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appeared to increase in hepatocyte membranes of HCV-
infected livers (Fig. 4). In general, antigen retrieval is
required when attempting immunohistochemical detec-
tion of claudin-1 and occludin; therefore, expression
levels should be carefully evaluated. The most suitable
method for antigen staining is yet to be established and a
greater number of samples need to be analyzed; how-
ever, the immunohistochemistry results presented in
this study may be reliable because claudin-1 staining
was similar to that demonstrated by Reynolds et al.
[2008]. The staining levels appeared to be able to dis-
criminate between HCV-infected and normal livers. In
this study, there was a discrepancy between mRNA and
protein levels for claudin-1. While the reason for this
cannot yet be definitively explained, previous studies
have suggested that HCV infection could directly
increase translation of claudin-1 without altering
mRNA levels, and that claudin-1 expression and local-
ization might be regulated at the level of protein phos-
phorylation and palmitoylation [Yamauchi et al., 2004;
Van Itallie et al., 2005; Reynolds et al., 2008].

Correlation analysis of the transcriptional levels of
viral entry-associated genes demonstrated significant
positive correlation for LDLR versus occludin, LDLR
versus claudin-1, occludin versus claudin-1, and CD81
versus SR-BI in HCV-infected and normal livers
(Table III, Fig. 2). In particular, the relationship
between occludin and claudin-1 (tight-junction proteins)
and between CD81 and SR-BI (E2-binding receptors)
could reflect their functional similarity as viral recep-
tors. Moreover, these findings indicate that the recip-
rocal relationship and regulatory pathways of genes
associated with viral entry in the normal liver are con-
sistent even during HCV infection. Only the correlation
between LDLR and SR-BI appeared to be induced by
HCYV infection (Table III, Fig. 2), although any reasons
cannot be defined. Marked suppression of LDLR follow-
ing HCV infection may be associated with SR-BI expres-
sion. In any case, further studies are required to
elucidate the interplay between HCV and the known
host factors.

Expression profiles of genes associated with HCV
entry were investigated in HCV-infected and normal
livers in humans. Transcription of LDLR and claudin-
1 genes was significantly suppressed and that of occlu-
din was significantly up-regulated in HCV-infected liv-
ers. The LDLR levels were inversely correlated with the
serum levels of LDL-C and HCV core protein in HCV-
infected livers. Correlation of elements associated with
viral entry was comparable in HCV-infected and normal
livers.
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Abstract

Background Virtual touch tissue quantification (VITQ)
based on acoustic radiation force impulse (ARFI) imaging
has been developed as a noninvasive bedside method for
the assessment of liver stiffness. In this study, we examined
the diagnostic performance of ARFI imaging in 103
patients, focusing on the difference in VITQ values
between the right and left liver lobes.

Methods We evaluated VITQ values of the right and left
lobes in 79 patients with chronic liver disease who
underwent histological examination of liver fibrosis and in
24 healthy volunteers. The diagnostic accuracy of VITQ
was compared with several serum markers, including
hyaluronic acid, type 4 collagen, and aspartate transami-
nase to platelet ratio index.

Results The VTITQ values (meters per second) in the
right and left lobes were 1.61 £ 0.51 and 1.90 £ 0.68,
respectively, and the difference was statistically significant
(P < 0.0001). The VTTQ values in both liver lobes were
correlated significantly with histological fibrosis grades
(P < 0.001). The standard deviations of the VITQ values
in the right lobe were significantly lower than those in the
left lobe (P < 0.001). The area under the receiver-operat-
ing characteristic curve for the diagnosis of fibrosis (F' > 3)
using VTTQ values in both liver lobes was superior to
serum markers, especially in the right lobe.
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Conclusions VTTQ is an accurate and reliable tool for
the assessment of liver fibrosis. VITQ of the right lobe was
more accurate for diagnosing liver fibrosis than in the left
lobe.

Keywords Virtual touch tissue quantification - Acoustic
radiation force impulse - Liver fibrosis - Transient
elastography - Chronic hepatitis

Abbreviations

VTTQ Virtual Touch™ tissue quantification

ARFI Acoustic radiation force impulse

ROC Receiver operating characteristic

ALT Alanine aminotransferase

LDLT Living donor liver transplantation

APRI Aspartate transaminase-to-platelet ratio index
HCVAb Hepatitis C virus antibody

HBsAg  Hepatitis B virus surface antigen

m/s Meters per second

AST Aspartate aminotransferase
PPV Positive predictive value
NPV Negative predictive value
HBV Hepatitis B virus

HCV Hepatitis C virus
Introduction

The management of chronic liver disease depends on the
degree of liver fibrosis, and therefore, the assessment of the
degree of liver fibrosis is important for choosing a thera-
peutic strategy and for determining the prognosis [1, 2].
Liver biopsy has been the gold standard method for
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evaluating the degree of liver fibrosis [3]. However, its
invasiveness, potential for life-threatening complications,
and sampling errors place a heavy burden on those patients
with hepatitis who require follow-up [4-6]. Therefore,
noninvasive examination methods for assessing the degree
of liver fibrosis, such as serum markers and transient elas-
tography (FibroScan®, Echosens, Paris, France), have been
proposed and tried [7-9].

Recently, a method based on acoustic radiation force
impulse (ARFI) imaging, Virtual Touch™ tissue quantifi-
cation (VITQ), has been introduced to evaluate organ
stiffness. The mechanism of VITQ measurement exploits
the phenomena whereby lower displacement magnitudes are
induced in cirrhotic liver tissue compared with those induced
in noncirrhotic liver tissue, as reported by Nightingale et al.
[10]. VTTQ measurements can be performed during obser-
vation of a particular liver lesion with an ultrasonic probe,
and measurements may be reproducible when compared
with transient elastography.

In two pilot studies, it was concluded that liver VITQ
based on ARFI might be useful for the assessment of liver
fibrosis in patients with chronic liver disease [11, 12]. In
each study, the areas under the receiver-operating charac-
teristic (ROC) curves for F2 were 0.82 and 0.94. However,
the number of patients studied was <100, and both study
groups were comprised of hepatitis patients, including
hepatitis C virus (HCV). Regardless, we observed signifi-
cant differences in VITQ values between the right and left
lobes of the liver, although this finding has not been
reported.

To our knowledge, this is the first report to quantify liver
fibrosis stiffness in both the right and left lobe of the liver
by VITQ examination in a study size >100. In this study,
we compared the diagnostic accuracy of VITQ in both the
right and left lobes of the liver, using the area under the
ROC curves. Furthermore, the diagnostic performance of
VTTQ was compared with validated serum fibrosis mark-
ers, including the levels of hyaluronic acid and type 4
collagen, and the aspartate transaminase-to-platelet ratio
index (APRI).

Patients and methods
Patients

We consecutively enrolled 103 adults, including 24 healthy
volunteers (control; n = 24) and 79 patients with or
without hepatitis who underwent hepatectomy or living
donor liver transplantation (LDLT) and who were mea-
sured by VTTQ in the right and the left liver at Kyushu
University Hospital. Of these, 73 patients underwent
hepatic resection for hepatocellular carcinoma; 46 of these
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expressed the hepatitis C virus antibody (HCVAD), 7 were
positive for hepatitis B virus surface antigen (HBsAg), and
3 were due to alcohol. One patient underwent hepatic
resection as a donor for LDLT, and five patients underwent
hepatic resection as a recipient. The study protocol con-
formed to the ethics guidelines of the 1975 Helsinki Dec-
laration and was approved by our institutional review
board.

Liver histology and quantification of liver fibrosis

All liver specimens were obtained by surgical resection and
were fixed in formalin, embedded in paraffin wax, and
stained with hematoxylin and eosin and Masson’s trichrome.
The fibrosis staging in all surgical specimens was determined
independently by two pathologists who did not know the
VTTQ values. In case of discrepancies, histological sections
were simultaneously reviewed using a multi-pipe micro-
scope to reach a consensus. Fibrosis staging was scored using
the Scheuer classification [16] on a scale of 0—4 as follows:
FO, no fibrosis; F1, enlarged, fibrotic portal tracts; F2, peri-
portal or portal-portal septa but intact architecture; F3,
fibrosis with architectural distortion but no obvious cirrhosis;
F4, probable or definite cirrhosis.

Virtual touch tissue quantification and acoustic
radiation force impulse

The VITQ system was installed on an ACUSON model
S52000 ultrasound system (Siemens Medical Solutions Inc.,
Ultrasound Division, Issaquah, WA). The operators were
surgeons trained by Siemens Medical Solutions Inc. The
VTTQ system utilizes an acoustic push pulse to generate
shear waves, which pass through the liver parenchyma
orthogonally to the acoustic push pulse, through a user-
placed region of interest. When detection pulses interact
with a passing shear wave, they reveal the wave’s location
at a specific time, allowing calculation of the shear wave
speed. This absolute numerical value is related to the
stiffness of the tissue within the region of interest [13-15],
and the results are expressed in meters per second (m/s).
For each patient, seven successful measurements were
performed several days before surgical operations, during
which the histological specimens were obtained. A total of
1442 measurements were performed in a total of 103
patients, including 721 measurements in both lobes,
respectively. The measurement of VITQ in the right lobe
of the liver was performed by placing the ultrasonic probe
on the right intercostal space, and in the left lobe of the
liver, measurement was performed by placing the probe
under the xiphoid process of the sternum at a depth from 2
to 4 cm. The median value of all measurements and the
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standard deviation of all right and left VITQ measure-
ments for each patient were considered for analysis.

Surrogate serum markers

For all patients, blood samples were obtained on the same
day that the VITQ examination was performed and were
examined in the same laboratory. The following parameters
were determined: levels of hyaluronic acid, type 4 colla-
gen, platelet count, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and APRI. The APRI was
calculated as follows: AST level (per upper limit of nor-
mal; 33 U/l) x 100/platelet count (109/1) [16, 17].

Statistical analysis

Differences between quantitative variables for paired sam-
ples were analyzed using a nonparametric test (Wilcoxon
rank sum test with Bonferroni’s adjustment). The sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) of liver stiffness optimal cutoff
values for the diagnosis of liver fibrosis were calculated, as
previously published [16, 17]. In addition, the diagnostic
value of liver stiffness for predicting significant liver fibrosis
(F1-F3) and cirrhosis (F4) was assessed by calculating the
areas under the ROC curves. The ROC curve is a plot of
sensitivity versus 1-specificity for all possible cutoff values.
The most commonly used index of accuracy is the area under
the ROC curve, where values close to 1.0 indicate high
diagnostic accuracy, and 0.5 indicates a test of no diagnostic
value. The optimal liver stiffness cutoff values used for the
diagnosis of significant fibrosis and cirrhosis were selected
based on the sensitivity, specificity, PPV, and NPV [16, 17,
19]. Statistical analysis of the differences between the areas
under the ROC curves was based on the theory of generalized
U-statistics [20]. All of the differences were considered
statistically significant at P < 0.05.

Results
Patients and liver specimens

Patient characteristics are summarized in Table I. The
mean age of the patients (69 men and 34 women) was
66 + 12 years. The number of healthy volunteers for the
control was 24 and the etiology of hepatitis for 79 patients
was classified as follows: hepatitis C (HCV; n = 46),
hepatitis B (HBV; n = 7), alcohol (n = 3), and etiology
unknown (n = 23). In the patients whose etiology of
hepatitis was unknown, HCVAb, HBsAg, and hepatitis B
core antibody were negative, and alcoholic hepatitis and
nonalcoholic steatohepatitis were not diagnosed clinically.
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Table 1 Patient characteristics
Characteristics Mean + SE
Sex (men/women) 69/34
Age (years) 66 £ 12
Etiology of hepatitis; control/HCVAb (+)/HBsAg  24/46/7/3/23

(+)/alcohol/unknown
AST level (U/) 48.0 + 37.1
ALT level (U/1) 39.8 £31.5
Platelet (x 10%/pul) 162 4+ 7.8
Hyaluronic acid (ng/ml) 176.8 £ 148.0
Type 4 collagen (ng/ml) 2144 + 84.1
APRI 0.43 £ 0.51
Fibrosis grade F; control/0/1/2/3/4 24/12/15/16/
15/21

HBsAg hepatitis B surface antigen, HCVAb hepatitis C viral antibody,
AST aspartate transaminase, ALT alanine aminotransferase, APRI
aspartate transaminase-to-platelet ratio index

The fibrosis grades of the 79 surgical liver specimens were
as follows: FO, n = 12; Fl1, n=15; F2, n =16, F3,
n = 15; F4, n = 21, and control, n = 24.

Liver stiffness by virtual touch tissue quantification

Figure | shows box plots of the VITQ values for each
fibrosis stage, for VITQ values of the right lobe of the liver
(Fig. 1a) and left lobe of the liver (Fig. 1b). Liver stiffness
values measured by shear wave velocity ranged from 0.74 to
2.88 m/s for the right lobe of the liver and from 0.84 to
3.83 m/s for the left lobe of the liver. The VITQ values
(right/left) in patients with fibrosis grade control (n = 24),
FO(n = 12),F1 (n = 15),F2(n = 16),F3 (n = 15),and F4
(n = 21) were 1.15/1.41, 1.18/1.41, 1.51/1.85, 1.57/1.77,
1.85/1.88, and 2.10/2.66 m/s, respectively. There were sig-
nificant correlations between the fibrosis stage and both right
and left liver stiffness values (P < 0.001). The VTITQ value
(1.61 £ 0.51) of the right lobe of the liver was lower than
that of the left lobe of the liver (1.90 & 0.68), and the dif-
ference was statistically significant (P < 0.0001) (Table 2).
The standard deviation of VTTQ values in the right lobe
(0.23 & 0.18) was significantly lower than that of the left
lobe (0.30 & 0.17) (P < 0.001). The cutoff values were
determined as described above [16, 17]. The optimal cutoff
values (right/left) were 1.45/1.84 m/s for F > 1, 1.52/
2.16 m/s for F > 2, 1.69/2.24 m/s for F > 3, and 1.79/
2.38 m/s for F > 4 (Tables 3, 4). The areas under the ROC
curve for the diagnosis of fibrosis types F1, F2, F3, and F4
with the right lobe VTTQ value were 0.81, 0.81, 0.85, and
0.87, respectively (Fig. 2a), and with the left lobe VITQ
value were 0.69, 0.71, 0.76, and 0.86, respectively (Fig. 2b).
The area under the ROC curve for the diagnosis of fibrosis
(F = 1) with the right lobe VTTQ value was significantly
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Fig. 1 Box-and-whisker plot of the VITQ values for each fibrosis
stage. Liver stiffness values measured by shear wave velocity for the
right liver lobe (a) and for the left liver lobe (b). The tops and bottoms
of the boxes represent the first and third quartiles, respectively. The
length of the box thus represents the interquartile range, covering 50%

Table 2 The difference between right and left lobe VITQ values
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of the values. The line through the middle of each box represents the
median. The error bars show the minimum and maximum values
(range). Significant correlations were found between the stage of
fibrosis and liver stiffness. Statistically significant by the Wilcoxon
rank sum test with Bonferroni’s adjustment; *P < 0.01

n =103 Right lobe VTTQ Left lobe VITQ P value
VTTQ value for each patient 1.61 + 0.51 1.90 + 0.68 <0.0001
Standard deviation of all VITQ values for each patient 0.23 + 0.18 0.30 £+ 0.17 <0.001
The VTTQ values of those 103 patients who were assessed in both the right and left lobes of the liver

Table 3 Liver stiffness values (right lobe) Table 4 Liver stiffness values (left lobe)

Values (right lobe) F>1 F>2 F>3 F>4 Values (left lobe) F>1 F>2 F>3 F>4
Optimal cutoff (m/s) 1.45 1.52 1.69 1.79 Optimal cutoff (m/s) 1.84 2.16 2.24 2.38
Sensitivity 0.70 0.75 0.78 0.86 Sensitivity 0.62 0.52 0.58 0.67
Specificity 0.78 0.76 0.84 0.79 Specificity 0.78 0.84 0.84 0.89
PPV 0.85 0.76 0.72 0.51 PPV 0.85 0.77 0.62 0.61
NPV 0.58 0.75 0.88 0.95 NPV 0.56 0.63 0.83 0.91

Optimal cutoff points gave the highest total sensitivity and specificity

m/s meters per second, PPV positive predictive value, NPV negative
predictive value

higher than for the left lobe VITQ value (P < 0.05), and the
statistical significance was investigated for the diagnosis of
fibrosis (F > 2 and F > 3) (P < 0.05). The area under the
ROC curve for each point with the right lobe VITQ was
higher than with the left lobe VTTQ.

Comparison of virtual touch tissue quantification
with serum markers for the diagnosis
of fibrosis stage >3

We compared the area under the ROC curve of the serum
markers (hyaluronic acid, type 4 collagen, and APRI) with
that of the right lobe VITTQ values, as it was superior to the
left VITQ values for the diagnosis of all fibrosis types.
The cutoff values were determined as described before.
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Optimal cutoff points gave the highest total sensitivity and specificity

m/s meters per second, PPV positive predictive value, NPV negative
predictive value

The optimal cutoff values were 1.69 m/s for the right
VTTQ, 2.24 m/s for the left VITQ, 218.0 ng/ml for
hyaluronic acid, 214.0 ng/ml for type 4 collagen, and 0.24
for APRI for the diagnosis of fibrosis stage >3 (Table 3).
The areas under the ROC curves for the diagnosis of
fibrosis (F > 3) according to the right lobe VTTQ, the left
lobe VTITQ, hyaluronic acid, type 4 collagen, and APRI
cutoff measures were 0.85, 0.76, 0.77, 0.65, and 0.75,
respectively (Fig. 3).

Discussion

This is the first report to quantify liver fibrosis in both the
right and left lobes of the liver in a large population
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Fig. 2 Diagnostic value of the right VTTQ and the left VTTQ to assess
the stage of the liver fibrosis. a The receiver-operating (ROC) curves by the
right VTTQ for diagnosing liver fibrosis grade F > 1 (thin black line, area
under curve = 0.81), F > 2 (bold black line, area under curve = 0.81),
F > 3 (dashed line, area under curve = 0.85) and F > 4 (dotted line, area

Table 5 Diagnostic performance for predicting liver fibrosis (F > 3)
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under curve = 0.87) are shown. b The receiver operating (ROC) curves by
the left VITQ for diagnosing liver fibrosis grade F' > 1 (thin black line,
area under curve = 0.69), F > 2 (bold black line, area under
curve = 0.71), F > 3 (dashed line, area under curve = 0.76) and
F > 4 (dotted line, area under curve = 0.86) are shown

VTTQ (right lobe) VTTQ (left lobe) Hyaluronic acid Type 4 collagen APRI
Optimal cutoff (unit) 1.69 (m/s) 2.24 (m/s) 218 (ng/mL) 214 (ng/mL) 0.24
Sensitivity 0.78 0.58 0.67 0.60 0.69
Specificity 0.84 0.84 0.94 0.71 0.72
PPV 0.72 0.62 0.89 0.60 0.57
NPV 0.88 0.83 0.78 0.71 0.81
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Fig. 3 Areas under the ROC curves for diagnosing fibrosis grade
F > 3 by the VTTQ in the right lobe of the liver, the VTTQ in the left
lobe of the liver, and serum levels of hyaluronic acid, type 4 collagen,
and APRI. Shown are the ROC curves for diagnosis using the right
VTTQ (bold black line, area under curve = 0.85), the left VITQ
(thin black line, area under curve = 0.76), hyaluronic acid level (bold
dashed line, area under the curve = 0.77), type 4 collagen level (bold
dotted line, area under the curve = 0.65), and APRI (thin dotted line,
area under the curve = 0.75)

(n = 103) using the VTTQ examination method. The
accuracy of right and left lobe VITQ values for diagnosing
liver fibrosis grade F > 3, measured as sensitivity, speci-
ficity, PPV, and NPV, was better than serum markers of
liver fibrosis, such as the levels of hyaluronic acid, type 4
collagen, and the APRI. This finding is supported by pre-
viously reported preliminary data [11, 12].

Many studies have demonstrated that measurement of
liver stiffness by transient elastography using FibroScan is
a valuable method for assessing liver fibrosis [16—18], and
we have previously demonstrated the feasibility of Fibro-
Scan for patients with recurrent HCV after LDLT [{7].
However, this approach has some limitations when com-
pared with the VITQ method. First, transient elastography
using FibroScan is performed in a blind fashion [17].
Indeed, FibroScan includes a TM screen that shows the
ultrasonographic view of the region of interest. However,
only large vessels can be distinguished in the image dis-
played with TM mode in comparison with the B mode
standard ultrasonographic image obtained by VTTQ. In
most of the previous studies that employed FibroScan, the
authors have stated that regions with large vessels were
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avoided, and a minimal liver parenchyma thickness of
6 cm was sought to minimize the error [16—18]. Never-
theless, these types of acquisition errors can occur because
this approach is performed in a blind fashion. This could be
the major advantage of VITQ over transient elastography
using FibroScan for the assessment of liver fibrosis. Sec-
ond, previous reports of elastography in large numbers of
the patients have demonstrated that cutoff values between
F2 and F3 were close [16-19]. The low predictive value of
F2 and F3 could be another limitation of the FibroScan-
based elastography. Patients with liver fibrosis of grade F3
or cirrhosis have greater risk of developing hepatocellular
carcinoma than those with a liver fibrosis of grade F2. In a
study of 2890 patients with hepatitis, Yoshida et al. [21]
reported that the annual carcinogenesis rate was correlated
with the stage of liver fibrosis. Whereas the annual inci-
dence of hepatocellular carcinoma in patients with severe
liver fibrosis of grade F3 was high at 5.3%, the incidence in
those with moderate liver fibrosis of grade F2 was low at
1.9%. Furthermore, those patients with a liver fibrosis of
grade F3 tended to progress to cirrhosis more easily than
those with grade F2 disease. According to a study of 1500
patients with HCV-related chronic hepatitis, Ikeda et al.
[22] reported that the progression rate to cirrhosis in
patients with liver fibrosis grade F2 was 6.1%, whereas
those with liver fibrosis grade F3 was very high at 50.2%,
as measured at the end of the 10th year from the start of the
observation. They concluded that the fibrotic change was
closely correlated with the disease progression rate in
patients with viral hepatitis. These findings all suggest that
it is critically important to distinguish between liver
fibrosis of grade F3 and F2.

Previous studies have not paid much attention to the
probe position and the points of measurement when
assessing liver fibrosis by VITQ, as operators are free to
measure organ stiffness at any point if they want. Never-
theless, the results of this study suggest that VITQ mea-
surement with the right lobe is more accurate than with the
left lobe when assessing liver fibrosis. The actual values of
VTTQ for the right lobe were significantly lower than for
the left lobe. The standard deviation of the measured values
with the right lobe was significantly lower than with the left
lobe. Furthermore, the area under the ROC curve for
diagnosing liver fibrosis by the right lobe VITQ mea-
surement was significantly higher than with the left lobe
VTTQ.

Next, we examined the relationship between liver
fibrosis stage and VITQ value in the same lobe of the liver.
The lobes of the 79 surgical liver specimens were as fol-
lows: right, n = 44 and left, n = 37. The areas under the
ROC curve for the diagnosis of fibrosis types F1, F2, F3,
and F4 in the right lobe by right VITQ value (n = 44)
were 0.92, 0.83, 0.86, and 0.80, and in the left lobe by left
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VTTQ value (n = 37) were 0.77, 0.71, 0.78, and 0.84,
respectively. The ability to diagnose fibrosis of stage >3,
which involves sensitivity, specificity, PPV, and NPV, in
the right lobe by right VITQ value were 0.88, 0.81, 0.74,
and 0.92, and in the left lobe by left VITQ value were
0.80, 0.75, 0.87, and 0.68, respectively. Considering these
results, it may be concluded that the right VITQ exami-
nation was more accurate for the diagnosis of liver fibrosis
than the left VITQ examination. The cause for this dif-
ference remains unknown. The higher standard deviation of
the left lobe VITQ values compared with the right lobe
VTTQ values suggests that there may be some difficulties
with measurement of VITQ in the left lobe.

The anatomical features of the left lobe of the liver may
have an influence on the measurement of VITTQ. The left
lobe is surrounded by the diaphragm, stomach, and aorta,
and so may be influenced by respiratory fluctuations, the
presence of food in the stomach, and the pulsation of the
aorta, respectively. Another factor may be the probe’s
position. Few studies of the measurement of liver stiffness
using Fibroscan have examined the variability that is pos-
sible with different positions of the probe [23]. In almost
all of the studies employing FibroScan, the described
method was taken from the original description by Sandrin
et al. [24], “because liver biopsies are performed on the
right lobe of the liver, so were the elasticity measurements.
During the acquisition, patients were lying on their backs
with their right arms behind their heads. The physician first
proceeded to a sonographic examination to localize the best
ultrasonic imaging window between the rib bones.”
Recently, Ingiliz et al. [23] demonstrated two major points
to consider regarding the significance of the probe position
and the influence of the skin fold thickness when assessing
liver stiffness. First, they showed that the anterior position
of the probe should be the first choice for liver stiffness
measurement using Fibroscan, as it has a higher applica-
bility without higher variability as compared with the usual
liver biopsy position. By contrast, in VITQ measurements,
organ stiffness can be measured at any point that the
operators desire because the ultrasonography can be per-
formed during acquisition, and vessels and liver paren-
chyma thickness are not related to the VTTQ values.
Second, in their multivariate analysis, only thoracic skin
fold was significantly associated with the variability of the
right liver stiffness. Considering this result, the difference
in the skin thicknesses between the skin on the right
intercostal space and under the xiphoid process of the
sternum may be due to the difference in VITQ between the
right and left lobe, and further examination is necessary.

In conclusion, VITQ examination based on ARFI
imaging is an accurate, reliable, reproducible, and nonin-
vasive method with which to assess liver fibrosis of both
the right and left lobe of the liver. This approach can be
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performed with simultaneous observation of individual
liver lesions using ultrasonography. The VTTQ measure-
ment of the right lobe may be superior to that of the left
lobe for the diagnosis of liver fibrosis, and it may be
valuable when assessing patients in whom taking a liver
biopsy would be risky, such as those with liver cirrhosis.
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Abstract

A robust and reliable cell culture system for serum-derived HCV (HCVser) has not been established yet because of the presence of
neutralizing antibody and tropism for infection. To overcome this obstacle, we employed a lipid-mediated protein intracellular delivery reagent
(PIDR) that permits internalization of proteins into cells. Although entry of HCVcc was not enhanced by the treatment with PIDR, entry of
HCVser into hepatoma cell lines (Huh7 and HepG2) and immortalized primary hepatocytes (Hc and HuS/E2) was significantly enhanced by the
PIDR treatment. The entry of HCVser into Huh7 cells in the presence of PIDR was resistant to the neutralization by an anti-hCD81 antibody,
suggesting that PIDR is capable of internalizing HCVser in a receptor-independent manner. Interestingly, the PIDR-mediated entry of HCVser
and HCVcc was enhanced by the addition of sera from chronic hepatitis C patients but not from healthy donors. In addition, neutralization of
HCVcc infection by anti-E2 antibody was canceled by the treatment with PIDR. In conclusion, the PIDR is a valuable tool to get over the
obstacle of neutralizing antibodies to internalize HCV into cells and might be useful for the establishment of in vitro propagation HCVser.
© 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Hepatitis C virus; Protein intracellular delivery; Serum-derived virus

1. Introduction

More than 170 million individuals worldwide are infected
with hepatitis C virus (HCV), and hepatic steatosis, cirrhosis
and hepatocellular carcinoma (HCC) induced by HCV infec-
tion are life-threatening [1]. Although combined-therapy with
peg-interferon (IFN) and ribavirin has achieved a sustained
virological response in 50% of individuals infected with HCV
genotype 1 [2], a more effective therapeutic modality for HCV
infection is needed [3]. To this end, further detailed analyses
of HCV are needed in order to clarify not only the viral life
cycle but also the pathogenesis. Although cell culture systems
for HCV (HCVcc) have been established based on the JFH-1

Abbreviations: HCV, hepatitis C virus; IEN, interferon; PHH, primary
human hepatocyte; PIDR, protein intracellular delivery reagent; PCR, poly-
merase chain reaction; VSV, vesicular stomatitis virus.

* Corresponding author. Fax: +81 6 6879 8269.
E-mail address: matsuura@biken.osaka-u.ac.jp (Y. Matsuura).

strain isolated from a fulminant hepatitis C patient [4], such
systems were unable to establish chronic infection in chim-
panzees [4] or to induce cell damage and inflammation in
chimeric mice xenotransplanted with human hepatocytes [5],
and therefore establishment of a robust cell culture system
capable of propagating serum-derived HCV (HCVser) from
hepatitis C patients is required.

Although previous reports suggested a partial replication of
HCVser in the primary hepatocytes (PHH) freshly isolated from
human liver [6], the level of viral RNA replication was low and
reconfirmation of the viral propagation was not achieved due to
the difficulty of providing a stable supply of the PHH. Recently, it
was shown that a three-dimensional culture system of immor-
talized PHH was capable of propagating the HCVser from
chronic hepatitis C patients [7,8]. HCVser in the patients was
slightly amplified in these culture systems, but the levels of viral
RNA replication were far lower than those of HCVcc in Huh7-
derived adaptive cell lines. Part of the difficulty in establishing
a cell culture system for HCVser might be attributable to: i) the

1286-4579/$ - see front matter © 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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existence of high titers of neutralizing antibodies in the sera of
hepatitis C patients [9]; ii) the heterogeneity of HCV particles
(quasispecies), which exhibit different cell tropisms for infection
and replication [10]; and iii) the inconsistent expression of the
putative receptors for HCV entry, including CD81, SR-BI,
claudin-1 and occludin [11]. It may be necessary to overcome
these obstacles before a robust and reliable in vitro cell culture
system can be established for HCVser.

Polybrene has been used for the efficient infection of retro-
virus [12], and spinoculation has also been employed to
accelerate the entry of various viruses, including retrovirus [13]
and murine coronavirus [14]. Entry of HCVcc into not only the
permissive cell line Huh7.5.1 but also the non-permissive cell
line PLC/PRF/5 has been shown to be enhanced by spinocula-
tion [15,16]. In this study, we examined the effects of these
accelerating procedures for entry of HCVser and found that
a cationic amphiphilic-based lipid-mediated protein intracel-
lular delivery reagent (PIDR) [17] exhibited a potent enhance-
ment of entry of HCVser. Our data suggest that PIDR allows
complex formation with viral particles via both electrostatic and
hydrophobic interactions and enhances internalization of the
HCVser into cells in a receptor-independent manner.

2. Materials and methods
2.1. Sera

Sera from chronic hepatitis C patients and a cured patient
possessing the anti-HCV antibodies were obtained at the
Kyushu University Hospital after obtaining full informed
consent from all patients. Seven serum samples from hepatitis
C patients, including two window-period serum samples
without any detectable anti-HCV antibodies, were obtained
from the Benesis Corporation (Osaka, Japan). Human sera
from healthy donors were obtained from Sigma—Aldrich Inc.
(St. Louis, MO). Sera from healthy donors, chronic hepatitis
patients and acute hepatitis patients were designated HDS,
CHS, and AHS, respectively. The HCV-RNA titers of CHS
and AHS were 7.15 £ 0.34 (range: 6.6—7.5) and 8.20 £+ 0.14
(range: 8.1—8.3), respectively. The genotypes of HCV in these
sera were la (7 patients) and 1b (11 patients).

2.2. Human liver cell lines and preparation of HCVcc

HepG2 and HEK-293T cell lines were obtained from the
American Type Culture Collection (Rockville, MD). The
Huh70K1 cell line exhibits an efficient propagation of HCVcc
as described previously [18]. The HepCD81 cell line stably
expressing human CD81 was established as described previ-
ously [19]. HuS-E/2 was kindly provided by M. Hijikata, Kyoto
University [20]. He (an immortalized human liver cell line) was
purchased from the Applied Cell Biology Research Institute
(Kirkland, WA). These cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma) containing 10%
fetal bovine serum (FBS). The in vitro transcribed RNA of the
JFH-1 strain of HCV was introduced into Huh70K1 cells
[21] and culture supernatants were collected at 7 days post-

transfection and used as HCVce. The infectivity of HCVcc was
determined by focus forming assay as previously described [19].

2.3. Transfection of plasmids and intracellular delivery
of proteins

The plasmids were transfected into cells by liposome-
mediated transfection using TransIT-LT1 (Mirus, Madison,
WI). The proteins were introduced into cells by PIDR (PUL-
Sin; Polyplus-transfection Inc., New York, NY) according to
the manufacturer’s protocol. FITC-conjugated mouse IgG
antibody (Invitrogen Molecular Probes, Eugene, OR) or
recombinant phycoerythrin (PE; Polyplus-transfection Inc.)
was introduced into cells by the PIDR as a positive control.

2.4. Quantitative reverse-transcription polymerase chain
reaction (qRT-PCR)

Total RNA was prepared from cells using an RNeasy mini
kit (Qiagen, Tokyo, Japan). The synthesis of first-strand cDNA
and qRT-PCR was performed using TagMan EZ RT-PCR Core
Reagents and ABI Prism 7000 system (Applied Biosystems
Japan, Tokyo, Japan) according to the manufacturer’s protocol.
The primers for Tagman PCR were designed in a non-coding
region as previously reported [22].

2.5. Infection of HCVser and HCVcc by spinoculation,
polybrene and PIDR

Cells were seeded at 1 x 10° cells/well in a 48-well plate and
cultured for 24 h. For spinoculation, 2 pl of HCV-positive serum
or HCVcc at a multiplicity of infection (MOI) of 0.05 were
inoculated into cells and immediately centrifuged at 500x g for
120 min at room temperature. For infection of HCV by poly-
brene and PIDR, 2 pg of polybrene or 1.5 ul of PIDR were
incubated with HCV-positive serum or HCVec diluted in 20 pl of
phosphate-buffered saline (PBS) for 15 min at room temperature
to allow complex formation [12]. Cells were trypsinized at 24 h
post-inoculation, seeded in a 48-well plate to remove non-
specific binding of HCV, and cultured for several days.

2.6. Production and infection of pseudotype vesicular
stomatitis virus (VSV)

Pseudotype VSVs were generated as described previously
[19]. The pseudotype VSVs, VSVpv/GFP and VSVpv/luc,
bore the VSVG protein on the virion surface and replaced the
G envelope gene with the green fluorescent protein (GFP) and
luciferase genes, respectively. Pseudotype VSV bearing HCV
E1 and E2 glycoproteins (HCVpv) was prepared as described
previously [19]. These pseudotype viruses were inoculated
into Huh7OK1 cells in the presence or absence of PIDR
together with or without anti-VSVG polyclonal antibody
(ab34774; Abcam Inc., Cambridge, MA) or CHS, and infec-
tivity was determined at 24 h post-infection by the expression
of GFP or luciferase activity after treatment with a passive
lysis buffer (Promega Co., Madison, WI).
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2.7. Inhibition of HCVcc and HCVser infection by the
treatment with antibody against human CD81 and anti-
E2 antibody (AP-33)

To determine the involvement of human CDS81 in the
intracellular delivery of HCV by PIDR, Huh70K1 cells were
pre-treated with 5 pg/ml of anti-human CD81 monoclonal
antibody (JS-81; BD Biosciences Pharmingen, Mountain
View, CA) for 1 h at 37 °C and then inoculated with HCVcc or
HCVser in the presence of PIDR. Anti-E2 monoclonal anti-
body (AP-33) was kindly provided by A.H. Patel, University
of Glasgow [23]. AP-33 was pre-mixed with HCVcc for 1 h
with or without PIDR and then cells were incubated with this
mixture and cultured for several days.

3. Results

3.1. Effect of spinoculation and polybrene on the entry of
HCVser and HCVcc

First, we examined the effect of spinoculation on the entry of
HCVser or HCVcec. Intracellular HCV-RNA titers of Huh70K1
cells upon infection of HCVser and HCVcce with or without
spinoculation at 24 h post-infection were determined (Data not
shown). Although entry of HCVcc into Huh70K1 cells was 10-
fold increased by the spinoculation, no effect was observed in
the entry of HCVser. Next, we examined the effect of polybrene
on the entry of HCVser and HCVcc into Huh70KI1 cells.
Although polybrene induced a slight increase of the entry of
HCVcc, no significant effect on the entry of HCVser was
observed intracellularly at 24 h post-infection (Data not shown).
These results indicated that neither spinoculation nor polybrene
induced an enhancement of the entry of HCVser.

3.2. Internalization of viral particles by PIDR

To determine the efficacy of intracellular delivery of proteins
by PIDR, FITC-conjugated mouse IgG and recombinant PE
were introduced into Huh7OK1 cells by PIDR. Both FITC-
conjugated IgG and PE were efficiently internalized into
Huh70K1 cells by the treatment with PIDR but not by the lip-
ofection (Fig. 1A). Next, to determine the receptor-independent
entry of viral particles into cells by the PIDR, the expression of
GFP upon infection of a pseudotype VSV lacking VSVG
(VSVAGpv/GFP) into Huh70K1 cells was examined. Although
VSVAGpv/GFP lost infectivity due to a lack of the G glyco-
protein, the addition of PIDR facilitated entry of the particles
(Fig. 1A). To further examine the effect of the presence of
neutralization antibody on the delivery of viral particles by
PIDR, the expression of GFP upon transduction of VSVpv/GFP
into Huh7OKT cells in the presence of neutralization antibody
and PIDR was examined. Although VSVpv/GFP exhibited
a high infectivity to Huh70K1 cells and the infection was
completely neutralized by the anti-VSVG antibody, treatment
with PIDR partially recovered the infectivity of VSVpv/GFP
neutralized by the antibody (Fig. 1B). Similar results were
confirmed by using VSVAGpv/luc and VSVpv/luc carrying the

A FITC-mouse-lgG VSVAG

Lipofection Lipofectcon -

aVSVG

C RFU/mi {log10}

Cont aVSVG + PIDR

5 4
4 <
3 4
2 ﬁ L
Cont PIDR Cont aVSVG %VSVG
— e . +PIDR,
A4
VSVAG VSVpv

Fig. 1. Characterization of the intracellular delivery of proteins and viral
particles by PIDR. (A) FITC-conjugated mouse IgG (left panels) or
recombinant PE (center panels) was introduced into Huh7OK1 cells by the
treatment with PIDR or a lipofection reagent. The expression of GFP upon
infection of a pseudotype VSV lacking VSVG (VSVAGpv/GEP) into
Huh70KI1 cells in the presence (lower panel) and absence (upper panel) of
PIDR was examined (right panels). (B) The effect of the presence of
neutralization antibody on the delivery of viral particles by PIDR. Expression
of GFP upon transduction of a VSVpv/GFP into Huh70K1 cells in the pres-
ence of neutralization antibody and PIDR was examined. (C) The receptor-
independent entry of viral particles was confirmed by using VSVAGpv/luc and
VSVpv/luc carrying the luciferase gene as a reporter.

luciferase gene as areporter (Fig. 1C). These results indicate that
PIDR is a useful tool to facilitate the entry of viral particles into
target cells, irrespective of the authenticity of the envelope
proteins of the particles or the presence of the neutralizing
antibodies.

3.3. Effect of PIDR on the infection with HCVcc

To determine the effect of PIDR on the infection of HCV,
HCVcc was inoculated into Huh70K1 cells at an MOI of 0.05
in the presence or absence of PIDR and intracellular viral
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RNA was measured every 24 h. No significant difference in the
infection of HCVcc was observed by the addition of PIDR
(Fig. 2A). Next, to mimic the infection of HCV in the presence
of neutralization antibodies, HCVcc was mixed with CHS and

A HCV-RNA copiesfug (log10)
7

6-
5
——da— HCVce + HDS + PIDR
-~ HCVec + HDS
— & — HCVce
4

B HCV-RNA copies/ug (fog10)

7 ey

6 | 7] 2 dpi

5 (] aapi

4

3 I
2

1

04
-1
2

Cont CHS  CHS+PIDR

HCVce

C HCV-RNA copiesfug {log10)
7

BPIDR -
OPIDR+ ..

&
54
4
3
24
1
LE

-1 A

.z

Opg/ml  0.2pg/ml 1pg/iml  4ug/ml

-
AP33

Fig. 2. Effect of PIDR on the infection with HCVcc. (A) HCVcc was inocu-
lated into Huh70K1 cells at an MOI of 0.05 in the presence or absence of
healthy donor sera (HDS) and PIDR and intracellular viral RNA was measured
every 24 h (B) HCVcc was mixed with sera from chronic hepatitis C patients
(CHS) or/and PIDR and inoculated into Huh7OK1 cells. (C) HCVcc was pre-
mixed with anti-E2 monoclonal antibody (AP-33) and inoculated into
Huh70K1 cells in the presence or absence of PIDR.

inoculated into Huh70K1 cells. Although infection of HCVcc
into Huh70K1 was completely neutralized by the incubation
with CHS, addition of PIDR recovered the infectivity of
HCVcc (Fig. 2B). Furthermore, to confirm the effect of PIDR
on the internalization of HCVcc interacting with neutralizing
antibody, HCVcc was pre-incubated with AP-33 and inocu-
lated into Huh70K1 cells. Although infection of HCVcc was
neutralized by the treatment with AP-33 in a dose-dependent
manner, the neutralization by AP-33 was canceled by the
treatment with PIDR (Fig. 2C). These results suggest that
PIDR has the ability to internalize HCVcc even in the pres-
ence of neutralizing antibodies.

3.4. Effect of PIDR on the infection of HCVser

The efficient neutralizing activities of HCV infection in CHS
were comfirmed by a neutralization assay using pseudotype
viruses. Infection of HCVpv bearing HCV E1 and E2 proteins
but not of VSVpv bearing VSVG protein was significantly
neutralized by the CHS (Fig. 3A). Next, to determine the effect
of PIDR on the entry of HCVser in the presence of neutralizing
antibodies, HCVser and CHS possessing the neutralizing anti-
bodies against HCV were inoculated into Huh70K1 cells with
or without incubation with PIDR. Huh70K1 cells inoculated
with CHS pre-incubated with PIDR exhibited significantly
higher HCV-RNA titers at 24 h post-infection than those without
the treatment (Fig. 3B). Furthermore, to determine the amount
of HCV internalized into cells, Huh70K1 cells inoculated with
CHS treated with PIDR were trypsinized and reseeded into
a new culture plate at 24 h post-infection. HCV-RNA was
detected in cells inoculated CHS pre-incubated with PIDR but
not in those without PIDR treatment at 24 h after reseeding
(Fig. 3C). These results indicate that treatment with PIDR
permits HCVser to internalize into target cells even in the
presence of neutralizing antibodies.

3.5. Neutralizing antibodies in sera from chronic hepatitis
C patients enhance PIDR-mediated entry of HCV

No reduction of infectivity of HCVpv and VSVpv was
observed by the incubation with AHS, suggesting that AHS
possesses no detectable neutralizing antibodies to HCV
(Fig. 4A). To examine the effect of neutralizing antibody on the
intracellular delivery of HCVser by PIDR, AHS was incubated
with the CHS carrying neutralization antibodies but no infec-
tious HCV obtained from patients cured by the interferon
therapy in the presence or absence of PIDR and inoculated into
Huh70K1 cells. Internalization of HCV in AHS was increased
two-fold by the treatment with PIDR. However, intracellular
viral RNA titer was slightly decreased by the incubation with
CHS in the absence of PIDR, probably due to the neutralization
by the antibodies, and addition of PIDR resulted in a three-fold
enhancement of the entry of HCV in AHS in the presence of
CHS compared with that in the absence of CHS (Fig. 4B). Next,
Huh70K(1 cells were inoculated with HCVcc at an MOI of 0.05
after incubation with 0.4—40 pl/ml of HCV-negative CHS in the
presence or absence of PIDR. Although infection of HCVcc was
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Fig. 3. Effect of PIDR on the infection with HCVser. (A) The neutralizing effect of antibodies in the CHS was determined by a neutralization assay using the
pseudotype viruses. White and gray bars indicated VSVpv and HCVpyv, respectively. (B) The effect of PIDR on the entry of HCVser in the CHS into Huh70K1
cells. HCV-RNA titers in cells 24 h post-inoculation with HCVser in the presence and absence of PIDR are indicated by gray and white bars, respectively. (C) To
determine the internalization of HCVser into Huh70OK1 cells, cells inoculated with the CHS in the presence (gray bar) or absence (white bars) of PIDR were
trypsinized and reseeded into a new culture plate at 24 h post-infection, and HCV-RNA titers in the cells were determined at 24 h post-inoculation.

neutralized by CHS in a dose-dependent manner, addition of
PIDR enhanced the infection of HCVcc in the presence of CHS
in a dose-dependent manner (Fig. 4C). These results indicate
that PIDR facilitates entry of HCVser in the presence of
neutralizing antibody.

3.6. Human CD81-independent entry of HCVser by PIDR

Next, to determine the involvement of human CDS81
(hCD81), a major receptor candidate for HCV [24], on the PIDR-
mediated entry of HCVser, Huh70K1 cells were pre-treated
with anti-hCD81 antibody and inoculated with HCVser treated

with PIDR. Although pretreatment with anti-hCDS81 antibody
resulted in a significant reduction in the entry of HCVser,
treatment with PIDR enhanced the entry of HCVser irrespective
of the presence of the anti-human CD81lantibody (Fig. SA). In
addition, although entry of HCVser into HepG2 and HepCD81
cells was low and independent of the expression of hCD8l,
treatment with PIDR enhanced the entry of HCVser irrespective
of the expression of human CD81 (Fig. 5B). These results
suggest that the PIDR-mediated entry of HCVser is independent
of the expression of hCD81 and is effective for the entry of
HCVser into various cell lines other than Huh7-derived cell
lines.

-114 -



410 T. Fukuhara et al. / Microbes and Infection 13 (2011) 405—412

A % of infectivity

VSVpv
O HCVpv

Cont AHS1 AHS2

B HCV-RNA copiesing

{#] cont

2000 4
{] with HCV cured sera

1500 4
1000

500 4

AHS1 AHS2 AHS1 AHSZ
PIDR

C HCV-ANA copies/ug (log10}

74 - 2dpi

. [ sapi

5.

4

3

2

L N
HCV cured sera o 0.4 , 3 4 40 {(uimb)

v
PIDR
Fig. 4. Neutralizing antibodies in the CHS enhanced the PIDR-mediated entry
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HCVpv (white bars) and VSVpv (gray bar). (B) The effect of PIDR on the
entry of HCVser into Huh70KI1 cells in the presence of neutralizing anti-
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PIDR and inoculated into Huh70K1 cells. The HCV-RNA titers in cells were
determined at 24 h post-inoculation. (C). The effect of neutralizing antibodies
on the PIDR-mediated infection of HCVcc. Huh70K1 cells were inoculated
with HCVcc at an MOI of 0.05 after incubation with 0.4—40 pl/ml of HCV-
negative CHS in the presence (left) or absence (right) of PIDR. Gray and white
bars indicate the HCV-RNA titers at 2 and 3 days after infection, respectively.

3.7. Effect of PIDR on the entry of HCVser into
immortalized human hepatocytes

Recently, Aly et al. reported that immortalized human
hepatocytes, HuS/E2 cells, exhibited a high susceptibility to the
infection with HCVser [7]. Therefore, we examined the effect of
PIDR on the entry of HCVser into immortalized human hepa-
tocytes, including He and HuS/E2 cells. The addition of PIDR
enhanced the entry of HCVser into both He and HuS/E2 cells
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Fig. 5. Human CD81-independent entry of HCVser by PIDR. (A) The effect of
anti-hnCD81 antibody on the entry of HCVser into Huh70K1 cells in the
presence or absence of PIDR. (B) The effect of PIDR on the entry of HCVser
into HepG2 and HepCD81 cells. HCV-RNA titers in cells were determined at
24 h post-inoculation.

(Fig. 6A and B). These results indicate that PIDR has the
potential to enhance the entry of HCVser into not only cancer
cell lines but also immortalized hepatocytes. Next, to evaluate
the long-term effect of PIDR treatment on the infectivity of
HCVser, He cells inoculated with CHS pre-incubated with
PIDR were cultured for a long period. HCV-RNA could be
detected at 10, 15 and 20 days after PIDR-mediated infection
(Fig. 6C). However, significant elevations of HCV-RNA titers
were not seen (Data not shown).

4. Discussion

In this study, we examined the efficiency of intracellular
deliveries of HCVser by using spinoculation, polybrene and
PIDR and found that the PIDR exhibited the highest efficacy
on the entry of HCVser into target cells. Especially, trypsini-
zation and reseeding of cells dramatically reduced HCV-RNA
levels in groups that were not treated with PIDR as compared
to those were treated with PIDR (Fig. 3B and C), and PIDR
treatment dramatically increased the internalization of HCVce
treated with CHS or AP-33 at 2 and 4 days after infection
(Fig. 2B and C). These results suggest that PIDR is feasible to
deliver HCV/CHS complexes into target cells that allow
productive infection. In addition, PIDR facilitated the entry of

- 115 -



T. Fukuhara et al. / Microbes and Infection 13 (2011) 405—412 411

A HCV-RNA copies/ug (og10)

PIDR (4
3 [ pior ¢

CHS2 CHS3 CHS9 CHS10 CHS11 CHS12 CHS13 CHS14

B HCV-RNA copies/ug (logi0)

PIDR (#)
[ pior 3

C HCV-RNA copies/pg (log10)
3

®10dpi
B15dpi
020dpi

CHS1 CHS2 CHS3

Fig. 6. Effect of PIDR on the entry of HCVser into immortalized human
hepatocytes. The effect of PIDR on the entry of HCVser into immortalized
human hepatocytes, such as He (A) and HuS/E2 (B) cells. The HCV-RNA
titers in cells were determined at 24 h post-inoculation. (C) HCV-RNA titers in
Hc cells inoculated with HCVser were evaluated at 10, 15 and 20 days after
PIDR-mediated infection.

HCVser into the hepatoma cell lines and immortalized human
hepatocytes in an hCD81-independent manner. Furthermore,
we demonstrated that the intracellular delivery of HCVser by
PIDR was enhanced by the addition of anti-HCV antibodies in
sera from chronic hepatitis C patients, suggesting that PIDR is
an effective reagent for the intracellular delivery of HCVser
into the target cells in a receptor-independent manner.
Although direct evidence of enhancement of the adsorption
and penetration by the application of spinoculation and poly-
brene has not been demonstrated yet, sedimentation of the virus

particles to the cell surface by the spinoculation and electrostatic
interactions between viral particles and cells by the charged
polybrene are suggested to overcome the first barrier between
virus particles and cells [12—14]. PIDR is a cationic amphi-
philic-based protein delivery reagent that forms a complex with
proteins through electrostatic and hydrophobic interactions
[17]. The complexes of protein molecules and PIDR have been
shown to interact with heparan sulfate proteoglycans on the cell
surface, and then to be internalized through endocytosis, after
which the protein molecules are released from the complexes
into the cytoplasm [17], suggesting that PIDR is capable of
enhancing not only adsorption but also penetration of HCVser.
Although HCVser are composed of heterogenous viral pop-
ulations and a large fraction of the viral particles was associated
with lipoproteins or neutralizing antibodies [25], these particles
are capable of invading into human hepatocytes and establishing
a persistent infection in vivo [1]. Therefore, it is feasible to
speculate that some host factors are involved in the entry of
HCVser into hepatocytes in vivo. Recently, Stamataki et al. [26]
suggested that peripheral blood B lymphocytes participate as
a reservoir for HCV for persistent infection and as a vehicle for
transinfection to hepatocytes. Although the precise mechanisms
of the entry of HCV have not been clarified yet, PIDR is an
efficient modality to overcome the obstacles to the entry of HCV.
Recent studies have revealed that at least four cellular
molecules play crucial roles in the infection of HCV into
hepatocytes in vitro: hCD81, scavenger receptor class B type 1
(SR-BI) [27], and tight junction proteins claudin-1 [28] and
occludin [11]. In this study, the entry of HCVser by the treat-
ment with PIDR was shown to be independent from hCDS81.
Although the involvement of receptor candidates other than-
hCD81 was not examined in this study, PIDR was shown to
enhance the entry of HCVser in cell lines including Huh7,
HepG2, HepCD81, Hc and HuS/E2, suggesting that PIDR is
capable of enhancing the entry of HCV through a pathway
independent from the expression of these receptor candidates.
Previous studies have indicated that HCV infects not only
hepatocytes but also lymphoid tissues and peripheral blood
mononuclear cells [29], and that the quasispecies nature of viral
particles was different among tissues infected with HCV [10].
Furthermore, it was shown that the in vitro transcribed JFH-1
RNA used for the recovery of infectious particles contained
2.21 x 10" copies/ug [30], which is much higher than the
amount of viral RNA detected in the patient’s sera. The variety
of cell tropisms depending on the quasispecies of HCV parti-
cles, a low viral load in sera co-existing with neutralization
antibodies, and the lack of identified co-factors including
functional environment of the liver might be the major obstacles
to establishing cell culture systems for the propagation of
HCVser. Several approaches have been taken for the estab-
lishment of an in vitro cell culture system of HCV, including the
culture of human liver cells in a three-dimensional radial-flow
bioreactor [31], the three-dimensional culture of immortalized
primary hepatocytes [7], and the micropatterned culture of
primary hepatocytes [8]. These innovative approaches to the
cell culture of liver cells, in combination with PIDR which is
able to overcome the first barrier of HCV propagation might
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contribute to a breakthrough in the establishment of a robust
cell culture system of HCVser.

In this study, we demonstrated that PIDR is able to inter-
nalize HCV in a receptor-independent manner and provides
a clue toward the development of a cell culture system of
HCVser in the presence of neutralization antibodies. PIDR
may also be useful for the study of viruses that are difficult to
internalize into cells due to their low viral titers or the pres-
ence of neutralizing antibodies.
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MicroRNAs (miRNAs) are small non-coding RNAs,
approximately 21-22 nucleotides in length, that regulate
gene expression through partial or complete comple-
mentarity with target messenger RNAs (1-3). MiRNAs
are implicated in many biological processes and diverse
diseases such as in viral infections and cancers (4-6).
MicroRNA-122 (miR-122) is a liver-specific miRNA
accounting for 70% of the total liver miRNA content (7,
8). MiR-122 is reported to facilitate the replication of
hepatitis C virus (HCV) in cultured human hepatoma
cells stably expressing the HCV replicon (9-13) by
binding to the complementary target sequences in the
5'-untranslated region (UTR) of HCV RNA (9, 10, 13).
Furthermore, sequestration of miR-122 in hepatoma cells
by antisense oligonucleotides decreased HCV replication
(9-13) and translation (14). Interferon-beta (IFN-$), a
cytokine with potent antiviral activity against HCV, was
shown to reduce HCV replication and miR-122 expres-
sion in Huh-7 cells, which indicates that the repression of

474

Abstract

Background and aims: MicroRNAs are small non-coding RNA molecules that
post-transcriptionally regulate gene expression. Liver-specific microRNA-122
(miR-122) has been shown to facilitate the replication of hepatitis C virus
(HCV) in human hepatoma cells in vitro. However, the clinical significance of
hepatic miR-122 on HCV in human body is unclear. Methods: Hepatic miR-
122 expression was quantified using quantitative reverse-transcription poly-
merase chain reaction. We investigated the correlation between miR-122
expression and HCV load in liver samples from 185 patients seropositive for
HCV antibody, including 151 patients seropositive for HCV RNA, and 31
patients seronegative for HCV RNA. Results: Although hepatic miR-122
expression was weakly and positively correlated with the serum HCV load
(p=0.19, P < 0.05), it was not correlated with the hepatic HCV load
(p=-0.14, P=0.08). The absence of a correlation between miR-122 expres-
sion and hepatic HCV load was also confirmed after stratification of
histopathological liver damage (inflammatory activity grades and fibrosis
stages). Furthermore, hepatic miR-122 expression in patients seronegative for
HCV RNA was significantly higher than that in patients seropositive for HCV
RNA (P < 0.0001). The level of hepatic miR-122 expression was inversely
correlated with the severity of functional and histopathological liver damage
(P < 0.0001), serum transaminase levels (P < 0.0005). Conclusions: Com-
pared with in vitro findings, hepatic miR-122 expression is not correlated with
HCV load in the human liver. Therefore, miR-122, by itself, is not a critical
molecular target for HCV therapy. MiR-122 expression is inversely correlated
with both functional and histopathological liver damage.

miR-122 might be involved in the antiviral mechanism of
IEN-f (15). These in vitro reports prompted much
interest in the effect of miR-122 on hepatitis C and
prompted the expectation that inhibiting hepatic miR-
122 may contribute to the novel molecular-targeted
therapy of hepatitis C (9-15).

By contrast to the findings in vitro from many studies,
the clinical impact of hepatic miR-122 on HCV in human
body is still unclear. It was recently reported that miR-
122 is decreased in the liver of HCV patients if compared
to control liver tissue and that the miR-122 level is
correlated to the clinical response to peg-IFN-o, but was
not correlated with the HCV load, based on a study of 42
patients seropositive for HCV RNA (16). Their study
provided a perspective on the role of miRNAs in HCV
infection and the antiviral activity of IFN in vivo. How-
ever, the number of the cases was small and the absence
of a correlation between miR-122 and HCV load was
shown in 42 cases across wide ranges of inflammation
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activity grades and fibrosis stages, which possibly affected
the analytic result because of growth of non-hepatocytes
and a relative decrease in the number of hepatocytes. At
the time of that publication, we had already started a
study based including more than four times the number
of HCV-infected patients in Japan (n=185) and we have
recently completed detailed analyses, including stratifica-
tion of grades of liver damage to account for the effect of
growth of cells other than hepatocytes.

In the present study, we quantified hepatic miR-122
expression in 185 patients seropositive for HCV antibody
using quantitative reverse-transcription polymerase
chain reaction (gRT-PCR). Then, we evaluated the
association between hepatic miR-122 expression and
clinical parameters, including serum and hepatic HCV
load, functional and histopathological liver damage,
serum transaminase levels. The analyses were repeated
in two genotypes (genotypes 1 and 2) and after stratifica-
tion for histopathological liver damage to enhance the
reliability of our study.

Materials and methods
Patient characteristics and human liver tissues

Liver specimens were obtained from 204 patients who
had undergone hepatic resection or living donor liver
transplantation (LDLT) at the Department of Surgery
and Science, Kyushu University Hospital (Fukuoka,
Japan) between July 2003 and December 2008. This study
conformed to the ethical guidelines of the 1975 Declara-
tion of Helsinki. The study protocol was approved by the
institutional review board and informed consent was
obtained from each patient. This population was divided
into two groups, the HCV-infected group and the control
group. The HCV-infected group consisted of 185 patients
seropositive for the HCV antibody. Of these, 151 patients
were seropositive for HCV RNA, 31 patients were ser-
onegative for HCV RNA and serum HCV RNA status was
unknown in three patients. Histopathologically, the 185
patients included 161 patients with hepatocellular carci-
noma (HCC), 19 patients with hepatitis C cirrhosis
without HCC, four patients with hepatocholangiocellu-
lar carcinoma and one patient with angiomyolipoma.
The control group consisted of 19 patients with a
histologically normal liver, including 16 cases of living
donors for LDIT and three cases with metastatic liver
tumour. Surgically resected liver specimens were snap-
frozen and stored at — 80 °C until RNA extraction. In the
cases of living donors of LDLT, the samples were
obtained from an intra-operative biopsy. In the cases
with multiple HCCs, the tissue sample from the largest
HCC in each case was assayed. In the HCV-infected
group (n=185), 139 samples of primary hepatic cancer
(135 samples of HCC samples and four samples of
hepatocholangiocellular carcinoma) and all 185 non-
cancerous liver samples were assayed. In the control
group (n=19), all 19 histologically normal liver samples
were assayed, but the samples of metastatic liver tumours
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were not. The clinical characteristics of the patients are
shown in Table 1.

RNA isolation

Total RNA containing miRNA was isolated from the
frozen liver tissues using mirVana miRNA isolation kit
(Ambion, Austin, TX, USA) in accordance with the
manufacturer’s protocol. Pre-operative serum samples
were obtained from 40 cases (35 cases with HCV, five
cases with a histologically normal liver). Total RNA was
isolated from the 1ml of serum using ISOGEN-LS
(Nippon Gene, Tokyo, Japan) in accordance with the
manufacturer’s protocol.

Quantitative reverse transcription-polymerase chain
reaction for microRNA expression

Hepatic miR-122 expression was quantified using
TagMan® MicroRNA assays (Applied Biosystems, Foster
City, CA, USA) in accordance with the manufacturer’s
protocol. Reverse transcription was performed using
10ng of the isolated total RNAs from liver tissues
and 100ng of the isolated RNAs from serum samples.

Table 1. Clinical and histopathological characteristics of the patients

HCV-infected Control
group group
Factor (n=185) (n=19)
Sex (male/female) 130/55 14/5
Age (years) 62.3+10.7 41.4+£13.7
Viral infection status
HBs antigen (+/—) 2/183 0/19
HCV antibody (+/-) 185/0 0/19
Serum HCV RNA (+/—/NA)  151/31/3 None
HCV genotype (1/2/NA) 113/31/41 None
Liver function
Albumin (g/dl) 3.4+0.6 43405
Total biliribin (mg/dl) 23+40 0.8+05
Prothrombin time (%) 70.0+£20.6 94.1+8.9
Child-Pugh grade (A/B/C) 90/41/54 19/0/0
Non-cancerous liver Normal liver
Activity (AO/AT/A2/A3) 3/51/110/21 19/0/0/0
Fibrosis (FO/F1/F2/F3/F4) 7/24/15/13/126 19/0/0/0/0
Histopathological hepatic tumor
Hepatocellular carcinoma 161 (135)* 0
Hepatocholangiocellular 4 (4)* 0
carcinoma
Angiomyolipoma 1(0)* 0
Metastatic liver tumor 0 3(0)*
None 19 16
Differentiation of hepatic cancer
Well 12 (5)* None
Moderate 109 (96)* None
Poor 44 (38)* None
Tumour factor
TUT2/T3/T4 67/86/12/0 (54/74/ None
11/0)*

*Cases (nodules available for the assays).
HBs, hepatitis B surface; HCV, hepatitis C virus; NA, not applicable.
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Real-time PCR was performed on an ABI Prism 7700
Sequence Detection System (Applied Biosystems). The
miR-122 expression in the samples was quantified by the
relative standard curve method using a control sample
(histopathologically normal liver sample from a patient
with metastatic liver tumour) and normalized by RNU6B
expression. After normalization, the expression values
were calculated relative to the control sample (the liver
sample or serum sample from the patient with metastatic
liver tumour).

Quantification of serum and hepatic HCV load

Quantification of pre-operative serum HCV RNA load
(Log IU/mL) and/or the pre-operative HCV genotyping
was performed by SRL Inc. Fukuoka Laboratory (Fukuo-
ka, Japan) using a COBAS Amplicor HCV Monitor
version 2.0 or COBAS Tagman® HCV assays (Roche
Diagnostics, Mannheim, Germany). Hepatic HCV RNA
load (log copies/pg of total RNA) in the total RNA was
also quantified by SRL Inc. Fukuoka Laboratory using
the gRT-PCR method, as described previously (17). Total
RNA (1 ng) isolated from the liver samples, as above, was
used to quantify hepatic HCV RNA levels using a gRT-
PCR assay.

Histopathological examination of liver samples

Histopathological examination of the non-cancerous
livers was performed according to the METAVIR scoring
system (18). The differentiation of HCC was graded
according to the Edmondson and Steiner criteria (grade
1, well differentiated; grade 2, moderately differentiated;
and grade 3, poorly differentiated) (19). The pathological
stage of HCCs was determined according to the tumour-
node-metastasis staging criteria of the International
Union Against Cancer and the American Joint Commit-
tee on Cancer (20). The histopathological characteristics
of the patients are also shown in Table 1.

Statistical analyses

The miR-122 expression is expressed as the median
(range) and is presented as box plots. Other continuous
variables, including HCV load, are expressed as mean-
s+ standard deviation, and presented as scatter plots.
Pearson’s correlation coefficients were calculated to de-
termine correlations between the serum and hepatic
HCV loads. Spearman’s rank correlation was used to
determine the correlation between miR-122 expression
and HCV load, hepatic function (Child-Pugh grades),
serum transaminase levels, inflammatory activity, fibro-
sis stage and serum miR-122 level. The association
between miR-122 expression and HCV load was also
evaluated for both genotypes (genotypes 1 and 2).
Accordingly, it should be considered that the ratio of
hepatocytes to other cell types in the specimens could
relatively decrease because of the growth of cells other
than hepatocytes, such as lymphocytes, macrophages,
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fibroblasts, stellate cells and myofibroblasts, as liver
damage progresses. Thus, it is possible that the expres-
sion of liver specific miR-122 may be underestimated in
severely damaged liver samples. To eliminate a possible
effect of non-hepatocyte cells, a stratified analysis was
also performed according to grades of inflammation
activity (A0/1, A2, A3) and fibrosis stage (F0/1, F2/3,
F4). The Mann—Whitney U-test was used to determine
differences in miR-122 expression between two groups.
The Breslow—Gehan—Wilcoxon test was used to evaluate
differences in miR-122 expression between the HCCs and
the paired non-cancerous livers. P-values < 0.05 were
considered to be statistically significant. All statistical
analyses were performed using starview® 5.0 software
(Abacus Concepts, Berkeley, CA, USA).

Results
Serum and hepatic hepatitis C virus load

Overall, 185 patients were seropositive for the HCV
antibody. Of these, 151 patients were positive for serum
HCV RNA and 31 patients were negative for serum
HCV RNA (Table 1). In the 151 seropositive patients,
the mean serum HCV load was 5.6+ 0.71logIU/ml,
the mean hepatic HCV load was 6.0 £ 1.0log copies/pg
of total RNA; the hepatic HCV load in two cases was
below the measurable limit (2.3log copies/ug of
total RNA). The serum HCV load was positively corre-
lated with the hepatic HCV load (r=0.531, P < 0.0001;
Fig. 1A). The strength of the correlation was similar
to that in a previous report (r=0.689, P=0.004,
n=15) (21).

Association between hepatic microRNA-122 expression
and hepatitis C virus load

The median hepatic miR-122 expression in all non-
cancerous cases was 0.34 (range, 0.02-3.36; n=204),
relative to the control sample by gRT-PCR. The median
non-cancerous hepatic miR-122 expression in the HCV-
infected group and control group was 0.32 (range,
0.02-3.36; n=185) and 0.61 (range, 0.31-2.50; n=19)
respectively. We analysed the correlation between the
hepatic miR-122 expression and the serum and hepatic
HCV loads in non-cancerous samples. The expression of
hepatic miR-122 in non-cancerous liver tissue was
weakly but positively correlated with the serum HCV
load (p=0.19, P < 0.05; Fig. 1B), but not with the
hepatic HCV load (p=-0.14, P=0.08; Fig. 1C).
Furthermore, the expression of hepatic miR-122 in non-
cancerous serum HCV-negative patients (n=31) was
significantly higher than that in the serum HCV-positive
patients (n=151) (P < 0.0001) and similar to that in the
control cases (Fig. 1D). The association between miR-122
expression and HCV load was analysed for both geno-
types 1 and 2. In patients with genotype 1, hepatic miR-
122 expression was not correlated with the serum HCV
load (p=0.14, P=0.16; Fig. 2A) and was weakly and
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