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1. Introduction

ABSTRACT

Hepatocyte-like cells differentiated from human embryonic stem cells (hESCs) or human induced
pluripotent stem cells (hiPSCs) are known to be a useful cell source for drug screening. We recently
developed an efficient hepatic differentiation method from hESCs and hiPSCs by sequential transduction
of FOXA2 and HNF1e. It is known that the combination of three-dimensional (3D) culture and co-culture,
namely 3D co-culture, can maintain the functions of primary hepatocytes. However, hepatic maturation
of hESC- or hiPSC-derived hepatocyte-like cells (hEHs or hiPHs, respectively) by 3D co-culture systems
has not been examined. Therefore, we utilized a cell sheet engineering technology to promote hepatic
maturation. The gene expression levels of hepatocyte-related markers (such as cytochrome P450
enzymes and conjugating enzymes) and the amount of albumin secretion in the hEHs or hiPHs, which
were 3D co-cultured with the Swiss 3T3 cell sheet, were significantly up-regulated in comparison with
those in the hEHs or hiPHs cultured in a monolayer. Furthermore, we found that type I collagen
synthesized in Swiss 3T3 cells plays an important role in hepatic maturation. The hEHs or hiPHs that
were 3D co-cultured with the Swiss 3T3 cell sheet would be powerful tools for medical applications, such
as drug screening.

© 2012 Elsevier Ltd. All rights reserved.

from batch to batch, and de-differentiation. Because hESC- or
hiPSC-derived hepatocyte-like cells (hEHs or hiPHs, respectively)

Several studies have recently shown the ability of human
embryonic stem cells (hESCs) [1] and human induced pluripotent
stem cells (hiPSCs) [2] to differentiate into hepatocyte-like cells
[3—6]. Although primary human hepatocytes are generally
employed for drug toxicity screening in the early phase of phar-
maceutical development, these cells have some drawbacks, such as
their limited range of sources, difference in variability and functions

* Corresponding author. Laboratory of Biochemistry and Molecular Biology,
Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka,
Suita, Osaka 565-0871, Japan. Tel.: +81 6 6879 8185; fax: +81 6 6879 8186.

E-mail address: mizuguch@phs.osaka-u.ac,jp (H. Mizuguchi).

0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2012.03.011

have potential to resolve these problems, they are expected to be
applied to drug screening. The hepatic differentiation processes
from hESCs and hiPSCs are divided into three-stages, differentiation
into definitive endoderm (DE) cells, hepatoblasts, and mature
hepatocytes. Hepatic differentiation methods based on the treat-
ment of growth factors have been widely used to generate
hepatocyte-like cells from hESCs or hiPSCs [5—9]. However, the
hepatic differentiation efficiency is not high enough for medical
applications such as drug screening [10]. To promote the efficiency
of hepatic differentiation and hepatic maturation, we have devel-
oped hepatic differentiation methods that combine the trans-
duction of transcription factor genes involved in liver development
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with stimulation by growth factors [11-13]. The hepatocyte-like
cells generated by our protocols have levels of expression of
hepatocyte-related genes similar to the levels in (cryopreserved)
primary human hepatocytes cultured for 48 h after plating [12].
Moreover, we have recently established more efficient and simple
methods for hepatic differentiation from hESCs and hiPSCs by
sequential transduction of forkhead box A2 (FOXA2) and hepato-
cyte nuclear factor 1 homeobox A (HNF1¢) (in submitted). In that
recent study, we showed that the hEHs or hiPHs expressed the
genes of hepatocyte-related markers at levels similar to those in
primary human hepatocytes and could metabolize various types of
drugs.

It is known that cell—cell interactions between hepatocytes and
their surrounding cells are essential for liver development and
maintenance of liver functions [14—17]. Although primary human
hepatocytes rapidly lose their functions under a monolayer culture
condition, they could retain their functions, such as albumin
secretion and urea synthesis, in three-dimensional (3D) culture and
co-culture [18—21]. Moreover, it has been reported that the primary
hepatocytes maintain their functions for a long time by the
combination of 3D culture and co-culture, namely 3D co-culture
[22—24]. In particular, the functions of primary rat hepatocytes
cultured in a 3D co-culture, were shown to be more efficiently
preserved than the functions of primary rat hepatocytes cultured in
monolayer a co-culture [24]. Recently, Kim et al. reported that
primary rat hepatocytes are able to maintain their functions in 3D
co-culture with an endothelial cell sheet [25]. To perform 3D co-
culture with a cell sheet, they employed cell sheet engineering
technology using temperature-responsive culture dishes
grafted with a temperature-responsive polymer, poly(N-iso-
propylacrylamide). This cell sheet engineering technology make it
possible to manipulate a monolayer cell sheet with the extracellular
matrices (ECMs) synthesized from the cells [26]. Although 3D
culture or co-culture methods have been individually applied to
promote hepatic differentiation from ESCs or iPSCs [27—-29], few
studies have investigated the hepatic differentiation from hESCS or
hiPSCs using a 3D co-culture method.

In this study, we examined whether 3D co-culture, which uses
the cell sheet engineering technology, could promote hepatic
differentiation, and particularly the differentiation into mature
hepatocyte-like cells, from hESCs and hiPSCs. Because Swiss 3T3
cells are widely used for co-culture with primary hepatocytes
[18—20], we employed Swiss 3T3 cells for 3D co-culture with the
hEHs or hiPHs. After hEHs and hiPHs were 3D co-cultured with
a Swiss 3T3 cell sheet, we examined the expression levels of
hepatocyte-related genes. Moreover, we investigated a Swiss 3T3
cell-derived factor that can promote hepatic maturation from
hESCs and hiPSCs. :

2. Materials and methods
2.1. hESC and hiPSC culture

A hESC line, H9 (WiCell Research Institute), was maintained on a feeder layer of
mitomycin C (MMC)-treated mouse embryonic fibroblasts (MEF, Millipore) with
ReproStem (ReproCELL) supplemented with 5 ng/ml fibroblast growth factor 2
(FGF2) (Sigma). hESCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics)
into small clumps and were then subcultured every 4 or 5 days. H9 cells were was
used following the Guidelines for Derivation and Utilization of Human Embryonic
Stem Cells of the Ministry of Education, Culture, Sports, Science and Technology of
Japan. One hiPSC line generated from the human embryonic lung fibroblast cell line
MCRS was provided from the JCRB Cell Bank (Tic, JCRB Number: JCRB1331). Another
hiPSC line, 201B7, generated from human dermal fibroblasts was kindly provided by
Dr. S. Yamanaka (KyotoUniversity). These hiPSC lines were maintained on a feeder
layer of MMC-treated MEF with iPSellon (for Tic, Cardio) or ReproStem (for 201B7,
ReproCELL) supplemented with 10 ng/ml (for Tic) or 5 ng/ml (for 201B7)
FGF2.hiPSCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics) into small
clumps and were then subcultured every 5 or 6 days.

2.2. Swiss 3T3 cell culture

A mouse fibroblast line, Swiss 3T3, was maintained with RPMI-1640 medium
(Sigma) supplemented with fetal bovine serum (10%) (FBS), streptomycin (120 pg/
mti), and penicillin (200 pg/ml).

2.3. Ad vectors

The human eukaryotic translation elongation factor 1 alpha 1 (EF-1a) promoter-
driven HNFla- and FOXA2-expressing Ad vectors (Ad-HNFla and Ad-FOXA2,
respectively) were constructed previously (in submitted). All of Ad vectors contain
astretch of lysine residue (K7) peptides in the C-terminal region of the fiber knob for
more efficient transduction of hESCs, hiPSCs, and DE cells, in which transduction
efficiency was almost 100%, and purified as described previously [11,12,30}. The
vector particle (VP) titer was determined by using a spectrophotometric method [31].

2.4. In vitro differentiation

Before the initiation of cellular differentiation, the medium of hESCs and hiPSCs
was exchanged for a defined serum-free medium, hESF9, and hESCs and hiPSCs were
cultured as previously reported [32]. The differentiation protocol for the induction of
DE cells, hepatoblasts, and hepatocytes was based on our previous report with some
modifications (in submitted). Briefly, in mesendoderm differentiation, hESCs and
hiPSCs were dissociated into single cells by using Accutase (Millipore) and cultured
for 2 days on Matrigel (BD Biosciences) in hESF-DIF medium (Cell Science & Tech-
nology Institute) supplemented with 10 pg/ml human recombinant insulin, 5 pg/ml
human apotransferrin, 10 pM 2-mercaptoethanol, 10 puM ethanolamine, 10 pM
sodium selenite, and 0.5 mg/ml bovine serum albumin (BSA) (all from Sigma)
(differentiation hESF-DIF medium) containing 100 ng/ml Activin A (R&D Systems)
and 10 ng/ml FGF2. To generate DE cells, hESC- or hiPSC-derived mesendoderm cells
were transduced with 3000 VP/cell of Ad-FOXA2 for 1.5 h on day 2 and cultured until
day 6 on Matrige! in differentiation hESF-DIF medium supplemented with 100 ng/ml
Activin A and 10 ng/ml FGF2. For induction of the hepatoblasts, the hESC- or hiPSC-
derived DE cells were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-
HNF1a for 1.5 h on day 6 and cultured for 3 days on Matrigel in hepatocyte culture
medium (HCM) (Lonza) supplemented with 30 ng/ml bone morphogenetic protein 4
(BMP4) and 20 ng/ml FGF4 (all from R&D Systems). To expand the hepatoblasts, the
hepatoblasts were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-HNF1a
for 1.5 h on day 9 and cultured for 3 days on Matrigel in HCM supplemented with
10 ng/ml hepatocyte growth factor (HGF), 10 ng/ml FGF1, 10 ng/ml FGF4, and 10 ng/
ml FGF10 (all from R&D Systems).To induce hepatic maturation, the cells were
cultured for 2 days on Matrigel in L15 medium (Invitrogen) supplemented with 8.3%
tryptose phosphate broth (BD Biosciences), 10% FBS (Vita), 10 uM hydrocortisone 21-
hemisuccinate (Sigma), 1 pM insulin, and 25 mM NaHCO3 (Wako) (differentiation
L15 medium) containing 20 ng/ml hepatocyte growth factor (HGF), 20 ng/ml
Oncostatin M (OsM) (R&D Systems), and 10~% M Dexamethasone (DEX) (Sigma). As
described below, the Swiss 3T3 cell sheet was stratified onto hepatocyte-like cells on
day 14 and cultured in differentiation L15 medium supplemented with 20 ng/ml
HGF, 20 ng/ml OsM, and 10~® M DEX until day 15. On day 15, Matrigel was stratified
onto the cells and cultured in differentiation L15 medium supplemented with 20 ng/
ml HGF, 20 ng/ml OsM, and 10~% M DEX until day 25.

2.5. Cell sheet harvesting and stratifying procedure utilizing a gelatin-coated
manipulator

The stratifying protocol was performed as previously described with some
modifications {25,33]. Briefly, Swiss 3T3 cells were seeded on a 24-well
temperature-responsive culture plate (TRCP) (Cell Seed Inc, Tokyo) on day 12. Two
days after seeding (day 14), Swiss 3T3 cells were grown to confluence. On the same
day (day 14), a gelatin-coated cell sheet manipulator was placed on the Swiss 3T3
cells, and the culture temperature was reduced to 20 °C for 60 min. By removing the
manipulator, cultured Swiss 3T3 cells were harvested as a contiguous cell sheet that
attached on the gelatin. The Swiss 3T3 cell sheet was then stratified on the hEHs or
hiPHs. The culture plate with the manipulator was incubated at room temperature
for 60 min to induce adherence between the hEHs or hiPHs and Swiss 3T3 cell sheet.
To dissolve the gelatin, the culture plate was incubated at 37 °C for 60 min, and this
was followed by several washing steps.

2.6. RNA isolation and reverse transcription-PCR

Total RNA was isolated from the hESC- or hiPSC-derived cells using ISOGENE
(Nippon Gene) according to the manufacturer’s instructions, cDNA was synthesized
using 500 ng of total RNA with a Superscript VILO cDNA synthesis kit (Invitrogen).
Real-time RT-PCR was performed with Tagman gene expression assays or Fast SYBR
Green Master Mix using an ABI Step One Plus (all from Applied Biosystems). Relative
quantification was performed against a standard curve and the values were
normalized against the input determined for the housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The primer sequences used in this study are
described in Supplementary Tables 1 and 2.
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2.7. Preparation of verticalsection

On day 15, the hEHs cultured with or without the Swiss 3T3 cell sheet were
frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek), then vertically sectioned and
fixed with 4% paraformaldehyde. These sections were monitored by a phase contrast
microscope (Olympus).

2.8. ELISA

hESCs or hiPSCs were differentiated into the hepatocyte-like cells as described in
Fig. 1A. The culture supernatants, which were incubated for 24 h after fresh medium
was added, were collected and analyzed to determine the amount of ALB secretion
by ELISA. ELISA kits for ALB were purchased from Bethyl Laboratories. ELISA was
performed according to the manufacturer's instructions. The amount of ALB secre-
tion was calculated according to each standard.

2.9. Co-culture and culture in a cell culture insert system (insert-culture)

hESCs were differentiated into the hepatocyte-like cells as described in Fig. 1A
until day 14, and then the hESC-derived cells were harvested and seeded onto a 6-
well culture plate (Falcon) with Swiss 3T3 (1:1) in a co-culture system. In a insert-
culture system, hESC-derived hepatocyte-like cells were harvested and seeded
onto a 6-well culture plate alone, and Swiss 3T3 cells were plated in cell culture
inserts (membrane pore size 1.0 pm; Falcon), and placed in a well of the culture
palate containing hESC-derived hepatocyte-like cells. These cells were cultured in
differentiation L15 medium supplemented with 20 ng/ml HGF, 20 ng/ml OsM, and
10~% M DEX until day 25.

2.10. Stratification of type I collagen gel

A type I collagen gel solution was prepared as suggested by Nitta Gelatin: 7 parts
of solubilized collagen in HC1 (pH 3.0) 2 parts of 5x concentrated RPMI-1640
medium, and 2 parts of reconstitution buffer (0.2 M HEPES, 0.08 M NaOH) to
neutralize the collagen gel, were mixed gently but rapidly at 4 °C. Next, the hESC-
derived cells were cultured in a type I collagen gel solution for 3h, and then the
medium waschanged and the cells were cultured in differentiation L15 medium
supplemented with 20 ng/ml HGF, 20 ng/m! OsM, and 10-% M DEX until day 25.

2.11. Inhibition of collagen synthesis

hESCs were differentiated into the hepatocyte-like cells as described in Fig. 1A
until stratification of the Swiss 3T3 cell sheet. After stratification of the Swiss 3T3 cell
sheet, the cells were cultured in differentiation L15 medium supplemented with
20 ng/ml HGF, 20 ng/ml OsM, 10~ M DEX, and 25 puM 2,2'-Bipyridyl (Wako), an
inhibitor of collagen synthesis, until day 25.

2.12. Western blotting analysis

Swiss 3T3 cells were cultured with 25 pM 2,2/-Bipyridyl or solvent (0.1% DMSO)
for 3 days, and these cells were then homogenized with lysis buffer (1% Nonidet P-
40,1 mM EDTA, 25 mM Tris-HCl, 5 mM NaF, and 150 mM NaCl) containing protease
inhibitor mixture (Sigma-Aldrich). After being frozen and thawed, the homogenates
were centrifuged at 15,000x g at 4 °C for 10 min, and the supernatants were
collected. The lysates were subjected to SDS-PAGE on 7.5% polyacrylamide gel and
were then transferred onto polyvinylidene fluoride membranes (Millipore). After
the reaction was blocked with 1% skim milk in TBS containing 0.1% Tween 20 at room
temperature for 1 h, the membranes were incubated with goat anti-collal Ab
(diluted 1/200; Santa Cruz Biotechnology) or mouse anti-B-actin Ab (diluted 1/
5000; Sigma) at 4 °C overnight, followed by reaction with horseradish peroxidase-~
conjugated anti-goat IgG (Chemicon) or anti-mouse IgG (Cell Signaling Technology)
at room temperature for 1 h. The band was visualized by ECL Plus Western blotting
detection reagents (GE Healthcare) and the signals were read using a LAS-3000
imaging system (FUJI Film).

2.13. Statistical analysis

Statistical analysis was performed using the unpaired two-tailed Student’s t-test.
3. Results

3.1. Efficient heﬁatic maturation by stratification of the Swiss 313
cell sheet

The hEHs, which were generated by the transduction of HNF1«
and FOXAZ2 genes, were 3D co-cultured with the Swiss 3T3 cell sheet
to promote hepatic differentiation and to generate mature hepa-
tocytes from hESCs and hiPSCs. Our differentiation strategy using

the stratification of the Swiss 3T3 cell sheet is illustrated in Fig. 1A.
The stratifying procedure was performed on day 14 as described in
Fig. 1B. The day after stratifying the Swiss 3T3 cell sheet on the
hEHs, vertical sections of the monolayer hEHs (hEHs-mono) and
the hEHs stratified with the Swiss 3T3 cell sheet (hEHs-Swiss) were
prepared (Fig. 1C). We found that Swiss 3T3 cells were successfully
harvested and overlaid onto the hEHs as a monolayer cell sheet
(Fig. 1C). Moreover, the hEHs seemed to be larger than the Swiss
3T3 cells. The space between the hEHs cells and Swiss 3T3 cells
suggests the formation of ECMs (Fig. 1C).

To investigate whether stratification of the Swiss 3T3 cell sheet
could promote hepatic maturation of the hEHs, hESCs (H9) were
differentiated into the hepatocyte-like cells according to the
protocol described in Fig. 1A, and then the gene expression levels of
hepatocyte-related markers and the amount of albumin (ALB)
secretion in the hEHs-Swiss were measured on day 25 (Fig. 2). By
3D co-culturing of the hepatocyte-like cells with the Swiss 3T3 cell
sheet for 10 days (days 15—25), the gene expression levels of
hepatocyte-related markers, such as ALB (Fig. 2A), hepatocyte
nuclear factor 4 alpha (HNF4A) (Fig. 2B), cytochrome P450 (CYP)
enzymes (CYP2C9, CYP7A1, CYP1A2, and CYP3A5) (Fig. 2D—G), and
conjugating enzymes (glutathione S-transferase alpha 1 [GSTA1],
GSTA2, and UDP glucuronosyltransferase [UGT1A1]) (Fig. 2H—]) were
significantly increased as compared with those in hEHs-mono.
Moreover, the amount of ALB secretion in hEHs-Swiss was also
up-regulated as compared with that in hEHs-mono (Fig. 2K).
Because it is known that hepatoblasts can differentiate into hepa-
tocytes and cholangiocytes [34,35], we examined the gene
expression level of cytokeratin 7 (CK7), a cholangiocyte-related
marker, in hEHs-Swiss and hEHs-mono. In 3D co-culture with the
Swiss 3T3 cell sheet, the gene expression level of CK7 was down-
regulated in the hEHs-Swiss relative to the hEHs-mono (Fig. 2C).
These results clearly showed that stratification of the Swiss 3T3 cell
sheet could promote the hepatic maturation of the hEHs and, in
turn, suppress the cholangiocyte differentiation.

In order to investigate whether stratification of the Swiss 3T3
cell sheet promotes maturation of hiPHs as well as hEHs, the hiPSCs
(Tic and 201B7) were differentiated into the hepatocyte-like cells
according to the protocol described in Fig. 1A. The results showed
that the gene expression levels of ALB, CYP2C9, CYP3A5, CYP1A2, and
GSTA1 in the hiPHs stratified with the Swiss 3T3 cell sheet (hiPHs-
Swiss) were up-regulated in comparison with those in the mono-
layer hiPHs (hiPHs-mono) (Fig. 3A—E). Moreover, the gene
expression level of CK7 was markedly decreased in hiPHs-Swiss
(Fig. 3F). The gene expression level of ALB in the hiPHs-Swiss
differentiated from Tic was higher than that in the hiPHs-Swiss
differentiated from 201B7, while the gene expression levels of
CYP enzymes in the hiPHs-Swiss differentiated from Tic were lower
than those in the hiPHs-Swiss differentiated from 201B7
(Fig. 3A—D). These results showed that stratification of the Swiss
3T3 cell sheet promoted hepatic maturation of both hEHs and
hiPHs.

3.2. Identification of maturation factors synthesized from Swiss 313
cells

The data described above indicate that hepatic maturation
factors were produced in Swiss 3T3 cells. To elucidate the Swiss 3T3
cell-derived hepatic maturation factors, the hEHs were cultured in
cell culture-insert systems (insert-cultured), in which the hEHs
were co-cultured with Swiss 3T3 cells without physical contacts, or
co-cultured with Swiss 3T3 cells. Quantitative PCR analysis
revealed that the gene expression levels of ALB and CYP2(C9 in the
insert-cultured hEHs were increased in comparison with the hEHs-
mono, while the expression levels of these genes were lower than
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Fig. 2. Stratification of Swiss 3T3 cell sheet on hEHs promotes hepatic maturation. hESCs (H9) were differentiated into hepatocyte-like cells as described in Fig. 1A. (A—K): On day
25, the gene expression levels of ALB (A), HNF4A (B), CK7(C), CYP2C9 (D), CYP7A1 (E), CYP1A2 (F), CYP3A5 (G), GSTA1 (H), GSTA2 (1), and UGT1A1 (J) were examined in monolayer hESC-
derived hepatocyte-like cells (hEHs-mono) and hESC-derived hepatocyte-like cells stratified with Swiss 3T3 cell sheet (hEHs-Swiss) by real-time RT-PCR. The values were graphed
as the fold-changes relative to hEHs-mono. (K) On day 25, the amounts of ALB secretion were examined in hEHs-mono or hEHs-Swiss by ELISA. The values were graphed as the fold-
changes relative to hEHs-mono. All data are represented as means =+ Standard Deviation (SD) (n = 3). *P < 0.05 **P < 0.01.

those in the co-cultured hEHs (Fig. 4A and B). Furthermore,
a significant elevation of CYPIA2 and CYP3A5 gene expression was
observed only in the co-cultured hEHs (Fig. 4C and D). Therefore,
these data indicate that physical contacts between hEHs and Swiss
3T3 cells play an important role in hepatic maturation of the hEHs,
although Swiss 3T3 cell-derived soluble factors also played a small
role in the hepatic maturation.

Because ECMs are important factors in hepatic differentiation
[36], we examined the effect of Swiss 3T3 cell-derived ECMs on
hepatic maturation of the hEHs. Swiss 3T3 cells abundantly
synthesize collagen and almost all of the synthesized collagen is
type 1 collagen [37]. To mimic 3D co-culture with Swiss 3T3 cell
sheet, type I collagen gel was stratified onto the hEHs. As a control,
Matrigel, which contains abundant type IV collagen but not type |
collagen, was stratified onto the hEHs. As with the case of the Swiss
3T3 cell sheet stratification, the hEHs-mono stratified with type |
collagen gel showed an elevation of hepatocyte-related marker, but
a reduction of cholangiocyte marker (Fig. 5A and B, hEHs-mono). In
addition, stratification of type I collagen augmented the hepatic
maturation of the Swiss 3T3 cell sheet-stratified hEHs (Fig. 5A and

B, hEHs-Swiss). We further examined the role of Swiss 3T3 cell-
derived type I collagen on hepatic maturation using 2,2’-Bipyr-
idyl, an inhibitor of collagen synthesize. The collagen synthesis in
Swiss 3T3 cells could be efficiently inhibited by treatment with
2,2'-Bipyridyl, as determined by Western blotting analysis (Fig. 5C).
Quantitative RT-PCR analysis revealed that the gene expression
level of ALB was significantly down-regulated, but that of CK7 was
up-regulated in the hEHs-Swiss cultured in the presence of 2,2/-
Bipyridyl (Fig. 5D and E). Taken together, our findings indicated that
type I collagen, which was synthesized from Swiss 3T3 cells, was
indispensable for the maturation of the hEHs by Swiss 3T3 cell
sheet.

4. Discussion

Our main purpose in the current study was to develop a more
efficient method for hepatic maturation of the hEHs and hiPHs,
because such a method will be needed to generate more mature
hepatocyte-like cells, which have potent activity to metabolize
drugs, for wide-spread use of drug screening. Therefore, we
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attempted to employ a cell sheet engineering technology to further
induce maturation of the hEHs and hiPHs.

We observed a significant increase in the expression of
hepatocyte-related genes in the hEHs- and hiPHs-Swiss as
compared with those in the hEHs- and hiPHs-mono, respectively
(Figs. 2 and 3), indicating that 3D co-culture with the Swiss 3T3 cell
sheet was effective to promote hepatic maturation of the hEHs and
hiPHs. On the other hand, Han et al. have recently shown that hESC-
derived DE cells cannot be promoted to differentiate into hepato-
blasts by co-culture of mouse fibroblast 3T3 cells [38]. Considering
that primary rat hepatocytes are also able to grow and retain their
functions for a long period of time in the presence of Swiss 3T3 cells
[19,20], Swiss 3T3 cells would probably have the capacity to
support the functions of freshly isolated mature hepatocytes and
hESC- or hiPSC-derived hepatocyte-like cells, but not DE cells.
Besides Swiss 3T3 cells, we attempted to maturate the hEHs using

3D co-culture with the bovine carotid artery endothelial cell sheet,
because Kim et al. recently succeeded in creating a functional
hepatocyte culture system by stacking bovine carotid artery
endothelial cell sheets on primary rat hepatocytes [25]. However,
our preliminary data showed that Swiss 3T3 cell sheets were
superior to the bovine carotid artery endothelial cell sheets in terms
of hepatic maturation of hEHs (data not shown). Thus, we con-
ducted the present experiments to facilitate hepatic differentiation
of human pluripotent stem cells using Swiss 3T3 cell sheets.
Interestingly, we found a difference in hepatic differentiation
efficiency among hiPSC lines (Fig. 3). This might have been due to
epigenetic memory of the hiPSC line, because several studies
showed that the epigenetic memory of iPSCs affected the differ-
entiation capacity [39,40]. Kleger et al. showed that iPSCs generated
from mouse liver progenitor cells, could be more effectively
differentiated into hepatocyte-like cells in comparison with iPSCs
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generated from mouse embryo fibroblasts [41]. Thus, to more
efficiently differentiate into hepatocyte-like cells from hiPSCs, it
might be valuable to employ hiPSCs generated from freshly isolated
human hepatocytes. Moreover, by using our 3D co-culture system,
such hiPSCs would be differentiated into more mature hepatocyte-
like cells.

We investigated the Swiss 3T3 cell-derived hepatic maturation
factors by using cell culture inserts, and found that the physical
contacts between Swiss 3T3 cells and the hEHs were the major
factors contributing to the hepatic maturation of hEHs (Fig. 4).
Because Swiss 3T3 cell-derived soluble factors partially induce
maturation of hEHs (Fig. 4A and B), it would also be interesting to
search for hepatic maturation factors secreted from Swiss 3T3 cells.

To further investigate the maturation factors, we examined
whether type I collagen, which is abundantly synthesized by Swiss
3T3 cells, could promote hepatic maturation. Stratification of type I
collagen gel could lead to a promotion of hepatic maturation of
hEHs-mono as well as hEHs-Swiss (Fig. 5A). We also found that
hepatic maturation by 3D co-culture with the Swiss 3T3 cell sheet
was suppressed by inhibition of collagen synthesis (Fig. 5D). Taken
together, these results show that type I collagen is one of the key
molecules in promotion of hepatic maturation by stratification of
Swiss 3T3 cells. It is known that the space of Disse, which faces
hepatocytes directly, contains various kinds of ECM proteins,
including type I collagen [42]. Because the conditions in 3D co-
culture, which contains type I collagen synthesized from Swiss
3T3 cells, can mimic the in vivo liver microstructure, including the
space of Disse, the hepatic maturation from hEHs and hiPHs might

be efficiently promoted. Furthermore, it was also reported that, by
the stratification of type I collagen gel in primary rat hepatocyte
culture, the cytoskeletal organizations, such as actin localization, in
primary rat hepatocytes were changed and stress fibers were
obliterated just as in the in vivo state [43]. They also showed that
the stratification of type I collagen gel in primary rat hepatocyte
culture maintained ALB secretion in primary rat hepatocyte. Thus,
the alteration of the cytoskeletal organization might also be
changed in the hEHs and hiPHs by 3D co-culture with the Swiss 3T3
cell sheet. For these reasons, it could be speculated that stratifica-
tion of Swiss 3T3 cell sheets positively affects the maturation
process of hEHs and hiPHs mediated by cell-to-cell and cell-type I
collagen—cell interactions. The expression level of the CK7 gene in
the hEHs was down-regulated by stratification of the Swiss 3T3 cell
sheet or type I collagen gel (Figs. 2C and 5B). Although Matrigel,
which contains large amount of type IV collagen, is widely used to
differentiate hESCs and hiPSCs into hepatocyte-like cells, it is
reported that type IV collagen promotes cholangiocyte differenti-
ation [44]. Therefore, it would be important to note that stratifi-
cation of Swiss 3T3 cell sheet inhibits the cholangiocyte
differentiation and thereby allows the cells to drive the way to
hepatic differentiation. Although we showed that a Swiss 3T3 cell-
derived type I collagen plays an important role in hepatic matu-
ration, it was likely that the other soluble factors would also be
involved in the promotion of hepatic maturation.

We employed Swiss 3T3 cells for 3D co-culture with the hEHs
and hiPHs. However, it would be an attractive study to employ
other kinds of cells such as liver sinusoidal endothelial cells, stellate
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cells, and Kupffer cells, to mimic the in vivo liver microstructure. By
mimicking the in vivo liver microstructure, basic molecular mech-
anisms, including cell—cell interactions, in liver development
would be clarified. Moreover, because our cell sheet technology
allows us to stratify the multiple cell sheets and create layered 3D
tissue constructs, combinations with multiple layers consisting of
various types of cells might be able to develop an efficient method
for hepatic maturation of the hEHs and hiPHs. In addition, by using
new biomaterials with cell patterning techniques, more mature
hepatocyte-like cells would be probably generated from human
pluripotent stem cells, and thereby accelerate the research into
tissue generation.

5. Conclusions

We succeeded in promoting the hepatic maturation of both the
hEHs and hiPHs by stratification of the Swiss 3T3 cell sheet using

a cell sheet engineering technology. We also determined that type |
collagen, which is synthesized in Swiss 3T3 cells, plays an impor-
tant role in hepatic maturation. Since our cell sheet engineering
technology enables us to stratify multiple cell sheets, this tech-
nology would have the potential to mimic the in vivo liver micro-
structure and to generate hepatocyte-like cells, which have
functions similar to primary hepatocytes. Our methods would be
powerful tools for in vitro applications, such as drug toxicity
screening in the early phase of pharmaceutical development.
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Novel 2'-fluoro-6'-methylene-carbocyclic adenosine (FMCA) monophosphate prodrug (FMCAP) was syn-
thesized and evaluated for its in vitro anti-HBV potency against a lamivudine-entecavir resistant clone
(L180M + M204V + S202G). FMCA demonstrated significant antiviral activity against wild-type as well
as lamivudine-entecavir resistant triple mutant (L180M + M204V + S202G). The monophosphate prodrug
(FMCAP) demonstrated greater than 12-fold (12x) increase in anti-HBV activity without increased cellu-
lar toxicity. Mitochondrial and cellular toxicity studies of FMCA indicated that there is no significant tox-
icity up to 100 uM. Mode of action studies by molecular modeling indicate that the 2'-fluoro moiety by
hydrogen bond as well as the Van der Waals interaction of the carbocyclic ring with the phenylalanine
moiety of the polymerase promote the positive binding, even in the drug-resistant mutants.
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The chronic HBV infection is strongly associated with liver dis-
eases like chronic hepatic insufficiency, cirrhosis and hepatocellu-
lar carcinoma (HCC).! According to the World Health Organization
(WHO), currently about 2 billion people world-wide have been in-
fected with HBV and more than 350 million live with chronic infec-
tion. Acute or chronic outcomes of HBV infection are estimated to
cause the deaths of 600,000 people worldwide every year.?

Currently, there are several nucleos(t)ide analogues available to
treat chronic hepatitis B virus infection.>® The major target of
these drugs is to inhibit the viral reverse transcriptase (RT)/DNA
polymerase, which is responsible for the synthesis of the minus-
strand DNA. Although the currently used agents are well tolerated
and effective in suppressing the viral replication for extended
periods, the significant rate of virological relapse caused by drug
resistance remains a critical issue.

Lamivudine (LVD) was first introduced as the orally active
anti-HBV agent in 1998. Lamivudine profoundly suppresses HBV
replication in patients with chronic hepatitis B infection; however,
lamivudine-resistant HBV (LVDr) was isolated from a significant
numbers of patients during the treatment with lamivudine.

* Corresponding author. Address: Department of Pharmaceutical and Biomedical
Sciences, College of Pharmacy, The University of Georgia, Athens, GA 30602, USA.
Tel.: +1 706 542 5379; fax: +1 706 542 5381.

E-mail address: DCHU@rx.uga.edu (C.K. Chu).
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Currently, there are several antiviral options exist for these pa-
tients viz., to use adefovir or high dose (1.0 mg/day) of entecavir,
or more recently tenofovir. However, this resulted in also the
development of resistance mutants during the long term therapy.
At present, entecavir is the most prescribed drug, and is
recommended for patients with the wild-type as well as for those
harboring adefovir and lamivudine-resistant strains. However,
recent clinical studies by Tanaka and his co-workers suggested
that the entecavir mutant in the lamivudine-resistant patients
(L180M + M204V + S202G) causes a viral breakthrough: 4.9% of pa-
tients at baseline increases to 14.6%, 24% and 44.8% at weeks 48, 96
and 144, respectively,7 Therefore, it is of great interest to discover
novel anti-HBV agent, which is effective against lamivudine- and
entecavir-resistant triple mutants (L180M + M204V + S202G).

The potency of a nucleos(t)ide analogue is determined by its
ability to serve as a competitive inhibitor of the HBV polymerase
relative to that of the natural substrate, the nucleotide triphos-
phate.® However, host cellular kinases limit the pharmacological
potency of nucleoside analogues by phosphorylation to their corre-
sponding triphosphates. Particularly, the initial kinase action on the
nucleoside to the monophosphate is the rate-limiting step. How-
ever, many synthetic nucleosides are not phosphorylated or the
rate of phosphorylation is very slow due to the structural require-
ment of the kinases, resulting in only generating a low quantity of
the triphosphate. To overcome this phosphorylation issue, nucleo-
side phosphoramidate prodrugs have been introduced,®® which
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Figure 1. Structures of 2'-fluoro-6'-methylene-carbocyclic adenosine (FMCA; 3)
and its prodrug (FMCAP; 4).

can bypass the rate-limiting first step of monophosphorylation.
Phosphoramidate prodrugs have demonstrated to enhance the
nucleoside potency in cell culture as well as in patients.'®!" This
methodology greatly increases the lipophilicity of the nucleotide
to increase the cell penetration as well as to target the liver cells
in vivo.

In this communication, we present that a FMCA phosphorami-
date prodrug is such an agent, which can potentially be used for
the treatment of patients who experience viral breakthrough due
to the triple mutants caused by the use of lamivudine and
entecavir.

In our previous report, we have demonstrated that the novel
carbocyclic adenosine analog 3 (FMCA Fig. 1) exhibits significant
anti-HBV activity against wild type as well as adefovir/lamivudine
resistant strains.'? The present study describes the synthesis and
antiviral evaluation of a phosphoramidate of FMCA (FMCAP),
which demonstrated the significantly improved in vitro potency.
Additionally, we studied its mechanism of action how FMCA-TP
can effectively bind to the HBV polymerase by molecular modeling
and still exerts the antiviral activity against the lamivudine-ente-
cavir triple mutant (L180M + M204V + S202G).

FMCAP (4, Scheme 1)'3 was synthesized using a known method
in the literature,'*'> in which the phosphorylation of phenol with
phosphorus oxychloride generates phenyl dichlorophosphate 1,
which was coupled with r-alanine methyl ester in the presence
of tri-ethyl amine in dichloromethane to give chlorophosphorami-
date reagent 2, which, in turn, was coupled with FMCA 3 in the
presence of 1-methyl imidazole in THF to furnish the phosphoram-
idate 4 in good yield.

o
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0-p-cl ——> .
& NH
. 2 oﬁ)wom
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Figure 2. Mitochondrial toxicity of FMCA 3, AZT and 3TC through lactate
dehydrogenase release (LDH) assay.

FMCA 3 and FMCAP 4 were evaluated in vitro against the wild-
type as well as the lamivudine-entecavir resistant clone
(L180M + S2021 + M202V). The FMCA 3 and FMCAP 4 demon-
strated significant anti-HBV activity (ECso 0.548 +0.056 &
0.062 + 0.011 pM, respectively) against the wild-type virus, while
lamivudine and entecavir also demonstrated potent anti-HBV
activity (ECsp 0.056 + 0.003 & 0.008 pM, respectively) (Table 1). It
is noteworthy to mention that the anti-HBV potency of FMCAP
(4) was increased to eight-fold (8 x) in comparison to that of FMCA
3, which indicates the importance of the initial phosphorylation of
the nucleoside.

FMCA 3 and FMCAP 4 were further evaluated for their in-vitro
antiviral potency against a lamivudine-entecavir resistant clone
(L180M + M204V + S202G). It was observed that the anti-HBV po-
tency of both FMCA 3 and FMCAP 4 (ECso 0.67 & 0.054 M, respec-
tively) were maintained against the resistant clone, and
furthermore, the anti-HBV activity of FMCAP 4 was enhanced a
12-fold (12x) with respect to that of FMCA without significant
enhancement of cellular toxicity. It was also noteworthy to men-
tion that the anti-HBV potency of entecavir against the mutant

NH,
N
&1y
(b) Q NTON
e el
NH
. HO
o “CH, 4
OCH,

Scheme 1. Reagent and conditions: (a) L-alanine methyl ester hydrochloride, EtsN, CH,Cl,; (b) FMCA (3), NMI, THF, rt overnight.

Table 1
In vitro anti-HBV activity of FMCA 3, FMCAP 4, lamivudine and entecavir against wild-type and entecavir drug-resistant mutant (L180M + M204V + S202G) in Huh7 cells
Compounds HBV Strains
Wild-type L180M + M204V + S202G
EC M
ECso (M) ECoo (M) CCso (HM) 5 (M)
FMCA 3 0.548 + 0.056 6.0 £ 0.400 >300 0.67
FMCAP 4 0.062 £ 0.011 0.46 + 0.060 >300 0.054
Lamivudine 0.056 + 0.003 0.142 £ 0.008 >300 >500"7
Entecavir 0.008 0.033 28 1.20'®
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Figure 3. (a) FMCA-TP binding mode in ETVr (L180M + M204V + 5202G); and (b) ETV-TP binding mode in ETVr (L180M + M204V + S202G) and there is a steric hindrance.
Yellow dotted lines are hydrogen bonding interactions (<2.5 A). The Van der Waals surface of L180M is colored yellow. The Van der Waals surface of M204V is shown in spring
green. The Van der Waals surface of S202G is colored orange. The exocyclic double bond is shown blue color.

Table 2

MBAE (multi-ligand bimolecular association with energetics) calculation of FMCA-TP and ETV-TP after Glide XP docking?' and energy minimization?

Strains Compounds Energy difference results (AE, kcal/mol)
Total energy vdw? Electrostatic
Wild-type FMCA-TP -588.05 375.78 -6341,08
ETV-TP ~587.25 350.35 —6009.65
ETVr FMCA-TP -591.54 359.91 -6245.68
(L180M + M204V + S202G) ETV-TP —320.28 248.82 ~4831.12

? Van der Waals interaction.

was reduced by 150-fold (ECse 1.2 uM) in comparison to wild
type.'®

In the preliminary mitochondrial toxicity studies in HepG2 cells
by measuring the lactic dehydrogenase release,'® FMCA 3 did not
exhibit any significant toxicity up to 100 pM like lamivudine
(3TC), while azidothymidine (AZT) shows the increase of toxicity
(Fig. 2).

In our previous report, we described molecular modeling stud-
ies for favorable anti-HBV activity of FMCA-TP in wild-type as well
as in N236T adefovir resistant (ADVr) mutant.'? In the current
studies, it was of interest to know how the FMCA and its prodrug
maintain the anti-HBV activity against ETVr triple mutant
(L180M + M204V + S202G) in comparison to entecavir. Therefore,
molecular modeling studies were conducted to obtain the insight
of the molecular mechanism of FMCA-TP by using the Schrodinger
Suite modules.'® A previously described homology model was used
to further explore the impact of the ETVr to the HBV-RT.!? The
homology model of HBV-RT was constructed based on the pub-
lished X-ray crystal structure of HIV reverse transcriptase (PDB
code: 1RTD).2°

The binding mode of FMCA-TP and ETV-TP in ETVr
(L180M + M204V + S202G) HBV-RT are depicted in Figure 3a and
b, respectively. Their MBAE (multi-ligand biomolecular association
with energetics)?? calculations of FMCA-TP (total energy, wt
—588.05 & ETVr —591.54 kcal/mol) and ETV-TP (total energy, wt
—597.25 & ETVr —320.28 kcal/mol) after glide XP (extra precision)
docking?! and energy minimization in ETVr HBV-RT are shown in

Table 2. The triphosphate of FMCA-TP forms all the network of
hydrogen bonds with the active site residues (Fig. 3a), K32, R41,
S85 & A87 in the similar manner as in wild-type,'? whereas ETV-
TP lose the hydrogen bonding with R41 & S85. The y-phosphate
of FMCA-TP maintains a critical H-bonding with the OH of S85 with
connection of hydrogen bonds between S85 and N236 in ETVr
HBV-RT also. However, y-phosphate ETV-TP does not maintain this
critical H-bonding with S85 and N236 (Fig. 3b).

The carbocyclic ring with an exocyclic double bond of FMCA-TP
and ETV-TP makes the favorable Van der Waals interaction with
F88 in ETVr HBV-RT (Fig. 3a and b). There is no steric clash in be-
tween exocyclic double bond of FMCA-TP and M204V residue,
whereas ETV-TP exocyclic double bond has steric clash with
M204V residue in ETVr HBV-RT. The 2'-fluorine substituent in
the carbocyclic ring of FMCA-TP appears to promote an additional
binding with the NH of R41 guanidino group as shown in Figure 33,
which is in agreement with the antiviral activity of FMCA-TP
shown in Table 1. Overall, the modeling studies can qualitatively
explain the favorable anti-HBV activity of FMCA-TP against ETVr
mutant (L180M + M204V + S202G) in comparison to entecavir as
shown in Table 1.

In conclusion, 2'-fluoro-6-methylene-carbocyclic adenosine
phosphoramidate prodrug (FMCAP) was synthesized, which dem-
onstrated the significantly increased anti-HBV potency relative to
the parent compound, FMCA in vitro. Molecular modeling studies
delineated the mechanism of FMCA-TP and how it can effectively
bind to the lamivudine—entecavir resistant triple mutant resulting
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in maintaining the anti-HBV activity against the mutant. Further-
more, FMCA has been studied for the release of lactic dehydroge-
nase for potential mitochondrial toxicity and found that no
significant increase of toxicity of FMCA compared with other com-
monly used anti-HIV nucleoside drugs. Very recently, a preliminary
in vivo study in chimeric mice harboring the triple mutant, FMCAP
was found to reduce HBV viral load while entecavir did not (data
not shown). In view of these promising anti-HBV activities and
non-toxicity of FMCAP as well as the interesting mechanism of
antiviral activity, the chiral synthesis of FMCAP and its mitochon-
drial toxicity studies for preclinical investigation are warranted.
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Replication of Hepatitis C Virus Genotype 3a in Cultured Cells
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Hepatitis C virus (HCV) genotype 3a is widespread
worldwide, but no replication system exists for its
study. We describe a subgenomic replicon system for
HCV genotype 3a. We determined the consensus se-
quence of an HCV genome isolated from a patient,
and constructed a subgenomic replicon using this
clone. The replicon was transfected into HuH-7 cells
and RNA replication was confirmed. We identified cell
culture-adaptive mutations that increased colony for-
mation multiple-fold. We have therefore established a
genotype 3a replicon system that can be used to study
this HCV genotype.

Keywords: Virology; Experimental Model; HCVGT3; In
Vitro Culture System.

Hepacitis C virus (HCV) infection leads to chronic
infection and advanced liver diseases in most in-
fected adults.! Of the 6 major HCV genotypes, genotypes
1 and 2 are the most prevalent in North America, Europe,
and Japan,>* and are the most highly studied. However,
other genotypes display specific characteristics. For exam-
ple, genotype 3a infection can result in hepatic steatosis*
and telaprevir and boceprevir are less effective against
genotype 3a.5 Therefore, the pathogenesis and inhibitor
sensitivity of all HCV genotypes should be studied. Al-
though HCV subgenomic replicons are useful for under-
standing viral/host factors involved in HCV replication
and inhibitor sensitivity, only HCV replicons for geno-
types la, 1b, and 2a have been established.c-® Here, we
report on the robust genotype 3a replication system.

An almost complete HCV genome was recovered from
the serum of a patient with post-transplantation recur-
rent HCV infection. This serum exhibited higher infectiv-
ity than other tested sera toward primary human hepato-
cytes (Supplementary Figure 1A4). The isolate, named
S$310, contained the following structural elements: a
5'UTR (nt 1-339), an open reading frame encoding 3021
aa (nt 340-9402), and a 3'UTR (nt 9403-9654). Only the
last 44 nt of the X-region (nt 9611-9654) could not be
recovered. Two major virus populations were found;
S310/A contained Ala, Thr, Thr, and Ile, and S310/B

contained Thr, Ala, Ala, and Thr, at the 7%, 15157, 4315t
and 472" aa of the NS3 protein, respectively. S310 was
clustered into genotype 3a by phylogenetic analysis (Sup-
plementary Figure 1B). The complexity of the virus quasi-
species in the serum was analyzed by sequencing the
hypervariable region. Identical amino acid sequences in all
10 hypervariable region clones indicated a very low degree
of diversity. The hypervariable region sequence of the
JFH-1 strain also exhibited monoclonality,'® which can be
important for efficient replication in cultured cells.

Subgenomic replicons SGR-S310/A and SGR-S310/B
were constructed and their replication efficiency was eval-
uated by G418-resistant colony-formation assay. After 3
weeks, a small number of colonies were visible for both
replicons (Figure 1A). Because more colonies were ob-
served in SGR-S310/A than in SGR-S310/B, we focused
on SGR-S310/A (henceforth called SGR-S310). Ten cell
colonies of SGR-5310 were isolated and analyzed for HCV
replication. The mean RNA titer was 9.1 X 107 * 4.6 X
107 copies/ug total RNA (Figure 1B). HCV RNA (approx-
imately 8 kb) was detected by Northern blotting (Supple-
mentary Figure 2A4). Viral proteins in the replicon cells
were detected by immunofluorescence and Western blot-
ting (Supplementary Figure 2B and 2C). To determine
whether the G418 resistance of the cells was transmissible
by cellular RNA transfection, we electroporated total cel-
lular RNA isolated from 4 replicon clones into naive
HuH-7 cells. Multiple G418-resistant colonies appeared
after transfection of the RNA isolated from the replicon
clones (Supplementary Figure 3A), but not from the naive
HuH-7 cells. These results indicate that the replicon RNA
in the parental colonies could replicate in naive cells.
Thus, the G418-resistant colonies that were isolated from
cells electroporated with SGR-S310 synthetic RNA con-
tained replicating viral RNA.

Replicating genomes have been shown to accumulate
cell culture adaptive mutations, which increase their rep-
lication potential. To examine whether SGR-S310 ac-
quired mutations, the complete HCV sequences from 10
replicon clones were sequenced. At least one nonsynony-
mous mutation was detected in the NS3-NS3B region of
each replicon clone (Figure 1B). The following mutations
were identified: T12861 in the NS3 helicase (6 of 10

Abbreviation used in this paper: HCV, hepatitis C virus.
© 2013 by the AGA Institute
0016-5085/$36.00
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A

SGR-S310/A SGR-8310/B SGR-JFH1

10ug 10pg 0.1 ug
B Replicon Amino acid Replicon RNA
Nucleotide mutation Affected protein amounts
cell clone substitution (copies/pg RNA)

1 5272 (6932) G—A 2198 R—H NS5A 21x108

2 7362 (8022) A—-G 2895 R—G NS5B 9.9x107

3 2536 (4196) C—T 1286 T—i NS3 9.5x 107

4 2536 (4196) C—T 1286 T—l NS3 9.9x107

5 2536 (4196) C—T 1286 Tl NS3 5.6x107

6 2536 (4196) C—-T 1286 T—l NS3 4.0x107

7 2536 (4196) C—T 1286 T—i NS3 8.3x107

8 2636 (4196) C—T 1286 T—l NS3 8.7 x 107

9 6166 (7826) C—T 2496 Tl NS58 9.3x107

7363 (9023) G—A 2895 R—K NS5B
10 5241 (6901) A~G 2188 T—A NS5A 5.1x107
C Colony formation Transient replication

Replicon constructs Protein efficiency efficiency
(cfu/pg RNA) . (72h/4ht)

SGR-S310/A None 0.4 x 109 4.4x103
T1286! NS3 29x10° 6.5x 102
T2188A NS5A 23x10? 4.9x103
R2198H NS5A 3.7x10° 6.0x102
$22101 NSS5A 6.2x102 1.1x102
T24961 NS58 0.2x10° 50x10°
R2895K NS58 23x103 7.9x10*2
R2895G NS5B 9.8x 10?2 26x102
T24961+R2895K NS5B 4.1x108 2.6x10"1
Con1-NK5.1 NS3+NS5A 9.1x 102 6.3x10°

N None NAtt 7.1x10%2
SGR-JFH1 None 5.3x 102 1.5x102

Figure 1. S310 subgenomic replicon analysis. (A) Three million HuH-7
cells were electroporated with 10 ug RNA from SGR-S310/A or SGR-
S310/B or 0.1 ug RNA from SGR-JFH1. G418-selected colonies were
fixed and stained after 3 weeks. (B) Non-synonymous mutations identi-
fied in the replicon genomes and HCV RNA fiters in the replicon clones.
Nucleotide positions within the S310 subgenomic replicon and within the
full-length S310 genome (in parentheses) are given. (C) Replication po-
tential of the adaptive mutants as determined by the colony-formation
assay using Neo-replicons and by the transient replication assay using
Fluc-replicons. 72 h/4 h, transient replication efficiency was determined
as a ratio of luciferase activity in the transfected cells between 72 h and
4 h post transfection. TTNA, not available.

clones); T2188A or R2198H in NSSA (2 clones); an
R2895G substitution in NS5B (1 clone); and T2496I in
NSSA plus R2895K in NS5B (1 clone). These mutations
and the S2210I mutation (corresponding to S2204I in
genotype 1 replicon)”# were introduced, individually or in
combination, into the parental SGR-S310 and the colony-
formation efficiencies of the mutant replicons were tested.
All mutations, except T24961, increased the colony forma-
tion, indicating an adaptive phenotype (Figure 1C, Sup-
plementary Figure 3B). Transient replication efficiency
was also tested using firefly luciferase reporter replicons.
SGR-S310/Luc did not replicate in Huh-7.5.1 cells,
whereas the adaptive mutants displayed varying degrees of
replication (Figure 1C, Supplementary Figure 3C). Adap-
tive mutations T24961 and R2895K, when combined to-
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gether, most efficiently enhanced the colony formation as
well as transient replication (Figure 1C). Interestingly,
T1286I and R2895G found in our study correspond to the
Conl adaptive mutations T1280I and R2884G, respec-
tively.!12 T2188A or R2198H in NS5A were identified in
2 replicon clones and are located close to S2210L Indeed,
§22101 also enhanced SGR-S310 replication, suggesting
that this region might be important for HCV replication.
S310 replicons with adaptive mutations were compared
with genotype 1b (Conl and N) and 2a (JFH-1) replicons.
Colony-formation efficiencies of most S310 adaptive rep-
licons were at levels comparable with Conl and JFH-1
(Figure 1C, Supplementary Figure 3B). In contrast, S310
adaptive replicons replicated less efficiently than Conl-
NKS5.1 and JFH-1 replicons in transient replication assays.
However, genotype 1b N replicon replicated at a level
similar to some S310 adaptive replicons (Figure 1C, Sup-
plementary Figure 3C). Future studies will dissect the
detailed mechanisms that underlie the effects of these
mutations.

Successful generation of a genotype 3a replicon pro-
vided a unique opportunity to compare the susceptibility
of genotype 3a (SGR-S310), 1b (Con1'?), and 2a (JFH-1/
4-1'3) replicons to HCV inhibitors. Interferon-alfa dose-
dependently decreased the replication of all tested geno-
types (Figure 2A), whereas a protease inhibitor, BILN-
2061, was more effective against replicons from genotypes
1b and 2a than 3a (Figure 2B). The non-nucleoside poly-
merase inhibitor JTK-109 was more potent against geno-
type 1b and 3a (Figure 2C). However, the nucleoside
polymerase inhibitor, PSI-6130, equally inhibited all ge-
notypes (Figure 2D).

In conclusion, we established a subgenomic replicon for
genotype 3a, which should be useful for understanding
the specific characteristics of this genotype and for the
screening of antiviral chemicals that are effective against
this genotype. Construction of a full-length infectious
S310 clone is in progress.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at http://
dx.doi.org/10.1053/j.gastro.2012.09.017.
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Supplementary Methods

Cell Culture

The human hepatoma cell line HuH-7! and its
derivative cell line Huh-7.5.12 were maintained in Dul-
becco’s modified Eagle medium supplemented with 10%
fetal bovine serum, minimal essential medium nonessen-
tial amino acids, 100 U/mL penicillin, 100 wg/mL strep-
tomycin, 10 mM HEPES, and 1 mM sodium pyruvate at
37°C in a 5% CO, incubator.

Primary human hepatocytes (PHH) were isolated from
an encapsulated liver sample.® Isolated PHH were seeded
in 12-well plates and cultured at 37°C in Lanford me-
dium before infection.

PHH Infection With HCV-Positive Sera

Three days post seeding, PHH were inoculated
with HCV-positive sera. After 16 h of inoculation, mono-
layers were washed with William’s E medium and fresh
Lanford medium was added. Cells were harvested at 72 h
post infection. Total RNA was isolated using a guani-
dinium isothiocyanate solution (RNAble; Eurobio,
Courtaboeuf, France) and intracellular levels of HCV
RNA were quantified using the SuperScript III Platinium
One-Step quantitative reverse transcription polymerase
chain reaction (RT-PCR) system (Invitrogen, Carlsbad,
CA) and a LightCycler480 real-time PCR system (Roche
Diagnostics, Meylan, France).

HCV Genotype 3a Clone

Clone S310 was isolated from a 71-year-old female
patient suffering from post liver transplantation HCV
recurrence. She was diagnosed with HCV genotype 3a
infection at the age of 59 years and underwent liver
transplantation 4 years later due to liver cirrhosis. HCV-
RNA titer was 2.8 X 10° copies/mL. Total RNA extracted
from 100 pL serum using the acid-guanidinium isothio-
cyanate-phenol-chloroform method (Isogen-LS; Nippon
Gene, Tokyo, Japan) was precipitated with isopropanol,
washed with ethanol, and dissolved in 10 pL nuclease-
free water. An aliquot of 4 uL was subjected to reverse
transcription using random hexamers and Moloney mu-
rine leukemia virus reverse transcriptase (Superscript
III; Invitrogen) at 42°C for 50 min and then at 50°C for
10 min.

Isolation of HCV

The sequences of 4 isolates of genotype 3a (acces-
sion numbers AF046866, D28917+ X76918, and
D177635) that were obtained from the HCV database
(http://hev.]anl.gov/content/sequence/HCV/ToolsOutline.
html) were aligned and PCR primers were designed based
on the conserved sequences. These primers were used to
amplify the complementary DNA (cDNA) of S310 into 9
overlapping fragments by nested PCR (nt 1-370, nt 127-
1284, nt 1117-1997, nt 1704-3352, nt 3152-5080, nt
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4869-6842, nt 6601-8129, nt 7988-91435, and nt 9082-
9576; nucleotide numbers refer to the positions on $310,
with nt 1 being the first nucleotide of the 5' UTR). The
sequence of these primers is shown in Supplementary
Table 1. Two microliters of cDNA was subjected to PCR
using Pyrobest DNA polymerase (Takara Bio, Kyoto, Ja-
pan) and the outer set of primers, and this first-round
PCR product (2 pL) was further amplified by a second
round of PCR using the inner set of primers. PCR con-
ditions for the first and second rounds of PCR consisted
of 35 cycles each of denaturation at 98°C for 20 s,
annealing at 55°C for 1 min, and extension at 72°C for
3 min. A fragment encompassing the 5’ end of the viral
genome (nt 1-370) was amplified by 5'RACE. Briefly,
c¢DNA was synthesized with a 5" UTR primer (antisense),
tailed with a dCTP homopolymer by using terminal de-
oxynucleotidyl transferase, and amplified by PCR (5’
RACE System for Rapid Amplification of ¢DNA Ends;
Invitrogen) using TaKaRa LA Taq polymerase (Takara
Bio). The PCR products of all fragments were separated
by agarose gel electrophoresis, cloned into the pGEM-T
EASY vector (Promega, Madison, WI) and sequenced us-
ing the Big Dye Terminator Mix and an automated DNA
sequencer. The consensus sequence of 5 to 9 isolated
cDNA clones was adopted for each fragment. Two major
populations of the virus were identified in the patient’s
serum that differed in 4 amino acids in the NS3 protein
(aa 1039, 1183, 1463, and 1504), and these populations
were designated as S310/A and S310/B (DDBJ/EMBL/
GenBank accession number: AB691595 and AB691596,
respectively). To assess the complexity of the HCV pop-
ulation in the patient’s serum, the hypervariable region
sequences of 10 clones were determined.

Computer Analysis

A phylogenetic tree was constructed using the
neighbor-joining method to examine the relationship
between the polyprotein region of S310 and that of other
HCV genotype 3a isolates available in the database. In
order to analyze the diversity in each subgenomic region,
the genetic distance was calculated between all possible
pairs of genotype 3a isolates and between S310/A and
other isolates using MacVector software (MacVector, Inc.,
Cary, NC). The ratios of these 2 values (mean genetic
distance between S310/A and other isolates/mean genetic
distance among all genotype 3a isolates) were compared.

Construction of Replicons

Based on the consensus sequence of S310, we
assembled pS310/A and pS310/B, which contained the
full-length S310/A and S310/B cDNA, respectively,
downstream of the T7 RNA polymerase promoter. Briefly
the 9 amplicons described here were combined by over-
lapping PCR and ligated with pGEM-T EASY vectors to
generate 6 plasmids (A through F) in such a way that
each plasmid contained a unique restriction enzyme
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cleavage site toward the 3’ end of the viral fragment,
which overlapped with the 5’ end of the next fragment.
For this purpose, we took advantage of the EcoRl restric-
tion site that is present in the polycloning site of the
plasmid toward the 5’ end of the viral fragment. Plasmid
A contained the T7 promoter sequence followed by one
G-nucleotide and nt 1-3352 of S310, while plasmids B, C,
D, and E contained nt 1704-4307, nt 4044-6013, nt
5424-7755, and nt 7276-9425, respectively. Plasmid F
contained the fragment constructed by combining the
C-terminal end of NS5B (nt 9182-9402) and the variable
and poly U/UC regions of the S310/A 3'UTR (nt 9403~
9610) with the last 44 nucleotides of JFH-1. Restriction
sites for EcoRl and Xbal were introduced upstream of the
T7 promoter sequence and downstream of the conserved
region, termed the X-region, of the 3'UTR, respectively,
and the restriction sites of these enzymes that were pres-
ent within the cDNA were removed by PCR-based mu-
tagenesis. In the neomycin-based subgenomic replicons
(SGR-S310/A and SGR-S310/B, accession number:
AB691597 and AB691598, respectively), the cassette con-
taining the neomycin phosphotransferase gene and the
EMCV IRES replaced the region of S310 that encom-
passes amino acids 20-1032. Firefly luciferase—based
subgenomic replicons (SGR-S310/Luc, accession num-
ber: AB691599) were generated from SGR-S310/A by
replacing amino acids 20-1032 of S310/A with the cas-
sette containing firefly luciferase and the EMCV IRES
from pSGR-JFH1/Luc.

RNA Synthesis

RNA was synthesized by in vitro transcription as
described previously.” Briefly, the plasmids carrying the
c¢DNA described here were linearized with the Xbal re-
striction enzyme and 5’ overhangs were removed by treat-
ing with mung bean nuclease. Reaction mixtures were
further incubated at 50°C for 1 h with 2 puL 20 mg/mL
proteinase K and 10 pL 10% sodium dodecyl sulfate to
degrade nucleases, and templates were purified with 2
rounds of phenol-chloroform extraction and ethanol pre-
cipitation. Three micrograms of templates were subjected
to in vitro transcription using a MEGAscript T7 kit
(Ambion, Austin, TX) according to the manufacturer’s
recommendations. Synthesized RNA was treated with
DNase I (Ambion) and then purified using ISOGEN-LS
(Nippon Gene). The quality of the synthesized RNA was
examined by agarose gel electrophoresis.

RNA Transfection

In vitro transcribed RNA or total cellular RNA
isolated from replicon cells was introduced into cells by
electroporation. Trypsinized cells were washed twice with
serum-free Opti-MEM I (Invitrogen) and 3.0 X 10° cells
were resuspended in 400 uL cytomix buffer.® RNA was
delivered into cells by a single pulse of 260 V and 950 pF
using the Bio-Rad Gene Pulser II apparatus (Bio-Rad,

GASTROENTEROLOGY Vol. 144, No. 1

Hercules, CA). Transfected cells were immediately sus-
pended in culture medium and transferred to the appro-
priate plates. For G418 selection of colonies, the trans-
fected cells were seeded in 10-cm dishes, each containing
8 mL culture medium. G418 (500 mg/mL; Nacalai
Tesque, Kyoto, Japan) was added to the culture medium
at 24 h after transfection. Culture medium supplemented
with G418 was replaced every 3 days. Three weeks after
transfection, cells were fixed with buffered formalin and
stained with crystal violet or replicon colonies were
picked and expanded.

Analysis of G418-Resistant Cells

G418-resistant colonies were collected and used
for further analysis. Colonies were independently isolated
using cloning cylinders (Asahi Techno Glass Co., Tokyo,
Japan) and were expanded until they were 80%—90%
confluent in 10-cm dishes. Expanded cells were harvested
for nucleic acid and protein analysis. Total RNA was
isolated from the cells using the ISOGEN reagent (Nip-
pon Gene). Another aliquot of the cell pellet was dis-
solved in RIPA buffer containing 0.1% sodium dodecyl
sulfate for Western blot analysis. For immunofluores-
cence analysis of viral proteins, cells were seeded on
12-well slides.

Quantification of HCV RNA by Real-Time

RT-PCR

Copy numbers of HCV RNA were determined by
real-time detection RT-PCR, as described previously,® us-
ing the ABI Prism 7700 Sequence Detector System (Ap-
plied Biosystems Japan, Tokyo, Japan). The concentration
of total RNA in the cells was determined using a Nano-
drop Spectrophotometer ND-1000 (Thermo Scientific,
Rockford, IL).

Northern Blot Analysis

Isolated RNAs (3 pg) from replicon cells were
separated on a 1% agarose gel containing formaldehyde,
transferred to a positively charged nylon membrane (Hy-
bond-N+; GE Healthcare UK Ltd., Buckinghamshire,
UK) and immobilized using a FUNA-UV-LINKER (Funa-
koshi, Tokyo, Japan). Hybridization was carried out with
a [a-*?P]dCTP-labeled DNA probe using Rapid-Hyb buf-
fer (GE Healthcare UK Ltd.). The DNA probe was syn-
thesized from a BsrGI-Mfel fragment of the S310 clone
that contained NS3-5B genes using the Megaprime DNA
labeling system (GE Healthcare UK Ltd.).

Indirect Immunofluorescence

Untransfected HuH-7 cells or S310 replicon-rep-
licating cells were grown on a glass slide for 24 h and
fixed in acetone-methanol (1:1 [vol/vol]) for 10 min at
—20°C. Cells were then incubated in immunofluores-
cence buffer (phosphate-buffered saline, 1% bovine serum
albumin, 2.5 mM EDTA). S310 patient serum was added at
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a dilution of 1:200 in immunofluorescence buffer. After
incubation for 1 h at room temperature, cells were washed
and then incubated with an Alexa Fluor488—conjugated
goat anti-human IgG antibody (Invitrogen) in immunoflu-
orescence buffer. The glass slide was washed and a cover
glass was mounted using PermaFluor mounting solution
(Thermo Scientific, Cheshire, UK). Cells were examined un-
der a fluorescence microscope (Olympus, Tokyo, Japan).

Western Blot Analysis of HCV Proteins

The protein samples were separated on 12.5%
polyacrylamide gels and subsequently transferred to a
polyvinylidene difluoride membrane (Immobilon; Milli-
pore, Bedford, MA). Transferred proteins were incubated
with 2% skim milk. Anti-NS3 mouse monoclonal anti-
body (clone 8G2, Abcam, Cambridge, UK) and peroxi-
dase-labeled sheep anti-mouse IgG (Cell Signaling Tech-
nology, Danvers, MA) were used to detect HCV proteins.
The signals were detected with a chemiluminescence sys-
tem (ECL Prime; GE Healthcare UK Ltd.).

Identification of Mutations

cDNA was synthesized from total RNA that was
extracted from replicon-expressing cells at 2 different times.
These cDNAs were amplified into 5 overlapping fragments
that spanned the 5'UTR and the NS3-NS5B region using
LA Taq DNA polymerase (Takara Bio) and the primers
described in Supplementary Table 1. The sequence of each
amplified DNA was determined. The mutations identified
were subsequently introduced into SGR-S310/A and SGR-
S$310/Luc by PCR-mediated mutagenesis.

Luciferase Assay

Five micrograms of RNA, prepared by in vitro
transcription of $310/SG-FLuc constructs with or with-
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out adaptive mutations, were introduced into 3.0 X 10°
Huh-7.5.1 cells by electroporation. Cells were harvested
with Cell Culture Lysis Reagent (Promega) at 4, 24, 72,
and 96 h post electroporation, and luciferase activity was
determined by use of a Luciferase Assay System (Pro-
mega) and the Lumat LB9507 luminometer (EG & G
Berthold, Bad Wildbad, Germany).

Inbibition of S310 Replicon Replication by

Specific Inhibitors

$310 replicon cell clones 6, 9, and 10 and the
genotypelb Conl and 2a JFH-1 replicon cells,’® were
seeded into 24-well plates at a density of 5.0 X 104
cells/well. On the next day, the culture medium was
replaced with medium containing 0.1% dimethyl sulfox-
ide with or without various concentrations of interferon
alfa (Dainippon-Sumitomo, Osaka, Japan), the specific
NS3 protease inhibitor, BILN-2061 (Boehringer Ingel-
heim Ltd., Québec, Canada), or the NS5B inhibitors,
JTK-109 (Japan Tobacco, Inc., Osaka, Japan) and PSI-
6130 (Pharmasset, Inc., Princeton, NJ). After 72-h incu-
bation, cells were harvested and HCV RNA was quantified
as described.
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