HBV miRNAs and AGO2 in the HBV Life Cycle

Figure 4. siRNA knock down of AGO2 expression. A) Knock down of AGO2 expression in T23 cells by specific siRNAs for AGO2 or control siRNAs,
confirmed by real-time quantitative RT-PCR analysis. B) Supernatant HBs antigen, and C) HBV-DNA were measured. Both were higher in supernatant
of cells transfected with si-control than in cells transfected with si-AGO2. D) There was no significant difference in cell viability between cells

transfected with si-control compared to those with si-AGO2.
doi:10.1371/journal.pone.0047490.g004

controls. Mir-122, miR-22, miR-99a, and miR-125b in particular,
were significantly elevated in serum of HBV patients. We also
showed that AGOZ2, an essential component of the RNA silencing
complex, co-localizes with both HBc and HBs proteins. HBc and/
or HBs localize to several organelles associated with protein
synthesis, processing, and degradation, including the ER, Golgi,
endosomes, autophagosomes, processing bodies, and multivesicu-
lar bodies. Although we expected that depletion of AGO2 would
relieve inhibition of HBV replication, we found instead that
knockdown of AGOZ2 appears to inhibit HBV replication,
implying that HBV may require AGO2 during its life cycle.

The role of AGO?2 is unclear, but viruses have previously been
shown to interfere with elements of the RNA-induced gene
silencing pathway [17]. HCV core protein and the HIV-1 Tat
protein suppress gene silencing by inhibiting Dicer, a cytoplasmic
protein that processes pre-microRNA [18]. HBV down-regulates
expression of Drosha, the nuclear protein involved in the first step
of miRNA processing, which might globally suppress miRNA
expression levels [19]. Viruses also influence expression of
individual miRNAs [17].

Considering that miR-122 strongly suppresses HBV replication,
it is curious that HBV is nonetheless often able to establish chronic
infection in the liver [20,21,22]. In the case of HCV, miR-122/
AGO?2 binding stabilizes the HCV genome and prevents
degradation, such that suppression of either miR-122 or AGO2
inhibits HCV replication [23,24,25]. In HBV, we also found that
AGO2 knockdown suppresses replication, but Wang et al
demonstrated that anti-sense depletion of miR-122 promoted
HBV replication instead of suppressing it [26]. MiR-122
suppresses HBV replication both through direct binding to HBV
RNA as well as indirectly through cyclin Gl-modulated p53
activity [20,27,28]. HBV might therefore be expected to down-
regulate miR-122 levels to evade miR-122 binding and suppres-
sion. Wang et al. indeed found that miR-122 levels are
significantly decreased in the liver of chronic HBV patient [26],
whereas elevated miR-122 levels in the serum have been reported
[4,29].

One explanation for the discrepancy between liver and serum
miR-122 levels might be that HBV sequesters and expels AGO2-
bound miR-122 inside of HBsAg particles, possibly along with
other miRNAs that interfere with the viral life cycle. HBV vastly
over-produces surface proteins that self-assemble into what were
initially thought to be empty particles [30,31], but which may
contain miRNAs stably bound to AGO2 [5)]. Although HBV is a
DNA virus, it relies on reverse transcription via an RNA
intermediate in a way similar to retroviruses. Bouttier et al.
showed that two unrelated retroviruses, HIV-1 and PFV-1, both
require AGO2 interaction with viral RNA for assembly of viral
particles. In these viruses, AGO2 is recruited to viral RNA and
encapsidated along with it without impairing translation of viral
RNA [32]. This suggests that some viruses may take advantage of
another function of Argonaute, such as its role in the formation of
P-bodies [33], although AGO2 possesses intrinsic exonuclease
activity that must be countered. AGO2-mediated gene silencing
requires recruitment of GW182 via multiple GW-rich regions
[34]. While HIV-1 and PFV-1 encapsidate AGO2, they do not
encapsidate GW182, which might provide a means to suppress
AGO2? silencing. Some plant viruses use molecular mimicry to
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inhibit RISC activity by binding to Argonaute proteins through
virally encoded WG/GW motifs [35]. Although HBV proteins
appear to lack WG/GW motifs, the HBV core protein may use a
similar mechanism to disrupt RISC activity while preserving other
AGO?2 functions. One possibility involves HSP90, a chaperone
involved in maintenance of the polymerase/pgRNA complex.
HSP90 binds to HBV core protein dimers and is internalized in
capsids, but it also binds to the N-terminus of AGO2 and may be
required for miRNA loading and targeting to P-bodies [36,37].
Co-localization studies with other proteins and analysis of bound
miRNAs may be necessary to elucidate the role of AGO2 in HBV
replication, but we speculate that HBV proteins might suppress
miRNA activity by binding to and sequestering AGO2 and their
bound miRNAs.

Pathway analysis of the predicted targets of the up-regulated
serum miRNAs in HBV patients showed that genes involved in
phosphatase activity were significantly over-represented. Each of
several miRNAs, including miR-122, miR-125b, and miR-99a,
was predicted to target a different phosphorylation-associated
gene. Regulation of phosphorylation appears to be important in
HBYV replication, as phosphorylation of the C terminal domain of
the HBV core protein is essential for pgRNA packaging and HBV
capsid maturation [38]. Phosphorylation also inhibits AGO2
binding of miRNA [39] and is involved in localization to P-bodies
[40]. Recent studies have demonstrated that HBV enhances and
exploits autophagy via the HBx and small HBs proteins to
promote viral DNA replication and envelopment without increas-
ing the rate of protein degradation [41,42]. Sir et al suggested that
autophagy may affect dephosphorylation and maturation of the
core protein, which protects viral DNA during replication [43].
These reports suggest that HBV exploits multiple cellular
pathways in order to establish an intracellular environment
conducive to replication.

Although many HBV-associated miRINAs have been reported,
the functions of only a few have been examined. MiR-122, miR-
125a-5p, miR-199a-3p and miRNA-210 have all been reported to
bind to and directly suppress HBV RNA [8,27,44], whereas other
miRNAs have been shown to promote or suppress HBV
replication indirectly. MiR-1 enhances HBV core promoter
activity by up-regulating FXRo, a transcription factor essential
for HBV replication [45], whereas miR-141 suppresses HBsAg
production in HepG2 cells by down-regulating promoter activity
via PPARA [46]. The role of miR-22 and miR-99a in HBV
infection 1s less clear, but both are involved in regulation of cell
fate and are implicated in development of HCC. MiR-99a is one
of the most highly expressed miRNAs in normal liver tissue and is
severely down-regulated in HCC and other cancers, suggesting a
role as a tumor suppressor [47]. MiR-99a alters sensitivity to TGF-
B activity by suppressing phosphorylation of SMAD3 [48],
whereas the HBx protein disrupts TGF-B signaling by shifting
from the pSmad3C pathway to the oncogenic pSmad3L pathway
[49]. MiR-22 acts as a tumor suppressor by inducing cellular
senescence and is down-regulated in several cancer lines [50].
However, over-expression of miR-22 in males is associated with
down-regulation of ERo expression, which compromises the
protective effect of estrogen and leads to up-regulation of IL-Ia in
hepatocytes under stress caused by reactive oxygen species, which
is another hallmark of HBx interference [51]. Differences in
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miRNA levels between hepatic and serum miRNA profiles may
reveal miRNAs that play an essential role in the HBV life cycle,
with potential application to miRNA-based diagnosis and therapy.

In this study we demonstrated potential interactions between
AGO?2 and HBc and HBs, but not HBx, in stably transfected
HepG2 cells. Suppression of HBV DNA and HBsAg in the
supernatant following AGO2 knockdown and the presence of
HBV-associated miRNAs in the serum may indicate a dependency
on AGO?2 during the HBV life cycle.

Supporting Information

Figure S1 Heat map of miRNA expression. Healthy
controls and patients with chronic HBV clustered separately
based on serum miRNA expression. “Healthy males” and
“healthy females™ refer to serum mixtures of 12 uninfected males
and 10 uninfected females, respectively. “HBV low” and “HBV
high” refer to serum mixtures from 10 patients with low (=42 TU/
) ALT levels and 10 patients with high ALT levels (>42 IU/I),
respectively.

(TIF)

Figure 82 Pairwise correlations among pooled serum
miRNA samples. Pooled serum samples were collected from 10
healthy males, 10 healthy females, 10 HBV patients with low ALT
levels, and 10 HBV patients with high ALT levels. Pairwise
correlations in miRNA expression levels among all four pooled
samples were strong (>0.90; P<C0.001), but correlations were
strongest between the healthy male and female samples (0.98) and
between the low and high ALT HBV patients (0.98), suggesting
that expression of a subset of miRNAs is altered during HBV
infection.

(TTEF) ‘

Figure S3 Relationship between serum miRNAs and
HBsAg levels in chronic HBV patients. Serum Ievels of
several miRNAs were significantly correlated with HBsAg levels in
patients with chronic HBV. MiR-99a, miR-122, and miR-125b
levels were most strongly correlated with HBsAg levels, with R? of
0.69, 0.56, and 0.54, respectively.

(TIF)

Figure S4 Relationship between serum miRNAs and
HBYV DNA levels in chronic HBV patients. Serum levels of
several miRNAs were significantly correlated with HBV DNA
levels in patients with chronic HBV. MiR-122, miR-99a, and
miR-125b levels were most strongly correlated with HBV DNA
levels, with R? of 0.44, 0.43, and 0.39, respectively.

(TIF)

Figure 85 Relationship between serum miRNAs and
ALT levels in chronic HBV patients. Scrum levels of several
miRNAs were significantly but somewhat diffusely correlated with
ALT levels in patients with chronic HBV. MiR-122 and miR-22
levels were correlated with ALT levels with R? of 0.25 and 0.21,
respectively.

(TIF)
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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 2012556:555-566)

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)-p 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 GM1, ganglio-N-tetraosylceramide; CD, cluster of differentiation; CHB, chronic hepatitis By CTLs, cytotoxic T
lymphocytes; DC, dendritic cell; FasL, Fas ligand; FHB, fulminant hepatitis B; HBcAg, hepatitis B core antigen; HBsAg, hepatitis B surface antigen; HBV,
hepatitis B virus; HLA, human leukocyte antigen; HSA, human serum albumin; IFN, interferon; IB intraperitoneally; ISG, interferon-stimulated gene; mAb,
monoclonal antibody; mDC, myeloid DC; mRNA, messenger RNA; NK, natural killer; PBMGCs, 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 rtarget 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 hepatids B (FHB) had never been
reported, and severe liver inflammation is rare in chim-
panzees.14 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
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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 ul 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
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chimeric mice, 200 uL of phosphate-buffered saline,
containing 120 pL of anti-ganglio-N-tetraosylceramide
(asialo GM1) antibody (Wako, Osaka, Japan), were
administered intraperitoneally (IP) 1 day before (day 0;
Fig. 1) the initial 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, IFN-y, IFEN-a, 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-o 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 antihuman 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) (anti-CD3, CD14, CDI16,
CD19, CD20, and CD56); APC-H7 antihuman
HLA-DR (clone L243); 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).
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DCs can be classified into two main subsets: plas-
macytoid DCs (pDCs) and myeloid DCs
(mDCs)."”?® pDCs were defined as CD45 Lin-
1 "HLA-DRTCD123" 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 in 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 107 PBMCs
twice after suppression of mice NK cells by anti-asialo
GM1 antibody®*' and macrophages and DCs by lipo-

some-encapsulated clodronate®” before transplantation
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Fig. 1.

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

HBV Infected

Uninfected

Day No Chimerism (%) Human NK (%) Fas (+) NK (%) No. Chimerism (%) Human NK (%) FasL (+) NK (%)
2 1 1.77 2.61 0 1 0.59 12.8 0
2 2.35 3.02 0.143 2 0.774 58.8 1.1
4 3 6.81 30.7 80.1 3 5.95 42.7 0.678
4 1.08 68.7 94.7 4 711 4.98 0.027
5 6.60 23.2 58.7 5 5.02 23.1 0.314
7 6 6.73 13.2 0.383 6 6.55 42.1 0.103
7 5.70 12,5 2.01 7 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 4717 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
CcD45™ 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-
ments with similar results.

mice livers (Table 1; Fig. 2D), suggesting that these livers only 4 days after the initial PBMC injection, but
NK cells were activated in HBV-infected mice. These were undetectable after 2 and 7 days (Supporting Figs.
activated NK cells and DCs were detectable in mice 3 and 4, respectively).
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Effect of DC Depletion on Establishment of
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-
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bodies during separation and/or subsequent incubation
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 HBYV infection (Fig. 4B). To confirm that
apoptosis of human hepatocytes was mediated by the
Fas/FasL pathway and to determine whether IFN-« 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-oc 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
cells by DCs has been reported previously.”>%
Although IFN-a 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-a 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 PBMCs 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
GM1 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-
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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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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.?>2>2¢

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 hepatits 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
carly phase of the immune response.19’24’39’40

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 wusing 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.

Acknowledgment:  The authors thank Rie Akiyama
and Yoko Matsumoto for their expert technical assis-
tance. This work was carried out at the Analysis Cen-
ter of Life Science, Natural Science Center for Basic
Research and Development, Hiroshima University.

References

1. Bernal W, Auzinger G, Dhawan A, Wendon J. Acute liver failure. Lan-
cet 2010;376:190-201.

2. Leifeld L, Cheng S, Ramakers J, Dumoulin FL, Trautwein C, Sauer-
bruch T, Spengler U. Imbalanced intrahepatic expression of interleukin
12, interferon gamma, and interleukin 10 in fulminant hepatitis B.
HEPATOLOGY 2002;36:1001-1008.

3. Ozasa A, Tanaka Y, Orito E, Sugiyama M, Kang JH, Hige S, et al.
Influence of genotypes and precore mutations on fulminant or chronic
outcome of acute hepatitis B virus infection. HepaTOLOGY 2006;44:
326-334.

4. Kawai T, Akira S. Toll-like receptor and RIG-I-like receptor signaling.
Ann N Y Acad Sci 2008;1143:1-20.

5. Maini MK, Boni C, Lee CK, Larrubia JR, Reignat S, Ogg GS, et al.
The role of virus-specific CD8(+) cells in liver damage and viral con-
trol during persistent hepatitis B virus infection. ] Exp Med 2000;191:
1269-1280.

6. Guidotti LG, Ando K, Hobbs MV, Ishikawa T, Runkel L, Schreiber
RD, Chisari FV. Cytotoxic T lymphocytes inhibit hepatitis B virus
gene expression by a noncytolytic mechanism in transgenic mice. Proc
Natl Acad Sci U S A 1994;91:3764-3768.

7. Ando K, Moriyama T, Guidotti LG, Wirth S, Schreiber RD, Schlicht
H]J, et al. Mechanisms of class I restricted immunopathology. A trans-
genic mouse model of fulminant heparitis. J Exp Med 1993;178:
1541-1554.

8. Corte PJ, Toshkov I, Bellezza C, Ascenzi M, Roneker C, Ann Graham
L, et al. Temporal pathogenesis of experimental neonatal woodchuck
hepatitis virus infection: increased initial viral load and decreased sever-
ity of acute hepatitis during the development of chronic viral infection.
HeratoroGy 2000;32:807-817.

9. Chisari FV. Rous-Whipple Award Lecture. Viruses, immunity, and can-
cer: lessons from hepatitis B. Am ] Pathol 2000;156:1117-1132.

10. Dunn C, Brunetto M, Reynolds G, Christophides T, Kennedy PT,
Lampertico B, et al. Cytokines induced during chronic heparitis B virus
infection promote a pathway for NK cell-mediated liver damage. ] Exp
Med 2007;204:667-680.

11. Zhang Z, Zhang S, Zou Z, Shi J, Zhao ], Fan R, et al. Hypercytolytic
activity of hepatic natural killer cells correlates with liver injury in
chronic hepatitis B patients. HepATOLOGY 2011;53:73-85.

12. Dandri M, Burda MR, Torok E, Pollok JM, Iwanska A, Sommer G,
et al. Repopulation of mouse liver with human hepatocytes and in vivo
infection with hepatitis B virus. HepaToLOGY 2001;33:981-988.

13. Petersen J, Burda MR, Dandri M, Rogler CE. Transplantation of
human hepatocytes in immunodeficient UPA mice: a model for the
study of hepatitis B virus. Methods Mol Med 2004;96:253-260.

14. Ogata N, Miller RH, Ishak KG, Purcell RH. The complete nucleotide
sequence of a pre-core mutant of hepatitis B virus implicated in
fulminant hepatitis and its biological characterization in chimpanzees.

Virology 1993;194:263-276.

— 546 —



566

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

OKAZAKI ET AL.

Tateno C, Yoshizane Y, Saito N, Kataoka M, Utoh R, Yamasaki C,
et al. Near completely humanized liver in mice shows human-type met-
abolic responses to drugs. Am ] Pathol 2004;165:901-912.

Tsuge M, Hiraga N, Takaishi H, Noguchi C, Oga H, Imamura M,
et al. Infection of human hepatocyte chimeric mouse with genetically
engineered hepatitis B virus. HEPATOLOGY 2005;42:1046-1054.

Tsuge M, Hiraga N, Akiyama R, Tanaka S, Matsushita M, Mitsui F,
et al. HBx protein is indispensable for development of viraemia in

human hepatocyte chimeric mice. ] Gen Virol 2010;91:1854-1864.

. Kuhober A, Pudollek HP Reifenberg K, Chisari FV, Schliche H]J,

Reimann ], Schirmbeck R. DNA immunization induces antibody and
cytotoxic T cell responses to hepatitis B core antigen in H-2b mice. ]
Immunol 1996;156:3687-3695.

. Banchereau J, Steinman RM. Denderitic cells and the control of immu-

nity. Nature 1998;392:245-252.

Shortman K, Liu Y]. Mouse and human dendritic cell subtypes. Nat
Rev Immunol 2002;2:151-161.

Sandhu J, Shpitz B, Gallinger S, Hozumi N. Human primary immune
response in SCID mice engrafted with human peripheral blood lym-
phocytes. ] Immunol 1994;152:3806-3813.

Gonzalez SF, Lukacs-Kornek V, Kuligowski MP, Pitcher LA, Degn SE,
Kim YA, et al. Capture of influenza by medullary dendritic cells via
SIGN-R1 is essential for humoral immunity in draining lymph nodes.
Nat Immunol 2010;11:427-434.

Fernandez NC, Lozier A, Flament C, Ricciardi-Castagnoli P, Bellet D,
Suter M, et al. Dendritic cells directly trigger NK cell functions: cross-
talk relevant in innate anti-tumor immune responses iz vivo. Nat Med
1999;5:405-411.

Ferlazzo G, Tsang ML, Moretta L, Melioli G, Steinman RM, Munz C.
Human dendritic cells activate resting natural killer (NK) cells and are
recognized via the NKp30 receptor by activated NK cells. ] Exp Med
2002;195:343-351.

Andoniou CE, van Dommelen SL, Voigt V, Andrews DM, Brizard G,
Asselin-Paturel C, et al. Interaction between conventional dendritic cells
and natural killer cells is integral to the activation of effective antiviral
immunity. Nat Immunol 2005;6:1011-1019.

Walzer T, Dalod M, Robbins SH, Zitvogel L, Vivier E. Natural-killer
cells and dendritic cells: “I'union fait la force”. Blood 2005;106:
2252-2258.

Mosier DE, Gulizia RJ, Baird SM, Wilson DB, Spector DH, Spector
SA. Human immunodeficiency virus infection of human-PBL-SCID
mice. Science 1991;251:791-794.

Kawahara T, Douglas DN, Lewis J, Lund G, Addison W, Tyrrell DL,
et al. Critical role of natural killer cells in the rejection of human hepa-

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

HEPATOLOGY, August 2012

tocytes after xenotransplantation into immunodeficient mice. Transpl
Int 2010;23:934-943.

Morosan S, Hez-Deroubaix S, Lunel F Renia L, Giannini C, Van
Rooijen N, et al. Liver-stage development of Plasmodium falciparum, in
a humanized mouse model. | Infect Dis 2006;193:996-1004.
Dorshkind K, Pollack SB, Bosma MJ, Phillips RA. Natural killer (NK)
cells are present in mice with severe combined immunodeficiency
(SCID). J Immunol 1985;134:3798-3801.

Iro M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K,
et al. NOD/SCID/gamma(c)(null) mouse: an excellent recipient mouse
model for engraftment of human cells. Blood 2002;100:3175-3182.
Thimme R, Wieland S, Steiger C, Ghrayeb J, Reimann KA, Purcell
RH, Chisari FV. CD8(+) T cells mediate viral clearance and disease
pathogenesis during acute hepatitis B virus infection. ] Virol 2003;77:
68-76.

Rehermann B, Fowler B Sidney ], Person J, Redeker A, Brown M,
et al. The cytotoxic T lymphocyte response to multiple hepatitis B vi-
rus polymerase epitopes during and after acute viral hepatitis. ] Exp
Med 1995;181:1047-1058.

Webster GJ, Reignat S, Maini MK, Whalley SA, Ogg GS, King A,
et al. Incubation phase of acute hepatitis B in man: dynamic of cellular
immune mechanisms. HerATOLOGY 2000;32:1117-1124.

Zou Y, Chen T, Han M, Wang H, Yan W, Song G, et al. Increased
killing of liver NK cells by Fas/Fas ligand and NKG2D/NKG2D ligand
contributes to hepatocyte necrosis in virus-induced liver failure. J
Immunol 2010;184:466-475.

Newman KC, Riley EM. Whatever turns you on: accessory-cell-de-
pendent activation of NK cells by pathogens. Nat Rev Immunol 2007;
7:279-291.

Galle PR, Hofmann WJ, Walczak H, Schaller H, Otto G, Stremmel
W, et al. Involvement of the CD95 (APO-1/Fas) receptor and ligand
in liver damage. J Exp Med 1995;182:1223-1230.

Rivero M, Crespo J, Fibrega E, Casafont E Mayorga M, Gomez-Flei-
tas M, Pons-Romero F. Apoptosis mediated by the Fas system in the
fulminant hepatitis by hepatitis B virus. ] Viral Hepat 2002;9:
107-113.

Moretra A. Natural killer cells and dendritic cells: rendezvous in abused
tissues. Nat Rev Immunol 2002;2:957-964.

Asselin-Paturel C, Trinchieri G. Production of type I interferons: plas-
macyroid dendritic cells and beyond. J Exp Med 2005;202:461-465.
Orito E, Ichida T, Sakugawa H, Sata M, Horiike N, Hino K, et al.
Geographic distribution of hepatitis B virus (HBV) genotype in
patients with chronic HBV infection in Japan. HeratoLoGy 2001;34:
590-594.

— 547 —



B BMSMERF R IC B T 21588
707 aEPIEH DR

HILeENEL, 53(3) & 300-308, 2011

=]

&N

T ok
"
"

A
P2

=
E &
H

Key Words : hepatitis B virus (HBV), nucleotide ana-
logue, HBV replication, HBV RNA

=S D

I, BT s#RoBSICL), BE
TBMERFEEBISH B AR BIR 2L L7z, 2000
FEDRENE, 4% — 70y (IFN)GEESYIY A
WABREDOERTH D, HSHHOHIRPES
WREREFIDR OGN ke & e, +0kiE
BRVEL T, IHEICEET 2R LIE
LiITBRo 6Nz, Lo Ladts, 20004115 L
[, BAVEMFREEICTT AEEEE LTI 3
TIO(ET 4y 7 RS IMV), 7775 EI(N
T5e ADV), TUFHENONT 7 ) — KO,
ETV) & o T o S BEIFRET S, B
TRty A VAR EFROWENFBDOONS
DS, BIEOY AN AEITEBGEEOEE
LT AH A R4 v TRIEEOERE 2o
TWwBY, L Lehs, BEHEOBET a7
R OERIL, EFWEROBEIBS SN,
FERIRKERT 0 FEANIG T SR 22T
e, BEOEBT Fu s BEEEA LI L
WK EBZHMEROBHEIBESINTETY
BI~8 . KERT 11 Z I AR HBERIL,
BEREP BT A LICL Y INT A &
MIEENTB Y, 2008EELRIIFEESNL

[ % &7 1 b A MEFRE B REO EREAL
BT AAA NI A4 2] T, 35MRMOELERE
#CTiE, IFNHIHE S sequential therapy (ETV
+IFNGEFRE) It &% Vv odrug free® Bfg L
TIEEPERE 2o TWAY, LALEDS, B’
TDEIAH, BERT F a7 &5 HFOEFIIK L
TOPICREIEIRT T 0 7 FEZPIEL, drug
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* The analysis of the chronic hepatitis B patients who discontinued the treatments with nucleotide analogues.
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