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ABSTRACT

Hepatitis B virus (HBV)-specific cytotoxic T lymphocytes (CTLs) are critical in eliminating infection. We developed an animal
model in which HBV-infected human hepatocytes are targeted by HBV-specific CTLs. After HBV inoculation in human hepato-
cyte-transplanted herpes simplex virus type-1 thymidine kinase-NOG mice, human peripheral blood mononuclear cells
(PBMCs) were administered, and albumin, HBV DNA, alanine aminotransferase (ALT), and cytokine levels were analyzed. His-
topathological and flow-cytometric analysis of infiltrating human immune cells were performed, and the efficacy of CTL-associ-
ated antigen-4 immunoglobulin (CTLA4Ig) against liver damage was evaluated. PBMC treatment resulted in massive hepatocyte
damage with elevation of ALT, granzyme A, and gamma interferon and decrease in albumin and HBV DNA. The number of liv-
er-infiltrating human lymphocytes and CD8-positive cells was significantly higher in HBV-infected mice. HBV-specific CTLs
were detected by core and polymerase peptide-major histocompatibility complex-tetramer, and the population of regulatory T
cells was significantly decreased in HBV-infected mice. Serum hepatitis B surface (HBs) antigen became negative, and HBs anti-
body appeared. CTLA4Ig treatment strongly inhibited infiltration of mononuclear cells. CTLA4Ig treatment will be used to treat
patients who develop severe acute hepatitis B to prevent liver transplantation or lethality. This animal model is useful for viro-
logical and immunological analysis of HBV infection and to develop new therapies for severe acute hepatitis B.

IMPORTANCE

Without liver transplantation, some HBV-infected patients will die from severe liver damage due to acute overreaction of the
immune system. No effective treatment exists, due in part to the lack of a suitable animal model. An animal model is necessary to
investigate the mechanism of hepatitis and to develop therapeutic strategies to prevent acute liver failure in HBV infection. We
developed an animal model in which HBV-infected human hepatocytes are targeted by human HBV-specific CTLs. In this
model, HBV-infected human hepatocytes were transplanted into severely immunodeficient NOG mice in order to reconstruct
elements of the human immune system. Using this model, we found that CTL-associated antigen-4 immunoglobulin was able to
suppress damage to HBV-infected hepatocytes, suggesting an approach to treatment. This animal model is useful for virological
and immunological analysis of HBV infection and to develop new therapies for severe acute hepatitis B.

About 2 billion people have been exposed to the hepatitis B
virus (HBV) (1). The majority of HBV-infected immuno-

competent adults clear the infection spontaneously, but a small
number of patients develop fulminant hepatitis due to acute mas-
sive hepatocyte degeneration, which leads to liver failure and he-
patic encephalopathy. Liver transplantation often is necessary to
save the lives of patients who experience potentially fatal liver
failure due to the lack of effective therapy for this severe clinical
condition.

Fatal severe acute hepatitis also sometimes develops in HBV-
positive or -exposed patients who have received strong immuno-
suppressive therapy known to reactivate HBV or who encounter
de novo hepatitis B infection. Although preventive nucleoside an-
alogue treatment has been attempted in patients who developed
fulminant hepatitis, the condition often is fatal without liver
transplantation (2). The number of patients who can receive liver
transplantation is limited due to the lack of donors. Furthermore,
patients who receive transplantation require lifelong immuno-

suppressive therapy to prevent rejection of the transplanted liver.
Accordingly, there is an urgent need to develop treatment options
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to reduce acute massive liver damage due to activation of cytotoxic
T lymphocytes against HBV-infected hepatocytes.

To develop therapies against acute hepatitis, an appropriate
animal model is necessary. We previously developed a mouse
model using urokinase-type plasminogen activator (uPA)-SCID
mice transplanted with human hepatocytes and human peripheral
mononuclear cells (PBMCs) (3). However, hepatitis in this mouse
model was mediated largely by natural killer (NK) cells, and we
were unable to detect HBV-specific cytotoxic T cells (CTLs),
which have been reported to play a primary role in the elimination
of infected liver cells in hepatitis B.

Recently, human hepatocytes were successfully transplanted
into severely immunodeficient NOG mice with the herpes simplex
virus type-1 thymidine kinase (HSVtk) expressed in mouse hepa-
tocytes (TK-NOG) (4). In this mouse model, liver cells expressing
HSVtk were ablated after a brief exposure to ganciclovir (GCV),
and transplanted human hepatocytes were stably maintained in
the mouse liver without subsequent exogenous drug administra-
tion (4). Using this mouse, we developed a model of persistent
HBV infection (5). In this study, we developed a new hepatitis
mouse model using the TK-NOG mouse and subsequent trans-
plantation of human PBMCs, in which CTLs play a main role in
eliminating infected hepatocytes.

CTL-associated antigen-4 immunoglobulin (CTLA4Ig) is a
soluble fusion protein with a link between the CTLA4 extracellular
domain and the Fc region of the IgG molecule (6–9). CTLA4 is the
T cell transmembrane receptor, and the CTLA4 pathway is a key
regulator of T cell activation (10–12). CTLA4Ig inhibits T cell
activation and proliferation (6, 7) and can prevent the develop-
ment of autoimmunity and inhibit graft rejection in animal mod-
els (8, 9). It is also used in the clinical treatment of refractory
rheumatoid arthritis (13–15). We attempted in this study to re-
duce CTL activity against HBV-infected hepatocytes by utilizing
the strong CTL suppressive effect of CTLA4Ig.

MATERIALS AND METHODS
Ethics statement. All animal protocols described in this study were per-
formed in accordance with the Guide for the Care and Use of Laboratory
Animals (16) 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,
Hiroshima University (protocol number 12-93). Human serum samples
were obtained from a patient with chronic hepatitis who provided written
informed consent using a form that was made in accordance with the
Declaration of Helsinki and was approved by the ethical committee of
Hiroshima University.

Generation of human hepatocyte chimeric mice. TK-NOG mice
were purchased from the Central Institute for Experimental Animals
(CIEA; Kawasaki, Japan). The transplantation of human hepatocytes with
HLA-A24 (Phoenix Bio, Hiroshima, Japan) was performed as described
previously (4, 5). Infection, extraction of serum samples, and euthanasia
were performed under ether anesthesia. The concentration of human se-
rum albumin, which is correlated with the repopulation index (4), was
measured as described previously (17). Eight weeks after hepatocyte
transplantation, chimeric mice were injected intravenously with 5 � 105

copies of HBV-positive human serum.
Human serum samples. Human serum samples containing high titers

of HBeAg-positive genotype C HBV DNA (10.2 � 106 copies/ml) were
obtained from a patient with chronic hepatitis. Serum samples were di-
vided into aliquots and stored in liquid nitrogen until use.

Quantitation of HBV. Serum HBV DNA levels were measured quan-
titatively by a TaqMan-based assay using the protocol provided by the

manufacturer (COBAS AmpliPre/COBAS TaqMan HBV test, v2.0; Roche
Diagnostics, Tokyo, Japan). The lower detection limit of real-time PCR
for HBV DNA was 4.4 log copies/ml (18, 19).

Preparation of human PBMCs and transplantation into human he-
patocyte chimeric mice. PBMCs were isolated using Ficoll-Hypaque
density gradient centrifugation from a patient with HLA-A24 who
recovered from an episode of acute severe hepatitis B. After recovery,
the level of HBs antibody (HBsAb) was around 1,000 mIU/ml in this
serum, and HBV DNA and HBs antigen (HBsAg) were no longer de-
tected. Eight to 10 weeks after HBV inoculation, 5 � 106 human PB-
MCs were transplanted into human hepatocyte chimeric mice. To as-
sess the effect of depletion of human CD8-positive T cells from
administered PBMCs on hepatitis formation, the human CD8 Mi-
croBeads kit (Milteny Biotec, CA) was used.

Treatment of mice with CTLA4 Ig. To analyze the effect of
CTLA4Ig, mice received intraperitoneal injections with 1.5 mg of
CTLA4Ig (Bristol-Meyers Squibb, New York, NY) either 1 day before
and 7 days after human PBMC transplantation or only 7 days after
human PBMC transplantation.

Flow cytometry. We collected mouse liver-infiltrating cells flowing
through the portal vein after hepatectomy (20). Reconstructed human
PBMCs in mice were analyzed by flow cytometry with the following MAbs
used for surface and intracellular staining: allophycocyanin (APC)-H7
anti-human cluster of differentiation 3 (CD3) (clone SK7), APC-conju-
gated anti-CD4 (clone SK), BD Horizon V450 anti-human CD8 (clone
RPA-T8), HU HRZN V500 monoclonal antibody (MAb)-conjugated an-
ti-human CD45 (clone H130), Alexa Fluor 488-conjugated anti-human
CD56 (clone B159), peridinin chlorophyll protein (PerCP)-Cy5.5 anti-
human FoxP3 (clone 236a), phycoerythrin (PE)-conjugated anti-human
CD25 (clone M-A251), and PE-Cy7-conjugated anti-mouse CD45 (clone
30-F11). Each of the above-described MAbs was purchased from BD Bio-
sciences. PE-conjugated HBV core and polymerase-derived immuno-
dominant CTL epitope (21, 22) was purchased from Medical & Biological
Laboratories (Nagoya, Japan) (see Fig. S1 in the supplemental material).
Dead cells identified by light scatter and propidium iodide staining were
excluded from the analysis. For intracellular staining, cells were permeab-
ilized and fixed after surface staining using the BD Cytofix/Cytoperm kit
(BD Bioscience, Heidelberg, Germany). Flow cytometry was performed
using a FACSAria II flow cytometer (BD Bioscience), and results were
analyzed with FlowJo (TreeStar). Regulatory T (Treg) and human B cells
were defined as human CD45� CD4� CD25� FoxP3� and CD45� CD3�

CD19� cells, respectively.
Histochemical analysis of mouse liver. Histochemical analysis and

immunohistochemical staining using antibodies against human albumin
(Bethyl Laboratories Inc., Montgomery, TX) and hepatitis B core an-
tigen (HBcAg) (Dako Diagnostika, Hamburg, Germany) were performed
as described previously (3, 5, 23). Immunoreactive materials were visual-
ized using a streptavidin-biotin staining kit (Histofine SABPO kit;
Nichirei, Tokyo, Japan) and diaminobenzidine.

Serological measurements. Quantification of HBsAg and HBsAb was
performed using Abbott Architect platforms (Abbott, Ireland, Diagnostic
Division) as recommended by the manufacturer. Mice serum alanine
aminotransferase (ALT) levels were measured using Fuji DRI-CHEM
(Fuji Film, Tokyo, Japan) according to the instructions provided by the
manufacturer.

Cytokine assay. The concentrations of human gamma interferon
(IFN-�), granzyme A, granzyme B, and interleukin-2 (IL-2), IL-4, IL-6,
IL-8, IL-10, IL-12p70, IL-13, and IL-17A were quantitatively determined
by chemokine cytometric bead array (CBA) kits (BD Biosciences, Heidel-
berg, Germany) in accordance with the manufacturer’s instructions. The
minimum and maximum detection limits were 10 and 2,500 pg/ml, re-
spectively.

Statistical analysis. Changes in mouse serum human albumin and
HBV DNA levels and the frequencies of human PBMCs in mouse livers
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were compared by Mann-Whitney U and unpaired t tests. P values of less
than 0.05 were considered statistically significant.

RESULTS
Establishment of a hepatitis model using HBV-infected human
hepatocyte chimeric TK-NOG mice and human PBMC trans-
plantation. HBV-infected and uninfected mice were treated with
5 � 106 human PBMCs obtained from a donor who recovered
from severe acute hepatitis. The treatment resulted in a rapid and
significant decline of serum human albumin concentrations (P �
0.008) and HBV DNA levels (P � 0.002) only in HBV-infected
and PBMC-treated mice (Fig. 1A). Declines of human albumin

concentrations and HBV DNA levels were observed in neither
uninfected mice nor HBV-infected mice without PBMC treat-
ment. Two weeks after PBMC treatment, histological examination
of livers showed an extensive loss of human liver cells and a mas-
sive infiltration of mononuclear cells in the human hepatocyte
area only in HBV-infected and PBMC-treated mice (Fig. 1B).
Flow cytometry analysis showed that there was no difference in
human CD45-positive mononuclear cell chimerism between un-
infected and HBV-infected mice 1 week after treatment (see Fig.
S2 in the supplemental material). However, treatment with PB-
MCs resulted in significantly greater human CD45-positive
mononuclear cell chimerism in HBV-infected mice than in unin-

FIG 1 Establishment of acute hepatitis B model in human hepatocyte chimeric TK-NOG mice. HBV-infected and uninfected human hepatocyte chimeric
TK-NOG mice were injected with 5 � 106 human PBMCs. Control HBV-infected mice did not receive PBMC injection. (A) Time course of human albumin
concentration (upper) and HBV DNA titer (lower) in mouse serum. Data are represented as the means � standard deviations (SD) from 6 mice. (B) Histological
analysis of liver samples obtained from mice. Liver samples at 2 weeks after injection of human PBMCs were stained with hematoxylin-eosin (HE), anti-human
albumin antibody, or anti-hepatitis B core (HBc) antibody. Labeled regions indicate human (H) and mouse (M) hepatocytes, respectively (original magnifica-
tion, �40 or �200).
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fected mice 2 weeks after treatment (83.8% � 1.8% versus
33.1% � 13.5%; P � 0.015) (Fig. 2A). Serum ALT levels in mice
increased significantly (P � 0.0003) only in HBV-infected and
PBMC-injected mice, reflecting the occurrence of hepatitis (Fig.
2B). Cytokine assays 2 weeks after PBMC treatment demonstrated
that serum granzyme A (P � 0.005) and IFN-� levels (P � 0.004)
increased significantly only in HBV-infected and PBMC-treated
mice (Fig. 2B). In contrast, no significant difference in FasL-pos-
itive cells was observed between uninfected and HBV-infected
mice (see Fig. S3A in the supplemental material). No decrease in
serum human albumin concentrations was observed following
injection of PBMCs obtained from two healthy volunteers and six
chronic HBV-infected patients (see Fig. S4 and Table S1 in the
supplemental material). HBV DNA reduction was only apparent
in mice injected with HLA-matched PBMCs (see Fig. S4 in the
supplemental material).

Analysis of liver-infiltrating human lymphocytes in mice.
We analyzed liver-infiltrating cells for human cell surface markers
in mice injected with PBMCs. Two weeks after human PBMC
injection, frequencies of CD4� CD8� cells decreased significantly
in HBV-infected mice (Fig. 3A and B). Among CD4� CD8� cells,
numbers of CD25� FoxP3� regulatory T cells were significantly
lower in HBV-infected mice (Fig. 3B), consistent with acute liver
inflammation (24). Furthermore, frequencies of these cells in un-
infected mice were similar to those of donor PBMCs (Fig. 3A; also
see Fig. S5 in the supplemental material). In contrast, frequencies
of CD4� CD8� cells (P � 0.043), core-tetramer-positive HBV-
specific CTLs (P � 0.045), and polymerase-tetramer-positive

HBV-specific CTLs (P � 0.037) increased significantly in HBV-
infected mice (Fig. 3B). The fraction of CD4� CD8� cells was
similar to that of donor PBMCs, and HBV-specific CTLs were not
detected either (Fig. 3A; see Fig. S5 in the supplemental material).

CD8� cells were almost completely depleted in the mice in-
jected with CD8-depleted human mononuclear cells (see Fig. S6
in the supplemental material), and HBV DNA and human albu-
min levels were not reduced in these mice (Fig. 4A). Additionally,
histological examination of livers showed no indication of hepa-
titis (Fig. 4B).

In these human hepatocyte chimeric mice, HBs antigen levels
were as high as those in patients with HBV infection (Fig. 5A).
Two weeks after human PBMC treatment, serum HBs values de-
creased to undetectable levels. In contrast, HBsAb became positive
in mouse serum 2 weeks after injection of PBMCs. Reconstitution
of B cells was seen in uninfected and HBV-infected mice 2 weeks
after PBMC transplantation (Fig. 5B).

CTLA4Ig suppressed HBV-infected human hepatocyte dam-
age by human PBMCs. Using this mouse model, we analyzed
the effect of CTLA4Ig on liver cell damage and the decline of
HBV viremia levels in HBV-infected and PBMC-transplanted
mice. CTLA4Ig treatment dramatically inhibited the decline of
both serum human albumin concentrations and HBV DNA
levels in HBV-infected and human PBMC-treated mice com-
pared to that of control-Ig-treated mice (Fig. 6A). Histological
examination also revealed neither invasion of mononuclear
cells in the human liver tissue nor human liver cell damage in
HBV-infected and CTLA4Ig-treated mice, similar to that of

FIG 2 Analysis of liver-infiltrating cells and ALT and cytokine levels in human hepatocyte chimeric TK-NOG mice injected with human PBMCs. Three groups
of mice were treated as described in the legend to Fig. 1. (A) Liver mononuclear cells isolated from mice 2 weeks after human PBMC treatment were stained with
antibodies against human CD45 and mouse CD45 and analyzed by flow cytometry (left). Percentages of human mononuclear cells in PBMC-treated mice (right).
(B) Time courses of serum ALT, granzyme A, and IFN-� in mice. Data are represented as the means � SD from 6 mice.
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uninfected mice (Fig. 6B; also see Fig. S7 in the supplemental
material). While serum ALT levels increased sharply by week 2
in control Ig-treated HBV-infected mice, no increase in ALT
levels was observed in HBV-infected mice treated with
CTLA4Ig (P � 0.004), consistent with inhibition of hepatitis
(Fig. 6C). An increase in serum granzyme A (P � 0.001) and
IFN-� (P � 0.001) levels by human PBMC injection also was
observed in control Ig-treated mice, but serum granzyme A and

IFN-� levels became undetectable after CTLA4Ig treatment
(Fig. 6C). The frequency of human mononuclear cells in the
liver was significantly lower in CTLA4Ig-treated mice than in
control Ig-treated mice (P � 0.005) (Fig. 6D).

CTLA4Ig treatment after human PBMC transplantation also
significantly inhibited the decline in both human albumin (P �
0.048) and HBV DNA (P � 0.004) levels in HBV-infected mice
(Fig. 6E).

FIG 3 Analysis of mononuclear cells isolated from chimeric mice. Liver-infiltrating cells in HBV-infected and uninfected mice were analyzed by flow cytometry.
(A) Liver mononuclear cells isolated from uninfected (upper) and HBV-infected (lower) mice 2 weeks after human PBMC treatment were separated with
antibodies for human CD4 and CD8 (first image), human CD25 and FoxP3 (second image), human CD8 and core-tetramer (third image), and human CD8 and
polymerase (pol)-tetramer (fourth image) and analyzed by flow cytometry. (B) Statistical analysis of percentages of human mononuclear cells in PBMC-treated
mice. The means � SD from 6 mice are presented.
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DISCUSSION

HBV is a noncytopathic DNA virus, and elimination of the virus
occurs via destruction of infected cells by host cellular immune
responses (25). HBV-related fulminant hepatitis results not only
from acute infection but also from chronic infection following
alteration of the immunological status of the host (1, 2). To date,
no effective measure to suppress immunological elimination of
infected hepatocytes exists. Accordingly, mortality of this condi-
tion is high without liver transplantation. Consequently, develop-
ment of new therapeutic strategies and a small-animal model for
fulminant hepatitis is urgently needed.

We previously established a mouse model capable of demon-
strating massive HBV-infected human hepatocyte degeneration
using uPA-SCID mice with human PBMCs (3). Although exten-
sive human hepatocyte damage occurred and rapid decline in
HBV DNA and human albumin were observed, the human mono-
nuclear cell chimerism was only 7% in HBV-infected mice, and
CTLs and Tregs were not detected. The main immune cells re-
sponsible for human liver cell damage in these mice were not the
HBV-specific CTLs thought to be crucial in development of ful-
minant hepatitis (26, 27) but instead were NK cells (3). The poor
chimerism and lack of CTLs in the uPA-SCID model might result
from the presence of mouse NKs and macrophages in uPA-SCID
mice, although we attempted to eliminate them with clodronate

and anti-asialo GM1 antibody. Another factor is that induction of
CTLs in uPA-SCID mice might be depressed by inhibition of den-
dritic cell (DC) activation due to pretreatment with clodronate.
We observed a very small number of CD3� CD56� NK cells in
mouse livers at 2 weeks after PBMC injection compared to that in
the donor’s PBMCs (see Fig. S8 in supplemental material). This is
consistent with a report (28) showing that NK cells administered
to TK-NOG mice disappear rapidly.

NOG mice provide a suitable platform for the in vivo recon-
struction of the human immune system. Death between 14 and 30
days due to graft-versus-host disease (GVHD) has been reported
for mice inoculated with human PBMCs (29). In this study, we
also injected human PBMCs and observed the mice for more than
3 weeks, during which time we observed the development of
GVHD, e.g., rapid and severe weight loss, ruffled hair, and re-
duced mobility, in NOG mice (data not shown). As a result, we
concluded that long-term experiments would be impractical due

FIG 4 Analysis of mice injected with CD8-depleted human mononuclear
cells. CD8-positive cells were depleted from PBMCs, and the CD8-negative
fraction was injected intraperitoneally into HBV-infected mice (n � 3). (A)
Time course of human albumin concentration (upper) and the reduction in
HBV DNA titer (lower) in mice injected with CD8-depleted human mononu-
clear cells. The mice injected with whole PBMCs (as shown in Fig. 2B) are
shown for comparison (shaded closed circle). (B) Histological analysis of livers
of mice injected with CD8-depleted human mononuclear cells. Liver samples
were stained with HE and anti-human albumin antibody. Labeled regions
indicate human (H) and mouse (M) hepatocytes, respectively (original mag-
nification, �40).

FIG 5 HBs antigen anti-HBs seroconversion observed in human hepatocyte
chimeric TK-NOG mice. (A) Serum HBsAg and HBsAb levels in HBV-in-
fected mice (closed circles) and uninfected mice (open circles) before and 2
weeks after human PBMC transplantation. The detection limit of HBsAg was 5
IU/ml, and the detection limit of HBsAb was 1,000 mIU/ml. (B) Flow cytom-
etry analysis of liver mononuclear cells. After defining human PBMCs, mouse
liver mononuclear cells were separated with antibodies against anti-human
CD3 and CD19. Human B cells were defined as CD3� CD19� cells.
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FIG 6 Effect of CTLA4Ig in HBV-infected and PBMC-infected hepatitis B model mice. One day before and 7 days after human PBMC transplantation, mice were treated
with intraperitoneal injection of CTLA4Ig (closed circles) and control Ig (open circles). (A) Time course of human albumin concentration (upper) and the reduction in
HBV DNA titer (lower) in serum of CTLA4Ig-treated (n � 6) and control Ig-treated mice (n � 3). Data are presented as the means � SD. (B) Histological analysis of
livers. Liver samples 2 weeks after PBMC transplantation were stained by hematoxylin-eosin (HE) or anti-human albumin antibody. Regions are shown for human (H)
and mouse (M) hepatocytes, respectively (original magnification, �40). (C) Statistical analysis of mouse serum ALT, granzyme A, and IFN-� levels 2 weeks after PBMC
transplantation. Data are presented as the means � SD. (D) Percentages of human mononuclear cells 2 weeks after PBMC transplantation in CTLA4Ig-treated and
control Ig-treated mice. (E) Time course of human albumin concentration (upper) and the reduction in HBV DNA titer (lower) in mice treated with CTLA4Ig 7 days
after human PBMC transplantation. Time courses of HBV-infected mice without CTLA4Ig treatment (Fig. 2B) are shown for comparison (shaded closed circle).
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to GVHD and sacrificed the mice 2 weeks after PBMC injection.
Additionally, we performed experiments using PBMCs obtained
from two healthy volunteers and six patients with chronic HBV
infection. Human albumin and HBV DNA levels did not decrease
in most mice injected with these PBMCs (see Fig. S4 and Table S1
in the supplemental material). We speculated that the decline of
human albumin and HBV DNA levels during the 2 weeks follow-
ing human PBMC inoculation was due to hepatitis. The propor-
tion of human CD45-positive mononuclear cell chimerism in un-
infected mice was 30 to 	40%, whereas in HBV-infected mice the
proportion was almost 90% 2 weeks after injection of human PB-
MCs (Fig. 2A). This may be due to the more severely immunode-
ficient nature of NOG mice, which lack the IL-2 receptor gamma
chain (30), T cells, B cells (31), NK cells, macrophages, and DCs
(32, 33). Interestingly, there was no difference in the chimerism
between HBV-infected mice and uninfected mice only 1 week
after injection (see Fig. S2 in supplemental material). These results
suggest that HBV-activated PBMCs emerged between the first and
second week after PBMC injection.

To confirm the utility of this model, we performed experi-
ments using PBMCs obtained from chronic hepatitis patients with
HLA-A24. We observed a reduction in HBV DNA in mice infected
with HBV and injected the mice with these PBMCs (see Fig. S4 and
Table S1 in the supplemental material). On the other hand, we
observed apparent hepatitis in mice injected with PBMCs donated
from an individual who had recently recovered from severe acute
hepatitis. Furthermore, we detected HBV-specific CTLs in liver-
infiltrating cells, which are thought to be necessary in acute liver
inflammation (34–37), as well as memory T cells (38). As we con-
firmed that depletion of CD8-positive T cells resulted in no occur-
rence of hepatitis (Fig. 4), we concluded that this model of inflam-
mation was CTL dependent. The frequency of HBV-specific CD8
cells was reported to be around 0.2 to 0.5% of total CD8 cells (39).
The reason for this small number might derive from the fact that
we were able to use only two tetramers that were commercially
available, and additional CTLs that were not detected by these two
tetramers are likely to be present. In contrast, HBV-specific CTLs
were not detected in blood from patients who recovered (see Fig.
S5 in the supplemental material). This may be due to the presence
of only a very small number of HBV-specific CTLs in the patient’s
blood. Another possibility is that only memory T cells reactive to
HBV remained in the blood, and these cells caused the hepatitis
seen in the mouse model. As the response of memory T cells
against HBV persists several years after clinical recovery from
acute hepatitis B (40), we speculate that PBMCs obtained from the
recovered patient contained memory T cells against HBV. Failure
to establish apparent hepatitis using PBMCs from chronic hepa-
titis patients might be because their CTLs were functionally im-
paired or exhausted (41), which would be consistent with the ob-
servation that only a small number of HBV-specific CTLs are
detectable in patients with chronic hepatitis B (42).

Human mononuclear cell chimerism was significantly more
pronounced in HBV-infected mice than in HBV-uninfected mice
(Fig. 2A and 3A and B), but the frequency of human regulatory T
cells was significantly lower (Fig. 3B). Regulatory T cells play an
important role in immune homeostasis and tolerance (43–45).
The frequency of regulatory T cells in uninfected mice was similar
to that in healthy human blood (46). The decrease in Tregs might
contribute to severe acute liver cell damage, although the precise
mechanism should be clarified further.

We observed HBs antigen-antibody seroconversion in this
model (Fig. 5A). The rapid emergence of HBs antibody might
result from memory cells present in PBMCs from a donor who
recovered from severe acute hepatitis B infection, and cooperation
between T cells and B cells obtained from this donor might lead to
rapid B cell activation and production of HBs antigen-specific
antibody (47).

CTLA4Ig, an immunoglobulin fusion protein, contains an ex-
tracellular CTLA4 domain fused to human immunoglobulin
IgG1. CTLA4Ig binds to B7, the ligand for CD28, on antigen-
presenting cells (48) and inhibits the activation and proliferation
of naive T cells (7), memory T cells (49), and effector T cells (50).
Both plasmacytoid and myeloid dendritic cells were detected 2
weeks after the injection of human PBMCs (see Fig. S9 in the
supplemental material). We analyzed activation and proliferation
markers such as CD11a, CD107a, HLA-DR, CD69, IFN-�, and
cyclin D. Unexpectedly, these markers were similar for mice with
and without treatment with CTLA4Ig, and there were no signifi-
cant phenotypic differences between the two groups of mice due
to the reaction of human PBMCs to mouse tissues (data not
shown). However, CTLA4Ig treatment resulted in significantly
less human CD45-positive mononuclear cell chimerism than in
untreated mice 2 weeks after PBMC injection (see Fig. S10 in the
supplemental material). In addition, there was no difference in the
population of CD8 T cells between CTLA4Ig-treated and un-
treated mice (data not shown). These findings suggest that the
actual number of CD3� CD8� cells among the liver-infiltrating
cells in CTLA4Ig-treated mice was less than that in untreated mice
and that CD8-positive T cells increased rapidly without CTLA4Ig.
We hypothesized that the strong suppressive effect of CTLA4Ig
can be used to suppress acute liver cell injury. As expected,
CTLA4Ig treatment of HBV-infected PBMC-injected mice dra-
matically suppressed HBV-infected hepatocyte damage and in-
hibited hepatitis (Fig. 5). These results demonstrate the potential
of CTLA4Ig as an investigational therapeutic tool in patients with
severe acute hepatitis B.

Although the administration of CTLA4Ig appears to have ef-
fectively inhibited infiltration of mononuclear cells and sup-
pressed several markers of hepatitis in PBMC-treated mice, we
acknowledge several limitations of the study, including reliance
on PBMCs collected from a single acute hepatitis donor, as well as
a short window of time before the onset of graft-versus-host dis-
ease in these mice. Because of the paucity of commercially avail-
able HBV-specific tetramers, the frequency of HBV-specific T cells
also is likely to be underestimated. The anticipated lack of a de-
cline in HBV DNA or human albumin when PBMCs from healthy
controls and patients with chronic HBV were used suggests that
the decline in HBV DNA and human albumin observed in the
mice injected with PBMCs from an acute HBV patient can be
attributed to hepatitis instead of xeno- and alloreactive T-cell-
mediated immune responses; however, this should be confirmed
in future studies using additional markers and PBMCs from other
compatible acute HBV patients, if available.

In a previous study, we showed that NK cells also may have an
important role in acute severe hepatitis B. Recent papers have
suggested the importance of NK cells under these conditions (51–
53). Accordingly, suppression of both CTLs and NK cells should
be considered in the treatment of patients with severe acute hep-
atitis B. The administration of both CTLA4Ig and anti-FAS-L
should be considered.
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In summary, we established an animal model of fulminant
hepatitis caused by HBV infection using human hepatocyte chi-
meric TK-NOG mice injected with human PBMCs. The hepatitis
in this model caused by HBV-specific CTLs is very similar to hu-
man acute hepatitis B, and CTLA4Ig was shown to be effective in
suppressing hepatitis. CTLA4Ig as well as other therapeutic op-
tions should be investigated further as a potential therapy for pa-
tients with severe acute hepatitis B. This model also should be
useful for studying immunological reactions and viral clearance in
HBV infection.
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