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ABSTRACT

Despitemajor progress in the knowledge andmanagement of human liver injury, there aremillions of
people suffering from chronic liver disease. Currently, the only cure for end-stage liver disease is
orthotopic liver transplantation; however, this approach is severely limited by organ donation. Alter-
native approaches to restoring liver function have therefore been pursued, including the use of so-
matic and stem cell populations. Although such approaches are essential in developing scalable
treatments, there is also an imperative to develop predictive human systems that more effectively
study and/orprevent theonset of liver disease anddecompensatedorgan function.Weuseda renew-
able human stem cell resource, from defined genetic backgrounds, and drove them through devel-
opmental intermediates to yield highly active, drug-inducible, and predictive human hepatocyte
populations.Most importantly, stemcell-derivedhepatocytes displayedequivalence toprimary adult
hepatocytes, following incubation with known hepatotoxins. In summary, we have developed a se-
rum-free, scalable, and shippable cell-based model that faithfully predicts the potential for human
liver injury. Such a resource has direct application in human modeling and, in the future, could play
an important role in developing renewable cell-based therapies. STEM CELLS TRANSLATIONAL

MEDICINE 2014;3:141–148

INTRODUCTION

There aremillions of people suffering fromchronic
liver disease worldwide. This is highlighted in the
United Kingdom, where liver disease is the fifth
most common cause of death and on the rise
[1]. Currently, the only cure for end-stage liver dis-
ease is orthotopic liver transplantation. Although
successful, liver transplantation is severely limited
by the number of donors [2, 3]. This has led scien-
tists, physicians, and surgeons to search for alter-
native therapies. Recently, liver specialists at
King’s College Hospital successfully pioneered a
techniquetoencapsulatehumanhepatocytes inal-
ginate before infusion into the peritoneal cavity
[4]. In addition, recent studies have shown that
macrophages and neutrophils play an essential
role in tissueremodelingduring recovery fromliver
injury and represent tractable targets [5–7].

There are significant morbidity, mortality, and
economic burden associated with human liver dis-
ease. Therefore, developing new systems that im-
prove the study and prediction of liver disease is
likely to lead to more effective intervention in
the future. One such example is the development
of simple cell-basedmodels that closely reflect hu-
man physiology. In the future, suchmodels will un-
doubtedly offer new insight into liver diseases,
idiosyncrasies, and the influence of patient genetics

(reviewed in [8]). Although current models will still
have an important role to play, the development of
human liver cells, from renewable and genetically
definedorigins, is likely tobe a game-changing addi-
tion to the field.

For new models to have significant impact in
the field, theymustbederived from renewable cell
populations anddelivered at scale. For this reason,
we have used pluripotent stem cells (PSCs) to
model human liver biology. Human embryonic
stem cells (hESCs) and induced pluripotent stem
cells (iPSCs) are examples of renewable cell popu-
lations [9, 10]. Both populations have been shown
to efficiently differentiate to hepatocytes by ei-
ther spontaneous or directed differentiation and,
therefore, offer significant promise in the quest
to deliver a newwave of predictive humanmodels
[11–19]. In this vein, we have developed highly ef-
ficient, scalable, and serum-free differentiation
procedures that are compatible with pluripotent
stem cells. Importantly, the cell populations de-
rived from these procedures are shippable and
display high level of accuracy in predicting hu-
man drug-induced liver injury. We believe that
such a resource has direct application in model-
ing human biology “in a dish” and, in the future,
could aid the delivery of renewable cell-based
therapies.
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MATERIALS AND METHODS

Cell Culture and Differentiation

hESCs (H9) and iPSCs (33D6) were cultured as described [16,
18–20] and maintained in a humidified 37°C, 5% CO2 incubator.
At day 9, differentiating cells from hESCs and iPSCs were cultured
inhepatocytematurationmediumHepatoZYME (Life Technologies,
Carlsbad, CA, http://www.lifetech.com) containing 1% Glutamax
(Life Technologies), supplemented with 10 mM hydrocortisone
21-hemisuccinate (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com), 10 ng/ml hepatocyte growth factor (Peprotech,
RockyHill, NJ, http://www.peprotech.com), and 20 ng/ml oncosta-
tinM (Peprotech). Cryoplateable human hepatocyteswere used as
the gold standard comparison and purchased from Celsis/In Vitro
Technologies (catalog no. F00995, lot 124). Primary hepatocytes
were plated per vendor’s instructions in InVitroGRO HI medium
(Celsis, Baltimore, MD, http://www.celsis.com) plus 10% fetal bo-
vine serum (Gibco, Grand Island, NY, http://www.invitrogen.com)
on 96-well collagen I-coated plates (BD Biosciences, San Diego,
CA, http://www.bdbiosciences.com) at a concentration of
20,000 cells per well 24 hours before compound addition and
maintained in a humidified 37°C, 5% CO2 incubator.

Western Blot

A total of 43 105 cells from each time point during differentiation
was lysed in 150ml of SUMObuffer (2% SDS, 50mMTris-HCl, pH 8,
1 mM ethylenediaminetetraacetic acid [EDTA], and 10 mM iodoa-
cetamide [all from Sigma-Aldrich]). Protein concentrations were
estimated using the standard bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL, http://www.piercenet.com). A quantity
amounting to 10mg of protein was then used forWestern blotting
studies.The lysateswere separated in4%–12%Bis-Tris gradient gel.
TheXCell SureLockMini-Cell system fromNovex (LifeTechnologies)
was used, as per the manufacturer’s instructions. The membranes
were blocked for 1 hour at room temperature with phosphate-
buffered saline (PBS)/0.1% Tween 20/10% nonfat milk. Following
blocking, the membranes were probed with primary antibody (di-
luted inPBS/0.1%Tween/10%milk)at4°Covernightunderconstant
rotation. Following primary antibody incubation,membraneswere
washed three times in PBS/0.1% Tween. The secondary antibody
was then incubated for 1 hour at room temperature and washed
three times in PBS/0.1% Tween. Enhanced chemiluminescence
(Pierce) was used to detect immobilized complexes. The primary
and secondary antibodies are listed in supplemental online Table 1.

RNA Isolation and Quantitative Polymerase
Chain Reaction

Total RNA was isolated from cells using TRIzol reagent (Life Tech-
nologies). RNA quality was assessed byNanoDrop (Thermo Scien-
tific,Wilmington,DE, http://www.nanodrop.com). Total RNAwas
reverse transcribed from each time point using Superscript III
reverse-transcription kit, as per manufacturer’s instructions (Life
Technologies). Quantitative polymerase chain reaction (qPCR)
was carried out using TaqMan Fast Advance Master Mix and ap-
propriate primers (Applied Biosystems, Foster City, CA, http://
www.appliedbiosystems.com). The primers are listed in sup-
plemental online Table 2. The samples were analyzed using Roche
LightCycler 480 Real-Time PCR System. Results were normalized to
b-2 microglobulin and expressed as relative expression over the
control sample (hESC or iPSC). The qPCRs were run in triplicate.

Data analysis was performed using Roche LightCycler 480 software
(version 1.5). Levels of significance were measured by Student’s t
test.

Flow Cytometry

Single-cell populationswere prepared fromdays 0 to 6 of the differ-
entiation process and resuspended in PBS supplementedwith 0.1%
bovine serum albumin (BSA) and 0.1% sodium azide. The cells were
countedanddiluted to a concentrationof 13107 cells permilliliter.
A total of 1 3 106 cells was incubated for 30 minutes at 4°C with
conjugated antibodies to TRA-1-60 (eBioscience, San Diego, CA,
http://www.ebioscience.com; 1:50 dilution) and CXCR4 (eBio-
science; 1:20 dilution). Cells were washed extensively to remove
anyunboundantibody, before analysis.Data for 100,000 live events
were acquired for each sample using a FACSCalibur cytometer.

Immunofluorescence

Cell cultures at different points during cellular differentiation were
fixed in 100% ice-cold methanol at 220°C for 30 minutes. Postfix-
ation, cellmonolayerswerewashedtwicewithPBSat roomtemper-
ature.Afterblockingwith0.1%PBS-Tweencontaining10%BSA for1
hour, the cells were incubated with primary antibodies diluted in
PBS-0.1% Tween/1% BSA at 4°C overnight. The following day, the
primary antibody was removed, and the fixed monolayers were
washed three times with PBS-0.1% Tween/1% BSA. Following this,
the cells were incubated with the appropriate secondary antibody
diluted in PBS-0.1% Tween/1%BSA for 1 hour at room temperature
and washed three times, as before. Cultures were subsequently
mounted with Mowiol 4-88 (Calbiochem, San Diego, CA, http://
www.emdbiosciences.com) containing glycerol (Fisher Chemicals,
Leicestershire, U.K.), 0.2 M [pH 8] Tris (Sigma-Aldrich), and
49,6-diamidino-2-phenylindole (1:1,000) (Sigma-Aldrich) over-
night at 4°C. The cells were analyzed by Olympus TH4-200 micro-
scope and Volocity 4 software. The percentage of positive cells
and standard deviationwere estimated fromat least four random
fields of view. The primary and secondary antibodies are listed in
supplemental online Table 1.

Cytochromep450 (CYP3AandCYP1A2) FunctionalAssay

CYP3AandCYP1A2activityweremeasuredbypGlokit fromProm-
ega (Madison, WI, http://www.promega.com) and carried out as
per the manufacturer’s instructions for nonlytic CYP450 activity
estimation (http://http://www.promega.com/tbs/tb325/tb325.
pdf). CYP activities are expressed as relative light units (RLU)
per milligram of protein (BCA assay). Cultures were incubated
in the presence and absence of the CYP3A inducer, phenobarbital
(PB), at 1mMconcentration for 48 hours beforemeasurement of
CYP3A and CYP1A2 activity. Levels of significance weremeasured
by Student’s t test, where p, .01 is denoted as **, n = 3.

Compound Incubation

Compounds were dissolved in Hybri-Max dimethyl sulfoxide
(DMSO) fromSigma-Aldrich. The20mMstocksolutionsweremade
and further diluted in DMSO before being added to HepatoZYME
culture medium (hESC-derived hepatocytes) or InVitroGRO HI me-
dium (cryoplateable hepatocytes), so that a consistent final con-
centration of 1% DMSO was maintained. Medium was aspirated
from96-well plates and replacedwith100ml ofmediumcontaining
theappropriateconcentrationofcompound (vehicle control, 0.1,1,
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10, 25, 50, 100, or 200 mM) in triplicate. Plates were placed in a
humidified 37°C, 5%CO2 incubator for 6 hours or 24 hours for the
Apo-ONE Homogeneous Caspase-3/7 Assay, and 24 hours, 4
days, or 7 days for the CellTiter-Glo Luminescent Cell Viability As-
say. Old medium was aspirated, and fresh medium-containing
compound was added to the remaining plates on day 4.

Caspase-3/7 Assay

Caspase 3/7 levels were measured using the Apo-ONE Homoge-
neous Caspase-3/7 Assay kit from Promega and carried out as per
the manufacturer’s instructions for cells in culture. Fluorescence
was detected using an EnVision plate reader (PerkinElmer, Wal-
tham,MA,http://www.perkinelmer.com) andexpressedasaper-
centage of vehicle control.

Cell Viability Assay

The CellTiter-Glo Luminescent Cell Viability Assay from Promega
was used to measure ATP levels and carried out as per the man-
ufacturer’s instructions for cells in culture. Luminescence was
detected using an EnVision plate reader (PerkinElmer) and
expressed as a percentage of vehicle control.

Analysis of Results

Concentration-response curves were plotted using the mean of
the three replicates for each of the cell lines, and the concentra-
tion corresponding to a 50% viability on the four-parameter logis-
tic regression line (50% inhibition/inhibitory concentration [IC50])
was determined using XLfit model 205.

RESULTS

Driving Hepatocellular Differentiation Through
Important Developmental Intermediates Using
a Serum-Free Process

To deliver cell-based models at scale, we developed a serum-free
approach to hepatocellular differentiation. During differentiation,
hESCs underwent a series of profound morphological changes
(Fig. 1). hESCmorphology (Fig. 1Aa) changed as cells exited pluripo-
tency and transited through definitive endoderm (Fig. 1Ab) and
uponhepatic specification (Fig. 1Ac,1Ad). In linewith changes in cell
morphology, we observed changes in gene expression throughout
cellular differentiation. At 3 days postdifferentiation, hESCs had
committed to a population of cells reminiscent of the definitive en-
doderm. In support of this, we detected significant decreases in

Figure1. Drivingefficienthepatocellular differentiationusinga serum-free system.Humanembryonic stemcellsweredifferentiated ina stage-
wise fashion toward the hepatocyte lineage. (A): Phase-contrast imaging demonstrated the cells were undergoing sequential morphological
changes during transit from stem cell (day 0) (Aa) to definitive endoderm (day 3) (Ab) to hepatoblast (day 10) (Ac) to hepatocyte (day 18) (Ad).
(B): The quantitative polymerase chain reaction (qPCR) gene expression analysis demonstrated that changes in morphology were paralleled by
changes in pluripotent (Oct4, Nanog), definitive endoderm (Sox17, CXCR4, Nodal), and hepatic (HNF4a, HNF1b, CYP3A, and 1A2) transcripts in
line with human development. (C): Cell surface marker expression was also significantly altered during cellular differentiation, as assessed by
flow cytometry. Thedownregulation of TRA1-60,marking onset of cellular differentiation at day 6, and the increase in CXCR4 staining confirmed
definitive endoderm specification at days 3 and 4. (D):Western blotting was used to assess protein expression of a number of differentiation
markers. As the cells differentiated toward the hepatocyte lineage, we detected key changes in Oct4, AFP, albumin, and E-cadherin gene ex-
pression. Imageswere takenat310magnification. TheqPCRswere run in triplicates. Errorbars represent the standarddeviation.Abbreviations:
d, day; DE, definitive endoderm; HBC, hepatocyte; HBL, hepatoblast; hES, human embryonic stem cells.
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pluripotent gene transcription (octamer 4 [Oct4], p , .0001 and
Nanog, p , .01) and increases in definitive endoderm marker
gene expression (SRY-box containing gene 17 [Sox17], p , .001
and Nodal, p, .001; CXCR4, p, .001) (Fig. 1B). This was highly ef-
ficientwith∼93%and∼84%of cells expressing Sox17andForkhead
box protein 1 (Foxa1) (Fig. 2).

In addition to snapshot analysis, we performed flow cytometry
over a 6-day time course to measure marker expression indicative
of either pluripotency or differentiation. In line with previous re-
ports, TRA 1-60 was elevated in hESC populations and decreased
as the cells differentiated toward definitive endoderm. This was
in contrast to CXCR4, which increased as the cells transited from
pluripotency to definitive endoderm, peaking at ∼72% positive
by day 3 (Fig. 1C). Postspecification, definitive endoderm was di-
rectly differentiated to hepatoblast and hepatocytic populations.
In support of this, we observed increases in hepatic gene expres-
sion for hepatocyte nuclear factor 4a (HNF4a) (p , .001),
HNF1b (p , .001), CYP3A4 (p , .01), and CYP1A2 (p , .01)
(Fig. 1B), and, upon hepatic specification,∼94%of cells expressed
HNF4a (Fig. 2). Further support of these data was provided by
Western blotting. As differentiation proceeded, we observed
a decrease in Oct4 and an increase in epithelial (E-cadherin)
and functional gene expression (a-fetoprotein [AFP], albumin,
CYP3A) (Fig. 1D).

Translating Serum-Free Differentiation to Induced
Pluripotent Stem Cells

Wewere keen to assesswhether our serum-free approachwas ap-
plicable to other stem cell lines, in particular iPSCs. For this pur-
pose, we used a well-established iPSC line [19, 20]. To direct
efficient hepatic differentiation, it was necessary to make simple
changes to the iPSC differentiation process. As with hESCs, we
detected significant changes in cell morphology as differentiation
progressed (Fig. 3A). Similar to hESC populations, iPSCs demon-
strated downregulation of pluripotent transcripts (Oct4, p, .001
and Nanog, p, .001) as the cells differentiated toward definitive

endoderm (day 5), determined by Sox17 (p , .001), Foxa2
(p, .0001), and CXCR4 (p, .001). Following hepatocyte spec-
ification (day 9), we observed increases in hepatocytemarkers,
HNF4a (p, .0001), albumin (p, .001), and CYP1A2 (p, .05)
(Fig. 3B)with CYP3A4 (p, .05) gene expression apparent at the
day 14 time point. iPSC differentiation to hepatic endoderm
was highly efficient. In support of this, we observed a downre-
gulation of Oct4-positive cells as differentiation ensued. Upon
hepatic specification, ∼98% cells expressed HNF4a, AFP, and
E-cadherin (Fig. 4). Further support of these data was provided
by Western blotting. As differentiation progressed, we ob-
served a decrease in Oct4 and an increase in a1-antitrypsin ex-
pression (Fig. 3C).

Selecting Hepatocyte Populations That Demonstrate
Mature Hepatic Function

The liver plays a central role inmany biochemical processes. Our
interest was specifically in drug metabolism and how stem cell-
derived models could be used to study compound pharmacol-
ogy and hepatotoxicity. The first step was to assess which, if
any, cell-based assay was suitable for large-scale screening
within the pharmaceutical industry. The criteria we applied
were stem cell-derived hepatocytes exhibit inducible cyto-
chrome P450 activity to progress to large-scale manufacture
and industrial screening. Using our serum-free process, hESC
and iPSC hepatocytes demonstrated significantly improved
metabolic capacity and were more stable in character, when
compared with previous approaches using serum-containing
medium [17, 20]. Interestingly, hESC-derived hepatocytes dis-
played better metabolic capacity than their iPSC counterparts
(Fig. 5).

Whereas basal activities of the cytochrome P450 enzymes pro-
vided important background information, we were keen to assess
whether our PSC-derived hepatocytes were drug inducible, a hall-
mark of a more mature hepatocyte. To assess this, we used

Figure 2. Stagewise human embryonic stem cell (hESC) differentiation to the hepatocyte lineage. hESCs were differentiated in a stagewise
fashion toward the hepatocyte lineage. Immunocytochemistry showing downregulation of pluripotent marker Oct4, as the cells expressed en-
dodermal transcripts (Sox17, Foxa1). Upon hepatic specification, HNF4a expression increased. Immunoglobulin G controls demonstrated the
specificity of immunostaining. The percentage of positive cells is provided in the top right of each panel. This was calculated from four random
fields of view and is quoted as6standard error. The images were taken at320 magnification. Abbreviations: Foxa1, Forkhead box protein 1;
HNF4a, hepatocyte nuclear factor 4a; Oct4, octamer 4; Sox 17, SRY-box containing gene 17.
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a pleiotropic P450 inducer, phenobarbital. PSC-derived hepato-
cytes were induced with 1 mM PB for 48 hours before the assess-
ment of P450 activity. It was clear that hESC-derived hepatocyte
populations exhibited inducible CYP3A (∼fivefold) and CYP1A2

(∼fourfold) activity (Fig. 5A, 5B), whereas the iPSC-derived hepato-
cytes did not (Fig. 5C, 5D). Therefore, we elected to use hESC-
derived hepatocytes in future experiments as they fulfilled the
criteria for large-scale manufacture and industrial application.

Figure 3. Translating newmodel to human induced pluripotent stem cells (iPSCs). iPSCs were differentiated in a stagewise fashion toward the
hepatocyte lineage. (A): Imaging showing sequential morphological changes during iPSC differentiation. The light microscopy demonstrated
transition from iPSC (day 0), to definitive endoderm (day 5), to hepatoblast (day 9), and to hepatocyte (day 14). (B): The quantitative polymerase
chain reaction (qPCR) gene expression analysis demonstrated that changes in morphology were paralleled by changes in pluripotent (Oct4,
Nanog), definitive endoderm (Sox17, CXCR4, Foxa 2), and hepatic (HNF4a, HNF1b, CYP3A, CYP1A2, ALB) transcripts, which is in linewith human
development. (C):Western blotting was used to assess protein expression of a number of differentiation markers. As the cells differentiated
toward hepatic lineage, Oct4 protein expression was reduced and a1 antitrypsin gene expression increased. Images were taken at310 mag-
nification. The qPCRs were run in triplicates. Error bars represent the standard deviation. Abbreviations: d, day; DE, definitive endoderm; HBC,
hepatocyte; HBL, hepatoblast; hIPS, human induced pluripotent cells.

Figure 4. Stagewise induced pluripotent stem cell (iPSC) differentiation to the hepatocyte lineage. iPSCs were differentiated in a stagewise fashion
toward thehepatocyte lineage. Immunocytochemistry showsdownregulationofpluripotentmarkerOct4during cellulardifferentiation.Uponhepatic
specification, HNF4a, AFP, and E-cad expression increased. Immunoglobulin G controls demonstrated the specificity of immunostaining. The percent-
ageofpositive cells is provided in the top rightof eachpanel. Thiswas calculated fromfour randomfieldsof viewand isquotedas6standarderror. The
imageswere taken at320magnification. Abbreviations: AFP, a-fetoprotein; Ecad, E cadherin; HNF4a, hepatocyte nuclear factor 4a; Oct4, octamer 4.
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hESC Hepatocytes Predict Potential Liver Injury in
a Manner Equivalent to Current Gold Standards

hESC-derived hepatocytes, chosen on the basis of metabolic com-
petence,werecomparedtoawell-characterizedbatchofcryoplate-
able human hepatocytes (hereafter referred to as primary
hepatocytes). hESCwerescaledupanddifferentiated in96-well for-
mat. Post-hepatocyte commitment (day 14), hESC-derived hepato-
cytes were shipped to Bristol-Myers Squibb (Princeton, NJ, http://
www.bms.com). Upon arrival (day 16), hESC-derived hepatocytes
were reconstituted and left to recover for an additional 72 hours.
At the 72-hour time point, no contamination or major cell death
was evident and the cells were released for screening. Twenty
known hepatotoxins were screened using primary and stem
cell-derivedhepatocytes.Eachcell typewas incubatedwiththespe-
cific compound for 1, 4, or 7 days. In general, toxicity increasedwith
time of exposure (Fig. 6). All compounds eventually identified
as toxic (IC50, 200 mM) in primary hepatocyte cultures were also
toxic in hESC hepatocytes. Initially (day 1), fewer compounds were
toxic to hESC hepatocytes (45%) as compared with primary hepato-
cytes (60%), but by day 4 hESC hepatocytes displayed increased sen-
sitivity (65%)over primary hepatocytes (60%) (Fig. 6). One compound,
benzbromarone, was substantially more toxic in hESC hepatocyte

cultures than in primary hepatocytes, but most compounds (8 of
20) were more toxic in primary hepatocyte cultures. By day 7, both
assays identified 75% of the hepatotoxins as toxic in vitro.

Nine of the 15 toxic compounds (amiodarone, benzbromarone,
hycanthone, ketoconazole, nefazodone, perhexiline, puromycin,
simvastatin, and troglitazone) induced increases in caspase 3/7 ac-
tivity over the same range of concentrations that reduced ATP
(supplemental online Fig. 1). The remaining six toxic compounds
(bicalutamide, danazol, dantrolene, flutamide, nitrofurantoin, and
tolcapone) did not induce caspase activity (supplemental online
Fig.1).Of thefivecompoundsthatwerenottoxic (dacarbazine, diclo-
fenac, felbamate, isoniazid, and valproic acid), concentration-related
increases in hESC hepatocyte ATP were observed for dacarba-
zine, felbamate, and valproic acid, indicative of hormesis (sup-
plemental online Fig. 1). Of note, troglitazone also induced a
substantial increase in hESC hepatocyte ATP on day 7, at lower
concentrations, before sustaining a complete loss of cell ATP be-
tween 10 and 100 mM (supplemental online Fig. 1).

DISCUSSION

The liver plays an important role in human physiology. It has been
estimated to perform more than 500 functions in vivo [21]. Liver

Figure 5. Identification of mature hepatocyte populations for scale-up and drug toxicity testing. Pluripotent stem cells were differentiated to
hepatocytes as previously described. (A, B): hESC hepatocytes were induced with 1 mM phenobarbital drug for 48 hours prior to analysis of
CYP3A and CYP1A2 function. (C, D): iPSC hepatocytes were induced with 1 mM phenobarbital drug for 48 hours prior to analysis of CYP3A and
CYP1A2 function. The activity of CYP3A and CYP1A2was analyzed using Promega pGlo technology, and activitywasmeasured on a luminometer
(POLARstar Optima). Units of activity are expressed as relative light units (RLU)/milliliter (ml)/milligram (mg) of protein (RLU/ml/mg). Levels of
significanceweremeasured by Student’s t test. A p value,.01 is denoted as pp, n = 3. Abbreviations: ctrl, control; hESC, human embryonic stem
cell; hiPSC, human induced pluripotent stem cell; PB, phenobarbital.
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disease leads to decompensated organ function and results in the
derangement of normal bodily functions. Therefore, it is impor-
tant that early diagnosis and intervention take place. In this vein,
we have developed defined human hepatocyte models from
hESCs and iPSCs. Importantly, our novel serum-free approach
drives efficient hepatic differentiation (Figs. 1–4) in a format suit-
able for high-throughput screening. Interestingly, hESC hepato-
cytes exhibited greater metabolic and drug-inducible activity
when comparedwith iPSChepatocytes (Fig. 5). The reason for this
is unknown, and we do not claim that this is a generic iPSC trait,
but merely that it is evident in our best-performing retrovirally
derived iPSC line. The failure to respond to phenobarbital may
be attributable to anumber of factors, including stresses inherent
with cellular reprogramming, genetic background, epigenetic
modifications, and/or retroviral DNA insertion, and those will
be the focus of future investigations.

On the basis of metabolic competence, hESC hepatocytes
were selected for scale-up and evaluated as a tool for hepatotox-
icity studies. hESC hepatocyte populations were robust, survived
transit, and accurately predicted human compound toxicity,
which was comparable to cryopreserved human hepatocytes
(Fig. 6; supplemental online Fig. 1). Within the group of 20 com-
pounds tested, we determined 15 as toxic. Two mechanisms of
cytotoxicity appeared to be involved, caspase-dependent apo-
ptosis (9 compounds) and caspase-independent necrosis (6 com-
pounds) (supplemental online Fig. 1). Of note, ATP synthesis was
induced at lower compound concentrations in response to some
compounds. This is an example of hormesis, which is associated
with cellular stress [22]. Of note, there was clear evidence of
hormesis in hESC-derived hepatocytes postexposure to valproic
acid, felbamate, and dacarbazine. Interestingly, these three

compounds were not detected as cytotoxic, and further investi-
gation of stress-related endpoints, for example, reactive oxygen
species, heat shockproteins, andunfoldedprotein-response tran-
scription factors, will most likely be useful in defining the mech-
anism of toxicity associated with these compounds. The two
remaining compounds, isoniazid and diclofenac, did not induce
toxicity in either primary or hESC hepatocytes. Isoniazid hepato-
toxicity appears to be immunemediated [23], whereas diclofenac
toxicity in human patients appears overweeks tomonths,making
it possible that models of short duration or lacking immune com-
ponents do not reveal the cumulative effects of these compounds.
These data support that hESC hepatocytes performed on a par
with gold standard assays, promising in the future that theymay
serve as a partial or full replacement for primary cells in safety
screening.

CONCLUSION

We demonstrate that it is possible to model the potential for hu-
man drug-induced liver injury using stem cell-derived hepato-
cytes. This is an important step to using stem cell-derived
somatic cells in tailoring human medicines for different genetic
backgrounds and improving the efficiency of drug development.
In the future, it may also be possible to use such a resource for de-
veloping cell-based therapies [24]. Whereas current models are
equivalent to primary hepatocytes, there is a requirement to im-
prove their sensitivity and prediction rates of drug toxicity. There-
fore, in the future it will be important to sophisticate cell-based
models and endpoint measurements to deliver better success in
predicting human liver injury.

Figure 6. IC50 for 20 human hepatotoxicants cultured with hESC-derived and cryopreserved human hepatocytes for 1, 4, or 7 days. A com-
parison of hESC-derived and cryoplateable human hepatocytes exposed to 20 known human hepatotoxicants for 1, 4, or 7 days. Cellular
ATP levels were measured and used to calculate IC50 (the concentration of the compound resulting in 50% toxicity). Wells were plated in trip-
licate for each concentration and each compound tested. If a compound failed to generate an IC50with themaximumconcentration tested (200
mM), it was expressed as.200. In general, toxicity increasedwith time of exposure. All compounds eventually identified as toxic (i.e., an IC50,
200 mM) in primary hepatocyte cultures were also toxic in hESC hepatocytes. Abbreviation: hESC, human embryonic stem cell.
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