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Abstract: The liver is affected by many types of diseases, including metabolic disorders and acute liver failure. Ortho-

topic liver transplantation (OLT) is currently the only effective treatment for life-threatening liver diseases but transplan-

tation of allogeneic hepatocytes has now become an alternative as it is less invasive than OLT and can be performed re-

peatedly. However, this approach is hampered by the shortage of organ donors, and the problems related to the isolation of 

high quality adult hepatocytes, their cryopreservation and their absence of proliferation in culture. Liver is also a key or-

gan to assess the pharmacokinetics and toxicology of xenobiotics and for drug discovery, but appropriate cell culture sys-

tems are lacking. All these problems have highlighted the need to explore other sources of cells such as stem cells that 

could be isolated, expanded to yield sufficiently large populations and then induced to differentiate into functional hepato-

cytes. The presence of a niche of “facultative” progenitor and stem cells in the normal liver has recently been confirmed 

but they display no telomerase activity. The recent discovery that human induced pluripotent stem cells can be generated 

from somatic cells has renewed hopes for regenerative medicine and in vitro disease modelling, as these cells are easily 

accessible. We review here the present progresses, limits and challenges for the generation of functional hepatocytes from 

human pluripotent stem cells in view of their potential use in regenerative medicine and drug discovery. 
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INTRODUCTION 

 Regenerative medicine is one of the most exciting and 

rapidly advancing areas of modern biology, as it focuses on 

innovative approaches to repairing and replacing cells, tis-

sues and organs. The importance of this relatively new fron-

tier of research is reflected in the unprecedented needs of 

patients from around the world: there is currently about one 

death every 30 seconds due to organ failure, and complica-

tions and rejection remain significant problems. The cost of 

care for individuals that might benefit from treatment with 

engineered tissues or organs has been estimated at $600 bil-

lion per year in Europe.  

 The liver is affected by many types of diseases, including 

inherited metabolic disorders (IMD) and acute liver failure. 

Orthotopic liver transplantation (OLT) is currently the only 

effective treatment for life-threatening liver diseases. In 

Europe, inherited metabolic diseases account for 26% of the 

indications for OLT (Fig. 1). However, the number of pa-

tients dying while on waiting lists for liver transplantation 

has increased in recent years due to the severe shortage of 

organs (11%), with this situation affecting up to 80% of the 

patients with acute liver failure on transplantation waiting 

lists (European Liver Transplant Registry). There are also 
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substantial risks of mortality and morbidity due to post-

surgical complications (cell rejection, vascular and biliary 

obstruction), and immunosuppression (infections, cancer). 

Long-term complications include hypertension, hyperlipide-

mia, diabetes and obesity. In Europe, the survival rate for 

adult patients is 62% after 10 years, indicating that more than 

30,000 transplant patients die within this period (European 

Liver Transplant Registry). 

 Cell therapies targeting the liver, with allogeneic hepato-

cytes for example, provide an alternative to orthotopic liver 

transplantation for the treatment of life-threatening metabolic 

disorders, with the aim of replacing a single deficient en-

zyme or its product. The procedure is less invasive than OLT 

and can be performed repeatedly.  

 Worldwide, the treatment of more than 30 patients in this 

way has been reported, mostly children with urea cycle de-

fects, but also patients with type 1 Crigler-Najjar syndrome, 

FVII deficiency, type I glycogen storage disease, infantile 

Refsum’s disease and progressive type 2 familial intrahepatic 

cholestasis. In children, up to 10
8
/kg of body weight hepato-

cytes (fresh or cryopreserved), matched for ABO blood 

group, have been transplanted, with the aim of replacing 5% 

of the liver cell mass [1, 2]. 

 The safety of the procedure is well established and the 

results obtained are encouraging, with transient improvement 

in some disease phenotypes. However, these approaches are 

subject to several major limitations. In addition to the prob-
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lems arising from the shortage of organ donors, current tech-

niques for the isolation of adult hepatocytes yield highly 

variable numbers of viable, high-quality cells [3] and there is 

no standardized procedure for assessing the quality of cell 

preparations. Hepatocytes are currently isolated from unused 

donor livers and for donor livers that are not suitable for 

whole-organ transplantation, which may be steatotic [4, 5]. 
Moreover, hepatocytes can divide only once or twice in vi-
tro, in the presence of Hepatocyte Growth Factor, with no 

further expansion possible. These cells are also difficult to 

cryopreserve and are highly susceptible to freeze-thaw dam-

age [6].  

 Allogeneic cell transplantation is also hampered by the 

transient functionality of transplanted cells, partly due to 

immunosuppressive regimens and to a cell-mediated immune 

response, although other nonspecific mechanisms, such as 

apoptosis [7] may also contribute to cell loss. 

 The autologous transplantation of genetically corrected 

cells could be envisaged as an alternative overcoming these 

two limitations. However, this approach requires a lobec-

tomy corresponding to the removal of about 20% of the liver 

for hepatocyte isolation, a procedure not without risk in pa-

tients with certain metabolic diseases, such as Familial 

Hypercholesterolemia.  

 Liver is a key organ in drug testing, in which it is used to 

assess the pharmacokinetics and toxicology of xenobiotics, 

but the results obtained in animal models are often mislead-

ing, due to differences in the levels and substrate specificity 

of liver enzymes between animals and humans. Conse-

quently, the hepatic clearance and chemical profiles obtained 

for metabolites in animal models do not correctly represent 

what is observed in humans. Indeed, unexpected toxicity and 

pharmacokinetic problems account for 40 to 50 % of all fail-

ures in clinical drug development. Human cell systems, in-

cluding human hepatocyte cultures, immortalized cell lines 

and liver microsomes, could potentially overcome these limi-

tations, but none of the available cell systems has yet proven 

suitable. The expression of key liver enzymes, such as 

CYP450, declines rapidly after hepatocyte isolation, and cell 

lines, such as like HEP-G2 cells, most of which originate 

from tumors, have insufficiently high levels of expression 

for transporters and key liver enzymes (Cytochromes P450, 

conjugating enzymes) and do not have the correct morphol-

ogy and polarization for vectorial drug transport from the 

plasma to the bile. A new hepatoma cell line has recently 

proved highly valuable as a model for studies of drug me-

tabolism in humans. However, some Cytochromes P450 ac-

tivities remain low [8]. 

 All these limitations to direct therapeutic applications and 

drug discovery have highlighted the need to explore other 

sources of cells. Stem cells that could be isolated, expanded 

to yield sufficiently large clonal populations and then in-

duced to differentiate into fully functional hepatocytes in 
vitro would be an ideal source of cells.  

Source of Hepatocytes 

Endogenous Stem Cells 

 Mesenchymal stem cells are cells of extra-hepatic origin 

and have potential therapeutic applications. However, recent 

reports have suggested that their role in injured livers is es-

sentially to provide trophic support, thereby keeping en-

dogenous hepatocytes alive and stimulating their prolifera-

tion. In culture, these cells enter a phase of replicative senes-

cence after a limited number of population doublings [9-11]. 

 The adult liver has a remarkable capacity for regenera-

tion, which is achieved through proliferation of the mature 

cell populations making up the intact organ. However, if the 

regenerative capacity of mature cells is impaired by liver-

damaging agents, hepatic progenitor cells are activated and 

expand in the liver parenchyma. Following their amplifica-

tion during transit, these progenitor cells may generate new 

hepatocytes and biliary cells to restore liver homeostasis 

[12]. Hepatic progenitors constitute a heterogeneous popula-

tion expressing markers of both hepatocytes and bile duct 

cells. In the human liver, these cells are activated by various 

liver diseases, including chronic viral hepatitis, and after 

severe hepatocellular necrosis [13], as demonstrated by mor-

phological studies. The presence of a niche of progenitor and 

stem cells in the normal liver has recently been confirmed. 

These cells have been estimated to account for between 

0.01% and 1% of liver cells in neonates and, unlike foetal 

liver progenitor cells, they display no telomerase activity 

[14-16]. The intrahepatic stem cell niches are the canals of 

Hering in postnatal livers and are derived from ductal plates 

in foetal livers [17, 18]. We have also isolated foetal liver 

 

 

Fig. (1). Primary indications of liver transplant in paediatric patients from European Liver Transplant Registry (1968 - 2010). 



122    Current Gene Therapy, 2013, Vol. 13, No. 2 Dianat et al. 

progenitor cells and demonstrated their ability to engraft in 
vivo [19], but limited access to these cells and their small 

numbers are major drawbacks.  

Pluripotent Stem Cells 

Embryonic Stem Cells (ESCs) 

 Human embryonic stem cells (hESCs), which are derived 

from the inner cell masses of human blastocysts (5 days 

post-fertilization), were first isolated less than 15 years ago 

by Thomson’s group at the University of Wisconsin [20]. 

The embryonic origin of ESCs confers two important proper-

ties on these cells: they can grow indefinitely in vitro while 

maintaining pluripotency or a capacity to differentiate into 

any type of cell. These cells remain the gold standard for all 

studies in the pluripotent stem cell field, although their use 

has been restricted by ethical concerns, and two clinical trials 

have been launched by Advanced Cell Technology. These 

trials aim to assess the safety of hESC-derived retinal cells 

for treating patients with an eye disease called Stargardt's 

Macular Dystrophy and patients with age-related macular 

degeneration. Preliminary results four months after the trials 

suggest that the method is safe [21], [see also the article by 

Cramer et al. in this special issue of Current Gene Therapy].  

Induced Pluripotent Stem Cells (hiPSCs) 

 The recent discovery that human induced pluripotent 

stem cells (iPSC) can be generated by the forced expression 

of a few transcription factors in somatic cells has renewed 

hopes for regenerative medicine and in vitro disease model-

ling, as these cells are easily accessible [22, 23], [see also the 

article by Bayart et al. in this special issue of Current Gene 

Therapy]. Human iPSCs closely resemble hESCs in terms of 

their self-renewal capacity and ability to differentiate into 

cell types derived from the three primary germ layers: the 

ectoderm, mesoderm and endoderm. They therefore provide 

a unique opportunity to study patient-specific diseases, once 

the conditions required to induce their differentiation into the 

desired type of cell have been defined [24, 25]. This is par-

ticularly important for patients with liver diseases, who can-

not undergo surgical biopsy for the isolation of hepatocytes 

for transplantation. iPSC technology should make it possible 

to identify the impact of mutations on the differentia-

tion/proliferation/function of the cells. Patients’ iPSCs 

should also be good tools for the screening of candidate 

pharmacological molecules.  

Two different sets of applications can be envisaged, depend-

ing on the origin of the iPSCs: 

iPSC-Derived Hepatocytes from Normal Individuals 

 These cells can be used in the establishment of cell banks 

for applications in regenerative medicine. The possibility of 

generating iPSC-derived hepatocytes from selected adults 

would facilitate the construction of libraries of cell lines with 

known genotypes, providing patients with a close 

HLA/MHC match, thereby minimizing the need for immu-

nosuppression before cell engraftment.  

 These cells would also be useful for modelling suscepti-

bility to infectious diseases, providing an opportunity to elu-

cidate the genetic basis of the mechanisms underlying cell 

susceptibility or resistance to viruses. In particular, iPSC-

derived hepatocytes are an appropriate target for studying the 

interactions between the host and viruses with hepatic tro-

pism. The infection of iPSC-derived hepatocyte-like cells 

with hepatitis C virus has already been reported, and permis-

siveness to infection has been shown to be correlated with 

induction of the liver-specific microRNA-122 and the modu-

lation of cellular factors affecting HCV replication [26-28]. 
These cells support the entire life cycle of the HCV. The 

LDL receptor, genetic mutations of which have been shown 

to cause type IIA familial hypercholesterolemia, is one of the 

identified cofactors for HCV entry, and there is growing evi-

dence to suggest that associations between HCV and 

LDL/VLDL are important for viral entry and release from 

cells [29].  

 In acute situations, such as stroke or acute liver injury, 

the need for rapid treatment would preclude the use of 

autologous cells, even “off-the-shelf” allogeneic iPSCs due 

to thawing/culture delay. 

 However, the differentiation of normal iPSCs into hepa-

tocytes could be used to create bio-artificial livers for the 

temporary treatment of acute liver failure. Such a replace-

ment of liver function has been accomplished by construct-

ing extracorporeal liver assist devices from either primary 

porcine hepatocytes or a human hepatoma cell line. How-

ever, the use of porcine cells is restricted because the risk of 

zoonotic infection posed by porcine endogenous retroviruses 

is unknown [30]. Human hepatoma cell lines have few dif-

ferentiated functions and there is thus concern that such cells 

might escape into the patient's bloodstream and cause tumour 

development. New hepatoma cell lines, such as HepaRG, 

have been shown to be effective in an animal model of acute 

liver failure, but the clinical implementation of a bio-

artificial liver with a human proliferative biocomponent is 

still several years away [31]. 

iPSC-Derived Hepatocytes from Diseased Individuals 

 Patient-specific gene/cell therapy is an ideal way to pre-

vent cell rejection and the need for immunosuppression in 

situations in which long-term hepatocyte engraftment is re-

quired, as in the genetic correction of inherited liver disor-

ders. iPSCs should not entail the same risk of immune sys-

tem rejection when used for treatment, because they are 

autologous cells unique to the patient concerned. It is thus 

assumed that these cells would yield the best possible func-

tional outcome of transplantation: cells that function in their 

natural environment, without eliciting chronic immune or 

inflammatory reactions and without the problems associated 

with the use of immunosuppressive drugs [32]. 

 The first demonstration of iPSC-based cell therapy was 

published by Hanna and coworkers in 2007. IPSCs were 

derived from a mouse model of human sickle cell anaemia. 

The genetic defect was corrected in the iPSCs, which were 

allowed to differentiate into hematopoietic cells and were 

then transplanted back into syngeneic mice [33]. A signifi-

cant improvement was observed in the symptoms of the 

treated mice. 

 The liver is the principal organ responsible for detoxifica-

tion. Thus, iPSC-derived hepatocytes from normal individu-

als should find a wide range of applications in drug screen-

ing. The use of iPSC models should also increase our under-
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standing of the risk to the foetus of drugs taken by pregnant 

women. Furthermore, by obtaining iPSC-derived hepatocytes 

with various genotypes, it should be possible to identify new 

therapeutic compounds, as cells from patients with inherited 

diseases could be used for the development of high-

throughput drug screens. 

Pluripotent Cell Differentiation Toward Hepatocytes 

 In recent years, a number of laboratories have reported 

the hepatic specification of endoderm cells and their further 

differentiation into foetal hepatocyte-like cells [34-42] in 

diverse culture systems. However, all these approaches were 

based on culture media containing serum, complex matrices 

such as Matrigel and/or the use of mouse embryonic fibro-

blasts as feeder cells. All of these elements are the source of 

unknown factors that could obscure the molecular mecha-

nisms controlling human liver development or render the 

resulting tissues incompatible with future clinical applica-

tions. Indeed, the exposure of human cells to products of 

animal origin may increase the risk of transmission of patho-

gens that do not normally infect humans, such as transmissi-

ble spongiform encephalopathies, and the immune rejection 

of transplanted cells. This was highlighted by Martin MJ et 
al. [43], who demonstrated that hESCs cultured with animal 

or serum products retained non-human sialic acid, which was 

immunogenic when these cells were transplanted into hu-

mans. Moreover, the very small number of in vivo studies of 

ESC-derived hepatocytes carried out was either focused on 

very short-term effects or reported teratomas or adenocarci-

nomas. Identical protocols were applied to iPSCs and the 

resulting differentiated cells did not display the functions of 

fully mature hepatocytes. 

 We therefore focused on the improvement of differentia-

tion protocols on the basis of the idea that modelling the 

early steps of embryonic development in vitro might be the 

best way to produce cell types with native properties. This 

approach requires the identification and sequential induction 

of key developmental factors, potentially resembling the 

normal sequence of human liver development. Little is 

known about the molecular mechanisms regulating this proc-

ess, but human liver development can be divided into four 

major, sequential steps: 1) Anterior endoderm differentia-

tion, 2) Ventral foregut formation (definitive endoderm), 3) 

Hepatic bud specification (hepatoblasts), and 4) The differ-

entiation of hepatic progenitors into mature foetal hepato-

cytes and mature hepatocytes (Fig. 2).  

Toward Endoderm Cells 

 The Activin/Nodal signalling pathway has been shown to 

induce endoderm differentiation during early development in 

fish, amphibian and mammals [44]. However, our group and 

others have shown that the same growth factors maintain the 

pluripotent status of hESCs and hiPSCs [45]. The mecha-

nisms by which the same signalling pathway can fulfil these 

contradictory functions have been a major focus for the stem 

cells field during the past 10 years. First, the various signal-

ling pathways controlling the early cell fate decisions of 

pluripotent stem cells, such as those involving Activin, FGF 

and BMP, were analysed. This analysis resulted in the devel-

opment and validation of chemically defined culture condi-

tions for achieving the specification of human embryonic 

stem cells into mesendoderm (but also into neuroectoderm 

and extra-embryonic tissues) [45]. Then genome wide analy-

ses have revealed that Activin/Nodal signalling controlled 

divergent transcriptional networks in hESCs and endoderm 

cells and that the effect of Activin/Nodal signalling on pluri-

potency and differentiation was dictated by tissue-specific 

partners of Smad2/3, such as NANOG and Eomesodermin 

[46]. The first comprehensive molecular model connecting 

the transition from pluripotency to endoderm specification 

during mammalian development, through a hierarchy of 

transcription factors regulating endoderm specification, was 

recently described by Teo et al. [47]. We found that the 

pluripotency factors NANOG, OCT4, and SOX2 played an 

essential role in this network, by actively directing differen-

tiation. These factors control the production of Eomesoder-

min (EOMES), which marks the onset of endoderm specifi-

cation. In turn, EOMES interacts with SMAD2/3, to initiate 

the transcriptional network governing endoderm formation 

[47]. Finally, recent studies have shown that PI3 Kinase 

block the inductive effect of Activin/Nodal on endoderm 

differentiation by controlling the activity of WNT signalling 

[48]. Hence, inhibition of this pathway significantly im-

proves endoderm differentiation of hPSCs [49]. 

Toward Hepatoblasts 

 Foetal liver development begins when the ventral foregut 

endoderm buds off and gives rise to the early hepatic epithe-

lium in response to signals from both the cardiac mesoderm 

and the septum transversum [50, 51]. In humans, this bud 

forms at week 4 of gestation. During this process, hepatic 

progenitors arise from the maturation of an as yet unknown, 

multipotent stem cell. Hepatic progenitors are bipotent pro-

genitor cells that can differentiate into either foetal hepato-

cytes or, if in contact with the portal mesenchyme, biliary 

cells. They express the markers of both lineages. 

 Progenitor cells from rodent foetal liver have been puri-

fied by flow cytometry-based positive selection [52]. Clonal 

populations of murine self-renewing stem cells can differen-

tiate into cells of various lineages, such as those found in the 

liver, pancreas, intestine and stomach. After transplantation, 

they repopulate hepatocyte populations and bile duct, pan-

creas (pancreatic ductal cells) and intestinal-epithelium tis-

sues. However, these stem cells are rare, even in mouse foe-

tal liver, and their abundance appears to decline further with 

aging. Such foetal progenitors have been isolated from hu-

man foetal liver at late (18 to 22 weeks) [53, 54] and early 

[19] stages of development. We have also shown that pro-

genitors/hepatocytes derived from human foetal livers have 

specific molecular properties different from those of adult 

hepatocytes, enabling them to engraft and migrate within the 

recipient liver parenchyma more efficiently than adult hepa-

tocytes after transplantation [19, 55, 56].  

 Following the generation of endoderm cells from pluripo-

tent cells, we generated hepatoblasts, which displayed phe-

notypic markers of foetal cells, such as A1AT, AFP, CK19. 

 Upon further differentiation, foetal hepatocytes and more 

mature cells were generated from both ESCs and iPSCs, and 

these cells displayed hepatic functions, such as albumin pro-
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duction and secretion, urea excretion, CYP3A7 then 

CYP3A4 expression [57]. 

Toward Fully Differentiated Hepatocytes 

 Despite recent advances, the differentiation of human 

ESCs and iPSCs is highly variable, cell line-dependent and 

generates immature cells different from those found in ma-

ture organs in vivo. This is also true for other cell types (e.g. 

for neurons [58]). 

 It is essential to maintain stable differentiated hepatic cell 

function in culture, particularly if hiPSC-derived hepatocytes 

are to be used for disease modelling, the assessment of drug 

toxicity or even as a bio-artificial liver.  

 Differences in differentiation capacity have been reported 

between ESC and iPSC lines, necessitating the testing of 

defined protocols on different lines. Yamanaka and co-

workers recently analysed differences in hepatic differentia-

tion between 28 hiPSC lines [59]. The cell lines originated 

from various somatic cells (peripheral blood cells, dermal 

fibroblasts) and were generated with retroviruses, Sendai 

virus or episomal plasmids. Differences in hepatic differen-

tiation were largely attributed to differences between donors 

rather than to differences in the type of cell originally used, 

although iPSC clones derived from peripheral blood lym-

phocytes (PBL) consistently differentiated more efficiently 

than those derived from dermal fibroblasts. 

 In the liver, heterotypic cell interactions between paren-

chymal cells and their non-parenchymal neighbours result in 

the regulation of differentiation and tissue proliferation in a 

three-dimensional (3D) microenvironment. 

 In vitro, hepatocyte viability and liver-specific function 

are stabilized for several weeks by coculture with other cell 

types, by culture with extracellular matrix components or by 

using 3D bioreactor [60]. In other conditions, the cells rap-

idly dedifferentiate and display poor drug inducibility. ECM 

and coculture with non-parenchymal cells have been shown 

to modulate ESC differentiation [38, 61]. 

 Paracrine signals produced by the different subpopula-

tions of liver-derived mesenchymal cells, purified with im-

munoselection technologies, have been identified and shown 

to induce the differentiation of human hepatic stem cells into 

fully mature and functional parenchymal cells [62]. Thus, 

one goal of in vitro cell systems is to reconstitute a cell micro-

environment suitable for cell differentiation, and 3D systems 

are being developed for this purpose. A polyurethane matrix 

has recently been shown to promote drug-inducible hepatocyte 

metabolism and function [63].  

 The most important functions required from a mature 

hepatocyte are the polarized expression of gap and adherent 

junction proteins, such as Connexin 32, Zona occludens pro-

tein 1 and Integrins, all of which are involved in cell en-

graftment, and of membrane transporters, such as multidrug 

resistance proteins and bile acid transporters. For effective 

detoxification, the cells must produce large amounts of drug-

metabolizing enzymes, cytochromes P450, such as CYP 

3A4, UDP-glucuronosyltransferase and glutathione S-

transferases. The cytochromes P450 of the liver are particu-

larly important because they are involved in the maintenance 

of lipid homeostasis (cholesterol, vitamin D, oxysterol and 

bile acid metabolism) and in the detoxification of endoge-

nous compounds (e.g. bile acids) and xenochemicals (drugs). 

In Vivo Assay 

 Specific human cells differentiated in vitro must be 

transplanted into rodent models to demonstrate their func-

tionality. However, the following problems must be taken 

into account: the rejection of human cells, and the low level 

of engraftment of transplanted cells, which do not proliferate 

under normal conditions in rodent livers [64]. IPSC-derived 

hepatocytes can be transplanted into immunodeficient mice 

or into immunosuppressed mice as disease models. Alterna-

tively, as the repopulation of the liver by donor hepatocytes 

has been demonstrated in animal models in which trans-

planted hepatocytes display a selective growth advantage 

over endogenous hepatocytes, such models could be used. 

 

 

Fig. (2). Sequential stages of hepatocyte differentiation for therapeutic applications. 
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For example, in some models, the survival and/or prolifera-

tion of native hepatocytes is impaired by a genetic or inher-

ited inability to regenerate, as in fumarylacetoacetate hydro-

lase (FAH)-deficient mice and urokinase (alb-uPA) trans-

genic mice, [65, 66]. These two types of mouse model have 

been crossed with immunodeficient mice with a different 

genetic background. 

 To date, very few studies have assessed the functionality 

of ESC/iPSC-derived hepatocyte-like cells in vivo. HESC-

derived hepatocyte-like cells were recently injected into the 

spleens of acutely injured NOD/SCID(IL-2R )-null mice and 

the persistence and function of these cells were demonstrated 

for up to three months after transplantation. However, all the 

recipient mice developed large spleen and liver tumours, 

suggesting that there may have been undifferentiated cells in 

the cell population infused [67]. We transplanted ESC-

derived GFP-hepatoblasts and iPSC-derived hepatocyte-like 

cells into uPAxRag2gammac
-/-

 mice. Three months later, 

some clusters of GFP-expressing cells and a small percent-

age of iPSC-derived hepatocytes were found to have en-

grafted within the host parenchyma [57, 68]. Nevertheless, 

hepatocytes generated from pluripotent or multipotent stem 

cells currently repopulate transplanted livers less efficiently 

than human adult hepatocytes (up to 80%) [69], but they can 

be used to develop in vivo models of human cell infection in 

mice with chimeric livers [70]. 

Modelling Human Diseases 

 Disease modelling using iPSCs was achieved for a vari-

ety of genetic diseases, [71], [see also the article by Sille et 
al. in this special issue of Current Gene Therapy]. The first 

model was achieved for spinal muscular atrophy, a leading 

inherited genetic disease that often leads to death in infancy. 

These iPSCs were differentiated into motor neurons, which 

displayed selective deficits with respect to motor neurons 

generated from an individual not affected by spinal muscular 

atrophy [72, 73]. 

 About 50 reprogramming-based disease models have 

since been published and have been the subject of recent 

review articles [74-76]. Most of the targeted diseases are 

neurodegenerative disorders, because of the difficulty obtain-

ing neurons from patients and the lack of appropriate disease 

models. They include Huntington’s disease, Alzheimer’s 

disease and Parkinson’s disease [77, 78]. Other diseases have 

been targeted, including type 1 diabetes, which results from 

the autoimmune destruction of pancreatic beta cells [24], 

muscular dystrophy and liver diseases. The recent successful 

rescue of diseased iPSCs by drug screening highlights the 

potential of this approach to identify candidate drugs for 

potential treatment. Motor neurons have been generated from 

the iPSCs of patients with familial amyotrophic lateral scle-

rosis. ALS is a late-onset, fatal disorder in which the motor 

neurons degenerate, due to mutations of the gene encoding 

Tar DNA-binding protein-43. In tests of a number of chemi-

cal compounds, a histone acetyltransferase inhibitor, anac-

ardic acid, was found to rescue the abnormal ALS motor 

neuron phenotype. In another report, neural crest precursors 

derived from iPSCs were generated from individuals with 

familial dysautonomia (FD), a fatal genetic disorder affect-

ing neural crest lineages. Of the 6,912 small molecules 

tested, eight were found to rescue the expression of IKBKAP, 

the gene responsible for FD. One of the small molecules also 

rescued the disease-specific loss of autonomic neuronal 

marker expression [79]. 

Modelling Inherited Liver Metabolic Diseases 

Inherited liver disorders can be classified into two catego-

ries: 

1) Genetic defects affecting a specific hepatic function 

with extra hepatic symptoms, such as Crigler Najjar 

(CN), Familial Hypercholesterolemia (FH) clotting fac-

tor deficiencies. Hepatocytes are normal and can prolif-

erate. 

2) Diseases in which hepatocytes are injured due to the 

accumulation of a toxic product, such as alpha1 anti-

trypsin (A1AT), or copper in Wilson’s disease, and can-

not proliferate. 

 We have focused on inherited metabolic disorders caused 

by genetic mutations in key proteins. We first performed a 

study in which iPSCs were generated from patients with sev-

eral disorders, including A1AT and FH, and differentiated 

into hepatocyte-like cells. These cells were shown to display 

the disease phenotypes [68]. These two diseases, together 

with haemophilia B (HB), have been chosen as paradigms of 

hepatic deficiency of a cell-surface receptor (FH), and se-

creted (HB and A1AT) proteins. The loss of hepatocyte pro-

tein activity results in various downstream manifestations 

specific to the associated metabolic pathway: extracellular 

lipid uptake mediated by the deficient receptor, impaired 

secretion and toxic accumulation of the mutated protein and 

impaired enzyme-dependent coagulation cascade. 

1- Type IIa Familial Hypercholesterolemia (FH) 

 Cardiovascular diseases constitute a major health prob-

lem in Europe. Familial hypercholesterolemia is one such 

disease, for which there is no curative treatment. FH is a 

genetic disorder caused by mutations of the gene encoding 

the low-density lipoprotein receptor (LDLR) that results in 

an abnormal level of circulating cholesterol conjugated to 

LDL particles (LDLc). In normal individuals, LDLc can be 

taken up and degraded only by hepatocytes, via the LDLR. 

Heterozygous patients (prevalence 1:500) are treated with a 

combination of drugs, including statins, but the efficacy of 

treatment is variable and these patients frequently present 

premature cardiovascular disease from the age of 40 years 

[80, 81]. Homozygous patients (prevalence 1:10
6
) have se-

vere cardiovascular disease from childhood. LDL apheresis 

is the most effective treatment currently available for lower-

ing serum cholesterol levels in these patients, but is highly 

aggressive. Nevertheless, even treated patients die from car-

diovascular disease at about 50 years of age [82, 83]. Given 

the difficulty in obtaining liver biopsy samples from patients 

with FH for the isolation of primary hepatocytes, there is 

currently no in vitro cellular model of this disease. Five pa-

tients with homozygous familial hypercholesterolemia re-

ceived autologous hepatocytes transduced ex vivo with a 

retroviral vector carrying the human LDL receptor gene [84], 

in the first ex vivo cell/gene therapy trial, reported more than 

15 years ago. This treatment transiently decreased LDL lev-

els in some of the patients and the trial showed this approach 
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to be safe. However, this approach was not subsequently 

repeated due to the complexity of the procedure which in-

volved the removal of the left lobe of the patient for perfu-

sion, the culture and retroviral transduction of the hepato-

cytes and their infusion into the patient. Furthermore, future 

developments of this approach were limited by the number 

of hepatocytes isolated and the rate of transduction of non-

dividing cells with the retroviral vector. To bypass these 

limitations and to develop a relevant in vitro model for drug 

screening, we have generated new iPSC lines from patients 

homozygous for the mutation causing FH. These resulting 

cells displayed the morphological features and markers of 

pluripotent stem cells (Fig. 3) and once differentiated into 

hepatocytes internalized the LDLR ligand poorly, suggesting 

that they reproduce the diseased phenotype. 

2- Haemophilia B (HB) 

 HB is caused by mutations of the gene encoding the clot-

ting factor IX (FIX) located on the X chromosome. HB is a 

haemorrhagic disease (incidence: 1:30,000 males). Hepato-

cytes secrete large amounts of FIX, in an inactive form, into 

the bloodstream. The severity of the disease is inversely cor-

related with residual FIX activity, and as little as 5% more 

FIX activity is sufficient to transform a severe life-

threatening disease into mild haemophilia with a much better 

quality of life. Substitutive treatment with recombinant FIX 

or with FIX purified from donor plasma is available, but 

costly, due to the limited supply. However, this treatment is 

not devoid of side effects, including the production of neu-

tralising anti-FIX antibodies. Several trials of human gene 

therapy, as an alternative treatment, have been conducted 

although the stable production of therapeutic coagulation 

protein has not yet been achieved. This nevertheless remains 

an area of intense investigation [85, 86]. A successful gene 

therapy trial has recently been reported in which a serotype-

8-pseudotyped, self-complementary adenovirus-associated 

virus (AAV) was used [87]. The infusion of a single dose of 

human factor IX vector resulted in the AAV-mediated pro-

duction of FIX in amounts corresponding to 2 to 11% normal 

levels. This was sufficient to improve the bleeding pheno-

type in the six participants, with only a few side effects. So 

far, this disease has not been modelled using hiPSCs and 

thus remains a major focus for the development of new drug 

screening platform. Accordingly, it is has been demonstrated 

that ESC- and iPSC-derived hepatocytes express FIX [88, 

89].  

3- Alpha-1-Anti-Trypsin 

 1 antitrypsin (A1AT) deficiency (A1ATD) is one of the 

most common IMDs (1:2000 North Caucasian) which is as-

sociated with severe clinical manifestations. The A1AT pro-

tein, encoded by the SERPINA1 gene, is normally secreted 

from hepatocytes as a glycoprotein of 52 kDa serum. A1AT 

acts as an inhibitor of neutrophil elastase in the lungs. Dis-

ease principally arises from homozygous inheritance of the Z 

allele, which consists of point mutation in the last exon 

(Glu342Lys, Z) of the SERPINA1 gene. The ZZ genotype 

results in a well-characterized defect in A1AT folding, and 

 

 

Fig. (3). Induced pluripotent stem cells derived from fibroblasts of a patient homozygous for Familial Hypercholesterolemia and expression 

of pluripotency markers. 
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predilection for formation of protein polymers by the loop-

sheet insertion mechanism [90]. Subsequent retention of Z 

A1AT within hepatocytes causes protein overload that is 

manifest as periodic acid Schiff (PAS)-positive inclusions 

associated with neonatal hepatitis, cirrhosis, and hepatocellu-

lar carcinoma. Moreover, as plasma levels of A1AT in ZZ 

homozygotes fall to only 10–15 % of normal levels, the 

lungs are left exposed to enzymatic damage by neutrophil 

elastase and thus predisposed to early onset of panlobular 

emphysema [91]. Curative treatment for this disorder is cur-

rently lacking, leaving researchers pursuing different thera-

peutic strategies including gene therapy. To date two Phase I 

clinical trials have been undertaken to investigate the effi-

cacy of gene augmentation from ectopic sites such as skeletal 

muscle as a means to treat A1AT lung disease [92]. Such 

strategies are not however able to address the liver-based 

complications resulting from intra-hepatocytic polymer ac-

cumulation. Instead transplantation of genetically corrected 

hepatocytes into the livers of affected patients may facilitate 

a complete correction of all aspects of the disease. Such an 

approach already carries a precedence within clinical prac-

tice since at least two patients treated for α1-antitrypsin 

deficiency [93]. These treatments have unfortunately yielded 

limited long-term clinical success due to the limited number 

and poor quality of donor hepatic cells used, as well as the 

persistent requirement of immunosuppressant drugs to pre-

vent rejection of allogeneic cells. More recently, our group 

have shown that hiPSC could be used to model α1-

antitrypsin deficiency in vitro and that the resulting culture 

system could be applicable for large-scale drug screening.  

Gene Correction 

 Personalised gene/cell therapy of genetic disorders using 

hiPSCs will avoid cell rejection and the need for immuno-

suppression. However, such therapeutic approach will re-

quire new technology to correct the genetic anomalies induc-

ing the disease. Gene therapy of hepatocytes derived from 

hiPSCs represents a first alternative to achieve this major 

goal. Indeed, since the trial performed on FH patients, sig-

nificant progress has been made with therapeutic vectors 

and, in particular, lentiviral vectors have been designed and 

protocols developed for the efficient transduction of human 

hepatocytes (>80%, versus 20-25% with retroviral vectors) 

[94, 95]. This work made it possible to correct hepatocytes 

isolated from a patient with type 1 Crigler-Najjar syndrome 

[96]. This strategy based on the genetic modification of 

autologous cells from the patient could ultimately be applied 

to many other metabolic diseases affecting the liver, includ-

ing Crigler-Najjar syndrome, A1ATD, urea cycle disorders 

and other coagulation disorders. However, studies have 

shown that the use of integrative vectors such as retroviruses 

could present risks including vector immunogenicity, hepatic 

toxicity and induction of harmful genetic mutation [97]. Fur-

thermore, the continuous expression of non-integrative vec-

tors such as AAV is often difficult to achieve. Moreover, 

constant proliferation of hepatocytes might limit the effi-

ciency of episomal viral systems at long term in the liver 

[98]. Most importantly, IMD often involve gene whose ex-

pression needs to be tightly controlled and/or regulated 

through complex physiological mechanisms that cannot be 

replicated by ubiquitously active promoters commonly found 

in gene therapy vectors. The spread of vector and thus gene 

expression is also difficult to control and despite the avail-

ability of tissue-specific promoters, the potential effects of 

systemic integration represent other pitfall of such therapies. 

While interesting, gene therapy for IMDs will require further 

development for personalised therapy of liver diseases.  

 Genome editing represents an interesting alternative and 

several publications have reported efficient genetic mutation 

correction in hiPSCs [99-101]. Homologous Recombination 

(HR) represents the most commonly used approach to target 

specific sites of the mammalian genome. However, this ap-

proach has so far proved prohibitively time and resource 

consuming in hESCs and in hiPSCs. It also requires use of 

the potentially toxic Cre recombinase enzyme and leaves 

behind residual “loxP” sequences [102]. Such limitations 

render HR inappropriate for genetic correction of hiPSC 

lines that would ultimately result in derivatives that were to 

be re-introduced back into the human body. Advent of a new 

technology based on Zinc Finger Nucleases (ZFNs) and tran-

scription activator–like effector nucleases (TALENs) has 

been shown to greatly increase the efficiency of gene target-

ing in human pluripotent stem cells [103, 104]. Recently, 

ZFNs in combination with the PiggyBAC transposon system 

(Z-Pig technology) has been used to correct the point muta-

tion in the serpin 1a responsible for A1ATD [105]. This ap-

proach allowed the correction of both abnormal alleles si-

multaneously and the production of fully corrected hiPSC 

lines in less than 4 months. Furthermore, the PiggyBAC 

transposon does not require the Cre/LoxP technology and 

thus enable gene correction without leaving any artificial 

sequence in the genome. Importantly, a major drawback of 

ZFNs could be their lack of specificity (i.e. they could target 

a broad number of cryptic sites in the genome) which could 

result in broad number of genetic abnormalities [106]. How-

ever, whole genome sequencing showed that gene correction 

using ZFNs did not induce additional genetic changes in 

hiPSCs [105]. Taken together, these data demonstrated the 

efficiency of the Z-pig to edit point mutation in the mammal-

ian genome which represents an important step toward the 

use of hiPSCs for cell based therapy in the context of mono-

genic disorders.  

Importance of Preclinical Studies in Large-Animal Mod-
els for Regenerative Medicine 

 Before autologous or allogeneic cell therapy can be ap-

plied to human patients, a thorough preclinical assessment of 

iPSCs in suitable large-animal models is required, to ensure 

that the proposed treatment with iPSC-derived cells is both 

safe and effective. It is now well established that non-human 

primates constitute the best model for such trials, because 

they are the animals most closely related to humans and have 

a similar physiology, particularly as concerns the liver [107] 

and the central nervous system. The long-term follow-up of 

transplanted cells, which is impossible in rodents, can be 

carried out in monkeys. The first iPSCs were derived from 

the rhesus macaque, as reported by Liu et al. in 2008 [108]. 

These pluripotent cells gave rise to the three lineages. iPSCs 

have also been obtained from pigtailed and cynomolgus ma-

caques, marmosets and drills [108-110]. 
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 Blin et al. reported the isolation and characterization of a 

group of early mesodermal cardiovascular progenitor cells, 

induced by BMP2 and expressing the cell surface protein 

stage-specific embryonic antigen 1 (SSEA-1). BMP2-

induced SSEA-1
+
 cells were purified from iPSCs and their 

differentiation into cardiomyocytes, endothelial cells and 

smooth muscle cells was induced by treatment with defined 

cytokines and signalling molecules. Purified SSEA
+
 progeni-

tor cells from rhesus monkey ES cells were engrafted into 

non-human primate hearts, in which they differentiated into 

cardiac cells and reconstituted 20% of the scar tissue without 

forming teratomas. Primates receiving grafts of an un-

purified population of cardiac-committed cells, including 

SSEA-1
-
 cells, developed teratomas in the scar tissue [111].  

 One major hurdle highlighted by hepatocyte transplanta-

tion is the low efficiency of donor hepatocyte engraftment 

into the host parenchyma. Many studies on various rodent 

models have demonstrated that, once infused into the liver, 

hepatocytes remain entrapped in the portal spaces and sinu-

soids (up to 70%), causing portal hypertension and ische-

mia–reperfusion injury. Most of these cells are then cleared 

by the innate immune system, including Kupffer cells and 

granulocytes. This may account for the lack of long-term 

clinical improvement in patients undergoing transplantation 

[112].  
 In an effort to improve cell engraftment in a model trans-

posable to clinical practice, we have developed an original 

approach to autologous hepatocyte transplantation into ma-

caque liver. We have shown that transient partial portal em-

bolization improves cell engraftment, resulting in the en-

graftment of 7% of the transplanted hepatocytes, versus only 

0.5 to 1% in non embolised animals. Before transplantation, 

isolated hepatocytes were transduced with a lentiviral vector 

in which the GFP gene was placed under the control of the 

liver-specific promoter of the human Apolipoprotein A-II 

(APOA-II) gene. This led to the detection of GFP in vivo 12 

weeks after transplantation, suggesting that the APOA-II 

promoter was functional in the long term in the liver and 

could be used for gene correction in diseased iPSC-derived 

hepatocytes [113-115]. 

 These studies pave the way for experimentation with 

macaque-derived iPSCs and the transplantation of iPSC-

derived hepatocytes into the autologous macaque liver. 

Challenges 

1) Models appearing to reproduce the human disease phe-

notype for monogenic diseases have now been devel-

oped, including some for liver disorders, but most of 

these models are based on only a few patients. The use 

of larger numbers of donors will be required to model 

faithfully the importance of genetic variability on indi-

vidual variability.  

2) Genome wide comparisons have revealed some diver-

gence between hiPSCs and hESCs which remain the 

gold standard for clinical applications. Whole-genome 

profiles of DNA methylation at a single-base resolution 

in five human iPSC lines have been reported, together 

with the methylomes of ESCs, somatic cells, differenti-

ated iPSCs and ESCs. iPSCs display significant variabil-

ity of reprogramming, including that of somatic mem-

ory, and aberrant reprogramming of DNA methylation 

and differences in CG methylation and histone modifi-

cations. Finally, the differentiation of iPSCs into tro-

phoblastic cells revealed that errors in the reprogram-

ming of CG methylation are transmitted at a high fre-

quency, providing an iPSC reprogramming signature 

that is maintained after differentiation. This epigenetic 

variation can be accounted for by environmentally in-

duced and stochastic epigenetic changes, which accumu-

late over time in the epigenome of the individual [116-

119]. In addition, the biological consequences of these 

differences remain to be understood if one wants to use 

hiPSC for long term engraftment in patients. Finally, it 

has to be borne in mind that disease-specific ESC lines 

from embryos obtained following preimplantation ge-

netic diagnosis are probably more appropriate than iPSC 

lines for certain studies. An example is provided by 

fragile X syndrome (FX), in which the FMR1 gene is 

inappropriately silenced during development. FX-iPSCs 

do not express the FMR1 gene due to a failure to reacti-

vate the mutant locus during reprogramming [120]. Thus 

FX-iPSCs may give rise to FMR-deficient neurons 

[121], but they cannot be used for studies of the mecha-

nisms by which pathological gene silencing occurs dur-

ing development. 

3) Genetic instability remains a major issue for pluripotent 

stem cells. Indeed, hiPSCs as any others primary cells, 

accumulate somatic mutations during extensive in vitro 

culture [122, 123]. Importantly, recent reports also sug-

gest that genetic anomalies observed in hiPSCs could re-

flect the genetic diversity of the somatic cells repro-

grammed [124] and thus underlines the importance to 

understand the biological relevance of these mutations 

for therapeutic applications. 

4) The pluripotent status of hiPSCs imposes on them an 

embryonic identity. While this characteristic is advanta-

geous for basic developmental biology studies, it also 

represents a major drawback for the production of fully 

functional cells. Indeed, it implies that the method of 

differentiation must recapitulate in vitro the entire de-

velopment to produce adult cells, which is extremely 

complex if not impossible with conventional cell culture 

systems. Hence, most of the cell types generated from 

hiPSCs have a foetal identity and have limited func-

tional characteristics. 

Direct Reprogramming As An Alternative 

 Direct reprogramming strategies — the direct conversion 

of one cell type to another, developmentally non permissive, 

lineage-specific cell type — involve the use of transcription 

factors or other genes or miRNAs, selected on the basis of 

their key roles in cell fate specification in embryonic devel-

opment. Several cell types have already been successfully 

generated from fibroblasts, including neurons, cardiomyo-

cytes, blood progenitors, macrophages and hepatocytes (For 

review [125-128]). 

 Huang et al. demonstrated the direct induction of func-

tional hepatocyte-like (iHep) cells from mouse tail-tip fibro-

blasts by the transduction of Gata4, Hnf1  and Foxa3, and 
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the inactivation of p19
Arf

. iHep cells had a typical epithelial 

morphology, expressed hepatic genes and acquired hepato-

cyte functions. In particular, transplanted iHep cells were 

able to repopulate the livers of fumarylacetoacetate hydro-

lase-deficient (Fah
/

) mice sufficiently to restore liver func-

tion and to rescue 40% of recipient mice from death [129]. 

 Another group identified three specific combinations of 

two transcription factors — Hnf4  plus Foxa1, Foxa2 or 

Foxa3 — that converted mouse embryonic and adult fibro-

blasts into cells closely resembling hepatocytes in vitro. 

They suggest that HNF4a and Foxa3 could be defined as the 

minimal set of genes required for the generation of iHep, 

although Foxa3 cannot compensate for the lack of both 

Foxa1 and Foxa2 in mouse liver development. In repopula-

tion experiments in the fah
-/-

 model of liver failure, the sur-

vival of 40% of transplanted animals was increased [130]. 

However, in both studies, major differences in gene expres-

sion were observed between iHep cells and primary hepato-

cytes, resulting in the partial rescue of transplanted animals. 

It remains to be determined whether the different combina-

tions of factors induce the generation of hepatocytes in hu-

mans. 

 Melton and co-workers found that the combination of a 

defined set of transcription factors (Ngn3, Pdx1 and MafA) 

was sufficient to convert pancreatic exocrine cells into func-

tional insulin-secreting beta-like cells in vivo, with a high 

efficiency. This technique may have allowed the cells to de-

velop in their niches, and to respond to pancreatic signalling 

[131]. 

 This approach can be used for the rapid production of 

models of human "diseases in a dish", without the need for 

pluripotent cell production, thus avoiding the potential prob-

lems associated with the time-consuming and labour-

intensive generation of hiPSC lines. This strategy may ulti-

mately be more attractive for cell-based therapy and would 

presumably be less tumorigenic, provided that integration-

free gene delivery methods are used. However, a number of 

the questions raised by Vierbuchen T [127] remain unan-

swered, including: 

1) How do transcription factors downregulate the transcrip-

tional program of the initial cell? 

2) How do transcription factors find their binding sites in a 

cell type with a pattern of chromatin modification dif-

ferent from that normally encountered? 

3) Why is direct reprogramming more difficult with human 

cells than with mouse cells? 

CONCLUSION 

 Human iPSCs have had an immediate impact, through 

the generation of new human cell–based disease and phar-

macological models of enormous potential benefit for the 

development of novel disease treatments. Significant chal-

lenges and obstacles to the use of iPSC technology in per-

sonalized therapies, including safety issues (in vivo pheno-

typic stability and absence of teratomas/carcinomas) remain, 

but it is hoped that these obstacles can be overcome, making 

it possible for iPSCs to have a genuine and substantial im-

pact on the lives of patients. 

CONFLICT OF INTEREST 

 Authors declare having no potential competing financial 

interest. 

ACKNOWLEDGEMENTS 

 Our work was supported by the European Commission’s 

Seventh Framework Programme (ND, CS, AW, LV, ADK) 

(grant agreement N° 223317 (LIV-ES), and N°278152 (IN-

NOVALIV), by the ANR (RFCS Liv-iPS), by Agence de la 

Biomédecine (ND, CS, AW, ADK), by Fondation pour la 

Recherche Médicale (ND, ADK, AW) by the Région Ile de 

France DIM STEM POLE (ND), by the Association Fran-

çaise contre les Myopathies (CS), by the Medical Research 

Council senior non-clinical fellowships (LV) and by the 

Cambridge Hospitals National Institute for Health Research 

Biomedical Research Center (LV). 

PATIENT CONSENT 

 Declared none. 

ABBREVIATIONS 

hESCs = Human Embryonic Stem Cells 

hiPSCs = Human Induced Pluripotent Stem 

Cells 

FH = Familial Hypercholesterolemia 

HB = Haemophilia B 

FIX = Clotting Factor IX 

CN = Crigler-Najjar 

IMD = Inherited Metabolic Disease 

A1AT = Alpha1-Antitrypsin 

A1ATD = Alpha1-Antitrypsin Disease 

AFP = Alpha Foetoprotein 

CK19 = Cytokeratin 19 

CYP3A7, CYP3A4 = Cytochromes P450 3A7, 3A4. 

LDLR = LDL Receptor 
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