel-based
3D support. This feature is important when handling iPSCs, which can easily undergo
undesired phenotypes during in vitro culture. Noteworthy, synthetic polymers with a
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high acrylate content successfully combined with vitronectin to maintain pluripotency of
iPSCs in vitro for a prolonged period of time [105]. Similarly, fully synthetic hydrogels
based on Poly[2 -(methacryloyloxy)ethyldimethyl-(3-sulfopropyl) ammonium hydroxide]
(PMEDSAH) were exploited to prevent spontaneous iPSC differentiation in vitro [106].
Several studies attribute this property to sulfonic groups, which mimic the function of the
heparin sulphate present in proteoglycans, important extracellular components of iPSC
culture systems [106]. On the other hand, hydrogels can also be opportunely modified to
guide stem/progenitor cell differentiation towards specific phenotypes. A relatively simple
inclusion in the hydrogel backbone of molecules derived from native ECM makes it possible
to fabricate bioactive materials presenting well-defined biological cues. Recent studies [107]
report the insertion of type I collagen to improve the differentiation of rat bone marrow
MSCs towards hepatocyte-like cells using matrix-assisted 3D culture in vitro. Interestingly,
Wang et al. [108] found that the simultaneous inclusion of fibronectin and type I collagen
into a 3D system further improved the differentiation of human adipose-derived MSCs into
functional hepatocytes. Hepatocytes showed ALB production and ammonia detoxification
capabilities. Authors also reported a statistically significant increase in the expression of
hepatocyte-specific genes including ALB, HNF4A, AFP, and G6P (glucose-6-phosphatase)
on day 21 of differentiation in 3D conditions as compared to conventional 2D conditions.

The native ECM also provides mechanical support to the cells. Hydrogel-based materi-
als can be finely tuned to induce a well-defined mechanical response in target cells. In vivo,
the most prevalent mechanism involved in ECM-cell interaction is mediated by different
classes of integrins expressed on the cell surface. Such adhesion molecules selectively
interact with specific ECM components (e.g., fibronectin) inducing the formation of focal
adhesion, which transfer external mechanical stimuli to the intracellular cytoskeleton [109].
These interactions induce biological responses that modulate cell behavior. Following this
rationale, Wang et al. [110] established a 3D hydrogel scaffold based on polyethylene glycol
(PEG) functionalized with fibronectin as ECM-like moieties, and cellularized it with human
hepatoma-derived cells. Interestingly, the presence of fibronectin induced hepatocytes to
produce ALB and to express higher levels of liver-specific genes.

Different mechanical cues (e.g., stiffness) can be generated by chemical modification
of the polymeric backbone. Hwang et al. [111] proposed a micropatterned hydrogel
matrix mainly composed of heparin. The chemical composition was accurately set to
confer a soft consistence to the hydrogel (elastic modulus ~ 400 Pa). Then, the matrix
was cellularized with human adipose-derived stem cells and cell differentiation towards
hepatic phenotypes was evaluated in 3D conditions. Compared to a stiffer hydrogel matrix
(elastic modulus ~ 43 kPa), this system significantly promoted stem cell maturation. Similar
studies of pluripotent stem cell differentiation into hepatocyte-like cells were performed
by other groups using hydrogels composed of unmodified [112] or collagen-coated [113]
polyacrylamide. These studies concluded that a soft matrix facilitates the maturation of
human iPSCs [112] and resident liver stem cells [113] toward the hepatic phenotype. This
evidence is consistent with the observation that by mimicking the mechanical properties of
hepatic parenchymal ECM (reported to be 0.6-1.2 kPa [114]), hydrogels help prolong the
differentiated phenotype of primary hepatocytes in vitro [115].

In addition to the hydrogel-based 3D culture, the repopulation of decellularized tis-
sues with specific cells represents a valid approach for the rebuilding of liver structures.
This approach is highly effective thanks to the application of recently developed tech-
nologies, which allow for the maintenance of a high percentage of native ECM after the
decellularization process [116]. However, one of the most limiting factors is related to the
shortage of suitable donor tissues and organs. Moreover, and not less important, the geom-
etry of decellularized organs is not modulable as hydrogel-based biomatrices. The use of
decellularized extracellular matrix (lECM) emerged to overcome such weaknesses. dECM
is commonly obtained following enzymatic digestion and lyophilization of decellularized
tissues and organs and can be formulated as a highly concentrated solution, which can be
easily handled and shaped into 3D matrices [117,118] using simple methods. Compared to
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hydrogels, dECMs are biochemically more complex, due to a high and undefined content
in active substrates including a wide plethora of bioactive proteins, carbohydrates, and
growth factors [119]. Among these substrates, fibronectin, type I and IV collagen, and
proteoglycans are the most relevant for liver dECM, as they participate in cell attachment,
survival and growth, and hepatic differentiation [120]. In accordance, Wang et al. [119]
reported enhanced hepatic differentiation of iPSCs when these cells were cultured in a 3D
liver-derived dECM rather than a 3D polymeric scaffold.

Of note, the composition of dECM largely depends on the tissue where it was extracted
from. This means that each dECM might guide cell differentiation in a tissue-specific man-
ner [121]. This was confirmed by Vyas et al. [122], who showed how liver-derived dECM
could promote human fetal liver progenitor cell differentiation into mature hepatocytes
with xenobiotic catabolic activity.

Despite dECMs showing promise in supporting and guiding stem/progenitor cell
differentiation, they are not suitable for the generation of complex 3D structures due to
their poor mechanical properties [123]. Low viscosity and poor resistance to shear stress
drastically limit the processing of dECMs with advanced manufacturing technologies as 3D
printing [124], 3D bioprinting [125] or electrospinning [126]. To address this issue, a widely-
employed approach is to combine dECM with a hydrogel to obtain a hybrid bioactive
material with better mechanical properties. Yu et al. [127] fabricated a micropatterned
iPSC-laden 3D liver-like construct using a mixture of liver dECM and gelatin methacrylate
(GeIMA). The hydrogel conferred adequate mechanical properties to the liver dECM,
enabling the processing of the combined material in a 3D bioprinter, and maintaining in
parallel a high content in bioactive molecules. Interestingly, the matrix could guide cell
organization and promote the maturation of iPSCs into hepatocyte-like cells in vitro.

Overall, the reviewed studies highlight the advantages of using 3D tissue models over
conventional cell-based assays for creating functional tissues from primary or iPSC-derived
cells that are realistic enough to be exploited for disease modeling and drug screening
applications. As new biomaterials are discovered, and the mutual interactions between
cellular and non-cellular components in a tissue are deciphered, new methods to grow
functional tissues are expected to emerge. Challenges that remain to be addressed include
a limited ability to control a system in vitro that is physiologically highly dynamic.

4. Concluding Remarks and Open Questions

Because of its vital functions, the liver is susceptible to a wide range of diseases often
requiring liver transplantation. Understanding cellular and molecular mechanisms of
liver development, regeneration, and pathogenesis is therefore crucial for the design of
alternative treatments to organ transplantation. In addition, the availability of an in vitro
cell model able to properly and reliably recapitulate liver functions would reduce the need
of animal experimentation in drug testing and development of new therapies. Owing to
the presence of all enzymes of the xenobiotic pathway and, more generally, to a metabolic
competence similar to the physiological one, primary human hepatocytes are considered
the gold standard for both toxicological and pharmacological screening [128]. However,
due to a scarcity of healthy donor liver tissue, obtaining these cells is challenging. Moreover,
primary cultures cannot be expanded long-term and tend to dedifferentiate, thus they are
unsuitable for large scale and long-term studies. Another important limitation of using
primary cultures is the inter-donor variability [129]. Immortalized hepatocytes, normal and
cancerous, are better expanded, but display an immature phenotype and might therefore
result as unsuitable for many drug screening applications, which demand for native
physiological functions to be adequately recapitulated in order to provide meaningful
information [130,131]. An exception is the hepatic stem cell line HepaRG [132], which
has emerged as the most appropriate surrogate to primary human hepatocytes and is
considered a good alternative, even with limitations, for drug testing among the hepatoma
cell lines [130,133]. Similar considerations apply to cholangiocytes [134], especially for
those lining the IHBDs.
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The iPSC technology allows for the obtainment of an unlimited supply of cells from
patients, including those with rare genetic disorders. iPSC-derived human hepatocytes
represent a valuable tool for the rapid screening of a large number of compounds in vitro,
and thus, show great promise for the identification of novel liver therapies. However,
the reduced activity of phase I and II enzymes of the xenobiotic metabolism argues that
iPSC-derived hepatocytes are not yet an ideal platform for preclinical pharmaceutical
development [130]. Recent efforts to improve differentiation consider the unique liver
microenvironment during embryonic development and organ homeostasis. Many drug
responses in vivo are mediated by a complex interplay among several different cell types
and most available in vitro models are unable to recapitulate heterotypic cell-cell inter-
actions. The (re)building of a relevant liver in vitro model not only does require the
incorporation of various cell types, including hepatocytes, cholangiocytes, LSECs, stellate
cells, and Kupffer cells, but also requires the alignment of hepatocytes and cholangiocytes
along the sinusoidal spaces and periportal tracts, respectively, and last but not least, the
application of mechanical stimuli, and fluid flow. Blood flow is a central determinant
for liver function. Blood flows from the periportal to the central vein and consists of a
mixture of nutrient-rich but poorly oxygenated blood from the portal vein and highly
oxygenated blood from the hepatic artery. Gradients of oxygen, nutrients, hormones,
and metabolites along the periportal-central axis are created as the blood flows through
the sinusoids, generating functional hepatocyte heterogeneity, a phenomenon referred to
as ‘liver zonation’ [135]. Three zones can be distinguished (Figure 1). Periportal Zone
1, consists of 6-8 hepatocyte layers that receive blood enriched in oxygen and nutrients
and control glycogen metabolism, amino acid utilization, and ammonia detoxification;
intermediate perivenous Zone 2, consists of 6-10 hepatocyte layers with a major role in
xenobiotic metabolism; and perivenous Zone 3, is formed by 2-3 hepatocyte layers that
surround the central veins and perform biotransformation reactions, glutamine synthesis,
and glycolysis [136,137].

This broad spatial and functional heterogeneity suggests that hepatocytes in differ-
ent lobule zones might have distinct susceptibilities and tolerance to injury, as well as
regenerative capabilities. Synthetic reconstruction of zonation in vitro is therefore required
to adequately recapitulate responses of mature hepatocytes. Metabolic zonation appears
to be primarily driven by factors secreted by endothelial cells of the hepatic central vein,
including members of the Wnt/3-catenin pathway. Three signal modulators secreted
from hepatocytes or cholangiocytes, namely WNT7B, WNT8B, and WNT inhibitor factor 1
(WIF-1) were identified by Mitani et al. as determinants of zone-specific hepatic proper-
ties in ESC/iPSC-derived hepatocyte-like cells [138]. Physiologically, Zone 1 hepatocytes
exist near the cholangiocytes, while zone 3 hepatocytes are physically distant from the
cholangiocytes. Accordingly, the authors obtained zone 1 hepatocytes with enhanced urea
production and gluconeogenesis capabilities by simply exposing induced hepatocytes to
conditioned medium from cholangiocytes. On the other hand, when induced hepatocytes
were cultured with conditioned medium from hepatocytes, cells achieved zone 3-specific
hepatic properties, including enhanced glutamine production and CYP1A2 metabolism.

While the role of the multicellular components has been increasingly highlighted,
only a couple of reports have described the concomitant differentiation of hepatic and
biliary lineage in a co-culture system [79,91,139]. Hepatic organoids consisting of both
hepatocytes and cholangiocytes showed a functional bile canaliculi network, and could
be used to model drug-induced cholestasis, as well as loss of bile canaliculi network and
ductular reaction [79]. Multicellular organoids undoubtedly represent a significant advance
toward the production of a surrogate hepatobiliary tissue, however, most of these systems
retain a fetal-like state even in prolonged culture. Developmental studies have shown
that the factors inducing hepatic or biliary fates are often opposing in nature, making
the de novo assembly of liver structures endowed with a biliary system very challenging.
Moreover, the specific identity of cells generated with current protocols remains undefined.
Not only the liver, but also the mature biliary epithelium displays a phenotypic and func-
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tional heterogeneity. At least two different types of cholangiocytes can be distinguished.
Small cholangiocytes populate the periphery of the biliary tree, while large cholangiocytes
populate larger diameter IHBDs and EHBDs. Small cholangiocytes are primitive, undiffer-
entiated cells that do not display secretory activity, while large cholangiocytes are highly
specialized cells that secrete and modify the bile [140,141]. Induced cholangiocytes ob-
tained by Dianat et al. [49] are compatible with small cholangiocytes, while those obtained
by Sampaziotis et al. [64] are functionally compatible with large cholangiocytes, even
maintaining intrahepatic cholangiocytes characteristics [142]. In both cases, the cells show
a fetal phenotype, corresponding more precisely to a stage between fetal and fully mature
bile ducts. Thus, as for induced hepatocytes, these systems require further improvement.
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Figure 1. Liver metabolic zonation. Image adapted from Servier Medical Art

(www.smart.servier.com).

The creation of surrogate tissues in vitro can leverage methods from tissue engineering
and microfluidics, which can help achieve biological, chemical, and mechanical cues typical
of the physiological environment. Biomaterials can be precisely manufactured in order
to confer peculiar characteristics to guide differentiation of iPSCs toward a certain cell
type. This strategy has been exploited to create cellular constructs with the potential to
regenerate tissues and organs, such as tendons, nerves, and liver [143], and also to create
platforms for disease modeling and drug testing [144]. On the other hand, microfluidic
represents a valid tool for the study of iPSC behavior and differentiation [145]. Microfluidic
technology allows the creation of high-content drug screening systems, which better
simulate tissue morphology at a micron scale [146]. Interestingly, hepatic zonation can be
obtained exploiting chip technology [147], making it possible to study the physiology and
pathology of periportal and perivenous hepatocytes, and opening up new paths for disease
modeling and more tailored drug testing.

In view of the above, dissecting the heterogeneous cellular composition of the hep-
atobiliary system (cell-type heterogeneity and cell—cell heterogeneity) and the complex
interplay of cell-cell and cell-matrix interactions in homeostatic and pathological condi-
tions is crucial to recreate tissue surrogates for disease modeling, validation of existing
therapeutics, and screening of novel agents. Single-cell transcriptomics are opening up the
possibility that new signaling circuits and new subpopulations of cells can be found, which
will likely translate, for a given cell type, in the design, in the near future, of distinct culture
protocols depending on what requirement is to be satisfied. Indeed, in an era in which a lot
of effort is being put into developing standardized differentiation protocols, one protocol
might not fit all. Finally, advances in genome editing are greatly improving the modeling
of a variety of human disorders. However, strategies for minimizing off-target mutations,
as well as methods for detection of unintended off-target mutations, are strongly needed to
encourage the use of such technologies in research and clinical applications.

Author Contributions: M.G.F. conceived and designed the review. M.G.F., M.P, R.D.G. and C.M.C.
wrote the manuscript. P.G.C. provided mentoring support and intellectual feedback. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ri. MED Foundation.


www.smart.servier.com

Int. . Mol. Sci. 2021, 22, 8227 15 of 20

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chiang, J. Liver Physiology: Metabolism and Detoxification; Linda, M., McManus, R.N.M., Eds.; Elsevier Inc.: San Diego, CA, USA,
2014.

2. Yoo, K.S.; Lim, W.T.; Choi, H.S. Biology of Cholangiocytes: From Bench to Bedside. Gut Liver 2016, 10, 687. [CrossRef]

3.  Friedman, ].R; Kaestner, K.H. On the origin of the liver. ]. Clin. Investig. 2011, 121, 4630-4633. [CrossRef]

4. Tanimizu, N.; Miyajima, A. Notch signaling controls hepatoblast differentiation by altering the expression of liver-enriched
transcription factors. J. Cell Sci. 2004, 117, 3165-3174. [CrossRef] [PubMed]

5. Spence, J.R.; Lange, A.W.; Lin, S.C.J.; Kaestner, K.H.; Lowy, A.M.; Kim, I.; Whitsett, ].A.; Wells, ]. M. Sox17 regulates organ lineage
segregation of ventral foregut progenitor cells. Dev. Cell 2009, 17, 62-74. [CrossRef]

6.  Si-Tayeb, K.; Lemaigre, FP; Duncan, S.A. Organogenesis and development of the liver. Dev. Cell 2010, 18, 175-189. [CrossRef]
[PubMed]

7. Michalopoulos, G.K. The regenerative altruism of hepatocytes and cholangiocytes. Sterm Cell 2018, 23, 11-12. [CrossRef]

8.  Haruna, Y;; Saito, K.; Spaulding, S.; Nalesnik, M.A.; Gerber, M.A. Identification of bipotential progenitor cells in human liver
development. Hepatology 1996, 23, 476-481. [CrossRef] [PubMed]

9.  Crosby, H.A.; Hubscher, S.; Fabris, L.; Joplin, R; Sell, S.; Kelly, D.; Strain, A.J. Inmunolocalization of putative human liver
progenitor cells in livers from patients with end-stage primary biliary cirrhosis and sclerosing cholangitis using the monoclonal
antibody OV-6. Am. |. Pathol. 1998, 152, 771-779.

10. Theise, N.D.; Saxena, R.; Portmann, B.C.; Thung, S.N.; Yee, H.; Chiriboga, L.; Ashok, A.; Crawford, ].M. The canals of Hering and
hepatic stem cells in humans. Hepatology 1999, 30, 1425-1433. [CrossRef]

11. Limaye, P.B.; Alarcon, G.; Walls, A.L.; Nalesnik, M.A.; Michalopoulos, G.K.; Demetris, A.].; Ochoa, E.R. Expression of specific
hepatocyte and cholangiocyte transcription factors in human liver disease and embryonic development. Lab. Investig. 2009, 88,
865-872. [CrossRef]

12.  Fausto, N.; Campbell, ].S. The role of hepatocytes and oval cells in liver regeneration and repopulation. Mech. Dev. 2003, 120,
117-130. [CrossRef]

13. Fausto, N. Liver regeneration and repair: Hepatocytes, progenitor cells, and stem cells. Hepatology 2004, 39, 1477-1487. [CrossRef]

14. Lu, WY, Bird, T.G.; Boulter, L.; Tsuchiya, A.; Cole, A.M.; Hay, T.; Guest, R.V.; Wojtacha, D.; Man, T.Y.; Mackinnon, A.; et al.
Hepatic progenitor cells of biliary origin with liver repopulation capacity. Nat. Cell Biol. 2015, 17, 971-983. [CrossRef] [PubMed]

15. Lukacs-Kornek, V.; Lammert, F. The progenitor cell dilemma: Cellular and functional heterogeneity in assistance or escalation of
liver injury. J. Hepatol. 2017, 66, 619-630. [CrossRef]

16. Falkowski, O.; An, H.J; Ianus, LA.; Chiriboga, L.; Yee, H.; West, A.B.; Theise, N.D. Regeneration of hepatocyte ‘buds’ in cirrhosis
from intrabiliary stem cells. J. Hepatol. 2003, 39, 357-364. [CrossRef]

17.  Fukuda, K,; Sugihara, A.; Nakasho, K; Tsujimura, T.; Yamada, N.; Okaya, A.; Sakagami, M.; Terada, N. The origin of biliary
ductular cells that appear in the spleen after transplantation of hepatocytes. Cell Transplant. 2004, 13, 27-33. [CrossRef]

18. Michalopoulos, G.K,; Barua, L.; Bowen, W.C. Transdifferentiation of rat hepatocytes into biliary cells after bile duct ligation and
toxic biliary injury. Hepatology 2005, 41, 535-544. [CrossRef] [PubMed]

19. Watanabe, H.; Hata, M.; Terada, N.; Ueda, H.; Yamada, N.; Yamanegi, K.; Ohyama, H.; Kakihana, M.; Okamura, H.; Nakasho, K.
Transdifferentiation into biliary ductular cells of hepatocytes transplanted into the spleen. Pathology 2008, 40, 272-276. [CrossRef]

20. Yanger, K.; Zong, Y.; Maggs, L.R.; Shapira, S.N.; Maddipati, R.; Aiello, N.M.; Thung, S.N.; Wells, R.G.; Greenbaum, L.E.; Stanger,
B.Z. Robust cellular reprogramming occurs spontaneously during liver regeneration. Genes Dev. 2013, 27, 719-724. [CrossRef]

21.  Schaub, J.R.; Huppert, K.A; Kurial, S.N.; Hsu, B.Y.; Cast, A.E.; Donnelly, B.; Karns, R.A.; Chen, F; Rezvani, M.; Luu, H.Y,; et al.
De novo formation of the biliary system by TGF-mediated hepatocyte transdifferentiation. Nature 2018, 557, 247-251. [CrossRef]
[PubMed]

22. Sekiya, S.; Suzuki, A. Hepatocytes, rather than cholangiocytes, can be the major source of primitive ductules in the chronically
injured mouse liver. Am. J. Pathol. 2014, 184, 1468-1478. [CrossRef]

23.  Yanger, K,; Knigin, D.; Zong, Y.; Maggs, L.; Gu, G.; Akiyama, H.; Pikarsky, E.; Stanger, B.Z. Adult hepatocytes are generated by
self-duplication rather than stem cell differentiation. Cell Stem Cell 2014, 15, 340-349. [CrossRef]

24. Raven, A.; Lu, W.Y,; Man, T.Y,; Ferreira-Gonzalez, S.; O’'Duibhir, E.; Dwyer, B.J.; Thomson, J.P.; Meehan, R.R.; Bogorad, R.;
Koteliansky, V.; et al. Cholangiocytes act as facultative liver stem cells during impaired hepatocyte regeneration. Nature 2017, 547,
350-354. [CrossRef] [PubMed]

25. Deng, X.; Zhang, X,; Li, W.; Feng, R X,; Li, L.; Yi, G.R.; Zhang, X.N.; Yin, C.; Yu, H.Y,; Zhang, ].P; et al. Chronic liver injury induces
conversion of biliary epithelial cells into hepatocytes. Cell Stem Cell 2018, 23, 114-122. [CrossRef] [PubMed]

26. Alison, M.R. Cholangiocytes: No longer cinderellas to the hepatic regenerative response. Cell Stem Cell 2017, 21, 159-160.
[CrossRef]

27. Lanzoni, G.; Cardinale, V.; Carpino, G. The hepatic, biliary, and pancreatic network of stem/progenitor cell niches in humans: A
new reference frame for disease and regeneration. Hepatology 2016, 64, 277-286. [CrossRef] [PubMed]

28. Cardinale, V.; Wang, Y.; Carpino, G.; Alvaro, D.; Reid, L.; Gaudio, E. Multipotent stem cells in the biliary tree. Ital. ]. Anat. Embryol.

2010, 115, 85. [PubMed]


http://doi.org/10.5009/gnl16033
http://doi.org/10.1172/JCI59652
http://doi.org/10.1242/jcs.01169
http://www.ncbi.nlm.nih.gov/pubmed/15226394
http://doi.org/10.1016/j.devcel.2009.05.012
http://doi.org/10.1016/j.devcel.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20159590
http://doi.org/10.1016/j.stem.2018.06.006
http://doi.org/10.1002/hep.510230312
http://www.ncbi.nlm.nih.gov/pubmed/8617427
http://doi.org/10.1002/hep.510300614
http://doi.org/10.1038/labinvest.2008.56
http://doi.org/10.1016/S0925-4773(02)00338-6
http://doi.org/10.1002/hep.20214
http://doi.org/10.1038/ncb3203
http://www.ncbi.nlm.nih.gov/pubmed/26192438
http://doi.org/10.1016/j.jhep.2016.10.033
http://doi.org/10.1016/S0168-8278(03)00309-X
http://doi.org/10.3727/000000004772664860
http://doi.org/10.1002/hep.20600
http://www.ncbi.nlm.nih.gov/pubmed/15726663
http://doi.org/10.1080/00313020801911546
http://doi.org/10.1101/gad.207803.112
http://doi.org/10.1038/s41586-018-0075-5
http://www.ncbi.nlm.nih.gov/pubmed/29720662
http://doi.org/10.1016/j.ajpath.2014.01.005
http://doi.org/10.1016/j.stem.2014.06.003
http://doi.org/10.1038/nature23015
http://www.ncbi.nlm.nih.gov/pubmed/28700576
http://doi.org/10.1016/j.stem.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29937200
http://doi.org/10.1016/j.stem.2017.07.002
http://doi.org/10.1002/hep.28326
http://www.ncbi.nlm.nih.gov/pubmed/26524612
http://www.ncbi.nlm.nih.gov/pubmed/21072995

Int. . Mol. Sci. 2021, 22, 8227 16 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.
56.

Cardinale, V.; Wang, Y.; Carpino, G.; Mendel, G.; Alpini, G.; Gaudio, E.; Reid, L.M.; Alvaro, D. The biliary tree—A reservoir of
multipotent stem cells. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 231. [CrossRef] [PubMed]

Kochhar, G.; Parungao, ].M.; Hanouneh, I.A.; Parsi, M.A. Biliary complications following liver transplantation. World .
Gastroenterol. 2013, 19, 2841. [CrossRef] [PubMed]

Chamuleau, R.A.; Poyck, P.P.; Van De Kerkhove, M.P. Bioartificial liver: Its pros and cons. Ther. Apher. Dial. 2006, 10, 168-174.
[CrossRef] [PubMed]

Secunda, R.; Vennila, R.; Mohanashankar, A.M.; Rajasundari, M.; Jeswanth, S.; Surendran, R. Isolation, expansion and characteri-
sation of mesenchymal stem cells from human bone marrow, adipose tissue, umbilical cord blood and matrix: A comparative
study. Cytotechnology 2015, 67, 793-807. [CrossRef] [PubMed]

Ullah, I; Subbarao, R.B.; Rho, G.J. Human mesenchymal stem cells-current trends and future prospective. Biosci. Rep. 2015, 35,
e00191. [CrossRef]

Francipane, M.G.; Cervello, M.; Vizzini, G.B.; Pietrosi, G.; Montalto, G. Management of liver failure: From transplantation to
cell-based therapy. Cell Med. 2011, 2, 9-26. [CrossRef]

Liang, X.; Ding, Y.; Zhang, Y.; Tse, H.F.; Lian, Q. Paracrine mechanisms of mesenchymal stem cell-based therapy: Current status
and perspectives. Cell Transplant. 2014, 23, 1045-1059. [CrossRef]

Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006, 126, 663-676. [CrossRef]

Fiorotto, R.; Amenduni, M.; Mariotti, V.; Fabris, L.; Spirli, C.; Strazzabosco, M. Liver diseases in the dish: iPSC and organoids as a
new approach to modeling liver diseases. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2019, 1865, 920-928. [CrossRef] [PubMed]
Huch, M.; Koo, B.K. Modeling mouse and human development using organoid cultures. Development 2015, 142, 3113-3125.
[CrossRef] [PubMed]

Francipane, M.G.; Lagasse, E. Toward organs on demand: Breakthroughs and challenges in models of organogenesis. Curr.
Pathobiol. Rep. 2016, 4, 77-85. [CrossRef]

Zhou, Y.Y.; Zeng, F. Integration-free methods for generating induced pluripotent stem cells. Genomics. Proteom. Bioinform. 2013,
11,284-287. [CrossRef]

Liu, G.; David, B.T.; Trawczynski, M.; Fessler, R.G. Advances in pluripotent stem cells: History, mechanisms, technologies, and
applications. Stem Cell Rev. Rep. 2020, 16, 3-32. [CrossRef]

Ghaedi, M.; Niklason, L.E. Human pluripotent stem cells (iPSC) generation, culture, and differentiation to lung progenitor cells.
Methods Mol. Biol. 2019, 1576, 55-92. [PubMed]

Lin, T.; Wu, S. Reprogramming with small molecules instead of exogenous transcription factors. Stem Cells Int. 2015, 2015, 1-11.
[CrossRef] [PubMed]

Siller, R.; Greenhough, S.; Naumovska, E.; Sullivan, G.J. Small-molecule-driven hepatocyte differentiation of human pluripotent
stem cells. Stem Cell Rep. 2015, 4, 939-952. [CrossRef]

Du, C,; Feng, Y.; Qiu, D.; Xu, Y.; Pang, M.; Cai, N.; Xiang, A.P; Zhang, Q. Highly efficient and expedited hepatic differentiation
from human pluripotent stem cells by pure small-molecule cocktails. Stern Cell Res. Ther. 2018, 9, 1-15. [CrossRef] [PubMed]
Ben-David, U.; Benvenisty, N. The tumorigenicity of human embryonic and induced pluripotent stem cells. Nat. Rev. Cancer 2011,
11,268-277. [CrossRef] [PubMed]

Hannoun, Z.; Steichen, C.; Dianat, N.; Weber, A.; Dubart-Kupperschmitt, A. The potential of induced pluripotent stem cell
derived hepatocytes. J. Hepatol. 2016, 65, 182-199. [CrossRef]

Song, Z.; Cai, J.; Liu, Y.; Zhao, D.; Yong, J.; Duo, S.; Song, S.; Guo, Y.; Zhao, Y.; Qin, H.; et al. Efficient generation of hepatocyte-like
cells from human induced pluripotent stem cells. Cell Res. 2009, 19, 1233-1242. [CrossRef] [PubMed]

Dianat, N.; Dubois-Pot-Schneider, H.; Steichen, C.; Desterke, C.; Leclerc, P.; Raveux, A.; Combettes, L.; Weber, A.; Corlu, A.;
Dubart-Kupperschmitt, A. Generation of functional cholangiocyte-like cells from human pluripotent stem cells and HepaRG
cells. Hepatology 2014, 60, 700-714. [CrossRef]

Zhou, X,; Sasaki, H.; Lowe, L.; Hogan, B.L.; Kuehn, M.R. Nodal is a novel TGF-{3-like gene expressed in the mouse node during
gastrulation. Nature 1993, 361, 543-547. [CrossRef]

Conlon, FL.; Lyons, KM.; Takaesu, N.; Barth, K.S.; Kispert, A.; Herrmann, B.; Robertson, E.J. A primary requirement for nodal in
the formation and maintenance of the primitive streak in the mouse. Development 1994, 120, 1919-1928. [CrossRef] [PubMed]
Whitman, M. Nodal signaling in early vertebrate embryos: Themes and variations. Dev. Cell 2001, 1, 605-617. [CrossRef]
D’Amour, K.A.; Agulnick, A.D,; Eliazer, S.; Kelly, O.G.; Kroon, E.; Baetge, E.E. Efficient differentiation of human embryonic stem
cells to definitive endoderm. Nat. Biotechnol. 2005, 23, 1534-1541. [CrossRef]

McLean, A.B.; D’Amour, K.A.; Jones, K.L.; Krishnamoorthy, M.; Kulik, M.].; Reynolds, D.M.; Sheppard, A.M.; Liu, H.; Xu, Y,;
Baetge, E.E.; et al. Activin a efficiently specifies definitive endoderm from human embryonic stem cells only when phosphatidyli-
nositol 3-kinase signaling is suppressed. Stem Cells 2007, 25, 29-38. [CrossRef]

Pauklin, S.; Vallier, L. Activin/Nodal signalling in stem cells. Development 2015, 142, 607-619. [CrossRef]

Phillips, B.W.; Hentze, H.; Rust, W.L.; Chen, Q.P.; Chipperfield, H.; Tan, E.K.; Abraham, S.; Sadasivam, A.; Soong, P.L.; Wang,
S.T.; et al. Directed differentiation of human embryonic stem cells into the pancreatic endocrine lineage. Stem Cells Dev. 2007, 16,
561-578. [CrossRef]


http://doi.org/10.1038/nrgastro.2012.23
http://www.ncbi.nlm.nih.gov/pubmed/22371217
http://doi.org/10.3748/wjg.v19.i19.2841
http://www.ncbi.nlm.nih.gov/pubmed/23704818
http://doi.org/10.1111/j.1744-9987.2006.00359.x
http://www.ncbi.nlm.nih.gov/pubmed/16684219
http://doi.org/10.1007/s10616-014-9718-z
http://www.ncbi.nlm.nih.gov/pubmed/24798808
http://doi.org/10.1042/BSR20150025
http://doi.org/10.3727/215517911X575993
http://doi.org/10.3727/096368913X667709
http://doi.org/10.1016/j.cell.2006.07.024
http://doi.org/10.1016/j.bbadis.2018.08.038
http://www.ncbi.nlm.nih.gov/pubmed/30264693
http://doi.org/10.1242/dev.118570
http://www.ncbi.nlm.nih.gov/pubmed/26395140
http://doi.org/10.1007/s40139-016-0111-9
http://doi.org/10.1016/j.gpb.2013.09.008
http://doi.org/10.1007/s12015-019-09935-x
http://www.ncbi.nlm.nih.gov/pubmed/27628133
http://doi.org/10.1155/2015/794632
http://www.ncbi.nlm.nih.gov/pubmed/25922608
http://doi.org/10.1016/j.stemcr.2015.04.001
http://doi.org/10.1186/s13287-018-0794-4
http://www.ncbi.nlm.nih.gov/pubmed/29523187
http://doi.org/10.1038/nrc3034
http://www.ncbi.nlm.nih.gov/pubmed/21390058
http://doi.org/10.1016/j.jhep.2016.02.025
http://doi.org/10.1038/cr.2009.107
http://www.ncbi.nlm.nih.gov/pubmed/19736565
http://doi.org/10.1002/hep.27165
http://doi.org/10.1038/361543a0
http://doi.org/10.1242/dev.120.7.1919
http://www.ncbi.nlm.nih.gov/pubmed/7924997
http://doi.org/10.1016/S1534-5807(01)00076-4
http://doi.org/10.1038/nbt1163
http://doi.org/10.1634/stemcells.2006-0219
http://doi.org/10.1242/dev.091769
http://doi.org/10.1089/scd.2007.0029

Int. . Mol. Sci. 2021, 22, 8227 17 of 20

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Touboul, T.; Hannan, N.R.; Corbineau, S.; Martinez, A.; Martinet, C.; Branchereau, S.; Mainot, S.; Strick-Marchand, H.; Pedersen,
R.; Di Santo, J.; et al. Generation of functional hepatocytes from human embryonic stem cells under chemically defined conditions
that recapitulate liver development. Hepatology 2010, 51, 1754-1765. [CrossRef]

Teo, A.K.K,; Tsuneyoshi, N.; Hoon, S.; Tan, E.K.; Stanton, L.W.; Wright, C.V.; Dunn, N.R. PDX1 binds and represses hepatic
genes to ensure robust pancreatic commitment in differentiating human embryonic stem cells. Stern Cell Rep. 2015, 4, 578-590.
[CrossRef]

Soto-Gutierrez, A.; Navarro-Alvarez, N.; Rivas-Carrillo, ].D.; Chen, Y.; Yamatsuji, T.; Tanaka, N.; Kobayashi, N. Differentiation
of human embryonic stem cells to hepatocytes using deleted variant of HGF and poly-amino-urethane-coated nonwoven
polytetrafluoroethylene fabric. Cell Transplant. 2006, 15, 335-342. [CrossRef]

Pan, T.; Tao, J.; Chen, Y.; Zhang, J.; Getachew, A.; Zhuang, Y.; Wang, N.; Xu, Y,; Tan, S.; Fang, ].; et al. Robust expansion and
functional maturation of human hepatoblasts by chemical strategy. Stem Cell Res. Ther. 2021, 12, 1-13. [CrossRef]

Geisler, F.; Nagl, F; Mazur, PK.; Lee, M.; Zimber-Strobl, U.; Strobl, L.J.; Radtke, F.; Schmid, R.M.; Siveke, ]J.T. Liver-specific
inactivation of Notch2, but not Notch1, compromises intrahepatic bile duct development in mice. Hepatology 2008, 48, 607-616.
[CrossRef]

Piccoli, D.A.; Spinner, N.B. Alagille syndrome and the Jagged1 gene. Semin. Liver Dis. 2001, 21, 525-534. [CrossRef]

Sumazaki, R.; Shiojiri, N.; Isoyama, S.; Masu, M.; Keino-Masu, K.; Osawa, M.; Nakauchi, H.; Kageyama, R.; Matsui, A. Conversion
of biliary system to pancreatic tissue in Hes1-deficient mice. Nat. Genet. 2004, 36, 83-87. [CrossRef] [PubMed]

Sampaziotis, F.; De Brito, M.C.; Madrigal, P.; Bertero, A.; Saeb-Parsy, K.; Soares, F.A.C.; Schrumpf, E.; Melum, E.; Karlsen, T.H.;
Bradley, J.A.; et al. Cholangiocytes derived from human induced pluripotent stem cells for disease modeling and drug validation.
Nat. Biotechnol. 2015, 33, 845-852. [CrossRef]

Si-Tayeb, K.; Noto, EK.; Nagaoka, M.; Li, ].; Battle, M.A_; Duris, C.; North, P.E.; Dalton, S.; Duncan, S.A. Highly efficient generation
of human hepatocyte-like cells from induced pluripotent stem cells. Hepatology 2010, 51, 297-305. [CrossRef]

Ao, Y;; Mich-Basso, ].D.; Lin, B.; Yang, L. High efficient differentiation of functional hepatocytes from porcine induced pluripotent
stem cells. PLoS ONE 2014, 9, e100417. [CrossRef]

Li, S.; Huang, S.Q.; Zhao, Y.X;; Ding, Y.J.; Ma, D.J.; Ding, Q.R. Derivation and applications of human hepatocyte-like cells. Worid J.
Stem Cells 2019, 11, 535. [CrossRef]

Lu, J.; Einhorn, S.; Venkatarangan, L.; Miller, M.; Mann, D.A.; Watkins, P.B.; LeCluyse, E. Morphological and functional
characterization and assessment of iPSC-derived hepatocytes for in vitro toxicity testing. Toxicol. Sci. 2015, 147, 39-54. [CrossRef]
Guengerich, EP. Cytochrome P-450 3A4: Regulation and role in drug metabolism. Annu. Rev. Pharmacol. Toxicol. 1999, 39, 1-17.
[CrossRef]

Ulvestad, M.; Nordell, P.; Asplund, A.; Rehnstrém, M.; Jacobsson, S.; Holmgren, G.; Davidson, L.; Brolén, G.; Edsbagge, J.;
Bjorquist, P.; et al. Drug metabolizing enzyme and transporter protein profiles of hepatocytes derived from human embryonic
and induced pluripotent stem cells. Biochem. Pharmacol. 2013, 86, 691-702. [CrossRef]

Medine, C.N.; Lucendo-Villarin, B.; Storck, C.; Wang, F.; Szkolnicka, D.; Khan, F; Pernagallo, S.; Black, J.R.; Marriage, H.M.; Ross,
J.A.; et al. Developing high-fidelity hepatotoxicity models from pluripotent stem cells. Stern Cells Transl. Med. 2013, 2, 505-509.
[CrossRef] [PubMed]

Holmgren, G.; Sjogren, A.K.; Barragan, I.; Sabirsh, A.; Sartipy, P.; Synnergren, J.; Bjorquist, P.; Ingelman-Sundberg, M.; Andersson,
T.B.; Edsbagge, J. Long-term chronic toxicity testing using human pluripotent stem cell-derived hepatocytes. Drug Metab. Dispos.
2014, 42, 1401-1406. [CrossRef] [PubMed]

Ware, B.R.; Berger, D.R.; Khetani, S.R. Prediction of drug-induced liver injury in micropatterned co-cultures containing iPSC-
derived human hepatocytes. Toxicol. Sci. 2015, 145, 252-262. [CrossRef] [PubMed]

Berger, D.R.; Ware, B.R.; Davidson, M.D.; Allsup, S.R.; Khetani, S.R. Enhancing the functional maturity of induced pluripotent
stem cell-derived human hepatocytes by controlled presentation of cell-cell interactions in vitro. Hepatology 2014, 61, 1370-1381.
[CrossRef] [PubMed]

Baxter, M.; Withey, S.; Harrison, S.; Segeritz, C.P.; Zhang, F.; Atkinson-Dell, R.; Rowe, C.; Gerrard, D.; Sison-Young, R.; Jenkins,
R.; et al. Phenotypic and functional analyses show stem cell-derived hepatocyte-like cells better mimic fetal rather than adult
hepatocytes. J. Hepatol. 2015, 62, 581-589. [CrossRef]

Gao, X; Liu, Y. A transcriptomic study suggesting human iPSC-derived hepatocytes potentially offer a better in vitro model of
hepatotoxicity than most hepatoma cell lines. Cell Biol. Toxicol. 2017, 33, 407—-421. [CrossRef]

Cayo, M.A,; Cai, J.; DeLaForest, A.; Noto, FK.; Nagaoka, M.; Clark, B.S.; Collery, R.F,; Si-Tayeb, K.; Duncan, S.A. JD induced
pluripotent stem cell-derived hepatocytes faithfully recapitulate the pathophysiology of familial hypercholesterolemia. Hepatology
2012, 56, 2163-2171. [CrossRef]

Gurevich, I; Burton, S.A.; Munn, C.; Ohshima, M.; Goedland, M.E.; Czysz, K.; Rajesh, D. iPSC-derived hepatocytes generated
from NASH donors provide a valuable platform for disease modeling and drug discovery. Biol. Open 2020, 9, 055087.

Ramli, M.N.B,; Lim, Y.S.; Koe, C.T.; Demircioglu, D.; Tng, W.; Gonzales, K.A.U.; Tan, C.P.; Szczerbinska, I.; Liang, H.; Soe, E.L.;
et al. Human pluripotent stem cell-derived organoids as models of liver disease. Gastroenterology 2020, 159, 1471-1486.e12.
[CrossRef]


http://doi.org/10.1002/hep.23506
http://doi.org/10.1016/j.stemcr.2015.02.015
http://doi.org/10.3727/000000006783981945
http://doi.org/10.1186/s13287-021-02233-9
http://doi.org/10.1002/hep.22381
http://doi.org/10.1055/s-2001-19036
http://doi.org/10.1038/ng1273
http://www.ncbi.nlm.nih.gov/pubmed/14702043
http://doi.org/10.1038/nbt.3275
http://doi.org/10.1002/hep.23354
http://doi.org/10.1371/journal.pone.0100417
http://doi.org/10.4252/wjsc.v11.i8.535
http://doi.org/10.1093/toxsci/kfv117
http://doi.org/10.1146/annurev.pharmtox.39.1.1
http://doi.org/10.1016/j.bcp.2013.06.029
http://doi.org/10.5966/sctm.2012-0138
http://www.ncbi.nlm.nih.gov/pubmed/23757504
http://doi.org/10.1124/dmd.114.059154
http://www.ncbi.nlm.nih.gov/pubmed/24980256
http://doi.org/10.1093/toxsci/kfv048
http://www.ncbi.nlm.nih.gov/pubmed/25716675
http://doi.org/10.1002/hep.27621
http://www.ncbi.nlm.nih.gov/pubmed/25421237
http://doi.org/10.1016/j.jhep.2014.10.016
http://doi.org/10.1007/s10565-017-9383-z
http://doi.org/10.1002/hep.25871
http://doi.org/10.1053/j.gastro.2020.06.010

Int. . Mol. Sci. 2021, 22, 8227 18 of 20

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

Overeem, A.W.; Klappe, K.; Parisi, S.; Kloters-Planchy, P.; Matakovi¢, L.; du Teil Espina, M.; Drouin, C.A.; Weiss, K.H.; van
IJzendoorn, S.C. Pluripotent stem cell-derived bile canaliculi-forming hepatocytes to study genetic liver diseases involving
hepatocyte polarity. J. Hepatol. 2019, 71, 344-356. [CrossRef]

Yusa, K.; Rashid, S.T.; Strick-Marchand, H.; Varela, I.; Liu, P.Q.; Paschon, D.E.; Miranda, E.; Ordéniez, A.; Hannan, N.; Rouhani,
FJ.; et al. Targeted gene correction of « 1-antitrypsin deficiency in induced pluripotent stem cells. Nature 2011, 478, 391-394.
[CrossRef]

Choi, S.M.; Kim, Y.; Shim, ]J.S.; Park, ].T.; Wang, R.H.; Leach, S.D.; Liu, ].O.; Deng, C.X,; Ye, Z.; Jang, Y.Y. Efficient drug screening
and gene correction for treating liver disease using patient-specific stem cells. Hepatology 2013, 57, 2458-2468. [CrossRef]

Omer, L.; Hudson, E.A.; Zheng, S.; Hoying, ].B.; Shan, Y.; Boyd, N.L. CRISPR correction of a homozygous low-density lipoprotein
receptor mutation in familial hypercholesterolemia induced pluripotent stem cells. Hepatol. Commun. 2017, 1, 886-898. [CrossRef]
Wu, X.; Robotham, ].M.; Lee, E.; Dalton, S.; Kneteman, N.M.; Gilbert, D.M.; Tang, H. Productive hepatitis C virus infection of
stem cell-derived hepatocytes reveals a critical transition to viral permissiveness during differentiation. PLoS Pathog. 2012, 8,
€1002617. [CrossRef]

Schwartz, R.E.; Trehan, K.; Andrus, L.; Sheahan, T.P.; Ploss, A.; Duncan, S.A.; Rice, C.M.; Bhatia, S.N. Modeling hepatitis C virus
infection using human induced pluripotent stem cells. Proc. Natl. Acad. Sci. USA 2011, 109, 2544-2548. [CrossRef]

Shlomai, A.; Schwartz, R.E.; Ramanan, V.; Bhatta, A.; de Jong, Y.P,; Bhatia, S.N.; Rice, C.M. Modeling host interactions with
hepatitis B virus using primary and induced pluripotent stem cell-derived hepatocellular systems. Proc. Natl. Acad. Sci. USA
2014, 111, 12193-12198. [CrossRef] [PubMed]

Carpentier, A.; Tesfaye, A.; Chu, V,; Nimgaonkar, I.; Zhang, F,; Lee, S.B.; Thorgeirsson, S.S.; Feinstone, S.M.; Liang, T.]. Engrafted
human stem cell-derived hepatocytes establish an infectious HCV murine model. J. Clin. Investig. 2014, 124, 4953-4964. [CrossRef]
Chen, S.W.; Himeno, M.; Koui, Y.; Sugiyama, M.; Nishitsuji, H.; Mizokami, M.; Shimotohno, K.; Miyajima, A.; Kido, T. Modulation
of hepatitis B virus infection by epidermal growth factor secreted from liver sinusoidal endothelial cells. Sci. Rep. 2020, 10, 1-10.
Raynaud, P; Carpentier, R.; Antoniou, A.; Lemaigre, F.P. Biliary differentiation and bile duct morphogenesis in development and
disease. Int. J. Biochem. Cell Biol. 2011, 43, 245-256. [CrossRef] [PubMed]

Takayama, K.; Kawabata, K.; Nagamoto, Y.; Inamura, M.; Ohashi, K.; Okuno, H.; Yamaguchi, T.; Tashiro, K.; Sakurai, F.; Hayakawa,
T.; et al. CCAAT/enhancer binding protein-mediated regulation of TGFf3 receptor 2 expression determines the hepatoblast fate
decision. Development 2014, 141, 91-100. [CrossRef] [PubMed]

Takeishi, K.; de I'Hortet, A.C.; Wang, Y.; Handa, K.; Guzman-Lepe, J.; Matsubara, K.; Morita, K.; Jang, S.; Haep, N.; Florentino,
R.M.; et al. Assembly and function of a bioengineered human liver for transplantation generated solely from induced pluripotent
stem cells. Cell Rep. 2020, 31, 107711. [CrossRef]

De Assuncao, T.M.; Sun, Y,; Jalan-Sakrikar, N.; Drinane, M.C.; Huang, B.Q.; Li, Y.; Davila, J.I.; Wang, R.; O’'Hara, S.P.; Lomberk,
G.A,; et al. Development and characterization of human-induced pluripotent stem cell-derived cholangiocytes. Lab. Investig.
2015, 95, 684-696. [CrossRef]

Ogawa, M.; Ogawa, S.; Bear, C.E.; Ahmadi, S.; Chin, S.; Li, B.; Grompe, M.; Keller, G.; Kamath, B.M.; Ghanekar, A. Directed
differentiation of cholangiocytes from human pluripotent stem cells. Nat. Biotechnol. 2015, 33, 853-861. [CrossRef] [PubMed]
Baker, B.M.; Chen, C.S. Deconstructing the third dimension-how 3D culture microenvironments alter cellular cues. J. Cell Sci.
2012, 125, 3015-3024. [CrossRef]

Birgersdotter, A.; Sandberg, R.; Ernberg, I. Gene expression perturbation in vitro—a growing case for three-dimensional (3D)
culture systems. Semin. Cancer Biol. 2005, 15, 405—412. [CrossRef]

Lee, KH.; Lee, J.; Lee, S.H. 3D liver models on a microplatform: Well-defined culture, engineering of liver tissue and liver-on-a-
chip. Lab Chip 2015, 15, 3822-3837.

Caliari, S.R.; Burdick, J.A. A practical guide to hydrogels for cell culture. Nat. Methods 2016, 13, 405-414. [CrossRef] [PubMed]
Di Gesu, R.; Amato, G.; Gottardi, R. Electrospun scaffolds in tendons regeneration: A review. Muscles. Ligaments Tendons J. 2019,
9, 478-493. [CrossRef]

Miranda, J.P.; Rodrigues, A.; Tostoes, R.M.; Leite, S.; Zimmerman, H.; Carrondo, M.].; Alves, PM. Extending hepatocyte
functionality for drug-testing applications using high-viscosity alginate—encapsulated three-dimensional cultures in bioreactors.
Tissue Eng. Part C Methods 2010, 16, 1223-1232. [CrossRef]

Pasqua, M.,; Pereira, U.; Messina, A.; de Lartigue, C.; Vigneron, P.; Dubart-Kupperschmitt, A.; Legallais, C. HepaRG self-assembled
spheroids in alginate beads meet the clinical needs for bioartificial liver. Tissue Eng. Part A 2020, 26, 613-622. [CrossRef] [PubMed]
Rebelo, S.P; Costa, R.; Estrada, M.; Shevchenko, V.; Brito, C.; Alves, PM. HepaRG microencapsulated spheroids in DMSO-free
culture: Novel culturing approaches for enhanced xenobiotic and biosynthetic metabolism. Arch. Toxicol. 2015, 89, 1347-1358.
[CrossRef]

Ye, S.; Boeter, ].W.; Mihajlovic, M.; van Steenbeek, F.G.; van Wolferen, M.E.; Oosterhoff, L.A.; Marsee, A.; Caiazzo, M.; van der
Laan, L.J.W.; Penning, L.C.; et al. Chemically Defined Hydrogel for Human Liver Organoid Culture. Adv. Funct. Mater. 2020, 30,
2000893. [CrossRef]

MacPherson, D.; Bram, Y.; Park, ].; Schwartz, R.E. Peptide-based scaffolds for the culture and maintenance of primary human
hepatocytes. Sci. Rep. 2021, 11, 1-9.


http://doi.org/10.1016/j.jhep.2019.03.031
http://doi.org/10.1038/nature10424
http://doi.org/10.1002/hep.26237
http://doi.org/10.1002/hep4.1110
http://doi.org/10.1371/journal.ppat.1002617
http://doi.org/10.1073/pnas.1121400109
http://doi.org/10.1073/pnas.1412631111
http://www.ncbi.nlm.nih.gov/pubmed/25092305
http://doi.org/10.1172/JCI75456
http://doi.org/10.1016/j.biocel.2009.07.020
http://www.ncbi.nlm.nih.gov/pubmed/19735739
http://doi.org/10.1242/dev.103168
http://www.ncbi.nlm.nih.gov/pubmed/24284203
http://doi.org/10.1016/j.celrep.2020.107711
http://doi.org/10.1038/labinvest.2015.51
http://doi.org/10.1038/nbt.3294
http://www.ncbi.nlm.nih.gov/pubmed/26167630
http://doi.org/10.1242/jcs.079509
http://doi.org/10.1016/j.semcancer.2005.06.009
http://doi.org/10.1038/nmeth.3839
http://www.ncbi.nlm.nih.gov/pubmed/27123816
http://doi.org/10.32098/mltj.04.2019.02
http://doi.org/10.1089/ten.tec.2009.0784
http://doi.org/10.1089/ten.tea.2019.0262
http://www.ncbi.nlm.nih.gov/pubmed/31914890
http://doi.org/10.1007/s00204-014-1320-9
http://doi.org/10.1002/adfm.202000893

Int. . Mol. Sci. 2021, 22, 8227 19 of 20

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Gottardi, R.; Moeller, K.; Di Gest, R.; Tuan, R.S.; van Griensven, M.; Balmayor, E.R. Application of a Hyperelastic 3D Printed
Scaffold for Mesenchymal Stem Cell-Based Fabrication of a Bizonal Tendon Enthesis-like Construct. Front. Mater. 2021, 8, 1-9.
[CrossRef]

Mei, Y.; Saha, K.; Bogatyrev, S.R.; Yang, J.; Hook, A.L.; Kalcioglu, Z.I.; Cho, S.; Mitalipova, M.; Pyzocha, N.; Rojas, E,; et al.
Combinatorial development of biomaterials for clonal growth of human pluripotent stem cells. Nat. Mater. 2010, 9, 768-778.
[CrossRef]

Nandivada, H.; Villa-Diaz, L.G.; O’shea, K.S.; Smith, G.D.; Krebsbach, P.H.; Lahann, ]J. Fabrication of synthetic polymer coatings
and their use in feeder-free culture of human embryonic stem cells. Nat. Protoc. 2011, 6, 1037-1043. [CrossRef] [PubMed]

Li, J.; Tao, R.; Wu, W,; Cao, H.; Xin, J.; Guo, ] ; Jiang, L.; Gao, C.; Demetriou, A.A.; Farkas, D.L.; et al. 3D PLGA scaffolds improve
differentiation and function of bone marrow mesenchymal stem cell-derived hepatocytes. Stem Cells Dev. 2010, 19, 1427-1436.
[CrossRef] [PubMed]

Wang, Y.; Lee, ]. H.; Shirahama, H.; Seo, ].; Glenn, J.S.; Cho, N.J. Extracellular matrix functionalization and Huh-7.5 cell coculture
promote the hepatic differentiation of human adipose-derived mesenchymal stem cells in a 3D ICC hydrogel scaffold. ACS
Biomater. Sci. Eng. 2016, 2, 2255-2265. [CrossRef] [PubMed]

Isomursu, A.; Lerche, M.; Taskinen, M.E,; Ivaska, J.; Peuhu, E. Integrin signaling and mechanotransduction in regulation of
somatic stem cells. Exp. Cell Res. 2019, 378, 217-225. [CrossRef]

Wang, Y.; Kim, M.H.; Shirahama, H.; Lee, ].H.; Ng, S.S.; Glenn, ].S.; Cho, N.J. ECM proteins in a microporous scaffold influence
hepatocyte morphology, function, and gene expression. Sci. Rep. 2016, 6, 1-13. [CrossRef]

Hwang, Y.; Goh, M.; Kim, M.; Tae, G. Injectable and detachable heparin-based hydrogel micropatches for hepatic differentiation
of hADSCs and their liver targeted delivery. Biomaterials 2018, 165, 94-104. [CrossRef]

Mittal, N.; Tasnim, F; Yue, C.; Qu, Y,; Phan, D.; Choudhury, Y.; Tan, M.-H.; Yu, H. Substrate stiffness modulates the maturation of
human pluripotent stem-cell-derived hepatocytes. ACS Biomater. Sci. Eng. 2016, 2, 1649-1657. [CrossRef]

Cozzolino, A.M.; Noce, V.; Battistelli, C.; Marchetti, A.; Grassi, G.; Cicchini, C.; Tripodi, M.; Amicone, L. Modulating the substrate
stiffness to manipulate differentiation of resident liver stem cells and to improve the differentiation state of hepatocytes. Stem
Cells Int. 2016, 2016, 12. [CrossRef] [PubMed]

Nemir, S.; West, J.L. Synthetic materials in the study of cell response to substrate rigidity. Ann. Biomed. Eng. 2010, 38, 2-20.
[CrossRef]

Lee, H.J.; Son, M.].; Ahn, J.; Oh, S.J.; Lee, M.; Kim, A.; Jeung, Y.J.; Kim, H.G.; Won, M.; Lim, ].H.; et al. Elasticity-based development
of functionally enhanced multicellular 3D liver encapsulated in hybrid hydrogel. Acta Biomater. 2017, 64, 67-79. [CrossRef]
Badylak, S.F; Taylor, D.; Uygun, K. Whole-organ tissue engineering: Decellularization and recellularization of three-dimensional
matrix scaffolds. Annu. Rev. Biomed. Eng. 2011, 13, 27-53. [CrossRef]

Jaramillo, M.; Yeh, H.; Yarmush, M.L.; Uygun, B.E. Decellularized human liver extracellular matrix (hDLM)-mediated hepatic
differentiation of human induced pluripotent stem cells (hIPSCs). |. Tissue Eng. Regen. Med. 2018, 12, e1962—e1973. [CrossRef]
[PubMed]

Park, K.M.; Hussein, K.H.; Hong, S.H.; Ahn, C.; Yang, S.R.; Park, S.M.; Kweon, O.K.; Kim, B.M.; Woo, H.M. Decellularized liver
extracellular matrix as promising tools for transplantable bioengineered liver promotes hepatic lineage commitments of induced
pluripotent stem cells. Tissue Eng.-Part A 2016, 22, 449-460. [CrossRef]

Wang, B.; Jakus, A.E.; Baptista, PM.; Soker, S.; Soto-Gutierrez, A.; Abecassis, M.M.; Shah, R.N.; Wertheim, J.A. Functional
maturation of induced pluripotent stem cell hepatocytes in extracellular matrix—A comparative analysis of bioartificial liver
microenvironments. Stem Cells Transl. Med. 2016, 5, 1257-1267. [CrossRef] [PubMed]

Coronado, R.E.; Somaraki-Cormier, M.; Natesan, S.; Christy, R.].; Ong, ].L.; Halff, G.A. Decellularization and solubilization of
porcine liver for use as a substrate for porcine hepatocyte culture: Method optimization and comparison. Cell Transplant. 2017, 26,
1840-1854. [CrossRef]

Hirata, M.; Yamaoka, T. Hepatocytic differentiation of iPS cells on decellularized liver tissue. J. Artif. Organs 2017, 20, 318-325.
[CrossRef]

Vyas, D.; Baptista, PM.; Brovold, M.; Moran, E.; Gaston, B.; Booth, C.; Samuel, M.; Atala, A.; Soker, S. Self-assembled liver
organoids recapitulate hepatobiliary organogenesis In Vitro. Hepatology 2018, 67, 750-761. [CrossRef] [PubMed]

Yao, Q.; Zheng, YW.,; Lin, H.L,; Lan, Q.H; Huang, Z.W.; Wang, L.E,; Chen, R.; Xiao, J.; Kou, L.; Xu, H.; et al. Exploiting crosslinked
decellularized matrix to achieve uterus regeneration and construction. Artif. Cells Nanomed. Biotechnol. 2020, 48, 218-229.
[CrossRef]

Chiesa, I.; De Maria, C.; Lapomarda, A.; Fortunato, G.M.; Montemurro, F; Di Gesu, R.; Tuan, R.S.; Vozzi, G.; Gottardi, R.
Endothelial cells support osteogenesis in an in vitro vascularized bone model developed by 3D bioprinting. Biofabrication 2020,
12,025013. [CrossRef] [PubMed]

Di Gesu, R.; Acharya, A.P; Jacobs, I.; Gottardi, R. 3D printing for tissue engineering in otolaryngology. Connect. Tissue Res. 2020,
61,117-136. [CrossRef]

Di Gesu, R.; Merlettini, A.; Gualandi, C.; Focarete, M.L. Advances in multidrug delivery from electrospun nanomaterials. In
Core-Shell Nanostructures for Drug Delivery and Theranostics; Maria, L., Focarete, A.T., Eds.; Woodhead Publishing: Sawston, UK,
2018; pp. 405-430.


http://doi.org/10.3389/fmats.2021.613212
http://doi.org/10.1038/nmat2812
http://doi.org/10.1038/nprot.2011.342
http://www.ncbi.nlm.nih.gov/pubmed/21720316
http://doi.org/10.1089/scd.2009.0415
http://www.ncbi.nlm.nih.gov/pubmed/20055663
http://doi.org/10.1021/acsbiomaterials.6b00487
http://www.ncbi.nlm.nih.gov/pubmed/33465898
http://doi.org/10.1016/j.yexcr.2019.01.027
http://doi.org/10.1038/srep37427
http://doi.org/10.1016/j.biomaterials.2018.03.001
http://doi.org/10.1021/acsbiomaterials.6b00475
http://doi.org/10.1155/2016/5481493
http://www.ncbi.nlm.nih.gov/pubmed/27057172
http://doi.org/10.1007/s10439-009-9811-1
http://doi.org/10.1016/j.actbio.2017.09.041
http://doi.org/10.1146/annurev-bioeng-071910-124743
http://doi.org/10.1002/term.2627
http://www.ncbi.nlm.nih.gov/pubmed/29222839
http://doi.org/10.1089/ten.tea.2015.0313
http://doi.org/10.5966/sctm.2015-0235
http://www.ncbi.nlm.nih.gov/pubmed/27421950
http://doi.org/10.1177/0963689717742157
http://doi.org/10.1007/s10047-017-0977-2
http://doi.org/10.1002/hep.29483
http://www.ncbi.nlm.nih.gov/pubmed/28834615
http://doi.org/10.1080/21691401.2019.1699828
http://doi.org/10.1088/1758-5090/ab6a1d
http://www.ncbi.nlm.nih.gov/pubmed/31929117
http://doi.org/10.1080/03008207.2019.1663837

Int. . Mol. Sci. 2021, 22, 8227 20 of 20

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Yu, C.; Ma, X.; Zhu, W.; Wang, P; Miller, K.L.; Stupin, J.; Koroleva-Maharajh, A.; Hairabedian, A.; Chen, S. Scanningless and
continuous 3D bioprinting of human tissues with decellularized extracellular matrix. Biomaterials 2019, 194, 1-13. [CrossRef]
Ruof3, M.; Vosough, M.; Konigsrainer, A.; Nadalin, S.; Wagner, S.; Sajadian, S.; Huber, D.; Heydari, Z.; Ehnert, S.; Hengstler, ].G.;
et al. Towards improved hepatocyte cultures: Progress and limitations. Food Chem. Toxicol. 2020, 138, 111188. [CrossRef]
Zeilinger, K.; Freyer, N.; Damm, G.; Seehofer, D.; Knospel, E. Cell sources for in vitro human liver cell culture models. Exp. Biol.
Med. 2016, 241, 1684-1698. [CrossRef]

Corbett, ].L.; Duncan, S.A. iPSC-derived hepatocytes as a platform for disease modeling and drug discovery. Front. Med. 2019, 6,
265. [CrossRef]

Miranda, J.P; Serras, A.S.; Rodrigues, ].S.; Cipriano, M.; Rodrigues, A.V.; Oliveira, N.G. A Critical Perspective on 3D Liver Models
for Drug Metabolism and Toxicology Studies. Front. Cell Dev. Biol. 2021, 9, 203.

Gripon, P; Rumin, S.; Urban, S.; Le Seyec, J.; Glaise, D.; Cannie, I.; Guyomard, C.; Lucas, J.; Trepo, C.; Guguen-Guillouzo, C.
Infection of a human hepatoma cell line by hepatitis B virus. Proc. Natl. Acad. Sci. USA 2002, 99, 15655-15660. [CrossRef]
Andersson, T.B.; Kanebratt, K.P.; Kenna, ].G. The HepaRG cell line: A unique in vitro tool for understanding drug metabolism
and toxicology in human. Expert Opin. Drug Metab. Toxicol. 2012, 8, 909-920. [CrossRef]

Luce, E.; Dubart-Kupperschmitt, A. Pluripotent stem cell-derived cholangiocytes and cholangiocyte organoids. Hum. Pluripotent
Stem Cell Deriv. Organoid Model. 2020, 159, 69-93.

Jungermann, K.; Sasse, D. Heterogeneity of liver parenchymal cells. Trends Biochem. Sci. 1978, 3, 198-202. [CrossRef]
Jungermann, K.; Katz, N. Functional specialization of different hepatocyte populations. Physiol. Rev. 1989, 69, 708-764. [CrossRef]
Ma, R.; Martinez-Ramirez, A.S.; Borders, T.L.; Gao, F.; Sosa-Pineda, B. Metabolic and non-metabolic liver zonation is established
non-synchronously and requires sinusoidal Wnts. Elife 2020, 9, e46206. [CrossRef]

Mitani, S.; Takayama, K.; Nagamoto, Y.; Imagawa, K.; Sakurai, F.; Tachibana, M.; Sumazaki, R.; Mizuguchi, H. Human ESC/iPSC-
derived hepatocyte-like cells achieve zone-specific hepatic properties by modulation of WNT signaling. Mol. Ther. 2017, 25,
1420-1433. [CrossRef]

Wu, E; Wu, D.; Ren, Y.; Huang, Y.; Feng, B.; Zhao, N.; Zhang, T.; Chen, X.; Chen, S.; Xu, A. Generation of hepatobiliary organoids
from human induced pluripotent stem cells. J. Hepatol. 2019, 70, 1145-1158. [CrossRef]

Marzioni, M.; Glaser, S.S.; Francis, H.; Phinizy, ].L.; LeSage, G.; Alpini, G. Functional heterogeneity of cholangiocytes. Semin. Liver
Dis. 2002, 22, 227-240. [CrossRef]

Tabibian, J.H.; Masyuk, A.L;; Masyuk, T.V.; O'Hara, S.P.; LaRusso, N.F. Physiology of cholangiocytes. Compr. Physiol. 2013, 3,
541-565.

Sampaziotis, F,; Justin, A.W.; Tysoe, O.C.; Sawiak, S.; Godfrey, E.M.; Upponi, S.S.; Gieseck, R.L.; De Brito, M.C.; Berntsen,
N.L.; Gémez-Vazquez, M.].; et al. Reconstruction of the mouse extrahepatic biliary tree using primary human extrahepatic
cholangiocyte organoids. Nat. Med. 2017, 23, 954. [CrossRef]

Kuo, Y.C.; Rajesh, R. Guided differentiation and tissue regeneration of induced pluripotent stem cells using biomaterials. J. Taiwan
Inst. Chem. Eng. 2017, 77, 41-53. [CrossRef]

Smith, A.S.; Macadangdang, J.; Leung, W.; Laflamme, M.A.; Kim, D.H. Human iPSC-derived cardiomyocytes and tissue
engineering strategies for disease modeling and drug screening. Biotechnol. Adv. 2017, 35, 77-94. [CrossRef]

Qian, T.; Shusta, E.V.; Palecek, S.P. Advances in microfluidic platforms for analyzing and regulating human pluripotent stem cells.
Curr. Opin. Genet. Dev. 2015, 34, 54—60. [CrossRef]

Mathur, A; Loskill, P; Hong, S.; Lee, ].Y.; Marcus, S5.G.; Dumont, L.; Conklin, B.R.; Willenbring, H.; Lee, L.P.; Healy, K.E. Human
induced pluripotent stem cell-based microphysiological tissue models of myocardium and liver for drug development. Stem Cell
Res. Ther. 2013, 4, 1-5. [CrossRef]

Tonon, E; Giobbe, G.G.; Zambon, A.; Luni, C.; Gagliano, O.; Floreani, A.; Grassi, G.; Elvassore, N. In Vitro metabolic zonation
through oxygen gradient on a chip. Sci. Rep. 2019, 9, 1-10. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biomaterials.2018.12.009
http://doi.org/10.1016/j.fct.2020.111188
http://doi.org/10.1177/1535370216657448
http://doi.org/10.3389/fmed.2019.00265
http://doi.org/10.1073/pnas.232137699
http://doi.org/10.1517/17425255.2012.685159
http://doi.org/10.1016/S0968-0004(78)91764-4
http://doi.org/10.1152/physrev.1989.69.3.708
http://doi.org/10.7554/eLife.46206
http://doi.org/10.1016/j.ymthe.2017.04.006
http://doi.org/10.1016/j.jhep.2018.12.028
http://doi.org/10.1055/s-2002-34501
http://doi.org/10.1038/nm.4360
http://doi.org/10.1016/j.jtice.2017.04.043
http://doi.org/10.1016/j.biotechadv.2016.12.002
http://doi.org/10.1016/j.gde.2015.07.007
http://doi.org/10.1186/scrt375
http://doi.org/10.1038/s41598-019-49412-6
http://www.ncbi.nlm.nih.gov/pubmed/31537830

	Introduction 
	Generation of Hepatocytes and Cholangiocytes from Human Induced Pluripotent Stem Cells and Their Applications 
	Introduction to iPSC Technology and Lessons from Development for iPSC Differentiation into the Hepatoblast 
	Generation of Hepatocyte-Like Cells and Applications in Disease Modeling and Drug Testing 
	Generation of Cholangiocyte-Like Cells and Applications in Disease Modeling and Drug Testing 

	Toward Improved Human iPSC-Based Hepatobiliary Models 
	Concluding Remarks and Open Questions 
	References

