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Liver transplantation is currently the only curative treatment for several liver diseases such as acute liver failure, end-
stage liver disorders, primary liver cancers, and certain genetic conditions. Unfortunately, despite improvements to
transplantation techniques, including live donor transplantation, the number of organs available remains insufficient
to meet patient needs. Hepatocyte transplantation has enabled some encouraging results as an alternative to organ
transplantation, but primary hepatocytes are little available and cannot be amplified using traditional two-dimensional
culture systems. Indeed, although recent studies have tended to show that three-dimensional culture enables long-term
hepatocyte culture, it is still agreed that, like most adult primary cell types, hepatocytes remain refractory to in wvitro
expansion. Because of their exceptional properties, human pluripotent stem cells (hPSCs) can be amplified indefinitely
and differentiated into any cell type, including liver cells. While many teams have worked on hepatocyte differentia-
tion, there has been a consensus that cells obtained after hPSC differentiation have more fetal than adult hepatocyte
characteristics. New technologies have been used to improve the differentiation process in recent years. This review dis-
cusses the technical improvements made to hepatocyte differentiation protocols and the clinical approaches developed

to date and anticipated in the near future. (HEPATOLOGY 2021;74:1101-1116).

iver disorders have a variety of origins (meta-

bolic, alcohol, viral, hereditary, cancer, immune,

toxic, or drug-related) and can lead to hepatic
insufficiency, causing irreparable damage to the organ
and becoming life-threatening. In these cases, the
only curative treatment is orthotopic liver transplanta-
tion (OLT),"" but some contraindications such as car-
diac or respiratory failure may prevent this approach.
Posttransplant immunosuppression is used to over-
come any immune conflict between the recipient
and the graft and prevent organ rejection. However,
this lifelong treatment can also increase the risks of
infection, malignancies, and other adverse effects.
Operative or postoperative complications may also
occur, such as failure of the newly transplanted organ.

Finally, the limited number of donor livers remains
a key issue; in 2018, 128 out of 1,000 patients died
while on the waiting list for liver transplants in France
(French Biomedicine Agency, https://www.agence-
biomedecine.fr/).

Artificial livers have already been proposed as an
alternative or bridge to OLT. However, they have two
important drawbacks that prevent their prolonged
use: components in the system need to be replaced
when they wear out and, more importantly, the patient
plasma generated is markedly depleted in important
biological substances. Proposals to include a bioreactor
containing hepatocytes that might fulfill their detoxi-
fying and synthetic functions have emerged, and such
bioartificial livers (BALSs) are now under development.

Abbreviations: ALF, acute liver failure; BAL, bioartificial liver; 2D/3D, two-dimensional/three-dimensional; GMEB good manufacturing practices;
hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; HLC, hepatocyte-like cell; hPSC, human pluripotent stem cell; MSC,
mesenchymal stem cell; OLT; orthotopic liver transplantation; PHH, primary human hepatocyte; PSC, pluripotent stem cell.
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Hepatocyte transplantation might also offer an
alternative to OLT, particularly when just liver func-
tion is deficient but the structure of the organ has
remained unaffected (e.g., in some monogenic hered-
itary diseases) or as a temporary solution in patients
waiting for a graft. However, whatever its type, cell
therapy for liver diseases remains poorly developed.

Current Pitfalls Affecting
Liver Cell Therapy

Until now, the principal obstacle to developing
liver cell therapy was the lack of an unlimited and
reliable source of hepatocytes. Several cell types can
be used for this approach,? summarized in Table 1;
Supporting Table S1. Although primary human
hepatocytes (PHHs) remain the gold standard, their
poor availability still limits their use in clinical appli-
cations. To overcome this problem, culture techniques
are currently being developed, including supporting
matrices and three-dimensional (3D) culture sys-
tems. Attempts have also been made to immortalize
PHHs, but the results obtained so far have not been
completelgz
tendency. )

Human pluripotent stem cells (hPSCs) can
be differentiated in wvifro into hepatocytes by the
sequential addition of growth factors to the culture
medium (Fig. 1) in order to mimic the principal
stages of embryonic development and liver organ-
ogenesis (Table 2; Supporting Table S2). Human
embryonic stem cells (hESCs) were initially pro-
posed as a potential source for cell therapy, but their
use is restricted by ethical issues. In 2007, Takahashi

and Yamanaka® were able to reprogram human

successful because of their tumorigenic
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adult somatic cells into embryo-like cells called
human induced pluripotent stem cells (hiPSCs).
Since then, several reprogramming techniques and
somatic cell types have been used to obtain hiPSCs
(Table 3; Supporting Table S3).

During reprogramming, all epigenetic marks
related to somatic cell identity need to be erased.
Several studies have demonstrated differences in
the epigenetic status of hiPSCs when compared to
hESCs, probably due to incomplete erasure of the
epigenetic marks during reprogramming. However,
there is no clear consensus concerning the potential
impact of this epigenetic memory on hiPSC-derived
cells. Nishizawa et al. showed that hiPSC lines with
epigenetic variations displayed differing abilities to
differentiate into blood cells.” By contrast, 28 hiPSC
lines differentiated into hepatocytes did not display
any impact of tissue-specific donor memory.”’ These
contrasting results may have been due to “transitory”
epigenetic memory, which would be observed at early
passages but lost after a few passages, because some
culture parameters such as the passage number or
culture time after cell thawing are rarely taken into
account in such studies.®)

In any case, the hESC® and hiPSC"? differ-
entiation approach enables a virtually inexhaustible
source of hepatocytes, compatible with research and
therapeutic applications. It is generally agreed that
the hepatocytes obtained after the differentiation of
pluripotent stem cells (PSCs) are better at mimicking
fetal/neonatal hepatocytes than adult hepatocytes, as
shown by their expression of the fetal form of albu-
min and limited cytochrome activities. !V However,
they have been used effectively for transplantation in
animal models of chronic liver disease or acute liver
failure (ALF), thus indicating that the cells have con-
tinued to mature in vivo.'? These results tend to
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TABLE 1. Alternative Hepatocyte Source for Cell Transplantation and Therapeutic Applications. Additional Data to Table 1 are

Cell Types

Available in Supplemental Table S1

Definition and Clinical Applications

Drawbacks for Transplantation

Adult hepatocytes

Fetal liver progenitors

Clinic: transplantation in patients with liver diseases

Bipotent cells
Highly proliferative in vifro

Preclinic: can differentiate into mature hepatocytes after
transplantation in animals

Less apoptotic and less immunogenic than adult hepatocytes
Clinic: transplanted in two patients with advanced liver cirrhosis

Loss of functions in vitro

Very low proliferation capacity under 2D culture
conditions

Cell viability after cryopreservation
Limited number of donor livers
Limited engraffment info the liver
Fetal origin

Need of cell purification

MSCs Found in bone marrow and adipose tissue
Able fo differentiate info hepatocytes
Enhanced liver regeneration in animals

Embryonic stem cells and
induced PSCs

Can be differentiated into hepatocytes
Engraftment and rescue of ALF in animal

show that a lack of maturation of the differentiated
cells might not necessarily be an obstacle to their
use in transplantation. By contrast, drug-screening
approaches, toxicological studies, and BALs are reli-
ant on hepatocyte functionality and require fully
mature hepatocytes. New strategies have thus been
developed, such as the addition of small molecules,
coculture, and 3D culture systems (Fig. 2), which
were initially developed to improve the culture of

functional PHHs.

Improvements to hPSC
Differentiation into
Hepatocytes Using 2D
Culture Systems

ADDITION OF SMALL MOLECULES

Although most of the protocols achieve hepato-
cyte differentiation using the growth factors or cyto-
kines mentioned in Table 2, the addition of small
molecules appears to enhance the efficiency of dif-
ferentiation (Fig. 3). Examples of such molecules
are CHIR99021, a small molecule that activates the

Phenotypic stability and contribution to long-term
tissue homeostasis to be demonstrated

Need for GMP-compatible protocols
Careful examination of their genomic integrity needed

WNT/p-catenin pathway,™® and 1y294002, a phos-
phatidylinositol 3-kinase inhibitor™ that synergizes
with the Activin/Nodal pathway during the first days
of differentiation.™

During endoderm specification, the addition of ret-
inoic acid,"® the chromatin modifier dimethyl sulfox-
ide,"” or the WNT/p-catenin pathway inhibitor of
Wt response IWR-11%) also enhances differentiation
toward the hepatic lineage.

Finally, inhibition of the NOTCH pathway
by compound E™® or of the TGFp pathway by
SB431542"? can prevent the cholangiocyte differ-
entiation of hepatoblasts and thus favor the hepato-
cyte lineage.

Their principal value as chemicals is that they are
less prone to batch variability and, unlike growth fac-
tors, are easily acceptable in good manufacturing prac-

tice (GMP) grade protocols.

COCULTURE OF hPSC-DERIVED
HEPATOCYTES

Although the functions of PHHs rapidly decline
in vitro, their coculture with mesenchymal stem cells
(MSCS)(ZO) or liver sinusoidal endothelial cells®"
appears to improve their albumin production and
cytochrome activity.
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FIG. 1. Main stages of human embryogenesis/liver organogenesis (left panel) mimicked and recapitulated in protocols for hPSCs
into hepatocytes (right panel). Pathways involved during human liver embryogenesis are indicated in green. Abbreviations: BMP, bone
morphogenic protein; CK19, cytokeratin 19; CXCR4, chemokine (C-X-C motif) receptor 4; GATA4, GATA binding protein 4; HGEF,
hepatocyte growth factor; HNE, hepatocyte nuclear factor; SOX17, SRY (sex determining region Y)-box 17.
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FIG. 2. Improvements to hepatocyte or PSC-derived hepatocyte culture systems. Abbreviations: Hep, hepatocyte; iHep, PSC-derived

hepatocyte.

To best mimic the in vivo cell environment, they also
include a blood flow equivalent, supplied by microflu-
idic systems which deliver oxygen and nutrients and
drain waste. This approach was used with PHHs®" and
later during hiPSC differentiation, 52 thus confirming
that biochips offer a favorable microenvironment for

hepatocyte differentiation. Furthermore, the reported
creation of a gradient of oxygen concentrations rang-
ing from normoxia to severe hypoxia on a chip made
it possible to mimic the physiological oxygen gradient
generated in the liver.®® This could be of considerable
interest for the study of liver zonation.
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o Activin/Nodal BMP
~ WNT/BCAT FGF/MAPK Proliferation
. * TGFB
PI3K - TGFB WNT/BCAT
WNT/BCAT
Pluripotent Endoderm Hepatoblasts
stem cells cells
STAT3
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NOTCH
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FIG. 3. Pathways involved in PSC differentiation into hepatocytes and cholangiocytes. Abbreviations: BCAT, beta-catenin; BMP, bone
morphogenic protein; GAB1, growth factor receptor bound protein 2—associated protein 1; MAPK, mitogen-activated protein kinase;
OSM, oncostatin M; PI3K, phosphatidylinositol 3-kinase; STAT3, signal transducer and activator of transcription 3.

3D Culture Systems for
hPSC Differentiation into
Hepatocytes

PHYSICAL PROPERTIES OF CELL
ADHESION AND AGGREGATION

Organ formation results from the ability of dif-
terent cell populations to migrate and rearrange
themselves. Regulation of these rearrangements has
been well established through the study of adhesion
molecules and cadherin expression. If a single cell
type is involved in aggregate formation without any
externally applied force, the homogeneous distribu-
tion of adhesion molecules leads to cells grouping
like liquid droplets, sticking together to minimize
their surface free energy.®” When several cell pop-
ulations are mixed, the differences in their adhesion
and chemotactic properties will produce a struc-
ture where less cohesive cells envelop those that are
more cohesive because of their lower surface tension

(Fig. 4).

1108

AGGREGATES AND SPHEROIDS

The 3D culture systems have been tested on PHHs
to define parameters such as the maximum size of
spheroids to prevent necrosis or the number of cells
to permit their optimal compaction. Culture of PHHs
in aggregates enables prolongation of their culture
in wvitro while maintaining the expression of specific
markers and CYP activity.®® The same results have
been obtained during hESC®® and hiPSC®” hepato-
cyte differentiation.

ORGANOIDS
Organoids can be defined as self-organizing 3D

structures that mimic some of the in vivo functions
of an organ.(38) Because they self-organize in wvitro
from stem cells into tissues, they can mimic many of
the cellular interactions of the organ and be used to
reconstruct microstructures that more or less resemble
liver tissues.*”

Takebe et al. were the first to report the forma-

tion of a vascularized hepatic bud composed ini-

tially of hiPSC-derived endoderm cells, HUVEC:s,
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Aggregate : clump of cells generated by self-
assembling and possessing no specific shape or

relevant tissue organisation

Spheroid : clump of cells generated by self-organisation
and possessing little or no relevant tissue organisation.

Often used to simply name a sphere-like shaped

aggregate

Organoid : group or organ-specific cell types that self-

organise in a spatially similar manner to in vivo and
capable of recapitulating some specific functions of an
organ

and human MSCs“” and 4 years later was made
entirely of hiPSC-derived cells.*Y However, the
lack of a biliary network in these coculture sys-
tems may prevent the long-term culture of these
organoids. Since then, several coculture systems
have enabled improvements in terms of protein
production when cocultured with stellate cells or
cholangiocytes.*?

BIOPRINTING

Bioprinting uses computer-controlled printing
technology to build, layer by layer or point by point,

tissues and organs with cells or cell aggregates as

the building blocks.*? hESC-HLCs have been bio-
printed in an alginate hydrogel, ™ or hiPSC-HLCs
in gelatin, leading to improved albumin secretion and
urea production as well as a higher expression of sev-
eral cytochrome P450s when compared to a 2D cul-
ture systern.(45) Bioprinting approaches have also been
used with spheroids as building blocks* or associat-
ing different cell types, for example, the bioprinting of
liver spheroids derived from hiPSCs with nonparen-
chymal cells.*”

MICROCHIPS

Microchips can mimic the in vivo cell environ-
ment, including a blood flow equivalent. Proof of

concept of the long-term perfusion of 3D HepG2
spheroids showed that their use enabled a signifi-
cant improvement in liver-specific functions and
metabolic activity compared to conventional per-
fusion methods.”® hiPSC-HLC organoids have
been included in a 3D fluidized chip and displayed
a marked enhancement of liver-specific functions,
including albumin and urea production as well as
metabolic capabilities, when compared to static
systems.*”

Bioprinting approaches can also be used in com-
bination with microchips, using bioprinted HepG2
spheroids instead of single cells.*”

Despite these promising results, bioprinting and
microchips are designed, engineered, and human-
made, thus confining them to the limits of our own

knowledge of the organ.

ENCAPSULATION SYSTEMS

Encapsulation consists in entrapping cells in
semipermeable spheres made of hydrogels that can
be chemically modified to adapt their porosity as
necessary. This technology enables the exchange
of nutrients, oxygen, CO,, and signals through the
bead while permitting the diffusion of growth fac-
tors, metabolites, and waste but preventing antibody
penetration. Encapsulation in alginate poly-L-lysine
beads maintained cell viability and allowed the
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differentiation of hPSCs into hepatocytes, using
spheroids or organoids.

In vivo, the successful engraftment of encapsulated
aggregates of hiPSC-HLCs led to the secretion of
human albumin in mouse blood at levels similar to
those attained with PHHs.®V

These encapsulated structures can also be used in
BAL applications, for example, the use of HepG2 in
alginate beads in a porcine model of liver failure®?
and differentiated HepaRG cells self-organized as

spheroids.(53)

Human donor

|

Human induced
Pluripotent Stem Cells
(hiPSCs)

Reprogramming

Differentiation
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Applications for hPSC

Differentiation into
Hepatocytes

DISEASE MODELING
The differentiation of hiPSCs obtained from

patient biopsies into a cell type of interest enables
the in vitro modeling of genetic diseases (Fig. 5). For
example, our team reported on the use of hiPSCs to
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FIG. 5. Applications for hPSC differentiation into hepatocytes.
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model familial hypercholesterolemia and showed that
hiPSC-HLCs could be used to study the regulation
of cholesterol metabolism.®* However, the viability
of these models is heavily reliant on the characteristics
and functions of the differentiated cells. In the case of
hepatocytes, this feature may be limited by incomplete
cell maturation.

Cystic fibrosis® and alpha-1 antitrypsin defi-
ciency® are examples of genetic diseases modeled
using human organoids. However, in the majority of
cases, the focus has mostly been on the effects of a
given mutation by studying the expression of the pro-
tein involved, while downstream networks affected by
the mutation are often poorly documented.

More than monogenic diseases, Ouchi et al.
showed that treatment of iPSC-HLC organoids
with free fatty acids could mimic the lipid accu-

mulation and fibrosis of nonalcoholic fatty liver
disease.”)

TOXICOLOGICAL STUDIES

In 2019, drug-induced liver injury had an estimated
annual incidence of between 1 per 10,000 and 1 per
100,000 people exposed to medications. In view of the
important role of the liver in xenobiotic processing,
3D liver structures have been used during pharmaco-
logical studies.

PHHs offer a robust system for long-term studies
of drug-induced hepatotoxicity,(ss) but 3D coculture
systems using hepatic cell lines have also been used
and revealed relevant differences between spheroids of
HepG2°? and HepaRG®? cells.

In view of the shortage of PHHs and the contro-
versial evidence regarding cell lines, liver tissue made
from hESC-HLCs"*" and hiPSC-HLCs“” was used
and displayed a better response to apoptotic drugs than
cell lines.®® However, Godoy and colleagues showed
that monohepatocyte cultures have limited abilities to
reproduce drug-induced hepatotoxic effects because
the toxic response observed iz wivo is mediated by a
complex interplay between different cell types.*¥

DRUG SCREENING

Drug screening is used to develop drugs that can
selectively interact with genes and gene products or
can interfere with a specific molecular mechanism
so that they can be used in human clinical trials.
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However, they do not always ensure safe and effec-
tive treatment in humans. One of the key factors that
guides the success or failure of drug screening is a lack
of pharmacokinetic and pharmacodynamic knowl-
edge. In the context of conventional 2D screening,
determining a “dose and drug effect” may be ham-
pered by phenomena such as adsorption on plastic.
Spheroids, organoids, and organs-on-chips seem more
appropriate to investigate the pharmacokinetic pro-
files of drugs.®

BALs

Because the creation of an artificial device that can
tully sustain liver functions remains problematic, con-
siderable attention is being paid at present to BAL
systems, where hepatocytes or liver organoids consti-
tute the biological components that are missing from
current artificial systems. BALs including bioreactors
that host alginate-encapsulated hepatocyte spheroids
have thus been developed.®” Several systems have
been evaluated in patients, but only two have pro-
duced promising results: the extracorporeal liver assist
device and Hepat-Assist, where the biological compo-
nents are hepatoma cell lines and porcine hepatocytes,
respectively. In 2017, the first GMP clinical-scale
BAL containing HepG2 organoids was developed on
a porcine model of severe liver failure.®?

As a functional BAL requires large quantities of
hepatocytes to sustain hemodialysis and hepatic func-
tions in the patient,®® PSC-HLCs are emerging as
attractive biological components; but their long-term
survival and functionality, as well as the high costs
of their production, are the most serious drawbacks
affecting their rapid application.

CLINICAL APPLICATIONS OF
TISSUE ENGINEERING

Regenerative medicine is one of the principal chal-
lenges in terms of replacing damaged and/or nonfunc-
tional tissue. The limited supply of healthy donor tissue
and the inherent risks of tissue rejection that restrict
this application can be overcome using isogenic or
human leukocyte antigen (HLA)-compatible hiPSC-
HLCs. Two different strategies can be followed. The
first consists in using a decellularized liver as a 3D

(69)

matrix in which differentiated cells are seeded,”” and

the second consists in using PSC-derived organoids.
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However, regarding transplantation, a final challenge
remains in terms of scalability and reproducibility of
protocols to produce lar(%e and stable organoids fol-
lowing cryopreservation. 0

In this context, a recent study reported the devel-
opment of hESC-derived organoids that could be
expanded for 20 passages while stably maintaining
the phenotypic features of bipotential progenitor
cells.” After transplantation in mice, they could
differentiate into functional hepatocytes or chol-
angiocytes and displayed a remarkable capacity for
repopulation. This large-scale expansion of progen-
itor cells could overcome the scalability problem for
clinical applications.

Moreover, Takebe et al. demonstrated the possibil-
ity of transplanting liver buds entirely composed of
hiPSC-derived cells, ) including endothelial cells
that developed vascularization once transplanted in
the animal, thus confirming the huge therapeutic
potential of this approach. The technology has also
been used in an ALF mouse model where animal sur-
vival was probably due to the early function of trans-
planted cells bridging the native recovery of the liver,
highlighting the importance of the bridge function
potentially assumed by transplanted cells, whatever
their subsequent function after transplantation.

Limits to the Therapeutic
Use of hPSC-Derived
Organoids

PRACTICAL ASPECTS

The autologous transplantation of differentiated
cells requires not only reprogramming of the patient’s
cells into hiPSCs but their characterization, their
genetic correction in the case of a patient suffering
from a monogenic disease, and their differentiation into
hepatocytes. These steps can take from 3 to 4 months,
thus limiting this approach to moderate or less severe
cases. Moreover, the production cost of clinical-grade
hiPSC-HLCs with all safety controls is estimated to
be $200,000/patient, so this must also be taken into
account. For these reasons, allogenic strategies are
mostly privileged, with the development of banks of
frozen HLA-characterized and ready-to-use thera-
peutic products. The development of cryopreservation
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methods that sustain prefreezing hepatocyte functions
will therefore be necessary. Moreover, the production
of organoids at a very large scale is currently difficult
as it first requires the mass culture of PSCs. Indeed,
for transplantation, 10% cells/kg would be necessary,
which represents 6 to 12 x 10° cells/transplanta-
tion.”” BALs would require even more cells, from
10" to 20" hepatocytes. For these reasons, the stan-
dardization and at least partial automation of organ-
oid production will be necessary."

Finally, the route of hepatocyte administration
to the patient also needs to be determined. Four
main strategies are currently under investigation and
have been reviewed by Anderson and Zarrinpar(74)
Intraportal injection seems to be preferred as it can
deliver a large number of cells into the hepatic sinu-
soids and is well tolerated in patients without fibro-
sis. However, it can cause elevated portal pressure
and a risk of portal vein thrombosis. In any case, the
cell anchorage could be improved by encapsulating
hepatocytes in alginate beads, which would also pro-
tect them from the patient’s immune response. This
strategy has produced promising results during pre-
clinical studies.®" Other strategies such as cell sheets

have been developed and have already been reviewed
in depth.”

SAFETY OF hPSC-DERIVED
HEPATOCYTES

Although 3D organoids are more physiologically
relevant than monolayer cultures, there are some lim-
itations to their therapeutic use. Considerable efforts
have been made to develop appropriate GMP guide-
lines, in terms of culture media, matrix components,
and growth factors, as well as reproducible and val-
idated protocols to culture and differentiate hPSCs.
Three GMP PSC lines have already been differen-
tiated into hepatocytes and displayed highly repro-
ducible phenotypes and functionality.”® Optimized
GMP-grade alginate encapsulation protocols have
also been established for the transplantation of human
hepatocytes.m) Quality controls on the final product,
in terms not only of function but also of safety, also
need to be defined.

Another major concern inherent to the use of
hPSC-derived cells is linked to the potential genetic
instability of the cells. The genomic integrity of
PSCs must be ensured, although not all mutations
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will result in undesirable effects or tumors. Recurrent
characteristic abnormalities have been reported in
hPSCs but have not been found in correspond-
ing somatic cell samples.”® However, the preser-
vation of genomic integrity during differentiation
into hiPSC-HLCs remains poorly documented,
and no link has yet been established between the
differentiation protocol and their genetic integrity.
Our experiments evidenced the absence of de novo
copy number variations during differentiation'””
and showed that safety mainly depended on hiPSC
clone genomic integrity.(go) However, further studies
are required in this area.

The potential presence of residual hPSCs in the
final therapeutic product must also be taken into
account, even if several studies have already reported
the transplantation of differentiated hepatocytes,
under either 2D® or 3DV conditions, without any
formation of teratoma or tumors in mice.

Finally, many groups have investigated the immu-
nogenicity of hPSC-derived cells. Some of them
showed that they were well tolerated by the immune
system,®” but others reported different immune
responses depending on the cell line used.® However,
several cellular therapies have been tested using
hiPSC-derived cells according to an autologous(84) or
allogenic(gs) strategy and caused no signs of immune
rejection or tumor formation.

ETHICAL CONCERNS RELATIVE TO
THE CLINICAL USE OF hPSC-HLCs

The use of hPSC-HLCs in cell therapy involves
ethical issues regarding both their human origin and
the potential use of hESCs. In this regard, the guide-
lines applied worldwide range from total prohibition
to regulated authorization. However, hiPSCs bypass
the ethical concerns of embryo destruction because
they are produced from somatic cells. Several guide-
lines are currently available regarding the use of cells,
tissues, and PSC products to treat patients, most of
them issued by the American and European authori-
ties (the US Food and Drug Administration and the
European Medicines Agency, respectively).

In all cases, cell therapy, gene therapy, and tissue
engineering require rapid changes to the legislation
in line with the advancement of technologies in the
fields of biomedicine or regenerative medicine and the
emergence of new areas such as PSC research.
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Conclusion

Because of the rapid loss of hepatic functions
by PHHs in vitro, due in part to their poor spa-
tial organization in a monolayer culture, numerous
approaches have been successfully developed to
improve cell—cell or cell-matrix interactions in 3D
culture systems; but the problem of cell shortage
persists. The 3D culture systems have been adapted
to PSC differentiation and revealed clear improve-
ments in the efficiency of hESC® and hiPSC®?
differentiation into hepatocytes. The use of liver
organoids for drug screening and toxicity analyses
could reduce the use of animal testing as animals
would mainly be used for studies that require whole-
organism readouts. The potential of these new cul-
ture techniques is thus exciting, but the analysis of
3D structures requires the development of specific
protocols and equipment; for example, microscopic
analyses need to be redesigned to generate suffi-
ciently informative images whose processing can
rapidly become highly complex.

Therapeutic applications for clinical-grade PSC-
HLCs are starting to emerge, and the problem of
incomplete HLC maturation appears to be surmount-
able thanks to the development of 3D culture tech-
niques. Interdisciplinary collaborations are necessary
across cell biology, clinical care, bioengineering, and
the science of biocompatible materials to enable fur-
ther advances in the future.
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