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Figure 1. This Kaplan-Meier plot illustrates overall survival for
all patients in the study.
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Figure 2. Changes in plasma vascular endothelial growth
factor (VEGF) concentrations are illustrated.

(Fig. 1). Plasma VEGF concentrations at baseline, at 4
weeks, and at 8 weeks after the initiation of sorafenib
treatment were 288 pg/mL (range, 60-1580 pg/mL), 372
pg/mL (range, 69-1990 pg/mL), and 347 pg/mL (range,
64-1840 pg/mlL), respectively (Fig. 2). Plasma VEGF
concentrations increased within 4 weeks after the admin-
istration of sorafenib in 47 of 63 patients (74.6%). The
median survival of patients who had a decrease in their
plasma VEGF concentration at week 4 (n = 16) and an
increase in their plasma VEGF concentration at week 4
(n=47) were 19.5 months and 16.8 months, respec-
tively; and there was no significant difference in OS
between changes in plasma VEGF at 4 weeks (P = .645).
However, patients who had a VEGF decrease at week 8
(n = 14) had a longer median survival than those who did
not have a VEGF decrease (n = 49; 30.9 months vs 14.4
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Figure 3. This Kaplan-Meier plot illustrates overall survival
according to changes in vascular endothelial growth factor
(VEGF) concentration.

months; P=.038) (Fig. 3), suggesting that a decrease in
VEGF concentration 8 weeks after starting sorafenib
treatment is closely associated with a favorable prognosis.
The median percentage of decrease in the plasma VEGF
concentration was 18.3% (range, 7%-41.7%). There were
no differences in any pretreatment patient characteristics,
including HCC stage and Child-Pugh score, between
patients who did and did not have a VEGF decrease
(Table 2).

Relation Between Radiologic Findings or Serum
a-Fetoprotein Concentration and Overall
Survival

The best radiologic responses to therapy assessed by modi-
fied RECIST were classified as a complete response (CR)
(n=4), a partial response (PR) (n = 16), stable disease
(SD) (n = 34), and PD (n = 9). Fourteen patients had a
VEGEF decrease, and their best radiologic responses were a
CR(n=2),aPR(n=2),SD (n=29), and PD (n=1).
There was no significant difference in OS between the
patients who had an objective response (CR + PR) and
those with SD. The survival of patients who had PD was
significantly worse than that of the patients without PD
(median OS, 5.8 months and 19.4 months, respectively;
P =.0006). There was no significant difference in OS
between patients who had an AFP response and those
who did not have an AFP response within the group that
did not have PD (ie, those who attained a CR, a PR, or
SD [the non-PD group]) (Fig. 4). There also was no sig-
nificant difference (P=.111) between patients who did
and did not have an AFP response among those in the
non-PD group who had had an elevated AFP at baseline.
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TABLE 2. Characteristics of Patients Categorized
According to Variation in Vascular Endothelial
Growth Factor Levels at 8 Weeks of Sorafenib
Treatment

No. of Patients (%)

With VEGF Without VEGF
Decrease, Decrease,
Characteristic n=14 n=49 P
Age, y 72 69 .325
Sex: Men 11 (78.6) 42 (85.7) 679
Body weight, kg 58.3 62.3 175
Cause of disease 210
Hepatitis B 0 (0) 8 (16.3)
Hepatitis C 9 (64.3) 24 (49)
Other 5 (35.7) 17 (34.7)
Prior treatment 797
Yes 11 (78.6) 40 (81.6)
No 3(21.4) 9 (18.4)
Baseline bilirubin, mg/dL 0.8 1.0 375
Baseline albumin, g/dL 3.4 3.6 190
Child-Pugh score 178
5 7 (50) 30 (61.2)
6 7 (50) 16 (32.7)
7 0(0) 3 (6.1)
Maximum tumor size, cm .892
<5 8 (57.1) 22 (44.9)
>5 6 (42.9) 27 (65.1)
No. of tumors .883
<3 10 (71.4) 34 (69.4)
>3 4 (28.6) 15 (30.6)
Extrahepatic disease 502
Yes 3(21.49) 15 (30.6)
No 11 (78.6) 34 (69.4)
Site of metastatic disease
Lung 1 7
Bone 1 4
Lymph node 1 3
Lung and bone 0 1
Major vascular invasion 739
Yes 3(21.4) 15 (30.6)
No 11 (78.5) 34 (69.4)

Abbreviations: VEGF: vascular endothelial growth factor.

It is noteworthy that all patients who had a VEGEF
decrease and an AFP response survived during the obser-
vation period (median, 19.7 months; range, 6.5-31.0
months). In patients without a VEGF response (n = 49),
there was no significant difference in OS between those
who did and did not have an AFP response (P = .147). Of
49 patients who did not have a VEGF decrease at 8 weeks,
19 patients were able to survive beyond 1 year after start-
ing sorafenib. Nine patients without a VEGF decrease at
8 weeks survived for >18 months.

Prognostic Factors After Sorafenib
Administration

In univariate analysis, among all patients, a VEGF decease
and an AFP response were associated significantly with
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Figure 4. This Kaplan-Meier plot illustrates overall survival
according to a-fetoprotein (AFP) response in patients with-
out progressive disease (PD), classified as non-PD (ie, those
who had a complete response, a partial response, or stable
disease) according to modified Response Evaluation Criteria
in Solid Tumors.

OS after starting sorafenib. Major vascular invasion and
PD, as evidenced by radiologic findings after sorafenib
administration, also were significant prognostic factors.
To predict which patients would have a highly favorable
prognosis, the prognostic factors associated with 1-year
survival after starting sorafenib were assessed in univariate
and multivariate analyses. In the univariate analysis, a
VEGF decrease, PD, and major vascular invasion were
associated significantly with survival (Table 3). In the
multivariate analysis, which was performed using those
factors as covariates, a VEGF decrease was identified as an
independent factor associated significantly with survival
(Table 3). There was a significant difference in OS among
the 3 groups (patients with a VEGF decrease and non-
PD, patients without a VEGF decrease but non-PD, and
patients without a VEGF decrease and PD; P=.0013)
(Fig. 5). Only 1 patient who had a VEGF decrease was
classified with PD. All 4 patients who had a VEGF
decrease and an objective response (CR or PR) were able
to survive during the observation period.

Adverse Events During Sorafenib Treatment

The overall incidence of treatment-related adverse events
was 100%. The rate of discontinuation of sorafenib as a
result of adverse events was 22.2%. Adverse events that
led to the discontinuation of sorafenib treatment were
liver dysfunction (63.6%), hand-foot skin reaction
(18.2%), interstitial pneumonia (9.1%), and rash (9.1%).
Dose reductions because of adverse events occurred in 62
patients. The most frequent adverse event leading to dose
reductions was liver dysfunction (33.9%). In addition,
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TABLE 3. Prognostic Factors Associated With
1-Year Survival After Sorafenib Administration

Risk Factor OR (95% CI)® P
Univariate analysis
Age, by every 10y 1.47 (0.75-2.87) .266
Sex

Women 1.00

Men 0.26 (0.50-1.39) 116
HBV infection

Negative 1.00

Positive 0.33 (0.06-2.02) 231
HCV infection

Negative 1.00

Positive 1.23 (0.41-3.74) 714
Albumin, by every 1 g/dL, 1.34 (0.45-3.99) .604
Total bilirubin, by every 1 mg/dL 0.79 (0.28-2.25) .656
Pre-AFP, by every 10 ng/mL 1.00 (1.00-1.00) 161
Tumor size, cm

<5 1.00

>5 0.42 (0.14-1.32) 147
No. of tumors

<3 1.00

>4 0.26 (0.06-1.08) .064
Major vascular invasion

Yes 1.00

No 4.00 (1.12-14.4) .034
Extrahepatic metastasis

Yes 1

No 1.82 (0.56-5.90) 320

5% VEGF decrease at wk 8

No 1.00

Yes 11.1 (1.29-94.6) .028
PD

No 1.00

Yes 0.16 (0.29-0.86) .033
Objective response: CR + PR

No 1.00

Yes 1.63 (0.49-5.42) 426
AFP response

No 1.00

Yes 2.76 (0.80-9.52) 107
Multivariate analysis®

5% VEGF decrease at wk 8

No 1.00

Yes 10.0 (1.02-91.3) .041
PD

No 1.00

Yes 0.20 (0.29-1.39) 104
Major vascular invasion

Yes 1.00

No 3.03 (0.71-12.9) 134

Abbreviations: AFP, a-fetoprotein; Cl, confidence interval; CR, complete
response; HBV, hepatitis B virus; HCV, hepatitis C virus; PD, progressive
disease; PR, partial response; VEGF, vascular endothelial growth factor.
2The ORs for 1-year survival were calculated using logistic regression analysis.
®In the multivariate logistic analysis, a 5% VEGF decrease, PD, and portal
invasion were included as covariates.

the incidence of adverse events was not related to plasma
VEGF concentrations.

DISCUSSION
In the current study, we demonstrated that plasma VEGF
concentrations change dynamically during sorafenib
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Figure 5. This Kaplan-Meier plot illustrates overall survival
according to the combination of vascular endothelial growth
factor (VEGF) changes and radiologic findings classified by
modified Response Evaluation Criteria in Solid Tumors. Non-
PD indicates patients who did not have progressive disease
(PD) (ie, those who had a complete response, a partial
response, or stable disease).

therapy, and changes in VEGF concentration are closely
associated with OS in patients who receive treatment with
sorafenib. VEGF is the major mediator of angiogenesis in
HCC, and several studies have correlated VEGF concen-
trations with the prognosis of patients who have advanced
HCC.S’M—ZI

Recently, a new staging system was proposed that
includes the plasma VEGF concentration along with the
Cancer of the Liver Italian Program (CLIP) score; this
new system—known as the V-CLIP score—classifies
patients with advanced HCC more appropriately into a
homogeneous prognostic group.”” Therefore, the concen-
tration of circulating VEGF is included as a candidate
prognostic marker for HCC, especially in patients with
advanced disease. The objective of our study was to eluci-
date the important question of whether an on-treatment
change in VEGF is a potentially useful new biomarker for
predicting prognosis in patients who survive beyond 8
weeks, because such an on-treatment predictor among
patients who have relatively longer survival has not yet
been elucidated. In this study, plasma VEGF concentra-
tions increased from pretreatment levels within 4 weeks of
starting sorafenib in 47 of 63 patients (74.6%). This was
followed by a decrease in plasma VEGF levels at 8 weeks
in 68.1% of patients. A possible mechanism of this tran-
sient increase in VEGF after starting sorafenib may be
related to a reactive increase against the inhibition of

VEGF activity or hypoxia induced by sorafenib. This
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hypothesis is supported by the demonstration that plasma
VEGF concentrations increased shortly after treatment
with TACE.2*?° It is believed that these increases in
plasma VEGF concentration are related to the induction
of tissue hypoxia.”” However, the peak time point of
VEGEF elevation during sorafenib administration was dif-
ferent from that previously reported in TACE, in which a
transient elevation of VEGF was observed within 7 days
after TACE.?*2° This observed difference may be related
to the continuous induction of hypoxia by sorafenib
administration.

It is noteworthy that, in our study, decreases in
plasma VEGF observed within 8 weeks of sorafenib
administration were associated with better OS. One possi-
ble reason for this association may be that the decrease in
VEGEF concentrations reflects a decrease in the number of
tumor cells secreting VEGF. An association between
changes in VEGF concentrations and disease progression
was observed in a previous study of an anti-VEGF anti-
body, bevacizumab, in patients with advanced HCC.?1In
that study, plasma VEGF-A concentrations decreased
from baseline in all patients after 8 weeks of bevacizumab
therapy and increased to near baseline levels in 5 of 6
patients at the time of disease progression. Unfortunately,
plasma VEGF-A levels after 8 weeks of bevacizumab in
that study were available for only 8 of 46 patients who
were enrolled the study, and plasma VEGF-A levels after
4 weeks were not evaluated. In our study, all patients were
evaluated before and every 4 weeks after starting sorafenib.
Moreover, we demonstrated the usefulness of plasma
VEGF concentrations at 8 weeks and not at 4 weeks. Zhu
et al*® reported that plasma levels of VEGF and placental
growth factor increased after cediranib, a pan-VEGER ty-
rosine kinase inhibitor monotherapy for advanced HCC.
In that study, progression-free survival was correlated
inversely with baseline levels of VEGF, soluble VEGFR2
(sVEGFR2), and basic fibroblast growth factor and with
on-treatment levels of basic fibroblast growth factor and
insulin-like growth factor-1; and progression-free survival
was directly associated with on-treatment levels of
interferon-y. Because changes of VEGF concentrations
during therapy were not identified as a prognostic factor
in the study by Zhu et al, biomarkers that predict progno-
sis may be different among different types of tyrosine ki-
nase inhibitors. Jayson et al*® reported that plasma
VEGF-A in patients who received bevacizumab was
potentially predictive and prognostic in metastatic breast,
gastric, and pancreatic cancers; however, it was only prog-
nostic (and not predictive) in metastatic colorectal cancer,
nonsmall cell lung cancer, and renal cell carcinoma. In
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our study, we measured plasma VEGF concentrations
and not plasma VEGF-A concentrations. Sorafenib is a
multikinase inhibitor, whereas bevacizumab is a human-
ized monoclonal antibody that recognizes and blocks
VEGF-A expression. Further studies to evaluate the clini-
cal usefulness of determining VEGF and VEGF-A con-
centrations during sorafenib therapy are necessary in
various cancers. Although the precise mechanism underly-
ing the association between serial changes in VEGF and
disease progression is unclear, the findings of the current
study are extremely valuable for clinical practice in pre-
dicting the prognosis of patients who receive treatment
with sorafenib.

Llovet et al’ studied plasma biomarkers as predictors
of outcome in patients with advanced HCC. They meas-
ured plasma biomarkers in 491 patients at baseline and in
305 patients after 12 weeks in a phase 3, randomized, con-
trolled trial (the SHARP trial). Those authors concluded
that angiopoietin-2 and VEGF were independent predic-
tors of survival in patients with advanced HCC and that
none of the tested biomarkers significantly predicted
response to sorafenib. In our study, by measuring plasma
VEGF monthly, we demonstrated that the changes 8
weeks after starting sorafenib were important for predict-
ing OS.

It has been reported that modified RECIST guide-
lines are useful for predicting efficacy and prognosis after
patients with advanced HCC receive treatment with sora-
fenib.>° However, modified RECIST can only be used for
typical hypervascular HCC, and not for atypical HCC,
including poorly differentiated HCC and diffuse-type
HCC. Moreover, the percentage of patients in our study
who had PD was only 11.1% (9 of 63 patients), and the
objective response rate (CR + PR vs SD) could not pre-
dict OS, suggesting that using only modified RECIST
guidelines was insufficient for predicting OS in most
patients who received sorafenib (non-PD patients).
Therefore, it is important to identify a predictive bio-
marker for those patients who can expect long survival
during sorafenib therapy, although their radiologic find-
ings may not be categorized as objective responses.

From this point of view, decreases in VEGF
observed in non-PD patients at week 8 may identify
patients who have a favorable prognosis. According to our
results, the median survival of patients who had a VEGF
decrease was extremely good at 31.0 months, and we dem-
onstrated that a VEGF decrease, but not modified
RECIST or AFP, was the only significant post-
therapeutic factor associated with favorable survival after
sorafenib administration (Table 3). In our study, all
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patients who had both a VEGF decrease and an AFP
response survived during the observation period (median,
19.7 months). Taken together, the combination of a
plasma VEGF decrease, an AFP response, and modified
RECIST is useful for predicting an extremely favorable
prognosis.

This study had a few limitations. The first was our
subanalysis of consecutive patients. However, the median
survival for the 23 excluded patients who were available
for estimation was equivalent to that of the included
patients (16.8 months); therefore, it is unlikely that selec-
tion bias affected our results. The second limitation is that
we measured only plasma VEGF concentrations. In previ-
ous studies, many factors, including VEGF-A, short
VEGEF-A isoform, sVEGFRI1, sVEGFR2, sVEGFR3,
angiopoietin-2, and insulin-like growth factor-2, were
evaluated as biomarkers. However, to our knowledge, this
is the first clinical study to demonstrate the early dynamic
changes in plasma VEGF concentrations in patients who
received sorafenib. Finally, the number of patients in this
study was relatively small to make recommendations to
physicians. Our results indicated that patients who have
decreased VEGF concentrations at 8 weeks have a favor-
able prognosis, regardless of their radiologic findings.
However, further studies with a larger number of patients
will be necessary to propose new recommendations.

In conclusion, changes in plasma VEGF concentra-
tions during sorafenib treatment are dynamic in patients
with advanced HCC, and an observed decrease in the
plasma VEGF concentration 8 weeks after starting sorafe-
nib is associated significantly with favorable OS. Today,
because many clinical trials of new molecular-targeted
agents for HCC are being conducted, it is necessary for
hepatologists and oncologists to determine the time when
alternative agents should be started as a second or third
line of treatment. Our results have potentially important
clinical implications for physicians and may influence
their decisions regarding a treatment strategy for advanced
HCC in individual patients.
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Abstract

Caffeic acid phenethyl ester (CAPE) has been reported as a multifunctional compound. In this report, we tested the effect of
CAPE and its derivatives on hepatitis C virus (HCV) replication in order to develop an effective anti-HCV compound. CAPE
and CAPE derivatives exhibited anti-HCV activity against an HCV replicon cell line of genotype 1b with ECsq values in a range
from 1.0 to 109.6 uM. Analyses of chemical structure and antiviral activity suggested that the length of the n-alkyl side chain
and catechol moiety are responsible for the anti-HCV activity of these compounds. Caffeic acid n-octyl ester exhibited the
highest anti-HCV activity among the tested derivatives with an ECs, value of 1.0 uM and an Sl value of 63.1 by using the
replicon cell line derived from genotype 1b strain Con1. Treatment with caffeic acid n-octyl ester inhibited HCV replication
of genotype 2a at a similar level to that of genotype 1b irrespectively of interferon signaling. Caffeic acid n-octyl ester could
synergistically enhance the anti-HCV activities of interferon-alpha 2b, daclatasvir, and VX-222, but neither telaprevir nor
danoprevir. These results suggest that caffeic acid n-octyl ester is a potential candidate for novel anti-HCV chemotherapy
drugs.
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Introduction sion, and anemia [7]. In addition, there is the possibility of the
. . . . ) emergence of drug-resistant viruses following treatment with those
Hepatitis G virus (HGV) is ‘well 1?n0wn a3 & maor causalive anti-HCV drugs [8] Thus, further study is required for develop-
agent of chronic liver disease including cirrhosis and hepatocel- ment of safer and more effective anti-HCV compounds.
lulalr carcinoma.and is thought to persistently infect 170 Tr?ﬂlion Several recent reports indicate that silbinin [9], epigallocate-
PAGES ‘worldwu.i(? _[1]' HUV belongs 1o th? genus Hepacivirus ‘?f chin-3-gallate [10], curcumin [11], quercetin [12] and proantho-
the farml-y Flavwm({ae and possesses a vire] genome that. 15 cyanidins [13], which all originate from natural sources, have
i, by 5 sivgle B strand. RN with a mycleotide exhibited inhibitory activity against HCV replication in cultured
%engt ok T Iy [2], The. s1ngle. pOIYPCPUde coded by the genome cells. Caffeic acid phenethyl ester (CAPE) is an active component
is composed of 3,000 amino acids and is cleaved by host and viral included in propolis prepared from honeybee hives, and has a
proteases, resulting in 10 proteins, which are classified into similar structure to flavonoids (Fig. 1A). CAPE has multi-
structu.ral i nonstx."uct.ural proteins [3] ; The viral genome is functional properties containing anti-inflammatory [14], antiviral
transcribed by a replication complex consisting of. NS3 to NS5B [15], anticarcinogenic [16], and immunomodulatory activities
and host factors [4]. NE3 forms 4 comples with NSEA and [15]. CAPE also inhibits enzymatic activities of endogenous and

becomes a fully active form to cleave the C-terminal parts'of 'th'e viral proteins [17-19] and transcriptional activity of NF-kappaB
nonstructural proteins. The advanced NS3/4A protease inhibi- . e

. . . [14,20]. In addition, CAPE could suppress HCV replication
tors, telaprevir and boceprevir, have been employed in the

treatment of chronic hepatitis G patients infected with genotype 1
[5]. Sustained virologic response (SVR) was reportedly 80% in
patients infected with genotype 1 following triple combination
therapy with pegylated interferon, ribavirin, and telaprevir [6],
although the therapy exhibits side effects including rash, severe
cutaneous eruption, influenza-like symptoms, cytopenias, depres-

enhanced by using the NF-kappaB activation activity of morphine
[21], although it has been unknown which of moieties including
CAPE is responsible for anti-HCV activity. Furthermore, it is not
clear whether chemical modification of CAPE could enhance anti-
HCV activity or not. In this report, we examined the effect of
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Figure 1. Effect of CAPE on viral replication in the replicon cell
line of genotype 1b. (A) Molecular structure of CAPE. (B) Huh7/Rep-
Feo cells were incubated for 72 h in a medium containing various
concentrations of CAPE. Luciferase and cytotoxicity assays were carried
out by the method described in Materials and Methods. Error bars
indicate standard deviation. The data represent results from three
independent experiments. (C) Protein extract was prepared from Huh7/
Rep-Feo cells treated for 72 h with the indicated concentration of CAPE
and it was then was subjected to Western blotting using antibodies to
NS3 and beta-actin.

doi:10.1371/journal.pone.0082299.g001

CAPE derivatives on HCGV proliferation to develop more effective
and safer anti-HCV compounds.

Results

Effect of CAPE on HCV RNA replication in HCV

subgenomic replicon cells

CAPE is composed of ester of caffeic acid and phenethyl alcohol
(Fig. 1A). We examined the effect of CAPE (compound 1) on both
viral replication and cell growth in the HCV subgenomic replicon
cell line Huh7/Rep-Feo. The replicon cell line was treated with
various concentrations of compound 1. The replication level of the
HCV RNA was measured as an enzymatic activity of luciferase,
which is bicistronically, encoded on the replicon RNA. Compound
1 suppressed HGV RINA replication at concentrations from 1.3 to
40 pM in a dose-dependent manner, but did not affect cell

PLOS ONE | www.plosone.org
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viability (Fig. 1B). HCGV NS3, which is a viral protease, was
decreased at the protein level by treatment with CAPE in a dose-
dependent manner, corresponding to the viral replication, whereas
beta-actin was not changed in the replicon cell line (Fig. 1C).
Based on the calculation using a dose dependency of CAPE,
compound 1 exhibited an EC54 value of 9.0 uM and a CCs, value
of 136.1 uM, giving a selectivity index estimate (SI) of 17.9
(Table 1). These results suggest that treatment with CAPE inhibits
HCV replication in HCV subgenomic replicon cells.

Structure-activity relationship of CAPE analogues

To clarify the structure-activity relationship of CAPE analogues,
we examined the effect of hydroxyl groups on the aromatic ring
(catechol moiety), the alkenyl moieties on alpha, beta-unsaturated
esters, and the ester parts as follows (Figure S1).

We tested whether commercially available CAPE-related
compounds 2 to 6 (Fig. S1) affected HCV replication (Table 1).
All these compounds showed weaker inhibitory activity than
CAPE (1), but are not toxic. Compound 2, which is the acid
component of CAPE, showed a slightly lower value of EC5o than
compound 3, which is the compound 2 derivative replaced a
hydroxyl group with a methoxyl group of catechol moiety, while
compound 4, which is the derivative lacking two hydroxyl groups
within catechol moiety, exhibits a higher value of ECsy than
compounds 1 and 2. These data suggest that the catechol moiety
of CAPE is required for anti-HCV activity. Interestingly,
compounds 5 and 6, which are natural products including
polyhydroxylated acid moieties in the ester parts, showed much
weaker inhibitions than compound 1 and exhibits low Clog P
values. The position of hydroxyl group or/and the structure of the
ester part may affect the inhibitory activity and/or hydrophobicity.

We next examined the effects of caffeic acid ester compounds 7
to 11, which include various lengths of alkyl side chains, on HCV
replication (Table 2 and Figure S2). The ECs values decreased in
the order methyl ester (compound 7), n-butyl ester (compound 8),
n-hexyl ester (compound 9), and n-octyl ester (compound 10),
suggesting that elongation of the n-alkyl side chain increased the
inhibitory activity. However, the EC5¢ value of n-dodecyl ester
(compound 11) was higher than that of compound 10. Thus, n-
octyl ester (compound 10) showed the lowest EC5q value and the
highest SI among the tested compounds shown in Tables 1 and 2.
Compounds 7 to 11 gradually increased own Clog P values,

Table 1. Effect of CAPE (1) and related compounds 2-6 on
HCV replication.

ECso *
Compound (Number)  (uM) CCso ® (uM) SI © Cog P9
CAPE (1) 50207 136119 179 . 330

caffeic acid (2) 36.6+6.7 >320

0.98
feulicacd 3) 719258 >320 g
cinnamic acid henethy! 86.1+:6.3 >320 4.56

ester (4)
chlorogenic acid (5) 103034 >320  >31

109.6x1.1 >320 >2.9 1.10

rosmarinic acid (6)

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

¢: Selectivity index (CCso/ECso).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.t001
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corresponding to length of n-alkyl side chain (Fig. 2A). Com-
pounds 10 and 11 exhibit ECsy values of 2.7 and 5.9 uM,
respectively, SI values of 29.6 and 9.80, respectively, and Clog P
values of 4.90 and 5.96, respectively, suggesting that high
hydrophobic property of n-alkyl side chain decreases anti-HCV
activity. The appropriate Clog P value of caffeic acid ester
containing unsaturated side chain may be around 5.

Dihydrocaffeic acid methyl ester (compound 12) showed less
activity than caffeic acid methyl ester (compound 7) regardless of
values of Clog P value and CCsg, suggesting that the alpha, beta-
unsaturated part attached to ester affects the anti-HCV activity
level (Table 3 and Figure S3).

We further examined the effect of the hydroxyl groups on the
aromatic ring on HCV replication (Table 4 and Figure S4). The
ECs0 values of O-methylated caffeic acid n-octyl esters (com-
pounds 13 and 14) were higher than that of compound 10.
Compounds 15 including 3, 4-di-O-methylated caffeic acid n-octyl

A

5 ¢ 10 }‘L/\/\/\/\CHS

@ 11 N

Anti-HCV Activity of CAPE Derivatives

ester exhibited higher EC5q than values of compounds 10, 13 and
14. However, addition of a third hydroxyl group to 3, 4, 5-
trihydroxy derivative (compound 16) of compound 10 resulted in
a reduction of anti-HCV activity. Furthermore, Clog P values of
compound 10, 13, 14, 15 and 16 were not correlated with anti-
HCV activity (ECsg value) (Fig. 2B). These results suggest that the
catechol moiety plays an important role in anti-HCV activity, and
that the 4-hydroxy moiety is more important for the activity than
the 3-hydroxy moiety.

Thus, compound 10, which exhibits the lowest EC5q value and
the highest SI value, is the most effective compound among CAPE
analogues used in this study.

Effect of CAPE derivatives on virus production

The structure of compound 10 is shown in Fig. 3A. Treatment
with compound 10 reduced HCV replication and NS3 protein in
a dose-dependent manner at a higher anti-HCV level than

Q n
g> 4 ‘ 9 '}H/\/\/\CHg
O 3+ &3 3-{\\/\0“3
2 +
1 i ’ - BL,CHQ
0 ] ] ] i i I i
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Figure 2. Correlation between the inhibitory effect on HCV replication and Clog P of CAPE analogues. Values of x-axis indicate ECsq
values of CAPE analogues, while values of y-axis show Clog P values. (A) Correlation between the inhibitory effect on HCV replication and Clog P of
CAPE analogues (Compound 7-11). (B) Correlation between the inhibitory effect on HCV replication and Clog P of CAPE analogues (Compound 10

and 13-16).
doi:10.1371/journal.pone.0082299.g002

PLOS ONE | www.plosone.org 3

December 2013 | Volume 8 | Issue 12 | 82299

- 243 -



Table 2. Effect of caffeic acid esters 7, 9-14, including 1, on
HCV replication.

Anti-HCV Activity of CAPE Derivatives

Table 3. Effect of caffeic acid esters 7and 8 on HCV
replication.

ECso ® (uM) CCso® (uM) SI€  Cog P°

Compound No. R

13.5%2.1 39.0£1.1 29 279

179

136.1£1.9

(CHy),Ph  9.0+0.7

The basic structure and side moieties are shown in Figure S2.

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

c: Selectivity index (CCso/ECs0).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.t002

compound 1 (Figs. 3B and C), but not effect enzymatic activities of
firefly and Remilla luciferases (Fig. 3D) and IRES-dependent
translation (Fig. 3E), suggesting that inhibition of HCV replication
by compound 10 is not due to offtarget effect. We evaluated the
inhibitory effect of compound 10 on three different subgenomic
replicon cell lines (1b: N strain, Conl strain, 2a: JFH-1 strain) and
one full genome replicon cell line (1b: O strain). Compound 10
inhibited the viral replication of all replicon cell lines at similar
level, and exhibited the lowest ECs5q value of 1.0 pM and an SI
value of 63.1 by using Conl replicon cells (Table 5). We next
examined the effect of compound 10 on virus production by using
HCVc, since subgenomic replicon mimics HCV replication, but
not the whole viral cycle. The Huh7 OKI cell line, which is highly
permissive to the HCOV JFHI strain [22], was infected with
HCVec and then treated with compound 10 at 24h post-
infection. The supernatant was harvested 72 h post-infection from
the culture supernatant and then the RINA that prepared from the
supernatant was estimated by real time qRT-PCR. Figure 3F
shows that treatment with compound 10 reduced HCV wviral
production (ECs50=1.8%20.4 uM) in a similar way to the data
obtained by using a replicon cell line. To clarify whether or not
compound 10 inhibited HCV replication via interferon-signaling
pathway, we analyzed ISRE activity and the expression of
interferon stimulated gene (ISG) by using reporter assay and
RT-PCR, respectively. The replicon cells were harvested at 48 h
post-treatment. There were no significant effects of compound 1, 6
and 10 on ISRE-promoter activities, while interferon alpha 2b
significantly enhanced it as a positive control (Fig.4 A). The data of
the RT-PCR analysis showed that the transcriptional expressions
of ISGs including Mx1, MxA, IFIT4, ISG15, OAS]1, OAS2, and
OAS3 were induced with interferon alpha 2b, but not with
compound 1, 6 and 10 (Fig. 4B). These data suggest that the
CAPE derivatives have an inhibitory effect on virus production
and replication, irrespective of interferon signaling induction.

Synergistic effect of caffeic acid n-octyl ester on
interferon and direct-acting antiviral agents

To estimate the effects of drug combinations on anti-HCV
activity, we examined the antiviral activity of compound 10 in
combination with IFN-at 2b, telaprevir (NS3 protease inhibitor),
danoprevir (NS3 protease inhibitor), daclatasvir (NS5A inhibitor)
or VX-222 (NS5B polymerase inhibitor). Conl LUN Sb #26
replicon cells were treated with compound 10 in combination with

PLOS ONE | www.plosone.org

Compound
No. ECso  (uM) CCso © (uM) si < Cog P9
12 77.0+16 140.7£3.4 1.02

Chemical structures of both compounds are shown in Figure S3

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

c: Selectivity index (CCso/ECsg).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.t003

each anti-HCV agent at various concentration rations for 72 h.
The effect of each drug combination on HCV replication was
analyzed by using CalcuSyn. An explanatory diagram of
isobologram was shown at a right end of lower panels of Fig. 5A
as described in Materials and Methods. As shown in the resulting
isobologram, all plots of the calculated ECqyq values of compound
10 with IFN-alpha 2b, daclatasvir, or VX-222 are located under
the additive line, while the plots of compound 10 with telaprevir,
or danoprevir are located above the additive line and closed to the
additive line (Fig. 5A). Additionally, we determined the degree of
inhibition for each drug combination was analyzed as the
combination index (CI) calculation at 50, 75 and 90% of effective
concentrations by using CalcuSyn. An explanatory diagram was
shown at a right end of lower panels of Fig. 5B as described in
Materials and Methods. On the basis of the GalcuSyn analysis, the
combination of compound 10 with daclatasvir exhibited strong
synergistic effect on inhibition of HCV replication in the replicon
cells (Fig. 5B, upper middle). The combination of compound 10
with VX-222 exhibited an additive to synergistic effect, suggesting
that it trends toward synergistic (Fig. 5B, upper right), and with
IFN-alpha 2b exhibited an antagonistic to synergistic effect,
suggesting that it trends toward synergistic (Fig. 5B, upper left). In
contrast, the combination of compound 10 with telaprevir resulted
in antagonistic effect (Fig. 5B, lower left), and with danoprevir
resulted in an antagonistic to additive effect, suggesting it trends
toward antagonistic (Fig. 5B, lower middle). These calculated data

Table 4. Effect of octyl esters 10 and 13-16 on HCV
replication.

CCso
(um) s

Compound ECso *
No. R, R%, R® (uM)

€ (Clog P*

7+C 266 490
10211

R'=R?=CH;, R®=H
R'=R2=H, R*=OH

485+17  2124%69 4.
63529 598469 16 42

The basic structure and side moieties are shown in Figure S4.

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

c: Selectivity index (CCso/ECs0).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.1004
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Figure 3. Effect of compound 10 on the viral replication in the replicon cell line and HCVcc. (A) Molecular structure of compound 10. (B)
Huh7/Rep-Feo cells were incubated for 72 h in a medium containing various concentrations of compound 10. Luciferase and cytotoxicity assays were
carried out by the method described in Materials and Methods. Error bars indicate standard deviation. The data represent three independent
experiments. (C) Protein extract was prepared from Huh7/Rep-Feo cells treated for 72 h with the indicated concentration of compound 10 and it was
then subjected to Western blotting using antibodies to NS3 and beta-actin. (D) Huh7 cell line was transfected with pEF Fluc IN encoding firefly
luciferase or pEF Rluc IN encoding Renilla luciferase. Both transfected cell lines were incubated with DMSO (Control) or 40 pg/ml compound 10.
Firefly or Renilla luciferase activity was measured 72 h post-treatment. Luciferase activity was normalized with protein concentration. Error bars
indicate standard deviation. The data were represented from three independent experiments. (E) Schematic structure of RNA transcribed from the
plasmids was shown (Top). The bicistronic gene is transcribed under the contro! of elongation factor 1o (EF1c) promoter. The upstream cistron
encoding Renilla luciferase (RLuc) is translated by a cap-dependent mechanism. The downstream cistron encodes the fusion protein (Feo), which
consists of the firefly luciferase (Fluc) and neomycin phosphotransferase (Neo'), and is translated under the control of the EMCV or HCV IRES. Huh7
cell line was transfected with each plasmid and incubated for 72 h post-treatment with DMSO (control) or 40 pg/ml of compound 10. Firefly and
Renilla luciferase activities were measured. Relative ratio of Firefly luciferase activity to Renilla luciferase activity was represented as percentage of the
control condition. Error bars indicate standard deviation. The data were represented from three independent experiments. (F) Huh7 OK1 cell line was
infected with HCVcc derived from JFH-1 strain and then treated with several concentrations of compound 10 at 24 h post-infection. The resulting
cells were harvested 72 h post-infection. The viral RNA of supernatant was purified and estimated by the method described in Materials and Methods.
Error bars indicate standard deviation. The data represent three independent experiments. Treatment with DMSO corresponds to ‘0’.
doi:10.1371/journal.pone.0082299.g003
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Figure 4. Effect of CAPE derivatives on the interferon-signaling pathway. (A) Plasmids pISRE-TA-Luc and phRG-TK were co-transfect into
Huh7 OK1 cells. The transfected cells were cultured with 1, 10, 100, or 1000 U/mL of interferon-alpha 2b, and compounds 1, 6 and 10. Treatment
with DMSO corresponds to ‘0". After 48 h of treatment, luciferase activities were measured, and the value were normalized against Renilla luciferase
activities. Error bars indicate standard deviation. The data represent three independent experiments. (B) Huh7 replicon cell line of genotype 1b was
treated with 1, 10, 100, or 1000 U/mL of interferon-alpha 2b, and compounds 1, 6 and 10 for 48 h. Treatment with DMSO corresponds to the control.
The mRNAs of Mx1, MxA, IFIT4, ISG15, OAS1, OAS2, OAS3, and GAPDH as an internal control were detected by RT-PCR.

doi:10.1371/journal.pone.0082299.g004

of combination tests suggest that daclatasvir, IFN-alpha 2b, and
VX-222 synergistically, but telaprevir and danoprevir antagonis-
tically, inhibit HCV replication in combination with compound
10.

Discussion

CAPE is an active component of propolis, which possesses
broad-spectrum biological activities [14—-19]. In this study, CAPE

PLOS ONE | www.plosone.org

suppressed HCV RNA replication in a dose-dependent manner
(Fig. 1A and B). Treatment with CAPE inhibited HCV replication
with an EC5 of 9.0 pM and an SI of 17.9 in Huh7/Rep-Feo cells
(Table 1). The treatment of the replicon cell line with CAPE did
not induce expression of the IFN-inducible gene (Fig. 4),
suggesting that the inhibition of HCV replication by CAPE is
independent of the IFN signaling pathway.
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Table 5. Anti-HCV activity of compound 10 in replicon cell lines of genotypes 1b and 2a.

Celi line Replicon type Strain (Genotype) ECso ° (uM) CCso (M) St ©
Huh7 Rep/Feo-1b _ Subgenome N (ib) 27x01 . 717%¥85 266
Con1 LUN Sb #26 Subgenome Con1 (1b) 1.0*0.1 63.1%3.1 63.1
Huh7 Rep/Reo2a ‘Subgenome CJFHIQa) . 10%03 600%23 600
OR6 Full genome O (1b) 1.5+04 61.7+0.6 411

c: Selectivity Index (CCso/ECs0).
doi:10.1371/journal.pone.0082299.t005

We also examined the effect of CAPE derivatives on HCV
replication. Our data suggest that the n-alkyl side chain and
catechol moiety of the CAPE derivative are critical in its anti-
HCYV activity (Tables 2 and 3). The ECs5q value of the derivative
decreased dependently on the length of the n-alkyl side chain until
reaching octyl ester length (Table 2), while longer chains than octyl
ester of a derivative led to an increase in the EC5q value and Clog
P value. Compound 10, Caffeic acid n-octyl ester, exhibited the
highest anti-HCV activity among the tested compounds with an
ECsq value of 2.7 uM and an SI value of 26.6. Cyclosporine A and
its analogues could suppress the viral replication of genotype 1b at
a higher level than that of genotype 2a [23]. Interestingly,
compound 10 could inhibit HCV replication of genotype 1b and
2a at a similar level, irrespective of expression of the interferon-
inducible gene (Fig. 4). CAPE and its derivatives may therefore
possess a mechanism different from cyclosporine A and its
analogues with respect to anti-HCV activity.

CAPE has been reported to be an inhibitor of NF-kappaB
[14,20]. Lee et al. reported that the catechol moiety in CAPE was
important for inhibition of NF-kappaB activation [24]. The data
shown in Table 3 suggest that the catechol moiety in CAPE is
critical to the anti-HCV activity of compound 10. Previous studies
have implicated the inhibition of NF-kappaB in anti-HCV activity.
Treatment with an extract prepared from Acacia confusa [25] or
San-Huang-Xie-Xin-Tang [26] could suppress HCV replication
and inhibit NF-kappaB activation. However, Chen et al. reported
that curcumin-mediated inhibition of NF-kappaB did not
contribute to anti-HCV activity [11]. Furthermore, treatment
with N -(Morpholine-4carbonyloxy)-2(naphthalene-1-yl) acetimi-
damide could activate NF-kappaB and downstream gene expres-
sion in the same Huh7/Rep-Feo replicon cell line as the cell line
used in this study and exhibited potent inhibition of HCV
replication without interferon signaling [27]. These reports
support the notion that CAPE derivatives do not mainly target
NF-kappaB activity as part of their anti-HCV activity.

Several host proteins have been reported to regulate function of
NS5A, leading to supporting HCV replication (review in [2,28] ).
Daclatasvir exhibited potent synergistic effect on anti-HCV
activity in combination of compound 10 (Fig. 5). Anti-HCV
activity of compound 10 might associate with intrinsic functions of
host factors that interact with NS5A. NS3 protease inhibitors
exhibited antagonistic effect in combination of compound 10
(Fig. 5). The inhibitory effect of compound 10 might be mediated
by the activation of an unknown endogenous protease that is
nonspecifically suppressed by NS3 protease inhibitors. Further
study to clarify the mechanism by which compound 10 suppresses
HCV replication might contribute to identification of a novel host
factor as a drug target for development of the effective compound
supporting an effect of other anti-HCV drugs.

PLOS ONE | www.plosone.org

a: Fifty percent effective concentration based on the inhibition of HCV replication.
b: Fifty percent cytotoxicity concentration based on the inhibition of HCV replication.

In conclusion, we showed that CAPE and its analogue possess a
significant inhibitory effect against HCV replication. The length of
n-alkyl side chains and the catechol moiety of CAPE are critical to
its inhibitory activity against HCV replication. The most effective
derivative among the tested compounds was caffeic acid n-octyl
ester, which exhibited an EC5q value of 1 uM and an SI value of
63.1 in the replicon cell line of genotype lb strain Conl.
Treatment with caffeic acid n-octyl ester reduced the viral
replication of genotype 1b and 2a at a similar level and inhibited
viral production of HCVcc. Treatment with caffeic acid n-octyl
ester could synergistically enhance the anti-HCV activities of IFN-
o 2b, daclatasvir, and VX-222, but neither telaprevir nor
danoprevir. Further investigation to clarify the mechanism of
anti-HCV activity and further modification of the compound to
improve anti-HCV activity will lead to novel therapeutic strategies
to treat chronic hepatitis G virus infection.

Materials and Methods

Compounds

Boldface numbers in this text indicate the compound numbers
shown in Tables. All chemical structures of compounds used in
this study are shown in figure S1. CAPE (1), caffeic acid (2), ferulic
acid (3), and chlorogenic acid (5) and were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Cinnamic acid phenethyl ester (4)
was from Tokyo Chemical Industry (Tokyo, Japan). Rosmarinic
acid (6) was from Wako Pure Chemical (Tokyo, Japan). Caffeic
acid n-octyl ester (n-octyl caffeate) (10), 3-O-methylcaffeic acid n-
octyl ester (n-octyl-3-methylcaffeate) (13), 4-O-methylcaffeic acid
n-octyl ester (n-octyl-3-methylcaffeate) (14), and 3, 4-O-dimethyl-
caffeic acid n-octyl ester (n-octyl-3, 4-methylcaffeate) (15) were
from LKT Laboratories (St. Paul, MN, USA).

Caffeic acid esters 7, 8, 9, and 11 were synthesized by preparing
caffeic acid chloride followed by treatment with corresponding
alcohols [29]. Dihydrocaffeic acid ester 12 was prepared by
hydrogenation of 7. Compound 16 is a newly synthesized ester.
Spectroscopic data of known esters 7-9, and 11 prepared here
were identical to those reported [30-32] Interferon alfa-2b (IFN-o
2b) was obtained from MSD (Tokyo, Japan). Telaprevir and
daclatasvir were purchased from Selleckchem (Houston, TX,
USA). Danoprevir and VX-222 were from AdooQ) BioScience
(Irvine, CA, USA).

Chemistry of 3,4,5-Trihydroxycinnamic acid n-octyl ester

3,4,5-Trihydroxycinnamic acid n-octyl ester (16) was prepared
by condensation of corresponding benzaldehydes with malonic
acid n-octyl monoester [33]. A solution of malonic acid n-octyl
monoester (432 mg, 2 mmol), 3,4,5-trihydroxybenzaldehyde
(462 mg, 3 mmol) and piperidine (0.2 mL) in pyridine (2 mL)
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Figure 5. Synergistic effect analyses for the combination of compound 10 with IFN-a 2b, daclatasvir, VX-222, telaprevir, or
danoprevir. The Huh7 cell line, including the subgenomic replicon RNA of genotype 1b strain Con1, was treated for 72h with combinations of
compound 10 and IFN-a 2b, daclatasvir, VX-222, telaprevir, or danoprevir. Luciferase assay were carried out as described in Materials and Methods. (A)
The calculated ECqy, values for combination were plotted as the fractional concentration (FC) of compound 10 and one of IFN-a 2b, daclatasvir, VX-
222, telaprevir, and danoprevir on the x and y axes, respectively. Synergy, antagonism and additivity are indicated in a representative graph as a right
end of lower graphs and are described in Materials and Methods. (B) Combination indexes of compound 10 with IFN-o 2b, daclatasvir, VX-222,
telaprevir, or danoprevir at the EC50, EC75, and EC90 values were measured at various drug rations. Synergy, antagonism and additivity are indicated
in a representative graph as a right end of lower graphs and are described in Materials and Methods.

doi:10.1371/journal.pone.0082299.g005

was heated at 70°C for 1 h. The reaction mixture was
concentrated under a vacuum to give a residue, which was
dissolved in CHCI3-IPA (3:1, v/v) and then washed with 10% HCI
and water. The organic layer was dried over NaySO, and
evaporated to give a residue, which was purified by silica gel
column chromatography using AcOEt-hexane (1:1, v/v) as eluent
to give the corresponding n-octyl ester (85 mg, 13.8%) as a pale
powder. FT-IR vmax (KBr): 3389, 3239, 2923, 1675, 1627,
1606 cm™'. '"H NMR (400MHz, CD;OD) &: 0.86 (3H, t,
F=7.2 Hz), 1.20-1.40 (10H, m), 1.65 (2H, quintet, 7=6.4 Hz),
4.11, (2H, t, 7=6.4 Hz), 6.16 (2H, d, 7= 15.6 Hz), 6.55 (2H, s),
7.40 (2H, d, 7= 15.6 Hz). 13C NMR (100 Hz, CD3;0D) &: 14.4,
23.7,27.1, 29.8, 30.3, 30.4, 32.9, 65.6, 108.5, 115.3, 126.6, 137.5,
147.1, 169.4. CI MS m/z 309 M™+H). High-resolution CI MS
caled. for C;;Ho505 (M*+H) for 309.1702. Found: 309.1686.

Replicon cell lines and virus infection

The Huh7/Rep-Feo cell line, which harbors the subgenomic
replicon RNA composed of HCV IRES, the gene of the fusion
protein consisting of neomycin phosphotransferase and firefly
luciferase, EMCV IRES and a nonstructural gene of genotype 1b
strain N in order in Huh7 cell line, was previously established [34].
Thus, the luciferase activity corresponds to the level of HCV RNA
replication. The cell line was maintained in Dulbecco’s modified
Eagle medium containing 10% fetal calf serum and 0.5 mg/mL
G418 and cultured in absence of G418 when they were treated
with compounds. The Lunet/ConlLUN Sb #26 cell line, which
harbors the subgenomic replicon RNA of the Conl strain
(genotype 1b), was described previously [35]. The OR6 cell line,
which harbors the full genomic replicon RNA of the O strain
(genotype 1b), was described previously [36]. The HCV replicon
cell line derived from the genotype 2a strain JFH1 was described
previously [37]. The viral RNA derived from the plasmid pJFHI
was transcribed and introduced into Huh7OKI1 cells according to
the method of Wakita et al. [38]. The virus was amplified by the
several times passages. The cells were infected with the virus at a
multiplicity of infection (moi) of 1 and then treated with each
compound at 24 h post-infection. The culture supernatants were
harvested 72 h post-treatment to estimate the viral RNA as
described below.

Determination of luciferase activity in HCV replicon cells

The replicon cells were seeded at 2x10* cells per well in a 48-
well plate 24 h before treatment. Compounds were added to the
culture medium to give various concentrations. The resulting cells
were harvested 72 h post-treatment and lysed with cell culture lysis
reagent (Promega, Madison, WI). The luciferase activity of each
cell lysate was estimated using a luciferase assay system (Promega).
The resulting luminescence was detected by a LuminescencerJNR
AB-2100 (ATTO, Tokyo, Japan).

Determination of Cytotoxicity in HCV replicon cells
The replicon cells were seeded at a density of 1x10* cells per
well in a 96-well plate and then incubated at 37°C for 24 h.
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Compounds were added to the culture medium to give various
concentrations and were then harvested 72 h post-treatment. Cell
viability was measured using a dimethylthiazol carboxymethoxy-
phenylsulfophenyl tetrazolium (MTS) assay with a CellTiter 96
aqueous one-solution cell proliferation assay kit (Promega).

Western Blotting

Western blotting was carried out by the method described
previously [39]. The antibodies to NS3 (clone 8G-2, mousemo-
noclonal, Abcam, Cambridge, UK), and beta-actin were pur-
chased from Cell Signaling Technology (rabbit polyclonal,
Danvers, MA, USA) and were used as the primary antibodies in
this study.

RNA analysis

Total RNAs were prepared from cells by using the RINAqueous-
4PCR kit (Life Technologies, Carlsbad, CA). Viral RNA were
prepared from culture supernatants by using the QJAamp Viral
RNA mini kit (QIAGEN, Hilden, Germany). The viral RNA
genome was estimated by the gRT-PCR method described
previously [40]. RT-PCR was carried out by the method described
previously [41] which was slightly modified at the PCR step. The
PCR samples were incubated once for 10 min at 95°C for an
nitial activation step of the AmpliTaq Gold DNA Polymerase
(Life Technologies), and then subjected to an amplification step of
30 repeats of the cycle consisting of three segments as follow:
0.5 min at 95°C, 1 min at 55°C and 1 min at 72°C. The primers
used in this study were as follows: Mx1: 5'-AGCCACTGGACT-
GACGACTT-3' and 5'-GAGGGCTGAAAATCCCTTTC-3';

MxA: 5'-GTCAGGAGTTGCCCTTCCCA-3' and 5'-ATT-
CCCATTCCTTCCCCGG-3';

IFIT4: 5'-CCCTTCAGGCATAGGCAGTA-3" and 5'-
CTCCTACCCGTCACAACCAC -3'; ISG15: 5'-CGCAGAT-
CACCCAGAAGAT-3" and 5'-GCCCTTGTTATTCCTCAC-
CA-3’;

OAS1: 5'-CAAGCTCAAGAGCCTCATCC-3" and 5'-TGG-
GCTGTGTTGAAATGTGT-3';

OAS2: 5'-ACAGCTGAAAGCCTTTTGGA-3" and 5'-GCA-
TTAAAGGCAGGAAGCAC-3';

OAS3: 5'-CACTGACATCCCAGACGATG-3' and 5'-GAT-
CAGGCTCTTCAGCTTGGC-3;

GAPDH: 5-GAAGGTGAAGGTCGGAGTC and 5'- GAA-
GATGGTGATGGGATTTC-3’

Effects on activities of internal ribosome entry site (IRES)
and luciferases

Huh7 OKI cells were transfected with pEF.Rluc HCV.IRES.-
Feo or pEF.Rluc. EMCV.IRES.Feo [39]. These transfected cells
were seeded at 2x107 cells per well in a 48-well plate 24 h before
treatment, treated with DMSO or compound 10, and then
harvested at 72 h post-treatment. The firefly luciferase activities
were measured with a luciferase assay system (Promega). The total
protein concentration was measured using the BCA Protein Assay
Reagent Kit (Thermo Scientific, Rockford, IL, USA) to normalize

December 2013 | Volume 8 | Issue 12 | 82299

- 249 -



luciferase activity. To evaluate the interferon response, Huh70K1
cells were seeded on a 48 well plate at a density of 2x 107 cells per
well, and transfected with pISRE-TA-Luc (Takara bio, Shiga,
Japan) and phRG-TK (Promega). These transfected cells were
incubated in the presence of compounds, IFN-a 2b, or DMSO,
and then harvested at 48 h post-treatment. The firefly luciferase
and Renilla luciferase activities were quantified by using Dual
luciferase reporter assay system (Promega).

Prediction of ClogP for compounds

The ClogP value deduced from chemical structure roughly
corresponds to a value of hydrophobicity. The ClogP values of
compounds used in this study were calculated using the computer
software Chem Bio Office Ultra 2008 (PerkinElmer, Cambridge,
MA, USA).

Synergistic effect of caffeic acid n-octyl ester on anti-HCV

activities of other drugs

The effects of drug-drug combinations were evaluated by using
the Conl LUN Sb #26 replicon cells, and were analyzed by using
the computer software CalcuSyn (Biosoft, Cambridge, United
Kingdom). Dose inhibition curves of two different drugs were
plotted with each other. In each drug combination, ECgq values of
several combinations of two different drugs were plotted as the
fractional concentration (FC) of both drugs on the x and y-axes.
Additivity indicates the line linked between 1.0 FG value points of
both drugs in the absence of each other. Synergy and antagonism
are indicated by values plotted under and above, respectively, an
additivity line. The explanatory diagram of isobologram is shown
in a right end of lower panels of Figure 5A. Combination indexes
(CIs) were calculated at the ECsg, EC;5, and ECyy by using
CalcuSyn. A CI value of less than 0.9 indicates synergy. A CI
value ranging from 0.9 to 1.1 indicates additivity. A CI value of
more than 1.1 indicates antagonism. The explanatory diagram
was shown in a right end of lower panels of Figure 5B.

References

1. Baldo V, Baldovin T, Trivello R, Floreani A (2008) Epidemiology of HCV
infection. Curr Pharm Des 14: 1646-1654.

2. Moriishi K, Matsuura Y (2012) Exploitation of lipid components by viral and
host proteins for hepatitis C virus infection. Front Microbiol 3: 54.

3. Hijikata M, Kato N, Ootsuyama Y, Nakagawa M, Shimotohno K (1991) Gene
mapping of the putative structural region of the hepatitis C virus genome by in
vitro processing analysis. Proc Natl Acad Sci USA 88: 5547-5551.

4. Lohmann V, Korner F, Koch J, Herian U, Theilmann L, et al. (1999)
Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell line.
Science 285: 110-113.

5. Hofmann WP, Zeuzem S (2011) A new standard of care for the treatment of
chronic HCV infection. Nat Rev Gastroenterol Hepatol 8: 257-264.

6. Jacobson IM, McHutchison JG, Dusheiko G, Di Bisceglic AM, Reddy KR, et al.
(2011) Telaprevir for previously untreated chronic hepatitis C virus infection.
N Engl ] Med 364: 2405-2416.

7. Sarrazin C, Hezode C, Zeuzem S, Pawlotsky JM (2012) Antiviral strategies in
hepatitis C virus infection. J Hepatol 56 Suppl 1: S88-100.

8. Kieffer TL, Kwong AD, Picchio GR (2010) Viral resistance to specifically
targeted antiviral therapies for hepatitis C (STAT-Cs), J Antimicrob Chemother
65: 202-212.

9. Ahmed-Belkacem A, Ahnou N, Barbotte L, Wychowski C, Pallier C, et al. (2010)
Silibinin and related compounds are direct inhibitors of hepatitis C virus RNA-
dependent RNA polymerase. Gastroenterology 138: 1112-1122.

10. Calland N, Albecka A, Belouzard S, Wychowski C, Duverlie G, et al. (2012) (-)-
Epigallocatechin-3-gallate is a new inhibitor of hepatitis C virus entry.
Hepatology 55: 720-729.

11. Chen MH, Lee MY, Chuang JJ, Li YZ, Ning ST, et al. (2012) Curcumin inhibits
HCV replication by induction of heme oxygenase-1 and suppression of AKT.
Int J Mol Med 30: 1021-1028.

12. Bachmetov L, Gal-Tanamy M, Shapira A, Vorobeychik M, Giterman-Galam T,
et al. (2012) Suppression of hepatitis C virus by the flavonoid quercetin is
mediated by inhibition of NS3 protease activity. J Viral Hepat 19: ¢81-88.

PLOS ONE | www.plosone.org

Anti-HCV Activity of CAPE Derivatives

Supporting Information

Figure S1 Molecular structure of CAPE and commercial
CAPE-related compounds. CAPE structure is divided into
three parts: (I) the catechol moiety, (II) the alkenyl moiety on
alpha, beta -unsaturated ester, and (III) the ester part. Molecular
structures of CAPE and its commercial derivatives are shown.

(TIF)
Figure 82 The basic structure and side moieties of

compounds shown in Table 2. Each compound structure is
represented on the basis of the basic structure (top).

(TIF)

Figure S3 The molecular structures of compounds 7
and 12, which are shown in Table 3. Both compounds are
different in alpha, beta-unsaturated or saturated part attached to
ester.

(T1F)
Figure S4 The basic structure and side moieties of

compounds shown in Table 4. Each compound structure is
represented on the basis of the basic structure (top).

(TIF)
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DAER 10709 ANZH LIEZ T o 720 T ORFEBFIC 2568 LD KHIDWT, HCV O FKhitH
YL EREIZOWT S MREF L72s Mass survey D223z &R 15364 A 8950 A (58.3%) T
HY, 951078 A(12%) A% HCV Pk (hepatitis C virus antibody ; anti-HCV) T & -
720 & IT1967~1973 T TEEAHOBIENF RS FE L7z A iX Tid, HCV Puikk
PE X ER 3094 AH1602 A (195%)IC bh, €D 781% THCV RNA ARGETHB T &
AL 729,

SERFERE IO HCV Pufkkihsid, 40 KRB TIIHbTH 14% THADIZH L, 40mPLT
1 324% LHOLMIRL (B1), FASMNFRFBATUNL Y FEATHZERICEBIT 5 HCV B
AR R 34.7% (559 A/1,609 A)TH h, S CBFLMATHRICEMLE L RO HCV Hilk
Ktk (9 A/156 A 58%) L ERARICHWI LAtbd oz, MBSLHATEL D &K
V)R EREFHT S L, THE, WE SREREVPEELRY AZERTH S I & AT LK
DIERIF— M POHLMIEINA(ET ).
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