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Table 2 Associations between PLNE and clinical findings (n = 288)

Variable n (proportion)/mean (SD) p

PLNE positive PLNE negative P-value Adjusted

group (n=27) group (n=261) P-valuet
APRI >1.5% 3 (11.1%) 4 (1.5%) 0.02 0.01§
HBV DNA (log'® copies/mL) 4.70 (2.97) 3.89 (2.01) 0.2 0.134
AST (U/L) 38.0 (33.5) 26.8 (14.5) 0.09 0.0019
ALT (U/L) 50.1 (70.1) 28.0 (22.4) 0.11 <0.00019
TB (mg/dL) 0.93 (0.44) 0.93 (0.58) 0.98 -
Albumin (g/dL) 4.14 (0.29) 4.20 (0.34) 0.33 -
Platelet count (x10*/uL) 18.6 (6.96) 20.6 (5.87) 0.12 0.048¢4
¥GT (U/L) 44.6 (84.1) 38.7 (110.9) 0.74 -
PT-INR 0.99 (0.09) 0.95 (0.14) 0.11 -
AFP (ng/mL) 3.22 4.68 0.15 -

+0dds ratio (95% confidence interval) for PLNE positive group was 7.85 (1.59-38.76).
tAdjusted for sex and age at enrollment (independent variables). The dependent variables of each P-value are the items in the leftmost
fields of corresponding rows (the proportion of having APRI >1.5, AST, ALT, TB and so on).

§P-value by stepwise logistic regression analysis.
{P-value by stepwise regression analysis.

v-GT, y-glutamyltransferase; AFP, o-fetoprotein; ALT, alanine aminotransferase; APRI, aspartate aminotransferase-to-platelet ratio index;
AST, aspartate aminotransferase; HBV, hepatitis B virus; PLNE, perihepatic lymph node enlargement; PT-INR, prothrombin time
international normalized ratio; SD, standard deviation; TB, total bilirubin.

HBV or history of HCC and in 41 of 502 (8.2%]) of the
whole patients, and the proportion of PLNE was not
significantly different between these two patient groups
(P = 0.65, y*-test). In addition, in patients receiving IFN
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Figure 1 Bar plot of the proportion of perihepatic lymph node
enlargement (PLNE) positive patients in asymptomatic carri-
ers, patients with chronic hepatitis and patients with cirrhosis.
*P-value by the Cochran-Armitage trend test. [J, PLNE nega-
tive; B, PLNE positive.
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or nucleoside analog treatment and/or having HCC or
its past history, PLNE was found in 7.0% patients. Thus,
PLNE may be observed in as much as 10% of patients
with chronic HBV infections. Then, we compared the
frequency of PLNE in subjects with different back-
grounds; in our previous studies, PLNE was detected in
20.0% (169/846) of patients with CHC' and in 1.6%
(69/4234) of subjects who underwent a general health
examination.” As shown in Figure 3, the frequency of
PLNE in patients with chronic HBV infection was sig-
nificantly higher than that in subjects undertaking a
general health examination (P < 0.0001) but lower than
that in CHC patients (P < 0.0001).

DISCUSSION

LTHOUGH PLNE IS one of the common findings in

chronic liver disease,’'%1%' it has yet remained
unclear how frequent PLNE would be observed or what
would be the clinical significance of PLNE in patients
with chronic HBV infection. In the current study, in
patients without HBV treatment or HCC, PLNE was sig-
nificantly associated with a higher probability of having
an APRI of more than 1.5, a higher serum AST level and
a higher ALT serum level. Also, a significantly increasing
trend of PLNE prevalence across asymptomatic carriers,
patients with chronic hepatitis and patients with
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Table 3 Patient characteristics according to prevalence of HCC in the original cohort (n=502)

Variable

n (proportion)/mean (SD) P

HCC positive group (1= 69)

HCC negative group (n = 433)

PLNE positive 1(1.4%)
APRI >1.5 8 (11.6%)
HBV DNA (log" copies/mL) 1.19 (1.67)
AST (U/L) 30.4 (17.8)
ALT (U/L) 27.2 (19.1)
TB (mg/dL) 1.02 (0.45)
Albumin (g/dL) 4.08 (0.41)
Platelet count (x10"/uL) 14.0 (5.41)
¥-GT (U/L) 48.8 (50.2)
PT-INR 1.00 (0.12)

40 (9.2%) 0.03
14 (3.2%) 0.005
3.00 (2.36) <0.0001

28.3 (27.3) 0.40
29.5 (38.1) 0.42
0.95 (0.56) 0.29
4.20 (0.39) 0.03
19.7 (6.10) <0.0001
40.9 (98.9) 0.31
0.98 (0.25) 0.60

¥-GT, y-glutamyltransferase; ALT, alanine aminotransferase; APRI, aspartate aminotransferase-to-platelet ratio index; AST, aspartate
aminotransferase; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; PLNE, perihepatic lymph node enlargement; PT-INR,
prothrombin time international normalized ratio; SD, standard deviation; TB, total bilirubin.

cirrhosis was observed, suggesting that PLNE may be
associated with progress of liver fibrosis and severer
hepatocellular damage in patients with chronic HBV
infection. Furthermore, the frequency of PLNE in
patients with chronic HBV infection was significantly
lower than that in CHC patients. To the best of our
knowledge, this is the first study showing the clinical
significance of PLNE in chronic HBV infection.

It is well known that liver fibrosis and hepatocellular
injury are associated with HCC occurrence generally in
chronic liver disease.?' Furthermore, recent evidence has
revealed that serum HBV DNA level is a risk for
hepatocarcinogenesis in chronic HBV infection.?? In the
current study, PLNE was associated with liver fibrosis,
hepatocellular injury and serum HBV DNA level,
however, PLNE was less frequently observed in patients
with HCC and/or its history than in those without HCC
in our original sample (n=502). Although this para-
doxical result is interesting, its mechanism remains to be
clarified. Of note, we previously reported that PLNE was
a negative risk for HCC occurrence in CHC patients."”
Thus, the result in the present study may imply the
similar association between PLNE and the development
of HCC in patients with chronic liver disease in general.
One probable explanation for this paradoxical result
is that the presence of PLNE may reflect a stronger
immune response to hepatitis virus, which could exert
also an antitumor immune response.

On multivariate analysis regarding HCC prevalence
and clinical parameters, lower ALT levels were signifi-
cantly associated with higher prevalence of HCC. This

P=0.03* (0.057 1)
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Figure 2 Bar plot of the proportion of perihepatic lymph
node enlargement (PLNE) positive patients with and without
hepatocellular carcinoma (HCC). *P-value by Fisher’s exact
test. tP-value by logistic regression test (adjustment for
age, sex, aspartate aminotransferase-to-platelet ratio index
score, alanine aminotransferase, total bilirubin, albumin and
v-glutamyltransferase). {Patients receiving interferon or
nucleoside analog treatment were also included. B, PLNE
negative; B, PLNE positive.
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Figure 3 Bar plot of the proportion of perihepatic lymph node
enlargement (PLNE) positive patients in chronic hepatitis B
(CHB), chronic hepatitis C (CHC) and general health exami-
nation. *P-value by the y’-test. tTotal patients; 1Patients
without history of hepatocellular carcinoma or treatment for
CHB. {1, PLNE negative; @, PLNE positive.

unexpected result may be explained by the treatment
effect for HBV. Nucleotide analog treatment has been
generally applied in symptomatic patients but not
asymptomatic ones in our cohort, in which HCC
occurred more frequently in these symptomatic
patients. Indeed, the proportion receiving nucleotide
analog treatment was higher in HCC positive patients
compared with HCC negative patients (71.0% vs 33.4%,
P <0.0001, data not shown), which may explain the
lower ALT levels in HCC positive patients. Lower HBV
DNA levels in HCC positive patients compared to HCC
negative patients (1.19 vs 3.00, P <0.0001, Table 3)
may be similarly explained by nucleotide analog
treatment.

It should be noted that controversy still exists regard-
ing whether PLNE could be associated with hepatocel-
lular damage or liver fibrosis in patients with chronic
HCV infection.®*131* These results raise a possibility
that the clinical significance of PLNE may be distinct
regarding the association with hepatitis activity between
chronic HBV infection and chronic HCV infection. The
distinct PLNE frequency between chronic HBV infection
and chronic HCV infection observed in the current study
may be in line with this concept. Hyperplasia of regional
lymph nodes are generally considered to reflect inflam-
matory responses in the adjacent organs. Especially in

© 2014 The Japan Society of Hepatology
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chronic HCV infection, PLNE are thought to reflect the
immunological response of the host."' Indeed, HCV-
specific IFN-y production and proliferative response
of T cells were found commonly in perihepatic lymph
nodes,” suggesting that PLNE indicates an active host
immune response in chronic hepatitis C. The humoral
immune response plays an essential role in HBV and
HCV infection.* Almost 40% of patients infected with
HCV were reported to develop at least one extrahepatic
manifestation during the course of the disease.”> CHC
patients were shown to be associated with mixed cryo-
globulinemia, chronic thyroiditis, Sjogren’s syndrome
or membranoproliferative glomerulonephritis.***! On
another front, extrahepatic manifestations of hepatitis B
were reported to be present in 1-10% of HBV-infected
patients, which is lower than that of HCV-infected
patients, including serum sickness-like syndrome, acute
necrotizing vasculitis (polyarteritis nodosa), membra-
nous glomerulonephritis or popular acrodermatitis of
childhood (Gianotti-Crosti syndrome).’>* Thus, there
may be an apparent incompatibility between patients
with chronic HBV and HCV infection in terms of the
component of immune system. The result of the present
study may support this concept.

In patients not receiving [FN or nucleoside analog
treatment, and those without having HCC or its
past history for comparison with other background
(n=288) to avoid an influence of antiviral treatment or
HCC occurrence, the frequency of PLNE was 9.4%.
Although these patients appear to be biased toward a
less severely ill patient population, the frequency of
PLNE in these patients was not significantly different
from that in the original 502 patients (8.2%). Of note,
the frequency of PLNE in CHB patients was much lower
than that in chronic hepatitis C patients, as previously
reported. As suggested earlier, the different components
of the immune system in patients with chronic HBV and
HCYV infections could explain this difference.

This study is limited by the absence of some impor-
tant clinical details such as information about the
histological findings of fibrosis and inflammation.
Although the APRI is a useful index for the prediction of
fibrosis, the limitation of this score has been reported in
previous studies.**** However, we also showed that the
prevalence of the patients with clinically diagnosed liver
cirthosis was also significantly higher in the patients
with PLNE (P = 0.0009), which may minimize this limi-
tation. Another limitation to consider is the cross-
sectional design of the present study, which does not
allow causal inferences and limits any assumptions
about the duration of the existence of any of the criteria,
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such as APRI score, ALT level or HCC occurrence. Also,
clinical findings at the onset of PLNE were not acces-
sible. Moreover, for comparison of the frequency of
PLNE in patients with HCC and/or its history and those
without, only one HCC patient with PLNE positivity
was included in the present study. Thus, the sample may
not be large enough, especially for adjustment of other
covariates. Further prospectively designed study with a
larger sample is needed to elucidate the association
between PLNE and the risk of hepatocarcinogenesis.

In conclusion, in spite of the positive association
between the presence of PLNE and progressed fibrosis or
higher hepatocellular injury, the presence of PLNE was
negatively associated with the prevalence of HCC in
patients with chronic HBV infection.
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An efficient system for secretory production of fibrinogen
using a hepatocellular carcinoma cell line

Michinori Matsumoto,’? Tomokazu Matsuura,® Katsuhiko Aoki,? Haruka Maehashi,?
Takeo Iwamoto,* Kiyoshi Ohkawa,? Kiyotsugu Yoshida,? Katsuhiko Yanaga' and

Koji Takada®®

Departments of 'Surgery, *Biochemistry and Laboratory Medicine, “Core Research Facilities, and ®Division of
Biology, Department of Natural Science, The Jikei University School of Medicine, Tokyo, Japan

Aim: Despite an increasing demand, blood products are not
always safe because most are derived from blood donations.
One possible solution is the development and commercializa-
tion of recombinant fibrinogen, but this process remains
poorly developed. This study aimed to develop an effective
production system for producing risk-free fibrinogen using
human hepatocellular cell lines and serum-free media.

Methods: Three human liver cancer cell lines (HepG2, FLC-4
and FLC-7) were cultivated in a serum-supplemented medium
or two serum-free media (ASF104N and IS-RPMI) to compare
their fibrinogen secretion abilities. Fibrinogen subunit gene
expression was estimated by quantitative polymerase chain
reaction. Massive fibrinogen production was induced using a
5-mL radial flow bioreactor (RFB) while monitoring glucose
metabolism. Subsequently, fibrinogen’s biochemical charac-
teristics derived from these cells were analyzed.

Results: FLC-7 cell culture combined with IS-RPMI resulted in
significantly better fibrinogen production (21.6 pg/10” cells

per day). ASF104N had more positive effects on cell growth
compared with I1S-RPM!, whereas fibrinogen production was
more efficient with IS-RPMI than with ASF104N. Changing
the medium from ASF104N to IS-RPMI led to significantly
increased fibrinogen gene expression and glucose consump-
tion. In the RFB culture, the fibrinogen secretion rate of FLC-7
cells reached 0.73 pg/mL per day during a 42-day cultivation
period. The subunit composition and clot formation activity
of FLC-7 cell-derived fibrinogen corresponded to those of
plasma fibrinogen.

Conclusion: The FLC-7 cell culture system is suitable for
large-scale fibrinogen preparation production.

Key words: bioartificial liver, blood-borne pathogens, blood
transfusion, fibrinogen, human cell line, radial flow
bioreactor

INTRODUCTION

ORE THAN 28 million blood components are

transfused each year in the USA.! Several transfu-
sions are administrated to surgical and obstetric
patients. Red blood cells, fresh-frozen plasma, platelets
and cryoprecipitate transfusions have the potential to
improve clinical outcomes in perioperative and
peripartum settings. These benefits include improved
tissue oxygenation and decreased bleeding. However,
transfusions are not without risk because blood
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products can be associated with infectious disease trans-
mission, such as hepatitis and HIV infection.? Blood
product supply is limited and risky because most are
derived from blood donations. Therefore, the develop-
ment of a production method to ensure safe and plen-
tiful supply of blood products is very important.
Fibrinogen preparations are administrated iv. to
patients with hypofibrinogenemia and are also used in
combination with thrombin as a fibrin sealant during
surgery. Recombinant fibrinogen production began
with the cloning and subsequent expression of func-
tional fibrinogen proteins in the early 1990s. However,
the development and commercialization of fully func-
tional recombinant fibrinogen have been difficult
because of a number of complex post-translational
modifications integral to its procoagulant function.?
Fibrinogen is a homodimer that is primarily synthe-
sized in the liver by hepatic parenchymal cells, with each
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unit comprising three chains (Aa [FGA], Bf [FGB] and vy
[FGG]) encoded by different genes (FGA, FGB and FGG,
respectively).* Few fibrinogen production systems using
human hepatocytes or hepatoma cell lines have been
reported to date,*” although none have been clinically
applied. The essential requirements of any cell culture
system geared for effective fibrinogen production are as
follows: (i) selection of a viable and highly functional
hepatic cell line that can be cultivated in serum-free
medium; (ii) efficient fibrinogen production mainte-
nance; and (iii) functional fibrinogen molecule produc-
tion. Functional liver cell (FLC) lines are potential
candidates because they not only have liver-specific
functions but also can be cultivated in serum-free
medium.®"

In the present study, we attempted to develop an
effective fibrinogen production system that satisfied
these requirements using human hepatic cell lines and
serum-free medium.

METHODS

Reagents and antibodies

LL REAGENTS WERE obtained from Sigma (St

Louis, MO, USA) unless otherwise stated. The
human plasma fibrinogen preparation, fibrinogen HT,
was purchased from Benesis (Osaka, Japan). Peptide-N-
glycosidase (PNGase F), which cleaves N-linked oligo-
saccharides from glycoproteins, was purchased from Life
Technologies (Carlsbad, CA, USA). Primary antibodies
against human fibrinogen (#A0080; Dako, Glostrup,
Denmark) and human FGA (#70R-1553; Aviva Systems
Biology, San Diego, CA, USA) were also used.

Cell lines and culture conditions

The FLC-4 and FLC-7 cell lines (previously known as
JHH-4 and JHH-7, respectively) were initially developed
from hepatocellular carcinoma cells isolated from Japa-
nese patients, which have since been adapted to grow in
serum-free medium while preserving liver-specific func-
tions.*>"* The human hepatoblastoma cell line HepG2
was purchased from the American Type Culture Collec-
tion (ATCC HB-8065; Manassas, VA, USA) and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS)
(HyClone; Thermo Scientific, Logan, UT, USA) in
100-mm cell culture dishes. The FLC-4 and FLC-7 cells
were maintained in ASF104N serum-free medium
(Ajinomoto, Tokyo, Japan) until confluence. ASF104N
is characterized by notable proliferation and exclusive

© 2014 The Japan Society of Hepatology
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use of established components that do not have an
animal origin, but details on its specific components are
not available because it is company confidential infor-
mation. ASF104N may be modified ASF104 medium,
which is a chemically defined serum-free medium that
contains no peptides other than recombinant human
transferrin and insulin.’* The other serum-free medium
used in this study was IS-RPMI, which comprises RPMI-
1640 and HEPES buffer supplemented with small
amounts of unsaturated fatty acids and inorganic trace
elements, and is chemically defined as a serum-free
medium without any peptides and proteins.”>!¢ In
certain experiments, all-trans retinoic acid (ATRA) and
interleukin-6 (IL-6) (Pepro Tech, Rocky Hill, NJ, USA)
were added to IS-RPMI. The harvested cell number was
counted on the scheduled day using a hemocytometer.

Radial flow bioreactor culture

A radial flow bioreactor (RFB; 5mlL; Able, Tokyo,
Japan) was filled with hydroxyapatite ceramic beads
(diameter, 1-2 mm; pore size, <200 pm; Pentax, Tokyo,
Japan).'"'"'® FLC-7 cells were maintained in ASF104N,
and 1-2 x 107 cells were transferred to RFB via an inlet
tube (Fig. 1)." The reactor was perfused with a 3.6-mL/
min medium flow velocity using a circulation pump.
Cell growth and viability were monitored by measuring
the **C-labeled carbon dioxide (**CO,) excretion rate
as described below, and glucose consumption in the
medium was determined using a measuring apparatus
(Glutest sensor; Sanwa Kagaku Kenkyusho, Nagoya,
Japan). Using the monitoring data, 100-150 mL of
the medium was changed every 1-3 days through the
tubing circuits (Fig. 1a). In some experiments, the
medium was replaced with IS-RPMI after the cells had
grown to confluence. At the end of the experiment, DNA
was extracted from cells on the hydroxyapatite beads
using an animal and fungi DNA preparation kit (Jena
Bioscience, Jena, Germany).

3C0O, excretion rate

In total, 125 mg of *C-glucose was added to each liter of
the serum-free media (ASF104N and IS-RPMI), both of
which originally contained 2 g of glucose. The *C-
labeled carbon of “C-glucose was used by the cells as
BCO, during glycolysis and the tricarboxylic acid cycle.
Before each test initiation, the gas flowing into the res-
ervoir was collected in sampling bags to provide a base-
line sample (Otsuka Electronics, Osaka, Japan). The gas
flowing out of the reservoir was collected 1, 3, 6, 9, 12,
24, 27, 30 and 33 h after medium exchange. The *CO,
excretion rate was measured using a POCone infrared
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(a) Outflow of air, oxygen, and CO, through a filter  (b)
Inflow of air, oxygen, and CO,
<
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Outflow
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controller

Circulation pump Reservoir

Sterile tube for supply
and collection of medium

Figure 1 Schematic diagram of the radial flow bioreactor (RFB) system. The medium was circulated by a circulation pump with a
medium flow velocity of 3.6 mL/min in silicone tubes connected to a reservoir medium and an RFB, which has a bed volume of
5 mL. Air was supplied to the surface of the medium in the 250-mL reservoir. The reservoir medium was stirred to ensure uniform
distribution of the nutrient components. Aliquots were collected from the circulated medium through a tube (a). The medium
flowed radially through the matrix bed, and the hydroxyapatite ceramic beads were packed in a vertically extended cylindrical
matrix bed. The reactor creates a beneficial concentration gradient of oxygen and nutrients, while preventing excess shear stresses

or the build-up of waste products (b).

spectrometer (Otsuka Electronics) and calculated using
a formula similar to that used for the "*C breath test.””
BCO, excretion rate:

613(:02 (0/00) = (13C02/12602O”‘ BCOz/‘ZCOZi)/
(?C0O,/™C0,i)x1000,

where o = outflow gas, i = inflow gas.

Fibrinogen quantification

The fibrinogen amount secreted into the media was
determined using an enzyme-linked immunosorbent
assay (ELISA) with normal plasma fibrinogen (E80129;
Bethyl Laboratories, Montgomery, TX, USA) as a stan-
dard. The microtiter plates were coated with an appro-
priate dilution of goat polyclonal antibody to human
fibrinogen (#55036; Cappel Research Reagents, ICN
Biomedicals, Aurora, OH, USA). After blocking with
phosphate-buffered saline and 1% bovine serum
albumin, the standards and samples were added to the
wells. The plates were then incubated at room tempera-
ture for 3 h. After multiple wash cycles with Tris-
buffered saline (TBS) containing 0.05% Tween-20,
appropriate dilutions of a solution of a peroxidase-
conjugated antihuman fibrinogen solution (#55036),
prepared using an peroxidase labeling kit-SH (Dojindo
Molecular Technologies, Kumamoto, Japan), were
added to the wells, and the plate was incubated at
room temperature for a further 2 h. Captured enzyme-
linked antibodies were detected using 3,3',5,5"-
tetramethylbenzidine substrate (#T8665; Sigma), and
color development was stopped at 15 min by 1.2 N sul-

furic acid addition to each well. Absorbance at 450 nm
was measured using a microplate reader. The concentra-
tion in the samples was determined from standard
curves and ranged 10~640 ng/mL.

RNA isolation and real-time PCR

Cellular RNA was prepared using the RNeasy mini kit
(Qiagen, Hilden, Germany), and 900 ng of total RNA
was reverse transcribed using Reverlra Ace (Toyobo,
Osaka, Japan). Real-time polymerase chain reaction
(PCR) amplification and detection were performed
using the ABI step One-Plus PCR system (Applied
Biosystems, South San Francisco, CA, USA). The
TagMan gene expression assay (Applied Biosystems)
was used to target FGA (Hs00241027_ml), FGB
(Hs00905942_m1) and FGG (Hs00241037_m1) and
the endogenous control, the 18S ribosome (18S)
sequence (Hs99999901_s1). All reactions were run in
triplicate. The cycle threshold values for the genes were
determined using SDS software version 2.1 (Applied
Biosystems). Fibrinogen subunit gene expression is pre-
sented by the 272 value calculated by the AACt
method.”

FLC-7 cell-derived FGA cDNA amplification
and DNA sequence analysis

Human FGA ¢DNA from the initiation codon to the
termination codon was amplified from FLC-7 cells’ total
RNA by PCR using the following primers: forward,
5-CCAGCCCCACCCITAGAAAA-3" and reverse, 3’
AAGGAAATGCAAGGGGCCAT-5’. The PCR products
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were purified using the Wizard SV gel and PCR clean-up
system kit (Promega, Madison, WI, USA) and sequenced
using an ABI Prism 3100 automated DNA sequencer
(Applied Biosystems). Sequence similarity analyses were
performed using the Basic Local Alignment Search Tool
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Cell-free protein synthesis

For cell-free FGA protein synthesis, the templates were
prepared from FLC-7 cell total RNA by an overlapping
PCR strategy involving two-step PCR reactions. In the
first PCR round, adapter sequences were added to the 5’
and 3’-ends of the gene of interest using the following
primers: forward, 5-TAACTTTAAGAAGGAGATATACC
AATGTITTCCATGAGGATCGTCTGC-3’; and reverse, 3'-
AAGGAAATGCAAGGGGCCAT-5’. In the second PCR
round, a T7 promoter region was added to the first
round of products using the following primers: forward,
5-GAAATTAATACGACTCACTATAGGGAGACCACAAC

GGTITCCCTCTAGAAATAATTITGTTTAACTITAAGAAG
GAGATATACCA-3’; and reverse, 3"-AAGGAAATGCAAG
GGGCCAT-5". The DNA template was then expressed in
a cell-free transcription—translation system (PURExpress
In Vitro Protein Synthesis Kit; New England BioLabs,
Ipswich, MA, USA).

Electrophoretic analysis

The prepared protein samples were dissolved in sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer and resolved by SDS-PAGE on
TGX Any kD precast gels (Bio-Rad, Hercules, CA, USA)
or 4% polyacrylamide gels in Tris-glycine buffer.?! The
resolved proteins were transferred onto a polyvinylidene
difluoride membrane.”? The blotted membranes were
blocked by 2-h incubation in TBS containing 0.1%
Tween-20, 0.1% gelatin and 0.1% casein. Immuno-
staining was performed by incubating the membranes
in each primary antibody at the appropriate dilution
in Can Get Signal immunostain reaction solution
(Toyobo) for 2 h. The membranes were then washed
four times with TBS containing 0.1% Tween-20 and
incubated with secondary horseradish peroxidase-
conjugated antirabbit immunoglobulin Fab fragments
(Nichirei, Tokyo, Japan). Immunoreactive proteins were
visualized with the chemiluminescent detection reagent
Immunostar LD (Wako Pure Chemical Industries,
Osaka, Japan), and images were captured using a charge-
coupled device camera. Prestained molecular weight
standards (Bio-Rad) were used to monitor protein
migration.

© 2014 The Japan Society of Hepatology
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Fibrinogen coagulation assay

The clot formation activity in the fibrinogen samples
was measured using the Clauss method® with a quan-
titative fibrinogen test kit (A&T, Kanagawa, Japan)
according to the manufacturer’s instructions. Briefly, a
large amount of the cell culture supernatant containing
fibrinogen, which had been secreted by FLC-7 cells for
more than 2 months without passage, was concentrated
to 1 mg/mL of fibrinogen-equivalent units by ultrafiltra-
tion using the Centricon Plus-20 centrifugal filter (EMD
Millipore, Billerica, MA, USA). These samples were then
incubated with thrombin reagent in vitro and the time to
fibrin clot formation was measured to evaluate coagula-
tion activity.

Statistical analyses

Data were presented as means * standard deviations.
The time-course data were statistically compared using
two-way ANOvVA with a repeated-measures design
(Figs 2b,¢,3a,b). Other differences in each dataset were
analyzed using the Mann-Whitney U-test. Correlation
coefficients were also calculated using a non-parametric
Spearman’s rank correlation coefficient. Statistical sig-
nificance was set at P < 0.05.

RESULTS

Fibrinogen secretion from human hepatoma
cell line cultures

E COMPARED THREE human liver carcinoma

cell lines (HepG2, FLC-4 and FLC-7) to determine
the best one for fibrinogen secretion in culture. When
DMEM supplemented with 10% FBS was used as the
culture medium, the cells grew exponentially and
secreted fibrinogen at 4.5-7.5 ug/10” cells per day
(Fig. 2a). In the cultures incubated with the two serum-
free media (ASF104N and IS-RPMI), the fibrinogen
secretion rates were higher for FLC-7 cells than for
HepG2 or FLC-4 cells (Fig. 2a). The highest fibrinogen
secretion rate (21.6 ug/107 cells per day) was observed
for FLC-7 cells combined with IS-RPMI, suggesting that
this combination was most suitable to obtain a high
fibrinogen yield from culture supernatants.

Serum-free medium selection

To elucidate the effects of these serum-free media on
FLC-7 cell culture, we analyzed time-course changes in
cell growth and fibrinogen secretion. The cells were
grown to confluence in ASF104N, whereas no such cell
proliferation effect was observed in cells grown in
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IS-RPMI (Fig. 2b). However, the fibrinogen secretion
rate was greatly enhanced when ASF104N was replaced
with IS-RPMI. This augmentative IS-RPMI effect was
continuously observed over all experimental periods
(Fig. 2¢). These results indicate that IS-RPMI is a sui-
table medium for fibrinogen secretion, but not cell
growth, and that these serum-free media should be

Efficient system for secretory production of fibrinogen 5

Figure 2 Fibrinogen secretion rates in monolayer culture of
human hepatocellular carcinoma cell lines. Three cell lines
maintained as described in the Methods section were inocu-
lated in each well of a 24-well plate at a density of 4.5 x 10°
cells/well. After 24 h of culture, the medium was removed and
replaced with DMEM-FBS (Dulbecco’s modified Eagle's
medium supplemented 10% fasting blood sugar), ASF104N or
IS-RPMI, which was replaced with the same medium every 3
days. The DMEM-FBS culture supernatants were harvested on
post-inoculation day 4, and those incubated with ASF104N
and IS-RPMI were harvested on day 15. Fibrinogen was quan-
tified by enzyme-linked immunoassay. The data are expressed
as mean * standard deviation (SD) (n =3 for DMEM-FBS and
n =4 for other media) (a). The time course of changes in cell
number and fibrinogen secretion in monolayer culture of
FLC-7 cells was measured. FLC-7 cells maintained in ASF104N
are inoculated into each well of a 24-well plate at a density of
4.5 % 10° cells/well. After 24 h of culture, the medium was
removed and replaced with ASF104N (open circles and dotted
lines) or IS-RPMI (solid circles and solid lines) on day 0 and
was replaced with the same medium every 3 days thereafter.
Cell numbers (b) and fibrinogen secretion rates are expressed
as the mean +SD (n=4 for each group) (c). The expression
levels of each fibrinogen gene in FLC-7 cell culture incubated
in the two serum-free media was compared. Gene expression
levels were normalized using 18S as an internal control. Fold
changes in mRNA for each chain (FGA, FGB and FGG) in
IS-RPMI (solid bars) and ASF104N (open bars) were calculated
using the 2*4“ method and expressed as mean £ SD (n=3)
(d). * and ** represent P < 0.05 and P < 0.0001, respectively.
(a) O, HepG2; &, FLC-4; W, FLC-7; (b,c) ----, ASF 104N, —,
IS-RPMI; (d) OJ, ASF 104N; W, IS-RPMI.

<
<

complementarily used to ensure efficient fibrinogen
production from FLC-7 cells.

IS-RPMI effects on fibrinogen
chain-encoding transcription levels

The fibrinogen production pathway comprises several
steps, including transcription, translation and post-
translational processes for each chain. Steady-state
mRNA levels of the fibrinogen chains in the FLC-7 cells
were several times higher in the cultures incubated
with IS-RPMI than in those incubated with ASF104N
(Fig. 2d), indicating that the IS-RPMI can induce
fibrinogen chain-encoding gene expression.

Fibrinogen production and glucose
metabolism in RFB

To develop a semi-large scale fibrinogen production
system, we scaled up FLC-7 cell culture using RFB and
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compared two RFB culture series (Fig. 3). When FLC-7
cells were maintained in ASF104N for the entire 4-week
culture period (experiment [Exp.] I), the *CO, excretion
rate was approximately 20%o by day 5 and remained
constant for the remaining period, suggesting that
this value is indicative of the maximal cell density in
REB. In another experimental series (Exp. II), after a
13-day FLC-7 cell cultivation, the *CO, excretion rate
also reached approximately 20%o, following which it
significantly increased to approximately 40%eo when
the medium was replaced with IS-RPMI (Fig. 3a,
P=0.0135). In addition, the *CO, excretion rate was
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Figure 3 Time course of changes in the '*CO, excretion rate
and fibrinogen secretion, and correlation of *CO, excretion
and glucose consumption in radial flow bioreactor (RFB) cul-
tures of FLC-7 cells. FLC-7 cells maintained in ASF104N were
inoculated into two 5-mL RFB at a cell density of 1.0 x 107
cells. One group, which was employed for experiment I (Exp. ],
open circles and dotted lines), was cultured with ASF104N
throughout the entire culture period. The other group, which
was used in experiment II (Exp. II, solid circles and solid lines),
was cultivated with ASF104N for 14 days and IS-RPMI for the
remaining period. Small aliquots of each circulating medium
were collected at appropriate intervals, and the *CO, excretion
rate (%o) (a) and levels of secreted fibrinogen (b) were deter-
mined in these samples (n=3 for each group). While both
BCO, excretion rate and levels of secreted fibrinogen in the
Exp. II group were not significantly different from those in the
Exp. I group before the medium change (P=0.5017 and
P=0.3856, respectively), those after the medium change were
significantly higher in Exp. II groups than those in the Exp. I
groups (P=0.0135 and P =0.0094, respectively). * and **
represent P < 0.05 and P < 0.01, respectively. FLC-7 cells were
cultured in an RFB as shown in Figure 1, and small aliquots of
the circulating media, ASF104N (open circles) and IS-RPMI
(solid circles), were collected at appropriate intervals. The
BCO, excretion rate (%o) and levels of secreted fibrinogen in
these samples (n=54) were determined and plotted against
each other. Spearman’s correlation coefficient was 0.7941,
which was statistically significant (P < 0.0001) (c).

<
«

significantly correlated with glucose consumption in the
REB cultures (Fig. 3b). At the end of the experiments, the
attained fibrinogen secretion level was significantly
higher in Exp. II than that in Exp. I (21.1£5.0 vs
10.8 £ 1.4 pg/mg of DNA/day, respectively; P=0.0495)
while the DNA content in RFB of Exp. II and I were
almost equal (3.4%£0.4 vs 3.1+0.5mg, respectively;
P=0.2752), indicating that the IS-RPMI also signifi-
cantly stimulated fibrinogen secretion in the RFB cul-
tures (Fig. 3b, P=0.0094). In an additional experiment
conducted under the same conditions as those used
in Exp. II (Fig. 3), except that the initial cell number was
2.0x 107 cells, we confirmed that IS-RPMI increased
fibrinogen production to 0.73 pg/mL per day (109.5 ug/
day) after a 42-day cultivation. From these results, it is
evident that RFB culture of FLC-7 cells effectively pro-
duced human fibrinogen and that IS-RPMI more effec-
tively promoted fibrinogen secretion compared with
ASF104N, which is capable of maintaining FLC-7 cells
in RFB.
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Molecular features of FLC-7
cell-derived fibrinogen

The culture supernatants of the FLC-7 cells (FLC-7-CS)
and fibrinogen product (fibrinogen HT), both of which
contained the same amount of fibrinogen as estimated
by ELISA, were analyzed by western blotting with whole
anti-fibrinogen molecules and anti-FGA. Under non-
reducing conditions, FLC-7-CS and fibrinogen HT
showed strong but diffuse bands of similar intensity and
relative molecular masses of 380 and 340 kDa (bands a
and b in Fig. 4a), respectively, suggesting heterogeneous
fibrinogen molecules. When these samples were
reduced to dissociate disulfide bonds, each fibrinogen
band was divided into three groups, bands c (69 kDa), e
(54 kDa) and f (48 kDa) for FLC-7-CS or bands d
(66 kDa), e and f for fibrinogen HT (lanes 1, 2 and 3,

(a) Anti-Fib
kDa 1

Anti-FGA

2 3 4 5 6

Anti-FGA
4 5 6

(b) Anti-Fib
kDa 1

2 3

Efficient system for secretory production of fibrinogen 7

respectively, in Fig. 4b). Bands ¢ and d were immunore-
active to anti-FGA, thus corresponding to FGA (lanes 4,
5 and 6 in Fig. 4b). Bands e and f were identified as FGB
and FGG, respectively, according to their estimated
sizes. These results indicate that FLC-7 cell-secreted
fibrinogen comprises the same three chains (FGA, FGB
and FGG) as plasma fibrinogen, although each FGA
chain size differed slightly.

The FLC-7-CS and fibrinogen HT were then treated
with glycopeptidase-F to remove N-linked carbohy-
drates from the glycoproteins and analyzed by western
blotting. This led to a shift in FGB and FGG band mobil-
ity in both samples (Fig. 4c), indicating N-glycosylation.
In contrast, FGA band mobility remained unchanged in
both samples (Fig. 4c,d). Therefore, the glycosylation
features of the FLC-7 cell-derived fibrinogen chains were
identical to those of plasma fibrinogen.

(c) Anti-Fib

3 4 5 6

(d) Anti-FGA
kDa 1 2 3 4 5
- . - 4

[«
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1503
100-2~
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Figure 4 Western blot analysis of fibrinogen from the FLC-7 cell cultures. Samples containing 1 ng of fibrinogen each were resolved
by sodium dodecylsulfate polyacrylamide gel electrophoresis using 4% polyacrylamide gels under non-reducing conditions (a).
Other samples containing 2 ng of fibrinogen each were resolved using TGX Any kD precast gels under reducing conditions (b). The
blots in lanes 1-3 and 4-6 were immunostained with antibodies against human fibrinogen (anti-Fib) and the N-terminus of
human FGA (anti-FGA), respectively. Lanes 1 and 4, fibrinogen HT; lanes 2 and 5, culture supernatants of FLC-7 cells (FLC-7-CS)
cultured as a monolayer in IS-RPMI; lanes 3 and 6, FLC-7-CS from the 5-mL radial flow bioreactor (RFB) culture. The arrowheads
in (a) and (b) indicate the main bands observed in FLC-7-CS and fibrinogen HT, respectively. The arrow-heads in (c~f) correspond
to FGA from FLC-7-CS, FGA of fibrinogen HT, FGB and FGG, respectively. Treatment with glycopeptidase-F was used to compare
the N-linked glycosylation of plasma fibrinogen with that of FLC-7 cells. Samples containing 4 ng of fibrinogen were treated with
(+) or without (-} glycopeptidase F (GPF) and resolved using TGX Any kD precast gels under reducing conditions. Blots were
immunostained with antibodies against human fibrinogen (c) and the N-terminus of human FGA (d). Lanes 1 and 2, fibrinogen
HT; lanes 3 and 4, culture supernatants of FLC-7 cells (FLC-7-CS) cultured as a monolayer in IS-RPMI; lanes 5 and 6, FLC-7-CS from
the 5-mL RFB culture.
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FLC-7 cell-derived FGA analysis by cDNA
sequencing and cell-free protein translation

To identify mobility differences between fibrinogen HT
FGA and FLC-7 cell-derived FGA, the FLC-7 cell-derived
FGA ¢DNA nucleotide sequence was determined; it was
completely identical to the coding sequence of human
FGA deposited in the National Center for Biotechnology
Information (NM_021871.2).

The in vitro translation product of FLC-7 cell-derived
FGA cDNA was then analyzed by western blotting
(Fig. 5). The electrophoretic mobility of the cDNA
product (lane 4) was almost the same as that of FGA
in FLC-7-CS (lanes 2 and 3, respectively). However,
fibrinogen HT FGA (lane 1) migrated faster than the
cDNA product. These results indicate that the fibrinogen
HT FGA, derived from human plasma fibrinogen, may
be truncated after translation or secretion.

FLC-7 cell-derived fibrinogen

coagulation activity

A fibrinogen-rich fraction was prepared from the FLC-
7-CS by ultrafiltration and was used to evaluate coagu-
lation activity. The fibrinogen-rich fraction’s clotting,
determined by the Clauss method, was not significantly

kDa

250
150~

100>
75>

50—

of FGA-immunoreactive

Figure 5 Comparison proteins
obtained from FLC-7 cell cultures with those obtained from
the cell-free translation system using FGA ¢cDNA. FGA cDNA
prepared from FLC-7 cells was used as the template for protein
synthesis using a cell-free transcription and translation system.
The product obtained and other fibrinogen samples containing
1ng of fibrinogen each were resolved using a TGX Any
kD precast gel under reducing conditions. The blots were
immunostained with antibodies against the N-terminus of
human FGA (E). Lane 1, fibrinogen HT; lane 2, culture super-
natants of FLC-7 cells (FLC-7-CS) cultured as a monolayer in
IS-RPMI; lane 3, FLC-7-CS from the 5-mL radial flow
bioreactor (RFB); lane 4, the cell-free synthesis product
obtained using FGA ¢DNA from FLC-7 cells; lane 5, the reac-
tion mixture of the cell-free synthesis without FGA cDNA
(negative control).

© 2014 The Japan Society of Hepatology
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Table1 Clot formation time (s) for the fibrinogen
preparations

Sample no. Fibrinogen HT  FLC-7 fibrinogen
1 29.2 28.0

2 21.6 26.2

3 26.4 30.9

4 20.6 35.2

5 291 28.5

6 21.6 32.0

Clot formation time (s) 24.8%4.0 30.1%£3.2

Coagulation activity was measured using a procedure based on
the Clauss method. The fibrinogen concentrations derived from
the FLC-7 cells (fibrinogen-FLC-7) and plasma (fibrinogen HT)
were adjusted to 1 mg/mL. Subsequently, an excess of thrombin
was added to the samples and clot formation time was
measured. The clot formation times are expressed as

means * standard deviations. No significant between-group
difference was observed (P = 0.0782).

different from that of fibrinogen HT (24.8+4.0 vs
30.1+3.2s, P=0.0782 in Table 1), indicating that FLC-
7-CS is a potential source material for biologically active
fibrinogen.

Substances that stimulate
fibrinogen secretion

In an attempt to obtain more fibrinogen from FLC-7-CS,
we tested several additives in monolayer culture cells in
IS-RPMI and found that supplemental ATRA and/or IL-6
brought about a significant increase in fibrinogen levels
in the culture supernatants (Fig. 6). Although this effect
was more prominent for IL-6 than for ATRA, the com-
bination of both was the most effective. Therefore,
chemical mediators such as IL-6 and ATRA may be
useful to improve the fibrinogen production by FLC-7
cells.

DISCUSSION

HE HUMAN HEPATOBLASTOMA cell line HepG2

exhibits many normal hepatocyte characteristics.?**
HepG2 cells cultured in DMEM with 10% FBS are
appropriate to investigate the mechanisms underlying
fibrinogen production, assembly and secretion.*” In this
study, the fibrinogen secretion rate of HepG2 cells incu-
bated in DMEM with 10% FBS (4.5 + 0.1 pg/day per 10’
cells) was almost the same as that reported in a previous
study.®® However, serum-supplemented medium was
not suitable for this study because of the cost and risk of
adventitious agent transmission from animal sera.??

-177 -



Hepatology Research 2014

w

N
1

-
1

Fibrinogen secretion rates
(ng/well/day)

goan

Coht

(]

IL-6 ATRA

+1L-6

ol ATRA

Figure 6 Effects of all-trans retinoic acid (ATRA) and
interleukin-6 (IL-6) on fibrinogen secretion in FLC-7 cell cul-
tures. FLC-7 cells were inoculated into each well of a 24-well
plate at a density of 4.5 x 10° cells/well. After 24 h of culture,
the medium was removed and replaced with IS-RPMI contain-
ing 1 uM of ATRA and/or 50 ng/mL of IL-6. The culture super-
natants were harvested the following day. Fibrinogen was
quantified by enzyme-linked immunoassay. Calculated data
are expressed as mean * standard deviation (n=6 for each
group). * represents P < 0.01.

FLC-4 and FLC-7 cell lines developed from hepatocellu-
lar carcinoma specimens from Japanese patients have
been adapted to grow in serum-free medium, thus pre-
serving their liver-specific functions.**** Although
several studies have examined FLC-4 and FLC-7 cell
function,'*” we showed here, effective fibrinogen pro-
duction by FLC-7 cells using an RFB system for the first
time as per our knowledge. With regard to potential
viral hepatitis infection, whole hepatitis B (HB) virus
DNA is not integrated into FLC-7 cells. In addition, HB
surface, HB e- and HB core antigens were undetectable
in the cells and the supernatant by an enzyme immu-
noassay.® Also, hepatitis C virus RNA was not detected
by PCR in frozen tissue obtained from the patient from
whom the FLC-7 cell line was derived (data not shown).
The Japanese Collection of Research Bioresources Cell
Bank showed that other viruses such as HIV, human
T-cell lymphotropic virus type (HTLV)-1 and -2 were
also not detected in FLC-7 cells.?® Therefore, FLC-7 cells
do not appear to be infected with the hepatitis B, C
viruses, HIV, HTLV-1 and -2.

The two serum-free media, ASF104N and IS-RPM]I,
showed contrasting results. The former is apparently
more effective than the latter with regard to FLC-7 cell
proliferation, although the latter is much more effective
than the former with regard to fibrinogen secretion and
increased glucose consumption. In addition, the cell
viability in IS-RPMI was maintained for at least more

Efficient system for secretory production of fibrinogen 9

than 1 month in RFB culture and for more than 2
months without passage in monolayer culture (data not
shown). The appropriate combination of the two
serum-free media is the key to effective fibrinogen pro-
duction. Several speculative mechanisms for this phe-
nomenon are possible. One mechanism may include a
switch from growth to differentiation because well-
differentiated hepatocytes stop growing and maintain
high gene expression levels and albumin, transferrin
and fibrinogen secretion rates.” Another possibility is
an acute phase-like response, during which plasma
fibrinogen levels can be greatly increased;**° the acute
phase response increases glucose consumption and
causes hypermetabolism.* In addition, the levels of
hypoxia-inducible factor-1oe (HIE-1a) in FLC-7 cells,
estimated by western blotting, were increased by the
culture with IS-RPMI (data not shown). HIF-1oo may
upregulate glucose uptake and lead to increase of *CO,
excretion rate in the IS-RPMI groups because the activa-
tion of the HIF-10. pathway leads to augmented glucose
transporter 1 (GLUT1) gene expression.’” However, the
precise mechanism by which the simple serum-free
medium IS-RPMI drives these phenomena remains
unclear, warranting further examinations. On the other
hand, I1-6 and ATRA reportedly increased fibrinogen
gene expression and secretion in normal hepatocytes
and HepG2 cells.** These substances showed the
similar effects on FLC-7 cells cultured in IS-RPMI
(Fig. 6), which suggested that IS-RPMI, IL-6 and ATRA
had the augmentative effects on fibrinogen production
by the independent mechanisms.

Plasma fibrinogen comprises a heterogeneous mol-
ecule population with varying FGA chain lengths.®
Although FGA originally comprises 644 amino acids
with a 69 757-Da molecular weight (NP_068657.1),
FGA molecules of varying lengths share a common
amino terminus, although they differ at their carboxyl
termini, which is highly susceptible to processing by
some plasma proteases.?*?** Different FGA band mobility
observed in fibrinogen HT and FLC-7-CS (Figs 4,5) is
caused by carboxyl termini processing because the cell-
free system reconstituted from the purified components
necessary for Escherichia coli translation failed to induce
post-translational modifications. Regarding the cell-free
system, the slightly different electrophoretic mobility
between the translated products and FGA in FLC-7-CS
(Fig. 5) is due to the presence of a 19-amino acid signal
sequence of human FGA (NP_068657.1).7%3¢

Three-dimensional cell culture using RFB has many
advantages in terms of drug production and synthesis
because it can maintain natal morphology and cell
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function and can achieve conditions closely resembling
the in vivo state for extended periods.>'?” To assess pro-
ductivity, the fibrinogen production system in this study
was compared with others to produce recombinant
fibrinogen.***! Recombinant fibrinogen production
rates for baby hamster kidney (BHK) cells in DMEM
with 5% FBS,*® African green monkey kidney {COS-1)
cells in Iscove’s medium with 10% FBS,* Chinese
hamster ovary (CHO) cells in DMEM with 5% FBS,*
and Pichia pastoris in YPD*! range 1-2 pg/mL per day.
On the other hand, that for the FLC-7 cell culture using
RFB was 0.73 pg/mlL per day, comparable to that for the
previously reported recombinant fibrinogen production
systems. Furthermore, the culture system developed in
this study was more efficient for several reasons. First,
this culture system guarantees the highly safe products
because it employs the serum-free media and the cells
without the pathogen that causes hepatitis or other
infections. Second, IS-RPMI, the optimal medium for
this system, is highly cost-effective. Third, the system
using RFB is easy to scale up for mass production. Fur-
thermore, we expect much greater fibrinogen produc-
tion in combination with appropriate additives such as
ATRA and/or IL-6. Our study also has several limita-
tions. First, we could not confirm the safety of FLC-7
fibrinogen administration to humans, by glycan analy-
ses, which play important roles in antigen determina-
tion.*? Second, we were unable to analyze clot stability,
including not only viscoelastic but also fibrinolytic
properties.** Further assessment from multiple perspec-
tives is essential to assess fibrinogen function for clinical
use.

We conclude that FLC-7 cell culture in RFB combined
with the two serum-free media has considerable advan-
tages in terms of fibrinogen production relative to other
techniques. Further studies are required to assess the
safety and efficacy of this fibrinogen preparation system
for clinical application.
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Cyclosporin A and Its Analogs Inhibit Hepatitis B Virus
Entry Into Cultured Hepatocytes Through Targeting a
Membrane Transporter, Sodium Taurocholate
Cotransporting Polypeptide (NTCP)

Koichi Watashi,' Ann Sluder,? Takuji Daito,"* Satoko Matsunaga,® Akihide Ryo,> Shushi Nagamori,*
Masashi Iwamoto,' Syo Nakajima,' Senko Tsukuda," Katyna Borroto-Esoda,” Masaya Sugiyama,®
Yasuhito Tanaka,” Yoshikatsu Kanai,* Hiroyuki Kusuhara,® Masashi Mizokami,® and Takaji Wakita'

Chronic hepatitis B virus (HBV) infection is a major public health problem worldwide.
Although nucleos(t)ide analogs inhibiting viral reverse transcriptase are clinically available
as anti-HBV agents, emergence of drug-resistant viruses highlights the need for new anti-
HBYV agents interfering with other targets. Here we report that cyclosporin A (CsA) can
inhibit HBV entry into cultured hepatocytes. The anti-HBV effect of CsA was independent
of binding to cyclophilin and calcineurin. Rather, blockade of HBV infection correlated
with the ability to inhibit the transporter activity of sodium taurocholate cotransporting
polypeptide (NTCP). We also found that HBV infection-susceptible cells, differentiated
HepaRG cells and primary human hepatocytes expressed NTCP, while nonsusceptible cell
lines did not. A series of compounds targeting NTCP could inhibit HBV infection. CsA
inhibited the binding between NTCP and large envelope protein iz vitro. Evaluation of
CsA analogs identified a compound with higher anti-HBV potency, having a median
inhibitory concentration <0.2 uM. Conclusion: This study provides a proof of concept for
the novel strategy to identify anti-HBV agents by targeting the candidate HBV receptor,
NTCP, using CsA as a structural platform. (HepatoLoGy 2014;59:1726-1737)

epatitis B virus (HBV) infection is a substan-

tial public health problem, affecting ~350

million people worldwide.'"” HBV-infected
patients have an elevated risk for developing liver cir-
rhosis and hepatocellular carcinoma. Currently, clinical
treatment for HBV infection includes interferon alpha
(IFN-o) and nucleos(t)ide analogs. IFN-o therapy
yields long-term clinical benefit in only less than 40%
of patients and can cause significant side effects.
Nucleos(t)ide analog treatment can suppress HBV rep-
lication and is accompanied by substantial biochemical

and histological improvement; however, it may select
for drug-resistant viruses, which limit the efficacy of
long-term treatment. To overcome these problems, the
development of new anti-HBV agents targeting a dif-
ferent step of the HBV life cycle is urgently needed.
As HBV has only one viral gene encoding an enzy-
matic activity, the polymerase, there is no apparent
strategy to develop a new class of antiviral agents other
than polymerase inhibitors. Hence, it is important to
define alternative molecular targets for ant-HBV
agents as well as to identify potential anti-HBV

Abbreviations: CN, calcineurin; CsA, eyclosporin A; CyPs, cyclophilins; HBs, viral envelope protein; HBY, hepatitis B virus HCYV, hepatitis C viruss HCVpp,
HCYV pseudoparticles; IFN, interferon; LHBs, large envelope protein; MDR, multidrug resistance; MHBs, middle envelope protein; MRER MDR-related protein;
NTCR sodium taurocholate cotransporting polypeptide; PHH, primary human hepatocytes; PPlase, peptidyl prolyl cis/trans-isomerase; SHBs, small envelope protein;
TCA, taurocholic acid; TUDCA, tauroursodeoxycholic acid.
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compounds.”® Myrcludex-B is a peptide mimicking
pre-S1, which is crucial for the virus-cell membrane
interaction. Pretreatment with this peptide has been
shown to prevent virus entry and spread of virus infec-
tion.>® Phenylpropenamide derivatives and heteroaryl-
pyrimidines (HAP) suppressed HBV  replication
through capsid disassembly.”"" Although the develop-
ment of the former was discontinued because of signif-
icant toxicity,” HAP exhibited anti-HBV efficacy in the
absence of robust toxicity.*'® Deoxynojirimycin deriv-
atives are iminosugars that inhibit alpha-glucosidases.
Although treatment with these compounds suppressed
HBV secretion in both cell culture and mouse mod-
els,'"*? further investigation will be required to assess
their anti-HBV efficacy and the specificity to HBV.
Thus, it is an attractive strategy to identify a cellular
factor that is specifically involved in HBV infection
and relevant for the development of antd-HBV agents.

Cyclosporin A (CsA) is an immunosuppressant clin-
ically used for suppression of the immunological fail-
ure of xenograft tissues. CsA primarily targets cellular
peptidyl prolyl cis/trans-isomerase (PPlase) cyclophilins
(CyPs)."”® The resultant CsA/CyP  complex subse-
quently binds to and inhibits calcineurin (CN), a
phosphatase that dephosphorylates nuclear factor of
activated T cell (NF-AT) to allow nuclear translocation
and transactivation of downstream genes. This CN
inhibition contributes to the suppression of immune
responses. In addition, CsA is known to inhibit the
transporter activity of membrane transporters, includ-
ing the multidrug resistance (MDR) and MDR-related
protein (MRP) families."* Previously, we demonstrated
that CsA and its nonimmunosuppressive derivatives
suppress hepatitis C virus (HCV) replication,'>'® with
the anti-HCV actvity being mediated by the inhibi-
tion of CyPs."”"? Currently, a series of drugs classified
as CyP inhibitors are in clinical development for treat-
ment of HCV-infected patients.”>*!

In this study we report that CsA and its analogs
inhibited HBV entry through a CyP-independent
mechanism. We established a screening system that
can identify small molecules inhibiting HBV entry.

WATASHI ET AL. 1727

Screening in this system revealed that CsA blocked
HBV entry. The anti-HBV activity of CsA was not cor-
related with binding to CyPs and CN. CsA inhibited
the transporter activity of sodium taurocholate cotrans-
porting polypeptide (NTCP), a recently reported can-
didate for the HBV entry receptor,” and interrupted
the binding between NTCP and large envelope protein
in vitro. Other NTCP inhibitors also blocked HBV
infection. Analog testing identified CsA-related com-
pounds with higher anti-HBV potency than CsA.
Thus, CsA and NTCP inhibitors can be used as a
platform to develop a novel class of anti-HBV agents.

Materials and Methods

Cell Culture. HepaRG (Biopredic), HepAD38
(kindly provided by Dr. Christoph Seeger at Fox
Chase Cancer Center), and primary human hepato-
cytes (PHHs) (Phoenixbio) were cultured as described
previously.”’

HBYV Preparation and Infection. The HBV used
in this study was mainly derived from the culture
supernatant of HepAD38 cells. HBV infection was
performed as described previously.”> More detailed
procedures are given in the Supporting Information.

Indirect Immunofluorescence Analysis, Real-Time
Polymerase Chain Reaction (PCR), Southern Blot
Analysis, 3-(4,5-Dimethylthiazol-2-yl)—2,5-diphenyl-
tetrazolium Bromide (MTT) Assays, and Reporter
Assays. Indirect immunofluorescence analysis, real-
time PCR, southern blot analysis, MTT assays, and
reporter assays were performed essentially as
described.”® More detailed procedures are given in the
Supporting Information.

Detection of HBs and HBe Antigens. HBs antigen
was quantified by enzyme-linked immunosorbent assay
(ELISA) as described previously.” HBe antigen was
detected by a Chemiluminescent Immuno-Assay (Mit-
subishi Chemical Medience).

HCV Pseudoparticle Assay. The HCV pseudopar-
ticles (HCVpp), which reproduce HCV envelope-
mediated entry, were generated by transfecting the

Address reprint requests to: Koichi Watashi, Ph.D., Department of Virology Il, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo,

162-8640, Japan. F-mail: lwatashi@nih.go jp; fax: +81-3-5285-1161.

Copyright © 2014 The Authors. HEPATOLOGY published by Wiley on bebalf of the American Association for the Study of Liver Diseases. This is an open access article
under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original
work is properly cited, the use is noncommercial and no modifications or adaptations are made.

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep. 26982

Potential conflict of intevest: A.S., T.D., and K.B.E. are employees of SCYNEXIS, Inc. Y.T. is on the speakers’ bureau for and received grants from Bristol-Myers

Squibb and Chugai.

Additional Supporting Information may be found in the online version of this article.

-182-



1728  WATASHI ET AL.

expression plasmids for MLV Gag-Pol, HCV EI1E2,
and a luciferase that can be packaged into the virion
(kindly provided by Dr. Francois-Loic Cosset at the
University of Lyon) into 293T cells. HCVpp recovered
from the culture supernatant of transfected cells were
used in a HCV entry assay as described previously.?*

Transporter Assay. The transporter activity of
NTCP was assayed essentially as described®® using 293
(Sekisui Medical) and HepG2 cells permanently over-
expressing human NTCP. Briefly, the cells were prein-
cubated with compounds at 37°C for 15 minutes and
then incubated with radiolabeled substrate, [°H]tauro-
cholic acid (T'CA), at 37°C for 5 minutes to allow
substrate uptake into the cells. The cells were then
washed and lysed to measure the accumulated radioac-
tivity. In this assay, we did not observe cytotoxic effects
of compounds at any of the concentrations tested.
More detailed procedures are given in the Supporting
Information.

AlphaScreen Assay. Recombinant NTCP and HBs
proteins, which were tagged with 6xHis and biotn,
respectively, were synthesized using a wheat cell-free pro-
tein system as described previously.?® Protein-protein
interactions were detected using the AlphaScreen IgG
(ProteinA) detection kit (PerkinElmer) according to the
manufacturer’s instruction. Briefly, the recombinant tagged
proteins were incubated with streptavidin-coated donor
beads and anti-6xHis antibody-conjugated acceptor beads
that generate a luminescence signal when brought into
proximity by binding to interacting proteins. Lumines-
cence was analyzed with the AlphaScreen detection pro-
gram of an Envision spectrophotometer (PerkinElmer).
More detailed procedures for the AlphaScreen assay are
described in the Supporting Information.

Additional experimental procedures are included in
the Supporting Information.

Results

Cyclosporin A Blocked HBV Infection. We
focused on HBV entry and established a cell culture
system to evaluate this step in HBV infection. To
identify small molecules inhibiting HBV entry, we pre-
treated HepaRG cells”” with compounds for 2 hours,
“then added a HBV inoculum and continued incuba-
tion with compounds for 16 hours (Fig. 1A). After
washing out free HBV and compounds, the cells were
cultured for an additional 12 days in the absence of
compounds (Fig. 1A). For robust chemical screening,
HBV infection was monitored by the viral envelope
protein (HBs) level secreted from the infected cells at
12 days postinfection by ELISA. This assay could

HEPATOLOGY, May 2014

identify heparin, an HBV attachment inhibitor, 2%’

and bafilomycin Al, a v-type H™ ATPase inhibitor
that blocks acidification of vesicles and HBV entry,>
but not lamivudine, a reverse transcriptase inhibitor,>!
as compounds reducing HBs protein level in the
medium (Fig. 1B). In addition, use of an anti-HBs
antibody to neutralize viral entry, but not use of an
ant-FLAG antibody, reduced viral protein secreted
from the HBV-infected cells (Fig. 1B). Thus, this sys-
tem is likely to evaluate the effect of compounds on
the early phase of the HBV life cycle, including attach-
ment and entry, but not effects on HBV replication. A
chemical screen with this system revealed that CsA
reduced HBs secretion from HBV-infected cells (Fig.
1B). Treatment with CsA significantly decreased HBc
protein expression (Fig. 1C) and HBV DNA as well as
cccDNA (Fig. 1D) in the cells and HBe in the
medium (Fig. 1E), without causing cytotoxicity (Sup-
porting Fig. S1A). This effect of CsA was not limited
to infection of HepaRG cells, as we observed a similar
anti-HBV effect of CsA for PHHs (Fig. 1F). The anti-
HBV effect of CsA was also observed on HBV infec-
tion of PHHs in the absence of PEG8000 (Fig. S1B),
indicating that the effect of CsA did not depend on
PEG8000, which was normally included in the HBV
infection experiments. These data suggest that CsA
blocked HBV infection.

Effect of Cyclosporin A on HBV Entry. CsA
decreased HBs and HBe secreted from the infected cells
in a dose-dependent manner (Fig. 2A). We next investi-
gated which step in the HBV life cycle was blocked by
CsA. The HBV life cycle can be divided into two phases:
the early phase of infection including attachment, entry,
nuclear import, and cccDNA formation, and the follow-
ing late phase representing HBV replication that includes
transcription, assembly, reverse transcription, and viral
release.”> Lamivudine drastically decreased HBV DNAs
in HepAD38 cells,®® which reproduce HBV replication
but not the early phase of infection (Fig. 2B). In addi-
tion, continuous treatment with lamivudine as well as
entecavir and interferon-o for 4 days after HBV infection
could decrease HBV DNA levels in HBV-infected Hep-
aRG cells, which suggests an inhibition of HBV replica-
tion (Fig. 2C). Nevertheless, lamivudine did not show an
anti-HBV effect when applied only prior to and during
HBV infection (Fig. 1A,B), suggesting that the anti-
HBV compounds identified in Fig. 1A interrupted the
early phase of the HBV life cycle.

We then examined whether CsA inhibited attach-
ment or entry. For evaluating HBV attachment,®* cell
surface HBV DNA was extracted and quantified from
HepaRG cells exposed to HBV at 4°C for 3 hours and
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Fig. 1. Cyclosporin A (CsA) blocked HBV infection. (A) Schematic representation of the schedule for exposing HepaRG cells to compounds
and HBV. HepaRG cells were pretreated with compounds for 2 hours and then inoculated with HBV for 16 hours. After washing out the free HBV
and compounds, the cells were cultured with the medium in the absence of compounds for an additional 12 days to quantify HBs protein
secreted from the infected cells into the medium. Black and dotted bars indicate the interval for treatment and without treatment, respectively.
(B) CsA 4 uM, heparin 25 U/mL, bafilomycin A1 200 nM, lamivudine 1 uM, anti-FLAG 10 ug/mL, and anti-HBs antibody 10 ug/mi, were
tested for effect on HBV infection according to the protocol shown in (A). (C-E) HBc¢ protein (C), HBV DNAs, and cccDNA (D) in the cells as well

as HBe antigen in the medium (E) at 12 days postinfection according

to the protocol shown in (A) were detected by immunofluorescence, real-

time PCR analysis, southern blot, and ELISA. Red and blue in (C) show the detection of HBc protein and nuclear staining, respectively, (F) PHHs
were treated with the indicated compounds and infected with HBV using the protocol shown in (A). The levels of HBV DNAs in the cells, as well
as of HBs and HBe antigens in the medium, were determined. Statistical significance was determined using the Student t test (*P < 0.05,

**P < 0.01).

then washed (Fig. 2D-a). For the internalization
assay,’® the above cells, after washing, were further
cultured at 37°C for 16 hours to allow HBV to inter-
nalize into the cells, and then trypsinized to digest

HBYV remaining on the cell surface to allow quantifica-
tion of internalized HBV DNA (Fig. 2D-b). CsA
slightly reduced the amount of attached HBV DNA,
although the effect was not statistically significant
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