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Figure 8: Continued

regulation of BKV transcription. The essential role of NFAT
in viral replication has been reported in other viruses. Ro-
manchikova et al. showed that NFATc1 and NFATc2 bind-
ing to HIV LTR enhanced HIV replication (37). Manley et
al. have shown that NFATc3 is indispensable in JC virus
(JCV) infection in glial cells as inhibition of NFATc3 by a
NFAT peptide inhibitor reduced JCV promoter activity (38).
In this study, renal histology of PVAN displayed an increase
of NFATc3/c4 expression in renal tubules and lymphocytes.
We speculate that increased NFATc3 expression in renal
tubules may augment BKV replication and enhance the de-
velopment of PVAN.
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Previously we have shown that CsA can suppress BKV
replication as the addition of CsA to the BKV-infected cells
reduces BKV LTag expression (14). In this study, we fur
ther demonstrated that overexpression of CypA attenu-
ated the suppressive effect of CsA on BKV TAg expression,
which suggests anti-BKV effect of CsA requires inhibition
of CypA activity. Several studies have demonstrated the
essential role of cyclophilins in CsA-imposed inhibition of
viral replication. Nakagawa et al. show that inhibition of
HCV replication by CsA is through blockade of the activi-
ties of cyclophilins including CypA, CypB and CypC (29).
Yang et al. also identified that CypA plays an essential
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Figure 9: NFATc3 expression is in-
creased in PVAN. NFATc3 expression
(B and F brown staining) and BKV
TAg expression (D and G, dark brown
staining) in the renal biopsy specimen
obtained from PVAN patients were as-
sessed by immunohistochemistry de-
scribed in the Materials and Methods
section. A negative control of the same
specimen was performed using only
the secondary antibody with omission
of the primary antibody (anti-NFATc3)
(C). Normal tissues cut from resid-
ual kidney specimen obtained from a
nephrectomized patient with renal cell
carcinoma were used as the control
and stained for NFATc3 expression (A
and E). Magnification: ABCD 400x,
EFG 1000x.

role in CsA-resistant HCV infection (35). CypA is also a
critical mediator in CsA-associated suppression of HIV,
as the inhibitory effect of CsA on HIV replication results
from CsA-induced disruption of the interaction between
HIV Gag polyprotein and CypA (7). In accordance with
these findings from other viruses, our results also suggest
that CypA is critical for CsA-mediated suppression of BKV
replication.

In this study, CsA, which caused phosphorylation of NFAT

and inhibited NFAT activation, similar to the finding in
COS-7 cells (39), suppressed BKV replication. In contrast,

American Journal of Transplantation 2012; 12: 2348-2362
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NIM811, which did not affect phosphorylation of NFAT and
block NFAT functionality, failed to suppress BKV replica-
tion. Importantly, the overexpression of NFATc3 or NFATc4
attenuated the CsA-mediated inhibitory effect on BKV TAg
expression. Moreover, NFATc3 or NFATc4 overexpression
even surpassed the CsA-imposed reduction in the BKV
early promoter activity. These findings indicate that NFAT
is essential for the CsA-associated anti-BKV effect. It has
been documented that CsA substantially interferes with
the transcriptional activity of HIV mediated by NFAT in hu-
man CD4 T cells (22). Manely et al. report that CsA sup-
presses human polyomavirus JC (JCV) replication through
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Figure 10: Schematic summary de-
picts a proposed mechanism of the
inhibitory effect of CsA on BKV
replication. NFATc3/c4, the calcineurin
downstream mediator, can bind to the
BKV NCCR to promoter viral repli-
cation. Administration of CsA blocks
endogenous CypA/CaN function and
leads to inhibition of dephosphorylation
of NFAT, thus inhibiting NFAT function-
ality and preventing NFAT-mediated en-
hancement of BKV replication; CaN =
calcineurin; CsA = cyclosporin; CypA =
cyclophilin A; NFAT= nuclear factor of

blockade of NFAT4 activation (38). They identify a NFAT
binding site as an enhancer in the early region of the JCV
promoter, which is also conserved in the BKV promoter
(38). In contrast, Jordan et al. identify three NFAT bind-
ing sites (GGAAA) in the triplicate P regions of the BKV
Dunlop promoter and two of these are potential repres-
sors (36). The BKV archetype strain also has three NFAT
binding sites in the B Q and R regions. Compared to the
BKV archetype stain, the BKV TU strain has the rearranged
NCCR containing the intact P- and Q-regions followed by
a partial depletion of the R region and a duplication of
a partial P-Q-R region (40). However, we also find three
NFAT binding sites in the P Q and R regions of the BKV
TU promoter. Interestingly, despite the rearrangement of
BKV NCCR, BKV archetype, Dunlop and TU strains all have
three NFAT binding sites. Just which NFAT binding sites are
the main regulatory sites in CsA-mediated suppression of
BKV replication requires further elucidation.

The proposed mechanism regarding how CsA suppresses
BKV replication is summarized in Figure 10. CypA is re-
quired in CsA-imposed inhibition of BKV replication since
CypA overexpression can rescue this inhibitory response.
In addition, NFATc3/c4, the calcineurin downstream media-
tor, can bind to the BKV NCCR to promoter viral replication.
CsA, which blocks calcineurin activity, causes inhibition
of dephosphorylation of NFAT, thus inhibiting NFAT func-
tionality and preventing NFAT-mediated enhancement of
BKYV replication. Nevertheless, unlike CsA, knockdown of
the CypA expression did not affect dephosphorylation
of NFATc3 and the binding of NFATc3 to the BKV NCCR
was not altered by administration of CypA siRNA (data
not shown), suggesting an NFAT-independent role of CypA
in BKV replication. Whether CsA also affects the CypA-
dependent but NFAT-independent pathway (dash line in
Figure 10) to regulate BKV replication requires further
elucidation.
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activated T cells.

Several studies have demonstrated that tacrolimus, my-
cophenolic acid or steroids substantially increases the risk
of BKV replication when compared with CsA (41-44) but
it is the net immunosuppressive status of the host that
determines the development of PVAN. Although CsA can
suppress BKV replication in the in vitro culture, the rational-
ity of shifting to CsA-based immunosuppressants in renal
transplant patients with PVAN still remains controversial
due to side effects including nephrotoxicity and develop-
ment of renal fibrosis (45). Since calcineurin/cyclophilin has
functional diversity in regulating cell bio-functions and de-
phophorylates not only NFAT but also many intracellular
proteins (17), CsA therefore blocks NFAT functionality as
well as other important cell biological activities (46). Spe-
cific therapeutic agents targeting against CypA and NFAT
may provide new potential anti-BKV treatment.

In conclusion, this study demonstrates an essential role of
CypA and NFATc3 in BKV replication. CsA suppresses BKV
replication through inhibition of CypA and NFAT functional-
ities.
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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,© Yuko Sekine-Osajima,® Mina Nakagawa,»® Sei Kakinuma,>b
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,p Tokyo Medical and Dental University, Tokyo, Japan, and Department of
Anatomy and Developmental Biology, Graduate School of Medicine, Kyoto University, Kyoto, Japan<

To identify novel compounds that possess antiviral activity against hepatitis C virus (HCV), we screened a library 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-JFH]1 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
HCV replication and may have potential as novel chemotherapeutic agents.

patitis C virus (HCV) is a major human pathogen. It is as-
ociated 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
IFN 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 kB (NF-«kB) 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.

Cell lines 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).

HCYV 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 0of 4,000 cells/well in 100 l 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 (EC,) of <5
M 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, CCs,, and SI. The EC; indicates the concen-
tration of test compound that inhibits replicon-based luciferase activity by
50%. The 50% cytotoxic concentration (CCsg) indicates the concentra-
tion that inhibits cell viability by 50%. The EC,, and CCs, values were
calculated using probit regression analysis (2, 26). The selectivity index
was calculated by dividing the CCg, by the ECs,.

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 a 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-«kB-
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-IkBo (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-
B-actin (Sigma) antibodies.

HCV-JFH]1 virus cell culture. HCV-JFH1 RNA transcribed in vitro
was transfected into Huh7.5.1 cells. The transfected cells were subcultured
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TABLE 1 Effects of the leading hit compounds on HCV replication®

Compound ECs, (uM) CCsq (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

2 The EC5, and CCsy 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 Huh?7.5.1 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-« 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 EC;s 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.

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
CCsq, 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. 1A 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 uM 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-JFH1I. Although compound 4 was negative by
Western blot analysis, it decreased HCV replication in the other
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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 pM 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-JFH1-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-JFH]1 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 Huh7 cell line that
had been stably transfected with pCIneo-Rluc IRES-Fluc. 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.
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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
independent of interferon signaling.

Drug synergism with IFN-a or BILN 2061. To investigate
whether the hit compounds were synergistic with IFN-a 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 ECs 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 ECgs for IFN-a 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 EC4s of compound 1 and IFN-a 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-a plus compound 4. Those
results indicated that the anti-HCV effect of compound 1 was
synergistic with IFN-a, 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). Out of those compounds, we
identified 4 structural analogues that suppressed subgenomic
HCV replication with EC;,s ranging from 1.82 to 4.03 uM and Sls
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
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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 [FN-« at a concentration of 0, 3, or
10 U/ml. The bars indicate means and SD. The asterisks indicate P values 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 ECggs
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
ECsq of 1.63 uM and an SI of >61.4. The antiviral effect of com-
pound 14 against HCV-JFH]1 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 IkB-a 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-kB reporter activity in a dose-dependent manner
(Fig. 7A and B). Consistently, treatment with compound 1 in-
creased phosphorylated NF-«B p65 in Huh?7 cells (Fig. 7C). Acti-
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FIG 4 Drug synergism analyses: effects of each of the 4 antiviral hit compounds combined with IFN-a or BILN 2061 on HCV replication. (A and C)
Huh7/Rep-Feo cells were cultured with a combination of IFN-« or BILN 2061 and antiviral hit compound 1, 2, 3, or 4 at the indicated ratios, adjusted by the EC,
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 EC54s 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-a or BILN 2061 and each compound, as indicated on the x and y
axis, respectively. A theoretical line of additivity is drawn between the EC,s for each drug alone.
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TABLE 2 Effects of derivative compounds of 1 on HCV replication®

Compound ECso (uM) CCso (uM) 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

4 The EC5, and CCs, values are reported, with 95% confidence intervals in parentheses,
from a representative experiment performed in triplicate.

vation of NF-«kB involves degradation of a suppressor protein,
IkB-a. As shown in Fig. 7D, IkB-a 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
NEF-«B signaling pathway.

DISCUSSION

Using a chimeric luciferase reporter-based subgenomic HCV-Feo
replicon assay and an HCV-JFH1 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
HCYV 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 as a 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 uM. 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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FIG 6 SARs of derivatives of compound 1 that contain N~(morpholine-4-carbonyloxy) amidine or N-acyloxy-1-naphthalenacetamidine moieties. (A) Chemical
structures of compounds with N-(morpholine-4-carbonyloxy) amidine or N-acyloxy-1-naphthalenacetamidine analyzed for SARs. (B) Huh7/Rep-Feo cells were
cultured in the presence of 13 compounds with N-(morpholine-4-carbonyloxy) amidine and 11 compounds with N-acyloxy-1-naphthalenacetamidine at a fixed
concentration of 5 uM. The internal luciferase activities were measured after 48 h of culture. Luciferase activity for HCV RNA replication levels is shown as a
percentage of the drug-negative (DMSO) control. Assays were performed in triplicate. The bars indicate means and SDs. (C) Cell viability is shown as a percentage
of control viability. Assays were performed in triplicate. The bars indicate means and SD. (D) Effects of morpholine-4-carboxyl compounds on HCV replication.
Huh7/Rep-Feo cells were treated with various concentrations of compound 33, 34, or 35 for 48 h. Luciferase activity for HCV RNA replication levels is shown as
a percentage of the drug-negative (DMSO) control. Each point represents the mean of triplicate data points, with standard deviations represented as error bars.

TABLE 3 Effects of N-(morpholine-4-carbonyloxy) amidine

compounds on HCV replication®

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),
TNEF-a-converting enzymes (14), and matrix metalloproteinases

Compound ECs (M) CCysq (uM) SI - g . i
5 8.62 (7.03-10.6) =100 111 (1). Among the antimycotic morpholine derivatives, amorolfine
10 332 (2:28 48 5 47.0 (15.7-76.4) 14,  hasbeenwidely used to treat onychomycosis (4, 21). The morpho-
1 1.55 (1.04-2.30) 48.8 (12.8-95.6) 315 lino oxygen in a synthetic pho§phoinositide 3-kinase inhibitor,
12 1.52 (1.14-2.02) 51.0 (16.2-96.7) 33.6 LY294002, participated directly in a key hydrogen-bonding inter-
13 1.60 (1.36-1.88) 38.6 (29.4-50.7) 24.1 action at the ATP-binding site of phosphoinositide 3-kinase y
14 1.63 (1.34-2.00) >100 >614  (30). Although the morpholine moieties are key components of
15 ND ND ND many inhibitors, anti-HCV morpholine compounds have not yet
ND ND ND U P P Y
16 been reported. In this report, we demonstrated for the first
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) 263 time that a morpholine-bearing compound, N-(morpholine-4-
19 1.99 (1: 502, 48) 55.1(1 481 05) 27.7 carbonyloxy) amidine, had a potent antiviral effect on HCV rep-
20 2.61 (1.68-4.05) >100 >3g3 lication. )
21 1.55 (1.45-1.67) 94.6 (93.0-98.0) 61.0 Among the 4 hit compounds, MCNA activated the NF-kB

2 The ECsq and CCs,, values are reported, with 95% confidence intervals in parentheses,
from a representative experiment performed in triplicate. ND, not determined.
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pathway (Fig. 7A, B, C, and D). NF-«B is a central regulator of
innate and adaptive immune responses. NF-kB-induced tran-

aacasm.org 1321

- 785 -

18enb Aq g10zg ‘G1 Arenige4 uo /610 wse oee//:djy Wolj peapeojumo(



Kusano-Kitazume et al.

>

250
2 200
S =
58
S £ 150
29
.o 100
R
TE 50
-
0
0 3 0 TNF-a
Compound 1 (uM)
C o T
g i Compound 1 (uM)
a 3 10
65kDa- | e s | gg P-PBS
Densitometry (%) 100 851 576 421

50kDa-

40KDa. | P € @ @ |~ [-actin

Luciferase activity
{% of control)

0 50 100
TNF-a (ng/mi)

vy)

250
=
= % 200
8E 150
o &
" O
S5 100
=R
8% 50
3
0
0 3 10 TNF-a
Compound 1 (uM)
D 8 u‘?_ Compound 1 (uM)
2 Z
o - 3 10
37kDa- | wem - oee | IkB-a

Densitometry (%) 100 0 a1 48

50kDa-

-actin
40kDa- <8

FIG 7 Effects of compound 1 on the NF-«B signaling pathway. (A and B) NF-«B-responsive luciferase reporter assays. The plasmids pNE-«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-a (50 ng/ml). 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 IkBa were conducted. As a positive control,
cells were treated with TNF-a (50 ng/ml). B-Actin served as a loading control. Densitometry of phosphorylated p65 protein and IkB-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.

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 IFN-B promoter to induce IFN- 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 aac.asm.org

anti-HCYV 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
NE-«B activation by TNF-« 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-
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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Background: This study aimed to define factors
associated with relapse among responders to pegylated
interferon (PEG-1FN) plus ribavirin (RBV) therapy in
chronic hepatitis C.

Methods: A cohort of genotype 1b chronic hepatitis C
patients treated with PEG-IFN plus RBV and who had
an undetectable HCV RNA by week 12 (n=951) were
randomly assigned to model derivation (n=636) or
internal validation (n=315) groups. An independent
cohort (n=598) were used for an external validation. A
decision tree model for relapse was explored using data
mining analysis.

Results: The data mining analysis defined five subgroups
of patients with variable rates of relapse ranging from
13% to 52%. The reproducibility of the model was
confirmed by internal and external validations (r?=0.79

and 0.83, respectively). Patients with undetectable HCV
RNA at week 4 had the lowest risk of relapse (13%),
followed by patients <60 years with undetectable HCV
RNA at week 5-12 who received >3.0 g/kg of body weight
of RBV (16%). Older patients with a total RBV dose <3.0 g/
kg had the highest risk of relapse (52%). Higher RBV dose
beyond 3.0 g/kg was associated with further decrease of
relapse rate among patients <60 years (up to 11%) but
not among older patients whose relapse rate remained
stable around 30%.

Conclusions: Data mining analysis revealed that time
to HCV RNA negativity, age and total RBV dose was
associated with relapse. To prevent relapse, 23.0 g/kg of
RBV should be administered. Higher dose of RBV may be
beneficial in patients <60 years.

Introduction

The currently recommended therapy for chronic
hepatitis C is a combination of pegylated interferon
(PEG-TIFN) plus ribavirin (RBV) [1]. This therapy
is effective in 50% of patients with HCV genotype
1b [2,3]. The most reliable predictor of sustained
virological response (SVR) is the response during carly
weeks of therapy. A satisfactory response to therapy in

©2012 International Medical Press 1359-6535 {print) 2040-2058 (online)
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the early weceks is associated with a high rate of SVR
[4-8]. A basic concept of responsc-guided therapy is to
modify the duration of therapy according to the time to
HCV RNA negativity. Extended therapy may be given
to patients with delayed virological response [9-13].
Modification of duration of therapy or drug dose may
also be necessary in patients with early virological
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response (EVR), because approximately 20% of these
patients experience relapse after the completion of 48
weeks of therapy. Recent reports have revealed that
single nucleotide polymorphisms located ncar the
IL28B genc are strongly associated with SVR or a
null responsc to PEG-IFN plus RBV therapy [14-16].
However, single nucleotide polymorphisms located
ncar the IL28B gene arc not associated with rclapse
after EVR [17]. Identification of risk factors for relapse
among patients with virological response may lead to
more individualized therapy and improved SVR rate.
Decision tree analysis, a core component of data
mining analysis, is a method that cxplores data to
devclop predictive models |18]. This method has been
originally used in business and recently in medical fields
[ 19-25]. Decision tree analysis was successfully used to
build a predictive model of EVR [26] and SVR to PEG-
IFN plus RBV combination therapy in chronic hepatitis
C 17,27,28]. The results of the analysis are presented
as a tree structure, which is easy to understand and
usc in clinical practice. Patients can be allocated into

Table 1. Background of study population

Characteristic Value
Age, years 549 (10.8)
Gender -

Male, n (0%) 557 (59)
Femate, n (3%} 394 (41)
Body mass index, kg/m? 23.2(33)

Albumin, g/dl 4.1 (1.8}
Creatinine, mgfd! 0.7 (0.2)
AST, U/l 60.6 (46.2)
ALT, IUfI 80.7 (77.2)
GGT, tUfi 52.0 (60.0)
White blood cell count, cellsfpl 4,993 (1,363)
Haemoglobin, gfdl 15.9 (52.6)
Platelets, 10%1 174.4 (6.1)
HCV RNA, KIUfml 1,655 (1,455)
Fibrosis stage -

F1-2, n (%) 626 (66)

F3-4, n () 98 (10)

NA, n (%) 227{24)
Time to HCV RNA negativity 4/8/12 weeks -

4 Weeks, n (%) 233 (24)

8 Weeks, n (%) 386 (41}

12 Weeks, 7 (%) 332 (35)
Treatment duration, weeks 42 (13)
Total RBV dose, g/kg body weight 3.1(1.3)
Total PEG-IFN dose, pg/kg body weight 62.5 (38.6)
Qutcome -

Relapse, n (co) 238 (25)

SVR, n (3) 713 (75)

Total n=951. Data are expressed as mean (so) unless otherwise indicated.

AL, alanine aminotransicrase; AST, aspartate aminotransferase; GGT,
+-glutamyltransferase; NA, not available; PEG-IFN, pegylated interferon; RBY,
ribavirin; SVR: sustained virological response.
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subgroups by simply following the flowchart form of
the decision tree [29].

In the present study, we used decision trec analysis
to identify predictors of relapse among patients who
achieved EVR to PEG-IFN plus RBV therapy, and
to define a more individualized therapeutic strategy
bevond response-guided therapy.

Methods

Patients

This is a multicentre retrospective cohort  study
involving Musashino Red Cross Hospital, Toranomon
Hospital, Tokyo Medical and Dental University,
Osaka University, Nagoya City University, Yamanashi
University, Osaka City University, and their related
hospitals. The inclusion criteria were chronic hepatitis
C patients treated with PEG-IFN-a2b plus RBV,
genotype 1b, pretreatment HCV RNA titre >100 KIU/
ml as confirmed by quantitative PCR; Cobas Amplicor
HCV Monitor version 2.0; Roche Diagnostic Systems,
Pleasanton, CA, USA), an undetectable HCV RNA level
within week 12 after the start of therapy, no coinfection
with HBV or HIV, and no other causes of liver disease.
Paticnts were treated with PEG-IFN-a2b (1.5 pg/kg)
subcutancously every week plus a daily weight-adjusted
RBV dose (600 mg for patients weighing <60 kg,
800 mg for patients weighing 60-80 kg and 1,000 mg,
for patients weighing >80 kg). Dose reduction or
discontinuarion of PEG-IFN and RBV was considered
based on the recommendations of the package inserts
and the discretion of physicians at cach university and
hospital. The standard duration of therapy was set at
48 weceks, but extension of duration was allowed and
implemented at the discretion of each physician. The
duration of therapy was extended beyond 48 weeks in
118 paticnts (mean duration was 56.3 weeks, ranging
from 49 to 72 weeks). Although the exact reason for the
prolonged treatment in each casc was not available, one
reason may be that cach physician tried to achieve high
adherence of RBV by extending the duration of therapy.
Another reason may be the late time point of HCV
RNA negativity even within carly virological response.
Among 118 patients, rime to HCV RNA negativity was
between 9 to 12 weeks in 56% of paticents.

A total of 951 paticnts fulfilled the study criteria. The
baseline characteristics and representative laboratory
test resules are listed in Table 1. For analysis, patients
werce randomly assigned to either the model derivation
{636 patients) or internal validation (315 patients)
groups. There were no significant differences in the
clinical backgrounds between these two groups. For
external validation of the model, we collaborated
with another multicentre study group consisting of 29
medical centres and hospitals belonging to the National

22012 Internationat Medical Press
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Hospital Organization {(Japan). A dataset collected from
598 patients who were treated with PEG-IFN-a2b plus
RBV and had undetectable HCV RNA within week 12
were used for external validation. Informed consent
was obtained from each patient. The study protocol
conformed to the ethical guidelines of the Declaration
of Helsinki and was approved by the institutional
review committees of all concerned hospitals.

Laboratory tests

Haematological tests, blood chemistry and HCV RNA
titre were analysed before therapy and at least once
cvery month during therapy. Rapid virological response
{RVR) was defined as an undetectable HCV RNA level
at week 4, and complete early virological response
{cEVR) was defined as an undetectable HCV RNA level
at week § through week 12 after the start of therapy.
SVR was defined as an undetectable HCV RNA level
24 wecks after the completion of therapy. Detection of
HCV RNA level was based on qualitative PCR with
a lower detection limit of 50 IU/ml (Amplicor; Roche
Diagnostic Systems). A database of pretreatment
variables included haematological tests (haemoglobin
level, white blood cell count and platelet count), blood
chemistry tests (serum levels of creatinine, albumin,
aspartate aminotransferasc, alanine aminotransferase,
y-glutamyltransferase, total cholesterol, triglycerides
and HCV RNA titre), stage of histological fibrosis and
patient characteristics (age, sex and body mass index).
Post-treatment variables included time to HCV RNA
negativity, calculated total RBV dose (g/kg of body
weight), and calculated total PEG-IFN dose (pg/kg of
body weight).

Statistical analysis

The Student’s t-test was used for the univariable
comparison of quantitative variables and Fisher’s
exact test was used for the comparison of qualitative
variables. Logistic regression models with backward
selection procedures were used for multivariable
analysis of factors associated with relapse. IBM SPSS
software version 18.0 (SPSS Inc., Chicago, 1L, USA) was
used for analysis. For the decision tree analysis [30],
the data mining software IBM SPSS Modeler 14 (SPSS
Inc.) was used, as rcported previously [17,26-28]. The
decision tree analysis, the core component of the data
mining, belongs to a family of non-parametric regression
methods based on binary recursive partitioning of data.
In this analysis, the software automatically explored the
database to determine optimal split variables to build
a decision tree structure. A statistical search algorithm
evaluate the model derivation group to determine the
optimum variables and cutoff values and to yield the
most significant division of patients into two subgroups
that were as homogeneous as possible for the probability

Antiviral Therapy 17.1

Data mining model of relapse after PEG-IFN plus RBV therapy in CHC

of relapse. Once patients were divided into 2 subgroups,
the analysis was automatically repeated on each
subgroup in the same way until either no additional
significant variable was detected or the number of
patients was <20. Finally all patients were classified
into particular subgroups that are homogeneous with
respect to the probabilities of relapse.

Results

The decision tree model for the prediction of relapse
The overall rate of relapse was 26% in the model
derivation group. The decision tree analysis selected
three variables that are associated with relapse: time to
HCV RNA negativity, age and total RBV dose (Figure 1).
Time to HCV RNA negativity was selected as the best
predictor of relapse. The rate of relapse was 13% for
patients with RVR compared to 30% for patients with
cEVR. Among patients with cEVR, age was selected
as the variable of second split. Patients <60 years had
a lower probability of relapse (22%) compared with
those 260 years (41%). The total RBV dose was selected
as the third variable of split with an optimal cutoff of
3.0 g/kg of body weight. The rate of relapse was lower
in patients who received 23.0 g/kg of body weight of
RBV compared to patients who received <3.0 g/kg of
body weight (among patients <60 years rates were 16%
versus 32% and among patients 260 years rates were
26% versus 52%, respectively).

According to this decision tree, the patients were
divided into five groups with different rates of relapse
ranging from 13% to 52%. Patients with RVR had
the lowest risk of relapse. Among patients with cEVR,
patients <60 years who received 23.0 g/kg of body
weight of RBV also had a low risk of relapse (16%).
By contrast, patients who received <3.0 g/kg of body
weight of RBV had higher than the average risk of
relapse, especially in patients 260 years (52%).

Validation of the decision tree model

The decision tree model was validated using an internal
validation group that was not included in the model
derivation. The rates of relapse for each subgroup of
patients were correlated closely between the model
derivation and the internal validation group (r’=0.79;
Figure 2A). When validated using an external validation
group, the rates of relapse for each subgroup of patients
were again correlated closely between the model derivation
and the external validation group. (r’=0.83; Figure 2B).

Multivariable logistic regression analysis for factors
associated with relapse

Univariable and multivariable analysis was performed
using the combined population of model derivation and
internal validation group. Univariable analysis found
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that age, sex, serum levels of creatinine, hacmoglobin,
platelet count, HCV RNA titre, time to HCV RNA
negativity, total PEG-IFN dose and total RBV dose
were associated with relapse. Duration of therapy
was not associated with reduction in relapse rate.
Multivariable analysis including these factors showed
that age, total RBV dosc, scrum level of creatinine,
and time to HCV RNA negativity were independent
predictors of rclapse (Table 2). Creatinine was not
selected as a splitting variable in data mining analysis
probably due to the limitation to stop the analysis when
the number of patients was <20. Using the combined
population of model derivation and internal validation
group, patients in each subgroup of decision tree model
were further stratified by creatinine levels and the effect
of creatinine level on relapse was analysed. Among
patients with RVR, the rate of relapse did not differ

between patients with creatinine levels of <0.7 g/dl and
20.7 g/dl and were 12% and 12%, respectively. Among
patients with ¢cEVR, the rate of relapse was higher in
patients with creatinine levels of <0.7 g/dl compared to
those with creatinine levels of 20.7 g/dl and were 39%
versus 23%, respectively, for patients <60 years who
received <3.0 g/kg of body weight of RBV, 19% versus
14% for patients <60 years who received 23.0 g/kg
of body weight of RBV, 58% versus 41% for patients
260 years who received <3.0 g/kg of body weight of
RBV, and 42% versus 26% for patients 260 years who
received 23.0 g/kg of body weight of RBV.

Effect of age and total RBV dose on relapse among
patients with cEVR

The effect of total RBV dose on relapse was analysed
among paticnts with ¢cEVR in a combined group of

Figure 1. The decision-tree model of relapse among patients with rapid virological response or complete early virological response

n=636
<4 weeks 5-12 weeks
Time to

n=141 RNA negativity n=495

Group 1 <60 years 260 years

Age
n=292 n=203
<3.0 g/kg >3.0 g/kg <3.0 g/’kg 23.0 g/kg
Total dose of RBV Total dose of RBV

n=100 n=192  n=11 l b =03

Group 2 Group 3 Group 4 Group §

Baxes indicate the factars used for splitting and the cutoff values for the split. Pie charts indicate the rate of relapse for cach group of patients after splitting. Terminal
groups of patients discriminated by the analysis are numbered from 1 to 5. The rate of relapse was higher than average (>26%) in subgroups 2 and 4, where tatal

ribavirin (RBV) dose was <3 gfkg of budy weight.
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model derivation and internal validation (n=718). The
relapse rate decreased with an increase in RBV dose
{Figurc 3A). When paticnts were stratified into two
groups according to age, the relapse rate decreased
with an increase in RBV dose in patients <60 ycars.
The relapse rate was lowest (11%) in patients <60
years who received >4.0 g/kg of body weight of RBV.
By contrast, among paticnts 260 ycars, the relapse rate
decreased with an increase in RBV dose up to 3.0 g/kg
of body weight, but remained relatively stable despite
a further increase in the RBV dose beyond 3.0 g/kg
of body weight. The rate of relapse was 31% to 33%
in patients who received 23.0 g/kg of body weight.

Data mining mode! of relapse after PEG-IFN plus RBV therapy in CHC

Patients 260 years had higher relapse rate compared
with patients <60 years after stratification by RBV
dose (P=0.044 for RBV <2.5 g/kg, P=0.009 for RBV
2.5-2.9 g/kg, P=0.150 for RBV 3.0-3.4 g/kg, P=0.036
for RBV 3.5-3.9 g/kg and P=0.006 for RBV 24.0 g/kg).

To exclude the effect of the duration of therapy, patients
who received 42-54 wceeks of therapy were selected
(1=544). Again, the relapse rate decreased with an
increase in RBV dose in patients <60 years but remained
stable despite a further increase in the RBV dose beyond
3.0 g/kg of body weight in paticnts 260 years (Figure 3B);
in addition, patients 260 years had a higher relapse rate
compared with younger patients after stratification by

Figure 2. Internal and external validation of the decision-tree model: subgroup-stratified comparison of the rate of relapse

between the model derivation and validation groups
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Each patient in the internal and external vatidalion population was ailocated to groups 1 to 5 following the flowchirt of the decision tree. The rates of relapse
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relapse are shown as percentages below data points: the value on the lefi is from the model derivation group and on the right is [rom the validation group. The
rates of relapse in cach group of palicnts correlated closely between the model derivation group and the validation group (correlalion coetficient: r’=0.79 and

0.83, respectively).

Table 2. Multivariable analysis of factors associated with relapse among patients with RVR/cEVR

Factor OR 958% Ci P-value
No-RVR 4.07 2.57-6.43 <0.0001
Total RBV dose <3.0 g/kg body weight 2.19 1.58 -3.03 <0.0001
Creatinine <0.7 g/di 1.67 1.22-2.29 0.001

Age 260 years 237 1.73-3.24 <0.0001

cEVR, complete early virological response {HCV-RNA-positive at week 4, but negative at week 12); RBV, ribavirin; RVR, rapid virclogical response (HCV-RNA-negative

at week 4).
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