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A case report of successful therapy with tenofovir for a multi-drug
resistant chronic hepatitis B patient complicated with
malignant lymphoma

Tsunamasa Watanabe", Fuminaka Sugauchi?, Shigeru Kusumoto®, Noboru Shinkai",
Etsuko Iio"", Kentarou Matsuura®. Atsunori Kusakabe”, Tomokatsu Miyaki”,
Syunsuke Nojiri®, Yasuhito Tanaka"*

A 33-year-old man who diagnosed with malignant lymphoma was treated with lamivudine (LVD) for
chronic hepatitis B in 2001. Because he experienced the first breakthrough hepatitis in 2005, adefovir (ADV)
was added to the LVD regimen for dual therapy. In September 2007, LVD plus ADV combination therapy was
replaced by entecavir (ETV) monotherapy. Eight months later, in May 2008, hepatitis B virus (HBV) DNA level
elevated, followed by the second breakthrough hepatitis. After then, switching from ETV to LVD plus ADV
could not suppress HBV-DNA level and ALT flare because sequencing analysis showed the evidence of multi-
ple drug resistance with L80I, L180M, A181T. T184I and M2041/V mutations. In this case, after getting the ap-
proval of the ethical committee, we applied him the combination therapy with LVD and tenofovir ({TDF), that
decreased the serum HBV DNA and ALT concentration within a few months and obtained the complete remis-
sion of malignant lymphoma by allogenic bone marrow transplantation.

Key words: tenofovir  multi-drug resistant mutation  breakthrough hepatitis

chronic hepatitis B allogeneic bone marrow transplantation
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Severe Necroinflammatory Reaction Caused by Natural
Killer Cell-Mediated Fas/Fas Ligand Interaction and
Dendritic Cells in Human Hepatocyte Chimeric Mouse

Akihito Okazaki,"* Nobuhiko Hiraga,"” Michio Imamura,"? C. Nelson Hayes,""** Masataka Tsuge,"
Shoichi Takahashi,"”? Hiroshi Aikata, Hiromi Abe,"** Daiki Miki,"* Hidenori Ochi,"*? Chise Tateno,>*

Katsutoshi Yoshizato,* Hideki Ohdan,>> and Kazuaki Chayama'?*>

The necroinflammatory reaction plays a central role in hepatitis B virus (HBV) elimina-
tion. Cluster of differentiation (CD)8-positive cytotoxic T lymphocytes (CTLs) are
thought to be a main player in the elimination of infected cells, and a recent report sug-
gests that natural killer (NK) cells also play an important role. Here, we demonstrate the
elimination of HBV-infected hepatocytes by NK cells and dendritic cells (DCs) using uro-
kinase-type plasminogen activator/severe combined immunodeficiency mice, in which the
livers were highly repopulated with human hepatocytes. After establishing HBV infection,
we injected human peripheral blood mononuclear cells (PBMCs) into the mice and ana-
lyzed liver pathology and infiltrating human immune cells with flow cytometry. Severe he-
patocyte degeneration was observed only in HBV-infected mice transplanted with human
PBMCs. We provide the first direct evidence that massive liver cell death can be caused by
Fas/Fas ligand (FasL) interaction provided by NK cells activated by DCs. Treatment of
mice with anti-Fas antibody completely prevented severe hepatocyte degeneration. Fur-
thermore, severe hepatocyte death can be prevented by depletion of DCs, whereas deple-
tion of CD8-positive CTLs did not disturb the development of massive liver cell apoptosis.
Conclusion: Our findings provide the first direct evidence that DC-activated NK cells
induce massive HBV-infected hepatocyte degeneration through the Fas/FasL system
and may indicate new therapeutic implications for acute severe/fulminant hepatitis B.

(HepaToLOGY 2012356:555-566)

etween 4% and 32% of fulminant hepatitis
cases, characterized by acute massive hepatocyte
degeneration and subsequent development of
hepatic encephalopathy and liver failure, are caused by
acute hepatitis B virus (HBV) infection.! Host* and
viral factors® may influence the development of fulmi-
nant hepatitis, but these factors have not been fully
elucidated.
Innate and adaptive immunity both play a role in
the elimination of viral infections. In the innate

immune response, cytoplasmic and membrane-bound
receptors recognize viruses and induce interferon
(IFN)-B production, which, in turn, up-regulates IFN-
o and induces an antiviral state in surrounding cells.*
In the adaptive immune response, viruses are recog-
nized by dendritic cells (DCs), which activate cluster
of differentiation (CD)8-positive T cells to reduce viral
replication through cytolytic> and noncytolytic mecha-
nisms.® The role of immune cells, especially HBV-spe-
cific cytotoxic T lymphocytes (CTLs), is crucial in the

Abbreviations: APC, allophycocyanin; asialo GMI, ganglio-N-tetraosylceramide; CD, cluster of differentiation; CHB, chronic hepatitis B; CILs, cytotoxic T
lymphocytess DC, dendritic cell; FasL, Fas ligand; FHB, fulminant hepatitis B; HBcAg, hepatitis B core antigen; HBsAg, hepatitis B surface antigen; HBY,
hepatitis B virus; HLA, human leukocyte antigen; HSA, human serum albumin; IFN, interferon; IR intraperitoneally; ISG, interferon-stimulated gene; mAb,
monoclonal antibody; mDC, myeloid DC; mRNA, messenger RNA; NK, natural killer; PBMCs, peripheral blood mononuclear cells; PCR, polymerase chain
reaction; pDC, plasmacytoid DC; SCID, severe combined immunodeficiency; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; uPA,

urokinase-type plasminogen activator.
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development of fulminant hepatitis.”® CTLs can kill
target cells using two distinct lytic pathways: the degra-
nulation pathway, in which perforin is used to punc-
ture the membranes of infected cells, and the Fas-based
pathway, in which the interaction between Fas ligand
(FasL) expressed on cytolytic lymphocytes and Fas on
target cells triggers apoptosis and target cell death.’
However, the role of innate immune cells, especially
natural killer (NK) cells, in fulminant hepatitis remains
obscure. NK cells have recently been reported to con-
tribute to the pathogenesis of human hepatitis and ani-
mal models of liver injury.'®'" Replication of HBV is
host cell dependent, and the study of cellular immune
response in hepatitis B has long been hampered by the
lack of a small animal model that supports the replica-
tion of HBV and elimination of infected cells by
immune response. Before the advent of human hepato-
cyte chimeric mice,’®'® only chimpanzees had been
used as a model for HBV infection and inflammation,
although fulminant hepatitis B (FHB) had never been
reported, and severe liver inflammation is rare in chim-
panzees.'* We previously established an HBV-infection
animal model using chimeric mice, in which the livers
were extensively repopulated with human hepato-
cytes.'> "7 In this study, we attempted to establish an
animal model of HBV-infected human hepatocytes
with human immunity by transplanting human periph-
eral mononuclear cells (PBMCs) to HBV-infected

human hepatocyte chimeric mice.

Materials and Methods

Generation of Human Hepatocyte Chimeric
Mice. Generation of the urokinase-type plasminogen
activator (uPA)*'*/severe combined immunodeficiency
(SCID)*"* mice and transplantation of human hepa-
tocytes with human leukocyte antigen (HLA)-A0201
were performed as described previously.">'® All mice
were transplanted with frozen human hepatocytes
obtained from the same donor. Infection, extraction of
serum samples, and euthanasia were performed under
ether anesthesia. Concentration of human albumin,
which is correlated with the repopulation index,"” was
measured in mice as described previously.'® All animal

HEPATOLOGY, August 2012

protocols described in this study were performed in
accord with the Guide for the Care and Use of Labora-
tory Animals and the local committee for animal
experiments, and the experimental protocol was
approved by the Ethics Review Committee for Animal
Experimentation of the Graduate School of Biomedical
Sciences at Hiroshima University (Hiroshima, Japan).

Human Serum Samples. Human serum samples,
containing high titers of genotype C HBV DNA (5.3
x 10° copies/mL), were obtained from patients with
chronic hepatitis who provided written informed con-
sent. Individual serum samples were divided into ali-
quots and stored in liquid nitrogen. Six weeks after he-
patocyte transplantation, chimeric mice were injected
intravenously with 50 ul of HBV-positive human
serum.

Analysis of HBV. DNA was extracted using SMIT-
EST (Genome Science Laboratories, Tokyo, Japan)
and dissolved in 20 pl. of H,O. HBV DNA was
measured by real-time polymerase chain reaction
(PCR) wusing a light cycler (Roche, Mannheim,
Germany). Primers used for amplification were
5-TTTGGGCATGGACATTGAC-3' and 5-GGTGA
ACAATGTTCCGGAGAC-3'. Amplification condi-
tions included initial denaturation at 95°C for 10
minutes, followed by 45 cycles of denaturation at
95°C for 15 seconds, annealing at 58°C for 5 seconds,
and extension at 72°C for 6 seconds. The lower detec-
tion limit of this assay was 300 copies.

Preparation of Human Blood Mononuclear Cells
and Transplantation of Human PBMCs Into
Human Hepatocyte Chimeric Mice. PBMCs were iso-
lated from healthy blood donors with HLA-A0201
and successfully vaccinated with recombinant yeast-
derived hepatitis B surface antigen (HBsAg) vaccine
(Bimmugen; Chemo-Sero  Therapeutic  Institute,
Kumamoto, Japan) using Ficoll-Hypaque density gra-
dient centrifugation. Neither monocytes nor macro-
phages were observed in the isolated PBMCs (Support-
ing Fig. 1). PBMGCs isolated from 3 healthy,
unvaccinated blood donors were also transplanted.
Eight weeks after HBV inoculation, human PBMCs
were transplanted into human hepatocyte chimeric
mice. To deplete mouse NK cells and prevent the
elimination of human PBMCs from human hepatocyte

Address reprint requests to: Kazuaki Chayama, M.D., Ph.D., Department of Medical and Molecular Science, Division of Frontier Medical Science, Programs
for Biomedical Research, Graduate School of Biomedical Science, Hiroshima University, 1-2-3 Kasumi, Minami-ku, Hiroshima 734-8551, Japan. E-mail:
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chimeric mice, 200 uL of phosphate-buffered saline,
containing 120 uL of anti—ganglio-N-tetraosylceramide
(asialo GM1) antibody (Wako, Osaka, Japan), were
administered intraperitoneally (IP) 1 day before (day 0;
Fig. 1) the inidal IP transplantation (day 1) of human
PBMC. Then, 10 ul/g of liposome-encapsulated clodro-
nate (Sigma-Aldrich, St. Louis, MO) were also adminis-
tered 4 days before PBMC transplantation (day —2) to
deplete mouse macrophages and DC cells. The second
PBMC administration (4 x 107 cells/mouse) was per-
formed 2 days after the initial administration (day 3).

To assess the effect of the depletion of human DC,
NK, or CD8-positive CTL cells from administered
PBMCs on hepatitis formation, the BD IMag separa-
tion system (BD Biosciences, Franklin Lakes, NJ) was
used. Alternatively, mice were treated with an IP
administration of clodronate, as described above, 1 day
before PBMC transplantation.

To analyze the effect of inhibition of the Fas/FasL sys-
tem, [FN-y, IFN-z, antihuman FasL. monoclonal anti-
body (mAb) (1.5 mg/mouse; R&D Systems, Minneapo-
lis, MN), antihuman IFN-y mAb (1.5 mg/mouse; R&D
Systems), and antihuman IFN-¢ mAb (1.5 mg/mouse;
PBL Biomedical Laboratories, Piscataway, NJ) were
injected 1 day before transplantation of human PBMCs.

Flow Cytometry. Reconstructed human PBMC pro-
liferation in mice was determined by flow cytometry
with the following mAbs used for PBMC surface stain-
ing: allophycocyanin (APC)-H7 antihuman CD3
(clone SK7); APC-conjugated anti-CD4 (clone SK);
BD Horizon V450 antthuman CDS8 (clone RPA-TS8);
APC-conjugated antihuman CD11c (clone B-ly6); HU
HRZN V500 MAB-conjugated antihuman CD45
(clone H130); Alexa Fluor 488—conjugated antihuman
CD56 (clone B159); PerCP-Cy5.5 antihuman CD123
(clone 7G3); fluorescein isothiocyanate—conjugated
Lineage cocktail 1 (Lin-1) (and-CD3, CD14, CDI6,
CD19, CD20, and CD56); APC-H7 antihuman
HLA-DR (clone 1L.243); phycoerythrin (PE)-conjugated
antihuman FasL (clone NOK-1); and biotin-conju-
gated antimouse H-2D® (clone KH95). The biotin-
ylated mAbs were visualized using PE-Cy7-streptavi-
din. Each of the above mAbs were purchased from
BD Biosciences. PE-conjugated HBV  core-derived
immunodominant CTL epitope (HBcAg93)'® (Medi-
cal & Biological Laboratories Co., Ltd., Nagoya,
Japan). Dead cells identified by light scatter and
propidium iodide staining were excluded from the
analysis. Flow cytometry was performed using a
FACSAria II flow cytometer (BD Biosciences), and
results were analyzed with FlowJo software (Tree
Star, Inc., Ashland, OR).

OKAZAKI ET AL. 557

DCs can be classified into two main subsets: plas-
macytoid DCs (pDCs) and myeloid DCs
(mDCs).'”* pDCs were defined as CD45Lin-
1 "HLA-DRYCD123" cells, whereas mDCs were
defined as CD45" Lin-1"HLA-DRTCD11c" cells.

Histochemical Analysis of Mouse Liver and Termi-
nal Deoxynucleotidyl Transferase dUTP Nick End
Labeling Assay. Histochemical analysis and immuno-
histochemical staining using an antibody against
human serum albumin (HSA; Bethyl Laboratories,
Inc., Montgomery, TX), an antibody against hepatitis
B core antigen (HBcAg) (Dako Diagnostika, Ham-
burg, Germany) and antibody against Fas (BD Bio-
sciences, Tokyo, Japan) were performed as described
previously.16 Immunoreactive materials were visualized
using a streptavidin-biotin staining kit (Histofine SAB-
PO kit; Nichirei, Tokyo, Japan) and diainobenzidine.
For the terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay in sliced tissues, we
used an 7n situ cell death detection kit (POD; Roche
Diagnostics Japan, Tokyo, Japan).

Dissection of Mouse Livers and Isolation of RNA
and Measurement of Messenger RNAs of Fas by
Reverse-Transcription PCR. Mice were sacrificed by
anesthesia with diethyl ether, and livers were excised,
dissected into small sections, and then snap-frozen in
liquid nitrogen. Total RNA was extracted from cell
lines using the RNeasy Mini Kit (Qiagen, Valencia,
CA). One microgram of each RNA sample was reverse
transcribed with ReverseTra Ace (Toyobo Co., Tokyo,
Japan) and Random Primer (Takara Bio Inc., Kyoto,
Japan). We analyzed the messenger RNA (mRNA) lev-
els of Fas by reverse-transcription PCR, as previously
reported,  using  Fas  forward  primer  5'-
GGGCATCTGGACCCTCCTA-3" and Fas reverse
primer 5'- GGCATTAACACTTTTGGACGATAA-3'.

Statistical Analysis. mRNA expression levels of Fas
and interferon-stimulated genes (ISGs) were compared
using Mann-Whitney’s U test and unpaired # tests. A
P value less than 0.05 was considered statistically
significant.

Results

Establishment  of an Animal Model of
Fulminant Hepatitis Using HBV-Infected Human
Hepatocyte Chimeric Mice and Human PBMC
Transplantation. Administration of 2 x 10" PBMCs
twice after suppression of mice NK cells by anti-asialo
GM1 antibody”*' and macrophages and DCs by lipo-

2 ;
some-encapsulated clodronate 2 before transplantation
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Fig. 1. Establishment of human PBMC chimerism in human hepatocyte chimeric mice. (A) Experimental protocol to establish chimerism and
liver sampling is shown at the top of the figure (see Materials and Methods). Scheduling of administration of HBV-positive serum, clodronate,
and anti-asialo GM1 antibody and liver sampling by scarification are shown by arrows. Liver mononuclear cells isolated from uninfected (upper
panel) and HBV-infected (lower panel) human hepatocyte chimeric mice transplanted with human PBMCs were separated with antibodies for
human CD45 and mouse H-2D and were analyzed by flow cytometry. Percentage of human mononuclear cells is shown in each panel. Repre-
sentative figures of two experiments with similar results are shown. (B) Histological analysis of livers of HBV-infected mice. Liver samples
obtained from mice with or without human PBMCs at weeks 9 (day 7) and 10 (day 14) were stained with hematoxylin and eosin staining (HE),
anti-human albumin antibody, or anti-hepatitis B core antibody. Regions are shown as human (H) and mouse (M) hepatocytes, respectively (orig-
inal magnification, 40x). (C) Time course of human albumin concentration (upper panel) and HBV DNA titer (lower panel) in mouse serum.
Time course of 4 HBV-infected mice transplanted with human PBMCs, 3 HBV-infected mice without human PBMC transplantation, and 4 unin-
fected mice transplanted with human PBMC are shown. (D) Time course of human albumin concentration (upper panel) and HBV DNA titer
(lower panel) in mice. Mice with or without HBV-infection were transplanted with PBMCs obtained from 3 healthy donors who were not vaccinated
against hepatitis B.
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enabled us to establish a human PBMC chimerism in
uPA-SCID mice. We observed an up to 7% human
mononuclear cell chimerism among the liver-resident
mononuclear cells of uninfected and HBV-infected
mice 2-14 days after the initial injection of PBMC
(Fig. 1A; Table 1). Chimerism was most prominent 4
days after initial PBMC administration and almost
undetectable by day 14 (Fig. 1A). Histological exami-
nation of chimeric mice livers showed extensive
human liver cell death, comparable to the massive
liver cell death observed in fulminant hepatitis, only
in HBV-infected and PBMC-treated mice liver (Fig.
1B). Human hepatocytes were almost completely
eliminated and replaced by human albumin-negative
mouse hepatocytes at days 7 and 14. Consistent with
these histological changes, we observed a rapid

decline of HSA levels and HBV DNA only in HBV-

infected and PBMC-treated mice (Fig. 1C). The
decline of mice HSA levels and HBV DNA was also
observed in 2 of 3 HBV-infected mice transplanted
with  PBMCs isolated from healthy blood donors
without HBsAg vaccination (Fig. 1D and Supporting
Fig. 2).

Analysis of Liver-Infiltrating Human Lymphocytes
Necessary  to  Establish  Massive  Hepatocyte
Degeneration. We then analyzed liver-infiltrating cells
with flow cytometry. Unexpectedly, we did not detect
CD8-positive and tetramer-positive CTLs, as reported
previously (Fig. 2A). Instead, we observed substantial
numbers of CD3-negative and CD56-positive NK cells
(Fig. 2B) and small numbers of pDCs and mDCs
(Fig. 2C). The majority of NK cells of HBV-infected
mice were FasL positive (Fig. 2D). In contrast, such
FasL-positive NK cells were not detected in uninfected

Table 1. Analysis of Liver-Infiltrating Cells by Flow Cytometry

HBYV Infected Uninfected
Day No Chimerism (%) Human NK (%) Fas (+) NK (%) No. Chimerism (%) Human NK (%) FasL (+) NK (%)

2 1 1.77 251 0 ik 0.59 12.8 0

2 2.35 3.02 0.143 2 0.774 58.8 1.3
4 3 6.81 30.7 80.1 3 5.95 42.7 0.678

4 1.08 68.7 94.7 4 741 4.98 0.027

5 6.60 232 58.7 5 5.02 231 0.314
g 6 6.73 13.2 0.383 6 6.55 42.1 0.103

7 5.70 12.5 2.01 I 1.24 13.6 0.025

8 1.46 3.83 0 8 2.04 1.49 4.03
14 9 0.34 ND ND 9 0.012 ND ND

10 NA* NA NA 10 0.013 ND ND
DCs depleted day 4 11 477 5 2.14 11 3.32 421 0.465
(by clodronate) 12 1.27 39.5 2.3 12 12.9 9.06 0
DCs depleted day 7 13 2.42 24.8 2.19 13 6.31 54.1 0.131
(by clodronate) 14 1.41 10.6 0.103 14 4.69 1.68 0.12

Abbreviations: NA, not analyzed; ND, not detectable.
*Mouse died just before liver analysis.
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Fig. 2. Analysis of mononuclear cells isolated from day 4 chimeric mouse livers. After defining human PBMCs as mouse H-2Db-human

CD457" cells, we further analyzed the phenotypes of these cells. (A-C) Liver mononuclear cells of uninfected (upper panel) and HBV-infected
(lower panel) mice transplanted with human PBMCs were separated with anti-human CD4 and CD8 antibody or anti-human CD8 and HLA-A2
HBcAg tetramer (A), anti-human CD3and CD56 or human CD3 and FasL (B), and anti-human HLA-DR and CD123 and HLA-DR and CD11c (C).
(D) Frequency of FasL-positive cells in NK cells were analyzed in uninfected and HBV-infected mice. All figures are representative of two experi-

mice livers (Table 1; Fig. 2D), suggesting that these
NK cells were activated in HBV-infected mice. These
activated NK cells and DCs were detectable in mice

ments with similar results.
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livers only 4 days after the initial PBMC injection, but
were undetectable after 2 and 7 days (Supporting Figs.
3 and 4, respectively).
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Effect of DC Depletion on Establishment of bodies during separation and/or subsequent incubation

Massive Hepatocyte Degeneration. To confirm the
necessity of both DCs and NK cells to complete hepa-
tocyte destruction, we depleted DCs or NK cells with
negative selection using antibody-coated magnetic
beads before the administration of PBMC. Depletion
of either DCs or NK cells completely abolished the
decline of human albumin as well as HBV DNA (Sup-
porting Fig. 5A). However, analysis of liver-infiltrating
cells revealed that chimerism with human PBMC was
poorly established in these animals, probably the result
of the loss or damage of human cells by bound anti-

in mice (Supporting Fig. 5B; Supporting Table 1).

To overcome possible confounding resulting from
poor chimerism resulting in poor human hepatocyte
degeneration in mice, we attempted to remove DCs
from transplanted human PBMCs by alternate means.
We attempted to deplete human DCs by administering
clodronate 1 day before PBMC transplantation,
because we thought that clodronate remaining in the
mouse body would impair transplanted human DCs.
As expected, we observed an almost complete elimina-
tion of DCs by this procedure without impairing
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Fig. 3. Time course of mice transplanted with human PBMCs with
DC depletion by clodronate 1 day before transplantation. Mice were
treated with IP administration of clodronate 1 day before human
PBMC transplantation. Time courses of human albumin concentration
(upper panel) and HBV DNA titer (lower panel) in mouse serum are
shown. Open and closed triangles correspond to 3 uninfected and 4
HBV-infected mice, respectively. Time courses of 3 mice infected with
HBV and transplanted with human PBMC 3 days before transplantation
(see Fig. 1C) are shown for comparison (shaded closed circle).

PBMC chimerism (Supporting Figs. 6A and 7A; Sup-
porting Table 1). Activation of NK cells was not
observed in this setting (Supporting Figs. 6B and 7B;
Supporting Table 1). Depletion of DCs completely
abolished the decline of both human albumin and
HBV DNA (Fig. 3). Histological examination showed
that hepatocyte degeneration was absent, and that
there were no TUNEL-staining—positive cells (data not
shown). Clodronate lyposomes may also nonspecifi-
cally deplete macrophages and monocytes in addition
to DCs, but no monocytes or macrophages were
observed when transplanted PBMCs were analyzed
using Ficoll-Hypaque density gradient centrifugation,
indicating that the clodronate administration was spe-
cifically associated with DC depletion in this study.
Analysis of Fas/FasL System in Massive HBV-
Infected Hepatocyte Degeneration Model. We then
assessed the importance of the Fas/FasL system and the
occurrence of apoptosis in NK-cell-mediated human
hepatocyte degeneration. Only HBV-infected human
hepatocytes positive for HSA were positive for Fas
antibody staining (Fig. 4A). TUNEL staining was also
positive only in mice infected with HBV and inocu-
lated with PBMCs (days 4 and 7). Measurement of
mRNA levels in infected and uninfected livers showed
that expression levels of Fas mRNA increased signifi-
cantly upon HBV infection (Fig. 4B). To confirm that
apoptosis of human hepatocytes was mediated by the
Fas/FasL pathway and to determine whether IFN-o or
IFN-y played a role in the establishment of liver cell
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degeneration, we administered a blocking mAb against
FasL, IFN-o, and IFN-y 1 day before PBMC trans-
plantation. Treatment of mice with antibody against
FasL before PBMC completely abolished the decline
of human albumin and HBV DNA (Fig. 5A). This
abolishment of human albumin decline in mouse se-
rum suggests that the Fas/FasL pathway almost exclu-
sively eliminated infected hepatocytes in this model,
which also suggests that Fas-mediated apoptosis could
play an important role in FHB. Antibodies against
IFN-o and IFN-y inhibited IFN-induced ISG expres-
sion in mice livers (Supporting Fig. 8); however, these
antibodies did not disturb the decline of HSA levels
(Fig. 5A) and histological inflammation (Fig. 5B).
Contact-dependent and -independent activation of NK
cels by DCs has been reported previously.”>*
Although IFN-o and IFN-y play a role in their activa-
tion,”>*>?¢ our results indicate that the effects of IFN-
o are almost negligible in our experiments (Fig. 5A),
suggesting that direct contact among these cells, or
cytokines other than IFN-o and IFN-y, are necessary
to activate NK cells in this setting. NK cells have also
been reported to exert antiviral effects by secreting
IFN-y. However, our results suggest that this mecha-
nism does not work well in our model (Fig. 5A).

Discussion

In this study, we established a small animal model
in which massive hepatocyte degeneration similar to
FHB in humans is observed. Our initial attempts to
detect human PBMC:s in blood or any organ in trans-
planted mice failed even after injecting 2 X 107 cells,
which is sufficient to establish human PBMC chimer-
ism in SCID mice.”” We assumed that failure to de-
velop chimerism was the result of the activity of NK
cells and macrophages because the activity of these
cells in uPA-SCID mice is higher than in SCID
mice.”®*” Therefore, we attempted to eliminate these
effects by administering clodronate and anti-asialo
GMI1 antibody, which are known to effectively elimi-
nate these cells.”®®' This assumption appears to be
valid, because we were able to establish human PBMC
chimerism and massive hepatocyte degeneration by
suppressing these cells (Fig. 1).

HBV-specific CTLs have been reported to play an
important role in eliminating the virus.**?* Accord-
ingly, we attempted to detect HBV-specific CTLs in
mice with massive hepatocyte degeneration. Unexpect-
edly, we failed to detect HBV-specific CTLs (Fig. 2A
and Supporting Fig. 9) and instead found that infil-
trating cells in the liver were CD3-negative NK cells
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Fig. 4. Assessment of Fas expression in the liver in human hepatocyte chimeric mice. (A) Histological analysis of chimeric mice livers trans-
planted with human PBMCs but without HBV infection (day 7), with HBV infection but without PBMC transplantation, and with HBV infection and
PBMC transplantation at days 4 and 7. Liver samples were stained with hematoxylin and eosin staining (HE), anti-human albumin antibody, anti-
human Fas antibody, and TUNEL staining. Regions are shown as human (H) and mouse (M) hepatocytes, respectively (original magnification,
100x). Note that Fas antigen was expressed only in HBV-infected human hepatocytes, and TUNEL staining is only positive for HBV-infected and
human PBMC-transplanted mice livers. Mouse hepatocytes were negative for all three stains. (B) Expression of Fas mRNA levels in uninfected
and HBV-infected human hepatocytes. Data are represented as mean = standard deviation. *P < 0.001.

(Fig. 2B,D and Supporting Fig. 10). The reason for resembling fulminant hepatitis can be caused by NK
the absence of CTLs in our experiment is unknown, cells as a main player, and recent reports demonstrat-
but this suggests that massive hepatocyte degeneration ing that NK cells contribute to severe acute and
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Fig. 5. Effect of anti-FasL, anti-IFN-y and anti-IFN-o. antibody administration on HSA and HBV DNA. (A) Time courses of HSA (upper panel)
and HBV DNA (lower panel) before and 1 week after human PBMC transplantation are shown. Mice were pretreated with antibodies against
human Fas-L, IFN-y, and IFN-o before PBMC transplantation, as described in Materials and Methods. Isotype antibody was used as a control.
(B) Histological analysis of livers of HBV-infected mice injected with anti-human FasL mAb, IFN-y, IFN-z, and control antibody. Liver samples
obtained from mice with human PBMCs at weeks 9 (day 7) were stained with hematoxylin and eosin staining (HE), antihuman albumin antibody,
or antihepatitis B core antibody. Regions are shown as human (H) and mouse (M) hepatocytes, respectively (original magnification, 40x).

chronic hepatitis B (CHB) support this assertion.'"*’

We attempted to collect CTLs from HBV-infected
patients and to establish hepatitis in chimeric mice.
However, we rarely detected tetramer-positive CTLs in
blood samples from chronically infected patients and
were therefore unable to establish hepatitis using
CD8-positive T cells. Consequently, a limitation of

this study is that differential roles of NK cells and
CTLs in massive liver cell death could not be
examined.

Although it is not clear in this study how pro-
foundly DC and NK cell activity plays a role in
patients with FHB, our results suggest that the

immune system can trigger severe hepatocyte
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degeneration. The importance of the activation of NK
cells by DCs was evident, because depletion of DCs
almost completely abolished the massive hepatocyte
degeneration in this model (Supporting Fig. 10; Table
1). The interaction between NK cells and DCs is not
well characterized, although it has been established
that antigen-presenting accessory cells provide both
indirect (i.e., soluble) and direct (i.e., contact-depend-
ent) signals to T cells. Experiments in which NK cells
are separated from pathogens and antigen-presenting
cells by semipermeable membranes are cultured with
supernatants from pathogen-activated DCs or in which
cytokines are neutralized with blocking antibodies.
These reports indicate that both soluble and contact-
dependent signals may contribute to the activation of
NK cells.?32>%¢

The importance of the Fas/FasL system in hepato-
cyte damage in acute and chronic HBV infection has
been reported previously.””*® However, the extent to
which this system plays a role in human hepatitis B,
especially fulminant hepatitis, is unknown. As shown
in this study (Fig. 5A), inhibition of the Fas/FasL sys-
tem by anti-Fas antibody dramatically reduced the
effect of human PBMC transplantation. This showed
the possibility that the Fas/FasL system plays an im-
portant role in the degeneration of infected hepato-
cytes in FHB. Further studies should be conducted to
evaluate what immunological responses play important
roles in human hepatitis B.

The importance of NK-cell activity suggests that the
suppression of DCs and NK-cell activity or the Fas/
FasL system might have therapeutic implications for
FHB.'»% If DCs and NK-cell activity or Fas/FasL ac-
tivity could be controlled in the early stages of severe
acute or fulminant hepatitis, we might be able to con-
trol hepatitis activity and prevent subsequent liver fail-
ure. Of course, it would be necessary to monitor the
development of chronic hepatitis after such treatment
because DCs and NK cells contribute to early host
defenses and shape subsequent adaptive immune
response through complex cross-talk regulating the
early phase of the immune response, ! >-2437-40

We analyzed liver damage using HBV genotype C—
infected mice in this study. However, HBV genotype
C is associated with more severe histological liver dam-
age than genotype B,*! and future studies should com-
pare immunological differences between genotypes B
and C.

In summary, we established an animal model of
FHB using highly repopulated human hepatocyte chi-
meric mice and transplanted human PBMCs. Modifi-
cations of this model will facilitate further research
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into acute and CHB using human immune cells,
including HBV-directed CTL clones, suppressor and
regulatory T cells, as well as immunological experi-
ments to study interactions between DCs and NK
cells. Such models may be useful to develop and evalu-
ate new therapeutic strategies against HBV infection.
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Abstract ’

Disease-specific serum miRNA profiles may serve as biomarkers and might reveal potential new avenues for therapy. An
HBV-specific serum miRNA profile associated with HBV surface antigen (HBsAg) particles has recently been reported, and
AGO2 and miRNAs have been shown to be stably associated with HBsAg in serum. We identified HBV-associated serum
miRNAs using the Toray 3D array system in 10 healthy controls and 10 patients with chronic hepatitis B virus (HBV) infection.
19 selected miRNAs were then measured by quantitative RT-PCR in 248 chronic HBV patients and 22 healthy controls.
MiRNA expression in serum versus liver tissue was also compared using biopsy samples. To examine the role of AGO2
during the HBV life cycle, we analyzed intracellular co-localization of AGO2 and HBV core (HBcAg) and surface (HBsAg)
antigens using immunocytochemistry and proximity ligation assays in stably transfected HepG2 cells. The effect of AGO2
ablation on viral replication was assessed using siRNA. Several miRNAs, including miR-122, miR-22, and miR-99a, were up-
regulated at least 1.5 fold (P<<2E-08) in serum of HBV-infected patients. AGO2 and HBcAg were found to physically interact
and co-localize in the ER and other subcellular compartments. HBs was also found to co-localize with AGO2 and was
detected in multiple subcellular compartments. Conversely, HBx localized non-specifically in the nucleus and cytoplasm, and
no interaction between AGO2 and HBx was detected. SiRNA ablation of AGO2 suppressed production of HBV DNA and HBs
antigen in the supernatant.

Conclusion: These results suggest that AGO2 and HBV-specific miRNAs might play a role in the HBV life cycle.
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biomarkers for liver injury and cancer [4]. Elucidating the function
of hepatic miRNAs in HBV infection is important in the
development of strategies to eradicate the virus and assess the
risk of HCC. A number of miRNAs have been shown to be up- or
down-regulated in HBV infection [4,12,13]. Noting that the
defective hepatitis delta virus co-opts HBsAg subviral particles for
export, Novellino et al. hypothesized that HBsAg subviral particles
might also sequester miRNAs from the liver [5]. Using HBsAg
immunoprecipitation, they identified a set of liver-specific and
immune regulatory AGOZ2-bound miRNAs associated with
HBsAg.

These reports suggest that AGO2 and a specific subset of
miRNAs may participate in HBV replication, either as part of a
host anti-HBV defense or as viral strategy to exploit or evade the
RISC machinery. In this study, we examined serum miRNA
expression in chronic HBV and healthy individuals and found a

Introduction

Hepatitis B virus (HBV) is a partially double-stranded DNA
virus in the Hepadnaviridae family [1]. New therapies are urgently
needed for the 350 million chronically infected individuals who
face a significantly eclevated lifetime risk of cirrhosis and
hepatocellular carcinoma [2,3]. Recent insight into the role of
non-coding RINAs in the liver has highlighted potential applica-
tions of microRNAs (miRNAs) in HBV diagnosis and treatment
[4,5,6,7,8,9].

MiRNAs are a class of short non-coding RNAs involved in post-
transcriptional gene regulation of multiple pathways [10]. In
contrast to messenger RINAs, exosome-free extracellular miRINAs
may be nuclease-resistant and remain in circulation for long
periods of time by being stably bound to AGO2, a component of
the RNA-induced silencing complex [11]. The origin and function

of these extracellular miRNAs is unclear, but they may serve as
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specific subset of miRINAs that are over-expressed in HBV-positive
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patients and in which miR-122 was strongly up-regulated. To
determine whether components of the miRNA system are
associated with other HBV components, we performed subcellular
localization experiments with viral proteins and AGO2.

Materials and Methods
Study Subjects

We performed a series of experiments to compare miRNA
profiles of healthy and HBV-infected individuals in serum and
liver tissue. All patients had chronic hepatitis B and agreed to
provide blood samples for a viral hepatitis study. Patient profiles
are shown in Table 1. Histopathological diagnosis was made
according to the criteria of Desmet et al. [14]. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of
Helsinki, and all patients provided written informed consent. This
study was approved a priori by the ethical committee of Hiroshima
University.

miRNA Expression Levels in Serum

miRINA expression in serum samples was measured using the
Toray Industries miRINA analysis system, in which serum miRNA
samples were hybridized to 3D-Gene human miRNA verl2.1
chips containing 900 miRNAs (Toray Industries, Inc., Tokyo,
Japan). MiRNA gene expression data were scaled by global
normalization, and differential expression was analyzed using the
limma package in the R statistical framework. Serum was collected
from 20 patients with high HBV DNA and HBsAg levels and with
either high (>42 IU/]) or low (=42 IU/I) ALT levels. Serum from
the 10 low ALT patients was analyzed as a mixture, whereas
serum from each of the 10 high ALT patients was analyzed both
separately and as a mixture. For comparison with healthy controls
we collected separate mixtures of serum from 10 healthy females
and 12 healthy males. Serum samples from each healthy female
were also measured separately. All healthy controls were negative

Table 1. Clinical characteristics of chronic hepatitis B virus
patients (n=248).

Alanine aminotransferase (IU/])

Factor Value
Age - 44(15-76)
Sex (male/female) 169/77

56 (10-1867) o

Aspartate aminotransferase ({U/l) 43.5 (15-982)
HBVDNA (U/m) 63(18:9.1)
Liver fibrosis (1/2/3/8) 69/102/46/26
Necroinflammatory activity (0/1/2/3/4) 1/70/127/45/0
y-gfutarﬁyl t;énspeptidése k(tU/I) ' k k43 (9-459)
Alphafetoprotein (ug/) ~ 615(0-9400)
Prbmfhrorﬁbin time (s) '93 (0-146) ‘
Albumin (g/d) 440052
Platelets (xk1k04/mr‘n3) 1675 (1-36)
HBsAg (U/) 2765 (0.05-239000)
HBeA§ - 15127

HBeAb (—/+) 113128

are shown as counts.

Desmet et al. [14].
doi:10.1371/journal.pone.0047490.t001
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Continuous variables are shown as median and range, and categorical variables

Fibrosis and necroinflammatory activity were scored according to the criteria of

HBV miRNAs and AGO2 in the HBV Life Cycle

for HBsAg, HBcAb, and HCV Ab. For comparison with miRNA
expression in hepatocytes, miRINA expression was measured in
non-tumor biopsy tissue from an HBV-infected patient and
compared to non-cancerous liver tissue samples from two patients
without HBV or HCV infection.

Quantitative Real-time Polymerase Chain Reaction
miRNA Analysis

Using real-time polymerase chain reaction (RT-PCR) we
measured the expression of 19 miRNAs in serum from 248
patients with chronic HBV infection and from 10 healthy females
and 12 healthy males. Circulating microRNA was extracted from
300 pl of serum samples using the mirVana PARIS Kit (Ambion,
Austin, TX) according to the manufacturer’s instructions. RINA
was eluted in 80 pl of nuclease free water and reverse transcribed
using TagMan MicroRNA Reverse Transcription Kit (Life
Technologies Japan, Tokyo, Japan). Caenorhabditis elegans miR-
238 (cel'miR-238) was spiked to each sample as a control for
extraction and amplification steps. The reaction mixture con-
tained 5 pl of RINA solution, 2 pl of 10X reverse transcription
buffer, 0.2 pl of 100 mM dNTP mixture, 4 pl of 5% RT primer,
0.25 ul of RNase inhibitor and 7.22 pl of nuclease free water in a
total volume of 20 pl. The reaction was performed at 16°C for
30 min followed by 42°C for 30 min. The reaction was terminated
by heating the solution at 85°C for 5 min. MiRNAs were
amplified using primers and probes provided by Applied
Biosystems using TaqgMan MicroRINA assays according to the
manufacturer’s instructions. The reaction mixture contained
12.5 ul of 2x Universal PCR Master Mix, 1.25 ul of 20x
TagMan Assay solution, 1 pl of reverse transcription product and
10.25 ul of nuclease free water in a total volume of 25 pl
Amplification conditions were 95°C for 10 min followed by 50
denaturing cycles for 15 sec at 95°C and annealing and extension
for 60 sec at 60°C in an ABI7300 thermal cycler. For the cel-miR-
238 assay, a dilution series using chemically synthesized miRINA
was used to generate a standard curve that permitted absolute
quantification of molecules.

Pathway Analysis

Target genes of differentially expressed miRINAs were predicted
based on agreement among three miRNA prediction tools,
miRanda, miRBase, and TargetScan. Gene Set Enrichment
Analysis (http://www.broadinstitute.org/ gsea) was used to identify
significantly over-represented gene ontology (GO) terms among
the predicted targets.

Plasmid Construction

The construction of wild-type HBV 1.4 genome length, pTRE-
HB-wt, was described previously [15]. We used pTRE2 vector
without pTet-off vector and doxycycline because a sufficient
amount of HBV transcript was produced from internal HBV
promoters, and transcription from the pTRE2 promoter is
negligible under these conditions. The nucleotide sequence of
the HBV genome that we cloned into plasmids pTRE-HB-wt was
deposited into GenBank under accession number AB206817.

Cell Culture

HepG?2 cells, derived from a human hepatoma cell line, were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum at 37°C and under 5%
COq. For the production of stably transfected cell lines, HepG2
cells were transfected with 20ug of the plasmid pTRE-HB-wt by
calcium precipitation and the transfected cells were selected with
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400pg/ml hygromycin-included DMEM. Sixty colonies were
isolated, and clones that were positive for both HBs and HBe
antigens were selected. Finally, one cell line named T23 was
selected and used for further experiments. T23 cells continuously
produced more than 6 log copies/ml of HBV DNA in supernatant
over more than 12 months (data not shown).

Immunocytochemistry

Co-localization between AGO2 and several HBV proteins
(HBc, HBs, and HBx) was analyzed using immunocytochemistry,
followed by cellular localization assays using antibodies targeting
various sub-cellular compartments. HepG2 or T23 cells were
seeded in 2-well chamber plates and harvested 48 hours after
seeding. The cells were washed with PBS and fixed with 4% (v/v)
paraformaldehyde. After fixation, the cells were stained with
several primary antibodies (Table S1). The bound antibodies were
detected with an Alexa 488-conjugated antibody against rabbit
IgG (1:2000) or Alexa 568-conjugated antibody against mouse IgG
(1:2000), respectively (Molecular Probes, Eugene, OR). Nuclei
were counterstained with 6-diamidino-2-phenylindole (DAPI)
(Vector laboratories, Burlingame, CA). The stained cells were
examined with a Fluoview FV10i microscope (Olympus, Tokyo,

Japan).

In situ Proximity Ligation Assay

We used proximity ligation assays (PLA) to determine whether
AGO2 and HBc physically interact. PLA is a recent method to
detect protein-protein interactions using protein-DNA conjugates
that can be detected using fluorescence microscopy [16]. PLA
improves on traditional immunoassays by directly detecting even
weak or transient protein interactions [16]. HepG2 and T23 cells
were seeded in 2-well chamber plates and harvested 48 hours after
seeding. The cells were washed with PBS and fixed with 4% (v/v)
paraformaldehyde. After fixation, the cells were stained with
primary antibodies. The primary antibodies used are listed in
Table S1. After overnight incubation with primary antibody at
4°C, PLA was performed using Duolink II PLA probe anti-rabbit
plus and anti-mouse minus and Duolink II Detection Reagents
Orange (Olink, Uppsala, Sweden) following the manufacturer’s
protocol. Nuclei were counterstained with DAPI. Imaging was
performed using a Fluoview FV10i microscope.

Analysis of Supernatant HBV Production by RNA

Interference Against AGO2

To investigate the necessity of AGO2 for HBV production, we
performed RNA interference assay using T23 cells that are
HepG2 cells stably transfected with the plasmid pTRE-HB-wt. We
used Silencer Select Pre-designed siRNA small interfering RNA
targeting AGO2 (#s25932, Ambion, Austin, TX) and Silencer
Select Negative Control #1 siRINA for control (Ambion). T23 cells
were transfected with one of the siRNA oligonucleotides (10 nM)
using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. To examine the
knockdown effect of siRNAs against AGO2 by real-time quant-
tative RT-PCR, T23 cells transfected with siRNAs were harvested
72 hours after transfection. Total RNA was isolated using the
QuickGene RNA cultured cell kit S (Fujifilm, Tokyo, Japan). One
pug of each RNA sample was reverse transcribed with the
SuperScript VILO ¢DNA Synthesis kit (Invitrogen). First-strand
complementary DNA (cDNA) was amplified with specific primers
for the coding sequence of AGO2. The primers were as follows:
forward, 5'-CCAGCATACTACGCTCACCT-3’; reverse, 5'-
CAGAGTGTCTTGGTGAACCTG-3'. We quantified AGO2
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mRNA with EXPRESS SYBR Green ER qPCR Supermix
Universal (Invitrogen) according to the manufacturer’s instruc-
tions. Amplification and detection were performed using the
Mx3000P Multiplex quantitative PCR system (Stratagene, La
Jolla, CA). Results were normalized to the transcript levels of the
housekeeping reference gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Three to seven days after transfection, the
culture media were collected to examine HBV production in
supernatant. HBs antigen was measured quantitatively using the
Abbott chemiluminescence immunoassay kit (Abbott Japan,
Tokyo, Japan). HBV DNA levels were determined by Cobas
TagMan HBV standardized real-time PCR assay (Roche Molec-
ular Systems, Pleasanton, CA). Results are expressed in logl0
international units/ml. We also evaluated viability of cells using
the Cell Counting kit-8 (Dojindo Laboratories, Kumamoto, Japan)
at 3, 5 and 7 days after transfection, according to the
manufacturer’s instructions. All assays were performed in tripli-
cate, and the results are expressed as mean = SD.

Statistical Analysis

All analyses were performed using the R statistical package
(http:/ /www.r-project.org). Continuous variables are reported
using the median and range. Moderated t statistics or Mann
Whitney U tests were used to detect significant associations, as
appropriate, and P-values were adjusted for multiple testing based
on the false discovery rate.

Results

MIiRNA Microarray Results

We performed miRNA microarray analysis to identify HBV-
associated differences in serum miRNA profiles between 10
chronic HBV patients and 10 healthy controls (Fig. S1). 26
miRNAs with an absolute log fold change greater than 1.5 were
found to be significantly Prpr <<0.05) up-regulated in serum of
HBYV patients, and 8 miRNAs were significantly down-regulated
(Table 2). MiR-122, miR-22, and miR-99a levels were the most
strongly up-regulated in serum of HBV-infected patients, and
levels of miR-575, miR-125a-3p, and miR-4294 were the most
down-regulated. We also examined miRNAs associated with
presence of HBe antigen or HBe antibody, but no miRNAs were
significant following correction for multiple testing (data not
shown).

Analysis of Serum Sample Mixtures from HBV-infected
Patients and Healthy Controls

In addition to individual serum samples, we also examined 4
pooled serum samples as follows: 10 healthy males, 10 healthy
females, 10 HBV patients with low ALT levels, and 10 HBV
patients with high ALT levels (Fig. S2). In agreement with results
from individual analysis, miR-122 and miR-99 levels were
significantly higher in serum from HBV serum samples compared
to healthy control samples (Table 2). Corresponding results with a
log change greater than 1.5 were found for several other miRINAs,
including miR-22, miR-642b, miR-125b (up-regulated) and miR-
575 and miR-4294 (down-regulated), but results were not
significant following correction for multiple testing in the mixture
samples due to the small number of samples compared.

RT-PCR Analysis

Serum levels of 19 miRNAs were analyzed using quantitative
RT-PCR analysis of 250 chronic HBV patients and 20 healthy
controls. Several miRINAs (miR-122, miR-22, miR-99a, miR-720,
miR-125b, and miR-1275) were significantly up-regulated in
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Table 2. Top 10 up- or down-regulated serum miRNAs associated with chronic HBV infection.

Direction miRNA logFC

Sample

AveExpr t P Pepr

hsa-miR-30c-1*

hsa-miR»3197 -
 hsamiRi%0s
’ h’sa-m‘iRk-12kZ
. hsamiRosa
thsya-‘m‘iR-22'
 bamRisb
hsa-miR1915*
’Hsa;fniR-é?lib '

Mixture Up

 hsarmiR
’Bsa-miR—3’25V k
= hsa-mlR-4863p .
'hse;—miR-57'5’ -
. hsa_m|R—4 4 o
’ hsé;miR~654-3p

 hsamiR1202
hsa-miR-1237 —1.06
hsa-miR-744 =103

10.73 2.11E-10 2.19E—-08

4.21E—-07

1.93E—06

0.042 B

o008 0480
752 0022 0531
951 0028 0545

AveExpr: The average log2 expression level for each miRNA over all samples.

P: uncorrected P-value for t-test.
Pepr: P-value adjusted for multiple testing based on the false discovery rate.
doi:10.1371/journal.pone.0047490.t002

scrum from HBV-infected patients (Table 3). Agreement of
microarray and RT-PCR results was strongest for up-regulation
of miR-122, miR-22, and miR-125b in serum of HBV patients. To
determine whether there is a linear relationship between HBV
markers and HBV-associated miRNAs, we analyzed the correla-
tion between HBsAg and 6 up-regulated miRNAs. MiR-122, miR-
99a, and miR-125b levels were found to be significantly correlated
with HBsAg levels with R*>0.5 (Fig. S3). These three miRNAs
were also significantly correlated with HBV DNA titers, with R? of
about 0.4 (Fig. S4). MiR-122 and miR-22 were significantly but

PLOS ONE | www.plosone.org

Expression levels were compared using moderated t-statistics, and P-values were corrected for multiple testing using the faise discovery rate.
logFC: log2 fold-change between patients with chronic HBV infection relative to healthy individuals.

t: moderated t-statistic for patients with chronic HBV infection compared to healthy individuals P for each miRNA.

diffusely associated with serum ALT levels (R*>0.2; Fig. S5). To
identify miRNAs associated with different phases of HBV
infection, we also analyzed the 6 significantly up-regulated
miRNAs with respect to the presence of HBe antigen and
antibody. MiR-122, miR-99a, miR-720, and miR-125b were each
highly significantly elevated in chronic HBV patients who were
positive for the HBe antigen (P<<4.0E—07; Fig. S6). Similarly,
cach miRNA was significantly elevated in chronic HBV patients
who were negative for the HBe antibody (P<<9.1E—05; Fig. 7).
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Figure 1. Co-localization of HBcAg and HBsAg with AGO2 in stably transfected T23 cells. A) Anti-AGO2 and anti-HBc staining overlapped
in stably transfected T23 cells, but not in HepG2 control cells, suggesting an interaction between HBc and AGO2. B) HBc-AGO2 was detected in T23
but not HepG2 cells using proximity ligation assays (PLA), suggesting a protein-protein interaction between HBcAg and AGO2. C) Overlap of anti-
AGO2 and anti-HBs staining suggests co-localization of HBs and AGO2. D) Anti- HBc, and anti-HBs staining overlapped in T23 cells, which may indicate
that HBc and HBs co-localize. E) Overlap of anti-AGO2, anti-HBc, and anti-HBs staining in T23 cells suggests that all three proteins may co-localize.

doi:10.1371/journal.pone.0047490.g001

Pathway Analysis

Predicted gene targets of up-regulated miRNAs were most
strongly associated with the GO term PROTEIN_TYROSINE
PHOSPHATASE_ACTIVITY (P=5.24E—3), and down-regu-
lated miRNAs were associated with the term POSITIVE_RE-
GULATION_OF_JNK_ACTIVITY (P 9.47e—4). Predicted
target genes associated with phosphatase activity and dephosphor-
ylation included MTMR3, PTPN18, DUSP5, PTPN2, DUSP2,
and PPP1CA.

MiRNA Expression in Liver Biopsy Samples

We compared miRINA expression in non-cancerous liver biopsy
samples from a patient with chronic HBV to two uninfected
patients (Table S2, Fig. S8). MiRINA levels were highly correlated
between liver tissue and serum in all patients (P=<0.001;
R?=0.57), including the top HBV-associated miRNAs identified
by microarray and RT-PCR analysis in this study.

Co-localization of HBcAg and HBsAg with AGO2

Using immunocytochemistry and PLA analysis, we found that
HBV core protein and AGO2 co-localized within T23 cells
(Fig. 1A-B), suggesting a potential protein-protein interaction
between HBcAg and AGO2. AGO2 also co-localized with HBs in
T23 cells (Fig. 1C), indicating a potential interaction between HBs
and AGO2. Overlap between anti-HBc and anti-HBs staining
(Fig. 1D) and between anti-AGO2, anti-HBc, and anti-HBs
(Fig. 1E) suggests that these three proteins may co-localize. No

overlap was observed between anti-AGO2 and anti-HBx staining
in HepG2 cells transfected with HBx expression plasmid
(p3FLAG-HBx) nor in control cells, suggesting that HBx does
not interact with AGO2 (data not shown).

Subcellular Localization

We also examined HBcAg sub-cellular localization using
immunocytochemistry and PLA analysis and found that HBcAg
localized to several intracellular compartments, including the ER,
autophagosomes, endosomes, and Golgi (Fig. 2). No evidence was
found for interaction with mitochondria (data not shown). Using
immunocytochemistry, HBsAg was also found to localize diffusely
to several intracellular compartments, including the ER, endo-
somes, autophagosomes, Golgi, mitochondria, processing bodies,
multi-vesicular bodies, and the nuclear envelope (Fig. 3). HBx
localized non-specifically in the nucleus and cytoplasm, and no
sub-cellular location could be ascertained (Fig. S9).

RNA Interference against AGO2

Antisense RNA directed against AGO2 strongly suppressed
AGO2 expression (Fig. 4A) and resulted in lower HBV DNA
(Fig. 4B) and HBsAg (Fig. 4C) levels in the supernatant. Cell
viability was not significantly reduced (Fig. 4D).

Discussion

In this study, we report a set of miRNAs that were up-regulated
in serum of HBV infected individuals compared to healthy

Table 3. Quantitative RT-PCR results of selected miRNAs associated in serum of chronic HBV patients.

Factor Total (n=270) HBV (n=248) Healthy (n=22) P
hsa-miR-122/cel-miR-238 0.1513 (0.0068-2.5) 0.1635 (0.0068-2.5) 0.02074 (0.013-0.04) 119E=13
hsa-miR-22/cel-miR-238 0.3 (0.06-1.7) 0.3028 (0.06-1.7) 0.2252 (0.11-0.48) 6.35E—03
hsa-miR-99a/cel-miR-238 0.09121 (0.0046-2.4) 0.102 (0.0086-2.4) 0.0136 (0.0046-0.051) 4.61E—12
hsa-miR-720/cel-miR-238 0.1206 (0.024-3.7) 0.1345 (0.031-3.7) 0.04274 (0.024-0.12) 8.93E—11
hsa-miR-125b/cel-miR-238 0.09732 (0.0066-3.1) 0.1131 (0.0066-3.1) 0.02255 (0.0066-0.05) 1.92E-11
hsa-miR-1275/cel-miR-238 0.4842 (0.099-1.6) 0.5046 (0.099-1.6) 0.4044 (0.24-0.6) 0.010781066
hsa-miR-1826/cel-miR-238 0.5023 (0.14-4.6) 0.5583 (0.26-4.6) 0.33 (0.14-1.4) 7.23E-03
hsa-miR-1308/cel-miR-238 2.831 (1.1-6.9) 2.578 (1.1-6.9) 3.113 (2.3-4.7) 0.223164946
hsa-miR-923/cel-miR-238 3.8 (1.8-9.6) 4.141 (1.8-9.6) 3.01 (2-5) 0.104331611
hsa-miR-1280/cel-miR-238 1.089 (0.36-5) 1.332 (0.6-5) 0.5275 (0.36-0.8) 1.06E—05
hsa-miR-26a/cel-miR-238 1.221 (0.34-3.4) 1.221 (0.34-3.4) 1.231 (0.82-2.4) 0.532171224
hsa-let-7a/cel-miR-238 0.9608 (0.2-2.5) 0.9211 (0.2-2.5) 1.074 (0.71-1.9) 0.235258945
hsa-let-7f/cel-miR-238 1.134 (0.052-2.6) 1.126 (0.052-2.6) 1.143 (0.8-1.7) 0.639411853
hsa-let-7d/cel-miR-238 1.147 (0.35-1.9) 1.106 (0.35-1.8) 1.231 (0.73-1.9) 2.88E—01
hsa-miR-638/cel-miR-238 1.23 (0.3-7) 1.082 (0.3-7) 1.366 (0.68-4) 0.288244047
hsa-miR-1908/cel-miR-238 1.369 (0.45-3.2) 1.357 (0.45-1.9) 1.447 (0.7-3.2) 0.370765019
hsa-miR-34a/cel-miR-238 0.07502 (0.013-1.2) 0.108 (0.026-1.2) 0.02738 (0.013-0.044) 1.41E-05
hsa-miR-886-5p/cel-miR-238 1.627 (0.54-3.6) 1.773 (0.54-3.6) 1.55 (0.97-2.7) 0.478520977

doi:10.1371/journal.pone.0047490.t003
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Expression levels were compared using the Mann-Whitney U test.
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