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Abstract The discovery that coordinated expression of a

limited number of genes can reprogram differentiated

somatic cells to induced pluripotent stem cells (iPSC) has

opened novel possibilities for developing cell-based mod-

els of diseases and regenerative medicine utilizing cell

reprogramming or cell transplantation. Directed differen-

tiation of iPSCs can potentially generate differentiated cells

belonging to any germ layer, including cells with hepato-

cyte-like morphology and function. Such cells, termed

iHeps, can be derived by sequential cell signaling using

available information on embryological development or by

forced expression of hepatocyte-enriched transcription

factors. In addition to the translational aspects of iHeps, the

experimental findings have provided insights into the

mechanisms of cell plasticity that permit one cell type to

transition to another. However, iHeps generated by current

methods do not fully exhibit all characteristics of mature

hepatocytes, highlighting the need for additional research

in this area. Here we summarize the current approaches and

achievements in this field and discuss some existing hur-

dles and emerging approaches for improving iPSC

differentiation, as well as maintaining such cells in culture

for increasing their utility in disease modeling and drug

development.
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Introduction

Hepatocytes perform a variety of diverse but interrelated

functions including protein synthesis, energy metabolism,

detoxification of endogenous and exogenous substances

and biliary excretion. Inherited abnormalities of any one of

the thousands of genes preferentially expressed in the liver

can lead to an inherited metabolic disorder. Availability of

a cellular platform for modeling these disorders and to

using such platforms to assist drug discovery would be a

great boon to pharmacological development. If iHep cells

could be produced in large quantities and at a reasonable

cost, they could be utilized in bioartificial liver assist

devices that could provide life support during acute liver

failure, while awaiting the availability of a donor liver.

Orthotopic or auxiliary liver transplantation can rescue

patients with both acute and chronic liver failure, as well as

a large number of liver-based metabolic diseases. How-

ever, liver transplantation requires considerable resources

and expertise and is dependent on the immediate avail-

ability of donor livers. For this reason, many investigators

have explored the transplantation of isolated primary hep-

atocytes as a minimally invasive alternative to liver

transplantation, either as a bridge to whole organ trans-

plantation or as a definitive treatment. Despite some

encouraging results, universal application of hepatocyte
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transplantation has been thwarted by the severe shortage of

donor livers, which are normally prioritized for organ

transplantation. Also, the viability of primary hepatocytes

after cryopreservation is highly variable. These problems

highlight the need for developing an alternative, preferably

renewable source of human hepatocytes for use in regen-

erative medicine. Although tissue stem cells, including

hematopoietic, adipose or mesenchymal stem cells, as well

as bipotent liver progenitor cells could potentially serve as

sources for in vitro differentiation of hepatocyte-like cells,

in this review we have focused on methods for repro-

gramming normal or patient-derived somatic cells into

induced pluripotent stem cells (iPSC) and directed differ-

entiation of the iPSCs into hepatocyte-like cells, which are

commonly termed iHeps.

Pluripotent stem cells as a source for developing
cellular models of inherited metabolic diseases
and application in regenerative medicine

Because pluripotent stem cells (PSC) can proliferate con-

tinuously and also differentiate into cells of all three germ

layers, they offer the possibility of generating differentiated

cells in vitro for disease modeling, drug development and

regenerative medicine. Research of human embryonic stem

cells provided the initial platform for developing methods

for generating differentiated cells. However, application of

these cells was constrained by ethical considerations and

inability to harvest the cells from patients with inherited

diseases. The breakthrough discovery by Takahashi and

associates [1] that transient overexpression of only four

transcription factors was sufficient to change the epigenetic

landscape of differentiated somatic cells, reprogramming

them to pluripotent stem cells (iPSC) overcame many of

the limitations of embryonic stem cells. As no embryo

needed to be destroyed for generating the iPSCs, the ethical

concerns were significantly mitigated. From a translational

viewpoint, the ability to generate iPSCs from adult somatic

cells has opened the possibility of developing cellular

models of genetic diseases. In addition, cells differentiated

from iPSCs from individual patients with monogenetic

diseases could be used for transplantation after correcting

the genetic defect, thereby circumventing the need for

immune suppression.

Reprogramming somatic cells to iPSCs

The landmark discovery by Yamanaka and associates that

mouse and human skin fibroblasts can be reprogrammed to

iPSCs by transiently overexpressing only four pluripotency

factors, Oct3/4, Sox2, Klf4 and c-Myc (OSKM), catalyzed

a worldwide effort to generate iPSCs from a variety of

somatic cells by a number of transfection or transduction

methods. Alternative approaches based on expressing

specific sets of microRNAs that coordinately modulate the

expression of multiple genes are also beginning to emerge.

Choice of somatic cells for reprogramming

Skin fibroblasts, which were used originally by investiga-

tors pioneering the generation of iPSCs continue to be used

most frequently by many investigators [1]. Although cul-

turing skin fibroblasts is straightforward, in most cases a

skin biopsy is required specifically for this purpose. This

minimally invasive procedure is generally safe, but is

associated with the potential risk of causing scars or even

keloids. Alternative somatic cell types such as peripheral

blood cells [2, 3], hair follicle keratinocytes or renal tubular

epithelial cells shed in the urine [4–6] can be harvested

without such risk and reprogrammed to iPSCs. Under

special circumstances, such as during surgery for clinical

indications, adipose-derived stem cells [7], neural stem

cells [8], hepatocytes [9], keratinocytes [10] and pancreatic

islet b cells [11] could be procured without exposing the

subject to an additional procedure. Aminiotic cells

obtained during diagnostic amniotic fluid aspiration [12],

as well as cord blood endothelial cells [13], have been also

used for reprogramming into iPSCs. Differentiated cells

owe their phenotype to epigenetic modification of their

genome, particularly in the promoter/enhancer domains of

the genes. During reprogramming to pluripotent cells, the

epigenetic marks are mostly effaced. At least in some

cases, effacement of the epigenetic marks may not be

complete, whereby the epigenetic ‘‘memory’’ is partially

retained by the somatic cells. In these cases the derived

iPSCs may carry some phenotypic characteristics of the

somatic cells, which may hinder their differentiation to

desired cell types. On the other hand, conceptually, the

partial retention of the parent cell phenotype could even

provide a potential benefit in generating the target cell type.

The ability of iPSCs to be differentiated to hepatocytes has

been reported to differ from donor to donor, and to vary

according to the original cell type [14]. For example, iPSCs

derived from PBMCs were reported to be more able to be

differentiated into iHeps than iPSCs derived from dermal

fibroblasts. Similarly, somatic cells of endodermal origin,

such as tubular epithelial cells shed in the urine, could be

potentially more amenable to differentiation to hepato-

cytes, which are also endoderm-derived [5, 6]. However, if

the reprogramming is complete, at least in theory, iPSCs

derived from any cell type should exhibit similar gene

expression patterns and should be phenotypically identical.

Another issue to consider in selecting the somatic cell

source is the probability of these cells to have acquired
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genetic lesions or rearrangement prior to their harvesting.

For example, epithelial cells derived from umbilical cord

blood have minimal exposure to environmental genotoxic

agents and should be highly desirable as a starting cell type

for reprogramming. However, this has to be weighed

against the fact that such cells are usually not available to

many patients at the time of diagnosis of their inherited

disease. Adipose tissue-derived stem cells or bone marrow

hematopoietic stem cells (HSC) have the advantage of

having undergone only infrequent cell divisions, reducing

their chance of acquiring somatic cell mutations. However,

obtaining these cells requires invasive procedures.

Peripheral blood mononucleocytes (PBMC) are a conve-

nient source of somatic cells, but random recombinations

of the variable, diverse and joining gene segments

[V(D)J] in T and B lymphocytes remains a concern. HSCs

obtained from blood samples would not be associated with

such concerns, but they are normally preset in very small

numbers. For skin fibroblasts, in addition to the minor risk

of scar or keloid formation, there is a concern about the

life-long exposure of the skin cells to ultraviolet irradiation

and environmental genotoxins that could potentially result

in preexisting acquired genetic lesions, although the fre-

quency of this has not been determined systematically. In

all cases, it should be considered that aneuploidy, genetic

mutations, deletions, insertions, duplications or rearrange-

ments observed in iPSCs could have preexisted in the

somatic cells, or could have been acquired during repro-

gramming. How frequently this affects the iPSCs and to

what extent these genetic abnormalities affect their ability

to be differentiated to target cell types remains to be

determined.

Reprogramming methods

The standard approach consists of overexpressing the four

Yamanaka reprogramming transcription factors, OCT3/4,

KLF4, SOX2 and MYC. An alternative strategy is based on

overexpressing a set of microRNAs for coordinated mod-

ulation of multiple genes. A brief discussion of these

strategies follows (Fig. 1).

Reprogramming by overexpression of Yamanaka

factors

In their pioneering studies, Yamanaka and associates had

used retroviral vectors, based on Moloney’s murine leu-

kemia virus (MoMuLV). After infection, the RNA genome

of these retroviruses give rise to cDNAs that are randomly

integrated into the host genome. MoMuLVs infect almost

exclusively dividing cells. Expression of the transgenes

integrated via MoMuLV vectors are often silenced after the

somatic cells are reprogrammed to iPSCs. Subsequently,

pluripotency is maintained by the switched gene expression

pattern of the reprogrammed cells. To increase the trans-

duction efficiency, another class of recombinant retro-

viruses, termed lentiviruses, were used because these can

infect both dividing and non-dividing cells [15, 16]. Ran-

dom integration of the proviral genome into host chromo-

somes is associated with the potential risk of activation of

host cell protooncogenes. For this reason, lentiviral vectors

were designed with the transcription units flanked by lox

sequences, so that the exogenous DNA components could

be removed by treating the cells with Cre recombinase after

reprogramming is achieved [17]. Removal of the integrated

transcription factor genes has also been achieved using the

piggyBac (PB) transposition system, which utilizes 13-base

pair inverted terminal repeats and the active PB tran-

scriptase for insertion and subsequent excision of the DNA

cassette, without altering the host genomic sequence [18].

Because transgene removal by the Cre or PB system may

be incomplete, investigators have sought methods that do

not require integration of exogenous DNA into the host

genome.

Adenoviruses are DNA viruses that infect cells via the

Coxsackie adenovirus receptor (CAR) [19] and recombi-

nant adenoviral vectors can transduce a wide range of cells

without integration, although integration may occur rarely

[20]. Because CAR is expressed at a lower level in human

cells than in rodent cells, generating human iPSCs using

these vectors is much less efficient than reprogramming

mouse cells [21]. Non-viral DNA vectors used for repro-

gramming include the transfection of ‘‘minicircles’’ gen-

erated by removing the bacterial components of plasmids

[22]. The minicircles remain in cells for a longer duration

than do conventional plasmids. To deal with the problem of

rapid loss of plasmids from dividing cells, the Yamanaka

laboratory has introduced episomal plasmids containing the

Epstein-Barr nuclear antigen-1 (EBNA1) sequences.

Whereas conventional plasmids are diluted and lost during

cell division [23], the OriP/EBNA1 plasmids can replicate

during cell division for about six cycles, before they are

lost from the cells [24], whereby a single transfection is

sufficient for reprogramming. A set of three plasmids that

express OCT3/4, SOX2, KLF4, L-Myc and Lin28, in

addition to a shRNA that suppresses p53 expression [25]

can be introduced into somatic cells in a single step to

generate iPSCs. Because DNA-based methods are associ-

ated with a minute risk of integration into the host genome,

other investigators have developed RNA-based methods of

reprogramming.

Reprogramming by transfecting mRNA encoding five

pluripotency factors was first reported by Plews et al. [26].

The RNA is generated by in vitro transcription and then

modified to reduce cellular interferon response that can

rapidly destroy the exogenous RNA. Replacement of
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cytidine and uridine residues by 5-methylcytidine and

pseudouridine, respectively, ameliorates the interferon

response. Additionally, interferon binding to its receptor is

inhibited by expressing an interferon receptor mimetic,

B18R/B19R. Efficiency of this system is increased by

adding internal ribosomal entry sequences, strong transla-

tional initiation signals and a polyA signal at the 30UTR
[27]. Despite these modifications, repeated transfection of

the RNA is required, which may be injurious to some

primary cell types. Another highly efficient RNA-based

reprogramming strategy is based on recombinant Sendaı̈

virus (Hemagglutinating Virus of Japan, HVJ). This single-

stranded RNA virus of the paramyxovirus family differs

from other currently used recombinant viral vectors as the

entire replicative cycle of the Sendai virus occurs outside

the nucleus, thereby virtually eliminating the risk of inte-

gration of the exogenous genes into the host genome.

Transfer of the pluripotency transcription factors by a

single infection with a set of three recombinant Sendaı̈

viruses results in a high frequency of reprogramming of

human primary somatic cells [28–31].

Finally, reprogramming has been achieved without

using any form of nucleic acids. In this strategy the

reprogramming pluripotency proteins (OSKM) are intro-

duced into the cells. To deliver the proteins across the cell

membranes, they are tagged with arginine or lysine-en-

riched ‘‘cell penetrating peptides’’ (CPP) [32, 33], such as a

peptide fragment of the human immunodeficiency virus

transactivator of transcription (HIV-TAT). The need to

transfer large amounts of the protein and a short half life of

the transcription factors in the dividing cells limits the

efficiency of this method [6].

Reprogramming methods based on overexpression

of microRNAs

Reprogramming of somatic cells with microRNAs (miR-

NAs) represents the first departure from reprogramming

Fig. 1 Potential uses for iPSC-derived hepatocyte-like cells (iHeps).

a Somatic cells obtained from normal subjects can be reprogrammed

by expressing OCT3/4, SOX2, KLF4, and MYC. The normal iPSC

are subjected to multistep directed differentiation to generate iHep

cells. After characterizing the iHep cells for hepatocyte-specific gene

expression and functions, they may be utilized potentially for (1) drug

development, particularly for toxicity testing, which will require a

high level of in vitro maturation of the iHeps and (2) transplantation

into allogeneic but HLA-matched donors, which will be facilitated by

the establishment of iPSC ‘‘banks’’. b Somatic cells from patients

with inherited diseases of the liver may be reprogrammed to iPSCs

carrying the disease-causing mutations and then differentiated to

iHeps. These iHeps can serve as (1) cellular models of inherited liver-

based diseases to help in the understanding of disease mechanisms

and prognosis for patients carrying individual mutations and (2) a

platform for discovery of drugs for novel therapies of those disorders.

c Somatic cells derived from individual patients with liver-based

inherited metabolic disorders may be reprogrammed to iPSCs, which

are genetically corrected, by gene transfer or homologous recombi-

nation augmented by targeted DNA breaks using ZFN, TALEN or

CRISPR technologies. The genetically corrected iPSCs could be then

differentiated to iHeps that could be autografted into the donor

individual, thereby obviating the need for immunosuppression
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based on pluripotency factors. miRNAs can regulate cell

function by modulating the expression of multiple genes

simultaneously. miRNAs enriched in embryonic stem cells

(ESC) may be involved in maintaining pluripotency

[34, 35]. The miR302/367 cluster, which is highly expres-

sed in ESCs, has been used to augment transcription factor-

based reprogramming of somatic cells [36]. This cluster is

transcribed as a single polycistronic transcript from intron

8 of the Larp 7 gene on chromosome 3 and is processed

into five miRNAs [37], four of which (miR301a, b, c and

d) have identical seed sequences. Expression of the

miR302/367 cluster, which is highly conserved across

species, upregulates the pluripotency transcription factors,

OCT3/4 and SOX2. In turn, this cluster activates endoge-

nous OCT3/4 expression after the cell is reprogrammed to

iPSC. The five miRs derived from this cluster target TGFb
receptor 2, promote E-cadherin expression, accelerate

mesenchymal-to-epithelial transition and promote cell

division [38]. Retrovirus-mediated expression of the

miR302/367 cluster is sufficient to reprogram murine and

human somatic cells [39]. Chromatin remodeling is

required for reprogramming. Inhibition of histone

deacetylase 2 by valproic acid markedly enhances miR302/

367-mediated reprogramming [36, 38, 39].

Directed differentiation of iPSCs into hepatocyte-
like cells

iPSC-derived hepatocyte-like cells (iHep) can help under-

stand the mechanisms underlying inherited metabolic liver

diseases, serve as a platform for studying the toxicity and

efficacy of drugs and be a renewable cell source for

regenerative therapies of human liver diseases. iHeps

generated from patients with several monogenic liver-

based metabolic diseases have been reported to reflect

specific aspects of the corresponding disorders and have

suggested therapeutic targets [40].

Factors that need to be taken into account in designing

strategies for differentiating iPSCs to iHeps include the

extracellular matrix, coculture with other cell types, and the

media and supplements to provide cell signaling. The

majority of differentiation protocols use undefined matrices

such as Matrigel [41, 42], although defined matrix com-

ponents such as collagen [43], laminin [44], fibronectin

[45] and vitronectin [46] have been identified as effective.

These defined components, singly or in combinations [47],

are being introduced for iHep differentiation. Approaches

to stepwise differentiation of iPSCs are informed by

advances in understanding the molecular events at various

stages of embryonic development [48, 49]. In mammals,

the embryonic ventral foregut gives rise to the liver.

Therefore, a number of current differentiation methods of

embryonic stem cells and iPSCs for generating hepatocyte-

like cells have been based on stepwise induction of

definitive endoderm, differentiation to hepatic progenitors

and finally, maturation to hepatocyte-like iHep cells [50].

The first step of differentiating pluripotent stem cells to

definitive endoderm cells is critical in hepatocyte differ-

entiation. The critical element of this step includes expo-

sure to the transforming growth factor b (TGF-b)
superfamily members activin A and bone morphogenic

protein 4 (BMP4) [51–54]. A short exposure to Wnt3a,

which interacts with activin A, increases the proportion of

cells that are differentiated to definitive endoderm [55].

Combination of fibroblast growth factors (FGF) and BMP4

promotes definitive endoderm cell commitment later in

embryonic development [56, 57]. The effect of factors

involved in early mammalian development is inhibited by

fetal bovine serum in the culture medium [58]. During

embryonic development of definitive endoderm, marker

genes that are expressed include SRY (sex determining

region Y)-box 17 (Sox17) and forkhead box A2 (Foxa2).

This gene expression pattern specifies foregut endoderm,

which subsequently differentiates to pancreatic and hepatic

cells [59].

The next step toward differentiation to hepatocyte lin-

eage is the induction of hepatic progenitor cells or hepa-

toblasts. This is accomplished in vitro by adding a cocktail

of growth factors, of which hepatocyte growth factor

(HGF) is the most critical [60, 61]. The transcription factor

hepatocyte nuclear factor 4-alpha (HNF4a) is initially

expressed in the embryo in the developing hepatic diver-

ticulum and its expression increases during liver develop-

ment. HNF4a expression marks the differentiation of

definitive endoderm cells toward the hepatocyte lineage

in vitro [62]. Alpha-fetoprotein (AFP) expression is an

important marker of primitive hepatocytes [63].

In the final step, the hepatocyte progenitors are matured

to hepatocyte-like iHep cells by attempting to recapitulate

the physiological environment during perinatal and

neonatal life. Commonly, the maturation step in vitro

includes exposure of the cells to oncostatin M (interleukin-

6 family cytokine), in combination with glucocorticoids

[64]. With the differentiation to iHeps, the cells acquire

hepatocyte-like morphology and accumulate glycogen.

Some hepatocyte-specific functions, including albumin and

apolipoprotein synthesis, and urea production, reach near-

adult levels in late fetal life. Other functions, such as

UGT1A1-mediated bilirubin glucuronidation and alpha-1

antitrypsin synthesis are minimal in neonates and are

stimulated by perinatal events, such as increased portal

blood flow, alteration of blood oxygen tension after the

closure of the ductus venosus, elevated plasma glucagon

and catecholamine levels, and probably a host of other

changes, such as introduction of food and bacterial
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colonization of the bowels. Perinatal changes in the epi-

genetic landscape of DNA is central in establishing the

gene expression pattern of adult hepatocytes [65]. Some

isoforms of UDP-glucuronosyltransferase and sulfotrans-

ferases exhibit a second peak at adolescence, coincident

with the surge of sex hormones. Incompleteness of the

knowledge of mechanisms of perinatal hepatocyte matu-

ration is an obstacle to the final maturation of iHeps.

Commonly used markers of iHep maturation include the

expression of albumin, CK18, cytochrome p450 enzymes

(CyP), SERPINA1 (a1-antitrypsin, ATT), asialoglycopro-
tein receptor 1 (ASGPR1), C/EBPa, UGT1A1 and Prox1.

Standard functional assays used to compare the extent of

similarity of the iHeps to primary hepatocytes include urea

production, indocyanin green uptake and clearance, low-

density lipoprotein (LDL) uptake, albumin and ATT

secretion into the medium and inducible cytochrome P450

activity. Although cryopreserved primary hepatocytes are

usually used for comparison in these in vitro assays, there

is a significant variability in the gene expression and

function of primary human hepatocytes from batch to batch

[66]. Cell culture components used in various laboratories

for iHep differentiation have been reviewed [50].

Improving differentiation of iPSC to hepatocyte-like

cells (iHeps)

Despite the effort of many investigators, currently available

techniques do not achieve the differentiation of iHeps to the

level of normal adult primary hepatocytes. It is often stated

in literature that the phenotype of iHeps is similar to that of

fetal or neonatal hepatocytes. In our experience, although

iHeps exhibit several characteristics of fetal hepatocytes,

they also express some genes, such as UGT1A1 and SER-

PINA1, which are expressed at very low levels in neonatal

hepatocytes. Many hepatocyte-preferred genes are expressed

in iHeps at much lower levels than in primary hepatocytes.

The lack of full maturation of the iHeps can affect, to dif-

ferent extents, their utility (a) as a platform for pharmaco-

logical testing, (b) as pathophysiological models for

inherited liver-based disorders and (c) in cell-transplanta-

tion-based liver regeneration. These application-specific

issues have been discussed under separate headings.

Another hurdle in the application of iHeps is that like

primary hepatocytes, iHep cells deteriorate rapidly in cul-

ture with loss of expression of liver-specific genes. Some of

the recent advances toward improving the differentiation

and maintenance of iHeps are discussed below.

Providing postnatal signals

While several current protocols lead to iHep maturation to

the level at which they express secreted proteins, such as

albumin and alpha-1 antitrypsin, inducible expression of

detoxification enzymes, such as cytochrome P450 has

lagged behind the levels found in mature primary hepato-

cytes by several logs. Notably, the expression of many

hepatocyte-specific genes is at a low level at birth and

increases during postnatal development. In many cases, the

rapid maturation of the gene expression pattern is mediated

by nuclear receptors. For example, the nuclear pregnane X

receptor (PXR) is critical to xenobiotic sensing and

induction of proteins involved in all phases of detoxifica-

tion, including CYP3A4, a phase I oxidative enzyme,

glutathione S-transferase, a phase II enzyme and phase III

transport, uptake and efflux proteins such as OATP2

(SLC02A1) and the P-glycoprotein (MDR1) [67]. Avior

et al. argued that a possible reason for the failure of most

current differentiation protocols to achieve iHep matura-

tion beyond the level of fetal hepatocytes is that the signals

provided during the stepwise differentiation process do not

include those that the hepatocytes are exposed to during the

postnatal period [68]. There is a dramatic postpartum shift

of the liver from placental to enteral nutrition [69]. Fatty

acids in breast milk become the primary source of energy.

The fetal intestinal contents are basically sterile in utero

and colonization by the gut microbiota occurs after onset of

feeding. Consequently, the fetal liver becomes exposed to

bacterially derived secondary bile salts, such as lithocholic

acid. Lithocholic acid is an activator of the nuclear preg-

nane X receptor (PXR), which in turn controls the

expression cytochrome P450 isoforms, such as CYP2C9

and CYP3A4. Similarly, vitamin K is not transported

efficiently across the placenta. Exposure of this fat-soluble

vitamin to intestinal bacteria generates menaquinones.

Menaquinone-4 is a known activator PXR. Indeed, expo-

sure of iHeps to lithocholic acid at the final stage of mat-

uration induced a dose-dependent expression of PXR, its

nuclear localization and expression of its targets, CYP3A4

and CYP2C9 [68]. Importantly, these iHeps exhibited

appropriate P450 induction by omeprazole, an aryl

hydrocarbon receptor (AhR) agonist, as well as by rifam-

picin, a PXR agonist. Lithocholic acid is hepatotoxic. It is

possible that other PXR activating agents can be used to

replace this secondary bile acid in the final step of matu-

ration of the iHeps. Small molecules may also be useful in

activating other nuclear receptors. Finally, the expression

and activity of nuclear receptors and their target genes

should be a part of the evaluation of the extent of iHep

maturation [5].

Forced expression of hepatocyte-enriched

transcription factors

Transcription factors that are expressed at various devel-

opmental stages have been expressed at various steps of
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differentiation of iPSCs to iHeps. Recombinant adenoviral

vectors have been used to express SOX17 [70], HEX [71]

and HNF4a [72] to improve the differentiation to definitive

endoderm, hepatoblasts and iHeps, respectively. Thus,

sequential expression of developmental stage-specific

transcription factors, or perhaps microRNAs, could

potentially improve the phenotype of iHeps.

Many of the components used in media or matrices for

iHep differentiation are difficult to adapt to current ‘‘good

manufacturing practices’’ (GMP). For application in

regenerative medicine, small molecules and chemicals are

being explored for moving toward GMP-compatible

methods. For example, CHIR99021 has been shown to

generate definitive endoderm from iPSCs [73]. Dexam-

ethasone and hydrocortisone-21-hemisuccinate have been

used in the final stage of iHep maturation [74]. A number

of other small molecules that promote differentiation

toward hepatocytes have been identified [75].

With advances in the understanding of hepatocyte

maturation, it is likely that improved iHep phenotypes that

closely resemble adult primary hepatocytes may be

achieved. Until then, it may be useful to develop methods

to generate iHeps with characteristics that are specifically

suited for specific applications. For example, iHeps with

xenobiotic detoxification functions comparable with pri-

mary hepatocytes could be generated by transduction of the

cells at a late stage of differentiation with the nuclear

receptor, constitutive androstane receptor (CAR), which

regulates the expression of multiple enzymes mediating the

detoxification of endogenous metabolites, drugs, toxins and

other xenobiotics [76].

Prolonged culturing of the iHeps

Hepatocytes in liver chords exist in three-dimensional

structures in the native liver matrix. They are connected

with neighboring hepatocytes by tight and gap junctions

and are in close vicinity of non-parenchymal cells, such as

hepatic sinusoidal endothelial cells, stellate cells and

Kupffer cells, enabling cross-talk between parenchymal

and non-parenchymal cells. The matrix, the neighboring

cells, as well as nutrients, growth factors and signaling

molecules in the portal blood cooperate to maintain the

viability and gene expression characteristics of hepato-

cytes. Thus, it is not surprising that primary hepatocytes or

iHeps do not retain their function in ‘‘minimalistic’’ two-

dimensional cultures. In an effort to overcome this hurdle,

there is an ongoing effort to mimic the spatial organization

of the liver [77]. In three dimensional co-culture systems

hepatocytes and hepatic sinusoidal endothelial cells appear

to support each other [78]. Coculturing iHep cells with

endothelial and stromal cells increases the degree of their

maturation by direct contact or through paracrine

mechanisms [79]. Similarly, culturing hepatocyte-specific

definitive endoderm cells with human umbilical vein

endothelial cells and mesenchymal stem cells (MSCs),

resulted in three-dimensional cell clusters, in which the

iPSC-derived cells expressed AFP, albumin and other

hepatocyte-preferred genes. After implantation intracra-

nially, in the small bowel mesentery, or beneath the renal

capsule of immunodeficient mice, the cell clusters became

vascularized and continued to proliferate for two months.

Viability and function of the engrafted cell clusters was

evidenced by secretion of human albumin and AAT into

the host plasma. The detoxification function of the implants

was shown by their cytochrome P450 activity, and

improved survival of recipient mice after toxic liver dam-

age. Although implanted cell clusters are not connected to

the bile duct system, this model only partially recreates the

liver environment. To recreate a structure more completely

resembling the liver, whole mouse livers were decellular-

ized by detergent perfusion, and then seeded with isolated

hepatocytes and endothelial cells [80, 81]. It is possible that

a similar environment would promote the differentiation

and increase the longevity of iHeps.

iHeps as a platform for pharmacological testing

Hepatocytes are the primary site of metabolic transforma-

tion of lipids mediated by the cytochrome P450 family of

monooxygenases, which are also involved in the phase I

transformation of drugs, toxins and other xenobiotics.

Phase II of detoxification, mediated by conjugation reac-

tions, and Phase III, which comprises transport of the

metabolites out of cells are also carried out primarily by

hepatocytes. Drugs or their intermediary metabolites can be

toxic to the liver, which makes drug-induced liver injury

(DILI) a leading cause of acute liver injury and post-market

drug withdrawals. This makes hepatotoxicity and drug

metabolism a major focus of pharmaceutical development.

The low concordance between animal and clinical studies,

and low metabolic activity of human hepatoma cell lines,

make primary hepatocytes an essential platform for drug

metabolism and toxicity studies. However, primary hepa-

tocytes are scarce because of a shortage of donor livers,

they rapidly lose metabolic functions in vitro and exhibit a

significant batch-to-batch variation. iHeps could potentially

fill this void. However, as mentioned above, most currently

used methods for differentiation of human pluripotent stem

cells do not express adequate levels of inducible cyto-

chrome P450 enzymes, such as CYP3A4. Thus, in a recent

drug toxicity screening study using hPSC-derived hepato-

cytes, poor correlation was shown with primary human

hepatocytes, resulting in R2 of 0.49 [82]. Employing

postpartum cues of hepatocyte maturation, such as
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lithocholic acid and vitamin K2 in the final step of iHep

maturation, other investigators have obtained a significant

increase in expression and nuclear localization of PXR,

resulting in a 70-fold increase in CYP3A4 expression [68].

Comparison of the 50 % toxic concentrations (TC50) of

these iHeps with primary human hepatocytes yielded a

coefficient of correlation of 0.94. The iHeps exhibited

steatosis, apoptosis, and cholestasis upon exposure to nine

known hepatotoxins, confirming their ability to produce

predictive results. These studies and other ongoing research

demonstrate the possibility of using iHeps as a repro-

ducible and renewable cellular platform for evaluation of

drug metabolism and toxicity.

iHeps as pathophysiological models for inherited
liver-based disorders

Because iHeps can be generated from individuals of all

ages from a wide variety of cell sources, they offer the

opportunity to generate cellular models to understand the

pathophysiology of diseases and testing of therapies at the

level of ‘‘personalized medicine’’. For this purpose, the

iHeps must be differentiated enough to express the specific

hepatocyte function that is deranged in the inherited dis-

order, and the mutant iHep must recapitulate the main

characteristics of the inherited disorder. An important goal

of generating cellular models of ‘‘monogenetic’’ disorders

is to explore the interaction of the disease causing muta-

tion with known and yet to be discovered functional

variation of other genes. Such interaction may underlie the

spectrum of the phenotypic presentation of diseases caused

by a specific genetic lesion. For example, the most com-

mon mutation of the SERPINA1 gene causing a1-antit-
rypsin (AAT) deficiency can manifest as severe liver

disease, severe pulmonary emphysema, a combination of

the two, or no obvious clinical disorder at all. Variability

of disease severity is also common in primary hyperox-

aluria type 1, Wilson’s disease and primary hemochro-

matosis. Therefore, it is important to generate iHeps that

not only exhibit the disease-causing mutation, but also

represent the gene expression repertoire of primary hepa-

tocytes as much as possible. Similarly, when generating

cellular platforms for infectious diseases, the goal may be

to discover novel mechanisms of interaction of the

pathogens with cell surface or intracellular molecules that

may offer therapeutic targets. Again, as these novel

interactions are unknown, it is important to produce iHeps

that are as differentiated toward primary hepatocytes as

possible.

iHeps have been generated from patients with AAT

deficiency (ATD), familial hypercholesterolemia (abnor-

malities of low-density lipoprotein receptor, LDLR),

autosomal dominant hypercholesterolemia (gain of func-

tion mutation of proprotein convertase subtilisin kexin type

9, PCSK9), Wilson’s disease (ATP7B deficiency), familial

transthyretin amyloidosis (FTA), glycogen storage disease

type 1a (GSD1A, glucose-6-phosphatase deficiency),

Crigler-Najjar syndrome type 1 (CN1, UGT1A1 deficiency)

and primary hyperoxaluria-1 (PH1, AGXT deficiency).

Also wildtype iHeps are being employed in the research on

infectious diseases.

The most common mutation that causes ATD gives rise

to a misfolded mutant AAT termed ATZ. The mutant

protein is secreted inefficiently and the low plasma con-

centration of the AAT results in lung disease due to the

uninhibited action of leucocyte elastase. On the other hand

about 20 % of patients carrying the same ATZ mutation

develop clinically recognizable liver disease. In the latter

group, the mutant ATZ protein accumulates in hepatocytes,

giving rise to globules of polymerized ATZ. iHeps derived

from an ATD patient with liver disease showed excess

AAT content compared with normal [83]. To determine

whether iHeps derived from patients with lung disease or

liver disease presentation can model the corresponding

clinical type, iHep from somatic cells of two individuals

carrying the ATZ mutation were used, one with pulmonary

disease and another with liver disease [84]. iHeps derived

from the ATD patient with liver disease exhibited slower

secretion and clearance of the mutant ATZ protein, com-

pared with iHeps from a patient with no known liver dis-

ease or a normal individual. Thus, iHeps could model the

different clinical presentations in patients carrying the

identical ATZ mutation [84]. iHeps from ATD patients

were used as a platform for a blind large-scale high-

throughput drug screening study utilizing 96-well

immunofluorescence readers and the Johns Hopkins Drug

Library. Five clinically approved drugs were identified that

reduced AAT accumulation in the patient-specific iHeps.

Also, the ATZ mutation could be corrected in the patient

iPSCs using the TALEN (transcription activator-like

effector nuclease) technology. iHeps derived from the

genomically corrected iPSCs were functional and did not

accumulate the mutant ATZ [85].

Wilson’s disease is caused by mutations in the ATP7B

gene, encoding an ATPase, which is involved in copper

removal from hepatocytes. iHEPs generated from Wilson’s

disease patients exhibited this defect. The disease pheno-

type was rescued by ATP7B gene transfer using a lentiviral

vector or by addition of curcumin, which acts as a chap-

erone drug [86].

iHeps derived from patients with familial hypercholes-

terolemia type IIa, caused by mutations in the LDLR gene

[87], exhibited deficiency of LDL internalization [83] and

was used to demonstrate the effect of the cholesterol-

lowering drug Lovastatin [88].
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PCSK9 is a protein secreted by hepatocytes that binds to

the extracellular domain of LDLR, thereby targeting it to

the lysosomal pathway for degradation, which disrupts its

recycling to the cell surface [89]. Gain of function muta-

tions (GOF) of PCSK9 causes hypercholesterolemia,

whereas its loss of function (LOF) mutations are associated

with hypobetalipoproteinemia. Urinary sample-derived

iHeps were generated from patients carrying GOF or LOF

[6]. iHeps with GOF mutations exhibited reduced LDL

uptake, which was ameliorated by Prevastatin treatment. In

contrast, iHeps carrying LOF mutation exhibited increased

LDL uptake. Thus, iHeps represent a useful model to

decipher the effects of PCSK9 mutations.

iHeps have been generated also from patients with

glucose-6-phosphatase deficiency (GSD1a). These cells

showed excess accumulation of glycogen and lipids, which

reproduced the pathology in hepatocytes of GSD1a patients

[83].

Familial amyloid polyneuropathy (FAP), also termed

transthyretin-related hereditary amyloidosis, results from

genetic lesions of the transthyretin gene (TTR), which is

expressed in hepatocytes. This disorder causes deposition

of the amyloidogenic variants of transthyretin, particularly

in the nerves. In the end stage, heart and kidney are also

affected. iPSCs derived from FAP patients were differen-

tiated into iHeps, as well as neurons and cardiomyocytes

[90]. The iHeps expressed the mutant transthyretin.

Exposure of the derived neurons and cardiomyocytes to the

mutant transthyretin caused oxidative stress and cell death

in neurons [90].

In addition, modeling inherited disorders, iHeps have

been used as a platform for investigating infectious dis-

eases caused by malaria parasites and hepatitis C virus

(HCV). Differentiation of iPSCs to the stage of hepatic

progenitor cells was sufficient to make them susceptible to

plasmodium strains, such as P. berghei, P. yoelii and P.

vivax [91]. Further maturation to the iHep stage using small

molecules permitted infection by P. falciparum. Further-

more, plasmodium infection was reduced in this model by

treatment with primaquine [91]. Importantly, this approach

may permit evaluation of the efficacy of various drugs in

the treatment of malaria in various ethnic groups with

polymorphic variations.

Several laboratories are exploring the use of iHeps in

HCV research. iHEPs were shown to express CD81,

scavenger receptor class B type I, claudin-1 and occludin,

the receptors required for HCV infection [92]. HCV

replicated within the iHeps. Anti-CD81 antibody reduced

HCV entry and interferon reduced viral replication in these

cells [91]. iHeps had the ability to sustain the entire HCV

life cycle [47]. Innate immune response was evidenced by

upregulation of the IL-28B expression and TNF-a secre-

tion. iHEPs infected with HCV genotype 2a released HCV

virions capable of infecting HuH-7.5 cells [47]. In addition

to these studies on iHep cells in culture, ability of iHep

cells to support HCV infection in vivo has been demon-

strated by transplanting human iHep cells into mice. The

transplanted iHep cells proliferated and further matured in

the murine host livers over 3 months. The resulting iHEPs

could be infected by HCV in vivo [93].

iHeps in cell-transplantation-based liver
regeneration

Clinical trials of hepatocyte transplantation have provided

encouraging results for the treatment of inherited liver-

based disorders or as a bridge to liver transplantation while

awaiting organ donors for patients with acute liver failure

[94, 95]. One of the major hurdles to the universal appli-

cation of hepatocyte transplantation is the scarcity of donor

organs as a source of primary hepatocytes. Because iHep

cells could be a potentially renewable source of human

hepatocytes, several laboratories have explored the possi-

bility of transplanting these cells into the liver of experi-

mental animals. iHeps offer the attractive possibility of

being generated from somatic cells of the recipient, so that

a perfect tissue match could be obtained without the need

for immunosuppression. In the case of patients with

inherited disorders, this approach would require gene cor-

rection of the patient-derived iPSCs. In a proof-of-principle

study, iPSCs derived from an ATD patient was gene-cor-

rected using the zinc finger nuclease technology and iHeps

derived from these cells was transplanted into a mouse

model of liver injury [96]. The gene-corrected iHeps

remained functional after transplantation and did not give

rise to tumors. However, generating iHeps from individuals

is both time consuming and expensive. With that in mind,

banks of iPSC lines with an extensive range of HLA pro-

files are being developed with the participation of many

nations [European Bank for induced pluripotent Stem Cells

(EBiSC), Kyoto University Stem Cell Bank, Japan, Stem-

BANCC, EU, HipSci, UK and the Coriell Institute, USA].

An iPSC bank could potentially provide HLA-compatible

normal iPSCs for individual recipients in a short time and

at a much lower cost.

Apart from the cost of generation of iHeps, a major

hurdle of application of these cells in regenerative medi-

cine is the inefficient engraftment and a low level of sub-

sequent proliferation that is required for significant

repopulation of the liver. Primary hepatocytes in the host

liver are highly capable of proliferating in response to

proliferative stimuli, such as partial hepatectomy. Because

the hepatocytes in a majority of inherited liver-based

metabolic disorders retain normal proliferative capacity,

the transplanted iHep cells not only need to penetrate
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through the sinusoidal endothelial barrier to engraft, they

need to compete with the host hepatocytes to repopulate the

liver. To provide a proliferative advantage to the trans-

planted cells, most of the published studies of iHep trans-

plantation were performed in mice in which there is a

severe loss of host hepatocytes because of a genetic

abnormality of modification. For example, mice trans-

genically expressing urinary plasminogen activator in the

hepatocytes (uPA-mice) or mice with fumarylacetoacetate

hydrolase deficiency (FAH-/-) have massive death of host

hepatocytes, which stimulates compensatory proliferation

of the transplanted hepatocytes. Transplantation of human

iHep cell in immunodeficient uPA mice resulted in up to

15 % liver repopulation 100 days after transplantation

[93]. But as discussed above, most inherited disorders are

not associated with such spontaneous attrition of host liver

cells. Therefore, some preparative manipulations of host

cells are required to provide a proliferative advantage to

the transplanted cells. One preparative regiment developed

for use in rat and mouse transplant recipients consists of

administering retrorsine, a plant alkaloid that inhibits

hepatocyte replication and 70 % hepatectomy to stimulate

cell division. Using this preparative approach in recipient

immunosuppressed analbuminemic rats, significant repop-

ulation of the liver with human iHeps was achieved, as

indicated by the levels of human serum albumin appearing

in the recipient plasma [97]. Another preparative regimen

that has potential for clinical translation consists of X-ir-

radiation of a portion of the recipient liver followed by

hepatocyte or iHep transplantation. Hepatocyte growth

factor (HGF) is used to stimulate the proliferation of hep-

atocytes. In experimental animals this can be achieved

conveniently by a single injection of an adenoviral vector

expressing human HGF. This approach results in repopu-

lation of the irradiated segment of the liver by the trans-

planted non-irradiated hepatocytes, while the remaining

liver remains unperturbed. Transplantation of normal rat

hepatocytes into Ugt1a1-deficient jaundiced Gunn rats (a

model of human Crigler–Najjar syndrome type 1) using

this preparative method resulted in normalization of serum

bilirubin levels [98]. When this preparative regimen was

used in Gunn rat recipients, which were immunosuppressed

with daily tacrolimus administration, transplantation of

human iHeps resulted in progressive reduction of serum

bilirubin by up to 60 % of the baseline levels and a sig-

nificant repopulation of the X-irradiated liver lobe was

observed. Excretion of bilirubin glucuronides in the bile of

the recipient Gunn rats confirmed the function of the

transplanted iHep cells in vivo [99].

There has been a significant discordance among the

extents of iHep engraftment and liver repopulation

observed in different laboratories. Several laboratories

have reported different levels of repopulation of mouse or

rat livers with transplanted iHeps [5, 93, 97, 99–103].

However, Haridass et al. found no significant repopulation

after iHep transplantation. Because of the difference in

approaches employed by the various laboratories, it is

difficult to pinpoint the cause of the variable results.

Engraftment and subsequent proliferation of the trans-

planted cells are two different but interrelated processes

that could be affected by the method of differentiation of

the iPSCs to iHeps, as well as the animal model used for

transplantation. In several reports of successful repopula-

tion with iHeps [5, 93, 97, 99], the method described by

Basma et al. [97] was used with or without minor modifi-

cations. Human iHep transplantation has been tested

mainly in rodents. Two types of models have been

employed: (1) mice with genetic disorders that cause

attrition of the host hepatocytes, e.g. transgenic mice

expressing uPA from albumin or Mup promoter [93];

Fah-/- mouse models of tyrosinemia; and a transgenic

mouse model of AAT deficiency liver disease, expressing a

mutant human SERPINA1 (PiZ mice) [5]; (2) Mice or rats

with induced liver injury, such as treatment with retrorsine

[97], CCl4 [100], thioacetamide [102], diethylnitrosamine

[103] or preparative irradiation of a liver lobe [99]. In most

cases, the evaluation of liver engraftment has been limited

to immunohistochemical staining of the liver for human

proteins and measurement of human serum proteins, e.g.

albumin in the recipient serum, but Chen et al. [99] have

also reported amelioration of a liver-specific function in the

Gunn rat model of inherited jaundice, and Carpentier et al.

[93] have demonstrated infection with hepatitis C virus

after repopulation of MUP-uPA/SCID/Bg mouse livers

with human iHep. In most cases, serum human albumin

levels in the recipient rats or mice was not commensurate

with the level of repopulation measured by immunohisto-

chemical staining. Exceptions to this were studies where

human embryonic cell-derived iHeps were transplanted

into retrorsine-pretreated analbuminemic rats [97] or

human iPS cell-derived iHeps were transplanted intoMUP-

uPA/SCID/Bg mice [93]. In the latter case, although the

level of repopulation varied from\1 to up to 20 %, serum

human albumin levels were proportional to the extent of

repopulation determined by immunohistochemical stain-

ing. Carpentier et al. [93] point out that they transplanted

human iHeps in MUP-uPA/SCID/Bg mice at the age of

5–8 months, at which time the mouse livers are still heal-

thy, compared with livers in the more commonly used

ALB-uPA/SCID model.

Although it is beyond the scope of this review, other

investigators have transdifferentiated fibroblasts without

first reprogramming them to iPSCs [104–106]. Du et al.

overexpressed the hepatic fate conversion factors HNF1A,

HNF4A, and HNF6 and the maturation factors ATF5,

PROX1, and CEBPA in fibroblasts [104]. Transplantation
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Table 1 A ‘‘wish-list’’ for general and application-specific characterization of iHeps

Application Gene expression/function Purpose/rationale References

General evaluation: expression of
genes encoding proteins localized
in specific organelles

(a) Sinuosidal surface proteins: LDLR,
ASGPR, SLCO1B1, NTCP

(b) Canalicular surface proteins: ABCC2
(MRP2), ABCB11 (BSEP)

(c) Endoplasmic reticulum proteins:
UGT1A1, UGT1A6, UGT2B4,
UGT2B10, CYP genes

(d) Cytosolic/cytoplasmic proteins: GSTA1,
FABP1, SULT2A1, KRT18, KRT19

(e) Golgi apparatus: ATP7B, MAN1A1

(f) Mitochondrial: PCK2 (PEPCK)

(g) Nuclear: HNF4a, CEPBA, NR1H2 &
NRNH3 (LXR), NR2B1 & NR2B2 (RXR
a) PROX1

(h) Secretory proteins: ALB, AFP, APOA1,
APOA2, HGF, TTR, SERPIN1A1,
coagulation Factor V

Expression of these genes should be
determined at the mRNA level and/
or protein level to evaluate extent of
differentiation of the iHeps toward
adult human hepatocytes

[5, 93, 97, 99–103]

General evaluation: cell function (a) Secretion of albumin and alpha-1
antitrypsin (AAT) into the media

(b) Indocyanin green (ICG) uptake and
clearance

(c) Glycogen content

(d) Urea secretion into the media (preferably
incorporation of isotopically labeled
ammonia (15ND3) into urea) [108]

(e) P450 activity

(a)Albumin and AAT are expressed
and secreted almost exclusively by
hepatocytes

(b) ICG is taken up by hepatocytes via
OATP1B1 (encoded by SLO1B1)
and pumped out by canalicular
MRP2 (encoded by ABCC2)

(c) Glycogen synthesis is an energy-
consuming process catalyzed by a
series of enzymes

(d) Urea synthesis is a hepatocyte-
specific function mediated by urea
cycle enzymes. However, urea
secretion does not prove the activity
of the entire urea cycle, and may
result from arginase activity alone
[108]

(e) Cytochrome P450 s are heme-
containing oxidoreductases that
mediate bile salt production from
cholesterol and phase I
detoxification of drugs

[5, 93, 97, 99–103]

Drug development (a) Sinusoidal uptake proteins, e.g.
SLC01B1, SLC01B1

(b) Glutatione-S-transferases (binding of
organic anions, as well as glutathione
conjugation

(c) The nuclear receptor PXR

(d) Phase I detoxification proteins—
Cytochrome P450 isoforms: CYP1A2,
CYP2A6, CYP2B6, CYP2C8, CYP2D6,
CYP2E1, CYP3A4, CYP3A5, CYP3A7,
CYP7A1

Inducibility of CYP3A4, PXR expression

(e) Phase II detoxification enzymes:
UGT1A1, SULT2A1

(f) Phase III detoxification proteins: MRP2,
ABCC2, MRP3, MDR1

Drugs undergo a multi-step process for
hepatic detoxification:

(a) Uptake at the sinusoidal surface

(b) Storage within hepatocytes

(c) Phase I detoxification consisting of
simple modifications, most
commonly mediated by P450
enzymes, which are coordinately
regulated by the nuclear receptor
PXR

(d) Following initial modification
mediated by P450, the intermediary
metabolites undergo Phase II or
conjugation reactions

(e) Detoxified metabolites are pumped
out into the bile canaliculus or to
sinusoidal blood by canalicular ATP-
binding cassette transporters

[68]
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of these cells into immunodeficient transgenic mice that

conditionally express uPA (Tet-uPA/Rag2-/-/cc-/-)

resulted in up to 30 % liver repopulation, along with

plasma levels of human serum albumin exceeding 300 lg/
ml [104]. In another study, Zhu et al. partially repro-

grammed fibroblasts toward pluripotency and then differ-

entiated them to endoderm progenitor cells (iMPC-EPCs)

and subsequently to hepatocyte-like cells. Transplantation

of these cells in Fah-/- Rag2-/- mice resulted in up to

2 % liver repopulation in 6 months [105].

To circumvent the initial hurdle of engraftment of the

transplanted hepatocytes into the vascularized liver plates,

Tekebe et al. [107] generated self-assembling three-di-

mensional ‘‘liver buds’’ by coculturing human iPSC-

derived hepatic endoderm cells with human umbilical vein

endothelial cells (HUVEC) and human mesenteric stem

cells. Transplanting multiple ‘‘liver buds’’ on the mesentery

of transgenic mice expressing tyrosine kinase rescued the

recipients from Ganciclovir-induced liver failure. How-

ever, although these organoids form bile canaliculi between

hepatocytes, these are not connected to bile ducts, pre-

cluding their exocrine function. Also, it is unclear whether

the vasculature endothelium generated from the HUVECS

will acquire the characteristic fenestrated morphology of

liver sinusoidal endothelial cells.

Clearly, the differentiation of pluripotent cells is still a

work in progress. Incremental improvements continue to be

provided by work from various laboratories. A limited set

of surrogate markers that could be global indicators of

maturation of iHeps has not been defined. Therefore, crit-

ical assessment of the improvements reported by various

laboratories require the availability of extensive data on the

characteristics of the iHeps. Until the technology advances

to a level where a single protocol is able to produce iHeps

that are suitable for all different applications, it is practical

to identify a set of general characteristics that should be

Table 1 continued

Application Gene expression/function Purpose/rationale References

Disease
modeling

(a) Expression of the gene of interest in the
wildtype iHep control

(b) Expression of the mutant gene (when
missense mutations exist)

(c) Expression of other known genes
involved the metabolic pathway

(d) Expression of genes that are
hypothesized to modify the phenotype
(e.g. genes involved in autophagy,
ubiquitination, Neddylation, etc.)

(a) A set of well-differentiated
wildtype iHep is essential for
comparison

(b) The mutant protein could be toxic
or dysfunctional because of
configurational changes. Thus, these
genes or their products could be
potential therapeutic targets

(c) Inhibition or induction of the
expression of a different gene in the
metabolic pathway could modify the
disease phenotype

(d) Gene products affecting protein
processing, folding or degradation
could offer potential therapeutic
targets

[83–93]

Transplantation (a) Mitochondria: morphology and function:

Number of mitochondria per cell and their
morphology are assessed by electron
microscopy and fluorescent staining

Expression of POLG, TFAM

Mitochondrial proteins: Atp5g, Atp8 and
Ucp2

(b) ATP content and oxygen consumption

(c) Expression of cMET, EGFR, FGFR, b1-
integrin and b-catenin

(a) The process of engraftment and
more importantly, subsequent
proliferation of iHeps consume
energy, requiring high ATP supply
provided by mitochondria

POLG and TFAM are encoded by
nuclear genes but regulate
mitochondrial gene transcription

Mitochondrial proteins Atp5g, Atp8
and Ucp2 can be used as markers of
abundance of mitochondria per iHep

(b) Direct measurement of ATP
content and oxygen consumption are
indicators of mitochondrial function

(c) Cell surface receptors HGF (cMet),
EGF (EGFR), FGF4 (FGFR) are
essential for the proliferation of
hepatocytes. b1-Integrin and b-
catenin are required for hepatocyte
proliferation

[5, 68, 93, 97, 99–105, 110, 111, 112]
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evaluated for all applications, and additional sets that are

particularly important for specific types of application of

iHeps. A ‘‘wish list’’ of general and application-specific

characterization of iHeps is given in Table 1.

For future application of iHeps in regenerative medi-

cine, the iPSCs and the iHeps will need to be produced

under GMP conditions. Extensive safety studies will need

to be performed both in small animals, such as rats and

mice, and in larger and longer-lived recipients, preferable

in non-human primates. iPSCs have been generated from

rhesus monkey [108] and pigtail macaque [109] fibroblasts

and differentiated to functional iHeps.

In summary, the availability of methods for repro-

gramming human somatic cells to iPSCs and directed dif-

ferentiation of the iPSCs to iHeps has opened the

opportunities for generating personalized and renewable

hepatocyte-like cells for modeling of inherited as well as

infectious diseases. These cells can serve as a platform for

drug discovery. Although there has been some success in

repopulating the livers of rodent models of human diseases

with the iHep cells, initial engraftment and subsequent

proliferation of the transplanted iHeps remains low. Thus,

directed differentiation of the iPSCs toward the mature

hepatocyte phenotype requires further refinement. It is

likely, however, that the transplanted iHep cells will con-

tinue to mature in vivo. Research by many groups world-

wide continues to produce creative solutions for eventually

overcoming the existing hurdles to applying iHeps to

pathophysiological and pharmacological research and

using the cells for personalized regenerative medicine.
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