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Functional polymer-dependent 3D culture accelerates the
differentiation of HepaRG cells into mature hepatocytes

Yichiro Higuchi,' Kenji Kawai,' Tatsuro Kanaki,? Hiroshi Yamazaki,? Christophe Chesné,*
Christiane Guguen-Guillouzo” and Hiroshi Suemizu'

Central Institute for Experimental Animals, Kawasaki, 2Nissan Chemical Industries, Shiraoka, 3Showa Pharmaceutical
University, Tokyo, Japan; and 4Biopredic International, Rennes, France

Aim: The hepatoma-derived cell line HepaRG is regarded as an
in vitro model of drug metabolism because fully differentiated
HepaRG cells demonstrate functional metabolic responses com-
parable to those of primary human hepatocytes. Recently, it was
demonstrated that the 3D culture of HepaRG cells enhanced
their metabolic functions and toxicological responses. We
approached the mechanisms underlying these enhancement
effects.

Methods: We compared 2D-cultured HepaRG cells with 3D-
cultured HepaRG spheroids in the gene expression patterns
and the metabolic functions. In the present study, we performed
3D culture of HepaRG cells using functional polymers (FP). To
reveal the in vivo differentiation ability, we transplanted the
3D-cultured HepaRG spheroids into TK-NOG mice.

Results: A comparison between 2D and 3D cultures revealed
that 3D-cultured HepaRG spheroids demonstrated reductions

in bile duct marker expression, accelerated expression of
cytochrome P450 3A4, and increases in the ratio of albumin-
expressing hepatocytes. Furthermore, catalytic activities of
cytochrome P450 3A4 were modified by omeprazole and rifam-
picin in the 3D-cultured HepaRG spheroids. Transplantation
analysis revealed that 3D-cultured HepaRG spheroids formed
hepatocyte-like colonies rather than cholangiocytes in vivo.

Conclusion: Our results indicated that the enhancement of
hepatic functions in 3D-cultured HepaRG cells was induced by
selective hepatocyte differentiation and accelerated hepatocyte
maturation. HepaRG spheroids reproduced the metabolic
responses of human hepatocytes. Therefore, FP-dependent 3D-
cultured HepaRG cells may serve as an excellent in vitro model
for evaluating the hepatic metabolism and toxicity.
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INTRODUCTION

HE LIVER GOVERNS several types of in vivo metabolic

functions, such as carbohydrate metabolism, urea and
lipid metabolism, storage of essential nutrients, produc-
tion of plasma proteins and secretion of bile acids. Because
drug metabolism is also performed in the liver, in vitro liver
culture techniques are important for pharmacology studies
designed to elucidate the mechanisms and metabolism of
drugs and other chemicals as well as excretion and toxicity.
Primary human hepatocyte cultures were recently regarded
as a gold standard model for evaluating hepatic metabo-
lism and toxicity in vitro. However, the availability of
primary human hepatocytes is limited, and there are
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individual differences in hepatic functions and in vitro life
spans. Therefore, immortalized hepatic cell lines are
generally used to overcome these challenges.

HepaRG cells in particular have been successfully applied
in the evaluation of chemicals and drug candidates.'? These
cells, which were isolated from a hepatic-differentiated
grade 1 Edmonson hepatocholangiocarcinoma, retain their
bipotent hepatic progenitor-like characteristics.> HepaRG
cells have the ability to differentiate into hepatocytes and
cholangiocytes both in vitro and in vivo, and fully differenti-
ated hepatocytes demonstrate physiological functions simi-
lar to primary-cultured human hepatocytes.*> Recently, it
has been demonstrated that in vitro 3D) culturing of
HepaRG cells enhanced their hepatic characteristics and
metabolic functions. For example, researchers have applied
3D bioreactors for the cultivation of HepaRG cells and dem-
onstrated that HepaRG cells showed enhanced metabolic
functions and formed tissue-like structures in the bioreac-
tors.”” Furthermore, additional researchers have reported
that the 3D culture of HepaRG cells using a hanging drop
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method, multi-well platforms or nanofibrillar cellulose and
hyaluronan-gelatin hydrogels resulted in the enhancement
of metabolic responses.> ' On the other hand, it remains
unclear how the 3D culture enhances the metabolic activi-
ties of HepaRG cells.

In the present study, we performed a large-scale 3D
culture of HepaRG cells using functional polymers (FP;
FP001). FPOO1 is an additional chemical compound that
can maintain the 3D-cultured spheroids in suspension. It
consists of low-acyl gellan gum, which was isolated as an
extracellular polysaccharide secreted by Sphingomonas
paucimobilis. Because it allows the 3D culture of spheroids
without the requirement for stirring, FP0O1 is used for
the 3D culture of human iPS cells."> Corresponding to
the results of previous studies, HepaRG spheroids that
formed in the medium containing FP001 demonstrated a
greater level of mature hepatic characteristics than that of
2D cultured HepaRG cells. Furthermore, the comparison
of gene expression patterns and albumin-expressing hepa-
tocytes revealed that 3D culture accelerated the differentia-
tion of HepaRG cells into hepatocytes rather than
cholangiocytes in vitro and in vivo. Based on these results,
we concluded that accelerated hepatocyte maturation
and selective hepatocyte differentiation in HepaRG
spheroids upregulated their hepatic characteristics and
metabolic functions.

METHODS

HepaRG cells

N ACCORDANCE WITH the manufacturer’s protocol,

HepaRG cells were maintained in HepaRG maintenance
medium (Biopredic International, Rennes, France). In the
case of 2D cultures, HepaRG cells were cultured in
Williams" medium E (Life Technologies, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(Life Technologies), 50 units/mL penicillin, 50 pg/mL
streptomycin (P/S; Nacalai Tesque, Kyoto, Japan),
5 pg/mL insulin (Sigma-Aldrich, St Louis, MO, USA) and
5 x 10> M hydrocortisone hemisuccinate (Sigma-Aldrich)
as previously described.* HepaRG cells were seeded onto
six-well cell culture plates (Thermo Fisher Scientific,
Waltham, MA, USA) at a density of 2 x 10* cells/cm?. Cells
were cultured until 14 days after seeding, when the
medium was replaced with differentiation medium
containing 1.7% dimethylsulfoxide (DMSO). For the 2D
culture, the medium was changed every 2 days. In the case
of the 3D culture, Williams" medium E containing 0.005%
FP0O01 (culture medium composition and method of cul-
turing cell or tissue using thereof, US 2014/0106348A1)
was used as the basal medium. We supplied the same
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additive agents used for 2D culture. HepaRG cells were
seeded onto six-well plates with Ultra-Low Attachment
surface (Corning, Lowell, MA, USA) at a density of
2 x 10* cells/cm?. Cells were cultured in the medium con-
taining 0.005% FP001 until 14 days after seeding, when
the medium was replaced with differentiation medium
containing 0.005% FP001 and 1.7% DMSO. For the 3D
culture, the medium was changed once per week.

Reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was obtained from HepaRG cells and human
hepatocytes using an RNeasy Mini Kit (Qiagen, Tokyo,
Japan). RT-PCR was performed using a High-Capacity
cDNA Reverse Transcription kit (Life Technologies). Quan-
titative RT-PCR (qRT-PCR) was performed using a SYBR
Premix Ex Taq II (Takara Bio, Shiga, Japan). The primer
sequences for each primer set are shown in Table 1. The
qRT-PCR conditions were as follows: denaturation at
95°C for 3 s and annealing and extension at 60°C for
30 s for up to 40 cycles. Target mRNA levels, expressed as
arbitrary units, were determined using a standard curve.
The amplification was then conducted using an ABI 7500
Fast Real-time PCR System (Life Technologies). The
expression of all genes was normalized to the expression
of glyceraldehyde 3-phosphate dehydrogenase.

Enzyme-linked immunoassay (ELISA)

We measured the increases in the level of human
albumin (ALB) in the HepaRG culturing medium or
mouse blood using a Human Albumin ELISA Quantifi-
cation Kit (Bethyl Laboratories, Montgomery, TX, USA)
according to the manufacturer’s protocol. In the case of
in vitro culture, the media were changed and collected
on days 7, 14, 21 and 28.

Flow cytometry analysis

Twenty-eight days after seeding, 2D- or 3D-cultured
HepaRG cells were dissociated using 0.05% trypsin-
ethylenediaminetetraacetic acid (EDTA; Life Technolo-
gies). For viability analyses, cells were suspended in
2 ug/ml propidium iodide (PI)/Hank’s balanced salt so-
lution (Sigma-Aldrich). For ALB analysis, 1x 10°cells
were fixed and stained using a BD Cytofix/Cytoperm
Plus Fixation/Permeabilization Kit (BD Bioscience, Bed-
ford, MA, USA). Biotin-conjugated polyclonal goat anti-
human ALB antibody (Bethyl Laboratories) was used as
the primary antibody. In the case of isolated hepatocytes,
mouse and human hepatocytes were stained for
antigen-presenting cell-conjugated monoclonal mouse
antihuman human leukocyte antigen (HLA) antibody
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Table 1 Primer sequences

3D culture accelerates HepaRG maturation 3

Gene Forward primer Reverse primer
AFP GGGAGCGGCTGACATTATTA CTGAGCITGGCACAGATCCT
ALB GAGCITTTTGAGCAGCITGG GGITCAGGACCACGGATAGA
CK7 TCGCTGAGGTCAAGGCACAG CACTCCTCAGCCICGGCAAT
CK19 GAGCAGGTCCGAGGITACTG GCTCACTATCAGCTCGCACA
CYP1A2 GGACAGCACITCCCTGAGAG GCTCCTGGACTGTTTTCTGC
CYP2C9Y GCAGGAAAACGGATTTGTGT GGCCATCTGCICTITCITCAG
CYP2C19 GTGAAGGAAGCCCTGATTGA TCCTCTTGAACACGGTICCIC
CYP2E1 ACCCGAGACACCATTTTCAG TCCAGCACACACICGTTTTC
CYP3A4 GAGCTGAGATTGCACCACTG GGATGGAATGCAAGAGGTGT
GAPDH GTGGACCTGACCTGCCGTCT GGAGGAGTGGGTGTCGCTGT
HNFI1B GCCTTAGTGGAGGAATGCAA GAGGGTITCAGGCTGTGAGTC
HNF4A AACCTGTTGCAGGAGATGCT TTGCCITGTTCCCATITITC
HNF6 TGGGAAGGATAGAGGCAACA GCCACITGTCCAGACTCCIC
HES1 CTAAACTCCCCAACCCACCT AGGCGCAATCCAATATGAAC
IRF2 ACACTGGCGGAAGAGGAATA GAAGAAAGGGGGAGGTCITG
ITGB4 CCCCCITCTCCTTCAAGAAC GCTGACTCGGTGGAGAAGAC
NOTCH1 GGAGGCATCCTACCCITITC TGTGITGCTGGAGCATCTITC
NOTCH2 GCCTGGCAGTGTITACCTCAT GTCCCTGAGCAACCATCTGT
p53 GCGCACAGAGGAAGAGAATC CAAGGCCTCATTCAGCTICIC
SOX9 GCCITTITTGTCCATCCCTTIT GCITGCATTGTTTITGTGTCA

AFP, a-fetoprotein; ALB, albumin; CK, cytokeratin; CYP, cytochrome P450; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HNF, hepatic
nudlear factor; HES1, hairy and enhancer of split 1; IRF2, interferon regulatory factor 2; ITGB4, integrin beta 4; SOX9, SRY (sex determining region

Y)-box 9.

(clone G46-2.6; BD Bioscience). The stained cells were
analyzed using a fluorescence-activated cell sorting
(FACS) Canto (BD Bioscience). Data were recorded with
the BD FACS Diva Software program (BD Bioscience)
and analyzed using the FlowJo program (Tree Star, San
Carlos, CA, USA).

Assay of cytochrome P450 (CYP) function

As a positive control for the P450 assay, human hepato-
cytes were isolated from the TK-NOG mouse with
humanized livers using the two-step collagenase
perfusion method'?. Isolated-human hepatocytes were
seeded onto Matrigel (BD Bioscience)-coated 24-well
cell culture plates (Thermo Fisher) at a density of
6 x 10° cells/well and then cultured in the HepaRG main-
tenance medium. For P450 induction, 100 pM omeprazole
(Sigma-Aldrich) or 10 pM rifampicin (Sigma-Aldrich) was
added to the medium 72 h before analysis. For P450 inhibi-
tion, 100 pM erythromycin (Sigma-Aldrich) was added in
the medium 72 h before analysis. We treated the 2D- or
3D-cultured HepaRG cells with P450 inducers/inhibitors
from day 25 to 28 after seeding. In the case of the isolated
human hepatocytes, we treated the cells with P450
inducers/inhibitors from day 1 to 4 after seeding. P450
catalytic function was analyzed using the P450-Glo CYP1A2

Induction/Inhibition Assay (Promega, Madison, WI, USA),
P450-Glo CYP2C9 Assay (Promega), and the P450-Glo
CYP3A4 Assay with luciferin isopropyl acetal (luciferin-
IPA; Promega). After 72 h of cultivation with P450
inducers/inhibitors, 2D- or 3D-cultured HepaRG cells were
re-seeded onto 24-well plates at a density of 6 x 10° cells/
well. HepaRG cells or human hepatocytes were then incu-
bated with 300 pL of medium (without DMSO) supple-
mented with luciferin-1A2 (for CYP1A2), luciferin-H (for
CYP2C9) and luciferin-IPA (for CYP3A4). After incubation,
supernatants were collected and analyzed according to the
manufacturer’s protocols. Luminescence was measured
using the IVIS Spectrum CT and Living Image software
(Perkin Elmer, Waltham, MA, USA).

Transplantation into TK-NOG mice

All mouse studies were conducted in strict accordance with
the Guide for the Care and Use of Laboratory Animals of
the Central Institute for Experimental Animals, and the
experimental protocols were approved by the Animal Care
Committee of CIEA (permit no. 11029A). All surgeries
were performed under isoflurane anesthesia, and all efforts
were made to minimize suffering. Adult 8-10-week-old
male TK-NOG mice were injected i.p. with ganciclovir
(GCV) sodium (10 mg/kg Denosine-1V; Mitsubishi
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Tanabe Pharma, Osaka, Japan) to ablate the mouse liver
cells expressing the HSV-TK transgene. One week after
GCV treatment, the degree of liver damage was examined
by determining plasma alanine aminotransferase (ALT)
levels using an automated clinical chemistry analyzer (FUJI
DRI-CHEM 7000; Fuji Photo Film, Tokyo, Japan). Liver-
injured TK-NOG mice (>600 IU/L ALT) underwent
HepaRG cell transplantation. Using 0.05% trypsin-EDTA
(Life Technologies), 2D-cultured HepaRG cells were
dissociated. In the case of 2D-cultured HepaRG cells or
cryopreserved hepatocytes (HEP187266; 5 years old, male;
Biopredic International), a total of 1 x 10°cells in 50 uL
of Williams" medium E (Life Technologies) were
intrasplenically injected using a 1/2-mL Insulin Syringe
with Permanently Attached Needle (29-Gx 1/2-in;
Terumo, Tokyo, Japan). In the case of HepaRG spheroids,
a portion of the spheroid suspension was dissociated using
0.05% trypsin-EDTA to count the cell numbers. We then
suspended HepaRG spheroids (equivalent to 1 x 10° cells)
in 100 pL of Williams’ medium E (Life Technologies) with-
out dissociation. HepaRG spheroids were directly injected
into the portal vein using a 1/2-mL Insulin Syringe with
Permanently Attached Needle. The bleeding from the
portal vein was stanched using Spongel (Astellas Pharma,
Tokyo, Japan).'*'>

Hepatology Research 2016

Histology and immunohistochemistry

HepaRG spheroids and HepaRG-transplanted TK-NOG
livers were fixed with 10 nM Mildform formaldehyde solu-
tion (Wako Pure Chemical Industries, Osaka, Japan).
Formalin-fixed tissues were embedded in paraffin and
then sliced and analyzed by either hematoxylin-eosin
(H&E) staining or immunohistochemistry. Immunohisto-
chemistry was performed with the Leica Bond-Max
automated IHC platform (Leica Biosystems, Mount
Waverley, Vic., Australia). Paraffin sections were dewaxed
in a Bond Dewax solution and rehydrated in alcohol and
Bond Wash solution (Leica Biosystems). Antigen re-
trieval was performed using a 10-mM citrate buffer,
pH 6 (ER1) retrieval solution, followed by endogenous
peroxidase blocking on the machine. Detection was
performed using the Bond Polymer Refine Detection
system. Sections were then counterstained with hema-
toxylin on the machine. Immunohistochemical analysis
consisted of polyclonal goat anti-human ALB (Bethyl
Laboratories), monoclonal mouse anti-cytokeratin 19
(CK19) (clone b170; Leica Biosystems, Newcastle, UK),
monoclonal rabbit CYP3A4 (clone EPR6202; Abcam,
Cambridge, MA, USA), monoclonal mouse anti-human
(clone 3B8c1; Abcam), monoclonal mouse anti-human
multidrug resistance-associated protein 2 (MRP2) (clone

Number of spheroids

0,@ b@'@@&s@&w\@e"@ :\‘600:306@0 &
FFHFES

Diameter (um)

ALB/CK19

C

Figure 1 3D culture of HepaRG cells in medium containing FP0O1. (a) Phase contrast images of 2D-cultured HepaRG cells (2D) and
3D-cultured HepaRG spheroids (3D). HepaRG cells were cultured for 28 days (bar=200 pm). (b) Size distribution of HepaRG
spheroids. Twenty-eight days after seeding, the diameters of 336 HepaRG spheroids were measured using the Image Processing and
Analysis in Java software. (c) HepaRG spheroids were cultured in medium without (—) or with (+) FP001 for 28 days. Serial sections
were stained for H&E and ALB (brown) and CK19 (blue) double staining. The inside of FP001 (—) demonstrates low cell density

because of necrosis (bar=100 pm).
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M2 T1I-6; Merck Millipore, Billerica, MA, USA) and
polyclonal rabbit antihuman solute carrier family 10
member 1 (SLC10A1; Abcam). A periodic acid-Schiff
(PAS) staining kit (Muto Pure Chemicals, Tokyo, Japan)
was used for visualizing glycogen. The images were
captured under an upright microscope (Axio Imager.
M1; Carl Zeiss, Thornwood, NY, USA) equipped with
AxioCam MRc5 CCD cameras (Carl Zeiss). The HepaRG
cell colonies containing more than 20 ALB or CK19 pos-
itive cells on the cross-sections of 3-5 lobes of the
TK-NOG mouse liver were counted. The areas of the
immunohistochemical sections were measured using
the Image Processing and Analysis in Java software
(ImageJ version 1.44, http://Image].nih.gov/ij/). The
colony formation was evaluated as the number of
colonies per area of observation (colonies/cm?).

RESULTS

3D culture of the HepaRG cells with FP0O1

O PERFORM THE 3D culture of HepaRG cells, we only

added FP0OO1 into the culture medium.'? We started the
2D or 3D cultures of HepaRG cells from the same number
of cells (2 x 10> cells/well) in order to compare these culture
conditions. In the case of 3D cultures, FP001 inhibited the
aggregation of HepaRG cells, and HepaRG cells formed uni-
form spheroids (115.5+ 1.7 um in diameter) consisting of
approximately 100 cells within 1 week (Fig. 1a,b). When
HepaRG cells were cultured in medium without FP0O1,
cells formed huge aggregates of more than 500 pm in diam-
eter (Fig. 1c). Consistent with the results of a previous study,
the inner sides of the huge aggregates caused necrosis.'® In
the case of 2D cultures, the number of cells increased by
10-fold at 28 days after seeding. On the other hand,
HepaRG spheroids maintained their cell numbers from
the time of seeding (Table 2). The flow cytometry analysis
of PI negative cells revealed that there was no difference in
the viability between 2D- and 3D-cultured cells (Table 2).
We then confirmed the maturity of HepaRG spheroids by
immunohistochemistry, which demonstrated that they
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expressed a major drug-metabolizing enzyme, CYP3A4,
and a major organic anion transporter in bile excretion in
the liver, MRP2 (Fig. 2a). In addition, PAS-staining revealed
that HepaRG spheroids stored glycogen (Fig.2a). The re-
sults of previous studies demonstrated that the 3D culturing
of HepaRG cells enhanced their metabolic functions.”™
Corresponding to those studies, HepaRG spheroids in the
present study demonstrated a higher level of CYP3A4 func-
tion when compared with 2D-cultured HepaRG cells
(Fig. 2b). These results indicated that HepaRG spheroids
grown in the medium containing FP001 differentiated into
functional hepatocytes.

3D culture accelerated the differentiation of
HepaRG cells into hepatocytes rather than
cholangiocytes

To reveal the reason for HepaRG spheroids exhibiting high
CYP3A4 function, we compared the hepatic lineage
marker expression of HepaRG spheroids with that of 2D-
cultured HepaRG cells. The gene expression analysis
revealed that 3D-cultured HepaRG spheroids had higher
expression of hepatic differentiation markers and meta-
bolic enzymes at the early time points (Fig.3a,b). Consis-
tent with the mRNA expression, the level of ALB
secretion from the HepaRG spheroids was higher than that
of 2D-cultured HepaRG cells (Fig.4a). In addition, the
flow cytometry analysis revealed that the ratio of ALB-
expressing cells was significantly increased in 3D-cultured
HepaRG cells (Fig. 4b, Table 2). The expression levels of
bile duct markers were decreased in HepaRG spheroids
(Fig.3c). These results indicated that 3D culturing of
HepaRG cells accelerated the differentiation of bipotent
HepaRG cells into hepatocytes rather than cholangiocytes.
Proliferation is an important factor for the differentiation
of HepaRG cells, and it is restricted under the 3D culture
conditions (Table 2). The gene expression analysis
revealed that HepaRG spheroids displayed higher expres-
sion levels of p53-related genes 7 days after seeding
(Fig. 3d). In addition, it was demonstrated that Notch sig-
naling regulated the differentiation of hepatocytes and

Table 2 Comparison of the proliferation, viability and differentiation of HepaRG cells

2D (n=4) 3D (n=4) P
Total cell number (x10° cells) 19.9+1.1 2.1+0.2 0.0003*
PI negative cells (%) 90.5+0.6 91.2+1.0 0.58
ALB positive cells (%) 54.8+13 72.6+0.8 0.0001*

(*P< 0.05)

We compared total cell number, viability (PI negative cells) and ALB positive cells from 2D-cultured HepaRG cells (2D) and 3D-cultured HepaRG
spheroids (3D). In both conditions, 2 x 10° HepaRG cells were inoculated in the six-well plate for 28 days. Values represent mean + standard error
of four wells. Significant differences were observed in the total cell numbers and the ALB positive cells.
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Figure 2 HepaRG spheroids demonstrate mature characteristics of the liver. (a) Expression of mature liver markers in the HepaRG
spheroids. HepaRG spheroids were cultured with FP0O1 for 28 days. Serial sections were stained for H&E, CYP3A4, MRP2 and PAS
(bar=100 pm). (b) Twenty-eight days after seeding, CYP3A4 metabolic function in the 2D- or 3D-cultured HepaRG cells was quanti-
fied. The graph represents relative luminescence unit/cell (RLU/cell) that the level of 2D is defined as 1. Values represent mean + standard
error (SE) (n=4). A significant difference was observed between 2D and 3D culturing (*P < 0.05).

cholangiocytes from hepatoblasts in the developmental
stage.'”™"” Consistent with the results of those studies,
the expression level of HES1, which is the downstream
target of Notch signaling, was decreased in HepaRG
spheroids (Fig. 3e). These results suggest that the limited
proliferation accelerated the maturation of hepatocytes,
and insufficient activation of Notch signaling induced the
selective differentiation of HepaRG cells toward the hepa-

tocyte phenotype.

3D-cultured HepaRG spheroids reproduced the
metabolic responses of human hepatocytes

To examine the effects of P450 inducers, we treated the 2D-
or 3D-cultured HepaRG cells with rifampicin or omepra-
zole. For the positive control, we isolated the human
hepatocytes from TK-NOG mouse with humanized liver.*°
The extent of reconstitution with human hepatocytes was
estimated as a function of the human ALB concentration,
which was revealed to correlate with the extent of human
liver replacement.?° TK-NOG mouse with humanized liver
had a human ALB concentration of 5.77 mg/mL in the
plasma, suggesting that 86.9% of the mouse liver was
replaced with human hepatocytes. Consistent with the
replacement index, almost all of the isolated hepatocytes
were HLA positive human hepatocytes (Fig. 5a,b). After
cultivation with inducers, we measured the expression
levels and catalytic activities of drug-metabolizing

enzymes. Omeprazole treatment induced the expression
of CYP1IA2 and CYP3A4, and rifampicin treatment
induced the expression of CYP2C9 and CYP3A4 (Fig. 5¢).
Corresponding to the CYP1A2 mRNA expression levels,
the oxidation of luciferin-1A2 in the omeprazole-treated
cells was increased in all samples (Fig.5d, CYP1A2). The
oxidation of luciferin-H and luciferin-IPA was also
induced in the rifampicin-treated samples (Fig. 5, CYP2C9,
CYP3A4). On the contrary, the oxidation of luciferin-IPA
in the omeprazole-treated samples was increased in the
2D-cultured HepaRG cells, but significantly decreased in
the 3D-cultured HepaRG cells and human hepatocytes
(Fig. 5d, CYP3A4). When the effects of erythromycin were
examined, the CYP3A4-dependent oxidation of luciferin-
IPA in all samples was decreased (Fig. 5e). Because omep-
razole and its metabolite 5’-O-desmethyl omeprazole as
well as erythromycin have been reported to be substrates
and time-dependent inhibitors of CYP3A4,>'"%* the
apparent suppression of CYP3A4-mediated drug oxidation
in 3D-cultured HepaRG spheroids was visualized by
reproduced CYP3A4 function.

Transplanted HepaRG spheroids formed
hepatocyte-like colonies rather than
cholangio-like colonies in vivo

We transplanted HepaRG spheroids into the livers of TK-
NOG mice to reveal their in vivo differentiation ability.*®
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Figure 3 3D culture of HepaRG cells accelerates the differentiation of functional hepatocytes. We compared the gene expression
patterns of 2D- (white column) and 3D-cultured HepaRG cells (black column) by qRT-PCR. At 7 (D7), 14 (D14), 21 (D21) and
28 (D28) days after seeding, the expression levels of (a) hepatic differentiation markers (AFP, ALB, HNF4A, HNF1B and HNF6),
(b) metabolic enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2E1 and CYP3A4), (c) bile duct markers (CK19, SOX9, CK7 and ITGB4),
(d) p53-related genes (IRF2, p53) and (e) Notch-related genes (HES1, NOTCH1 and NOTCH2) were quantified. The expression level
was normalized to that of GAPDH. The graph presents the gene expression relative to that of 2D — D7 (a-d) or 2D — D14 (e), which
is defined as 1. Values are presented as the mean + standard error (n=3). Significant increase (*P < 0.05) or decrease (1P < 0.05)

between 2D and 3D was observed.

To avoid embolization in the spleen, HepaRG spheroids
were directly injected into the portal vein. Subsequently,
HepaRG spheroids embolized and invaded the liver
parenchyma. Immunohistochemical analysis revealed that
HepaRG spheroids de-differentiated into ALB positive/ CK19
positive cells at a day after transplantation (Fig.6). ALB
positive/CK19 positive cells were observed for 2 weeks, and
these cells were re-differentiated into ALB positive/CK19
negative hepatocytes or ALB negative/CK19 positive
cholangiocytes between 4 and 10 weeks after transplantation
(Fig.6). Consistent with the results of another study
conducted by our group, the HepaRG spheroids formed
colonies of hepatocyte-like or cholangio-like epithelial cells

12 weeks after transplantation (Fig.7).” In the hepatocyte-
like cells, we observed the expression of drug-metabolizing
enzymes (Fig.7b). Next, we compared the HepaRG-
transplanted livers between the 2D and 3D methods. How-
ever, there was no significant difference in the serum human
ALB levels of transplanted animals and the size of
hepatocyte-like colonies (Fig. 8a,b). Because the 3D-cultured
HepaRG cells differentiated into hepatocytes rather than
cholangiocytes in wvitro, we quantified the incidence of
hepatocyte-like colonies or cholangio-like colonies in the
transplanted livers. When 2D-cultured HepaRG cells were
transplanted into the livers of the mice, the HepaRG cells
formed hepatocyte-like colonies and cholangio-like colonies
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Figure 4 ALB expression in the 2D- and 3D-cultured HepaRG cells. (a) At 7 (D7), 14 (D14), 21 (D21) and 28 (D28) days after seeding,
human ALB secreted from 2D- (white column) and 3D-cultured HepaRG cells (black column) was quantified by enzyme-linked immu-
noassay. The human ALB concentration was normalized to the cell number (2 x 10° cells/sample). Values are presented as the mean
+ standard error (n=3). Significant increase (*P < 0.05) between 2D and 3D was observed. (b) On D28, ALB-expressing hepatocytes

were quantified using a flow cytometer.

in a 1:1 ratio (Fig.8c). Conversely, the incidence of
cholangio-like colonies was significantly decreased in the
HepaRG spheroid-transplanted animals (Fig. 8d). These re-
sults indicated that the selective hepatocyte differentiation
of HepaRG spheroids was reproduced in the livers of TK-
NOG mice.

DISCUSSION

N THE PRESENT study, we used FP001 for the 3D cul-

ture of HepaRG spheroids. Compared with other 3D
culture methods, the use of FP001 allows for easier large-
scale 3D culturing of HepaRG cells.'? In concordance with
the results of previous studies, the HepaRG spheroids that
were grown in the FP0O1-containing medium exhibited
mature hepatic characteristics and functional metabolic
responses. After comparing 3D and 2D culture, we
observed that 3D-cultured HepaRG spheroids displayed
decreased bile duct marker expression and an increased
ratio of ALB-expressing hepatocytes. In addition, a low
level of activation of Notch signaling was observed in the
3D-cultured HepaRG spheroids. These results indicated
that 3D culture induces the differentiation of HepaRG cells
into hepatocytes rather than cholangiocytes. Notch signal-
ing is transduced from adjacent cells via the interaction of
membrane ligands and receptors, and cell-cell interaction
is limited in the small HepaRG spheroids (Fig. 1¢, Fig. 2a).
Consistent with this hypothesis, ALB negative/CK19 posi-
tive cholangiocytes were frequently observed in the huge
aggregates of HepaRG cells (Fig. 1c). From these results,
we speculated that insufficient activation of Notch

signaling inhibited the differentiation of cholangiocytes
in the HepaRG spheroids. Furthermore, the precocious dif-
ferentiation of hepatocytes was observed in the HepaRG
spheroids. Compared with that in the 2D-cultured cells,
the proliferation of HepaRG cells was restricted in the
HepaRG spheroids (Table 2). A previous study demon-
strated that the commitment of HepaRG cells to differenti-
ation is strongly dependent on cell density”*. Because we
performed the 2D culture of HepaRG cells at a low cell
density, enhanced proliferation delayed the differentiation
of hepatocytes. On the contrary, 3D-cultured HepaRG
spheroids replicated the conditions of confluency similarly
as high-cell-density culture. In addition, 3D-cultured
HepaRG spheroids displayed high expression levels of
tumor suppressor genes at 7 days after seeding (Fig. 3d).
These results indicate that the inactivation of cell division
accelerated the maturation of hepatocytes and led to the
earlier expression of hepatic differentiation markers and
metabolic enzymes in HepaRG spheroids from early time
points (Fig.3a,b). Based on these results, we concluded
that the enhancement of metabolic functions observed in
3D culture was caused by both selective hepatocyte differ-
entiation and accelerated hepatocyte maturation.
Although 2D- and 3D-cultured HepaRG cells demon-
strated the similar expression level of ALB, the expression
of metabolic enzymes was significantly increased by 3D
culture. It suggests the 3D-cultured HepaRG spheroids
have matured into functional hepatocytes. In particular,
CYP1A2 expression was increased in the 3D-cultured
HepaRG spheroids, and omeprazole treatment further
enhanced the expression and function of CYP1A2
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Figure 5 HepaRG spheroids react with P450 inducers and P450 inhibitor. (a) Isolated hepatocytes from NOG (black) or TK-NOG
mouse carrying human hepatocytes (red) were analyzed by flow cytometer. HLA positivity denotes human cells. (b) Phase contrast im-
ages of human hepatocytes that cultured for 24 h (bar =200 pum). (c) 2D-cultured HepaRG cells (2D), 3D-cultured HepaRG cells (3D) or
isolated human hepatocytes (HEP) were treated with 10 uM rifampicin or 100 pM omeprazole for 72 h. CYP1A2, CYP2C9 and CYP3A4
expression levels were quantified by qRT-PCR. The graph presents the relative gene expression compared to that of the 2D vehicle, which
is defined as 1. Values represent mean + standard error (SE) (n =4). Significant increases in gene expression were observed in rifampicin-
or omeprazole-treated samples (*P < 0.05) from those levels in the vehicle-treated samples. (d) Metabolic function was quantified in
HepaRG cells and human hepatocytes treated with rifampicin or omeprazole for 72 h. The graph presents the relative luminescence
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for 72 h was quantified. The graph presents the values as RLU/cell relative to that of 3D vehicle, which is defined as 1. Values are pre-
sented as the mean + SE (n =4). Significant increases (*P < 0.05) or decreases (1P < 0.05) in metabolic functions were observed in eryth-
romycin-treated samples from those levels in the vehicle-treated samples.
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Figure 6 Time-lapse analysis of the HepaRG spheroids-transplanted livers. HepaRG spheroids-transplanted animals were killed at a day
(D1), 2 weeks (2w), 4 weeks (4w), and 10 weeks (10w) after transplantation. Recovered livers were analyzed by immunohistochemistry.
Serial sections were stained for H&E, ALB and CK19 (bar=100 pm).

(Fig. 3b, Fig. 5¢,d). Although P450 inducers enhanced the
expression of metabolic enzymes in both the 2D- and
3D-cultured HepaRG cells, CYP3A4 inactivation by
omeprazole and its metabolite was only observed in
the 3D-cultured HepaRG spheroids (Fig.5d). Further-
more, erythromycin-dependent CYP1A2 inactivation
was not observed in the 2D-cultured HepaRG cells
(Fig. 5e). In general, liver cells are arranged in perfused
3D structures in vivo, and this is important for their intra-
cellular function and the maintenance of their specific
polarity. The results of previous studies demonstrated
that human liver cells exhibit in vivo-like metabolic func-
tions and liver tissue-like structures when cultured in a
perfused 3D bioreactor.?>?® In addition, there have been
many attempts to culture human hepatocytes in 3D cul-
ture systems using various platforms.?” The results of the

present study indicated that the use of 3D-cultured
HepaRG spheroids held advantages pertaining to both
pharmacology and toxicology as compared with 2D-
cultured cells.

Humanized-liver mice, wherein the liver has been
repopulated with human hepatocytes, have been used to
study the aspects of human liver physiology such as drug
metabolism, toxicology and hepatitis infection.?®?%3!
The procurement of human hepatocytes is a major
challenge in producing humanized-liver mice because of
the finite nature of the patient-derived resource. We
reported that HepaRG cells were a possible cell source for
generating humanized-liver mice. In the present study,
we transplanted HepaRG spheroids into the livers of TK-
NOG mice.” Consistent with the selective differentiation
observed in vitro, the HepaRG spheroids transplanted into
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Figure 7 HepaRG spheroid derivatives in the TK-NOG mice. Twelve weeks after transplantation, HepaRG spheroids-transplanted livers
were analyzed by immunohistochemistry. (a) HepaRG spheroid-derived cholangio-like cells in the transplanted liver. Serial sections
were stained for H&E, ALB and cytokeratin (CK)19 (bar=100 pum). (b) HepaRG spheroid-derived hepatocyte-like cells in the
transplanted liver. Serial sections were stained for H&E, ALB, CK19, CYP1A2, CYP3A4 and SLC10A1 (bar=100 pm).

the livers of TK-NOG mice re-differentiated into the
hepatocyte-like epithelial cells rather than cholangiocytes
(Fig.6). Because HepaRG-derived hepatocytes express
SLC10A1, TK-NOG mice carrying these HepaRG cells
may become an in vivo infection model for the hepatitis
B virus (Fig.7b). However, the replacement index of
HepaRG cells in TK-NOG mice was significantly lower
than that observed in human hepatocytes. In a previous
study conducted by our group, we described an unstable
engraftment of HepaRG cells.” To establish the in vivo ani-
mal model, it was necessary to improve the in vivo stability
of the HepaRG cells.

In conclusion, HepaRG spheroids that formed in
medium containing FP001 acquired functional hepatic
characteristics and reproduced the metabolic responses
of human hepatocytes. A comparison of the culture
methods revealed that 3D culture accelerated the differ-
entiation of HepaRG cells into hepatocytes rather than
cholangiocytes. It may be speculated that the limited

proliferation of HepaRG cells accelerates the matura-
tion of hepatocytes, and the selective hepatocyte differ-
entiation is attributable to the insufficient activation of
Notch signaling. Because 3D culturing led to the
enhancement of metabolic functions, HepaRG spher-
oids that form in FP0OOl-containing medium may
become an excellent in vitro model for pharmacological
screening.
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Figure 8 Comparison of HepaRG-transplanted animals between
2D and 3D culture. We transplanted 2D-cultured HepaRG cells
(2D) or HepaRG spheroids (3D) into four TK-NOG mice each.
(a) Recipient animals were sacrificed at 12 weeks after trans-
plantation. In each animal, we quantified the human ALB
levels by enzyme-linked immunoassay. Serial sections of recov-
ered livers were stained for ALB and CK19. (b) We quantified
the area of ALB+ hepatocyte-like colonies. Further, we quanti-
fied the incidence of (c¢) ALB" hepatocyte-like colonies and
(d) CK19" cholangio-like colonies. Values are presented as
the mean +standard error of four animals. The number of
hepatocyte-like colonies or cholangio-like colonies was normal-
ized by the area of the liver section in each animal. Significant
differences between 2D and 3D cultures were observed in the
incidence of cholangio-like colonies (1P < 0.05).
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