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Highly Efficient Differentiation of Functional Hepatocytes
From Human Induced Pluripotent Stem Cells

Xiaocul MaA, > Yuvou DUAN,?"" BENJAMIN TSCHUDY-SENEY,*® GARRETT RoLL,*¢
IMAN SARAMIPOOR BEHBAHAN,? TUESS P. AHUJA,? VLADIMIR TOLSTIKOV,® CHARLES WANG,a’b
JEANNINE MCGEE,® SHIVA KHOOBYARI,? JAN A. NOLTA,? HOLGER WILLENBRING,“ MARK A. ZERN>"°
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ABSTRACT

Human induced pluripotent stem cells (hiPSCs) hold great potential for use in regenerative medicine,
novel drug development, and disease progression/developmental studies. Here, we report highly
efficient differentiation of hiPSCs toward a relatively homogeneous population of functional hepa-
tocytes. hiPSC-derived hepatocytes (hiHs) not only showed a high expression of hepatocyte-specific
proteins and liver-specific functions, but they also developed a functional biotransformation system
including phase | and Il metabolizing enzymes and phase lll transporters. Nuclear receptors, which
are critical for regulating the expression of metabolizing enzymes, were also expressed in hiHs. hiHs
also responded to different compounds/inducers of cytochrome P450 as mature hepatocytes do. To
follow up on this observation, we analyzed the drug metabolizing capacity of hiHs in real time using
a novel ultraperformance liquid chromatography-tandem mass spectrometry. We found that, like
freshly isolated primary human hepatocytes, the seven major metabolic pathways of the drug
bufuralol were found in hiHs. In addition, transplanted hiHs engrafted, integrated, and proliferated
in livers of an immune-deficient mouse model, and secreted human albumin, indicating that hiHs
also function in vivo. In conclusion, we have generated a method for the efficient generation of
hepatocytes from induced pluripotent stem cells in vitro and in vivo, and it appears that the cells
function similarly to primary human hepatocytes, including developing a complete metabolic func-
tion. These results represent a significant step toward using patient/disease-specific hepatocytes for
cell-based therapeutics as well as for pharmacology and toxicology studies. STEM CELLS TRANS-
LATIONAL MEDICINE 2013;2:409-419

iPSCs are generated from somatic cells by
forced expression of pluripotency factors [7-9],
and they represent a pluripotent stem cell popu-
lation that can differentiate into the same cell
types as ESCs. Importantly, iPSCs provide the op-
portunity to generate patient/disease-specific
cells. Therefore, iPSCs not only can be used to
generate cells for autologous transplantation in
regenerative medicine but also may be used to
study disease mechanisms, and for drug devel-
opment and toxicity studies.

INTRODUCTION

Liver dysfunction is a major health problemin the
world, and liver transplantation is the only estab-
lished successful treatment of end-stage liver
failure. However, the source of human donor liv-
ers is limited. As an alternative to organ trans-
plantation, hepatocyte transplantation and the
use of hepatocytes with extracorporeal bioartifi-
cial liver devices may potentially provide effec-
tive treatment for many liver diseases. There-
fore, it would be greatly beneficial if an unlimited
supply of functional hepatocytes from other
sources could be generated. It is postulated by
many that pluripotent embryonic stem cells
(ESCs) may be the most effective source of hepa-
tocytes for regenerative medicine and for the
pharmaceutical industry [1-6]. However, the

The liver is a major location for the detoxi-
fication of drugs or other xenobiotics as well as
endogenous substrates; therefore, metabolic
function is a critical function of hepatocytes in
vitro and in vivo. Although the differentiation
of human iPSCs (hiPSCs) into hepatocytes has

ethical and social issues, and potential immune
rejection after transplantation, have hindered
ESC applications. Induced pluripotent stem cells
(iPSCs) bypass some of these problems and have
energized the fields of stem cell biology and re-
generative medicine.

been reported in recent investigations [10—
13], the cells generated in these reports
showed limited hepatocyte-specific metabolic
functions. In the present study, we report the
generation of hiPSC-derived hepatocytes (hiHs)
with a relatively homogeneous population,
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which exhibit properties of metabolically functional hepato-
cytes.

MATERIALS AND METHODS

Human iPSC Line

hiPSC line IMR90-4 was purchased from WiCell Research Insti-
tute (Madison, WI, http://wicell.org), and cell culture was under-
taken according to the instructions provided by WiCell.

Differentiation of hiPSCs Toward Hepatocytes

hiPSCs were induced to definitive endoderm (DE) as previously
described [6]. The period of induction could be extended to 11
days or longer if hiPSCs were cultured with high confluence. The
DE cells were treated with Accutase (Millipore, Billerica, MA,
http://www.millipore.com) or trypsin (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com) for a very short time and rapidly
reseeded on collagen I-coated plates for hepatic differentiation us-
ing our previously described culture conditions [6]. The average
splitting rate was determined by the seeded DE cells, which would
grow to 80%—100% confluence within 7 days after differentiation.
The DE cells with less than 50% confluence could be used to differ-
entiate directly, without splitting. Fourteen days after differentia-
tion, the cells were further differentiated and maintained in hepa-
tocyte culture medium supplemented with growth factors and
chemical reagents [6] for an additional 2—3 weeks, until use.

Gene Expression by hiHs

During the induction of DE and differentiation toward hepato-
cytes, the cells were analyzed for the expression of CXCR4,
SOX17, and FOXA2, as well as for determining the percentage of
the cells positive for albumin (ALB), a1-antitrypsin («1-AT), and
a-fetoprotein (AFP) by immunochemistry or/and flow cytometry
as described previously [6].

Expressions of Metabolizing Enzymes, Transporters, and
Nuclear Receptors in hiHs

The expression of metabolizing phase | and Il enzymes, trans-
porter proteins (phase Ill) and their regulators, and nuclear re-
ceptors in hiHs was determined by reverse transcription-poly-
merase chain reaction (PCR), immunohistochemistry, and
Western blots. Total RNA and protein were extracted from un-
differentiated hiPSCs, hiHs, human embryonic stem cell (hESC)-
derived hepatocytes (hEHs), human primary hepatocytes (hPHs),
and Hep G2 cells as described previously [6]. The primers and
antibodies used are listed in supplemental online Tables 1 and 2.

Analysis of Liver Specific Functions in hiHs

Differentiated hiPSCs at day 18 were used to detect glycogen
storage by using the periodic acid-Schiff’s (PAS) staining [14], and
cellular uptake and excretion of indocyanine green (ICG) (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) by ICG stain-
ing; [6] the excretion of ICG was examined by microscopy at 1 and
3.5 hours after removal of ICG. The secretion of ALB by hiHs was
measured by enzyme-linked immunosorbent assay (ELISA) [6].

Induction of Cytochrome P450 Metabolic Activity
by Inducers

hiHs were treated for 72 hours with rifampicin (final concentra-
tion, 25 wM) and phenobarbital (final concentration, 500 uM) at
22 days after differentiation. The supernatants were collected at

©AlphaMed Press 2013

72 hours after treatment. Metabolism was assessed by the mea-
surement of luciferase activity with the P450-Glo CYP3A4 assay
kit (Promega, Madison, WI, http://www.promega.com) follow-
ing the manufacturer’s instructions.

Metabolic Profiling of Drug (+/-)-Bufuralol in hiHs

hiHs and freshly isolated hPHs were treated with (+/—)-bu-
furalol (BF) at a working concentration of 50 wM. The superna-
tants were collected at 24 and 48 hours after treatment, and the
sample processing and ultraperformance liquid chromatogra-
phy-tandem mass spectrometry (UPLC/MS/MS) were performed
as described in the supplemental online data; the major change
in the liquid chromatography (LC) condition was to shorten re-
tention time (RT) from 15 minutes to 4 minutes [6]. Metabolite
identification and validation are described in the supplemental
online data. The amount of the metabolism products from each
pathway at both phase | and phase Il stages was determined as
analyte peak area and normalized to the cell number used.

Transplantation of hiHs Into Mice

hiHs were injected into the spleens of NOD/SCID mice at approx-
imately 5 X 10° cells per mouse. NOD/SCID mice were treated
with retrorsine 2 weeks prior to transplantation [15]. Surgical
procedures for transplantation and subsequent collection of
mouse serum and liver tissue were approved by the Animal Care
and Use Administrative Advisory Committees of the University of
California, Davis.

Analysis of Human Liver Gene Expression in Mouse
Liver and Serum

Mice were sacrificed at different time points after transplanta-
tion. The sample collection and processing, immunochemistry
analysis, and ELISA were performed as described previously [14].

Human Primary Hepatocytes

Adult human primary hepatocytes freshly isolated from donor
livers were provided by the Liver Tissue Cell Distribution System
of the NIH (University of Pittsburg) and were used in the present
studies with the approval of the institutional review board of the
University of California, Davis.

Statistics

All data were summarized as means = SEM from at least three
independent measurements. An unpaired Student t test was used
to analyze the data. p < .05 was considered statistically significant.

RESULTS

Differentiation of hiPSCs Toward Hepatocytes

The differentiation protocol was illustrated as supplemental on-
line Figure 1. hiPSCs were initially induced to contain a high per-
centage of DE cells as assessed by the expression of SOX17,
FOXA2, and CXCR4 at levels of 89%, 91%, and 95%, respectively
(Fig. 1A—1C, 1, 1J). These DE cells showed a uniform morphol-
ogy, indicating a relatively homogeneous population (supple-
mental online Fig. 1B). Under our differentiation culture condi-
tion, the DE cells were successfully differentiated into hepatic
progenitor cells with 86% of the cells positive for AFP within 9
days, as determined by flow cytometry (FC) (Fig. 1D) and immu-
nohistochemistry (Fig. 1M). The percentage of ALB-positive cells
gradually increased to 84% at day 18 as determined by FC (Fig.

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 1. Differentiation of human induced pluripotent stem cells toward hepatocytes. (A—F): The cells were analyzed by flow cytometry for
the percentage of positive cells for CXCR4 (A), SOX17 (B), and FOXA2 (C) at day 8 during induction of definitive endoderm; for AFP (D) at day
9 after differentiation; and for ALB (E) and a1-AT (F) at day 18 after differentiation. (G, N): Definitive endodermal cells were stained with the
primary antibodies goat anti-SOX 17 (green) (1) and FOXAZ2 (red) (J) during induction of human induced pluripotent stem (iPS) cells to definitive
endoderm; the differentiated cells were stained with the primary antibodies monoclonal antibody against AFP (red) (M) and goat anti-ALB
(green) (N) during differentiation of human iPS cells toward hepatocytes. (G, H, K, L): Negative controls of SOX17 (G), FOXA2 (H), AFP (K), and
ALB (L) stained with isotype antibodies. All immunohistochemistry analyses were merged with 4’,6'-diamidino-2-phenylindole nucleic acid
staining (G—N). (O): Relative expression of ALB, a1-AT, TAT, and HNF4« in hiHs and hPHs determined by quantitative reverse transcription-
polymerase chain reaction. (P, Q): Polymerase chain reaction was used to determine expression of the liver-associated genes G-6-P and TAT
(P), and liver-associated transcriptional factors and BMP signaling (Q). Scale bars = 100 uwm (G-N). Details of primers and antibodies can be
found in the supplemental online tables. Abbreviations: a1-AT, al-antitrypsin; AFP, a-fetoprotein; ALB, albumin; BMP, bone morphogenetic
protein; G-6-P, glucose-6-phosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiH, human induced pluripotent stem cell-
derived hepatocytes at day 25; hiH1, human induced pluripotent stem cell-derived hepatocytes at day 10; hPH, human primary hepatocyte;
HNF4«, hepatocyte nuclear factor 4«; iPSC, induced pluripotent stem cell; TAT, tyrosine aminotransferase.

1E) and immunochemistry (Fig. 1N), and 91% of the cells were ~ Gene Expression by hiHs

positive for a1-AT at day 18 (Fig. 1F). hiPSCs underwent a series

of morphological changes during differentiation, and the hepa- ~ The expression of liver-specific genes in our hiHs was determined
tocyte morphology appeared from day 7 showing a polygonal at day 25 by quantitative reverse transcription-PCR. The results
shape and round single or double nuclei (Fig. 1M, 1N; supple-  showed the average relative levels were 60 % 8.8% for ALB, 68 =
mental online Fig. 1C, 1D). 7.6% for a1-AT, 40 = 9% for tyrosine aminotransferase (TAT),

www.StemCellsTM.com ©AlphaMed Press 2013
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Figure 2. Gene expression in hiHs. (A, B): Expression of phase | (red) and phase Il (black) enzymes in hiHs determined by Western blot (A) and
reverse transcription-polymerase chain reaction (B). hiH1 and hiH2 are the cells from different batches of differentiation. (D, F, H): Merge of
immunostainings for expressions of MRP1 (D), OATP2 (F), and Glut2 (H) with nucleic acid staining by 4’,6’-diamidino-2-phenylindole (DAPI).
(C, E, G): Negative controls of MRP1 (C), OAPT2 (E), and Glut2 (G) stained with isotype antibodies, respectively, in immunohistochemistry
analysis merged with DAPI nucleic acid staining. Scale bars = 100 uwm (C—F). Abbreviations: CYP, cytochrome P450; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; Glut2, glucose transporter 2; GST, glutathione S-transferase; hEH, human embryonic stem cell-derived hepa-
tocyte; hiH, human induced pluripotent stem cell-derived hepatocyte; hPH, human primary hepatocyte; iPSC, induced pluripotent stem cell;
MRP1, multidrug-resistant protein 1; OATP2, organic anion transporting polypeptide 2; UGT, UDP-glucuronosyl-S-transferase.

and 102 = 15% and 48 = 11% (at day 10) for hepatocyte nuclear
factor 4a (HNF4«) compared with freshly isolated hPHs (Fig. 10).
Another indicator of more mature hepatocytes, glucose-6-phos-
phatase (G-6-P), was also expressed in our hiHs (Fig. 1P). In ad-
dition, the liver-associated transcription factors HNF33, HNF4,
GATA4, C/EBP«a, C/EBPB, and bone morphogenetic protein

©AlphaMed Press 2013

(BMP) signaling (BMP2 and BMP4) were all expressed, as deter-
mined by PCR (Fig. 1Q).

Metabolizing phase | enzymes (such as cytochrome P450
[CYP] 1A1, 2C9, 2C19, 2D6, 3A4, and 7A1) and phase Il enzymes
(such as glutathione S-transferase [GST] Al-1, GSTP1-1, UDP-
glucuronosyl-S-transferase [UGT] 1A1, UGT1A3, UGT1A10, and

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 3. Expression of nuclear receptors in human induced pluri-
potent stem cell-derived hepatocytes (hiHs). (B, D, F, H): Merge of
immunostainings for expressions of the nuclear receptors CAR, AhR,
CPR, and PXR with nucleic acid by 4’,6'-diamidino-2-phenylindole
(DAPI) in hiHs determined by immunohistochemistry. (A, C, E, G):
Negative controls of CAR, AhR, CPR, and PXR stained with the corre-
sponding isotype antibodies in immunohistochemistry analysis
merged with nucleic acid staining by DAPI. Scale bars = 100 um
(A-H). Abbreviations: AhR, aryl hydrocarbon receptor; CAR, consti-
tute androstane receptor; CPR, cytochrome P450 reductase; PXR,
pregnane X receptor.

UGT2B7) were expressed in hiHs, as determined by Western blot
(Fig. 2A) and reverse transcription-PCR (Fig. 2B). Moreover,
transporters and phase Ill proteins such as multidrug-resistant
protein 1 (MRP1), organic anion transporting polypeptide 2
(OATP2), and glucose transporter 2 (Glut2) were also expressed
in hiHs, as determined by immunohistochemistry (Fig. 2C-2H).

Some important nuclear receptors, critical in regulating the
expression of metabolizing enzymes, including the constitute an-
drostane receptor (CAR), aryl hydrocarbon receptor (AhR), cyto-
chrome P450 reductase (CPR), and pregnane X receptor (PXR),
were also expressed in hiHs, as assessed by immunochemistry
(Fig. 3).

Liver-Specific Function in hiHs

The cellular uptake and excretion of ICG is a unique characteristic
of hepatocytes. The cellular uptake was observed in our hiHs in a

www.StemCellsTM.com

very high percentage of cells (Fig. 4A), and the excretion of ICG
appeared 1 hour after the removal of ICG (Fig. 4B), with most of
the ICG excreted within 3.5 hours (Fig. 4C), and it almost com-
pletely disappeared by the next day (data not shown), indicating
that a functional biotransforming system was generated by our
hiHs. hiHs also showed glycogen accumulation by PAS staining,
and these PAS-positive cells had a hepatocyte morphology (Fig.
4D). One of the important functions of hepatocytes is to secrete
functioning proteins into the blood, such as albumin. ELISA
showed that 93 = 20 ug of ALB was secreted into the medium
per million cells within 48 hours at days 26-27 of differentiation
(Fig. 4E). An important property of hepatocyte function is the
activity to respond to compounds/inducers. The activity of
CYP3A4 was significantly increased 60% and 300% when cells
were treated with either rifampicin or phenobarbital, respec-
tively, compared with untreated hiHs (Fig. 4F).

Metabolite Identification and Validation in hiHs

(+/—)-Bufuralol is a nonselective B-adrenoceptor blocking
agent; its major metabolic pathways in humans are oxidation
and glucuronidation [16, 17], and our recent study showed that
there are seven major metabolic pathways in vitro [6]. Predictive
multiple reaction monitoring (MRM) is the most sensitive ap-
proach in metabolite identification [18, 19]. The predictive MRM
transitions of most of the metabolic pathways of BF are listed in
supplemental online Table 3.

Four peaks with the same MRM transition of m/z 278.2/
204.2 and RTs of 1.672 and 1.979 minutes (hiHs) and 1.575 and
1.990 minutes (hPHs) (Fig. 5A, peaks a and b) had time-course
effects (Fig. 6A), suggesting a secondary metabolite of oxidation
(supplemental online Table 3). Compared with the parent BF, the
MS/MS fragmentation pattern showed an m/z shift of +16 on
most of the major fragments in these secondary metabolites of
the four peaks, confirming the biotransformation of oxidation
(Fig. 5B; supplemental online Fig. 2). Because we shortened the
LC RT in this study, we found that the metabolites with RTs of
1.672 and 1.575 minutes (oxidation 1) (supplemental online Fig.
2A, 2B) and 1.979 and 1.990 minutes (oxidation 2) (supplemental
online Fig. 2C, 2D) are the same as those from oxidation 1 at RT of
8.8 minutes and oxidation 2 at RT 9.0 minutes, which were
shown in our previous study [6]. We found that the oxidation of
the metabolite with RTs 1.672/1.575 minutes occurred at the
aromatic 7-position forming 1”-OH-BF, and the metabolites with
RTs of 1.979/1.990 minutes are aromatic hydroxylations at the 4-
and 6-positions (details are described in the legend of supple-
mental online Fig. 2).

Four peaks with the same MRM transition of m/z 276.2/
202.2 and RTs of 2.885 and 2.423 minutes (hiHs) and 2.929 and
2.439 minutes (hPHs) (Fig. 5A, peaks ¢ and d) showed a time-
course effect (Fig. 6A), suggesting a secondary metabolite of
methylation (supplemental online Table 3). Compared with the
parent BF, the MS/MS fragmentation pattern showed an m/z
shift of +14 on most of the major fragments in these secondary
metabolites from these peaks (Fig. 5B; supplemental online Fig.
3). Similar to the situation in the oxidation pathway, we found
that the metabolite with RTs of 2.885 and 2.929 minutes (ketone
formation 1) (supplemental online Fig. 3A, 3B) and 2.423 and
2.439 minutes (supplemental online Fig. 3C, 3D) (ketone forma-
tion 2 or methylation) are the same as those with ketone forma-
tion 1 at RT of 8.8 minutes and ketone formation 2 or methyl-
ation at 8.4 minutes, which were shown in our previous study [6].

©AlphaMed Press 2013
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Figure 4. Liver function assays of hiHs. (A): hiHs were stained at 37°C for 60 minutes with indocyanine green (ICG) at day 18 after differen-
tiation, and then the cellular uptake of ICG was examined by microscopy after the cells were washed with phosphate-buffered saline (PBS). (B,
C): After PBS was replaced by the culture medium and the cells were incubated at 37°C again, the cellular excretion of ICG was examined by
microscopy at 1 hour (B) and 3.5 hours (C) after the removal of ICG. (D): hiHs were analyzed by periodic acid-Schiff’s staining for glycogen
storage at day 20 after differentiation. Scale bars = 100 um (A-D). (E): The supernatants were collected during the differentiation of human
induced pluripotent stem cells, and albumin secretion by hiHs in supernatants was determined by enzyme-linked immunosorbent assay. The
total secreted albumin was normalized to the cell numbers at days 26-27. (F): The supernatants were collected at 72 hours after hiHs were
treated with the inducers Rifa and Phe at day 22 after differentiation. The increase of CYP3A4 activity was assessed by measurement of
luciferase activity with the P450-Glo CYP3A4 assay kit. Abbreviations: ALB, albumin; hiH, human induced pluripotent stem cell-derived

hepatocyte; Phe, phenobarbital; Rifa, rifampicin.

Therefore, the metabolites with RTs of 2.885/2.929 minutes
showed a biotransformation of a ketone formation producing
1"-oxo0-BF by dehydrogenation from the oxidation forming 1”-
OH-BF, and the metabolites with RTs of 2.423/2.439 minutes
might be from another ketone formation occurring at the 1'-
position or from another possibility, which is that this metabolic
attack is a methylation of BF.

The peaks with MRM transition of m/z 260.2/186.2 and RTs
of 2.134 minutes (hiHs) and 2.149 minutes (hPHs) (Fig. 5A, peak
e) showed a time-course effect (Fig. 6A), suggesting a secondary
metabolite of dehydrogenation (supplemental online Table 3).
Compared with parent BF, the MS/MS fragmentation pattern
showed an m/z shift of —2 on most of the major fragments in the
secondary metabolite, confirming the biotransformation of de-
hydrogenation (Fig. 5B; supplemental online Fig. 4A, 4B).

The peaks with MRM transition of m/z 438.2/262.2 and RTs
of 1.000 minute (hiHs) and 1.006 minutes (hPHs) (Fig. 5A, peak f)
had a time-course effect (Fig. 6A), indicating a secondary metab-
olite of glucuronidation (supplemental online Table 3). In the
LC/MS/MS fragmentation pattern of the metabolite from this
biotransformation, the major fragment of the metabolite was at
m/z 438 (m/z shift of BF + m/z 176 from the uridine diphosphate
[UDP] group), confirming that these metabolites are the results
of BF glucuronidation (Fig. 5B; supplemental online Fig. 4C, 4D).
We found that there are two major fragments, m/z 438 (m/z shift
of + m/z 176 from the UDP group) and m/z 420 (m/z 244 [the
remaining parent of BF after cleavage] shift + m/z 176), indicat-

©AlphaMed Press 2013

ing that the UDP group is linked to the parent BF molecule during
cleavage of the metabolite. Before removing the parent BF,
there are some major fragments, m/z 380, m/z 370, and m/z 320
(parent BF with partial UDP), in its LC/MS/MS fragmentation (Fig.
5B; supplemental online Fig. 4C, 4D). After removal of the parent
BF, its LC/MS/MS fragments of the remaining molecule consist of
the major fragments from parent BF (m/z 262, m/z 244). The
MS/MS fragmentation patterns in hPHs and hiHs were the same
or similar (Fig. 5B; supplemental online Fig. 4C, 4D).

The peaks with MRM transition of m/z 424.2/188.2 and RTs
of 1.996 minutes (hiHs) and 2.010 minutes (hPHs) (Fig. 5A, peak
g) had a time-course effect (Fig. 6A), suggesting a secondary me-
tabolite of conjugation with glucose (supplemental online Table
3). The LC/MS/MS fragmentation pattern showed that these
metabolites are from BF conjugation with glucose (supple-
mental online Fig. 5A, 5B). There are two major fragments,
m/z 424 (m/z shift of + m/z 162 from glucose) and m/z 406
(m/z 244 shift + m/z 162), indicating the glucose is linked to
the BF molecule during cleavage of the metabolites. There-
fore, the LC/MS/MS fragmentation patterns of BF glucose
conjugates include the fragments from parent BF (m/z 262),
conjugates (m/z 424), and/or glucose (m/z 162) during cleav-
age. The major fragments of the metabolites from BF glucose
conjugates in hiHs and hPHs were the same or similar (Fig. 5B;
supplemental online Fig. 5A, 5B).

The peaks with MRM transition of m/z 551.2/188.2 and RTs
of 1.993 minutes (hiHs) and 1.990 minutes (hPHs) (Fig. 5A, peak

STEM CELLS TRANSLATIONAL MEDICINE
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262.2/188.2 262,244, 188, 161 262,244, 188, 161 0.0 parent drug
276.2/202.2 276, 258,202, 184 276, 258,202, 184 2.885/2.929 14.0 Ketone formation
262.2/188.2 262,244, 188, 161 262, 244, 188, 161 0.0 parent drug
276.2/202.2 276,258, 248, 240, 276, 258, 248, 240, 2.423/2.439 14.0 Ketone formation
202, 184 202,184 or Methylation
262.2/188.2 262,244,188, 159 262,244,188, 159 0.0 parent drug
260.2/186.2 260, 242, 186, 159 260, 242, 186, 159 2.134/2.149 2.0 Dehydrogenation
262.2/188.2 262, 244, 188, 161 262,244, 188, 161 0.0 parent drug
438.2/262.2 438,402, 380, 370, 320, 438,421, 402, 380, 370, 1.000/1.006 176.0 Glucuronidation
283,262, 244,226,191 320, 283, 262, 244, 226, 191
262.2/188.2 262,244, 188, 160/161 262,244, 188, 160/161 0.0 parent drug
424.2/188.2 424,406, 332,265,244, 424,406, 332, 265,244, 1.996/2.010 162.0 Glucose conjugation
217, 188, 176, 160 217, 188, 176, 160
262.2/188.2 262, 244, 188, 160/161 262,244, 188, 161 0.0 parent drug
551.2/188.2 551, 533, 505,487,374, 551,533, 505, 487, 374, 1.993/1990 289.0 Glutathione conjugation
355, 300, 217 355/358, 300, 217
262.2/188.2 262, 244, 188, 159 262, 244, 188, 159 0.0 parent drug

Figure 5. Metabolites (peaks) identified with MRM transition code and liquid chromatography (LC) RT and MS/MS fragment patterns. (A):
Peaks a and b: Metabolites with MRM transition of m/z 278.2/204.2 and RTs of 1.672 and 1.979 minutes (from hiHs) and 1.575 and 1.990
minutes (from hPHs) were identified from oxidations/+16.0. Peaks c and d: Metabolites with MRM transition of m/z 276.2/202.2 and RTs of
2.885 and 2.423 minutes (from hiHs) and 2.929 and 2.438 minutes (from hPHs) were identified from ketone formation and/or methylation/
+14.0. Peak e: Metabolites with MRM transition of m/z 260.2/186.2 and RTs of 2.134 minutes (from hiHs) and 2.149 minutes (from hPHs)
were identified from dehydrogenation/—2.0. Peak f: Metabolites with MRM transition of m/z 438.2/262.2 and RTs of 1.000 minute (from
hiHs) and 1.006 minutes (from in hPHs) were identified from glucuronidation/+289.0. Peak g: Metabolites with MRM transition of m/z
424.2/188.2 and RTs of 1.996 minutes (from in hiHs) and 2.010 minutes (from hPHs) were identified from conjugation of glucose/+162.0.
Peak h: Metabolites with MRM transition of m/z 551.2/188.2 and RTs of 1.993 minutes (from hiHs) and 1.990 minutes (from hPHs) were
identified from conjugation of glutathione/+289.0. (B): The major LC/MS/MS fragments of metabolites from each pathway are listed with
those of parent bufuralol. Details of mass spectrometry methods, metabolite identification, and validation can be found in the supplemental
online data. Abbreviations: hiH, human induced pluripotent stem cell-derived hepatocyte; hPH, human primary hepatocyte; LC/MS/MS, liquid
chromatography tandem mass spectrometry; MRM, multiple reaction monitoring; RT, retention time.

h) had a time-course effect (Fig. 6A), suggesting a secondary
metabolite of conjugation with glutathione (supplemental on-
line Table 3). The LC/MS/MS fragmentation pattern showed that
these metabolites are the results of BF glutathione conjugates
(Fig. 5B; supplemental online Fig. 5C, 5D). Two major fragments
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exist in the LC/MS/MS fragmentation pattern of this metabolite:
m/z 551 (m/z shift of +m/z 289 from glutathione) and m/z 533
(m/z 244 shift of +m/z 289), indicating that the glutathione is
also linked to the BF molecule during the cleavage of the
metabolites. Thus, the LC/MS/MS fragmentation pattern of BF
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Figure 6. Time course effects of metabolites after treatment with BF and their metabolic pathways in hiHs and hPHs. (A): Supernatants from
hiHs and hPHs treated with BF were collected at 24 and 48 hours after treatment, and the amount of metabolite products was determined as
analyte peak area and normalized to cell number used. Metabolites identified by MRM transition codes and liquid chromatography RTs
(shown in Fig. 5) from each pathway showed time course effects in both hiHs and hPHs. (B): Summary of in vitro metabolic pathways of
bufuralol in hiHs and hPHs. The metabolic pathways of drug bufuralol in hiHs were shown to be the same as those in hPHs. Abbreviations: BF,
bufuralol; hiH, human induced pluripotent stem cell-derived hepatocyte; hPH, human primary hepatocyte; RT, retention time.

glutathione conjugates consists of the fragments of parent BF
(m/z 262), conjugate (m/z 551), and/or glutathione (m/z 289)
during cleavage. The major fragments in hiHs and hPHs were the
same or similar (Fig. 5B; supplemental online Fig. 5C, 5D).

Therefore, with the evidence for the same MRM transitions, LC
RT, LC/MS/MS fragmentation patterns, and time-course effects of
these secondary metabolites, we have successfully identified seven
major metabolic pathways of BF (oxidation, dehydrogenation, ke-
tone formation, and potential methylation in the phase | stage, and
glucuronidation and conjugations of glucose and glutathione in the
phase Il stage) in hiHs, which are the same as those found in hPHs
(Figs. 5, 6). This demonstrated for the first time that our hiHs had
developed the full metabolic function of hPHs.

Analysis of Human Liver-Specific Gene Expression by
hiHs in Mouse Liver and Serum

Liver tissue from the mice that were sacrificed at different time
points after transplantation with hiHs through spleenic injection
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was immunostained with antibody against human ALB [14]. The
results showed that a few single cells were positive for human
ALB staining around the central vein and in the parenchyma in
the livers of mice that were sacrificed 96 hours after injection,
indicating that hiHs engrafted in the liver as early as day 4 after
transplantation (data not show) and that a large number of cells
around the central vein were positive for ALB in the livers of
NOD/SCID mice. Also, a large number of positive cells were seen
in the parenchyma at 4 weeks after transplantation (Fig. 7A, 7B),
demonstrating that hiHs engrafted and integrated after trans-
plantation. Interestingly, we also found that hiHs proliferated
along at least five adjacent central veins as determined by hu-
man ALB staining in the livers of NOD/SCID mice that were
treated with retrorsine 2 weeks prior to transplantation (Fig. 7C—
7F). One function of hepatocytes is to secrete proteins into the
blood stream, such as ALB. ELISA detected human ALB in the
serum of 5 of 12 mice transplanted with hiHs at 4 weeks after
transplantation; the values of human ALB were in the range of
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Figure 7. Analysis of human albumin expression by human induced pluripotent stem cell-derived hepatocytes (hiHs) in mouse livers after
transplantation. (A-D): Liver sections from transplanted mice were immunostained with primary goat anti-human albumin antibody in livers
of NOD/SCID mice sacrificed at 4 weeks after transplantation with hiHs. Large numbers of hiHs engrafted around central veins (A), integrated
in the parenchyma of mouse livers (B), and proliferated along at least five adjacent central veins (CV1-CV5) in the livers of mice treated with
retrorsine 2 weeks prior to transplantation (C—F). All immunostainings of liver sections were merged with nucleic acid staining by 4’,6-
diamidino-2-phenylindole. Scale bars = 100 um (A-F). Abbreviation: CV, central vein.

5-48 ng/ml. Taken together, these results indicated that our
hiHs also functioned in vivo.

DiscussION

The recent discovery of iPSCs has opened up new avenues in the
field of regenerative medicine [7-9], including autologous cell ther-
apies, and provides opportunities for drug development and studies
of disease mechanisms. In the present study, hiPSCs were en-
riched to contain more than 90% DE cells, and DE cells were
differentiated into cell populations with a high percentage of
cells positive for AFP and ALB, similar to what we recently
achieved in hESCs [6], suggesting that there was no difference
in the hepatocyte differentiation capacity of hESCs and hiP-
SCs.

Liver transcription factors HNF33, GATA4, C/EBP«, C/EBPp,
and BMP signaling (BMP2, and BMP4), which play important
roles in hepatocyte differentiation and liver development [14,
20], were all expressed during differentiation; the expression of
these factors in our hiHs is crucial to prime these cells for further
hepatocyte differentiation. Our hiHs expressed a series of liver-
specific genes such as ALB, a1-AT, TAT, and G-6-P, which are
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indicators of more mature hepatocytes and play important func-
tions in the liver. Moreover, in functional assays, our hiHs accu-
mulated glycogen and demonstrated uptake and excretion of
ICG, and secretion of ALB into the medium. Interestingly, we
found that it took a few more days (26—27 days after differenti-
ation) for hiHs to secrete similar amounts of ALB compared with
hESC-derived hepatocytes (20-22 days) [6]. This is the first dif-
ference we found in the differentiation between hESCs and
hiPSCs in our present study. Thus, we extended the period of
time for both the induction of DE and differentiation/maturation
in our protocol for hiPSCs differentiation.

Metabolic activity is the most important function of hepato-
cytes in vitro and in vivo; this function is performed by the com-
plex biotransforming system, which consists of phase | and I
metabolizing enzymes and phase Il transporters. The results
demonstrated that our hiHs not only expressed phase | and Il
enzymes, as well as phase Il proteins, but also appeared to ex-
press a functional biotransforming system, shown by the cellular
uptake, conjunction, and excretion of ICG. Moreover, some nu-
clear receptors, key mediators regulating drug-metabolizing en-
zymes and transporters [21], were also expressed by our hiHs.
Importantly, metabolic function of our hiHs was enhanced by
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two common inducers; responding to compounds/inducers is
characteristic of functioning hepatocytes. Taken together, these
results indicated that our hiHs appear to have developed a full
biotransformation system.

To further assess this finding, we used UPLC/MS/MS technol-
ogy for drug metabolic profiling and metabolism to determine
the real-time functions of the biotransforming system, as de-
scribed for differentiated hESCs in our previous study [6]. With
the evidence of MRM transitions, LC RT, MS/MS fragmentation
patterns, and time-course effects of the secondary metabolites,
we identified seven major metabolic pathways of the drug bu-
furalol from phase | and Il stages in our hiHs (Fig. 6B), which are
the same asthose in hPHs, thus indicating that our hiHs appear to
have complete metabolic function that is comparable to those
functions in primary liver cells. Interestingly, we found that the
value of metabolites in oxidation 1 at RT of 1.672 minutes from
hiHs was higher than or similar to those from hPHs (Fig. 6A) and
that the values of metabolites in ketone formation 2 or methyl-
ation at RT of 2.423 minutes (Fig. 6A) and the conjugation of
glucose were also very similar to those from hPHs (Fig. 6A). It
appears that these three metabolic pathways are more active in
these hiHs than in hEHs [6]. This is the first report to systemati-
cally evaluate the presence and distribution of the biotransform-
ing enzymes/proteins and their regulators, the nuclear recep-
tors, and to determine the real-time activities and functions of
these biotransforming enzymes/proteins in hiPSC-derived hepa-
tocytes, indicating that differentiated hiPSCs can function in vitro
as differentiated hESCs do.

We also showed that hiHs can engraft similarly to hEHs in livers
of NOD/SCID mice (Fig. 7) [14]. We noticed that hiHs engrafted in
the liver as early as day 4 after transplantation, and we also found
significant numbers of hiHs engrafted around central veins and in-
tegrated in the parenchyma of mouse livers. By using retrorsine to
treat NOD/SCID mice 2 weeks prior to transplantation, we found
that hiHs proliferated in the central vein area at 4 weeks after trans-
plantation (Fig. 7C=7F). Human ALB was also detected in the mouse
serum. The concentrations of human ALB secreted from hiHs were
comparable to those obtained from the mice that had been trans-
planted with hESC-derived hepatocytes [14], demonstrating that
hiPSCs also can function in vivo as hEHs do.

CONCLUSION

In summary, we have generated a relatively homogeneous pop-
ulation of differentiated cells from hiPSCs, which not only dem-

onstrate the phenotype of human hepatocytes with liver-specific
functions but also, for the first time, show complete metabolic
function comparable to that of freshly isolated hPHs. Moreover,
hiHs engrafted, integrated, and proliferated in mouse livers after
transplantation, and human liver-specific protein could be de-
tected in mouse liver and serum. This also demonstrated that
human ALB produced by fibroblast-derived hepatocytes was de-
tected in an animal model. Thus, these results represent a signif-
icant step in developing patient/disease-specific hepatocytes
that may be effective for cell therapy and pharmacologic studies
in the future.
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