Polymorphisms of genes involved in innate immunity are likely
to influence the strength and nature of this defense system [24].
Moreover, IL28B polymorphisms were shown to be associated
with lipid metabolism [25]. Thus, this genetic factor is thought to
influence the natural course of HCV infection including liver
fibrosis, inflammation activity, or steatosis. However, associations
between IL28B polymorphisms and the state of background liver
disease (fibrosis, inflammation activity, or steatosis) in patients with
CHC remain controversial. Single studies may have limited
statistical power to detect the modest effects of IL28B polymor-
phisms on disease progression.

Thus, we conducted the present meta-analysis to integrate the
results of eligible studies and provide statistically reliable evidence
of the role of IL28B polymorphisms in patients with CHC.

Materials and Methods

2.1 Search strategy

An electronic search was conducted in MEDLINE, EMBASE,
and the Cochrane Library for articles published prior to 30 April,
2012. Search terms included 7L28B, IL28, IL-28B, interleukin-28B,
interleukin 28B, 1512979860, and rs8099917. The search was limited
to the English language.

2.2 Inclusion criteria

A study was included in the current analysis if it satisfied the
following criteria: (1) It evaluated the associations between IL28B
polymorphisms (rs12979860 or rs8099917) and liver fibrosis,
inflammation activity, or steatosis. We also included studies that
evaluated fibrosis or inflammation activity using the aminotrans-
ferase platelet ratio index or ALT. (2) It provided sufficient
published data for estimating odds ratios (OR) with 95%
confidence intervals (Cls). In case of multiple studies based on
the same population, we selected the study with the largest number
of participants. A study was excluded if (1) it dealt only with co-
infection of HCV and human immunodeficiency virus, (2) it dealt
only with patients with a specific condition such as a comorbid
disease (e.g., thalassemia) or status after liver transplantation, or (3)
it only used a recessive hereditary model (rs12979860 CC + CT vs.
TT, or rs8099917 TT +TG vs. GG).

2.3 Data extraction

Two authors (M.S. and M.K.) independently screened titles and
abstracts for potential eligibility and full texts for final eligibility.
Disagreements were resolved by consultation with a third author
(R.T.). The following information was extracted or calculated from
each study: first author, year of publication, country of origin,
ethnicity, sex, HCV genotype, and background liver information
(fibrosis, inflammation activity, or steatosis) for each genotype. The
analysis was based on the dominant model (CC vs. CT and TT in
rs12979860; TT vs. TG and GG in rs8099917).

2.4 Definition

In some studies, mild or severe fibrosis or inflammation activity
was not defined. To compare results among studies on these
outcomes, we defined Ishak level F4 to F6; METAVIR, Ludwig
Batts, and Inuyama level F3 to F4; and Knodell histology activity
index as severe fibrosis. We also defined METAVIR A2 to A3 as
severe inflammation activity.

2.5 Statistical analysis

The association of liver fibrosis, inflammation activity, or
steatosis with the IL28B genotype in patients with CHC was
assessed by summary ORs and corresponding 95% ClIs. Hetero-
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geneity among studies was examined with 1% statistics interpreted
as the proportion of total variation contributed by between-study
variation [26]. If there was no or low statistical heterogeneity
among studies (I<50% and P>0.05), the ORs and 95% Cls were
calculated by the fixed-effects model. Otherwise, the random-
effects model was adopted. When significant heterogeneity was
observed, we performed a meta-regression analysis to investigate
relationships between the effect of IL28B polymorphisms on liver
fibrosis, inflammation activity, or steatosis; and continuous
variables (proportion of patients with genotype 1 or 4 virus
infection, proportion of males; and proportion of Caucasian,
African-American, and Asian patients) to explore the possible
reason for heterogenecity between studies [27,28]. To check for
publication bias, we used the linear regression approach described
by Egger et al. [29]. All calculations were performed using
Comprehensive Meta-Analysis software (Biostat, Englewood, NJ).

Results

3.1 Characteristics of articles

Figure 1 shows the literature search and study selection
procedures. A total of 471 potentially relevant publications up to
30 April, 2012, were initially identified through MEDLINE,
EMBASE, and the Cochrane Library, 443 of which were excluded
because they did not meet our inclusion criteria. Therefore, 28
studies involving a total number of 10,024 patients were included
in the meta-analysis. Study characteristics are shown in Table 1.
There were 5616 males and 3974 females, and the sex was not
reported in the remaining 434 patients (1 study). Nineteen studies
(7542 patients) evaluated liver fibrosis according to rs12979860
polymorphism and 16 studies (5052 patients) according to
rs8099917 polymorphism; four studies (2301 patients) evaluated
inflammation activity according to rs12979860 polymorphism and
eight studies (2904 patients) according to rs8099917 polymor-
phism; and four studies (962 patients) evaluated steatosis according
to rs12979860 polymorphism and five studies (1308 patients)
according to rs8099917 polymorphism.

3.2 Fibrosis

For 1s12979860, the between-study heterogeneity was not
significant (I*=25%, P=0.147); thus, the fixed-effects model
was applied. The pooled results indicated that IL28B rs12979860
genotype GG was associated with an increased possibility of severe
fibrosis (OR, 1.122; 95%CI, 1.003-1.254; P=0.044) (Fig. 2-a).
For rs8099917, there was no or low heterogeneity (IZ=31%,
P=0.111), and IL28B rs8099917 genotype TT tended to be
associated with a higher possibility of severe fibrosis; however, the
difference did not reach statistical significance (OR, 1.126;
95%CI, 0.988-1.284; P=0.076) (Fig. 2-b). Egger’s test showed
no evidence for publication biases for either 1512979860
(P=0.839) or rs8099917 (P=0.342). When restricted to studies
in which only treatment-naive patients were included, 12 studies
(5865 patients) according to rs12979860 polymorphism and eight
studies (3333 patients) according to rs8099917 polymorphism were
extracted. The between-study heterogeneities were not si§niﬁcant
for rs12979860 (IZ=0%, P=0.615) and rs8099917 (I*=16%,
P =10.304). For rs12979860, fixed-effect model analyses showed a
higher probability of severe fibrosis in genotype CC (OR, 1.184;
95%CI, 1.040-1.348; P=0.010) (Fig. 2-c), and for rs8099917,
genotype TT tended to be associated with a higher possibility of
severe fibrosis; however, the difference was not statistically
significant (OR, 1.154; 95%CI, 0.985-1.351; P=0.076) (Fig. 2-
d). Egger’s test showed no evidence of publication bias (P =0.394
for rs12979860 and P =10.295 for rs8099917).
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Figure 1. Literature search and study selection process. Twenty-
eight individual studies that met all of the inclusion and exclusion
criteria.

doi:10.1371/journal.pone.0091822.g001

3.3 Inflammation activity

The between-study heterogeneity was not significant (I* = 35%,
P=0.204) for rs12979860. In the fixed-effects model, the pooled
results indicated that IL28B 1s12979860 genotype CC was
associated with a higher possibility of severe inflammation activity
(OR, 1.288; 95%CI, 1.050-1.581; P=0.015) (Fig. 3-a). For
158099917, there was no or low heterogeneity (I2=0%,
P=0.598), and IL28B 158099917 genotype TT was also associated
with a higher possibility of severe inflammation activity (OR,
1.324; 95%CI, 1.110-1.579; P=0.002) (Fig. 3-b). Egger’s test
showed no evidence of publication biases for rs12979860
(P=0.448) and rs8099917 (P =0.531). When restricted to studies
in which only treatment-naive patients were included, three studies
(2192 patients) according to rs12979860 polymorphism and two
studies (1769 patients) according to rs8099917 polymorphism were
extracted. Significant heterogeneities were found for rs12979860
(I =53%, P=0.120); thus, the random-effect model was applied.
The pooled results indicated that IL28B rs12979860 genotype was
not associated with inflammatory activity (OR, 1.340; 95%CI,
0.938-1.916; P=0.108) (Fig. 3-c). For rs8099917, the between-
study heterogeneity was not significant (I? = 0%, P = 0.585). In the
fixed-effects model, genotype TT tended to be associated with a
higher possibility of severe inflammation activity (OR, 1.217;
95%CI, 0.978-1.515; P=0.079) (Fig. 3-d). Egger’s test showed no
evidence of publication bias in 1rs12979860 (P=0.646). For
rs8099917, Egger’s test was not applicable because only 2 studies
were included. We also performed a meta-regression analysis for
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rs12979860 because significant heterogeneities were observed.
Table 2 shows the results of these meta-regression analyses.
Significant correlation was observed between rs12979860 poly-
morphisms and the proportion of patients with genotype 1 or 4
virus {slope, 2.99221.497; P = 0.046).

3.4 Steatosis

Significant  heterogeneitics  were  found for 1512979860
(I”=86%, P<0.001) and 158099917 (I* =52%, P=0.082); thus,
we applied the random-effects model for this outcome. The pooled
results indicated that IL28B rs12979860 genotype CC was not
associated with hepatic steatosis (OR, 1.062; 95%CI, 0.415-2.717,
P=0.901) (Fig. 4-a), whercas rs8099917 TT was significantly
associated with a lower possibility of severe steatosis (OR, 0.580;
95%CI, 0.351-0.959; P = 0.034) (Fig. 4-b). Egger’s test showed no
cvidence of publication biases for rs12979860 (P=0.238) or
rs8099917 (P=0.182). We also performed a meta-regression
analysis because significant heterogencities were observed. Table 3
shows the results of these meta-regression analyses. In terms of the
effect of rs12979860 on steatosis, significant correlations were
observed between the proportion of patients with genotype 1 or 4
virus (slope, —4.947£1.086; P<<0.001), the 1)10portion of Cauca-
sian patients (slope, 7.361£1.569; P<<0.001), and the proportion
of African-American patients (slope, —8.996:21.918; P<<0.001).
We also observed a significant correlation between the effect of
rs8099917 polymorphism on steatosis and the proportion of male
patients (slope, 6.225:22.530; P=0.014) (Fig. 5). Finally, we
observed significant correlations between rs8099917 polymor-
phisms and the proportion of patients with genotype 1 or 4 virus
(slope, —2.704*1.277; P=0.034), the proportion of Caucasian
patients (slope, 1.168£0.422; P=0.006), and the proportion of
Asian patients (slope, —1.049%0.398; P = 0.008). When restricted
to studies in which only treatment-naive patients were included,
two studies (495 patients) according to rs12979860 polymorphism
and four studies (812 patients) according to rs8099917 polymor-
phism were extracted. The between-study heterogeneities were not
mgmﬁcant for rs12979860 (I°=0%, P=0.823) and rs8099917
(I" = 41%, P=0.166). For rs12979860, fixed-cffect model analyses
showed that 112979860 genotype CC was significantly associated
with-a higher possibility of severe steatosis (OR, 1.708; 95%CI,
1.047-2.787, P=0.032) (Fig. 4-c), wherecas rs8099917 TT was
significantly associated with a lower possibility of severe steatosis
(OR, 0.675; 95%CI, 0.474-0.960; P =0.026) (Fig. 4-d). Egger’s
test showed no evidence of publication bias in rs8099917
(P=0.554). For rs12979860, Egger’s test was not applicable
because only 2 studies were included.

Discussion

In the present study, we evaluated the association between
IL28B polymorphisms and the background liver disease (fibrosis,
inflammation activity, or steatosis) in patients with CHC. The
rs12979860 CC genotype was significantly associated with a
higher probability of severe fibrosis (Fig. 2-c), and the rs8099917
TT genotype tended to be associated with a higher possibility of
severe fibrosis (Fig. 2-d). The accumulation of liver inflammation
promotes liver fibrosis, and these polymorphisms are associated
with the effect of IFN-based treatment; therefore, past treatment
might alter the results. Thus, we also analyzed studies involving
only patients without a history of IFN-based treatment; however,
the results were not changed.

The rs12979860 CGC and rs8099917 TT genotypes were also
associated with a higher possibility of severe inflammation activity.
Genetic variations near the IL28B gene were originally reported as
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Table 1. Main characteristics of all studies included in the meta-analysis.

First author (year) Ref. Population ethnicity, region

Abe (2010) [48] Asian, Japan

Dill MT (2011) [54] Caucasian, Switzerland

Caucasian, [taly

Lagging (2011) [57] Caucasian, Sweden

Marabita (2011) [61] Caucasian, Italy

Mbghaddém(zm i) [63]

Ruec ,
Tillman (2011) [35]

Asahina (2011) [66] Asian, Japan

rs8099917 T/G

Lotrich (2010) [50] Mixed (African-American/Caucasian), USA

Thompson (2010) [52] Mixed (African-American/Caucasian/Asian/Hispanic

Lindh (2011)-1 [59] Mixed (Caucasian/Asian), Sweden

Outcome

measure

F(Fibrosis) Genotype for Genotype for
IL-28B SNP  A(Activity) . HCV patients patients
rsID, Allele S(Steatosis) ~ Patients genotype  Fs12979860  rs8099917

F, A: Inuyama 212 152 364 1/2 265 99

512979860 C/T  F: Ishak 101 32 133 1/2 57 76

512979860 C/T  F: METAVIR 986 642 1628 1 538 1090

512979860 C/T F, A: METAVIR 30 79 109 1-4 33 9 52 57
rs8099917 T/G

1512979860 C/T

rs12979860 C/T  F: Ishak S: 169 83 252 1-4 93 159 153 99
rs8099917 T/G  Histological
finding

rs12979860 C/T  F: Batts Ludwig 67 43 110 1 38 72 66 44
58099917 T/G

rs12979860 C/T  F: Ishak 129 118 247 1-4 88 159 131 116
rs8099917 T/G

rs12979860 C/T  F: APRI score 166 115 281 3 129 152 201 80
rs8099917 T/G

rs12979860 C/T  S: Histological 215 110 325 1 88 237 97 67

rs8099917 /G finding

rs12979860 C/T  F: Inuyama 28 60 88 1 54 34 54 34
1s8099917 T/G
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Table 1. Cont.

Outcome
measure
F(Fibrosis) Genotype for Genotype for
IL-28B SNP AlActivity) X HCV patients patients
First author (year) Ref.  Population ethnicity, region rsiD, Allele S(Steatosis)  Patients* genotype  Fs12979860  rs8099917

Bochud (2012) [47] Caucasian, Switzerland rs12979860 /T F, A: METAVIR 870 657 1527 1-4 534 993 855 672
1$8099917 T/G

Miyashita (2012) [68] Asian, Japan rs8099917 T/G  F, A: Desmet 88 132 220 172 155 63

Rembeck (2012) [70] 199 140 339 2/3 144 179

Toyoda (2012) [72} Asian, Japan rs8099917 T/G  F, A: METAVIR 139 133 272 1 187 59

*Patients included in the original study.
Thus, patients without information regarding iL28B polymorphism were also included.
APRI, aminotransferase platelet ratio index.

doi:10.1371/journal.pone.0091822.t001
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Figure 2. Forest plot of the IL28B genotypes and the risk of severe fibrosis. (a) 512979860 in all patients, (b) rs8099917 in all patients, (c)
rs12979860 in treatment-naive patients, and (d) rs8099917 in treatment-naive patients.

doi:10.1371/journal.pone.0091822.g002

strong predictors of a sustained viral response [17-20] or
spontaneous clearance of HCV [21]. The level of IL28B gene
transcripts is reportedly higher in patients homozygous for the IFN
responsive allele [18,19]. Therefore, in patients with the
1512979860 CC and rs8099917 TT genotype, IL28B production,
which induces expression of interferon-stimulated genes, including
some inflammatory cytokines, was thought to be increased. This
may be the underlying cause of the higher inflammation activity
and progressed fibrosis in patients with the IFN responsive allele.
In analysis with the studies involving only patients without a
history of IFN-based treatment, rs12979860 CC and rs8099917
TT genotypes were associated with higher possibility of having
severe inflammation activity; however, the differences did not
reach to the significant level. Only three studies according to
rs12979860 polymorphism and two studies according to
rs8099917 polymorphism were included when restricted to studies
with only treatment-naive patients, and may be underpowered to
detect the effects of IL28B polymorphisms on inflammation
activity. The further analyses with larger sample are needed to
confirm this association. Additionally, meta-regression analysis
showed that the effect of the rs12979860 polymorphism was
influenced by viral genotype distribution. This result may imply a
different influence of rs12979860 polymorphism on immune
response according to viral genotype in treatment-naive patients.

1L28B polymorphisms were also shown to be associated with
lipid metabolism [25]. In the present study, the rs§099917 TT

PLOS ONE | www.plosone.org

genotype was significantly associated with a lower possibility of
severe steatosis. This association still remained statistically
significant after we restricted to studies in which only treatment-
naive patients were included. The lower hepatic steatosis in
patients with the IFN responsive allele could be explained by a
more efficient export of lipids from hepatocytes. Higher interferon
expression was shown to lead to suppression of lipoprotein lipase,
which would result in decreased conversion of VL.DL to LDL and
subsequent higher steatosis [30-33]. The difference in IL28B
expression might cause an aberration of lipid metabolism in
patients with CHC. We found no significant association of
rs12979860 with steatosis. And when we restricted to treatment-
naive patients, rs12979860 CC genotype was significantly
associated with a higher possibility of severe steatosis. Previous
studies have shown that racial differences or viral genotypes make
a difference in the effects of rs12979860 and rs8099917
polymorphisms [34,35]. This may explain the discrepancy
between the effect of rs12979860 and rs8099917 on hepatic
steatosis. However, only four studies (962 patients) were included
in the analysis of rs12979860; or when it comes to the studies with
only treatment-naive patients, only two studies (495 patients) were
extracted. Thus, we should not make any definite conclusion on
this matter right now. Further studies with larger sample sizes are
needed to identify their exact correlation.

According to the meta-regression analysis, the effect of
rs8099917 polymorphisms on steatosis became smaller with the

March 2014 | Volume 9 | Issue 3 | e91822
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Figure 3. Forest plot of the IL28B genotypes and the risk of severe inflammation activity. (a) rs12979860 and (b) rs8099917. (c)
rs12979860 in treatment-naive patients, and (d) rs8099917 in treatment-naive patients.

doi:10.1371/journal.pone.0091822.g003

increase in the male proportion (Fig. 5), suggesting that a sexual
dimorphism might be involved in the effect of rs8099917
polymorphisms on the liver fat content. Although the present
study cannot explain the interaction between the polymorphism
and sex, immune systems responding to IFN are reportedly
controlled by estrogenic sex hormones [36,37]. Differences in
TL28B expression mediated by sex hormones could be a possible

mechanism for the sexual dimorphism in the effect of rs8099917
polymorphisms on liver steatosis.

The rs738409 genotype within the patatin-like phospholipase
domain containing 3 locus was also reported to be associated with
hepatic steatosis in patients with CHC [38—40]. Notably, previous
meta-analysis evaluating the effect of patatin-like phospholipase
domain containing 3 polymorphisms on steatosis also reported a

Table 2. Meta-regression analysis between each continuous variable among the studies (only treatment- naive patients were
included) and the effect (log odds ratio) of IL28B polymorphisms on inflammation activity.

Variables

Standard error P-value

Slope*

rs1297986071

rs1297986071

1.497 0.046

—2.963 5.802 0.610

doi:10.1371/journal.pone.0091822.t002

PLOS ONE | www.plosone.org

*Positive (negative) slope values indicate that the proportions of patients with the rs12979860 CC genotype with severe inflammation activity are increasing
{decreasing) as the values of each contentious variable (proportions of genotype 1 or 4 virus, male, or each race) is increasing.
TWe could not perform meta-regression analyses for these outcomes because only caucasian patients were included in all 3 studies included in this analysis.
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Figure 4. Forest plot of the IL28B genotypes and the risk of hepatic steatosis. (a) rs12979860 and (b) rs8099917. (c) rs12979860 in
treatment-naive patients, and (d) rs8099917 in treatment-naive patients.
doi:10.1371/journal.pone.0091822.9004

Table 3. Meta-regression analysis between each continuous variable among the studies and the effect (log odds ratio) of 1L28B
polymorphisms on steatosis.

Variables Slope* Standard error P-value

<0.001

rs1297986071 - - —

*Positive (negative) slope values indicate that the proportions of patients with the rs12979860 CC or rs8099917 TT genotypes with severe steatosis are increasing
(decreasing) as the values of each contentious variable (proportions of genotype 1 or 4 virus, male, or each race) is increasing.

"We could not perform a meta-regression analysis for this outcome because only one patient was included in the corresponding studies.
doi:10.1371/journal.pone.0091822.1003
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rs8099917.
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negative correlation between the male proportion and the effect of
15738409 on the liver fat content in nonalcoholic fatty liver disease
[41]. Interestingly, the meta-regression analysis in the present
study showed that the effect of the IL28B (rs12979860 and
rs8099917) polymorphisms on steatosis was also influenced by
racial and viral genotype distributions.

In the present study, we included studies that did not report the
associations between IL28B genotypes and background liver
diseases as study outcomes, but provided raw data that allowed
us to calculate the OR for each outcome, which may have
minimized potential publication bias. In fact, no publication bias
was observed in the present study. The Human Genome
Epidemiology Network highlighted the necessity of meta-analysis
before evidence for a particular association can be regarded as
strong [42]. The impact of IL28B genotypes on the disease
progression found in the present meta-analysis may provide
clinically important information in the follow-up of patients with
CHC. The effect of IL28B polymorphisms on hepatocarcinogen-
esis, which is also crucial information in the HCC screening of
patients with CHC, remains controversial [43-47]. Further
analysis with larger sample sizes may be needed to elucidate the
exact effect of IL28B polymorphisms on hepatocarcinogenesis.

A potential limitation of this study is inter-study variability in
the outcome measure and the definition of “severe” among
studies, where some discrepancies among studies exist. The studies
without a pathological diagnosis, using laboratory data as
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ABSTRACT

Chronic hepatitis B virus (HBV) infection is a major cause of hepatocellular
carcinoma (HCC). To date, the lack of efficient in vitro systems supporting HBV
infection and replication has been a major limitation of HBV research. Although primary
human hepatocytes support the complete HBV life cycle, their limited availability
and difficulties with gene transduction remain problematic. Here, we used human
primary hepatocytes isolated from humanized chimeric uPA/SCID mice as efficient
sources. These hepatocytes supported HBV replication in vitro. Based on analyses
of mRNA and microRNA (miRNA) expression levels in HBV-infected hepatocytes,
miRNA93 was significantly downregulated during HBV infection. MiRNA93 is critical
for regulating the expression levels of MICA protein, which is a determinant for
HBV-induced HCC susceptibility. Exogenous addition of miRNA93 in HBV-infected
hepatocytes using bionanocapsules consisted of HBV envelope L proteins restored
MICA protein expression levels in the supernatant. These results suggest that the
rescued suppression of soluble MICA protein levels by miRNA93 targeted to HBV-~
infected hepatocytes using bionanocapsules may be useful for the prevention of HBV-

induced HCC by altering deregulated miRNA93 expression.

INTRODUCTION

Hepatitis B virus (HBV) infection is a major
global health problem, and more than 350 million people
globally are chronic carriers of the virus [1]. A significant
number of these carriers suffer from either liver failure
or hepatocellular carcinoma (HCC) during the late stages
of the disease [2]. In fact, chronic infection with HBV is
responsible for 60% of HCC cases in Asia and Africa and
at least 20% those in Europe, Japan, and the United States
[3].

While nucleoside and nucleotide analogs have been
applied in the attempts to suppress HBV replication [4,

5], complete elimination of HBV (including cccDNA)
remains difficult [6, 7], and an increased understanding
of HBV replication and pathogenesis at the molecular
level is essential for clinical management of chronic HBV
infection. However, the lack of appropriate cell culture
systems supporting stable and efficient HBV infection has
been a major limitation. Although transient transfection
or viral transfer of HBV genes or genomes are used in the
study of specific steps.of the HBV cell cycle [8-12], they
do not accurately reflect the biology of HBV infection and
replication. Thus, humanized mice are used for hepatitis
virus research [13-18]. Although these mice are useful,
immune deficient, chimeric mice are difficult to handle
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and maintain. Therefore, a more convenient in vitro
system is required for HBV research.

Primary human hepatocytes can support the
complete HBV life cycle in vitro [7, 19], but a major
drawback is their limited availability. To overcome
difficulties regarding availability, we used chimeric mice
as sources of primary human hepatocytes, which grow
robustly during the establishment of chimeric mice, due
to continual liver damage induced by urokinase-type
plasminogen activator (uPA) [14, 15].

Another shortcoming of utilizing primary human
hepatocytes is their difficulty with gene transduction due
to the low transfection efficiency of their primary cell-like
nature. Efficient gene delivery methods will significantly
improve studies on primary hepatocytes for HBV
replication. In addition, cell-specific targeting is required
for efficient drug delivery in vivo. As a specific gene
delivery method to liver-derived cells, bionanocapsules
(BNCs) consisted of HBV envelope L particles have
been tested for the selective delivery of genes, drugs,
or siRNAs into liver-derived cells [20, 21]. Because
these BNCs are consisted of HBV L protein, they may
be applicable for drug delivery to HBV-infected primary
human hepatocytes.

MicroRNAs ~ (miRNAs) are  endogenous
~22-nucleotide RNAs that mediate important gene-
regulatory events by base-pairing with mRNAs and
activating their repression [22]. We previously reported
that modifying the expression of miRNAs in liver cells
can efficiently regulate the expression levels of the MHC
class I polypeptide-related sequence A (MICA) protein
[23], which we previously identified as a crucial factor
for the susceptibility of hepatitis virus-induced HCC and
possibly hepatitis virus clearance [24, 25]. While emerging
evidence suggests that miRNAs play crucial roles in
chronic HBV infection [26], the comprehensive changes
in miRNA expression levels induced by HBV infection
in human hepatocytes or in alternative systems reflecting
HBV-infected hepatocytes have not been explored.

In this study, we infected primary human
hepatocytes isolated from chimeric mice with HBV and
identified the transcripts and miRNAs whose expression
levels changed. We explored whether BNCs carrying
synthesized miRNAs could successfully deliver miRNAs
into primary hepatocytes and rescue the modulated
miRNA expression due to HBV replication. We found that
BNCs carrying synthesized miRNA93 could efficiently
restore deregulated soluble MICA protein levels in the
supernatant of HBV-replicating primary hepatocytes.
These results suggest that miRNA93 delivery into HBV-
replicating hepatocytes using BNC methods may enhance
HBYV immune clearance or suppress HCC by altering
miRNA93 Jevels in HBV-infected cells.

RESULTS

Changes in expression levels of transcripts and
miRNAs during HBV replication in human
primary hepatocytes

We examined changes in franscript and miRNA
expression levels during HBV infection and replication
in hepatocytes. Primary human hepatocytes were used
for maintainng HBV replication in vitro. We first isolated
primary hepatocytes from humanized chimeric mice.
To examine the infectivity of HBV into the primary
hepatocytes in vitro, HBsAg and HBV-DNA levels in
the cell culture supernatant were measured after the
cells were infected with approximately 1.5 x 107 copies
of HBV/well in a 24-well plate at day 0. Although both
HBsAg and HBV-DNA levels transiently decreased at
approximately day 3, levels of both started to increase and
were maintained until after day 23 post-infection (Figure
la and b). These results suggested that human primary
hepatocytes isolated from chimeric mice can efficiently
support HBV replication in vitro, which can be used as an
efficient in vitro HBV replication system.

To examine comprehensive changes in mRNA and
miRNA expression levels in HBV-infected hepatocytes,
cells at day 7 post-infection were collected and subjected
to cDNA as well as miRNA microarrays. Among 24,460
genes examined, 65 were significantly upregulated by
more than 4-fold, and 29 were downregulated to less
than 25% (Supplementary Table 1 and 2); however, more
than 800 total genes were upregulated or downregulated
if the thresholds of the changes were set at 2-fold and
1.5-fold, respectively (Figure 1c; complete datasets have
been deposited as GEO accession number: GSE55928).
Among the upregulated genes, those associated with
the cytochrome family, such as CYP2A7, CYP2CS,
CYP2A6, CYP3A4, changed significantly, which was
consistent with previous reports [27, 28]. However, few
inflammatory cytokines or genes associated with cell
growth changed significantly. Based on these results, host
factors related to innate immunity may not sense HBV (at
least under these replicating conditions), suggesting that
this system may mimic the status of hepatitis B patients
before seroconversion, in whom inflammation seldom
occurs regardless of the high viral load.

Regarding changes in miRNA expression levels
during HBV replication, among 2,019 mature miRNAs,
35 were upregulated and 14 downregulated by an
increase or decrease of more than two-fold (Figure 1d and
Supplementary Tables 3 and 4; complete datasets have
been deposited as GEO accession number: GSE55929).
Among these miRNAs, miR93-5p was significantly
downregulated during HBV replication by more than
50%. Since miRNAO93 regulates the expression levels
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of the MICA protein [23, 29], which is involved in the
susceptibility to hepatocellular carcinoma in chronic
hepatitis patients [24, 25], we focused on this miRNA in
further analyses.

with SV40 large T antigen, Fa2N4 cells [28]. The day after
delivery of the BNCs, cells were collected and subjected
to Northern blotting against let-7g, miRNA93, and U6,
the loading control, and the results showed successful

delivery of miRNAs into all cell lines tested (Figure
2a). The biological function of the delivered miRNAs
was confirmed using luciferase-based reporters, which
measured let-7g and miRNA93 functions [23]. Huh7 and
Hep3B cells transfected with reporter constructs were
delivered with let-7g or miRNA93 using BNCs, followed
by a luciferase assay at the next day. Delivered miRNAs
significantly decreased the corresponding luciferase
activity, suggesting that the delivered miRNAs were
functioning within the cells (Figure 2b).

We next examined the delivery of miRNAs into
293T cells (human embryonic kidney cell lines) to explore
cell-specificity. Only a small increase in miRNA93
expression levels was observed 24 hours after transfer into
293T cells, based on Northern blots (Figure 2c¢), indicating
that the BNCs had high specificity for hepatocyte-derived
cells. The expression of transferred miRNA into Huh7"
cells could be observed even 3 days after delivery (Figure
2d), suggesting that the delivered miRNAs are expressed

Efficient delivery of miRINAs into liver cell lines
using bionanocapsules

Efficient delivery methods of genes or compounds
into targeted tissues or cells are essential to translate the in
vitro results into clinical settings. Here, we utilized BNCs
[21, 30, 31], which were originally developed to deliver
genes and drugs with high efficiency and specificity
to human liver-derived cells, as an efficient delivery
method for miRNAs into human liver cells, including
primary hepatocytes. Since BNCs are composed of HBV
L proteins, the distribution of these BNCs and infected
HBV should be similar. To confirm the efficiency of
delivery of miRNAs into liver-derived cells by BNCs, we
delivered BNCs carrying let-7g or miRNA93 to the human
hepatocellular carcinoma cell lines, Huh7 and HepG2
cells, and to human normal hepatocytes immortalized
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Figure 1: Comprehensive transcriptome and miRNA analyses in HBV-replicating human primary hepatocytes. a, b,
Efficient HBV replication in human primary hepatocytes isolated from chimeric mice. Primary human hepatocytes isolated from chimeric
mice were seeded into the wells of a 24-well plate. Serum from HBV-infected patients was added to infect the cells with HBV. Media
was changed at the indicated days (V). The supernatant was collected when the media was changed for the analyses of HBsAg levels (a)
and HBV-DNA levels (b). Data represent the means = s.d. of three independent experiments. ¢, Scatter plot reflecting the transcriptomic
results comparing the control and HBV-replicating primary human hepatocytes. Cells at day 7 after HBV infection were used for the
analyses. Intensity normalization was performed using global normalization based on the expression levels of all genes analyzed. Dashed
lines indicate the thresholds: two-fold increase or 50% decrease in expression levels. The full data are deposited in NCBI GEO database
accession: GSES55928. d, A scatter plot of the miRNA microarray results was used to determine the expression levels of comprehensive
mature miRNAs. Total RNA from control and HBV-replicating primary hepatocytes at day 7 after infection was used. Dashed lines indicate
the thresholds: two-fold increase or 50% decrease in expression levels. Intensity normalization was performed using global normalization
based on the expression levels of all miRNAs. The arrow indicates the result for miRNA93. The full data are deposited in NCBI GEO
database accession: GSE55929.
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for several days. on Northern blots (Figure 3a), irrespectively of the use of
Polybren (Figure 3a).

miRNA delivery into human primary hepatocytes Since the expression levels of miRNA93 were

using bionanocapsules downregulated by HBV replication (Figure 1d and
Supplementary Table 4), we delivered miRNA93 via
BNCs into HBV replicating human hepatocytes to rescue

) Based on the efficient delivery of miRNA via BNCs the downregulation of miRNA93 levels and examine the
into human liver-derived cell lines, we examined the BNC- effects of decreased miRNA93 on transcript levels (Figure
mediated delivery of miRNAs into non-dividing human 3b). The rescue of miRNA93 expression, recovered the
primary hepatocytes isolated from chimeric mice, as baseline-level expression of some genes, such as 17-beta-
described above. BNCs could deliver miRNAs efficiently, hydroxysteroid dehydrogenase 14 (HSD17B14) and
even into non-dividing human primary hepatocytes, based tripartite motif-containing protein 31 (TRIM 31), which
a
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Figure 2: Efficient delivery of miRNAs into liver cell lines using BNCs. a, Northern blotting of miRNAs delivered into liver
cells by BNCs. Liver cancer cell lines, Huh7 and Hep3B, and primary hepatocytes immortalized by SV40, Fa2N4, were incubated with
BNCs harboring the indicated miRNAs (miRNA93 or let7g) or BNCs without miRNAs (NC). After 24 hours, cells were harvested and
subjected to analysis. Membranes were re-probed for let7g, miRNA93, and U6 as a loading control. The results shown are representative
of three independent experiments. b, miRNAs delivered using BNCs were biologically functional. Huh7 and Hep3B cells were transfected
with the indicated reporter constructs, which indicate the activity of each miRNA function. Twenty-four hours after transfection, cells were
mixed with BNCs containing let7g (black bar), miRNA93 (gray bar), or negative control (white bar). Forty-eight hours after transfection,
cells were subjected to a dual luciferase assay. Data shown represent the means = s.d. of the raw ratios (FL/RL), obtained by dividing the
firefly luciferase values by the renilla luciferase values, of three independent experiments. *p <0.05. ¢, Delivery of miRNAs via BNCs were
liver cell-specific. The 293T cells (human embryonic kidney cells) were incubated with BNCs containing let7g, miRNA93, or negative
control (NC). After 24 hours, cells were subjected to Northern blotting for miRNA93. U6 was used as a loading control. The results shown
are representative of two independent experiments. d, miRNA93 expression in Huh7 cells after the delivery of miRNA93 via BNCs. Cells
were sequentially collected after incubation with BNCs containing miRNA93 and subjected to Northern blotting. U6 was used as a loading
control. The results shown are representative of three independent experiments.
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were increased by HBV replication (Supplementary Table
1), suggesting that the mRNA levels of these genes may
be directly or indirectly regulated by miRNA93. Although
the enhanced decay of target transcripts by miRNAs has
been reported [22, 32], miRNAs generally function as
translational repressors [33]. However, these miRNA93
delivery results may not be accurate due to direct or
indirect effects of miRNA93. In addition, changes in
protein levels may differ from our transcript expression
results.

Modulation of MICA protein expression levels by
delivery of miRNA93 using BNCs

plays a role in the susceptibility to HBV-induced HCC
[25]. MiRNA93 regulates MICA protein levels, but
not transcript levels [23, 29]. Although it was found
that miRNAO93 expression levels decreased during
HBYV replication in primary hepatocytes (Figure 1d and
Supplementary Table 4), MICA transcript levels were not
affected (GEO accession number: GSE55928), suggesting
that the effects of miRNA93 on MICA may be mediated
by translational repression and not by mRNA decay, as
we reported previously [23]. To confirm changes in the
expression level of the MICA protein on the cell surface
of primary hepatocytes induced by HBV infection, cells
were subjected to FACS analyses. However, the protein

expression levels on the cell surface did not change
significantly (Figure 4a). MICA is a soluble protein
released into the supernatant after shedding by ADAM10
and ADAMI17[34]. Our results suggested that the

a b
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We previously identified miRNA93 as a critical
regulator of MICA protein expression [23], which

Polybren(-)
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Control

BNC BNC

Figure 3: Efficient delivery of functional miRNAs into human primary hepatocytes using BNCs. a, Northern blotting for
miRNAs delivered into cells using BNCs. Human primary hepatocytes isolated from chimeric mice were incubated with BNCs containing
the indicated miRNAs (miRNA93 or let7g) or BNCs without miRNAs (NC), with or without Polybren. After 24 hours, cells were harvested
and subjected to analysis. Membranes were re-probed for let7g, miRNA93, and U6 as a loading control. The results shown are representative
of three independent experiments. b, A scatter plot reflecting the transcriptome results between the control and primary human hepatocytes
treated with BNCs containing miRNA93. Cells were harvested 24 hours after BNC treatment. Intensity normalization was performed using
global normalization based on the expression levels of all genes analyzed. Dashed lines indicate the thresholds: a two-fold increase or 50%
decrease in expression levels. The full data are deposited in GEO database accession: GSE55928.
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Figure 4: Soluble MICA protein levels were regulated by miRNA93 in human primary hepatocytes. a, Membrane-bound
MICA protein expression was not affected by miRNA delivery into human primary hepatocytes. Flow cytometric analysis of membrane-
bound MICA protein expression in cells delivered BNC-mediated control (green line), let7g (blue line), or miRNA93 (red line). Gray-
shaded histograms represent background staining, assessed using isotype IgG. Representative results from three independent experiments
are shown. b, Soluble MICA protein levels in the supernatants of primary hepatocytes after delivery of the indicated miRNAs (let7g or
miRNA93) or negative control (NC) with or without HBV replication. Data represent the means = s.d. of three independent experiments.
*p<0.05.
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modulated expression of MICA in primary hepatocytes
during HBV replication affects this shedding process.
To explore this possibility, we examined MICA protein
levels in the supernatant using ELISA. As predicted, HBV
infection significantly increased the protein concentration
of MICA in the supernatant (Figure 4b).

Because an increase in soluble MICA levels in
the serum of chronic hepatitis B patients is significantly
associated with increased susceptibility to HCC [25], this
increase during HBV replication needs to be prevented.
Thus, we examined the effects of delivery of BNCs
carrying miRNA93 into HBV-infected hepatocytes. Even
though the MICA mRNA levels were not significantly
affected by miRNAO93 delivery based on microarray results
(GEO accession: GSES5928), soluble MICA protein in the
supernatant significantly decreased according to ELISA
(Figure 4b). These results suggested that miRNA93
delivery into the liver decreases soluble MICA levels in
the serum, which may be used to prevent HCC in chronic
hepatitis B patients.

DISCUSSION

We report that HBV replication in human
hepatocytes decreases miRNA93 expression and increases
soluble MICA levels. Increased soluble MICA levels in
the serum are strongly associated with HBV-related HCC
[25], and the increased soluble MICA levels could be
antagonized by the delivery of miRNA93 into hepatocytes
using BNCs. Thus, BNCs carrying miRNA93 may be used
to prevent HCC in patients with chronic HBV infection.

Methods of efficient long-term HBV replication
in vitro are not commonly available. Although transient
transfection assays using fragments or tandem-units of
the HBV genome or the full-length HBV genome without
vector backbone have been applied [8-12], these models
can be analyzed only for short-term replication after
transfection. Although stable cell lines carrying HBV
genomes are also used, HBV particles are derived from the
HBYV genome and integrate into the host genome, which
differs from natural infection, in which HBV replication
mainly relies on HBV cccDNA [6, 7]. Although the most
ideal system for HBV infection and replication studies in
vitro are primary human hepatocytes, they are difficult
to obtain. Freshly isolated human hepatocytes from

chimeric mice used in this report are relatively easily to’

obtain, since they proliferate under immune-deficient
and liver-damaging conditions. These cells could support
HBYV replication for a substantial period and are valuable
resources for studies on HBV infection and replication.
Another essential tool used in this study is that
of BNCs. Primary hepatocytes are generally difficult to
transduce with exogenous genes via transfection. Although
viral-mediated gene transfer is useful even for primary
cells, we chose BNCs as the miRNA delivery method
for several reasons. First, since BNCs are composed

of HBV L particles, these BNCs preferentially target
primary hepatocytes and theoretically target similar cells
as does HBV. Second, since we want to develop future
therapeutics based on our experimental results, we avoided
using viral materials such as lentiviruses or retroviruses
to improve biosafety. Third, although BNCs have been
established to transfer genes or drugs [21, 31, 35], transfer
of miRNAs has not yet been examined, which prompted
us to investigate delivery of miRNAs. We found that
BNCs could efficiently deliver miRNAs into primary
hepatocytes. Although further studies are required,
delivery of miRNAs into hepatocytes via BNCs may be a
promising approach to target hepatocytes in vivo, as BNCs
are efficient delivery vehicles in xenograft models using
human liver-derived cells [21].

The present results regarding comprehensive
transcriptome analyses using HBV replicating hepatocytes
may be applicable for future HBV research. While similar
experiments are typically performed using transfection
in HBV protein-expressing cells, or other relatively
artificial experimental settings, the results here may
better reflect the in vivo situation for HBV-infected
hepatocytes. The expression of approximately 0.3%
of genes changed during HBV replication when the
threshold was set to a greater than 4-fold increase or to
less than a 25% decrease. Although some of these genes
were consistent with previous transcriptomic studies [36-
38], we observed several novel characteristics. First, few
inflammation-related genes were included among genes
whose expression levels were significantly changed. The
reason for this discrepancy remains unclear, but the results
were considered accurate, since inflammation is rare when
HBYV replicates prior to seroconversion in chronic HBV-
infected patients. Thus, HBV may be able to evade the
sensing system related to innate immunity [39-41]. It
should be explored whether changes in HBV sequences
or the presence of host cells other than hepatocytes
affect gene expression in hepatocytes in vivo. Second,
based on comprehensive analysis of transcript changes,
many CYP-related genes were upregulated during HBV
replication, which is consistent with previous reports [27,
28]. Since the biological significance of these changes
remain unclear, further studies are required to explore the
biological significance during HBV replication.

Microarray analyses of changes in miRNA
expression levels in HBV-replicating cells revealed that
miRNA expression levels were not affected by HBV
replication (2.4% among 2,000 miRNAs when the
threshold was set to more than a two-fold increase or
less than a 50% decrease). However, the miRNAs whose
expression levels changed may play crucial roles in the
regulation of target gene expression without affecting
transcript expression levels, for example, targeting of the
MICA protein by miRNA93, whose expression levels
were downregulated by HBV replication. The results
of comprehensive miRNA expression level analysis in
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HBV-replicating cells may increase our understanding of
deregulated gene expression induced by HBV replication
in hepatocytes.

MiRNA93 is a critical regulator of MICA protein
expression [23, 29]. Thus, the decreased expression of
miRNA93 by HBV suggested that the regulation of MICA
expression by miRNA93 has biological significance.
Polymorphisms in the MICA gene are associated
with HBV and HCV-induced HCC [25, 42], and the
increase in soluble MICA in the serum can be used as a
susceptibility marker for HBV-induced HCC [25]. The
increased levels of MICA protein expression agreed
with the decreased miRNA93 expression. However, this
increase was observed for soluble MICA protein levels
and not membrane-bound MICA. While MICA is post-
translationally dependent on the cell context or the status
of viral infection [34], MICA may be readily processed
from the cell surface in HBV-replicating primary
hepatocytes and mainly released as soluble protein.
Soluble MICA protein may function as a decoy for the
NKG2D receptor in immune cells and as an evasion
or immune surveillance system during chronic HBV
infection. It may also be associated with HBV-induced
HCC since HBV-infected hepatocytes may evade from
the immune surveillance. Based on these results, BNCs
carrying miRNA93 can be used to eliminate HB V-infected
hepatocytes, which may be a novel approach for the
prevention of subsequent virus-induced HCC.

MATERIALS AND METHODS

Cells

Primary human hepatocytes isolated fresh using the
collagenase perfusion method from chimeric uPA/SCID
mice with humanized livers [14, 17] were obtained from
Phoenix Bio (Hiroshima, Japan). The purity of human
hepatocytes was greater than 95%. A total of 3.0 x 10°
cells/well were seeded on a type I collagen coated-24-well
plate and maintained in DMEM with 10% FBS, 5 ng/ml
EGF, 0.25 pg/ml insulin, 0.1 mM ascorbic acid, and 2%
DMSO [43]. These cells were able be maintained at a high
density for more than 3 weeks, supporting the long-term
replication of HBV infection in vitro.

HBY infection in vitro

Serum from chronically HBV-infected patients with
no HBe antibody before seroconversion was used for in
vitro infection. Serum containing 9.0 log IU/ml of HBV
genotype C in a volume of 3 pl, which is approximately
1.5 x 107 copies of HBV, was added to the 3.0 x 10° cells/
well, followed by the addition of 4% PEG 8000 at day 0.
Cells were washed, and the media was changed at days 1

and 2 and every 5 days thereafter. The media was collected
to measure HBsAg and HBV-DNA at days 1, 2, 3, 7, 10,
15, 20 and 23 to confirm HBV replication. Measurements
were performed at the clinical laboratory testing company
SRL. Inc. (Tokyo, Japan).

cDNA array and miRNA microarray

Human 25K c¢DNA microarray and human 2K
miRNA microarray analyses were performed using
miRNA oligo chips according to the standard protocols
(Toray Industries, Tokyo, Japan). The data and the
experimental conditions were deposited in a public
database (GEO: accession numbers: GSES55928 and
GSES55929).

Bionanocapsules for miRNA delivery

Hollow particles consisting of HBV L proteins
(pre-S1, pre-S2, and S regions) were used as the BNCs,
as described previously [20, 21, 30]. The incorporation
of miRNAs (miRNA93 or let-7g) into the hollow space
and the delivery of miRNAs into human liver cells
were performed as described previously [31]. Briefly,
32 pl BNC was added to 1 ml culture media at a final
concentration of 50 nM miRNA 24 h before the indicated
assays (unless otherwise specified).

Northern blotting of miRNAs

Northern blotting of miRNAs was performed as
described previously. Total RNA was extracted using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNA (10
pg) was resolved on denaturing 15% polyacrylamide gels
containing 7 M urea in 1x TBE and then transferred to a
Hybond N+ membrane (GE Healthcare) in 0.25x TBE.
Membranes were UV-crosslinked and prehybridized
in hybridization buffer. Hybridization was performed
overnight at 42°C in ULTRAhyb-Oligo Buffer (Ambion)
containing a biotinylated probe specific for miRNA93
(CTA CCT GCA CGA ACA GCA CTT TG) and let-
7g (AAC TGT ACA AAC TACT ACC TCA), which
was heated to 95°C for 2 min prior to hybridization.
Membranes were washed at 42°C in 2% SSC containing
0.1% SDS, and the bound probe was visualized using the
BrightStar BioDetect Kit (Ambion). Blots were stripped
by boiling in a 0.1% SDS, 5 mM EDTA solution for 10
min prior to rehybridization using a U6 probe (CAC GAA
TTT GCG TGT CAT CCTT).
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Reporter plasmids, transient transfection, and
dual luciferase assays

The firefly luciferase reporter plasmid was used to
examine let7g and miRNA93 function. pGL4-TK, a renilla
luciferase reporter, was used as an internal control [44].
Transfection and dual luciferase assays were performed as
described previously [45].

Flow cytometry

The expression levels of MICA on the cell surface
were determined using flow cytometry, as described
previously [23]. Briefly, cells were hybridized with
anti-MICA (1:500; R&D Systems, Minneapolis, MN,
USA) and isotype control IgG (1:500; R&D Systems)
in 5% BSA/1% sodium azide/PBS for 1 h at 4°C. After
washing, cells were incubated with goat anti-mouse Alexa
488 (1:1,000; Molecular Probes, Eugene, OR, USA) for
30 min. Flow cytometry was performed and the data
analyzed using Guava Easy Cyte Plus (GE Healthcare,
Little Chalfont, UK).

ELISA for MICA

The concentration of MICA in the cell culture
supernatant was measured using a sandwich ELISA,
according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA).

Statistical analysis

Significant differences between groups were
determined using the Student’s r-test when variances
were equal and using Welch’s #-test when variances
were unequal. P-values less than 0.05 were considered
statistically significant.
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