ANV Disvd

2
r4
(7]
Z
(o)
Z
>
-

GASTROENTEROLOGY 2013;145:658-667

BASIC AND TRANSLATIONAL—LIVER

Thromboxane A, Synthase Inhibitors Prevent Production of Infectious
Hepatitis C Virus in Mice With Humanized Livers
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BACKGROUND & AIMS: A 3-dimensional (3D) culture
system for immortalized human hepatocytes (HuS-E/2
cells) recently was shown to support the lifecycle of blood-
borne hepatitis C virus (HCV). We used this system to
identify proteins that are active during the HCV lifecycle
under 3D culture conditions. METHODS: We compared
gene expression profiles of HuS-E/2 cells cultured under
2-dimensional and 3D conditions. We identified signaling
pathways that were activated differentially in the cells,
and analyzed their functions in the HCV lifecycle using
a recombinant HCV-producing cell-culture system, with
small interfering RNAs and chemical reagents. We
investigated the effects of anti-HCV reagents that altered
these signaling pathways in mice with humanized livers
(carrying human hepatocytes). RESULTS: Microarray
analysis showed that cells cultured under 2-dimensional
vs 3D conditions expressed different levels of messenger
RNAs encoding prostaglandin synthases. Small inter-
fering RNA-mediated knockdown of thromboxane A2
synthase (TXAS) and incubation of hepatocytes with a
TXAS inhibitor showed that this enzyme is required for
production of infectious HCV, but does not affect repli-
cation of the HCV genome or particle release. The TXAS
inhibitor and a prostaglandin I2 receptor agonist, which
has effects that are opposite those of thromboxane A,
reduced serum levels of HCV and inhibited the infection
of human hepatocytes by blood-borne HCV in mice.
CONCLUSIONS: An inhibitor of the prostaglandin
synthase TXAS inhibits production of infectious HCV
particles in cultured hepatocytes and HCV infection
of hepatocytes in mice with humanized livers. It
therefore might be therapeutic for HCV infection.

Keywords: Infectious Virus Particle; Lipid Mediator;
Antiviral Drug.

pproximately 170 million people worldwide are
infected with hepatitis C virus (HCV),! with the ma-
jority suffering from chronic hepatitis, cirrhosis, and/or
hepatocellular carcinoma.? HCV currently is treated using a

combination of polyethylene glycol-conjugated interferon
and ribavirin, although no more than 60% of individuals
adequately respond.” Recently, inhibitors of HCV non-
structural proteins have been developed as direct-acting
antiviral agents to treat HCV effectively.* ® However, HCV
often acquires resistance against treatment with direct-
acting antiviral agents in cases of monotherapy.” Current
efforts therefore are focused on better understanding the
lifecycle of HCV to find the cellular target of novel anti-
HCV drugs to use the options for multi-drug therapy.

A cell-culture system that allows the production of re-
combinant infectious HCV (HCVcc) recently was devel-
oped using a cloned HCV genome and the hepatocellular
carcinoma-derived Huh-7 cell line.®'® Experiments using
the culture system have provided novel insights on the
HCV lifecycle such as finding the production of infectious
HCV particles near lipid droplets (LDs) and endoplasmic
reticulum-derived LD-associated membranes."! Huh-7
cells, however, only allow the proliferation of recombi-
nant HCV, and not blood-borne HCV (bbHCV).

To study the lifecycle of bbHCV, we cloned immortalized
human hepatocyte HuS-E/2 cells, which permitted some
degree of bbHCV infection.'? Integrating hollow fibers into
the 3-dimensional (3D) culture system resulted in efficient
continuous proliferation of infected HCV production from
the cells."® By using the improved system, we previously
compared the gene expression profiles of HuS-E/2 cells
under the 2-dimensional (2D) and 3D culture conditions
using microarray analysis. This allowed us to identify
signaling pathways that contribute to the proliferation
of HCV, for example, peroxisome proliferator-activated

Abbreviations used in this paper: 2D, 2-dimensional; 3D, 3-dimensional;
AAC, arachidonic acid cascade; bbHCV, blood-borne hepatitis C virus;
cAMP, cyclic adenosine monophosphate; COX, cyclooxygenase; HCV,
hepatitis C virus; HCVcc, hepatitis C virus from cell culture; IP, prosta-
glandin |, receptor; LD, lipid droplet; mRNA, messenger RNA; PG, pros-
taglandin; PGIS, prostaglandin I, synthase; RT-PCR, reverse-transcription
polymerase chain reaction; qRT-PCR, quantitative reverse-transcription
polymerase chain reaction; siRNA, small interfering RNA; TP, throm-
boxane A, receptor; TXA,, thromboxane Ay; TXAS, thromboxane A, syn-
thase; TXB,, thromboxane B,.
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receptor a signaling, which enhances HCV replication.'*
This result was confirmed by other groups,'>'® corrobo-
rating that our strategy can uncover cellular events that
support the proliferation of HCV. We therefore hypothe-
sized that leveraging the in vitro systems described earlier
may help elucidate the molecular mechanisms underlying
the HCV lifecycle.

Prostanoids are metabolites of the arachidonic acid
cascade (AAC) that possess various physiologic activities."”
These metabolites include prostaglandin (PG) E,, D,, L,
and F,, and thromboxane A, (TXAZ).W Although several
studies have shown that PG signaling contributes to liver
regeneration,ls’lg the physiologic functions of these lipid
mediators in human hepatocytes still are unknown. Inter-
estingly, one report showed that PGE, might support
HCV genome replication in cells bearing self-replicating
HCV subgenomic replicon RNA.*® Whether prostanoids
are involved in the HCV lifecycle, however, has not been
precisely investigated.

In this study, we provide evidence that TXA, synthase
(TXAS) is involved in the formation of infectious HCV, by
cell culture system, and that a TXAS inhibitor and PGI,
receptor (IP) agonist that has opposite physiological
effects to TXA, can be used as a novel anti-HCV drug by
using chimeric mice bearing transplanted human hepa-
tocytes.”! This report shows the contribution of the AAC
to HCV infectivity and the potency of a prostanoid as an
antiviral agent.

Materials and Methods
Cell Culture

The human hepatocellular carcinoma-derived Huh-7
and Huh-7.5 cell lines were cultured as described previously.”?
HuS-E/2 cells are immortalized human hepatocytes transduced
with E6 and E7 genes of human papilloma virus 18 and human
telomerase reverse-transcription gene as described previously.'?
The 2D and 3D culture conditions for HuS-E/2 cells were as
described previously.'?

Reagents and Antibodies

FR122047, PGH,, ONO1301, daltroban, and dibutyryl
cyclic adenosine monophosphate (cAMP) sodium salt were
purchased from Sigma-Aldrich (St. Louis, MO). Cyclooxygenase
(COX)-2 inhibitor 1 and Ozagrel were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). U-46619 was purchased
from Cayman Chemical (Ann Arbor, MI). Beraprost was a
generous gift from Toray, Co (Tokyo, Japan). FR122047, PGH,,
ONO1301, Daltroban, COX-2 inhibitor 1, Ozagrel, Beraprost,
and calcium ionophore were dissolved in dimethyl sulfoxide.
U-46619 and thromboxane B, (TXB;) were dissolved in methyl
acetate. Dibutyryl cAMP was dissolved in water. The effect of
each reagent on cell viability was analyzed using a Cell Prolif-
eration Kit 2 (Roche, Basel, Switzerland) based on the manu-
facturer’s instructions. An antibody specific for core protein
(antibody 32-1) was a gift from Dr Michinori Kohara (Tokyo
Metropolitan Institute of Medical Science, Tokyo, Japan).
Rabbit polyclonal anti-NSSA protein CL1 antibody and
anti-HCV protein antibody in human serum were described
previously.'!

PROSTANOID SIGNALS AS ANTI-HCV TARGETS 659

Microarray Analysis

Total RNA purified from HuS-E/2 cells cultured under 2D
or 3D conditions in the absence of HCV infection was analyzed
with a 3D-Gene Human Chip 25k (Toray, Co) to compare gene
expression profiles as described previously."* The accession num-
ber of the results is listed as “E-MTAB-1491” in ArrayExpress.

Production of HCVcc and Sample Preparation

HCVecc was produced from the Huh-7 or Huh-7.5
cells transfected with in vitro synthesized Jikei Fulminant Hepa-
titis (JFH) 1%%F" or J6/JFH1 RNA as described previously.11 The
transfected cells and culture medium were harvested at 4 days
post-transfection. For JFH1®F“ RNA-transfected Huh-7 cells
treated with TXAS-specific small interfering RNA (siRNA),
cells and culture medium were harvested 3 days after transfection.
Culture medium including HCVcc was concentrated and used for
infection experiments as described previously.'! Concentrated
culture medium from JFH1 RNA-transfected Huh-7 cells was
fractionated as described previously.'! The infectivity titer in each
fraction was analyzed by focus-formation assay, which was deter-
mined by the average number of HCV-positive foci.

Reverse-Transcription Polymerase Chain
Reaction and Quantitative Reverse-
Transcription Polymerase Chain Reaction

Total RNA was isolated from the cells and medium using
Sepasol I Super and Sepasol II (Nacalai Tesque, Kyoto, Japan),
respectively, according to the manufacturer’s instructions.
By using 200 ng of total RNA as a template, we performed
reverse-transcription polymerase chain reaction (RT-PCR) and
quantitative RT-PCR (qRT-PCR) with a 1-step RNA PCR kit
and a 1-step SYBR Primescript RT-PCR kit 2 (Takara, Shiga,
Japan), respectively, according to the manufacturer’s in-
structions. Information on both experiments is shown in
Supplementary Tables 1 and 2.

Infection of HCVcc

Infection experiments of HCVcc and detection of infected
Huh-7.5 cells by indirect immunofluorescence analysis were
performed mainly as described previously.'' The number of
infection-positive cells detected in 4 x 10* target cells 1 day after
infection with HCVcc including 107 copies of RNase-resistant
HCV genome was defined as the specific infectivity in the infec-
tion experiments in our protocol.

Indirect Immunofluorescence Analysis

HCV proteins were examined in cells using a Leica SP2
confocal microscope (Leica, Heidelberg, Germany), and infected
cells were counted using a BioZero fluorescence microscope
(Keyence, Tokyo, Japan).

Preparation of Intracellular HCV Particles

Intracellular HCV particles were prepared as described
previously.z3

Pharmacologic Test in Chimeric Mice Bearing
Transplanted Human Hepatocytes

All mouse studies were conducted at Hiroshima Uni-
versity (Hiroshima, Japan) in accordance with the guidelines of
the local committee for animal experiments. Chimeric mice
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transplanted with human hepatocytes were generated as
described previously.”! The experimental protocol was approved
by the Ethics Review Committee for Animal Experimentation of
the Graduate School of Biomedical Sciences (Hiroshima Uni-
versity). The reagents were first administered 1 week after the
chimeric mice were infected with a 1.0 x 10° titer of bbHCV.
ONO1301 was injected subcutaneously at a dose of 200 ug/
mouse. Beraprost and Ozagrel were administrated orally at a
dose of 10 and 300 pug/mouse, respectively. For a positive control
experiment, telaprevir was administered as described previ-
ously.** All reagents were administrated twice each day. Serum
samples were collected at 2, 3, and 4 weeks after starting the
treatments. HCV-RNA levels in the samples were evaluated in
qRT-PCR.

Statistical Analyses of Data

The significance of differences in the means was deter-
mined by the Student ¢ test (Figures 1-6, and Supplementary
Figures 1-13) or the Wilcoxon signed-rank test (Figure 7 and
Supplementary Figure 14).

Results

Expression of PG Synthase messenger RNA in

HuS-E/2 Cells Cultured Under 3D Conditions

To identify signaling pathways that contribute to
HCV proliferation under the 3D culture conditions, we
compared the gene expression profiles of 2D- and 3D-
cultured HuS-E/2 cells as described previously."* We
found that the expression of 984 genes was up-regulated
more than 2 times in both of 2 types of 3D-cultured
HuS-E/2 cells, and expression of 1491 genes was down-
regulated less than half the time. For the two 3D condi-
tions, we identified the expression of a set of genes
encoding enzymes of the AAC. The expression levels
of messenger RNAs (mRNAs) for AAC enzymes, COX1,
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PGD, synthase, and TXAS increased in HuS-E/2
cells cultured under 3D conditions (Figure 1A), whereas
those for PGE, and PGI, synthases (PGIS) decreased
(Figure 1A). These results were confirmed by qRT-PCR
analysis (Figure 1A, gray bars). The relative protein levels
of those enzymes in 2D- and 3D-cultured HuS-E/2 cells
reflected the quantitative difference of those mRNAs,
except PGD, synthase (PGDS) (Figure 1B). The expression
of those genes and the production of those proteins also
were observed in the liver tissues from patients with
hepatitis C, suggesting the functional roles of those
products in the human liver (Supplementary Figure 1).

The AAC Contributes to Infectious HCV

Production

To assess whether the AAC plays a role in the HCV
lifecycle, the contributions of the AAC rate-limiting en-
zymes COX1 and COX2 were examined using the JFH1
cell culture system. We first investigated the role of
COX1, which is known to be a constitutively expressed
gene in general, by adding the COX1 inhibitor FR122047
to JFH1-RNA-transfected cell cultures. Even at higher
concentrations, FR122047 did not markedly affect
the amount of HCV RNA in the medium or cells
(Figure 24, black and white bars) with a little cytotoxicity
at 10 umol/L. Nevertheless, FR122047 dose-dependently
decreased the infectivity of HCVcc in the culture me-
dium (Figure 2B and C). Because the infection experiment
using a lower titer of HCVcc from inhibitor-treated cells
showed that the inhibitor affected the number of foci,
but not the number of cells in a focus (Figure 2C), the
treatment of COX1 inhibitor seemed to decrease the
focus-forming ability of HCVcc. Next, the contribution of
inducible COX2 was examined using COX2 inhibitor 1.
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Figure 1. PG synthase mRNA expression under 3D culture conditions. (A) Results of microarray analysis. Black and white bars represent mRNA
expression levels in HUS-E/2 cells cultured with Mebiol gel and hollow fibers, respectively, relative to levels observed in cells cultured under 2D
conditions. Gray bars represent mRNA expression levels in HuS-E/2 cells cultured with Mebiol gel (Mebiol, Hiratuka, Japan) by quantifying with gRT-
PCRs. qRT-PCR data show the averages from quadruplicate samples in 2 independent experiments + SD. *Differs from control, P < .01; **differs
from control, P < .001. (B) Protein levels of TXAS and various PG synthases in 2D-cultured and 3D-cultured HuS-E/2 cells. PG synthases except for
TXAS were detected in whole-cell lysate. Asterisks show the result in membrane fraction.
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medium (black bars) and cells
(white bars), which were treated
with FR122047 at the indicated
concentrations.  Mean  cell C
viability £ SD for each sample
condition also is plotted (gray
bars). Averages from quadru-
plicate samples in 2 indepen-
dent experiments + SD are
shown. (B) Effects of FR122047
on the infectivity of HCVcc
produced using this cell-culture
system. (C) FR122047 reduces
infectious HCVcc in the culture
medium. Huh-7.5 cells infected
with HCVee from the culture
medium of cells treated with
(right panel) and without (left
panel) FR122047 at the indi-

cated concentrations  were
stained with anti-HCV  anti- Lo_wer
bodies (magenta) and the titer
nuclear stain  4’,6-diamidino-

2-phenylindole (cyan). Lower
panels: infected cells at a lower
titer of inoculums. *Differs from
control, P < .01; **differs from
control, P < .001.

The inhibitor, however, did not affect the infectivity of
HCVcc in the medium (Supplementary Figure 24 and B),
probably because of the lack of COX2 gene expression
in Huh-7 cells (Supplementary Figures 2C and 3A).
These data suggest that COX1 and the AAC play a role in
infectious HCVcc production without significant effects
on HCV genome replication or particle release from
the cells.

TXAS Plays a Key Role in Infectious HCV

Production

To further examine the contribution of the AAC
to infectious HCVcc production, we focused on TXAS,
because, similar to COX1 mRNA, TXAS mRNA levels
increased in HuS-E/2 cells cultured under 3D conditions.
Although PGD, synthase mRNA levels also increased, this
synthase was unlikely to contribute to these processes
because we did not detect PGD, synthase mRNA in Huh-7
cells in the JFH1 cell culture system (Supplementary
Figure 3A). By using siRNA- and short hairpin RNA-
mediated suppression of mRNA expression, we found
that reducing TXAS mRNA levels in HCVcc-producing

COX1 inhibitor (uM)

Control

COX1 inhibitor (uM)

COX1 inhibitor 10pM

Huh-7 cells did not significantly affect the amount of
HCV RNA in the medium or cells (Figure 3B and
Supplementary Figure 4B, black and white bars), whereas
HCVcc in the medium was less infectious, as was observed
when the cells were treated with FR122047 (Figure 3C and
Supplementary Figure 4C). Treatment with the TXAS in-
hibitor Ozagrel also dose-dependently suppressed infectious
HCVec production without significantly affecting HCV-
RNA levels in the medium or cells (Figure 3D and E).
Similar effects of Ozagrel were observed in another HCV cell
culture system using Huh-7.5 cells and chimeric recombi-
nant J6/JFH1 HCV, which encoded different structural
proteins from JFH1® (Supplementary Figure S), indicating
that our results were not specific to the JFH1 cell culture
system. Furthermore, treatment with PGH,, a product of
COX1 and a substrate of TXAS, was shown to increase the
infectivity of HCVcc without effect on the HCV replication
and egression despite the short half-life of PGH,
(Supplementary Figure 6). These data suggest that the AAC,
in particular TXAS activity and probably TXA, produced
from PGH, by TXAS activity, contributes to infectious
HCV production.
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Figure 3. Effect of TXAS on infectious HCV production. (A) siRNA-mediated knockdown of TXAS mRNA expression. (B) Effects of TXAS-specific
siRNA on HCV-RNA levels in the HCVcc-producing cell-culture system. (C) Effects of control and TXAS-specific SiRNA on the infectivity of HCVec in
medium obtained from HCVcc-producing cell cultures were assessed. (D) Effects of Ozagrel on HCV-RNA levels were assessed in HCVce-producing
cell cultures. (E) Effects of Ozagrel on the infectivity of HCVcc produced from the cell-culture system were assessed. **Differs from control, P < .001.

TXA, Receptor Is Not Required for
TXAS-Dependent Regulation of Infectious
HCYV Production

TXA, exerts its physiologic functions through the

(Supplementary Figure 7). Treating Huh-7-derived cell
lines with the TP agonist did not increase the calcium ion
concentration—a major downstream effect of TXA,/TP
signaling—even though the activity of U-46619 was

TXA, receptor (TP) on plasma membranes.'” To examine
the contribution of TXA,/TP signaling, we investigated
the effects of the TP agonist U-46619 in our system.
Regardless of dose, however, U-46619 did not affect in-
fectious HCVcc production in the culture system
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confirmed in HEK293 cells'” (Supplementary Figure 8A).
We also evaluated the activity of U-46619 in terms of
TP-dependent activation of Rho and observed the Rho-
dependent stress fiber formation induced with U-46619
in HEK293 cells (Supplementary Figure 8B). In addition,

Figure 4. Role of TP in infec-

tious HCVcc-producing  cell
- cultures. (A) Effects of U-46619

and TXB, on HCV-RNA levels in

HCVcc-producing cell cultures

in the presence of Ozagrel were
+ assessed. (B) The infectivity of
HCVcce in culture medium from
HCVce-producing cells treated
with U-46619 or TXB, in the
presence of Ozagrel was
assessed. (C) Effect of dal-
troban on HCV-RNA levels in
HCVce-producing cell cultures.
(D) The infectivity of HCVcc in
culture medium from HCVcc-
producing cells treated with
daltroban. *Differs from control,
P < .01; **differs from control,
100 P < .001.
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Figure 5. Core and NS5A near LDs and the quantity and infectivity of intracellular HCVce. (A) HCV core (magenta) and NS5A (cyan) around LDs
(vellow) in HCVce-producing cells treated with the indicated reagents were observed using immunofluorescence analysis. Nuclei were stained with
4/ ,6-diamidino-2-phenylindole (gray). Scale bars, 5 um. (B) Levels of intracellular HCV RNA obtained from the cells treated with Ozagrel. (C) The
infectivity of intracellular HCV from cells treated with Ozagrel. Averages of triplicate samples from 2 independent experiments = SD are shown.

**Differs from control, P < .001.

the level of TP mRNA was, if any, quite low in human
hepatocyte-derived cells and primary human hepatocytes,
although only a small amount of the mRNA was detected
in HuS-E/2 cells (Supplementary Figure 3B). These data
suggest that TXA,/TP signal transduction is deficient in
Huh-7-derived cell lines.

To determine whether TP on the Huh-7 cells was satu-
rated with endogenous TXA, ligand, we examined the ef-
fects of U-46619 in the presence of Ozagrel. U-46619,
however, did not rescue the Ozagrel-mediated suppression
of infectious HCVcc production (Figure 4A and B). In
addition, the TP antagonist daltroban did not affect infec-
tious HCVcc production (Figure 4C and D). These data
indicate that TP-mediated signaling is not involved in
TXAS-dependent regulation of infectious HCVcc produc-
tion. In addition, we examined whether TXB,—a stable
metabolite of TXA, that does not activate TP—could be used
to replace TXAS during infectious HCVce production. TXB,
did not counteract the effects of Ozagrel (Figure 44 and B),
and did not by itself affect the HCV lifecycle (Supplementary
Figure 7). These data suggest that TXA, or an unidentified
metabolite of TXA,; acts as a TP-independent regulator of
infectious HCV production (see Discussion section).

TXAS-Derived Signaling Contributes to

HCV Infectivity

A previous study showed that infectious HCV is
produced near LDs, to which HCV proteins are recruited.®
As shown in Figure 54, inhibiting TXAS did not markedly
affect the locations of the viral proteins core and NSSA
around LDs, suggesting that TXAS-derived signaling does
not contribute to the recruitment of HCV proteins to the
LDs. Next, to examine whether TXAS-mediated signaling
drives the egression of infectious HCVcc from the cells, we
analyzed intracellular HCVcc in cells treated with Ozagrel.
Levels of intracellular HCVcec RNA in Huh-7 cells treated

with or without Ozagrel were equivalent (Figure SB).
Nevertheless, the infectivity of intracellular HCVcc from
the cells treated with Ozagrel was decreased markedly, as
was that of HCVcc in the medium (Figure 5C). This result
indicated that TXAS-derived signaling is not involved in
the release of infectious HCV particles. Taken together, it
seems likely that TXAS-derived signaling plays a role in
infectious particle formation in the cells.

Inhibition of TXAS Changes the

Physicochemical Properties of HCVcc

We next analyzed HCVecc produced from cells
treated with Ozagrel using sucrose density gradient
ultracentrifugation. As reported previously,'" 2 types of
fractions containing either highly infectious, low-density
HCVecc (peak fraction, 6) or less infectious, high-density
HCVcc (peak fraction, S) were obtained using samples
derived from cells without treatment with Ozagrel, indi-
cating that infectious HCVcc was present mainly in frac-
tion 6 (Figure 6, white bars, upper and lower panels). On
the other hand, analyzing Ozagrel-treated cells showed
decreased levels of HCV RNA in fraction 6 (Figure 6, solid
lines, upper and lower panels). Of note, the amount of
HCV RNA in fraction 5 remained similar with or without
Ozagrel treatment (Figure 6, lower panel). These results
suggest that inhibition of TXAS-mediated signaling
changes the physicochemical characteristics of HCVcc,
resulting in altered infectivity.

A TXAS Inhibitor and IP Agonists Inbibit

Early HCV Expansion in bbHCV-Infected

Chimeric Mice

Finally, we examined the in vivo anti-HCV effects
of a TXAS inhibitor using bbHCV and urokinase plas-
minogen activator/severe combined immunodeficiency
mice bearing transplanted human hepatocytes. The IP
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Figure 6. Buoyant density of HCVcc produced from cells treated with
Ozagrel. Lower and upper panels show the results of HCVcc from the
cells with and without Ozagrel treatment, respectively. HCV RNA (solid
line), fraction density (dotted line), and HCV infectivity (white bars) in each
fraction collected after ultracentrifugation are shown. Representative
results from 2 independent experiments are shown.

agonist Beraprost also was tested because PGI, produces
effects opposite of TXA, during several physiologic pro-
cesses, including vascular constriction in human beings.*®
Both drugs delayed the increase in serum levels of HCV

"3 61
o
3
P " —4— Control
B —— ONO1301
§ —A— Beraprost
4 - —>»— Ozagrel
Ny —¢— Telaprevir
OT —¥ e ¥
2 3 4

Weeks post-infection

Figure 7. Effects of ONO1301, Beraprost, Ozagrel, and Telaprevir on
the expansion of bbHCV-infected urokinase plasminogen activator/se-
vere combined immunodeficiency mice bearing human hepatocytes.
Data are presented as means + SD for 6 (control, diamonds), 4
(ONO1301, squares; Ozagrel, crosses; Telaprevir, asterisk), and 3
(Beraprost, triangles) samples. *Differs from control, P < .05.
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RNA (Figure 7). Of note, even 4 weeks after treatment,
Beraprost reduced serum HCV-RNA levels to less than a
quarter of those observed in control mice (Figure 7). Our
results indicate that these drugs may inhibit HCV prolif-
eration in vivo, and that inhibition of TXAS-derived
signaling and activation of IP-mediated PGI, signaling
can control HCV proliferation. Although we examined the
effects of the PGIS and IP agonist on the HCV lifecycle
using the HCVcc-producing cell-culture system, Beraprost
did not result in any notable changes (Supplementary
Figure 9). To examine whether the Huh-7 cells respond
to the IP agonist, we assessed cAMP signaling using a
plasmid-bearing cAMP-responsive element in a promoter
upstream of the luciferase gene; cAMP signaling is a major
intracellular signaling pathway that is activated by IP ag-
onists. The IP agonist, however, did not activate cAMP
signaling in Huh-7 cells even though the pathway was
activated in HuS-E/2 cells.

As another candidate anti-HCV drug, we examined the
effect of ONO1301, possessing both TXAS-inhibitor and
IP-agonist activities, in the humanized chimeric mouse.
ONO1301 produced the most robust suppression of HCV
infections (Figure 7). The effects of ONO1301 also were
studied in the HCVcc-producing cell cultures, as with
Ozagrel. ONO1301 suppressed infectious HCV production
(Supplementary Figure 10), although ONO1301 did not
activate cAMP signaling in Huh-7 cells (Supplementary
Figure 11). A slight decrease of HCVcc egression, however,
caused by the treatment with ONO1301 at high concen-
trations, might be of note. These results further supported
our conclusion that TXAS-mediated signaling contributes
to infectious HCV production, although the functional role
of PGI, in this process still is unknown.

Discussion

In this study, we showed that TXAS is involved
in the development of infectious HCV. Administration
of a TXAS inhibitor inhibited early stages of HCV
proliferation postinfection in a chimeric mouse model.
These results suggest that TXAS-mediated infectious
HCV production is a potential target for novel anti-HCV
therapies.

We first found that inhibiting COX1 and TXAS
decreased the infectivity of HCVcc in the culture medium
without any significant effects on viral genome replication
and particle egression (Figures 2 and 3). In addition, we
showed that inhibition of TXAS did not affect the release
of infectious HCVcc from the cells (Figure 5). Thus, we
concluded that TXAS probably regulates HCV particle
maturation and the development of infectivity. Knock-
down of apolipoprotein E, heat shock protein 70, and
annexin A2 expression was shown previously to inhibit
infectious HCVcc production.26 Of note, decreased
expression of these host factors reduced the production of
HCVcc in the culture medium as well as intracellular
HCVcc levels in HCVec-producing cells, suggesting that
TXAS is playing a different role in HCVec production.
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Moreover, our results suggest that TXAS is a host factor
that contributes only to the development of HCV
infectivity.

A previous study reported that infectious HCVcc is
produced near LDs.'! The HCV proteins core and NSSA
are located on and nearby LDs, respectively, suggesting a
role in the production of infectious HCVce.'! Because LD
localization of these proteins was not affected by the
TXAS inhibitor (Figure SA), TXAS probably is required
after these viral proteins are recruited to LDs.

Several studies have shown that the buoyant density of
infectious HCVcc difters slightly from that of noninfec-
tious HCVcc.'*”?8 Infectious and noninfectious HCVcc
are found in lower- and higher-density fractions, respec-
tively. In the present study, inhibition of TXAS reduced
the amount of HCVcc in the lower-density fraction (frac-
tion 6) containing the infectious particles, whereas levels
of primarily noninfectious HCVcc particles in the higher-
density fraction (fraction 5) were not affected (Figure 6).
These results mitrored previously reported data about
NSSA mutant HCVce, which do not produce infectious
particles.!’ These results suggest that TXAS might be
required to produce infectious HCVcc near the LDs.

Studies with treatment with methyl-8-cyclodextrin or
lipoprotein lipase have shown that changing the physi-
cochemical properties of HCVcc,”* > in which the peak
density fraction containing HCVcc shifted higher, dimin-
ished the infectivity of the particles.”*?° Because TXAS
inhibitors did not show the apparent shift to a higher
density (Figure 6), future molecular analyses of HCVcc
particles should be required to reveal the underlying
structural mechanisms for HCV infectivity.

Prostanoids play various physiologic functions,
including regulatory roles in muscle and blood vessels."”
Although inhibition of TXAS decreased the infectivity of
HCVecc (Figure 3), the identity of the relevant prostanoid
and how that product functions in the development of
infectious HCV are currently unclear. Because the treat-
ment of PGH,, a substrate of TXAS, caused the increase
of infectious HCV production (Supplementary Figure 6),
it seemed likely that the decrease of HCV infectivity is
not due to an accumulation of PGH, caused by TXAS
inhibition. Although we analyzed the total fatty acids in
the HCV-infected Huh-7.5 cells treated with and without
Ozagrel, the compositions of fatty acids, including
arachidonic acid, were not largely different from each
other (Supplementary Figure 12, the arachidonic acid is
shown as C20:4w-6), suggesting that the effect of Oza-
grel is not caused by major changes of fatty acid
composition.

The activity of the TXAS product TXA, was not
examined directly because its halflife is quite short.’!
Usually, TXA, activity is measured using stable agonists
and antagonists of TP. We showed, however, that TP-
mediated signaling is not related to the processes exam-
ined in the current study (Figure 4). It seemed likely
that TXA, itself or an wunidentified metabolite of
TXA, mediates the development of HCV infectivity in a
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TP-independent manner. PGI, and the PGD, metabolite
15d-PGJ, have been identified as ligands of peroxisome
proliferator activated receptor 6 and 1, respectively.’>>>
Therefore, the TXAS product may act as a ligand of
various nuclear receptors to regulate infectious HCV
production. In primary human hepatocytes and liver of
chimeric mice transplanted with human hepatocytes,
the expression of human TP mRNA was not observed
(Supplementary Figures 3A and 13), although it was
detected in human liver tissue, consisting of many cell
types (Supplementary Figure 13). It may be true, therefore,
that the TP gene is not largely expressed in human he-
patocytes in the liver as with Huh-7 cells. Taken together,
it is probable that infectious HCV is produced in a TP-
independent manner in human liver infected with HCV.
Further studies regarding the TP-independent roles of
TXAS products in hepatocytes may be required to eluci-
date the mechanisms of infectious HCV formation.
Recently, various drugs targeting viral proteins were
developed, resulting in more HCV-specific therapeutic
profiles than those of conventional drugs.** Mono-
therapy with an HCV-specific drug, however, sometimes
fails to clear the HCV infection because of rapidly
emerging resistant variants.’> We found that a TXAS
inhibitor and IP agonists suppressed early stage expan-
sion of bbHCV postinfection of chimeric mice bearing
human hepatocytes (Figure 7). These results clearly
indicate that the TXAS inhibitor and IP agonist are novel
candidates for anti-HCV drugs. In this experiment, the
effects of an IP agonist and the TXAS inhibitor were
compared because TXA, and IP agonists have opposite
clinical effects.?® This implies that the IP agonist may
have suppressed the effects of TXAS in the bbHCV-
infected transplanted human hepatocytes. Contrary to
our expectations, however, neither siRNA-mediated
knockdown of PGIS expression nor treatment with the
IP agonist Beraprost affected HCV genome replication,
particle egression, or HCVcc infectivity (Supplementary
Figure 9). The responsiveness of Huh-7 cells to the IP
agonist then was examined by monitoring activation of
cAMP signaling, a pathway that normally is activated
downstream of IP. The results show that Huh-7 cells
were deficient in signaling from IP to intracellular cAMP
production (Supplementary Figure 11). Although the
therapeutic mechanism of action for the IP agonist in
chimeric mice has not been clarified yet, the IP agonist
may signal through IP to counteract TXA, signaling and
suppress the effects of endogenous TXAS products on
the formation of infectious HCV. In this in vivo experi-
ment, the effect of drugs waned over time, especially in
the case of Ozagrel. We examined the effect of Ozagrel
on the secondary HCV propagation in the mice inocu-
lated with the sera of the HCV infected mice treated with
Ozagrel in the first drug treatment. The results showed
that HCV proliferated in the secondarily infected
chimeric mice irrespective of the treatment of Ozagrel
(Supplementary Figure 14), suggesting that HCV prolif-
erating in the chimeric mice with the first treatment
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acquired the resistance against Ozagrel. We analyzed
partial genomic sequences of the drug-resistant HCVs by
the direct sequencing method. We found that 68 base
substitutions, 10 of which were accompanied with amino
acid substitution, were present in such HCV genomes,
compared with those in the mice untreated with the
drug (Supplementary Figure 15). This indicated that the
HCV proliferating in the chimeric mouse treated with
Ozagrel included a large number of base substitutions in
the genome. Further study of such drug-resistant HCV,
for example, the reverse genetic analysis using a recom-
binant HCV system, will help to reveal the molecular
mechanisms of the medicinal effects of this drug and the
infectious HCV production. Furthermore, these results
show the need to find the optimum dose of TXAS in-
hibitor for effective therapy and to use this drug as one
option with different action mechanisms for multidrug
therapy.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at htep://
dx.doi.org/10.1053/j.gastro.2013.05.014.
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