corresponding to length of n-alkyl side chain (Fig. 2A). Com-
pounds 10 and 11 exhibit ECso values of 2.7 and 5.9 pM,
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
ECso 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

Anti-HCV Activity of CAPE Derivatives

ester exhibited higher ECs 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 (ECsq 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 ECs 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
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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 ECso
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
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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 P (uM) SI¢  Cog P?

Compound No. R

27+0.1 71.7+85 266 4.90

10 CeHiy

1 (CH;),Ph  9.0%0.7 136.1£19 179 330

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/ECsq).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.1002

compound 1 (Figs. 3B and C), but not effect enzymatic activities of
firefly and Renilla 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 EC5q 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
HCVecc, since subgenomic replicon mimics HCV replication, but
not the whole viral cycle. The Huh7 OKI cell line, which is highly
permissive to the HCV JFHI strain [22], was infected with
HCVcc and then treated with compound 10 at 24 h 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 gRT-PCR. Figure 3F
shows that treatment with compound 10 reduced HCV viral
production (ECsp=1.820.4 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, OAS1, 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-a 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 * (M) CCso P (uM) Ssi© Clog P9

140.7+3.4 1.8 1.02

12 77.0x1.6

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.

¢ Selectivity index (CCso/ECsp).

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 ECqq 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 CalcuSyn 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.

Compound ECs ° CCso ®

Clog P*

No. R', R? R® (M) (um) sI©

60316 59 535

13 10.2x1.1

RP=H 485%17 2124+69 44 5

15 R'=R?=CH,

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/ECsq).

d: Determined with ChemDraw software (Chem Bio Office Uitra, 2008).
doi:10.1371/journal.pone.0082299.t004
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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 control of elongation factor 1o (EF1a) 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 ug/mi 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

PLOS ONE | www.plosone.org 5 December 2013 | Volume 8 | Issue 12 | 82299

— 149 —



30

25

20

15

Fold activation

10

5

0

1 10 100 1000 20 40 10

Anti-HCV Activity of CAPE Derivatives

20 20 40

___—‘
S 1
IFN-a. 2b (U/ml)

(nm)

Mx1

MxA

IFIT4

1ISG15

OAS1

10
(uM)

6' : Compound
(M)

20 20

40

1 10 100 1000 20 40 10

,.—-‘ 1
IFN-c 2b (U/ml) (M)

10
(uM)

é : Compound
M)

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 ECsq 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.

Cell line

Replicon type

Con1 LUN Sb #26

Subgenome

Con1 (1b)

OR6 Full genome O (1b)

Strain (Genotype)

ECso ® (M) CCso ° (uM) sl <

1.0£0.1 63.1+3.1 63.1

15x04 61.7+0.6 411

c: Selectivity Index (CCso/ECsp).
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 ECs; 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 ECsq value and Clog
P value. Compound 10, Caffeic acid n-octyl ester, exhibited the
highest anti-HCV activity among the tested compounds with an
ECsg value of 2.7 pM 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 CGAPE 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 ECsg value of 1 pM and an SI value of
63.1 in the replicon cell line of genotype 1lb 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-
a 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 C 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 (3) 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-a
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 Cont, was treated for 72h with combinations of
compound 10 and IFN-o 2b, daclatasvir, VX-222, telaprevir, or danoprevir. Luciferase assay were carried out as described in Materials and Methods. (A)
The calculated ECyq 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-a 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 1h. 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,
J=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, CD;OD}) d: 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 C17Hgs05 (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 Huh?7 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 RINA 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 Huh70K1 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 RNAqueous-
4PCR kit (Life Technologies, Carlsbad, CA). Viral RNA were
prepared from culture supernatants by using the QIAamp 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
initial 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';

0AS2: 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 OK1 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
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luciferase activity. To evaluate the interferon response, Huh70K1
cells were seeded on a 48 well plate at a density of 2x10* 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, ECg 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 FC 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 ECso, ECy5, and ECgy 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.
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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 S2 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).

(TTF)

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.

(TIF)
Figure $4 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).
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Hepatitis C virus (HCV) is a leading cause of chronic
hepatitis, liver cirrthosis, and hepatocellular carcinoma
(HCC), and it is estimated that infected individuals total
185 million people worldwide. In Japan, around 2 million
are infected with HCV, and more than 20 thousand die
from HCV-induced HCC annually. Though viral eradica-
tion with antiviral therapies is the most important and
effective choice for decreasing HCC-related deaths
induced by HCV, complete viral eradication has been quite
difficult till recently, especially in patients with genotype-1
HCV infection because of the low response rate to inter-
feron (IFN)-based therapy [1, 2].

In this background, development of novel direct-acting
antiviral agents (DAAs) specific for HCV was truly a
revolutionary event. In 2011, two first-generation NS3
protease inhibitors (PIs), telaprevir and boceprevir, were
firstly approved among all the DAAs for clinical use in
USA and Europe for genotype-1 HCV in combination with
pegylated-interferon and ribavirin (PR), while telaprevir
was approved in Japan in the same 2011 period. As
expected, a regimen including telaprevir in combination
with pegylated-interferon and ribavirin dramatically
improved the sustained viral response (SVR) rate to as high
as 80 % in genotype-1 HCV infection. On the other hand,
telaprevir has several undesirable problems. Among all,
adverse events (AEs) of anemia and skin rash are serious
problems of telaprevir, and Grade 3/4 skin disorders,
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including Stevens—Johnson syndrome and drug rashes with
eosinophilia and systemic symptoms, as well as Grade 3
anemia (<8.0 g/dL), might occur [3, 4]. Moreover, cum-
bersome frequent dosing three times a day (every 7-9 h)
could induce poor medication adherence. Under the cir-
cumstances, it has been quite stressful for patients as well
as clinicians to introduce and monitor this telaprevir-based
regimen.

Simeprevir (SMV, TMC435) is classified as a second-
generation PI with the macrocyclic structure having an
advantage in the binding affinity and specificity for NS3
protease compared to the first-generation PI with the linear
structure. Due to the difference in the structure, the drug-
resistance profile is somewhat different from that of tela-
previr. Though simeprevir shows cross-resistance with
telaprevir at amino acid positions of 155 and 156, most of
the resistant mutation occurs at the simeprevir-specific
amino acid position of 168 [5]. Though simeprevir is
effective in all viral genotypes (genotype 1-6), it has the
strongest antiviral activity for genotype-la and -1b HCV
infection. In particular, low AE rate and its patient-friendly
once-daily dosing are the important characters of sime-
previr aside from its strong antiviral activity. In the inter-
national phase II trials of simeprevir in combination with
PeglFNa-2a/RBV for treatment-naive (PILLAR study) [6]
and treatment-experienced patients (ASPIRE study) [7] for
HCV genotype 1-infected patients, it was demonstrated
that simeprevir was generally well tolerated and had a
pharmacokinetic profile supporting once-a-day (QD) dos-
ing resulting in high virologic response rates.

In this issue of the Journal of Gastroenterology, Hayashi
et al. [8] reported the important results of the phase II Dose
and duration Ranging study of Antiviral agent TMC435 in
Genotype One HCV treatment-Naive patients (DRAGON
study; TMC435-C215) evaluating once-daily simeprevir
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with pegylated-interferon and ribavirin therapy for treat-
ment-naive, high viral-loaded hepatitis C genotype
1-infected patients in Japan. Due to the result of previous
phase I study that simeprevir plasma concentration was
higher in Japanese healthy volunteers compared with
Caucasian volunteers, simeprevir doses of 50/100 mg QD
were selected for this study, while simeprevir doses of
150 mg QD were selected in western countries [9].
Through investigating five treatment groups (SMV12/PR24
50 mg, SMVI12/PR24 100 mg, SMV24/PR24 50 mg,
SMV24/PR24 100 mg, and PR48), it was disclosed that
simeprevir-combined groups all achieved high SVR rate
(77-92 % compared to 46 % for PR). As to the AEs,
simeprevir was well tolerated, and the incidence of anemia
and skin rash were similar in their frequency and their
grade between all the SMV groups and the PR group. Due
to low AEjs, therapy discontinuation rate and ribavirin dose
reduction was also similar in the SMV groups and the PR
group. While an AE of bilirubin elevation was specific to
simeprevir, and it reached to grade 3 (2.6-5.0 mg/dL) to 4
(>5.0 mg/dL) in four patients (5 %) leading to the dis-
continuation of simeprevir in these individuals, the biliru-
bin level returned to baseline after the end of simeprevir in
those patients. Since bilirubin elevation is considered to
result from the blockade of bilirubin clearance-associated
OATP1B1 and MRP transporters by simeprevir [10], it is
considered that the bilirubin elevation by simeprevir does
not reflect deterioration of liver function.

Following the results of this phase II DRAGON study,
treatment dosage of simeprevir was determined as 100 mg
QD in Japan, and successive phase Il CONCERTO studies
for simeprevir/pegylated-interferon/ribavirin therapy have
been conducted (CONCERTO-1 for treatment-naive, -2 for
previous null responder, -3 for previous relapser, and -4 for
naive, null responder and relapser). After the completion of
those CONCERTO studies with favorable outcomes for
simeprevir-based regimens, once-daily simeprevir with
pegylated-interferon and ribavirin therapy for high viral-
loaded hepatitis C genotype l-infected patients was just
recently approved for clinical use in Japan.

Considering the history of HCV therapy, this new
therapy of once-daily simeprevir with pegylated-interferon
and ribavirin therapy is ideal in its high efficacy and low
AEs. Of course, it is true that DAA combination therapies
without IFN (IFN-free therapies) would appear in the near
future, and that these IFN-free therapies are advantageous
in that they are free from IFN-related AEs. However, in
terms of DAA-resistant viral mutants, it is considered that

@ Springer

these mutant HCVs generally have low replication fitness,
and are sensitive to IFN. Therefore, it is speculated that
IFN-based DAA therapies compared to IFN-free DAA
therapies are safer in preventing the development of mul-
tidrug resistant HCVs.

Taken together, the new regimen of once-daily sime-
previr with pegylated-interferon and ribavirin therapy
would surely be an important milestone in the therapy for
high viral-loaded hepatitis C genotype-1 infected patients
in the era of DAA therapy.
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hypertension {PH) in cirrhosis (1). Screening is indi-
cated in patients with newly diagnosed cirrhosis, and
medical treatment must be considered as soon as
varices are detected to prevent the first bleeding (2).
Upper endoscopy is the first-line investigation to iden-
tify GEVs. The examination itself is not associated
with serious complications but, if it has to be repeated
during follow-up in cirrhotic patients, it is time-
consuming and costly. Therefore, a number of nonin-
vasive imaging and biochemical methods for the
assessment of GEVs have been developed. In particu-
lar, ultrasound techniques for the measurement of
liver stiffness (LS) (3), spleen diameter (4,5), portal
vein (PV) flow (6,7), and hepatic venous waveforms (8)
as well as for the morphological assessment of the
portal venous system (7) have been investigated and
validated. Other noninvasive methods using com-
puted tomography and magnetic resonance imaging
(MRI) have also been reported (9,10).

Liver fibrosis plays a fundamental role in the devel-
opment of PH in patients with cirrhosis. Therefore,
patients at a high risk of GEVs can be identified using
the same parameters as those for evaluating liver
fibrosis, including LS (measured by elastography) and
blood biochemical indices (eg, the aspartate amino-
transferase [AST]-to-platelet ratio index [APRI]) (11). It
has been previously shown that LS, measured using
ultrasound transient elastography, correlates with the
hepatic vein pressure gradient (12).

Splenomegaly also plays an important role in the
pathophysiology of PH by increasing splanchnic inflow
(13). Recently, spleen stiffness (SS) assessed with
ultrasound transient elastography has been shown
to be a more effective parameter for evaluating the
hepatic vein pressure gradient and GEVs than LS
(14,15).

LS can be evaluated by magnetic resonance elastog-
raphy (MRE), which has been recently shown to have
considerably high reproducibility, repeatability, and
validity for assessing liver fibrosis (16-19). MRE can
also be used to evaluate SS (20). Recent studies with
animal models have revealed that SS measured by
MRE is well correlated with the hepatic venous
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Table 1 ,
Acquisition Parameters for MRE and Phase-Contrast MRI

Phase-contrast

Parameters MR elastography MRI
Sequence Gradient echo Gradient echo
TR/TE (msec) 100/27 12.5/5.0
Flip angle 30 20
(degrees)
Slice thickness 10 10
(mm)
FOV (cm) 30-34 x 40-45 40 x 28
Matrix 256 x 64 256 x 128
Number of slices 2 1
Other Frequency of VENC parallel to

flow direction:
30 cm/s
No. of phases: 32

TR/TE =repetition time/echo time, FOV =field of view, VENC = ve-
locity encoding.

pneumatic driver:
60 Hz
Phase offsets: 4

pressure gradient and can be a better predictor of PH
than LS (21,22). It is hypothesized that increased PH
may directly reflect SS, whereas LS represents both
liver fibrosis and portal pressure. As with ultrasound-
based portal flow measurement (6,7), another MRI-
based approach for evaluating PH and GEVs is phase-
contrast MRI (PC-MRI). PV flow measured by PC-MRI
was shown to correlate with PH and to be useful in
predicting GEVs (23,24).

Thus, the aim of this study was to identify useful
MRI parameters that are associated with the severity
of GEVs in patients with chronic liver disease (CLD).

MATERIALS AND METHODS
Subjects

This retrospective study was approved by our Institu-
tional Review Board. Between September 2011 and
March 2012, 210 patients with CLD (age range, 27-87
years; mean and standard deviation, 68 =11 years;
male-to-female ratio, 138:82) underwent MRE of the
liver and spleen and PC-MRI of the PV in a single MRI
examination, which was performed as a routine clini-
cal practice (eg, search for hepatocellular carcinoma).
Patients who met at least one of the following criteria
were excluded from the study (n=117): 1) no upper
endoscopic examination within 6 months preceding
the MRI examination (n=_86); 2) a history of interven-
tional treatment for GEVs, including endoscopic liga-
tion (n=13) and balloon-occluded retrograde
transvenous obliteration (n=2) that might have
altered the hemodynamics of the portal venous sys-
tem; 3) failure of MRE image due to high iron deposi-
tion (n=2 for the liver; n=2 for the spleen); 4} failure
of PC-MRI due to motion artifacts (n=7); 5) presence
of a PV thrombus confirmed by contrast-enhanced
computed tomography (n=2) or a history of partial
splenic embolization (n=1); or 6) a history of lobec-
tomy or more than one segmentectomy of the liver
(n=2). After exclusion, the study cohort comprised 93
patients with CLD, all of whom underwent at least
one upper endoscopic examination within 6 months of
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the MRI examination. The mean and standard devia-
tion of the time between MRI and upper endoscopy
was 1.4 2.7 months; range, —-3.3 to 5.9 months
(negative value indicates that MRI was performed fol-
lowed by upper endoscopy). We included some
patients who underwent upper endoscopy after MRI
examination because endoscopic examinations were
scheduled as a clinical follow-up for the development
of GEVs and we were not able to properly coordinate
and control the schedule of examination.

The types and distribution of CLD were as follows:
hepatitis C virus infection (n=>59), hepatitis B virus
infection (n=12), alcoholic liver disease (n=6), auto-
immune liver disease (n=3), and others (n=13).
Patient characteristics were as follows: age, 69+8
years; body mass index (BMI), 20.8 = 7 kg/m?; male-
to-female ratio, 59:34; and Child-Pugh classes A
(n=74), B (n=17), and C {n=2). Liver tissue samples
were available for pathological assessment of liver
fibrosis in 36 of 93 patients (31 biopsy and 5 surgi-
cally resected samples). Twelve patients had mild
bridging fibrosis, 10 had moderate bridging fibrosis,
and 14 had cirrhosis.

Reference Standards for GEVs

All upper endoscopic examinations were performed by
gastroenterologists who specialized in endoscopy.
They recorded the presence or absence of GEVs and,
if present, noted their forms and any red-color signs,
according to the previously described guidelines (25).
GEVs were categorized as straight and small (F1),
moderately enlarged and beady (F2), or markedly
enlarged with a nodular or tumor-like shape (F3).
Patients were divided into three groups according to
the types of GEVs and red-color signs: 1) a group with
no GEVs (n=49); 2) a group with mild GEVs (grade
F1 and no red-color sign; n=230); and 3) a group with
severe GEVs (grades F2-F3 or the presence of the red-
color sign; n=14). Interventional treatment was rec-
ommended for patients with severe GEVs.

MRE and Stiffness Measurement

MRI examination was performed in all subjects after
fasting for at least 3 hours to avoid the confounding
effects of an overestimated stiffness value (26) and
increased mesenteric blood flow after a meal (27). A
1.5 T MRI scanner (Signa, GE Healthcare, Milwaukee,
WI) was used for all MRI tests. MRE was performed
using a cylindrical passive driver to deliver transcostal
vibrations, which was placed across the patient’s right
anterior chest wall for LS measurement and across
the left posterolateral chest wall for SS measurement
(28). The generator, placed outside the MRI examina-
tion room, produced a pneumatic vibration that was
delivered to the passive driver via a plastic cylinder.
The generator and passive driver were developed at
the Mayo Clinic (Rochester, MN).

A breath-hold 2D gradient-echo MRE sequence was
used to acquire two axial wave images. Our imaging
parameters for MRE are shown in Table 1. The total
acquisition time was 64 seconds (four 16-sec breath-
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holds). The same MRE parameters were used for the
liver and spleen. The MRI scanner automatically gen-
erated liver and spleen elastograms by processing the
acquired propagating shear wave images using a pre-
viously described 2D direct inversion algorithm (29).
The shear stiffness (kPa) of the tissue was presented
as a pixel map.

The regions of interest (ROIs) were selected in the
right lobe of the liver and near the surface of the
spleen on the respective elastograms. In each ROI, the
MRE slice proximal to the center of the passive driver
on the chest wall was chosen for evaluation. As a
rule, the ROIs were 1.0-1.5 cm? in area and placed
near the edge of the liver or spleen next to the passive
driver, where the penetrating wave was well-visualized
and no interference was observed in the phase image.
LS and SS were measured separately and independ-
ently by two radiologists (with 10 and 12 years of
experience in abdominal radiology) who were blinded
to clinical data and results of upper endoscopy. They
selected two ROIs on the respective elastograms, and
the average value of the results was used as the
respective reviewer's stiffness values.

PC-MRI and Flow Measurements

Coronal slices (4-mm thickness) of steady-state acqui-
sition images of the portal venous system were
obtained for reference. All patients underwent breath-
hold 2D PC-MRI for flow measurements in the PV.
The slice acquired was a cross-section perpendicular
to the flow of the PV. Our imaging parameters for PC-
MRI are shown in Table 1. We chose velocity encoding
of 30 cm/s for the measurement of the PV flow
because the recently reported mean and maximum
velocity of the PV were about 10 cm/s and 20 cm/s,
respectively (30,31). Images were obtained with pro-
spective cardiac gating using a pulse oximeter probe
placed on the finger tip. The ROI was selected by a
radiologist (7 years of experience in abdominal radiol-
ogy) first on the magnitude image, and then it was
copied onto the phase image. The mean velocity (V,
cm/s), area (S, mm?), and flow volume (Q, mL/min) of
the PV were calculated using a workstation software
(Advantage Workstation, GE Healthcare). The flow vol-
ume per minute was calculated by integrating over
the flow volume during a cardiac cycle and multiply-
ing by the number of heartbeats.

Splenic Volume Measurement

Splenomegaly has been observed as a major manifes-
tation of PH and evaluated by a clinical manipulation
and various cross-sectional imaging methods. We
measured the spleen volume because of its possible
association with the presence of GEVs; an abdominal
radiologist who was blinded to clinical data and imag-
ing findings measured the spleen volume in all sub-
jects on fast spin echo T2-weighted images (imaging
parameters were as follows: TR/TE 8000/65 msec,
field of view 32 x 28, imaging matrix 256 x 192, slice
thickness of 6 mm [no intersection gap], echo train
length of 16), which was performed as a routine MRI

3

examination in our institution. Spleen volume was
estimated by using the following formula (32):

spleen volume = 0.524 x W x T x L (cm?)

where W and T are the maximum width (cm) and
thickness (cm) of the spleen measured on the maxi-
mum cross-section, respectively, and L is the cranio-
caudal length (cm) of the spleen.

Biochemical Marker of Liver Fibrosis

The APRI was used as a blood-based marker of liver fibro-
sis. It was calculated using the following formula (11):

APRI = (AST level /upper limit of AST
/platelet count/10° x 100)

where the upper limit of AST was set at 32 IU/L,
which was the reference value of our institutional lab-
oratory. AST increases and platelet count decreases
as hepatic fibrosis develops; therefore, the APRI can
amplify the reverse relationship between the stage of
liver fibrosis and AST level and platelet count (11).

Statistical Analysis

Interreader variability of the LS and SS values measured
by the two reviewers was assessed using Pearson’s corre-
lation coefficient analysis. Both measurements showed
good interreader reproducibility; therefore, we used an
average value of the two results as a respective liver and
spleen stiffness value in the subsequent analysis.

A univariate analysis in all study groups was per-
formed using the Kruskal-Wallis test or chi-square test
for patient characteristics (age, sex, BMI, and Child-
Pugh grade), LS (using MRE and APRI}, SS (using
MRE), spleen volume, and flow-related parameters. A
multivariate analysis was performed to discriminate
any GEVs from no GEVs and severe GEVs from no
GEVs or mild GEVs using a logistic regression model.
Before the multivariate analysis, collinearity was
assessed by calculating the correlation coefficient
between the variables. A receiver operating characteris-
tic (ROC) analysis was performed to estimate the effi-
cacy of discrimination. The cutoff value for liver and
spleen stiffness values were defined by the maximum
positive and negative likelihood ratios. All statistical
analyses were performed using the JMP software v. 9
(SAS Institute Japan, Tokyo, Japan) with the statistical
significance for all analyses set at P< 0.05.

RESULTS
Patient Characteristics

No statistically significant differences in age, BMI,
sex, or Child-Pugh grade were found between the
three groups (Table 2).

Interreader Variability

Pearson’s correlation coefficients of LS and SS meas-
urements were 0.872 and 0.898, respectively.

— 161 —



4

Table 2
Comparison of Clinical Characteristics and Measured Parameters
Between the Study Groups

No GEVs Mild GEVs Severe GEVs
n=49 n=30 n=14 P value
Age (years) 688 709 716 0.261
M:F 34:15 19:11 6:8 0.713
BMI (kg/m?) 19+6 23+8 18+7 0.206
Child-Pugh 42/7/0 22/7N1 10/3/1 0.362
A/B/C
MRE
Liver stiffness 40+x14 56+23 6.1+1.6 0.001
(kPa)
Spleen stiffness 6.5+ 2.1 85+29 9.8+17 0.001
(kPa)
APRI 1421 3.8+x24 20+05 0.001
PC-MRI
Vey (cm/s) 86x15 79+1.8 75+1.8 0.047
Spy (Mm?) 135+42 160 %51 147 =55 0.067
Qpy (mL/min) 691 +264 765+ 334 631 +£298 0.515
Spleen volume 157 +76  240+128 240 + 81 0.005
(em®)

Values are shown as the mean = standard deviation.

GEV =gastroesophageal varices, BMl=body mass index, Vpy=
mean portal vein velocity, Spy=portal vein cross-sectional area,
Qpy =portal vein flow volume, APRI=aspartate aminotransferase-
to-platelet ratio index.

Therefore, we used an average value of the two
reviewer’s results as a respective liver and spleen stiff-
ness value in the subsequent analysis.

Results of Each Variable: Univariate Analysis

There were significant differences between the three
groups in LS, APRI, and spleen volume. A significant

Spleen stiffness [kPa] Liver stiffness [kPa]
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difference was also observed in SS measurements,
with the highest SS observed in the groups with
severe GEVs (Table 2, Fig. 1). Of the PV flow measure-
ments, only mean velocity (Vpy) showed a significant
difference between the three groups.

Independent Associations: Multivariate Analysis

Moderate collinearity was observed between SS and
spleen volume (correlation coefficient, 0.64) but not
between any of the other parameters in a multiple regres-
sion model. In the multivariate analysis for discriminat-
ing any GEVs (mild or severe) from no GEVs, if both SS
and spleen volume were included in a model, neither
parameter showed a significant association (P> 0.05).
When SS and spleen volume were included in a model
separately, both parameters showed significant associa-
tions with the presence of any GEVs (P=0.018 for SS,
and 0.016 for spleen volume). Therefore, we chose both
parameters as independent associators. LS, SS, and
spleen volume showed independent associations with
odds ratios (ORs) of 1.52, 1.35, and 1.01, respectively
(Table 3). Areas under the ROC curve (AUC) for predict-
ing any GEVs were 0.75 for LS, 0.76 for SS, and 0.73 for
spleen volume. In the multivariate analysis for discrimi-
nating severe GEVs from no GEVs or mild GEVs, only SS
showed a significant association (OR, 1.82) with an AUC
0f0.81 (Table 3). Whether spleen volume was included or
excluded, this result was stable. MRE of the liver and
spleen and endoscopic findings of representative cases
from the three groups are shown in Fig. 2.

Cutoff Values

Cutoff values with the maximum positive likelihood
ratio for discriminating any GEVs from no GEVs were

15 15

|
33—
=

T
. T
- = - T & :
»
£ L +
0 T T 8 T T
a NoGEV  MildGEV SevereGEV |y  NoGEV ~ MildGEV  Severe GEV
PV mean velocity [cm/s] APRI Splenic Volume [cm?]
15 m 800
. 500
10 T T T -‘{'
7 4004
Hom 4 z T
o = 51 3001 e M
T & & + 1
@ Ll:ﬁ = 100 b L
0 . o e
C NoGEV ~ MildGEV SevereGEV ¢  NoGEV = MIdGEV SevereGEV @ _  NoGEV | Mild GEV | Severe GEV

Figure 1. Box-and-whiskers plots of (a) spleen stiffness, (b) liver stiffness, (c) mean portal vein velocity, (d) APRI, and (e)
spleen volume. The middle line in the box shows the median, the bottom and top lines of the box show the 25th and 75th
percentiles, and the upper and lower whiskers show the minimum and maximum values. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

— 162 —



Spleen MR Elastography for Varices 5

Table 3
Multivariate Analysis for Discrimination of Any GEVs From No GEVs and Severe GEVs From No or Mild GEVs
Diagnosis of any (mild and severe) GEVs Diagnosis of severe GEVs

OR 95% Cl P value OR 95% ClI P value
Spleen stiffness (kPa) 1.25 1.04-1.68 0.018 1.82 1.25-2.95 0.005
Liver stiffness (kPa) 1.52 1.13-2.17 0.006 1.42 0.96-2.61 0.078
Vpy (cm/s) 0.77 0.56-1.05 0.106 0.69 0.44-1.08 0.144
APRI 0.99 0.78-1.26 0.919 0.84 0.42-1.14 0.254
Spleen volume (cm®) 1.01 1.00-1.01 0.016 0.99 0.98-1.01 0.809

GEVs = gastroesophageal varices, Vpy =mean portal vein velocity, OR=odds ratio, Cl =confidence interval, APRI=aspartate amino-
transferase platelet ratio index.

Figure 2. Case 1: A 53-year-old man with CLD without any GEVs (la); liver and spleen elastograms superimposed on a
contrast-enhanced MR image (1b) show low values for both liver (2.7 kPa) and spleen stiffness (4.7 kPa). Case 2: A 73-year-
old woman with CLD with mild GEVs (2a, arrows); liver and spleen elastograms superimposed on a contrast-enhanced MR
image (2b) show a high value for liver stiffness (6.4 kPa), but spleen stiffness remains low (6.6 kPa). Case 3: A 75-year-old
woman with CLD with severe GEVs accompanied by the red-color sign (3a, arrowhead); liver and spleen elastograms super-
imposed on a contrast-enhanced MR image (3b) show high values for both liver (7.3 kPa) and spleen stiffness (12.0 kPa).
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Table 4
Liver and Spleen Stiffness Cut-Off Values for Discriminating Any GEVs From No GEVs and Severe GEVs From No or Mild GEVs
Cut-off value Sensitivity Specificity PPV NPV LR+ LR~
Diagnosis of any (mild and severe) GEVs
Spleen stiffness '
10.1 kPa 34% (15/44) 98% (48/49) 94% (15/16) 62% (48/77) 16.70 1.48
5.6 kPa 95% (42/44) 41% (20/49) 59% (42/71) 91% (20/22) 1.61 8.98
Liver stiffness
6.7 kPa 29% (13/44) 96% (47/49) 86% (13/15) 60% (47/78) 7.23 1.36
3.4 kPa 91% (40/44) 35% (17/49) 55% (40/72) 81% (17/21) 1.39 3.81
Diagnosis of severe GEVs
Spleen stiffness
10.8 kPa 43% (6/14) 95% (75/79) 60% (6/10) 90% (75/83) 8.46 1.66
7.1 kPa 93% (13/14) 45% (35/79) 23% (13/57) 97% (35/36) 1.67 6.20
Liver stiffness
8.8 kPa 14% (2/14) 98% (77/79) 50%(2/4) 87% (77/89) 5.64 1.14
4.4 kPa 93% (13/14) 52% (41/79) 25% (13/51) 98% (41/42) 1.93 7.27

PPV = positive predictive value, NPV = negative predictive value, LR+ = positive likelihood ratio, LR—=negative likelihood ratio.

10.1 kPa for SS and 6.7 kPa for LS. These cutoff val-
ues provided positive predictive values of 94% and
86% for SS and LS, respectively. Maximum negative
likelihood ratios were observed with the cutoff values
of 5.6 kPa for SS and 3.4 kPa for LS, which resulted
in negative predictive values of 91% and 81%, respec-
tively (Table 4).

To distinguish severe GEVs from no or mild GEVs,
the maximum positive likelihood ratios were 10.8 kPa
for SS and 8.8 kPa for LS, whereas the maximum neg-
ative likelihood ratios were obtained with a cutoff
value of 7.1 kPa for SS and 4.4 kPa for LS (Table 4).

DISCUSSION

Various factors associated with the development and
progression of GEVs have been suggested in patients
with cirrhosis and chronic hepatitis (33). Among those
factors, liver fibrosis grade, which has been reported
to be correlated with LS measured by MRE (19,34), is
an important marker of PH and GEVs. In our study,
both markers of liver fibrosis, LS and the APRI, were
correlated with the severity of GEVs. LS was an inde-
pendent predictor of mild-to-severe GEVs, which is
consistent with the previous studies using ultrasound
elastography (3,35) and MR elastography (24). The
APRI was not a significant indicator of GEVs, which is
also consistent with a recent study (36). Meanwhile, it
has been recently reported that the hepatic venous
pressure gradient is better correlated with SS than
with LS measured by transient elastography (14). The
results of the multivariate analyses in our study are
in line with the previous reports. Although the precise
mechanisms leading to spleen enlargement in PH are
poorly understood, splenic congestion has been sug-
gested to play a major role in increasing spleen vol-
ume, which is observed in neoangiogenesis and
lymphoid hyperplasia in the spleen (13,37). The rea-
son why the stiffness is increased in PH can be
explained by increased tissue perfusion; a recent
study using a pig model of renal ischemia suggested
that decreased perfusion reduced tissue stiffness (38).

In a previous study, the mean SS measured by MRE
in healthy volunteers was 4.2 kPa (28). In our study,
the SS in patients with CLD without GEVs was higher
(6.7 kPa) than the previously reported data, indicating
that SS might increase in the precirthotic stage.
Although SS was more reliable than the other MRI-
based parameters in the assessment of GEVs in our
study, a significant overlap between the three groups
in SS value was observed. Therefore, we conclude that
SS alone cannot be used as an indicator of GEVs and
more reliable noninvasive methods should be devel-
oped and validated.

We also demonstrated that spleen volume was sig-
nificantly different among the three groups studied. In
the multivariate analysis, spleen volume showed sig-
nificant association with the presence of any GEVs,
but no significant association with severe GEVs. A
recent study showed that spleen volume combined
with a biochemical marker (eg, platelet count and/or
albumin) can predict the presence of varices in
patients with CLD (39). Meanwhile, in pediatric
patients with extrahepatic portal vein obstruction,
spleen volume does not correlate with the grade of
varices (40). We speculate that spleen volume will
increase with PH development; however, it might not
be useful by itself for the assessment of severe GEVs.

We showed excellent interreader variability for both
LS and SS measurements. Of these, the reproducibil-
ity of LS was consistent with a recent report (41). To
our best knowledge, the reproducibility of SS mea-
surement has not been reported so far. Although we
did not assess the repeatability of stiffness measure-
ments in our study, a previous report showed excel-
lent repeatability of MRE of the liver. (17,18,41). In
our institution, clinical technicians are proficient in
the MRE technique and all procedures are conducted
without complications. MRE is associated with only
slight pneumatic vibration and rarely causes subjec-
tive discomfort or pain. Recently, gadoxetic acid-
enhanced MRI has become a popular method in
patients with cirrhosis to assess hepatocellular carci-
noma and a 20-minute waiting period for hepatocyte
phase image is sufficient to obtain an MRE image. In
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our opinion, MRE of the liver and spleen is well-
tolerated by almost all patients and should be imple-
mented as part of a routine MRI examination.

Ultrasound parameters such as LS, SS, and spleen
size have been widely investigated and reported to be
reliable indicators of GEVs (3-8). Ultrasound methods
are widely available and inexpensive but they are
operator-dependent and less sensitive, especially in
obese patients.

In this study we did not assess the visually detecta-
ble GEVs on routine MRI because the focus of this
study was also on quantitative parameters rather
than qualitative assessments, which might be inferior
in reproducibility. Furthermore, our study cohort
comprised a heterogeneous group in which both
patients with and without contrast-enhanced MRI
were included. This heterogeneity of contrast-
enhanced MRI might influence reliability of diagnostic
performance of visually detectable GEVs on MRI (10).
In simple assessment by one author of this study, vis-
ually detectable GEVs on routine MRI, which was
defined as dilated luminal vessels abutting or pro-
truding into the luminal space (23), were observed in
three patients with mild GEVs, nine patients with
severe GEVs, and not observed in no GEVs. Sensitiv-
ity and specificity were 27% (12/44), 100% (49/49)
for any GEVs, and 64% (9/14), 96% (76/79) for severe
GEVs, respectively. These results of visual assessment
were comparable with the results of SS.

PV flow measurements by PC-MRI and duplex
Doppler ultrasound in the previous studies showed
inconclusive results for assessing PH and GEVs
(23,42). The results of our study also suggest that PV
flow measurements are less promising for predicting
GEVs than SS. This may be due to complex contribut-
ing factors such as meal consumption prior to exami-
nation, cardiac output, and breath-holding (43), in
addition to the inherent instability in measurements
by 2D PC-MRI. The recently developed time-resolved
3D PC-MRI or 4D PC-MRI may provide a more com-
prehensive assessment of PV flow dynamics {44).

Our study has several limitations. First, the cutoff
values were based on the retrospective patient cohort;
therefore, they could not be directly extrapolated to
clinical practice, and further prospective studies are
needed to validate these values for the prediction of
GEVs. Second, there is no available reference stand-
ard for SS or PH. Therefore, the validity and robust-
ness of the SS measurement could not be verified.
Third, the time between MRI and upper endoscopy
was relatively long and differed between patients,
which might have produced biased results. Finally,
we could not set the endpoint of bleeding from GEVs,
which is the most important clinical outcome. Pro-
spective observation should be conducted to elucidate
the utility of noninvasive functional MRI parameters
in clinical settings.

In conclusion, MRE of the liver and spleen, and
spleen volume measured on routine MRI, are useful
for predicting GEVs in patients with CLD. Spleen stiff-
ness is a more reliable predictor of severe GEVs than
liver stiffness and spleen volume.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver (70%-85%) and a major cause of
mortality. It is the fifth and seventh most frequent cancer and the second and sixth most frequent cause of cancer death in
men and women, respectively.! At early stages or at Barcelona Clinic Liver Cancer stage A, a 5-year survival rate of 60% to
70% can be achieved in well selected patients with HCC who undergo surgical therapies (liver resection or transplanta-
tion) or locoregional procedures (ie, radiofrequency ablation).? However, treatment of advanced HCC that is not amena-
ble to surgical or locoregional therapies remains a challenge in clinical practice.

Sorafenib is an oral, small-molecule tyrosine kinase inhibitor that blocks the synthesis of several intracellular proteins
considered to be important for tumor progression, including the platelet-derived growth factor receptor beta, raf kinase,
and the vascular endothelial growth factor (VEGF) receptor. VEGF is a homodimetric glycoprotein with a molecular
weight of 45 kDa. The VEGF family includes VEGF-A, VEGF-B, VEGE-C, VEGF-D, and a structurally related mole-
cule: placental growth factor. Three high-affinity VEGF tyrosine kinase receptors (VEGFRs) have been identified:

Corresponding author: Namiki Izumi, MD, PhD, Department of Gastroenterology and Hepatology, Musashino Red Cross Hospital, 1-26-1 Kyonan-cho, Musashino-
shi, Tokyo 180-8610, Japan; Fax: (011) 81-422-32-9551; nizumi@musashino.jrc.or,jp

"Department of Gastroenterology and Hepatology, Musashino Red Cross Hospital, Tokyo, Japan; 2Department of Gastroenterology and Hepatology, Tokyo Medi-
cal and Dental University, Tokyo, Japan; *Department of Liver Disease Control, Tokyo Medical and Dental University, Tokyo, Japan; “First Department of Internal
Medicine, University of Yamanashi, Yamanashi, Japan

The first 2 authors contributed equally to this article.

DOI: 10.1002/cncr.28384, Received: April 2, 2013; Revised: August 10, 2013; Accepted: August 15, 2013, Published online October 7, 2013 in Wiley Online
Library (wileyonlinelibrary.com)

Cancer  January 15, 2014 229

— 167 —



