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Introduction

Interferons (IFNs) are types of cytokine that are produced by
host cells, such as leukocytes, in response to inflammation.
Since IFNs possess antiviral activity, antiproliferative activity
and various immunoregulatory activities, IFN therapy is used to
treat patients with chronic viral hepatitis or certain types of
cancer including malignant melanoma, acquired
immunodeficiency syndrome-related Kaposi's sarcoma and
some hematopoietic malignancies [1,2]. Lai et al also showed
that recombinant IFNa is useful in prolonging survival among
patients with inoperable hepatocellular carcinoma (HCC) [3]. In
addition, some studies showed IFN therapy might prevent
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either occurrence or recurrence after initial curative therapy of
HCC, such as liver resection and radiofrequency ablation, in
patient with chronic viral hepatitis [4—7]. This cancer preventive
effect of IFNs is regarded mainly as results of their antiviral
effect and the consequent suppression of inflammation, and
might be due tfo their direct antitumor effect against clinically
undetectable HCC as well. The detailed mechanism of the
antitumor effect of IFNs, however, remains obscure.

Pegylated interferon-a2a (PEG-IFN-a2a) and pegylated
interferon-a2b (PEG-IFN-a2b), which are used to treat patients
with chronic hepatitis C virus (HCV) or B virus (HBV) infection,
are modified IFNs that have longer serum half-life in body than
non-pegylated forms of IFNs, therefore they can be given to
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patients only once a week, whereas a standard IFN without
pegylation used to be injected up to three to five times a week.
This once-a-week injection of pegylated IFNs in combination
with daily oral dosing of the nucleoside analogue ribavirin has
substantially improved the rate of sustained virological
response in patients with chronic HCV infection and got a
position as the first line therapy [8,9]. We previously reported
that PEG-IFN-a2b which contains 12 kDa polyethylene glycol
(PEG) has stronger antitumor effects in vivo than non-
pegylated IFNs and this result might be indicating that
continuous IFNs exposure to cancer cells in body is more
effective than continual injection [10]. On the basis of above-
described background, we examined the growth inhibitory
effects of PEG-IFN-a2a which contains two chains of 20 kDa
PEG and has the longest serum half-life among clinically
available IFNs on liver cancer cell lines in vitro and in vivo.

Methods

Cell Lines and Cell Culture

This study used 11 HCC cell lines (KIM-1, KYN-1, KYN-2,
KYN-3, HAK-1A, HAK-1B, HAK-2, HAK-3, HAK-4, HAK-5, and
HAK-6) and 2 human combined hepatocellular and
cholangiocarcinoma (CHC) cell lines (KMCH-1 and KMCH-2).
These HCC and CHC cell lines were originally established in
our laboratory, and each cell line retains the morphological and
functional features of the original tumor as described elsewhere
[11-20]. Since tumorigenicity is higher in HAK-1B and KIM-1
cells than in the other 11 cell lines that we have, we used these
two cell lines for in vivo study.

The cells were grown in Dulbecco’s Modified Eagle Medium
(Nissui Seiyaku, Co., Japan) supplemented with 2.5% heat-
inactivated (56°C, 30 min) fetal bovine serum (FBS, Bioserum,
Victoria, Australia), 100 U/mL penicillin, 100 pg/mL
streptomycin ~ (GIBCO  BRL/Life = Technologies, Inc.,,
Gaithersburg, MD) and 12 mmol/L sodium bicarbonate, in a
humidified atmosphere of 5% CO, in air at 37°C.

IFN and Reagents

PEG-IFN-02a (PEGASYS®, Chugai Pharmaceutical Co.,
Ltd., Tokyo, Japan) with the specific activity of 1.4 X 107 [U/mg
protein and non-pegylated IFN-a2a (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) with that of 2.0 X 10% |U/mg
protein were used in the study.

Anti-bromodeoxyuridine (BrdU) antibody and fluorescein
isothiocyanate-conjugated goat anti-mouse immunoglobulin
(FITC-GAM) were purchased from Becton Dickinson
Immunocytometry Systems USA (San Jose, CA); control
normal mouse IgG,;, from DAKO (Glostrup, Denmark); rat
antibody against mouse endothelial cells (anti-CD34, clone
MEC14.7), from Serotec Co., UK; and mouse monoclonal
antibody against human a-smooth muscle actin (SMA) that
cross-reacts with mouse a-SMA (clone 1A4).
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Effects of PEG-IFN-a2a on the Proliferation of HCC and
CHC Cell Lines in vitro

The effects of PEG-IFN-a2a on the growth of the cultured
cells were examined with colorimetry using 3-(4,5-
dimethylthiazol-2yl)-2,5-dipheny! tetrazolium bromide (MTT)
assay kits (Chemicon, Temecula, CA) as described elsewhere
[18,21]. Briefly, the cells (1.5~8 X 10° cells per well) were
seeded on 96-well plates (Nunc, Inc, Roskilde, Denmark),
cultured for 24 hours, and the culture medium was changed to
a new medium with or without PEG-IFN-a2a (0.016, 0.064,
0.256, 1.024, 4.096, 16.4, 65.5, 262, 1,048, or 4,194 ng/mL).
After culturing for 24, 48, 72 or 96 hours, the number of viable
cells was measured with ImmunoMini NJ-2300 (Nalge Nunc
International, Tokyo, Japan) by setting the test wavelength at
570 nm and the reference wavelength at 630 nm. To keep the
optical density within linear range, all experiments were
performed while the cells were in the logarithmic growth phase.

Quantitative analysis of apoptotic cells induced by
PEG-IFN-a2a

HAK-1B or KIM-1 cells cultured with medium alone (control),
non-pegylated IFN-a2a (10 ng/mi=2,000 IU/ml) or PEG-IFN-
a2a (144 ng/ml=2,000 IU/ml) for 72 hours were stained with the
Annexin V-EGFP (enhanced green fluorescent protein)
Apoptosis Detection Kits (Medical & Biological Laboratories
Co., Ltd.) according to the manufacturer's instructions. After
staining, the cells were analyzed using a FACScan (Becton
Dickinson Immunocytometry Systems, San Jose, CA), and
Annexin V-EGFP-positive apoptotic cell rate was determined.

Morphological Observation

For morphological observation under a light microscope,
cultured cells were seeded on Lab-Tek tissue culture chamber
slides (Nunc, Inc.), cultured with or without PEG-IFN-a2a (262,
1,048 or 4,194 ng/mL) for 72 hours, fixed for 10 min in
Carnoy’s solution, and stained with hematoxylin-eosine (HE).

Effects of PEG-IFN-a2a on HCC Cell Proliferation in
Nude Mice

All animal experiments were approved by the institutional
committee for animal experiments in Kurume University School
of Medicine (Permit Number: 1334), and conducted according
to the Guide for the Care and Use of Laboratory Animals of the
National Institute of Health and the Regulations for Animal
Experimentation of Kurume University School of Medicine.
Mice were killed by cervical dislocation under diethyl ether
anesthesia, and all efforts were made to minimize suffering.
Cultured HAK-1B or KIM-1 (107 cells/mouse) was
subcutaneously (s.c.) injected into the backs of 5-week-old
female BALB/c athymic nude mice (Clea Japan, Inc., Osaka,
Japan). Five to seven days later when the largest diameter of
the tumor, which was measured by using caliper, reached
approximately 5~10 mm (Day 0), tumor volume (mm?® was
calculated in the equation ‘the largest diameter X (the smallest
diameter)? X 0.5", and then the mice were divided into 5 groups
(n=8 each). Tumor volume was measured on Day 0, 1, 2, 4, 6,
8, 10, 12, and 14. Mouse body weight was measured on Day 0,
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8, and 14. After 2-week treatment, mice were killed on Day 15
and the actual tumor weight was also measured. In experiment
1, the 5 groups of 8 mice received either phosphate-buffered
saline (PBS) (Control) or PBS with the different dosages of
PEG-IFN-a2a (0.06-60 pg) once a week for 2 consecutive
weeks (Day 1 and Day 8). The clinical dose of PEG-IFN-a2a in
chronic hepatitis C treatment is about 3 pg/kg and is equivalent
to the lowest dose (0.06 pg/mouse=840 |U/mouse) in this
experiment. After killing, resected tumors were used for
morphological studies (e.q., HE staining and
immunohistochemistry) and Enzyme-linked immunosorbent
assay (ELISA) analysis. Every mouse received an
intraperitoneal injection of 1 mg of BrdU 30 min before killing.
In experiment 2, to examine the difference between non-
pegylated and pegylated IFNs, 5 groups of 8 mice received
either PBS (Control), PBS with 0.0042 or 0.042 ug of IFN-02a
(840 or 8,400 IU, respectively), or PBS with 0.06 or 0.6 ug of
PEG-IFN-a2a (840 or 8,400 IU, respectively). In this
experiment, tumor weights on Day 15 and numbers of
apoptotic cells were compared among the groups.

Morphological Examination of the Subcutaneous
Tumors of Nude Mice

The number of cells showing the characteristics of apoptosis
(e.g., cytoplasmic shrinkage, chromatin condensation, and
nuclear fragmentation) was counted in at least three 0.25 mm2-
areas within an HE-stained specimen, and the average number
per area was obtained. The TUNEL technique (ApopTag®
Peroxidase /n Situ apoptosis Detection Kits, CHEMICON
International, Inc, CA) was used to detect apoptotic cells, and
the average number of TUNEL-positive cells per area was
obtained, as described above. The specimens were also
immunostained for incorporated BrdU using BrdU Staining Kits
(Oncogene Research Products, Boston, MA), and the average
number of positive cells per area was obtained as described
above. In addition, double-immunostaining was performed with
anti-mouse endothelial cell antibody, anti-human o-SMA
antibody, Histofine simple stain mouse MAX-PO (Rat) kits
(Nichirei, Tokyo, Japan), and HistoMouse ™-plus kits to detect
artery-like blood vessels as described in our previous report
[21,22]). The number of double-immunostaining-positive blood
vessels in the tumor was counted on each specimen.
Granulation tissue within the tumor were excluded in counting
of blood vessels. The size of the counted area was measured
by tracing the outline displayed on a computer monitor using
Mac SCOPE (MITANI Corp., Chiba, Japan). From the obtained
number of vessels per unit area (mm?), the group mean was
obtained for group comparison.

Enzyme-linked immunosorbent assay (ELISA)

Portions of the resecied xenograft tumors were homogenized
in 500 ul of ice-cold Ca* and Mg*-free PBS containing 100
mg/ml phenymethylisulfonyl fluoride using a pellet pestle. The
mixture was centrifuged for 10 min (12,000 g, 4°C), and the
supernatant was stored at -20°C until use. After the
determination of the amount of the tissue protein in the
supernatant using a BCA protein assay reagent (Pierce,
Rockford, IL), the amount of basic fibroblast growth factor
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(bFGF) and IL-8 was measured by using commercially
available ELISA kits (R&D Systems, Minneapolis, MN).

Statistics

Comparisons of estimated tumor volume and colorimetric cell
growth were performed using two-factor factorial ANOVA and
Student’s t-test, respectively. The other data comparisons were
performed using the Mann-Whitney U test.

Results

Effects of PEG-IFN-02a on Liver Cancer Cell
Proliferation in vitro

Twenty-four hours after the addition of 4,194 ng/mL of PEG-
IFN-02a, mild increase in the relative viable cell number
occurred in 9 cell lines (all cell lines except KYN-2, HAK-1A,
HAK-6, and KMCH-1). However, after 72 hours or later, a 10%
or more decrease in the cell number occurred in all cell lines
(Figure 1A). In HAK-2, HAK-3, and HAK-4, HAK-6, and
KMCH-2, proliferation was suppressed up to 72 hours and the
cell number reached a plateau or slightly increased thereafter.
In the other 8 cell lines, proliferation was suppressed to varying
degrees up to 96 hours.

The relative viable cell number was suppressed in 11 cell
lines (all cell lines except HAK-1A and KMCH-2) in a dose-
dependent manner after the 96 hours-incubation with PEG-
IFN-a2a (Figure 1B). In 7 cell lines (HAK-1B, KMCH-1, KIM-1,
KYN-1, HAK-6, KYN-3, and KYN-2), the number was
suppressed to 50% or less with 4,194 ng/mL of PEG-IFN-a2a,
and the 50% inhibitory concentration (IC50) was 253 ng/mL for
HAK-1B, 670 ng/mL for KMCH-1, 1,105 ng/mL for KIM-1, 1,128
ng/mL for KYN-1, 1,302 ng/mL for HAK-6, 1,524 ng/mL for
KYN-3, and 4,431 ng/mL for KYN-2. No relationship was
detected between the histological differentiation level of the
original tumor and sensitivity to the anti-proliferative effect of
PEG-IFN-a2a.

Seventy-two hours after adding 4,194 ng/mL of PEG-IFN-
a2a, 8 cell lines (all cell lines except KYN-3, HAK-1A, HAK-2,
HAK-3, and KMCH-2) showed characteristics of apoptosis,
e.g., cytoplasmic shrinkage, chromatin condensation, and
nuclear fragmentation, in various degrees and in a dose-
dependent manner (Figure 2). The appearance of apoptosis
was further confirmed in HAK-1B and KIM-1 cells cultured with
10 ng/ml (=2,000 1U/ml) of IFN-a2a or 144 ng/ml (=2,000 1U/ml)
of PEG-IFN-a2a by apoptosis detection assay (Table 1). Non-
pegylated IFN-a2a induced much more apoptosis than PEG-
IFN-a2a.

Effects of PEG-IFN-a2a on HCC Cell Proliferation in
Nude Mice

Chronological changes in estimated tumor volume after
subcutaneous injection of cultured HAK-1B or KiM-1cells to
nude mice are summarized in Figure 3. Dose-dependent
suppression of tumor volume was observed in mice receiving
PEG-IFN-a2a. In the experiment of HAK-1B tumors, a
significant difference in the changes in tumor volume and tumor
weight was observed between the Control mice and the mice

December 2013 | Volume 8 | Issue 12 | 83195

— 137 —



PEG-IFN-02a Inhibits HCC Growth

120%
- KIM-1
—e— KYN-1
—~
= 100%3
= —— KYN-2
=
8 —+— KYN-3
B
-a- HAK-1A
X 8%
5 -0 HAK-1B
R
E g g HAK-2
=
= - .
= 60% o HAK-3
: ~g- HAK-4
:_E_* i HAK-S
>
§ 40% it HAK-6
E —y- KMCH-1
Q0
~ —g- KMCH-2
20% , —— 3
0 24 48 72 96 0.1 1 10 100 1000 4194
Time after PEG-IFN-c2a addition (hours) Concentration of PEG-IFN-o2a (ng/mL)

Figure 1. Anti-proliferative effect of PEG-IFN-02a. (A) Chronological changes in relative viable cell number (% of the’control)
after adding 4,194 ng/mL of PEG-IFN-a2a. Growth was suppressed with time in 8 cell lines. (B) 96 hours after adding 10 different
concentrations of PEG-IFN-a2a. Cell proliferation was suppressed in a dose-dependent manner in 11 cell lines. The suppression
was significant (P < 0.0001~0.05) in the ranges of 0.016~4,194 ng/mL of PEG-IFN-a2a in HAK-6, 0.256~4,194 ng/mL in KYN-3 and
HAK-1A, 4.096~4,194 ng/mL in KIM-1, KYN-1, HAK-1B, HAK-2 and KMCH-2, 16.4~4,194 ng/mL in KYN-2, HAK-5 and KMCH-1,
262~4,194 ng/mL in HAK-4, and at 4,194 ng/mL in HAK-3 (Student t-test). Eight samples were used in each experiment (n = 8). The
experiment was repeated at least 3 times for each cell line. The figures represent average * SE of the experiments.

doi: 10.1371/journal.pone.0083195.g001

Figure 2. Photomicrograph of HAK-1B cells cultured for 72 hours on a Lab-Tek Chamber slide. (A) Without PEG-IFN-a2a in
culture medium. (B) With 4,194 ng/mL of PEG-IFN-a2a in culture medium. Apoptotic cells (short arrows) characterized by
cytoplasmic shrinkage, chromatic condensation and nuclear fragmentation were noted (HE staining, X 200).

doi: 10.1371/journal.pone.0083195.g002
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Table 1. Quantitative analysis of apoptosis in HAK-1B or KIM-1.

PEG-IFN-a2a Inhibits HCC Growth

Annexin V-EGFP apoptotic cells (%)

HAK-1B 41+0.5P

185+0.3

10.9+05

2 Cells were cultured with medium alone (Control), IFN-a2a (10 ng/mi=2,000 1U/ml) or PEG-IFN-a2a (144 ng/mi=2,000 1U/mi). ® Mean *SE.

doi: 10.1371/journal.pone.0083195.t001
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Figure 3. Time-course change in estimated tumor volumes of subcutaneously transplanted HAK-1B (A) or KIiM-1 (B)
tumors in nude mice in Experiment 1. The mice received a subcutaneous injection of 0.06 (A), 0.6 (c), 6 (e), or 60 (A) ug of
PEG-IFN-a2a, or medium alone (Control) (o), once a week for 2 consecutive weeks. The arrows show the days of injection. The
figures represent average + SE. *P < 0.0001, versus the other groups. TP < 0.01, versus the other groups.

doi: 10.1371/journal.pone.0083195.g003

that received 0.06, 0.6, 6 or 60 ug of PEG-IFN-a2a (P < 0.0001
by two-factor factorial ANOVA; and P < 0.001~0.02 by the
Mann-Whitney U test, Figure 3A and Table 2). In the
experiment of KIM-1 tumors, a significant reduction of tumor
volume was also observed with the use of PEG-IFN-a2a (P <
0.001 by two-factor factorial ANOVA, Figure 3B). There were
significant differences in the actual tumor weight between the
Control group and the PEG-IFN-a2a groups, except for the
PEG-IFN-a2a (0.06 pg) group (Table 2). The actual tumor
weight at the end of the experiment 2 was summarized in Table
3. Subcutaneous injection of 0.6 pg of PEG-IFN-a2a induced
the significant reduction of tumor weight, compared with the
Control group and the group that received the same
international unit of non-pegylated [FN-a2a (P<0.005 and
P<0.03, respectively). In this experiment, there was no
significant difference between the Control group and the PEG-
IFN-a2a (0.06 ug) group (P=0.078).

PLOS ONE | www.plosone.org

Histological examination of the HAK-1B tumor specimens
stained with HE revealed that the numbers of apoptotic cells in
the mice treated with PEG-IFN-a2a (0.06 or 0.6 ug) were
significantly higher than that of the Control, and the number
increased dose dependently (Figure 4, A and B; Table 4). The
incidence of apoptosis in TUNEL-stained sections showed the
same tendencies as those obtained in HE-stained sections
(Figure 4C and Table 4). Immunohistochemical examination of
BrdU uptake in HAK-1B tumors revealed that there was no
significant difference in BrdU labeling index between the
Control and PEG-IFN-a2a (0.06 or 0.6 ug) groups (Table 4). As
for apoptosis, similar findings were observed in experiment 2 in
which KIM-1 was used. The group treated with 0.6 ug of PEG-
IFN-a2a showed increased number of apoptotic cells than the
control group. There was no significant difference between the
control and IFN-02a group. In addition, the group treated with
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Table 2. The weight of subcutaneous tumors of HAK-1B or KIM-1 cells in nude mice at killing (Experiment 1).

Tumor weight (g)

Control 0.303 +0.05b, © 1.050 + 0.24¢

PEG-IFN-a2a (0.6 pg) 0.033 £0.01 0.439 £ 0.04

PEG-IFN-a2a (60 ug) 0.0

0.076 £ 0.05
a Cultured HAK-1B or KIM-1 cells (1.0 X 107) were subcutaneously transplanted into nude mice. Five groups of 8 mice received either phosphate-buffered saline (PBS)

(Control) or PBS with the different dosages of PEG-IFN-a2a (0.06-60 ug) once a week. All mice were killed and the tumor weight was measured on the 15th day. ® Mean +
SE. © P < 0.02, versus the PEG-IFN-a2a (0.06 pg) group; P < 0.001, versus the PEG-IFN-a2a (0.6 pg) group; P < 0.001, versus the PEG-IFN-a2a (6 ug) group. 9. P < 0.02,
versus PEG-IFN-a2a (60 pg). © Not significant, versus the PEG-IFN-a2a (0.06 pg) group; P < 0.03, versus the PEG-IFN-a2a (0.6 ug) group; P < 0.05, versus the PEG-IFN-
a2a (6 ug) group; P < 0.01, versus the PEG-IFN-a2a (60 g) group. f. P < 0.05, versus the PEG-IFN-a2a (60 ug) group.

doi: 10.1371/journal.pone.0083195.t002 .

Table 3. The actual weight and numbers of apoptotic cells of subcutaneous tumors at killing (Experiment 2).

Apoptosis (Number of cells/0.25mm2)

Treatment group?

activity of interferon (IU) Tumor weight (g)

IFN-a2a (0.0042 pg) 840 1U 0.588 + 0.07¢ 7.9+0.99

PEG-IFN-02a (0.06 ug) 840 IU 0.493 + 0.041 8.9£0.9

a Cultured HAK-1B cells (1.0 X 107) were subcutaneously transplanted into nude mice. Five groups of 8 mice received either PBS (Control), PBS with 0.0042 or 0.042 pg of
IFN-a2a (840 or 8,400 {U, respectively), or PBS with 0.06 or 0.6 pg of PEG-IFN-a2a (840 or 8,400 1U, respectively). All mice were killed and the tumor weight was measured
on the 15th day. The number of apoptotic cells was counted in at least three 0.25 mm2-areas in each section stained with hematoxylin and eosin, and the average number
per area in each group was obtained. P Mean + SE. © P < 0.005, versus the PEG-IFN-a2a (0.6 ug) group. 9 P < 0.02, versus the PEG-IFN-a2a (0.6 ug) group. € P < 0.03,
versus the PEG-IFN-02a (0.6 ug) group. f P < 0.02, versus the PEG-IFN-02a (0.6 pg) group. 9 P < 0.05, versus the PEG-IFN-02a (0.6 ug) group. " P < 0.001, versus the

PEG-IFN-a2a (0.6 ug) group.
doi: 10.1371/journal.pone.0083195.t003

0.6 ug of PEG-IFN-a2a (8,400 IU) showed higher number of
apoptotic cells than those with 0.042 pg of IFN-a2a (8,400 IU).

The resected tumor of the PEG-IFN-a2a group showed
granulation tissue at the middle of the tumor to various degrees
(Figure 5). Arteries that appeared in the granulation tissue were
excluded in blood vessel count within tumor. There was no
significant difference in the number of blood vessels per unit
area within the HAK-1B tumor and the expression of bFGF and
IL-8 in the tumors between the PEG-IFN-a2a group and the
Control group (Figure 5; Table 5).

Discussion

In the in vitro study, we showed that PEG-IFN-02a inhibit the
growth of 8 and 11 out of 13 cell lines in a time- and dose-
dependent manner, however, PEG-IFN-a2a was apparently
less active on an IC50 basis, compared with either PEG-IFN-
a2b or IFN-a2b or consensus IFN-a or BALL-1 lymphoblastoid
IFN-a which was tested in the same experimental condition in
our previous reports [10,18,21]. For example, IC50 for HAK-1B
cells was approximately 253 ng/ml of PEG-IFN-a2a, 13.1 ng/ml
of PEG-IFN-a2b, 2.4 ng/ml of IFN-a2b, 0.7 ng/ml of consensus
IFN-a and 1.1 ng/ml of BALL-1 lymphoblastoid IFN-a. On the
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other hand, in the in vivo study, s.c. injection of PEG-IFN-a2a
once a week showed better antitumor effect on a tumor volume
or weight basis, compared with that of non-pegylated IFN-a2a.
These results might support our hypothesis that continuous
contact with IFNs induces strong in vivo antitumor effects, and
are not surprising because it was reported that PEG-IFN-a2a
showed less active in vitro antiviral activity and but had much
more in vivo antitumor activity than non-pegylated IFN-02a
[23]. We also showed that PEG-IFN-a2a can inhibit the
proliferation of CHC cell lines as well as HCC. In MTT assay,
the growth of KMCH-1 was well suppressed although another
CHC cell line, KMCH-2 was not. One possible explanation for
the different sensitivity between KMCH-1 and KMCH-2 is that
the origin of KMCH-1 is CHC, classical type and that of
KMCH-2 is CHC with stem-cell features, intermediate-cell
subtype according to the latest WHO classification [24]. Such a
stem-cell properties of ‘the tumor might be the reason for IFN
resistance. Another interesting finding in the in vitro study is the
discrepancy between the results of MTT assay and apoptosis
detection assay. When HAK-1B or KIM-1 was cultured with
PEG-IFN-a2a, IC50 for HAK-1B was much lower than that for
KIM-1 although HAK-1B showed lower rate of apoptotic cells
than KIM-1. These findings suggest that there might be some
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Figure 4. Photomicrograph of subcutaneous human HCC tumor in nude mice that was developed after the injection of
HAK-1B cells. (A) A control mouse that received culture medium alone. The tumor shows a compact arrangement of tumor cells
and a sinusoid-like structure in the stroma. (B) A mouse that received a s.c. injection of 0.06 ug of PEG-IFN-02a. There are some
apoptotic tumor-cells characterized by shrinkage and eosinophilic change in the cytoplasm, chromatin condensation and/or
fragmentation of nuclei (arrows, HE staining, X200). (C) The same tumor as shown in (B). There are some TUNEL-positive cells
showing brown nuclei (arrows, stained by the TUNEL technique, X200).

doi: 10.1371/journal.pone.0083195.g004

Table 4. Numbers of apoptotic cells and BrdU-positive cells in human HCC tumors subcutaneously transplanted in nude
mice.

Apoptosis? (Number of cells/0.25mm?) BrdU Labeling Index® (Number of positive cells/0.25mm?2)

Control 8.4 +0.89e 96+1.1¢ 323+ 1.6

16.1+1.5

PEG-IFN-02a (0.6 jig) 12409 31.3£6.9

a Gultured HAK-1B cells (1.0 X 107) were subcutaneously transplanted into nude mice. Five groups of 8 mice received either phosphate-buffered saline (PBS) (Control) or
PBS with the different dosages of PEG-IFN-a2a (0.06-60 pg) once a week. Tumors of mice that received 6 or 60 pg of PEG-IFN-a2a could not be used because the tumors

were too small to evaluate. All mice were killed on the 15th day.  The number of apoptotic cells was counted in at least three 0.25 mm?-areas in each section stained with
hematoxylin and eosin, and the average number per area in each group was obtained. The number of TUNEL-positive cells was also counted in the same manner. € The
number of BrdU-positive cells was counted in at least three 0.25 mm2-areas in each section, and the average number per area in each group was obtained as the labeling
index. ¢ Mean * SE. P < 0.02, versus the other groups. f. Not significant, versus the other groups.

doi: 10.1371/journal.pone.0083195.t004

mechanisms other than apoptosis, which affect the sensitivity
to antitumor effects of PEG-IFN-a2a. We previously reported
that both pegylated and non-pegylated IFN-a inhibited the
proliferation of cultured HCC cells by inducing the cell-cycle
arrest [10,18]. The expression of interferon receptor on tumor
cells might be a possible factor related to antitumor effect. For
instance, Nagano et al reported that the expression of this type
1 IFN receptor on HCC tissue might be a useful predictor to find
potential responder to INF-a/5-fluorouracil combination therapy
[25]. Immunomodulation by IFNs has also been well studied as
a factor related to antitumor effect. In this study, we used
athymic mice, which lack mature T-cell, and human IFNs.
Since IFNs are species-specific [26], we surmise that this
immunomodulatory effect is limited in our study, but this should
be confirmed in the future study using mouse IFN.

PLOS ONE | www.plosone.org

Morphological observation of the subcutaneous tumors of
nude mice revealed that s.c. injection of PEG-IFN-a2a induce
the significant increase of apoptotic cells compared with
Control group. This result in the in vivo study is consistent with
that in the in vifro study showing characteristic changes of
apoptosis after adding PEG-IFN-a2a. Although the inhibition of
angiogenesis as well as the induction of apoptosis is regarded
as one of the biological effects of IFNs, there was no significant
difference in the number of artery-like blood vessels of the
subcutaneous tumors between the control and treatment
groups. There are two possible explanations of this finding.
Firstly, PEG-IFN-a2a was less effective for mouse endothelial
cells compared with human cancer cells due to the species
specificity of human IFNs. Secondly, it might be difficult to
visualize the alteration in the number of vessels in order to
examine the efficacy of drugs that possess antiangiogenic
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Figure 5. Photomicrograph of resected HAK-1B tumor. (A) Tumor cells are replaced with large granulation tissue at the middle
of resected tumor. (arrowheads, HE staining, X20). (B) Artery-like blood vessels in the tumor (arrow, HE staining, X200). (C) Artery-
like blood vessel in the tumor (arrow, CD34/a-SMA double-immunostain, X200).

doi: 10.1371/journal.pone.0083195.g005

Table 5. Numbers of artery-like blood vessels, and Enzyme-linked immunosorbent assay (ELISA) of angiogenesis factors in
human HCC tumors subcutaneously transplanted in nude mice.

Artery-like blood vessel® (Number of vessels/mm2) Levels in the tumor lysate® (pg/40 pg cellular protein)

0.104 + 0.02d.¢

Control 14.0+1.8% 2.8+1.0%

a Cultured HAK-1B cells (1.0 X 107) were subcutaneously transplanted into nude mice. Five groups of 8 mice received either phosphate-buffered saline (PBS) (Control) or
PBS with the different dosages of PEG-IFN-a2a (0.06-60 ug) once a week. Tumors of mice that received 0.6, 6 or 60 ug of PEG-IFN-a2a could not be used because the
tumors were too small to evaluate. All mice were killed on the 15th day. ® The number of artery-like blood vessels within tumor was counted on each section, and the

average number per area in each group was obtained. © The expression levels of basic fibroblast growth factor (0FGF) and IL-8 of the resected tumors were measured by

ELISA. 9 Mean # SE. ©. Not significant, versus the PEG-IFN-a2a (0.06 pg) group.
doi: 10.1371/journal.pone.0083195.t005

activity. Hlatky et al explained in their review article that the
reason is that the tightness of the coupling between vessel
drop-out and tumor-cell drop-out after the treatment is different
[27]. We had observed similar findings in our previous report in
which human HCC tumors subcutaneously transplanted in
nude mice showed much apoptosis in either PEG-IFN-a2b or
IFN-a2b treatment group compared with the Control group, but
no significant difference in the number of blood vessels [10].
Kojiro et al also showed that s.c. injection of BALL-1
lymphoblastoid IFN-a increase the number of artery-like blood
vessels and the protein expression of bFGF within HCC
xenograft tumors in spite of the significant decrease of actual
tumor weight [28]. In contrast, Dinney et al showed that IFN-
a2a decreases the blood vessel density and the expression of
bFGF in orthotopic xenograft model of bladder tumor [29]. The
reason for these contrary findings remains unclear and further
evaluation with caution is needed by using different doses and

PLOS ONE | www.plosone.org

types of IFNs and different cell lines, not only in subcutaneous
tumor model but also in orthotopic model.

The association between IFN therapy and occurrence or
recurrence of HCC has been investigated in some reports.
HALT-C trial group showed in their randomized control trial in a
large cohort that long-term PEG-IFN-a2a therapy does not
reduce the incidence of HCC among patients with chronic HCV
infection who have previously failed to achieve a sustained
virologic response to therapy [30]. Among only patients with
cirrhosis, long-term PEG-IFN-a2a therapy reduced a risk of
HCC after a long-time observation [31]. EPIC study group also
showed long-term PEG-IFN-a2b therapy does not prevent HCC
[32]. On the other hand, Nishiguchi et al reported that long-term
IFN-a therapy after curative resection of HCV-related HCC
prolongs the survival rate, although preventive effect of
intrahepatic recurrence was marginal [33]. Sakaguchi et al also
showed that among patients who underwent radical
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radiofrequency therapy for HCV-related HCC, long-term IFN-
a2b therapy reduced the recurrent rate of HCC [4]. These
reports with conflicting results may be suggesting that IFN
therapy is effective only after the initial curative treatment of
HCV-related HCC. In addition, there are several reports that
support that IFN therapy prevents the development of HCC
among patients with chronic HBV infection or those underwent
curative resection of HBV-related HCC [5,7]. Thus the
chemopreventive effect of IFNs against HCC are still
controversial, and mechanisms behind that remain unclear.
Antiviral effect against HBV and HCV, which are risk factors for
HCC, and immunomodulatory effect of IFNs are regarded as
main mechanisms. Another possible mechanism is that IFNs
may suppress the growth of clinically undetectable HCC due to
their direct antitumor effect. Our finding in the current study
provide the evidence that PEG-IFN-a2a possesses the direct
antitumor effect against HCC.

In conclusion, we demonstrated antitumor effect of PEG-IFN-
a2a for human liver cancer cells in vitro and in vivo and our
results suggest that longer contact to [FNs may induce stronger
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antitumor effect in body. PEG-IFN-a2a might be a possible
treatment option for HCC as well as chronic viral hepatitis.
Further studies are needed from both molecular and clinical
view points in order to find out particular patient group those
respond to this therapy.
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1

HEPATIC FIBROSIS and cirrhosis represent a major
public health problem worldwide. Progressive hepatic
fibrosis leads to cirrhosis. Liver fibrosis leads to dis-
tinct alterations of the hepatic microvasculature, thus
increased total hepatic vascular resistance. Early cir-
rhosis can be reversed by suppression of the fibrotic
response (1,2). Common causes of liver cirrhosis are
hepatitis C virus (HCV), hepatitis B virus (HBV), alco-
hol consumption, and nonalcoholic steatohepatitis
(NASH). In patients with hepatitis C, progression of
hepatic fibrosis is more rapid in those infected at an
older age and increases with duration of infection (3).
Routine biochemical and hematological tests fail to
quantify liver fibrosis in approximately 50% of
patients (4). Liver biopsy is the gold standard in the
assessment of liver fibrosis grade. Biopsy involves tak-
ing a fraction (~1/50,000th) of the total mass of the
liver (5). However, liver biopsy has several limitations
including physical discomfort due to its invasive
nature. In addition, procedure-related complications
such as bleeding (intrahepatic hematoma occurs in
up to 6% of patients), bile leak, and pneumothorax
can result from liver biopsy, although rare (6).
Ultrasound (US) elastography (7.8) is receiving
increasing attention, because there is a need for alter-
native noninvasive methods to estimate the stage of
liver fibrosis. This technology for quantitatively
assessing hepatic stiffness has been introduced in the
last several years. Liver stiffness measured using US
elastography (FibroScan; Echosens, Paris, France)
has been validated in the assessment of fibrosis in
patients with chronic hepatitis (9). Transient
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elastography is widely available, noninvasive, and
shows high accuracy in staging hepatic fibrosis. How-
ever, US elastography is not carried out on patients
with ascites and narrow intercostal spaces.

Gadolinium ethoxybenzyl diethylenetriaminepenta-
acetic acid (Gd-EOB-DTPA) is a relatively new liver-
specific contrast agent on magnetic resonance imag-
ing (MRI). Gd-EOB-DTPA is gradually taken into
hepatocyte cells, resulting in signal enhancement on
T1-weighted images. This contrast agent is used sub-
stantially for the detection of HCC and liver metasta-
sis on MRI (10-13), but it also has the potential to
enable functional imaging with a T1 shortening effect
at the hepatobiliary phase (14-19). The measurement
of the T1 relaxation time (T1RT) of liver parenchyma
before and after Gd-EOB-DTPA administration allows
quantitative evaluation of Gd-EOB-DTPA uptake by
the liver parenchyma. T1 mapping of the liver shows
the distribution of TIRT in the liver, and is useful to
recognize regional or whole liver function. On the
other hand, signal-based measurement on MRI is
widely used for the quantification to estimate degree
of liver parenchymal enhancement.

It had been reported that it was possible to assess
the staging of liver fibrosis using a rat NASH model by
evaluating the signal intensity-time profile after Gd-
EOB-DTPA injection (15). However, the potential of
using this approach to assess the staging of liver
fibrosis in human has not yet been assessed. The aim
of the present study was to compare four imaging
approaches in liver fibrosis estimation using a quanti-
tative parameter for the classification of fibrosis,
namely, pre-enhancement T1RT, T1RT and signal-
based liver-to-muscle ratio on Gd-EOB-DTPA-
enhanced MRI, and liver stiffness measurement (LSM)
of US elastography (FibroScan).

MATERIALS AND METHODS
Patients

The Institutional Review Board of our university hos-
pital approved the study, and all patients received
informed consent forms for approval of the MR imag-
ing, FibroScan, and liver biopsies. The inclusion crite-
ria were as follows: chronic HCV infection; chronic
HBYV infection; clinical evidence for liver cirrhosis; and
NASH. The exclusion criteria were cases complicated
with other liver diseases or HCC. No patients had a
past history of cardiac diseases that may produce
image artifact by an irregular heartbeat interval.

Both Gd-EOB-DTPA-enhanced MR examination and
FibroScan were performed on 63 consecutive patients
(36 men and 27 women) with chronic liver disease.
Patients had a mean age of 66 years (range 37-83
years).

MRI

A clinically available 3.0 T system (Achieva; Philips
Medical System, Best, Netherlands) with a 6- or 32-
channel phased-array surface coil was used. The Phi-
lips Research Integrated Development Environment
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(PRIDE) T1 fitting tool was employed for measurement
of TIRT using data from the Look-Locker echo-planar
imaging sequence (T1 mapping), which was addressed
previously (16). Look-Locker-Turbo-Field-Echo (LL-
TFE) sequences (repetition time, 12 msec; echo time,
1.7 msec; flip angle, 7°; field of view, 420 x 285 mm;
zero-fill interpolation (zip), matrix; 112 x 66 (recon-
struction 256 x 256); thickness, 10 mm; acquisition
time, 1 phase=145 msec, 31 phases; and accelera-
tion factor, 2) were obtained before and 18 minutes
after 0.025 mmol/kg of Gd-EOB-DTPA (Primovist:
Bayer Schering Pharma, Berlin, Germany) administra-
tion. The T1 mapping image was obtained as a single
axial slice.

Our routine MR examination sequences on Gd-
EOB-DTPA-enhanced MRI were Tl-weighted images
with  in-phase and opposed-phase at pre-
enhancement, 3D Tl-weighted image of arterial
phase, portal venous phase, respiratory-triggered T2-
weighted image with fat saturation, diffusion-weighted
image with low and high b factors after contrast, 3D
T1-weighted image approximately 20% minutes after
injection (hepatobiliary phase). The 3D T1-weighted
image was obtained as T1 high-resolution isotropic
volume examination (THRIVE) with fat suppression;
repetition time, 3.5 msec; echo time, 1.7 msec; flip
angle, 10°; field of view, 350 x 350 mm; matrix, 320
x 256; thickness, 3 mm; and reduction factor, 2). All
patients received Gd-EOB-DTPA administered at 2
mL/s through an intravenous line placed in a cubital
vein and flushed with 32-36 mL of 0.9% saline at the
same speed. This series on Gd-EOB-DTPA-enhanced
MRI was performed as a routine clinical examination
to detect and characterize liver tumors.

Analysis Using Gd-EOB-DTPA-Enhanced MRI

Gd-EOB-DTPA-enhanced MRI was performed for 63
patients. In these patients, TIRT and signal-based
liver to paraspinal muscle ratio (L/M ratio) were inde-
pendently measured by two examiners (M.O. and
M.O.) Three regions of interest (ROIs) with a range of
50-60 pixels were placed manually in the liver (liver
segments of 2/3, 5, and 6/7 using Couinaud’s classi-
fication), avoiding visible intrahepatic vessels on T1
mapping images and 3D T1-weighted image obtained
before and 18 minutes (20 minutes) after Gd-EOB-
DTPA administration. The reason why 18 minutes
after Gd-EOB-DTPA administration applied is because
T1RT at 18 minutes after Gd-EOB-DTPA injection has
possibilities to differentiate between patients with dif-
ferent liver dysfunction (16). Avoiding visible intrahe-
patic vessels on T1 mapping images was performed in
reference to 3D Tl-weighted image (hepatobiliary
phase) because this study was planned to measure
the liver parenchymal T1 relaxation time. Mean T1RT
and liver signal of the L/M ratio for the three ROIs in
segments of 2/3, 5, and 6/7 were considered repre-
sentative hepatic TIRT and liver signal. First, pre-
enhancement T1RT was measured to analyze whether
there were differences between different grades of liver
fibrosis. Second, the reduction rate (RR) of the T1RT
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and increasing rate (IR) of the L/M ratio of the liver
parenchyma were defined as follows:

RR of the TIRT = [(Tlpre — Tlpost)/Tlpre]
x 100%

where Tlpre is TIRT at pre-enhancement and T1lpost
is T1RT at post-enhancement (18 minj}.

IR of the L /Mratio =
[(L/Mratiopost — L /Mratiopre) /L /Mratiopre] x 100%

where L/M ratio pre is L/M ratio at pre-enhancement
and L/M ratio post is L/M ratio at post-enhancement
(20 min); signal of muscle was obtained for the two
ROIs on the left and right paraspinal muscle and was
averaged.

Analysis Using US Elastography (FibroScan)

FibroScan was performed for 63 patients by one
examiner (one hepatologist with 3 years of experience
in US elastography). The LSM was obtained with the
right intercostal approach. The principle of elastogra-
phy using FibroScan has been described elsewhere
(20,21). FibroScan measured the stiffness of the liver
parenchyma using both US (5 MHz) and low-
frequency (50 Hz) elastic waves from an ultrasound
vibrator applied to the body wall. The results
expressed in kPa after 10 validated measurements
were performed at a depth of 25-45 mm from the skin
surface. The interquartile range (IQR) of the Fibro-
Scan was recorded to assess the reproducibility of
measured results (a smaller IQR is sensitive to the
FibroScan measurements).

Pathological Diagnosis and Quantification of the
Liver

Fifty-eight patients received liver biopsy by one exam-
iner (a hepatologist with 10 years of experience in
liver biopsy). In all patients, the intercostal approach
was used for biopsy and the biopsy was performed at
liver segment 5 of Couinaud’s classification. To
ensure accurate histological grading of liver fibrosis
using US-guided needle core biopsy, at least two sam-
ples were taken from each patient’s liver using an
18G needle (MONOPTY, C.R. Bard, Murray Hill, NJ)
under local anesthesia. The liver biopsy specimen was
fixed in formalin and embedded in paraffin. For liver
fibrosis staging, hematoxylin and eosin and Masson’s
trichrome stains were used.

Liver fibrosis was scored using New Inuyama Clas-
sification, which involved the use of a five-grade scale
(FO-F4) (22). Experienced pathologists (two patholo-
gists with more than 10 years of experience in liver
pathology) diagnosed the stage of liver fibrosis by con-
sensus. This system was used to grade histological
lesions by means of two separate scores, one for fibro-
sis (F) and the other for necroinflammation (activity).
The fibrosis score was defined as: FO=no fibrosis;
F1 =fibrous portal expansion; F2=bridging fibrosis
(portal-portal or portal-central linkage); F3 =bridging

3

fibrosis with lobular distortion (disorganization); and
F4 = cirrhosis.

Statistical Analysis

Data from pre-enhancement T1RT, signal-based L/M
ratio, TIRT on Gd-EOB-DTPA-enhanced MRI, and
LSM of FibroScan were expressed as the mean * stan-
dard deviation (SD). In order to assess the agreement
between the two observers’ measurements, simple
regression analysis and Bland-Altman analysis
between the two measurements by two observers for
pre-enhancement T1RT, RR of the TIRT, and IR of
the L/M ratio in the liver parenchyma were evaluated.
The strength of the correlation between the RR of the
TI1RT in the liver parenchyma and the LSM obtained
using the FibroScan was evaluated using simple
regression analysis. The diagnostic performance and
the linear combination of pre-enhancement T1RT, RR
of the TIRT, IR of the L/M ratio, and LSM were
assessed using the receiver operating characteristic
(ROC]) curve, which is a plot of sensitivity versus spec-
ificity. The area under the ROC curve (AUC) and the
cutoff value were obtained by ROC analysis. Statisti-
cal analyses were performed using a commercially
available Excel software (Microsoft Excel 2007; Micro-
soft, Tokyo, Japan), StatFlex v. 6.0 software (Artech,
Osaka, Japan) and free statistical software "R" (R, v.
2.6.1; The R Project for Statistical Computing; http://
www.r-project.org/). P<0.05 was considered statisti-
cally significant.

RESULTS
Patients

In 63 patients with Gd-EOB-DTPA-enhanced MRI and
FibroScan, FibroScan had unsuccessful measure-
ments due to ascites, obesity, and narrow intercostal
space in four patients and Gd-EOB-DTPA-enhanced
MRI had misregistration of liver scan in one patient.
Thus, pre-enhancement TIRT, signal-based L/M
ratio, RR of TIRT, and LSM of FibroScan were com-
pared in the remaining 58 patients (34 men and 24
women) with liver biopsy (Fig. 1 shows a T1 mapping
in a patient with chronic hepatitis C and F1 of New
Inuyama Classification). Chronic liver diseases were
nonalcoholic fatty liver disease (NAFLD; n=25),
chronic hepatitis C (n=15), chronic hepatitis B
(n=4), NASH (n=3), alcoholic liver disease (n=2),
and liver cirrhosis (n=29). There were Grade A (n=42),
Grade B (n=15), and Grade C (n=1) by Child-Pugh
Classification in 58 patients.

The distribution of these scores for fibrosis were as
follows: FO, n=183; F1, n=14; F2, n=12; F3, n=10;
and F4, n=9.

Agreement Between the Two observers’
Measurements

Simple regression analysis and Bland-Altman analy-
sis showed narrow limits of agreement between two
observers’ measurements of pre-enhancement T1RT,
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Figure 1. T1 mapping of a 64-year-old man (New Inuyama
Classification: F1) with chronic HCV infection on Gd-EOB-
DTPA-enhanced MRI. a: Pre-enhancement T1 mapping.
Number in the right upper corner shows the scale of T1
relaxation time (T1RT). Mean T1RT for the three ROIs in seg-
ments of 2/3, 5, and 6/7 is considered representative T1RT
for the liver. Pre-enhancement mean T1RT was 782.0 msec.
b: Post-enhancement T1 mapping at 18 minutes. Number in
the right upper corner shows the scale of TIRT. Mean T1RT
for the three ROIs is considered representative T1RT for the
liver. Mean TIRT at 18 minutes after enhancement was
256.2 msec. Thus, the reduction rate (RR=[(T1pre — Tlpost)
/ Tlpre] x 100%) of the TIRT of liver parenchyma is 67.2%.

RR of the T1RT, and IR of the L/M ratio (Fig. 2).
Bland-Altman analysis yielded narrow limits of agree-
ment for pre-enhancement TIRT, RR of the TI1RT,
and IR of the L/M ratio.

T1 Relaxation Time Measurement

The average length of time between the date of Gd-
EOB-DTPA-enhanced MRI and that of liver biopsy
was 68 days (range 0-156 days). The mean + SD of
pre-enhancement TIRT was 822 * 93 msec (range;
685-1037 msec). The mean = SD of RR of TIRT was
53.8 £10.2% (range; 34.5-68.7%). The distribution
(box-and-whisker plots) of the pre-enhancement T1RT
and the RR of the TIRT are shown in Figs. 3 and 4.
The mean * SD of pre-enhancement TIRT increased
with the degree of fibrosis (FO-F1, 825+ 90.1 msec,
versus F2-F3-F4, 850 + 94.1 msec, P=0.075, FO-F1-
F2, 819 * 83.8 msec versus F3-F4, 875+ 98.6 msec,
P=0.41 and FO-F1, 825%90.1 msec versus F2-F3,
829 + 92.7 msec, P=0.96.

The mean*=SD of RR determined using TI1RT
decreased with the degree of fibrosis (FO-FI,

Okada et al.

58.5+6.2%, versus F2-F3-F4, 48.8 = 11.7%,
P=0.010, FO-F1-F2, 58.2*x6.2% versus F3-F4,
45.5+12.3%, P=0.010 and FO-F1, 58.5*6.2% ver-
sus F2-F3, 52.1 + 12.0%, P=0.0038).

Thus, the RR of TIRT showed significant differences to
differentiate FO-F1 from F2-F3-F4, FO-F1-F2 from F3-
F4, FO-F1 from F2-F3, although the pre-enhancement
T1RT did not show significant differences.

Signal-Based Liver-to-Muscle Ratio

The mean = SD of IR of L/M ratio was 59.7 + 19.4%
(range; 24.2-83.2%). The mean * SD of IR of L/M ratio
decreased with the degree of fibrosis (FO-F1,
61.5*19.6%, versus F2-F3-F4, 55.2 +11.8%,
P=0.47, FO-F1-F2, 59.8+17.2% versus F3-F4,
54.9+13.3%, P=0.21 and FO-Fl, 61.5*19.6%
versus F2-F3, 55.5+ 7.3%, P=0.52). Thus, the IR of
L/M ratio did not show significant differences to
differentiate FO-F1 from F2-F3-F4, FO-F1-F2 from
F3-F4, FO-F1 from F2-F3.

The distribution (box-and-whisker plots) of the IR of
L/M ratio is shown in Fig. 5.

LSM of US Elastography

The average length of time between the dates of the
FibroScan and the liver biopsy was 53 days (range
0-143 days). The mean * SD of LSM obtained using the
FibroScan was 12.4 * 15.8 kPa (range; 2.7-55.0 kPa).
The mean = SD of IQR on the FibroScan was 2.3 + 3.3
kPa (range; 0-11.9 kPa) for all patients. The distribution
(box-and-whisker plots) of the LSM is shown in Fig. 6.

The LSM increased in line with the degree of fibrosis
(FO-F1, 5.4 *+2.2 kPa versus F2-F3-F3, 19.3*+15.5
kPa, P=0.0011, FO-F1-F2, 6.8 + 3.6 kPa versus F3-
F4, 23.8+ 17.1 kPa, P=0.0029, and FO-F1, 5.4 £2.2
kPa versus F2-F3, 11.4 = 7.2 kPa, P=0.0098).

Thus, the LSM of FibroScan showed significant dif-
ferences to differentiate FO-F1 from F2-F3-F4, FO-F1-
F2 from F3-F4, FO-F1 from F2-F3.

Correlation Between T1 Mapping, Signal-Based
Liver-to-Muscle Ratio, and FibroScan

The average length of time between the date of Gd-
EOB-DTPA-enhanced MRI and FibroScan was 16
days (range, 0-27 days). Figure 7 shows a correlation
diagram regarding the Gd-EOB-DTPA-enhanced MRI
and FibroScan. In comparing the levels of LSM
obtained using FibroScan with the RR of T1RT, a neg-
ative correlation was found (r=-0.65, P=0.00005).

In discriminating between patients with F3-F4 liver
fibrosis, the AUCs from the ROC analysis were 0.83
(cutoff value 53.5%. sensitivity 0.80, specificity 0.71)
for the RR of T1RT and 0.83 for the LSM (cutoff value
13.8 kPa, sensitivity 0.73, specificity 0.90) (Fig. 8a,
Table 1). The AUCs from the ROC analysis in patients
with F2-F3-F4 fibrosis on histology were 0.72 (cutoff
value 56.8%, sensitivity 0.71, specificity 0.64) for the
RR of T1RT and 0.88 (cutoff value 9.6 kPa, sensitivity
0.76, specificity 0.92) for the LSM (Fig. 8b, Table 1).
In discriminating between patients with F2-F3 liver
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Figure 2. Agreement between the two observers’ measurements. Simple regression analyses (a: pre-enhancement TIRT,
c: RR of the T1RT, e: IR of the L/M ratio) and Bland-Altman analyses of agreement (b: pre-enhancement T1RT, d: RR of the
T1RT, f: IR of the L/M ratio) between the two measurements are displayed. Simple regression analysis showed a high correla-
tion between the means of the observers’ manual measurements of pre-enhancement T1RT, RR of the T1RT, IR of the L/M
ratio in the liver parenchyma. Bland-Altman analysis yielded narrow limits of agreement of —23 to 28 msec for pre-
enhancement T1RT, of —2.7 to 3.5% for RR of the T1RT, and of —~4.1 to 4.4% for the L/M ratio. Black line (center} = mean of
differences. Gray lines (top and bottom) = upper and lower limits of agreement (mean difference, +2 SD). pre T1RT; precon-
trast T1 relaxation time, RR of T1RT; reduction rate of T1 relaxation time, L/M ratio; liver to paraspinal muscle ratio.

fibrosis, the AUCs from the ROC analysis were 0.68
(cutoff value 59.4%. sensitivity 0.64, specificity 0.72)
for the RR of T1RT and 0.81 for the LSM (cutoff value
5.5 kPa, sensitivity 0.81, specificity 0.71) (Fig. 8c,
Table 1).

The capability of LSM was better than that of RR of
T1RT, pre-enhancement T1RT, and L/M ratio to dif-

ferentiate F > 2, but LSM and RR of T1RT showed the
same value to differentiate F > 3 (Fig. 8a-c, Table 1).

DISCUSSION

We assessed the efficacy of TIRT on Gd-EOB-DTPA-
enhanced MRI (T1 mapping) for the evaluation of the
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Figure 3. Box-and-whisker plots of pre-enhancement T1
relaxation time. The distribution of pre-enhancement T1RT
is shown for New Inuyama Classification fibrosis stages (FO-
F4) in patients who had liver biopsy. FO=no fibrosis;
F1=fibrous portal expansion; F2 =bridging fibrosis (portal-
portal or portal-central linkage); F3 =bridging fibrosis with
lobular distortion (disorganization); and F4 = cirrhosis.

severity of liver fibrosis, in patients with chronic liver
diseases. In our study, we found that the RR of TIRT
measured before and 18 minutes after Gd-EOB-DTPA
injection was inversely correlated with the LSM index
determined by FibroScan. Both the RR of T1RT and
the LSM measurement using FibroScan performed
well (AUC: RR=0.83 and LSM =0.83) in the diagnosis
of patients with fibrosis of grade F>3. However, the
use of RR of TIRT (AUC: 0.72) for the diagnosis of
patients with fibrosis of grade F>2 seemed to be
somewhat less sensitive than the LSM (AUC: 0.88),
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Figure 4. Box-and-whisker plots of reduction rate of T1
relaxation time on Gd-EOB-DTPA-enhanced MRI. The distri-
bution of RR of TIRT on Gd-EOB-DTPA-enhanced MRI is
shown for fibrosis stages (FO-F4) in patients who had liver
biopsy. RR of T1RT of the liver parenchyma is defined as fol-
lows; RR=[(T1pre — Tlpost) / Tlpre] x 100 (%), where Tlpre
is TIRT at pre-enhancement and Tlpost is T1RT at post-
enhancement (18 min). FO=no fibrosis; F1=1fibrous portal
expansion; F2=bridging fibrosis (portal-portal or portal-
central linkage); F3 =bridging fibrosis with lobular distortion
(disorganization); and F4 = cirrhosis.
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Figure 5. Box-and-whisker plots of increasing rate of liver to
paraspinal muscle ratio on Gd-EOB-DTPA-enhanced MRI.
The distribution of increasing rate (IR) of signal-based liver to
paraspinal muscle ratio (L/M ratio) on Gd-EOB-DTPA-
enhanced MRI is shown for fibrosis stages (FO-F4) in patients
who had liver biopsy. IR of L/M ratio of the liver parenchyma
is defined as follows; IR of the L/M ratio=[(L/M ratio post-
—L/M ratio pre} / L/M ratio pre] x 100%, where L/M
ratio pre is L/M ratio at pre-enhancement and L/M ratio post
is L/M ratio at post-enhancement (20 min). FO=no fibrosis;
F1=fibrous portal expansion; F2=Dbridging fibrosis (portal-
portal or portal-central linkage); F3=bridging fibrosis with
lobular distortion (disorganization); and F4 = cirrhosis.

because a certain degree of overlap among lower
stages of liver fibrosis existed. Therefore, the RR of
TIRT and the LSM of FibroScan were not equivalent,
especially in patients with mild fibrosis. But T1RT by
noninvasive means may be available for the diagnosis
of relatively severe liver cirrhosis (fibrosis of grade
F > 3), and be used as an alternative to FibroScan. In
our study, the RR of TIRT and LSM of FibroScan
showed significant differences to differentiate F>2

ag
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Figure 6. Box-and-whisker plots of liver stiffness measure-
ment on FibroScan. The distribution of LSM of FibroScan in
patients who had liver biopsy. Box-and-whisker plots of LSM
on FibroScan is shown for fibrosis stages (FO-F4) in patients
who had liver biopsy. FO=no fibrosis; F1=fibrous portal
expansion; F2=bridging fibrosis (portal-portal or portal-
central linkage); F3 =bridging fibrosis with lobular distortion
(disorganization); and F4 = cirrhosis.
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Figure 7. Correlation diagram between LSM of FibroScan
and reduction rate of TIRT on Gd-EOB-DTPA-enhanced
MRI. Spearman rank correlation was used to investigate the
relation between LSM and RR of TIRT. There is a negative

correlation between LSM and RR (r=-0.65, P=0.00005).

and F >3, although the pre-enhancement T1RT and
IR of L/M ratio did not show significant differences.
Thus, the RR of T1RT is helpful for staging of liver cir-
rhosis, especially in patients with F> 3.

Liver fibrosis occurs due to a scarring process and
deposition of collagen and causes hepatic dysfunc-
tion. However, the relationship between hepatocyte
function and fibrosis is not well understood. To facili-
tate a more quantitative evaluation of liver cirrhosis
on Gd-EOB-DTPA-enhanced MRI, we focused on
T1RT. This was due to the fact that changes in the T1
relaxation rate were considered directly proportional
to the amount of contrast agent taken up by hepato-
cyte cells (23). On the other hand, changes in the sig-
nals of T1-weighted images after the injection of Gd-
related contrast agent, such as Gd-EOB-DTPA, were
not considered directly proportional to the concentra-
tion of contrast agent (24) because MR signal intensity
does not show a linear relationship with the Gd-EOB-
DTPA concentration. In recent reports, liver function
studies using signal enhancement with Gd-EOB-
DTPA (25,26) have been analyzed using ROI-based
measurements; for example, the signal from the liver
was subtracted between the phases or normalized
with that in other organs. However, in these measure-
ments there was a risk that signal enhancement could
lose objectivity because the pixel value could be easily
affected by extrinsic factors such as receiver gain and
tuning MRI radiofrequency coils. Therefore, we
believed that T1RT is a better method to evaluate the
uptake of Gd-EOB-DTPA to the liver.

When liver MRI is performed for the purpose of
detection and characterization of liver tumors, we
suggest that T1 mapping could be used as an adjunct
to routine imaging, to assess the degree of liver fibro-
sis in patients with liver diseases. Liver fibrosis can
occur either homogeneously or heterogeneously.
Therefore, we suggest that the grading of fibrosis
should be estimated using T1 mapping in each liver
segment, using a classification system such as that
developed by Couinaud. Our method using T1RT
measurement provides an evaluation of parenchymal

7

changes in different liver segments, enabling accurate
evaluation of disease severity in cases in which the
fibrosis is not uniform across the entire liver.

Gd-EOB-DTPA-enhanced MRI allows the assess-
ment of not only liver cirrhosis, but also hepatic
tumors. In particular, this modality has the potential
for early detection of HCC (12,13). FibroScan has a
disadvantage of no combination with grayscale sonog-
raphy for screening of liver tumors, because Fibro-
Scan is a dedicated device for the evaluation for liver
stiffness. The development of a noninvasive method
for the assessment of liver fibrosis involving T1RT
represents a major advance in the management of
chronic liver diseases. As several authors have stated,
evaluation of the kinetic distribution of Gd-EOB-DTPA
during the hepatobiliary phase is a promising method
for understanding hepatocyte function (14-16,27).
The difference in contrast between liver tumors and
the parenchyma is affected by liver function, which is
mediated by hepatocyte cells.

Noninvasive imaging of liver fibrosis, involving
modalities such as US, computed tomography (CT),
and MRI, is currently used in patients with chronic
liver disease and suspected HCC. In particular, US
elastography (7.8) and MR elastography (28,29) are
receiving increasing attention. US elastography has
been recognized as the easiest device for noninvasive
imaging. FibroScan is considered a reliable method
for the diagnosis of severe fibrosis and cirrhosis (30),
but a certain degree of overlap among lower stages of
liver fibrosis has been reported (31). Limitations asso-
ciated with the FibroScan should be mentioned and
include its use regarding obese patients, patients with
a narrow intercostal space, and patients with ascites,
liver atrophy, space occupying lesions in the liver
(82), and the exclusion of the left lobe due to heart-
beat and depth location of imaging. In addition, one-
dimensional (1D) US imaging with the propagation
speed of a wave, using pulse-echo US for FibroScan,
is different from two-dimensional (2D) MRI such as T1
mapping with Gd-EOB-DTPA. Another promising
method is MR elastography. This modality quantifies
the viscoelastic parameters of the liver by measuring
acoustic shear waves through the liver tissue (28).
Several reports support the observation that a normal
mean liver stiffness value obtained using MR elastog-
raphy in the setting of chronic liver disease is consist-
ent with a liver fibrosis score of FO on pathology (28]},
while other fibrosis scores (F1-F4) are also diagnosed
accurately (28,33). This method does not require MR
contrast agents and may be more cost-effective than
T1RT with Gd-EOB-DTPA, although additional equip-
ment is required for MR elastography.

Diffusion-weighted imaging (DWI) of the liver is also
useful for assessing liver fibrosis. Decreased apparent
diffusion coefficient (ADC) is caused by the decrease in
total hepatic blood flow in cirrhosis. Intravoxel incoher-
ent motion (IVIM) analysis is based on a method that
enables separate determination of coefficients with
molecular diffusion of water and microcirculation of
blood in the capillary network in each imaging voxel.
IVIM may serve as a valuable tool for assessing liver
fibrosis, because it reflects decreased capillary
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Figure 8. ROC curves of RR of TIRT, LSM, pre TIRT, and liver to paraspinal muscle ratio (L/M ratio) for F3-F4 fibrosis
stages. On the ROC curves of RR of TIRT, LSM, pre-enhancement T1RT, and liver to paraspinal muscle ratio (L/M ratio),
area under the receiving operating curve (AUC), cutoff value between F3-F4 and FO-F1-F2, sensitivity and specificity are
shown in the Table 1. a: ROC curves of LSM (AUC, 0.83) and RR of T1RT (AUC, 0.83) were superior to pre-enhancement
TIRT (AUC, 0.67) and L/M ratio (AUC, 0.61). b: ROC curves of RR of T1RT, LSM, pre-enhancement T1RT and L/M ratio for
F2-F3-F4 fibrosis stages. On ROC curves of RR of TIRT, LSM, pre-enhancement TIRT, and L/M ratio, LSM (AUC, 088) was
superior to RR of T1RT (AUC, 0.72), pre-enhancement T1RT (AUC, 0.59) and L/M ratio (AUC, 0.63). Cutoff value, sensitivity,
and specificity are shown in Table 1. ¢: ROC curves of RR of T1RT, LSM, pre-enhancement T1RT and L/M ratio for F2-F3
fibrosis stages. On ROC curves of RR of T1IRT, LSM, pre-enhancement T1RT, and L/M ratio, LSM (AUC, 081) was superior to
RR of TIRT (AUC, 0.68), pre-enhancement T1RT {(AUC, 0.50), and L/M ratio (AUC, 0.65). Cutoff value, sensitivity, and speci-

ficity are shown in Table 1.

perfusion as well as alterations in pure molecular
water diffusion in cirrhotic livers (34). But technical
factors, such as cardiac motion limiting evaluation of
the left hepatic lobe and respiratory motion effecting
ADC values in the right hepatic lobe, need to be
addressed with respiratory-triggered techniques.

Perfusion-weighted imaging (PWI) of the liver is
employed by dual-input one-compartment analysis
and has permitted measurement of flow parameters
such as hepatic arterial/portal venous inflow rate,
absolute hepatic arterial/portal venous blood flow,
hepatic arterial/portal venous fraction, mean transit
time, and distribution volume. PWI is correlated with
the severity of cirrhosis and portal hypertension (35).
But PWI cannot directly reflect the fibrosis component
alone, because the analysis is substantially based on
vascular flow and perfusion.

The present study had some limitations. First, T1
mapping may not provide the TIRT at exactly the
same location in the liver as the FibroScan and liver
biopsy, due to the fact that the T1 mapping image in
our study was obtained as a single axial slice. Second,
our analysis using T1 mapping could not always
reflect the fibrosis component alone. There was a lack
of analysis of other factors that might influence elas-
ticity, such as steatosis, iron overload, vascular flow,
and perfusion (36). In addition, the relationship
between fibrosis (F-factor) and necroinflammation
(activity) on histological examination was not investi-
gated in our study. Further analysis is required.
Third, the uptake of Gd-EOB-DTPA in the hepatocyte
allows shortening T1RT, which links to the Gd-EOB-
DTPA concentration at the hepatobiliary phase. The
contrast agent enters the hepatocytes through the
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Table 1
Receiver Operating Characteristic (ROC) Analysis
LSM RR of TIRT Pre TIRT L/M ratio
FO12-34
AUC 0.83 0.83 0.67 0.61
Cutoff 13.8 53.5 863 56.7
Sens. 0.73 0.80 0.72 0.65
Spec. 0.90 0.71 0.75 0.73
FO1-234
AUC 0.88 0.72 0.59 0.63
Cutoff 9.60 56.8 831 56.7
Sens. 0.76 0.71 0.64 0.71
Spec. 0.92 0.64 0.64 0.64
Fo1-23
AUC 0.81 0.68 0.50 0.65
Cutoff 5.50 59.4 831 56.7
Sens. 0.81 0.64 0.54 0.71
Spec. 0.71 0.72 0.64 0.63

LSM, liver stiffness measurement (unit, kPa); RR of T1RT, reduc-
tion rate of T1 relaxation time (unit, %); pre T1RT; precontrast T1
relaxation time (unit, msec); L/M ratio, liver to paraspinal muscle
ratio on signal based measurement (unit, %); F012-34, fibrosis
grade of New Inuyama Classification; FO12 versus F34, F01-234,
FO1 versus F234, F01-23; FO1 versus F23; AUC, area under the
ROC curve; Sens., sensitivity; Spec., specificity.

organic anion transporting polypeptides (OATP) 1B1
(OATP1B1) and/or OATP1B3, and it is excreted into
the bile via multidrug resistance protein 2 (MRP2)
(37). But the parameter of TIRT cannot distinguish
the excretion from the uptake of Gd-EOB-DTPA,
because the concentration of these transporters in
patients with liver fibrosis is unknown. Therefore, we
should know the expression rate of OATP1BI,
OATP1B3, and MRP2 in grading of liver cirrhosis.
Further elucidation to assess the correlation between
the expression of sinusocidal and canalicular trans-
porters and T1RT of Gd-EOB-DTPA-enhanced MRI is
needed.

Fourth, biopsy specimens that do not meet the
scoring criteria of the New Inuyama Classification are
associated with a high risk of understaging (38). In
addition, further investigation is required as to
whether or not there are differences between speci-
men biopsies and images (Tl mapping and Fibro-
Scan). Fifth, the effects of cardiac function were not
investigated at FibroScan examination, although
patients had no past history of cardiac diseases (car-
diac function may be a potentially influential factor in
the use of FibroScan) (39). Sixth, the maximum length
of time between the date of Gd-EOB-DTPA-enhanced
MRI (or FibroScan) and that of liver biopsy was 156
(or 143) days. In these patients, the amount of fibrosis
may change. However, we believe there may be no
apparent change of liver fibrosis in these patients,
because the progression rate of liver fibrosis is known
as 0.1 unit/year (for example, it takes ~10 years from
F1 to F2) (40).

In conclusion, the estimation of the RR determined
using TIRT of T1 mapping with Gd-EOB-DTPA is a
noninvasive tool for assessing liver fibrosis, and it is
inversely correlated with the LSM obtained using
FibroScan. Our result proved the noninferiority of T1
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mapping for noninvasive diagnosis of liver fibrosis in
comparison with US elastography, especially in
patients with severe fibrosis, such as F3-F4, because
the diagnostic accuracy of T1 mapping is almost the
same as that of US elastography. But these interpre-
tations remain speculative due to the limited number
of patients enrolled in our study. Further studies are
recommended to confirm the superiority of T1 map-
ping in the assessment of liver fibrosis because this
new technique has not yet been validated in large
clinical trials.
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