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Identification of Novel N-(Morpholine-4-Carbonyloxy) Amidine
Compounds as Potent Inhibitors against Hepatitis C Virus Replication

Akiko Kusano-Kitazume,» Naoya Sakamoto,®® Yukiko Okuno,c Yuko Sekine-Osajima,® Mina Nakagawa,>? Sei Kakinuma,»®
Kei Kiyohashi,® Sayuri Nitta, Miyako Murakawa,? Seishin Azuma,® Yuki Nishimura-Sakurai,® Masatoshi Hagiwara,<and
Mamoru Watanabe?

Department of Gastroenterology and Hepatology® and Department for Hepatitis Control,> Tokyo Medical and Dental University, Tokyo, Japan, and Department of
Anatomy and Developmental Biology, Graduate School of Medicine, Kyoto University, Kyoto, Japanc

To identify novel compounds that possess antiviral activity against hepatitis C virus (HCV), we screened alibrary of small mole-
cules with various amounts of structural diversity using an HCV replicon-expressing cell line and performed additional valida-
tions using the HCV-JFH1 infectious-virus cell culture. Of 4,004 chemical compounds, we identified 4 novel compounds that
suppressed HCV replication with 50% effective concentrations of ranging from 0.36 to 4.81 uM. N '-(Morpholine-4-
carbonyloxy)-2-(naphthalen-1-yl) acetimidamide (MCNA) was the most potent and also produced a small synergistic effect
when used in combination with alpha interferon. Structure-activity relationship (SAR) analyses revealed 4 derivative com-
pounds with antiviral activity. Further SAR analyses revealed that the N-(morpholine-4-carbonyloxy) amidine moiety was a key
structural element for antiviral activity. Treatment of cells with MCNA activated nuclear factor kB and downstream gene expres-
sion. In conclusion, N-(morpholine-4-carbonyloxy) amidine and other related morpholine compounds specifically suppressed

HCYV replication and may have potential as novel chemotherapeutic agents.

epatitis C virus (HCV) is a major human pathogen. It is as-
sociated with persistent liver infection, which leads to the
development of chronic hepatitis, liver cirrhosis, and hepatocel-
lular carcinoma (13). Treatment with pegylated interferon (IFN)
and ribavirin is associated with significant side effects and is effec-
tive in only half the patients infected with HCV genotype 1 (6).
More effective and more tolerable therapeutics are under devel-
opment, and direct-acting antiviral agents (DAAs) for HCV infec-
tion are currently in advanced clinical trials. In combination with
IEN and ribavirin, the HCV protease inhibitors telaprevir and
boceprevir have recently been approved for treatment of genotype
1 HCV infection in the United States, Canada, Europe, and Asian
countries (11, 12, 22). Although these two drugs can achieve
higher sustained virologic response rates than IFN and ribavirin,
their effects could be compromised by the emergence of highly
prevalent drug-resistant mutants (25). Thus, it is crucial to use
several different classes of DAAs in combination to improve effi-
cacy and reduce viral breakthrough.

The HCV subgenomic replicon system has been widely used to
screen compound libraries for inhibitors of viral replication, using
reporter activity as a surrogate marker for HCV replication. We
previously reported the successful adaptation of the Huh7/Rep-
Feo replicon cell line to a high-throughput screening assay system
(28). This approach contributed to the discovery of antiviral com-
pounds, such as hydroxyl-methyl-glutaryl coenzyme A reductase
inhibitors (10) and epoxide compounds (20). In our present
study, we used the Huh7/Rep-Feo replicon cell line to screen a
library of small molecules with various amounts of structural di-
versity to identify novel compounds possessing antiviral activity
against HCV. We showed that the screening hit compounds in-
hibited HCV replication in an HCV genotype 2a (JFH-1)
infectious-virus cell culture (29). The most potent compound was
N'-(morpholine-4-carbonyloxy)-2-(naphthalen-1-yl) acetimid-
amide (MCNA). Structure-activity relationship (SAR) analyses
revealed that the N-(morpholine-4-carbonyloxy) amidine moiety

0066-4804/12/$12.00  Antimicrobial Agents and Chemotherapy p. 1315-1323

was a key structural element for antiviral activity. We also inves-
tigated the possible mechanisms of action of these compounds

and showed that MCNA likely inhibited HCV replication through

activation of the nuclear factor «B (NF-«B) pathway.

MATERIALS AND METHODS

Reagents and chemicals. Recombinant human alpha 2b interferon (IFN-
a2b) was obtained from Schering-Plough (Kenilworth, NJ), the NS3/4A
protease inhibitor BILN 2061 from Boehringer Ingelheim (Ingelheim,
Germany), beta-mercaptoethanol from Wako (Osaka, Japan), and re-
combinant human tumor necrosis factor alpha (TNF-a) from Sigma (St.
Louis, MO). The library of chemicals that were screened was provided by
the Chemical Biology Screening Center at Tokyo Medical and Dental
University. Information about the library is available at http://bsmdb.tmd
.ac.jp. The important features of the library were the abundance of phar-
macophores and the great diversity. Lipinski’s rule of five was used to
evaluate drug similarity (15). The purity of each chemical from the library
was greater than 90%. For SAR analyses, 27 compounds were purchased
from Assinex (Moscow, Russia), ChemBridge (San Diego, CA), ChemDiv
(San Diego, CA), Enamine (Kiev, Ukraine), Maybridge - (Cambridge,
United Kingdom), Ramidus AB (Lund, Sweden), SALOR (St. Louis, MO),
Scientific Exchange (Center Ossipee, NH), or Vitas-M (Moscow, Russia).
The chemicals were all prepared at concentrations of 10 mM in dimethyl
sulfoxide (Sigma) and stored at —20°C until they were used.

Celllines and cell culture maintenance. Huh7 and Huh7.5.1 cell lines
(32) were maintained in Dulbecco’s modified Eagle’s medium (Sigma)
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supplemented with 10% fetal bovine serum and incubated at 37°C under
5% CO,. The maintenance medium for the HCV replicon-harboring cell
line, Huh7/Rep-Feo, was supplemented with 500 ug/ml of G418 (Nacalai
Tesque, Kyoto, Japan).

HCV replicon construction and cell culture. An HCV subgenomic
replicon plasmid that contained Rep-Feo, pHC1bneo/delS (Rep-Feo-1b),
was derived from the HCV-N strain. RNA was synthesized from pRep-Feo
and transfected into Huh?7 cells. After culture in the presence of G418, a
cell line that stably expressed the replicon was established (28, 31).

Cell-based screening of antiviral activity. Huh7/Rep-Feo cells were
seeded at a density 0f 4,000 cells/well in 100 ! of medium in 96-well plates
‘and incubated for 24 h. Test compound solutions, 10 mM in 100% di-
methyl sulfoxide (DMSO), were added to the wells; for primary screening,
the final concentration was 5 uM. The assay plates were incubated as
described above for another 48 h, and luciferase activity was measured
with aluminometer (Perkin-Elmer) using the Bright-Glo Luciferase assay
system (Promega) following the manufacturer’s instructions. Assays were
performed in triplicate, and the results were expressed as means and stan-
dard deviations (SD) as percentages of the controls. Compounds were
considered hits if they inhibited >50% of the mean control luciferase
activities. Compounds were considered cytotoxic if they reduced cell via-
bility below 70% of the control in dimethylthiazol carboxymethoxy-
phenyl sulfophenyl tetrazolium (MTS) assays and were discarded. The hit
compounds were then validated by secondary screening, which deter-
mined the antiviral activities of each compound serially diluted at concen-
trations ranging from 0.1 uM to 30 uM under Huh7/Rep-Feo cells cul-
tured in an identical manner to the primary screen. Compounds
inhibiting replication with a 50% effective concentration (ECs,) of <5
uM and a selectivity index (SI) of >5 were selected for further analysis.

MTS assay. To evaluate cell viability, MTS assays were performed
using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega) according to the manufacturer’s directions.

Calculation of the EC,,, CCsg, and SI. The EC, indicates the concen-
tration of test compound that inhibits replicon-based luciferase activity by
50%. The 50% cytotoxic concentration (CCs,) indicates the concentra-
tion that inhibits cell viability by 50%. The EC,, and CC,, values were
calculated using probit regression analysis (2, 26). The selectivity index
was calculated by dividing the CCg, by the ECy, )

Reporter and expression plasmids. The plasmid pClneo-Rluc-IRES-
Fluc was constructed to analyze the HCV internal ribosome entry site
(IRES)-mediated translation efficiency (19). The plasmid expressed a bi-
cistronic mRNA containing the Renilla luciferase gene translated in d cap-
dependent manner, and firefly luciferase was translated by HCV-IRES-
mediated initiation. The plasmid pISRE-TA-Luc (Invitrogen, Carlsbad,
CA) expressed the firefly luciferase reporter gene under the control of the
interferon stimulation response element (ISRE). The plasmid pNF-«B-
TA-Luc (Clontech Laboratories, Franklin Lakes, NJ) expressed the firefly
luciferase reporter gene under the control of NF-«B. The plasmid pRL-
CMV (Promega, Madison, WI), which expressed the Renilla luciferase
gene under the control of the cytomegalovirus early promoter/enhancer,
was used as a control for the transfection efficiency of pISRE-TA-Luc and
pNF-«B-TA-Luc (8).

Western blot analysis. Fifteen micrograms of total cell lysates was
separated using NuPage 4-to-12% Bis-Tris gels (Invitrogen) and blotted
onto polyvinylidene difluoride membranes. Each membrane was incu-
bated with primary antibodies followed by a peroxidase-labeled anti-IgG
antibody and visualized by chemiluminescence reaction using the ECL
Western Blotting Analysis System (Amersham Biosciences, Buckingham-
shire, United Kingdom). The primary antibodies were anti-NS5A
(BioDesign, Saco, ME), anti-HCV core (kindly provided by T. Wakita),
anti-phospho-p65 (Ser536) (93H1; Cell Signaling Technology, Beverly,

- MA), anti-IxBe (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-
B-actin (Sigma) antibodies.

HCV-JFH1 virus cell culture. HCV-JFH1 RNA transcribed in vitro

was transfected into Huh7.5.1 cells. The transfected cells were subcultured

1316 aacasm.org

TABLE 1 Effects of the leading hit compounds on HCV replication®

Compound ECqp (M) CCqp (uM) SI

1 0.36 (0.22--0.58) 45.2 (35.9-56.9) 126

2 0.86 (0.73-1.02) >100 >116
3 0.94 (0.76-1.06) 25.3(19.8-32.3) 26.9
4 4.81 (3.79-6.12) 27.1(17.1-58.0) 5.64

# The EC5q and CCg, values are reported, with 95% confidence intervals in parentheses,
from a representative experiment performed in triplicate.

every 3 to 5 days. The culture supernatant was subsequently transferred
onto Huh7.5.1 cells.

Real-time RT-PCR analysis. The protocols and primers for real-time
RT-PCR analysis of HCV RNA have been described previously (17).
Briefly, total cellular RNA was isolated using an RNeasy Minikit (Qiagen,
Valencia, CA), reverse transcribed, and subjected to real-time RT-PCR
analysis. Expression of mRNA was quantified using the TagMan Univer-
sal PCR Master Mix (Applied Biosystems, Foster City, CA) and the ABI
7500 real-time PCR system (Applied Biosystems).

Analyses of drug synergism. The effects on HCV replication of anti-
viral hit compounds plus IFN-c or BILN 2061 were analyzed according to
classical isobologram analyses (24, 28). Dose~inhibition curves for IFN or
BILN 2061 and the test compounds were drawn, with the 2 drugs (IFN or
BILN 2061 and each test compound) used alone or in combination. For
each drug combination, the concentrations of IFN or BILN 2061 and test
compound that inhibited HCV replication by 50% (EC,,s) were plotted
against the fractional concentration of IFN or BILN 2061 and the com-
pound on the x and y axes, respectively. A theoretical line of additivity was
drawn between plots of the ECqs obtained for either drug used alone. The
combined effects of the 2 drugs were considered to be additive, synergistic,
or antagonistic if the plots of the combined drugs were located on, below,
or above the line of additivity, respectively. N

Statistical analyses. Statistical analyses were performed using Welch’s
t test. P values of less than 0.01 were considered statistically significant.

RESULTS

Screening results. To identify novel regulators of HCV replica- .

tion, 4,004 chemical compounds were screened using the Huh7/
Rep-Feo replicon assay system. The primary screens identified 117
compounds that inhibited =50% of replicon luciferase activity at
5 wM. Of the 117 compounds, 74 were cytotoxic and could not be
further evaluated. In the secondary screen, nontoxic primary hits
were evaluated by determining the antiviral activities of serial di-
lutions at concentrations ranging from 0.1 uM to 30 uM. This
screen identified 19 compounds with EC,ys of less than 5 uM and
CCsy values 5-fold greater than the EC,, values. The effect of each
secondary hit on HCV-NS5A protein expression was examined
using Western blot analysis. Of the 19 compounds, 4 compounds,
designated 1, 2, 3, and 4, suppressed HCV subgenomic replica-
tion, with ECgys ranging from 0.36 to 4.81 uM and SIs ranging
from 5.64 to more than 100 (Table 1 and Fig. LA and B; see Table
S1 in the supplemental material). By Western blot analysis, com-
pounds 1, 2, and 3 decreased HCV-NS5A protein levels at concen-
trations of 5 M after incubation for 48 h (Fig. 1C). Compared
with compounds 1, 2, and 3, the effect of compound 4 on HCV-
NS5A protein expression was not remarkable at a concentration of
5 uM, similar to the results from the luciferase assay shown in Fig.
1B. The effects of the compounds on the HCV replicon were fur-
ther validated in the JFH-1 cell culture. As shown in Fig. 1D, com-
pounds 1, 2, 3, and 4 significantly inhibited intracellular RNA
replication of HCV-JFH1. Although compound 4 was negative by
Western blot analysis, it decreased HCV replication in the other
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Morpholine Compounds Suppress HCV Replication
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FIG 1 Effects of 4 screening hit compounds on HCV replication. (A) Chemical structures of hit compounds. (B) Huh7/Rep-Feo cells were treated with the
indicated concentration of each compound for 48 h. Luciferase activities representing HCV replication are shown as percentages of the DMSO-treated control
luciferase activity (solid circles). Cell viability is shown as a percentage of control viability (open squares). Each point represents the mean of triplicate data points,
with the standard deviations represented as error bars. (C) Huh7/Rep-Feo cells were treated with DMSO or compounds 1 through 4 at 5 uM for 48 h, and
Western blotting was performed using anti-HCV NS5A and anti-B-actin antibodies. Densitometry of NS5A protein was performed, and the results are indicated
as percentages of the DMSO-treated control. The assay was repeated three times, and a representative result is shown. (D) Huh7.5.1 cells were transfected with
HCV-JFH1 RNA and cultured in the presence of the indicated compounds at 3 uM or 10 uM. At 72 h after transfection, the cellular expression levels of
HCV-RNA were quantified by real-time RT-PCR. The bars indicate means and SD. (E) Time-dependent reduction of luciferase activities in Huh7/Rep-Feo cells
induced by compound 1. Luciferase activities are shown as percentages of the DMSO-treated control luciferase activity. The bars indicate means and SD. (F)
Time-dependent reduction of cellular expression levels of HCV-RNA in HCV-JFHI-transfected cells induced by compound 1. HCV RNA levels are shown as
percentages of the DMSO-treated control HCV-RNA level. The bars indicate means and SD. The asterisks indicate P values of less than 0.01.

assays, including the replicon and HCV-JFH1 virus assays. Thus,
we concluded that compound 4 was an antiviral hit. These results
indicated that the 4 compounds identified by cell-based screening
suppressed subgenomic HCV replication and HCV replication in
an HCV-based cell culture.

Hit compounds did not suppress HCV IRES-mediated trans-
lation. To determine whether the leading antiviral hits suppressed

March 2012 Volume 56 Number 3

HCV IRES-dependent translation, we used the Huh?7 cell line that
had been stably transfected with pCIneo-Rluc IRES-Fiuc. Treatment

of these cells with the test compounds did not result in significant

change in the internal luciferase activities at compound concentra-
tions that suppressed expression of the HCV replicon (Fig. 2), sug-
gesting that the effect of the hit compounds on HCV replication does
not involve suppression of IRES-mediated viral-protein synthesis.

aac.asm.org 1317
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Luciferase activity
(% of control)

Compound name

FIG 2 Hit compounds do not affect HCV IRES-mediated translation. The
bicistronic reporter plasmid pClneo-Rluc-IRES-Fluc was transfected into
Huh?7 cells. The cells were cultured in the presence of the indicated con-
centrations of compounds 1 through 4. After 6 h of treatment, luciferase
activities were measured, and the values were normalized against Renilla
luciferase activities. The assays were performed in triplicate. The bars in-
dicate means and SD.

Hit compounds do not activate interferon-stimulated gene
responses. To study whether the actions of the hit compounds
involved IFN-mediated antiviral signaling that would induce ex-
pression of an IFN-stimulated gene, an ISRE-luciferase reporter
plasmid, pISRE-TA-Luc, was transfected into Huh7 cells, and the
transfected cells were cultured in the presence of the 4 compounds
at concentrations of 0, 3, or 10 uM. In contrast to interferon,
which elevated ISRE promoter activities significantly, the hit com-
pounds showed no effects on the ISRE-luciferase activities (Fig. 3).
These results indicated that the action of the hit compounds is
indepéndent of interferon signaling.

Drug synergism with IFN-« or BILN 2061. To investigate
whether the hit compounds were synergistic with IFN-« or the
protease inhibitor BILN 2061, we used isobologram analyses (24,
28). HCV replicon cells were treated with a combination of IFN-«
or BILN 2061 and each hit compound at an ECg, ratio of 1:0. 4:1,
3:2,2:3,1:4, or 0:1, and the dose-effect results were plotted (Fig. 4A
and C). The fractional EC,ys for IEN-« or BILN 2061 and each
compound were plotted on the x and y axes, respectively, to gen-
erate an isobologram. As shown in Fig. 4B, all plots of the frac-
tional ECsqs of compound 1 and IFN-« fell below the line of ad-
ditivity, while the plots were located closed to the line of additivity
for the treatments using IFN-« plus compound 2 or 3 and above
the line for the treatment using IFN-« plus compound 4. Those
results indicated that the anti-HCV effect of compound 1 was
synergistic with IFN-, the anti-HCV effects of compounds 2 and
3 were additive, and the effect of compound 4 was antagonistic. In
the BILN 2061 combination study, the combination with com-
pound 2 was slightly synergistic, while the combination with com-
pound 1 or 3 was additive, and the combination with compound 4
was antagonistic (Fig. 4D).

SARs of compound 1 and similar compounds. We next con-
ducted SAR analyses for hit compound 1 by screening 69 com-
pounds with structures similar to that of compound 1 (see Table
S2 in the supplemental material). Qut of those compounds, we
identified 4 structural analogues that suppressed subgenomic
HCV replication with EC,4s ranging from 1.82 to 4.03 uM and SIs
of 6.01 through >43.7 (Table 2 and Fig. 5A and B). Similarly, the
4 compounds designated 5, 6, 7, and 8 substantially decreased
HCV-NS5A protein expression levels following treatment with
the compounds (Fig. 5C). Consistent with the replicon results, the
compounds significantly suppressed HCV-JFH1 mRNA in cell

1318 aacasm.org
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FIG 3 Hit compounds do not activate interferon-stimulated gene responses.
Plasmids pISRE-TA-Luc and pRL-CMV were cotransfected into Huh7 cells.
The transfected cells were cultured in the presence of the indicated concentra-

‘tions of the hit compounds. After 6 h of treatment, luciferase activities were

measured, and the values were normalized against Renilla luciferase activities.
As positive controls, cells were treated with IFN-a at a concentration of 0, 3, or
10U/ml. Thebars indicate means and SD. The asterisks indicate Pvalues of less
than 0.01.

culture (Fig. 5D). Although the suppressive activities of the 4 com-
pounds were similar, the original compound 1 showed the greatest
anti-HCV activity. Therefore, we conducted SAR analyses of
the compound 1 N-(morpholine-4-carbonyloxy) amidine and
N-acyloxy-1-naphthalenacetamidine moieties. We screened 13
compounds containing N-(morpholine-4-carbonyloxy) amidine
and 11 with N-acyloxy-1-naphthalenacetamidine (Fig. 6A; see Ta-
ble S3 in the supplemental material). Intriguingly, 11 out of the
13 N-(morpholine-4-carbonyloxy) amidine compounds sup-
pressed the subgenomic HCV replicon without cytotoxicity at a
fixed concentration of 5 uM. In contrast, only 2 N-acyloxy-1-
naphthalenacetamidine compounds decreased HCV replica-
tion (Fig. 6B and C). We also conducted dose-dependent sup-
pression assays for HCV replicon. As shown in Table 3, 11 out
of 13 N-(morpholine-4-carbonyloxy) amidine compounds con-
sistently decreased subgenomic HCV replication, with ECsys
ranging from 1.52 through 8.62 uM and SIs of 14.2 to >61.4. Of
these 11 compounds, compound 14 was the most potent, with an
ECsp of 1.63 uM and an SI of >61.4. The antiviral effect of com-
pound 14 against HCV-JFHI was identical to that of the original
compound 1. To identify the moiety conferring anti-HCV activ-
ity, we tested the morpholine-4-carboxyl moiety within the
N-(morpholine-4-carboynloxy) amidine structure (Fig. 6D). Three
compounds bearing the morpholine-4-carboxyl moiety were tested, and
none showed suppressive activity toward the HCV replicon. These re-
sults suggested that the entire N-(morpholine-4-carbonyloxy) amidine
moiety was important for efficient anti-HCV activity.

Effect of compound 1 on the NF-«B signaling pathway. NF-
kB, composed of homo- and heterodimeric complexes of Rel-like
domain-containing proteins, including p50 and p65, is a key reg-
ulator of innate and adaptive immune responses through tran-
scriptional activation of several antiviral proteins (9, 23). We per-
formed luciferase reporter assays, a p65 phosphorylation assay,
and an I«B-« degradation assay to assess the effect of compound 1
on NF-«B signaling in host cells. Intriguingly, treatment of both
Huh?7 cells and HCV replicon-expressing cells with compound 1
increased NF-«B reporter activity in a dose-dependent manner
(Fig. 7A and B). Consistently, treatment with compound 1 in-
creased phosphorylated NF-«B p65 in Huh7 cells (Fig. 7C). Acti-
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FIG 4 Drug synergism analyses: effects of each of the 4 antiviral hit compounds combined with IEN-e or BILN 2061 on HCV replication. (A and C)
Huh7/Rep-Feo cells were cultured with a combination of IFN-c or BILN 2061 and antiviral hit compound 1, 2, 3, or 4 at the indicated ratios, adjusted by the ECs,
of the individual drug. The internal luciferase activities were measured after 48 h of culture. Assays were performed in triplicate. Shown are means and SD. (Band
D) Graphical presentations of isobologram analyses. For each drug combination in panels A and C, the ECyys of IFN-a or BILN 2061 and compound 1, 2,3, or
4 for inhibition of HCV replication were plotted against the fractional concentrations of IFN-« or BILN 2061 and each compound, as indicated on the x and y
axis, respectively. A theoretical line of additivity is drawn between the ECys for each drug alone.
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TABLE 2 Effects of derivative compounds of 1 on HCV replication?

Compound ECs, (M) CCsp (M) SI

5 1.82 (0.58-5.68) 45.1 (14.3-52.5) 24.8

6 2.29 (1.57-3.34) >100 >43.7
7 2.83 (1.43-5.78) 17.0 (5.25-38.7) 6.01

8 4.03 (3.51-4.63) 87.8 (59.1-172) 21.8

@ The ECso and CCs, values are reported, with 95% confidence intervals in parentheses,
from a representative experiment performed in triplicate.

vation of NF-«B involves degradation of a suppressor protein,
IkB-a. As shown in Fig. 7D, IkB-« protein levels were strongly
decreased in cells treated with compound 1. Additionally, activa-
tion of the NF-«B pathway by TNF-« treatment significantly sup-
pressed HCV replication (Fig. 7E). These results indicated that the
antiviral action of compound 1 partially involved activation of the
NF-«B signaling pathway.

DISCUSSION

Using a chimeric luciferase reporter-based subgenomic HCV-Feo
replicon assay and an HCV-JFHI cell culture, we discovered 4
novel anti-HCV compounds from cell-based screening of a library
of 4,004 chemicals (Fig. 1 and Table 1). These compounds dis-

played anti-HCV activity at noncytotoxic concentrations. The
most potent of the leading hit compounds was MCNA, and SAR
analyses revealed that 4 compounds with structures similar to that
of MCNA also had antiviral activity (Fig. 5). Furthermore, we
showed that the N-(morpholine-4-carbonyloxy) amidine moiety
within the structure of MCNA is essential for antiviral activity
(Fig, 6). ‘

After the development of the HCV replicon system, the study
of HCV replication and discovery of novel anti-HCV agents have
shown great progress. To date, our group and others have already
made several successful attempts to discover novel inhibitors of

HCV replication. Using Huh7/Rep-Feo cells, we previously iden-

tified novel anti-HCV substances, including cyclosporins (18, 19),
short interfering RNA (siRNA) (31), hydroxyl-methyl-glutaryl
coenzyme A reductase inhibitors (10), and epoxide compounds
(20). Huh7/Rep-Feo cells were also used for screening a whole-
genome siRNA library and successfully identified human genes
that support HCV replication (27). Although the HCV replicon
system cannot screen for inhibitors of viral entry and release, it is
still a useful tool for rapid, reliable, and reproducible high-
throughput screening. In our study, we used library sets of com-
pounds that had probably not been used for anti-HCV drug
screening before.
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FIG 5 Effects of derivatives of compound 1 on HCV replication. (A) Chemical structures of screening hits of compound 1 derivatives. (B) Huh7/Rep-Feo cells
were treated with various concentrations of each compound for 48 h. Luciferase activity for HCV RNA replication is shown as a percentage of the DMSO-treated
control luciferase activity (solid circles). Cell viability is also shown asa percentage of control viability (open squares). Each point represents the mean of triplicate
data points, with standard deviations represented as error bars. (C) HCV NS5A protein expression levels in Huh7/Rep-Feo cells after treatment with the hit
compounds. Huh7/Rep-Feo cells were treated with DMSO and derivative compounds at 5 uM for 48 h, and Western blotting was performed using anti-HCV
NS5A and anti-B-actin antibodies. Densitometry of the NS5A protein was performed, and the results are indicated as percentages of the DMSO-treated control.
The assay was repeated three times, and a representative result is shown. (D) Huh7.5.1 cells were transfected with HCV-JFH1 RNA and cultured in the presence
of the indicated compounds at a concentration of 3 uM or 10 M. At 72 h after transfection, total cellular RNA was extracted, followed by real-time RT-PCR.
The bars indicate means and SD. The asterisks indicate P values of less than 0.01. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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of control viability. Assays were performed in triplicate. The bars indicate means and SD. (D) Effects of morpholine-4-carboxyl compounds on HCV replication.
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TABLE 3 Effects of N-(morpholine-4-carbonyloxy) amidine

compounds on HCV replication®

Compound ECgo (uM) CCsp (M) SI-

9 ) 8.62 (7.03-10.6) >100 >11.1
10 3.32 (2.28-4.84) 47.0 (15.7-76.4) 14.2
11 1.55 (1.04-2.30) 48.8 (12.8-95.6) 315
12 1.52 (1.14-2.02) 51.0 (16.2-96.7) 336
13 1.60 (1.36-1.88) 38.6 (29.4-50.7) 24.1
14 1.63 (1.34-2.00) >100 ' >61.4
15 ND ND ND
16 ND ND ND
17 1.77 (1.39-2.26) 63.3 (21.8-128) 35.8
18 3.80 (2.48-5.83) 100 (86.8-138) 26.3
19 1.99 (1.59-2.48) 55.1 (14.8-105) 27.7
20 2.61 (1.68—4.05) >100 >38.3
21 1.55 (1.45-1.67) 94.6 (93.0-98.0) 61.0

4 The ECsq and CCsg values are reported, with 95% confidence intervals in parentheses,
from a representative experiment performed in triplicate. ND, not determined.

March 2012 Volume 56 Number 3

The morpholine moiety is a common pharmacophore present
in many biosynthetic compounds, such as antimycotic agents (4,
21), and inhibitors of phosphoinositide 3-kinases (5, 16, 30),
TNF-a-converting enzymes (14), and matrix metalloproteinases
(1). Among the antimycotic morpholine derivatives, amorolfine

- has been widely used to treat onychomycosis (4, 21). The morpho-

lino oxygen in a synthetic phosphoinositide 3-kinase inhibitor,
1Y294002, participated directly in a key hydrogen-bonding inter-
action at the ATP-binding site of phosphoinositide 3-kinase vy
(30). Although the morpholine moieties are key components of
many inhibitors, anti-HCV morpholine compounds have not yet
been reported. In this report, we demonstrated for the first
time that a morpholine-bearing compound, N-(morpholine-4-
carbonyloxy) amidine, had a potent antiviral effect on HCV rep-
lication.

Among the 4 hit compounds, MCNA activated the NF-«B
pathway (Fig. 7A, B, C, and D). NF-«B is a central regulator of
innate and adaptive immune responses. NF-«B-induced tran-
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FIG 7 Effects of compound 1 on the NF-«B signaling pathway. (A and B) NF-«B-responsive luciferase reporter assays. The plasmids pNF-«B-TA-Fluc and
PRL-CMV were cotransfected into Huh7 cells (A} or HCV replicon-expressing cells (B). At 24 h after transfection, cells were treated with compound 1 at a
concentration of 0, 3, or 10 uM. After 6 h, luciferase activities were measured, and the values were normalized against Renilla luciferase activities. As a positive
control, cells were treated with TNF-« (50 ng/mhl). Assays were performed in triplicate. The bars indicate means and SD. (C and D) Huh7 cells were treated for
30 min with compound 1 at concentrations of 3 and 10 uM, and Western blot analyses of phosphorylated p65 and IxBa were conducted. As a positive control,
cells were treated with TNF-o (50 ng/ml). B-Actin served as a loading control. Densitometry of phosphorylated p65 protein and IxB-a protein was performed,
and the results are indicated as percentages of the DMSO-treated control. The assay was repeated three times, and a representative result is shown. (E) Effect of
activation of NF-«B signaling on HCV RNA replication. Huh7/Rep-Feo cells were treated with TNF-a at a concentration of 0, 50, or 100 ng/ml for 48 h. Luciferase
activity for HCV RNA replication levels is shown as a percentage of untreated negative-control luciferase activity. Assays were performed in replicates of 6. The
asterisks indicate P values of less than 0.01.

anti-HCV effects in a preclinical study (7). The anti-HCV activi-
ties of MCNA cannot be explained solely by NF-«B activation,
because its antiviral activity was much more potent than selective
NF-«B activation by TNF-a treatment (Fig. 7E). There remains
the possibility that MCNA has a direct viral target. It will be im-
portant to assess whether long-term exposure to the compounds
could select resistant variants. Although other mechanisms may
underlie the antiviral activity, we hypothesize that one of the an-

scription is induced in response to a variety of signals, including
proinflammatory cytokines, stress induction, and by-products of
microbial and viral infection (9). In HCV-infected cells, activation
of transcription factors, such as NF-«B and many interferon reg-
ulatory factors, proceeds mainly through Toll-like receptors and
RIG-I-dependent host signaling pathways triggered by double-
stranded RNA products (3). NF-«B, interferon regulatory factor
1, and interferon regulatory factor 3 bind to the positive regula-

tory domains of the IEN- S promoter to induce IFN-f expression
and elicit antiviral states in host cells (23). Therefore, we hypoth-
esized that the augmentation of host antiviral response through
NF-«B activation is an important strategy for anti-HCV treat-
ment. Our demonstration that the activation of NF-«B signaling
suppressed HCV replication appears to follow this strategy (Fig.
7E). In support of the idea, Toll-like receptor 7 agonist has shown

1322 aacasm.org

tiviral mechanisms of MCNA is NF-«B activation that is indepen-
dent of IFN signaling.

Although several DAAs are currently in advanced clinical
trials and the recently approved telaprevir and boceprevir com-
bination therapies achieved high sustained virologic response
rates, the frequent emergence of drug-resistant viruses is a ma-
jor weakness of such agents. An ongoing search for more potent
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and less toxic antiviral agents to improve anti-HCV chemo-
therapeutics is necessary. Our results indicate that MCNA and
related N-(morpholine-4-carbonyloxy) amidine compounds
constitute a new class of anti-HCV agents. Additional investi-
gations elucidating their mechanism of action, and future
modifications to improve anti-HCV activity, may open a new
anti-HCV therapeutic window.
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VIRAL HEPATITIS

Association of Gene Expression Involving Innate
Immunity and Genetic Variation in Interleukin 28B With
Antiviral Response

Yasuhiro Asahina,' Kaoru Tsuchiya,1 Masaru Muraoka;"* Keisuke Tanaka,"* Yuichiro Suzuki,"*
Nobuharu Tamaki,' Yoshihide Hoshioka,' Yutaka Yasui,' Tomoji Katoh," Takanori Hosokawa,'
Ken Ueda," Hiroyuki Nakanishi,' Jun Itakura,' Yuka Takahashi,' Masayuki Kurosaki,'
Nobuyuki Enomoto,” Sayuri Nitta,” Naoya Sakamoto,” and Namiki Izumi"

Innate immunity plays an important role in host antiviral response to hepatitis C viral
(HCV) infection. Recently, single nucleotide polymorphisms (SNPs) of IL28B and host
response to peginterferon 8 (PEG-IFNa) and ribavirin (RBV) were shown to be strongly
associated. We aimed to determine the gene expression involving innate immunity in
IL28B genotypes and elucidate its relation to response to antiviral treatment. We geno-
typed IL28B SNPs (rs8099917 and rs12979860) in 88 chronic hepatitis C patients treated
with PEG-IFNa-2b/RBV and quantified expressions of viral sensors (RIG-I, MDAS5, and
LGP2), adaptor molecule (IPS-1), related ubiquitin E3-ligase (RNF125), modulators
(ISG15 and USP18), and IL28 (IFNK). Both IL28B SNPs were 100% identical; 54 patients
possessed rs8099917 TT/1s12979860 CC (IL28B major patients) and 34 possessed
rs8099917 TG/rs12979860 CT (IL28B minor patients). Hepatic expressions of viral sen-
sors and modulators in JL28B minor patients were significantly up-regulated compared
with that in IL28B major patients (~3.3-fold, P < 0.001). However, expression of IPS-1
was significantly lower in IL28B minor patients (1.2-fold, P = 0.028). Expressions of viral
sensors and modulators were significantly higher in nonvirological responders (NVR) than
that in others despite stratification by IL28B genotype (~2.6-fold, P < 0.001). Multivari-
ate and ROC analyses indicated that higher RIG-I and ISGI5 expressions and RIG-I/IPS-
I expression ratio were independent factors for NVR. IPS-1 down-regulation in IL28B
minor patients was confirmed by western blotting, and the extent of IPS-1 protein cleavage
was associated with the variable treatment response. Conclusion: Gene expression involving
innate immunity is strongly associated with IL28B genotype and response to PEG-IFNa/
RBV. Both IL28B minor allele and higher RIG-I and ISG15 expressions and RIG-I/IPS-1
ratio are independent factors for NVR. (HepatoLoGY 2012;55:20-29)

nfection with hepatitis C virus (HCV) is a com-
mon cause of chronic hepatitis, which progresses
to liver cirrhosis and hepatocellular carcinoma in
many pa\ticnts.1 Pegylated interferon o (PEG-IFNa)
and ribavirin (RBV) combination therapy has been
used to treat chronic hepatitis C (CH-C) to alter the

natural course of this disease. However, 20% patients
are nonvirological responders (NVR) whose HCV-
RNA does not become negative during the 48 weeks
of PEG-IFNa/RBV combination therapy.” In a recent
genome-wide association study, single nucleotide poly-
morphisms (SNPs) located near interleukin 28B
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(/L28B) that encodes for type III IFN/.3 were shown
to be strongly associated with a virological response to
PEG-IFNo/RBV combination theralpy.3 > In particular,
the 158099917 TG and GG genotypes were shown to
be strongly associated with a null virological response
to PEG-IFNa/RBV.> However, mechanisms involving
resistance to PEG-IFNa/RBV have not been com-
pletely elucidated.

The innate immune system has an essential role in
host antiviral defense against HCV infection.® The ret-
inoic acid-inducible gene I (RIG-I), a cytoplasmic
RNA helicase, and related melanoma differentiation
associated gene 5 (MDAS5) play essential roles in ini-
tiating the host antiviral response by detecting intracel-
lular viral RNA.”® The IFNS promoter stimulator 1
(IPS-1)—also called the caspase-recruiting domain
adapror inducing IFNf, mitochondrial antiviral signal-
ing protein, or virus-induced signaling adaptor—is an
adaptor molecule. IPS-1 connects RIG-I sensing to
downstream signaling, resulting in /FNB gene activa-
tion.” ' RIG-I sensing of incoming viral RNA has
been shown to be modified by LGP2,*'? a helicase
related to RIG-I and MDAS5 lacking caspase-recruiting
domain. The ubiquitin ligase ring-finger protein 125
(RNF125) has been shown to conjugate ubiquitin to
RIG-I, MDAS, and IPS-1 and this suppresses the

functions of these proteins.14 Further, these molecules

are ISGylated by the IFN-stimulated gene 15 (ISG15),"

a ubiquitin-like protein,'”> and ISGIS is specifically
removed from ISGylated protein by ubiquitin-specific
protease 18 (USP18) to regulate the RIG-I/IPS-1 sys-
tem.'®!” Moreover, the NS3/4A protease of HCV spe-
cifically cleaves IPS-1 as part of its immune-evasion
strategy.”'® Therefore, the RIG-I/IPS-1 system and its
regulatory systems have essential roles in the innate
antiviral response.

Recently, we demonstrated that baseline intrahepatic
gene expression levels of the RIG-I/IPS-1 system were
prognostic biomarkers of the final virological outcome
in CH-C patients who were treated with PEG-IFNa/
RBV combination therapy.'” We found that up-regula-
tion of RIG-I and ISGI5 and a higher expression ratio
of RIG-I/IPS-1 could predict NVR for subsequent
treatment with PEG-IFNo/RBV  combination ther-
apy."> However, association of gene expression involv-
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ing innate immunity and genetic variation of /L28B
has not yet been elucidated. Hence, the aim of this
study was to determine gene expression involving the
innate immune system in different genetic variations
of IL28B and elucidate the relation of gene expression
to final virological outcome of PEG-IFNa/RBV com-
bination therapy in CH-C patients.

Patients and Methods

Patients. Among  histologically  proven CH-C
patients admitted at the Musashino Red Cross Hospi-
tal, 88 patients with HCV genotype 1b and a high vi-
ral load (>5 log IU/mL by TagMan HCV assay;
Roche Molecular Diagnostics, Tokyo, Japan) were
included in the present study (Table 1). Patients with
decompensated liver cirrhosis, autoimmune hepatitis,
or alcoholic liver injury were excluded. No patient had
tested positive for hepatitis B surface antigen or anti-
human immunodeficiency virus antibody or had
received immunomodulatory therapy before enroll-
ment. Forty-two patients had been enrolled in a previ-
ous study that determined hepatic gene expression
involving innate immunity."” Written informed con-
sent was obtained from all patients and the study was
approved by the Ethical Committee of Musashino Red
Cross Hospital in accordance with the Declaration of
Helsinki.

Treatment Protocol. The patients were adminis-
tered subcutaneous injections of PEG-IFNu-2b (Pegln-
tron, MSD, Whitehouse Station, NJ) at a dose of 1.5
ug kg™ U week™! for 48 weeks. RBV (Rebetol, MSD)
was administered concomitantly over this treatment
period, administered orally twice daily at 600 mg/day
for patients who weighed less than 60 kg and 800 mg/
day for patients who weighed between 60-80 kg. The
dose of PEG-IFNa-2b was reduced to 0.75 ug kg™’
week™! when either neutrophil count was less than
750/mm> or platelet count was less than 80 x 10°/
mm?. The dose of RBV was reduced to 600 mg/day
when the hemoglobin concentration decreased to 10
g/dL. More than 80% adherence was achieved in all
patients.

Measurement of Hepatic Gene Expression. Liver
biopsy was performed immediately before initiating
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Table 1. Patient Characteristics and IL28B Genotype

IL28B Major* IL28B Minor{ P-valuet

Patients, n 54 34
Age (SD), year 58.8 (10.0)  59.1(10.3) 0.918§
Sex, n (%) 0.051!1

Male 13 (24.1) 15 (44.1)

Female 41 (75.9) 19 (55.9)
BMI (SD), kg/m? 22.7 (3.5) 23.5 (3.6) 0.193§
ALT (SD), IU/L 61.3 (50.7)  62.4 (44.7) 0.962§
y-GTP (SD), /L 36.7 (25.9)  57.3 (52.4) 0.010§
LDL-cholesterol (SD), mg/dL 103.3 (29.8)  91.8 (26.9) 0.067§
Hemoglobin (SD), g/dL 14.1 (1.4) 14.4 (1.3) 0.186§
Platelet count (SD), x 10%3/pL 161 (6.4) 163 (4.4) 0.489§
Fibrosis stage, n (%) 0.532!1

F1,2 38 (70.4) 26 (76.5)

F3, 4 16 (29.6) 8 (23.5)
Viral load (SD), x 1053 1U/mL 1.7 (1.4) 1.9 (2.0 0.788§
%HCV core 70 & 91 a.a. 8.9 43.5 0.0011!

double mutation9
%ISDR wild** 435 51.7 0.486!!
Viral response, n (%) <0.001!!

SVR 17 (31.5) 13 (38.2)

VR 26 (48.1) 3(8.8)

NVR 11 (20.4) 18 (52.9)

Unless otherwise indicated, data are given as mean (SD).

*158099917 TT and 1512979860 CC.

1rs8099917 TG and rs12979860 CT.

BMI, body mass index; ALT, alanine aminotransferase; y-GIR y-glutamyl
transpeptidase; LDL-C, low-density lipoprotein cholesterol; HCV, hepatitis C vi-
tus; ISDR, interferon sensitivity determining region; SVR, sustained virological
response; TVR, transient virological response; NVR, nonvirological response.

fComparison between IL28B major and minor genotypes.

§Mann-Whitney U test.

”Chi-square test.

$HCV core mutation was determined in 68 patients.

**|SDR was determined in 75 patients.

the therapy. After extraction of total RNA from liver
biopsy specimens, the messenger RNA (mRNA)
expression of the positive and negative cytoplasmic vi-
ral sensor (RIG-I, MDA5, and LGP2), the adaptor
molecule (/PS-1), the related ubiquitin E3-ligase
(RNF125), the modulators of these molecules (ISGI5
and USP18), and IFNA (IL28A/B) was quantified by
real-time quantitative polymerase chain reaction (PCR)
using target gene-specific primers. In brief, total RNA
was extracted by the acid-guanidinium-phenol-chloro-
form method using Isogen reagent (Nippon Gene,
Toyama, Japan) from the liver biopsy specimen, which
was 0.2-0.4 cm in length and 13G in diameter. Com-
plementary DNA (cDNA) was transcribed from 2 ug
of total RNA template in a 140-uL reaction mixture
using the SYBR RT-PCR Kit (Takara Bio, Otsu,
Japan) with random hexamer. Real-time quantitative
PCR was performed using Smart Cycler version II
(Takara Bio) with the SYBR RT-PCR Kit (Takara Bio)
according to the manufacturer’s instructions. Assays
were performed in duplicate and the expression levels
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of target genes were normalized to the expressions of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene and hydroxymethylbilane synthase (HMBS), an
enzyme that is stable in the liver, as quantified using
real-time quantitative PCR as internal controls. For
accurate normalization, a set of two housekeeping
genes was used in the present study. Sequences of the
primer sets were as follows: RIG-1, 5'-AAAGCATGCA
TGGTGTTCCAGA-3', 5'-TCATTCGTGCATGCTC
ACTGATAA-3"; MDA5, 5'-ACATAACAGCAACATG
GGCAGTG-3, 5-TTTGGTAAGGCCTGAGCTGG
AG-3; LGP2, 5'-ACAGCCTTGCAAACAGTACAAC
CTC-3, 5'-GTCCCAAATTTCCGGCTCAAC-3'; IPS-1,
5'-GGTGCCATCCAAAGTGCCTACTA-3/, 5'-CAGC
ACGCCAGGCTTACTCA-3'; RNF125, 5'-AGGGCA
CATATTCGGACTTGTCA-3, 5'-CGGGTATTAAAC
GGCAAAGTGG-3'; ISGI15, 5'-AGCGAACTCATCT
TTGCCAGTACA-3, 5'-CAGCTCTGACACCGACA
TGGA-3'; USP18, 5'-TGGTTCTGCTTCAATGACT
CCAATA-3', 5-TTTGGGCATTTCCATTAGCACT
C-3'; IFNZ: 5'-CAGCTGCAGGTGAGGGA-3/, 5'-G
GTGGCCTCCAGAACCTT-3"; GAPDH, 5'-GCACC
GTCAAGGCTGAGAAC-3, 5-ATGGTGGTGAAGA
CGCCAGT-3; HMBS, 5'-AAGCGGAGCCATGTCT
GGTAAC-3', ¥-GTACCCACGCGAATCACTCTCA-3'.

Genotyping  for I1L28B (158099917  and
rs12979860) Polymorphism. Genetic polymorphism
in a tagged SNP located near the IL28B gene
(rs8099917 and rs12979860) was determined by direct
sequencing of PCR-amplified DNA. In brief, after
extraction from whole blood samples, genomic DNA
was amplified by PCR. Sequences of the primer sets
were: 158099917, 5-ATCCTCCTCTCATCCCTCA
TC-3', 5'-GGTATCAACCCCACCTCAAAT-3'; rs129
79860, 5'-GGACGAGAGGGCGTTAGAG-3', 5'-AG
GGACCGCTACGTAAGTCAC-3'.

Both strands of the PCR products were sequenced
by the dye terminator method using BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems,
Chiba, Japan); nucleotide sequences were determined
by a capillary DNA sequencer ABI3730xl (Applied
Biosystems). Homozygosity (rs8099917 GG and
1512979860 TT) or heterozygosity (158099917 TG
and 512979860 CT) of the minor sequence was
defined as having the IL28B minor allele, whereas
homozygosity for the major sequence (rs8099917 TT
and rs12979860 CC) was defined as having the /L28B
major allele.

Western Blotting. Western blotting was performed
using samples from 14 patients (six from /L28B major
patients and eight from /L28B minor patients) as
described.”® In  brief, liver biopsy specimens of
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approximately 10 mg were homogenized in 100 uL of
Complete Lysis-M (Roche Applied Science, Penzberg,
Germany). Next, 30 ug of protein was separated by
NuPAGE 4%-12% Bis-Tris gels (Invitrogen, Carlsbad,
CA) and blotted on polyvinylidene difluoride mem-
branes. The membranes were immunoblotted with
anti-RIG-1 (Cell Signaling Technology, Danvers, MA)
or anti-IPS-1 (Enzo Life Science, Farmingdale, NY),
followed by anti-f-actin (Sigma Aldrich, St. Louis,
MO). After immunoblotting with horseradish peroxi-
dase-conjugated secondary antibody, signals were
detected by chemiluminescence (BM Chemilumines-
cence Blotting Substrate, Roche Applied Science,
Mannheim, Germany). Optical densitometry was per-
formed using Image] software (NIH, Bethesda, MD).
Naive Huh7 cells were used for a positive control for
full-length IPS-1, and cells transfected with HCV-1b
subgenomic replicon® were used for a positive control
for cleaved IPS-1.

Definitions of Response to Therapy. A patient neg-
ative for serum HCV-RNA during the first 6 months
after completing PEG-IFNuo-2b/RBV  combination
therapy was defined as a sustained viral responder
(SVR), and a patient for whom HCV-RNA became
negative at the end of therapy and reappeared after
completion of therapy was defined as a transient viro-
logical responder (TVR). A patient for whom HCV-
RNA became negative at the end of therapy (SVR +
TVR) was defined as a virological responder (VR). A
patient whose HCV-RNA did not become negative
during the course of therapy was defined as an NVR.
HCV-RNA was determined by TagMan HCV assay
(Roche Molecular Diagnostics).

Statistical Analysis. Categorical data were com-
pared using the chi-square test and Fisher’s exact test.
Distributions of continuous variables were analyzed by
the Mann-Whitney U test for two groups. All tests of
significance were two-tailed and P < 0.05 was consid-
ered statistically significant.

Results

Patient Characteristics and IL28B Genotype. Table 1
shows patient characteristics according to /L28B geno-
type. SNPs at rs8099917 and rs12979860 were 100%
identical; 54 patients were identified as having the
major alleles (rs8099917 TT/rs12979860 CC; IL28B
major patients) and the remaining 34 had the minor
alleles (rs8099917 TG/rs12979860 CT; IL28B minor
patients). Patients having a minor homozygote
(rs8099917 GG or rs12979860 TT) were not found
in this study, which is consistent with a recent report
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of the rarity of a minor homozygote in Japanese
patients.” 7Z28B minor patients were significantly asso-
ciated with a higher y-glutamyl transpeptidase (y-
GTP) level and higher frequency of mutations at
amino acid positions 70 and 91 of the HCV core
region (glutamine or histidine mutation at amino acid
position 70; methionine mutation at amino acid posi-
tion 91). NVR rate was significantly higher in IL28B
minor patients than in I/L28B8 major patients.

Gene Expression Involving Innate Immunity and
IFNK 7 the Liver. Hepatic expression levels of cyto-
plasmic viral sensors (RIG-I, MDAS, and LGP2) were
significantly higher in /L28B minor patients than in
IL28B major patients (Fig. 1). Similarly, expressions of
ISG15 and USPI8 were significantly higher in IL28B
minor patients than in /Z28B major patients (Fig. 1).
In contrast, the hepatic expression of the adaptor mol-
ecule (IPS-1) was significantly lower in IL28B minor
patients than that in /LZ28B major patients (Fig. 1).
Hepatic expression of RNFI25 was similar among
IL28B genotypes (Fig. 1). IFEN/ (IL28A/B) expression
was higher in JL28B minor patients, but not statisti-
cally significant (Fig. 1). Because expression of RIG-I
and IPS-1 were negatively correlated, the expression ra-
tio of RIG-I/[PS-1 in IL28B minor patients was signif-
icantly higher than in 7L28B major patients (Fig. 1).

Next, to assess the relationship between baseline
hepatic gene expression and treatment efficacy, we
compared levels of gene expression involving innate
immunity and /FN/ based on the final virological
response (Fig. 2). Overall, hepatic expressions of
cytoplasmic viral sensors and the ISG15/USP18
system in NVR patients were significantly higher than
those in VR patients. In a similar but opposite man-
ner, hepatic expressions of /PS-1 and RNFI25 in
NVR patients were significantly lower than that in
VR patients, and the expression of JFNS was higher
in NVR patients, but the differences were not statisti-
cally significant. Expression ratio of RIG-I/IPS-1 was
significantly higher in NVR patients than that in VR
patients.

Because hepatic expressions of the RIG-I/IPS-1 and
ISG15/USP18 systems were significanty related both
to /L28B minor and NVR patients, RIG-/ and ISGI5
expression levels and the RIG-I/IPS-1 ratio between
VR and NVR patients were further stratified by /2288
genotype (Fig. 3). Even in the subgroup of IL28B
minor patients, the expressions of RIG-/ and ISGI5
were significantly higher in NVR patients than those
in VR patients. Similar tendencies were observed in a
subgroup of J/L28B major patients, in whom the RIG-
I/IPS-1 expression ratio was significantly higher in
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Fig. 1. Comparison of hepatic
gene expression levels between
IL28B major (rs8099917 TI/
1512979860 CC, n = 54) and
IL28B minor patients (rs8099917
TG/rs12979860 CT, n 34).
Expression levels of cytoplasmic vi-
ral sensors (RIG-l, MDA5, and
LGP2), modulators (ISG15 and
USP18), an adaptor (IPS-1), nega-
tive regulators (RNF125) and IFNA,
and expression ratio of the RIG-/
IPS-1 are shown. Error bars indi-
cate standard error. The P-values
were determined by the Mann-Whit-
ney U test.
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Receiver Operator Characteristic (ROC)
Analysis. To determine the usefulness of these gene
quantifications and /L28B genotyping as predictors of
NVR, an ROC analysis was conducted (Fig. 4A). The
area under the ROC curve for RIG-I and ISGI5
expressions and RIG-I/IPS-1 expression ratio was
0.712, 0.782, and 0.732, respectively, suggesting that
quantification of these gene transcripts is useful for
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Fig. 2. Comparison of hepatic
gene expression levels between
virological responders (VR, n
60) and nonvirological responders
(NVR, n = 28). Expression levels
of cytoplasmic viral sensors (RIG-,
MDA5, and LGP2), modulators
(ISG15 and USP18), an adaptor
(IPS-1), negative regulators
(RNF125) and IFN2, and RIG-I/IPS-
1 expression ratio are shown. Error
bars indicate standard error. The P-
values were determined by the
Mann-Whitney U test.
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of the IL28B genotype (/L28B Major, 1s8099917 TT/rs12979860 CC; /L28B Minor, rs8099917 TG/rs12979860 CT). Expressions of RIG-/ and

1SG15 as well as the RIG-I/IPS-1 expression ratio are shown. Error bars
shown in the bottom of the figure.

prediction of NVR (Table 2). The area under the
ROC curve for /L28B genotype was 0.662, which was
lower compared with that for RIG-I and ISG15 expres-
sions and RIG-I/IPS-1 ratio.

When we stratified the patients by the cutoff value
for RIG-I and ISG15 expressions and RIGI/IPS-1 ratio,
no statistically significant difference was found in
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NVR rates among /L28B genotypes within the same
subgroup (Fig. 4B).

Factors Associated with NVR. In univariate analysis,
age, platelet counts, double mutation at amino acid posi-
tions 70 and 91 of the HCV core region, /L28B minor al-
lele, and hepatic expressions of RIG-I, MDA5, LGP2,
ISG15, and USP18, and RIG-I/IPS-1 ratio were significantly
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Fig. 4. (A) Receiver operator characteristics (ROC) curve for prediction
I (black line), ISG15 (dotted line), and RIG-I/IPS-1 ratio (gray line) (all in
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of nonvirological response. ROC curves were generated to compare RIG-
the left panel), and /L28B genotype (in the right panel). (B) Nonvirolog-

ical response rate in IL28B major (1s8099917 TT/rs12979860 CC) and minor patients (158099917 TG/rs12979860 CT) in subgroups divided
by the cutoff value of RIG- and ISG15 expression and the RIG-I/ISG15 ratio determined by ROC analysis. Cutoff values of RIG-/ and ISG15
expression are expressed as expression copy number normalized to the expression of an internal control. The numbers of patients in each sub-

group are shown in the bottom of the figure.
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Table 2. Area Under the ROC Curves, Sensitivity, Specificity, and Negative as Well as Positive Predictive Values of
Nonvirological Responses

Variables AUC 95% C1 Cutoff Sensitivity Specificity NPV PPV
RIG-! (copies/int. controf) 0.712 0.584-0.840 0.573 0.679 0.733 0.830 0.543
ISG15 (copies/int. control) 0.782 0.666-0.899 0.347 0.714 0.833 0.862 0.667
RIG-I/IPS-1 (copies/int. control) 0.732 0.611-0.852 0.651 0.679 0.750 0.833 0.559
IL28B genotype 0.662 0.537-0.787 TG*/CTt 0.607 0.717 0.796 0.500

AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value.

*Genotype at rs8099917.
tGenotype at rs12979860.

associated with NVR (Table 3). Among these, multivari-
ate analysis identified old age, HCV core double mutant,
and higher hepatic expressions of RIG-I and ISGI5 as
factors independently associated with NVR (Table 3).

Table 3. Factors Associated with Nonvirological Response

IPS-1 and RIG-I Protein Expression in the Liv-
er. Western blotting revealed that full-length and
cleaved IPS-1 were variably present in all the samples
from CH-C patients (Fig. 5A). Similar to mRNA

Univariate Analysis

Multivariate Analysis*

Factors Risk Ratio (95% Cl) P-value Risk Ratio (95% CI} Palue
Age (by every 10 year) 1.84 (1.10-3.14) 0.027 3.76 (1.19-11.7) 0.023
Sex
Male 1
Female 1.62 (0.59-4.42) 0.350
BMI (by every 5 kg/m?) 0.87 (0.46-1.65) 0.672
Fibrosis stage
F1/F2 1
F3/F4 1.82 (0.69-4.85) 0.228
Degree of steatosis
<10% 1
>10% 1.46 (0.43-5.03) 0.544
Albumin (by every 1 g/dL) 0.41 (0.11-1.56) 0.190
AST (by every 40 IU/L) 0.89 (0.53-1.56) 0.681
ALT (by every 40 1U/L) 0.85 (0.57-1.32) 0.481
v-GTP (by every 40 1U/L) 1.32 (0.82-2.07) 0.235
Fasting blood sugar (by every 100 mg/dL) 1.35 (0.74-2.45) 0.340
Hemoglobin (by every 1 g/dL) 0.93 (0.67-1.31) 0.683
Platelet counts (by every 10%/pL) 0.90 (0.82-0.99) 0.037 0.92 (0.78-1.08) 0.296
HCV load (by every 100 KIU/mL) 1.00 (1.00-1.00) 0.688
Core 70 & 91 double mutation
Wild 1 1
Mutant 3.92 (1.14-13.5) 0.030 11.1 (1.40-88.7) 0.023
ISDR
Nonwildtype 1
Wildtype 1.38 (0.13-3.61) 0.513
1L28B genotype
Major allelet 1 1
Minor allelef 3.91 (1.52-10.0) 0.005 1.53 (0.20-11.9) 0.684
Hepatic gene expression (by every 0.1 copy/int. control)
RIG- 1.28 (1.10-1.50) 0.002 1.53 (1.07-2.22) 0.021
MDAS 1.53 (1.12-2.00) 0.001
LGP2 1.34 (1.04-1.74) 0.026
IPS-1 0.90 (0.78-1.04) 0.143
RNF125 0.93 (0.83-1.04) 0.204
1SG15 1.37 (1.16-1.62) <0.001 1.28 (1.04-1.58) 0.021
USP18 1.67 (1.27-2.20) <0.001
IFNA 1.02 (0.99-1.05) 0.170
RIG-I/IPS-1 ratio (by every 0.1) 1.21 (1.07-1.36) 0.002

Risk ratios for nonvirological response were calculated by the logistic regression analysis. BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; y-GTP, gamma-glutamyl transpeptidase; HCV, hepatitis C virus; ISDR, IFN sensitivity determining region.

*Multivariate analysis was performed with factors significantly associated with nonvirological response by univariate analysis except for MDAS, LGP2, USP18,
and RIG-I/IPS-1 ratic, which were significantly correlated with RIG-l and ISG15.

+1s8099917 TT and rs12979860 CC.
1rs8099917 TG and rs12979860 CT.
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Fig. 5. (A) Western biotting for IPS-1 and RIG-I protein expression levels. Eight lanes contain samples from IL28B minor patients (lanes 1-8)
and six lanes contain samples from IL28B major patients (lanes 9-14). Four lanes contain samples from nonvirological responders (NVR, lanes
1-4) and 10 lanes contain samples from sustained virological responders (SVR, lanes 5-14). Specific bands for RIG-I, full-length IPS-1, cleaved
IPS-1, and f-actin are indicated by arrows. Naive Huh7 cells were used for a positive control for full-length IPS-1 (lane Huh7), and cells trans-
fected with HCV-1b subgenomic replicon (Reference #20) were used for a positive control for cleaved IPS-1 (lane Huh7 Rep). (B) Total IPS-1
protein expression levels normalized to f-actin according to /L28B genotype. Emor bars indicate standard error. P-value was determined by
Mann-Whitney U test. (C) Percentage of cleaved IPS-1 products in total IPS-1 protein according to treatment responses stratified by /L28B geno-
type. Error bars indicate standard error. (D) RIG-I protein expression levels normalized to f-actin according to /L28B genotype. Error bars indicate

standard error.

expression, total hepatic IPS-1 protein expression was
significantly lower in /L28B minor patients than in
IL28B major patients (Fig. 5B). With regard to /L28B
minor patients, the percentage of cleaved IPS-1 protein
in total IPS-1 in SVR was lower than that in NVR
(Fig. 5C). In contrast to IPS-1 protein expression, he-
patic RIG-I protein expression was higher in IL28B
minor patients than that in /L28B major patients
(Fig. 5D).

Discussion

In the present study we found that the baseline
expression levels of intrahepatic viral sensors and
related regulatory molecules were significantly associ-
ated with the genetic variation of /L28B and final viro-
logical outcome in CH-C patients treated with PEG-
IFNa/RBV combination therapy. Although the rela-
tionship between the J/L28B minor allele and NVR in
PEG-IFNa/RBV  combination therapy is evident,
mechanisms responsible for this association remain
unknown. /n vitro studies have suggested that cytoplas-
mic viral sensors, such as RIG-I and MDAS, play a

pivotal role in the regulation of IFN production and
augment IFN production through an amplification cir-
cuit.”® Our results indicate that expressions of RIG-T
and MDAS5 and a related amplification system may be
up-regulated by endogenous IFN at a higher baseline
level in JL28B minor patients. However, HCV elimi-
nation by subsequent exogenous IFN is insufficient in
these patients, as reported,' suggesting that /Z28B
minor patients may have adopted a different equilib-
rium in their innate immune response to HCV. Our
data are further supported by recent reports of an asso-
ciation between intrahepatic levels of IFN-stimulated
gene expression and PEG-IFNa/RBV response as well
as with JL28B genotype.”' >

In contrast to cytoplasmic viral sensor (R/G-I,
MDA5, and LGP2) and modulator (/SGI5 and
USPI8) expression, the adaptor molecule (/PS-1)
expression was significantly lower in /L28B minor
patients. Moreover, western blotting further confirmed
IPS-1 protein downregulation in /L28B minor patients
by revealing decreased protein levels. Because IPS-1 is
one of the main target molecules of HCV evasion,”'®
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