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Development of new therapies for human hepatitis B
virus infection (HBV) would be greatly facilitated by the
availability of a suitable small-animal model for HBV virus
production in vivo. To develop a murine model for HBV
production, we established an immortalized, cloned liver
cell line by transferring the Simian Virus 40 Large T-Antigen
into primary human hepatocytes. These cells were stably
transfected with a full-length HBV genome to generate a
clone that expresses HBV genes and replicates HBV. The
HBV–producing cells were transplanted into the livers of
mice with combined immunodeficiency (Rag-2 deficient) by
intrasplenic injection. Survival of the engrafted human
hepatocytes was shown in several ways: fluorescent in situ
hybridization (FISH) with a human-chromosome–specific
DNA probe (human alpha satellite), dot-blot hybridization
of the genomic DNA extracted from liver biopsy specimens
with a human-specific Alu repetitive DNA probe, Blur-8, as
well as with an HBV DNA probe, and secretion of human
proteins into plasma. Histological examination of mouse
liver up to 8 months following human cell transplant shows
completely normal architecture. Determination of plasma
HBV DNA levels indicated that engrafted cells secreted
33107 to 33108 virions per mL into the blood, and HBsAg
was detected in plasma. This new murine model of HBV
viremia should be useful for in vivo HBV studies. (HEPATOL-
OGY 2000;31:173-181.)

Hepatitis B virus (HBV) is a major cause of morbidity, that
affects as many as 350 million people worldwide, resulting in
an estimated 2 million deaths per year.1,2 Currently available
therapies for HBV–related hepatitis have limited success.3

Therefore, new antiviral therapies that inhibit HBV replica-
tion or gene expression are being developed. Severe adverse
reactions to nucleoside analogues in recent clinical trials4,5

underscore the need for a small animal model to screen the
safety and efficacy of new therapeutic modalities. Because of
the narrow host range of HBV, existing animal models are
limited to chimpanzees6 and the recently reported tupaia,7-10

which are expensive and in short supply. Related hepadnaviri-
dae, duck HBV,11 and woodchuck HBV,12 infect their respec-
tive natural hosts; however, these viruses are of limited
relevance to human HBV infection because of significant
structural divergence among the viruses.13,14 For these rea-
sons, it would be advantageous to have a small animal model
for human HBV.

In efforts to produce murine models of HBV viremia, other
investigators have transferred HBV to mice as a transgene, or
by ectopic transplantation of human tumor cell lines produc-
ing HBV. HBV transgenic mice produce virus from HBV DNA,
which is integrated into mouse chromosomes of all mouse
cells.15 Viral replication and production of all viral antigens
have been shown in this model. Disadvantages of transgenic
mice include the production of HBV in mouse hepatocytes
but not in human hepatocytes, the absense of covalently
closed circular DNA (CCC) viral transcription templates, and
vertical rather than horizontal transmission of the virus. The
other available murine model is the immunodeficient mouse
with ectopically transplanted human tumor cell lines contain-
ing or producing HBV.16,17 BALB/c nude mice injected with
PLC/PRF/5 tumor cells subcutaneously were shown 2 de-
cades ago to produce tumors, secrete HBsAg, and contain
HBV DNA, however their life span and usefulness are
restricted by the tumor growth. HepG2.2.15 tumor cell lines
subcutaneously injected in SCID mice17 replicate HBV and
secrete viral markers. This model is limited by the ectopic
location of the human tumor cells and by their transformed
phenotype, both of which prevent normal interactions of
engrafted cells with host hepatocytes. Furthermore, human
tumor growth in the host mice limits their survival to only a
few weeks.17,18

We developed an immortalized, but nontumorigenic hu-
man hepatocyte clone by stable transfection of the HBV
genome, which expresses HBV antigens and replicates virus.
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The HBV–producing cells were transplanted into the livers of
immunodeficient mice (Rag-2 knock-out19) by intrasplenic
injection.20 The human cells exhibited long-term survival
without producing tumors, generating constant HBV viremia
in the host mouse. This new human-mouse chimeric model
should permit long-term studies of HBV replication in vivo,
which have been limited, heretofore, to human subjects and
primates.

MATERIALS AND METHODS

Animals. Rag-2–deficient mice were obtained from Taconic Farms
(Germantown, NY) and bred, under agreement, in isolation cham-
bers, at the Central Animal Institute of the Albert Einstein College of
Medicine. All animal-use protocols were approved by the institu-
tional regulatory group of the Albert Einstein College of Medicine
and conform to established NIH guidelines for animal use.

Immortalization of Human Hepatocytes. Immortalization of human
primary hepatocytes by transduction with the SV40 T-antigen gene
was performed as described previously.21 In brief, hepatocytes were
isolated by collagenase perfusion of a histologically normal segment
of a liver that had been resected from a 59-year-old male with
hepatic metastasis of colon cancer. The liver tissue and the patient
serum were negative for HBV or HIV. The cells were transfected with
a plasmid encoding the large T-antigen of the simian virus 40
(SV-40) to overcome growth arrest and selected for survival and
growth in cell culture. A clone derived from this cell population was
termed IHH and was used for subsequent experiments. The cells
were cultured on Primaria plates (Falcon) in Chee’s medium
(Gibco/BRL) supplemented with 5% fetal bovine serum, 100 units/mL
pennicillin, 100 mg/mL streptomycin, 2 mmol/L L-glutamine, 50
mmol/L dexamethasone, 20 mU/mL recombinant insulin (Boeh-
ringer Mannheim, Indianapolis, IN), 168mg/L arginine, and 10
mg/L thymidine. Media were replaced every other day and the cells
were split 1:3 when they reached confluence (approximately in 7
days).

Characterization of the Immortalized Human Hepatocytes. The IHH
cells were examined by phase contrast microscopy, and their
doubling time was determined. To evaluate these cells for expression
of hepatocyte-specific genes, immunotransblot analysis was per-
formed as described previously.22 Briefly, when the cells grew to
confluence, they were harvested, washed, and homogenized by
sonication, and the proteins were separated by electrophoresis on
sodium dodecylsulfate-7.5% polyacrylamide gels. The separated
proteins were electroblotted to PVDF membranes, and Western blot
analysis was performed for the hepatocyte-specific proteins, albu-
min, bilirubin-uridinediphosphoglucuronate glucuronosyltransfer-
ase (bilirubin-UGT), and asialoglycoprotein receptor. For compari-
son, immunoblot analysis was performed on isolated primary
hepatocytes (Clonetics, Walkersville, MD), cultured for 24 hours
under similar conditions.

Evaluation of Tumorigenicity of Immortalized Human Hepatocytes. Soft
agar colony growth was assessed for immortalized human hepato-
cytes, by plating cells in soft agar and counting colonies surviving at
various time points.

Stable Transfection With Genome Length HBV DNA. IHH cells were
stably transfected with circular HBV DNA prepared by EcoRI–
linearization of a cloned full-length HBV genome, purification of
linear monomers, and recircularization by ligation. This procedure
generates replication-competent HBV circular genomes free of
plasmid sequence.23 The circularized HBV DNA was cotransfected
into the IHH cells, using Lipofectamine (Gibco/BRL) according to
manufacturer’s recommendations, along with pRC/CMVneo (Invit-
rogen, SanDiego, CA), which confers resistance to the antibiotic,
G418. Stable transfectants were selected initially by resistance to
G418 at 300 mg/mL (Gibco/BRL) and then screened in multiwell
plates by immunological analysis of the media for HBsAg (HBV AUS
Ab ELISA, Abbott). HBsAg–expressing clones were subcloned by
limiting dilution and selection in cloning rings and rescreened for

viral gene expression. Clone IHBV6.7, expressing high levels of
HBsAg, was used for further experiments.

Evaluation of IHBV6.7 Cells for Tumorigenicity in Rag-2 Mouse Liver, In
Vivo. Following transplantation into the liver of Rag-2–deficient
mice, the recipients were observed for up to 8 months. After this
period, the livers were harvested, examined for evidence of tumors,
and sections were examined histologically by hematoxylin-eosin
staining for any alterations in liver structure.

Subcutaneous Injection of IHBV6.7 Cells In SCID (Rag-2) Mice to Assay
Tumorigenicity. Recombination activation gene-2 (Rag-2M) mice were
injected with IHBV6.7 cells, or as a positive control for tumor growth,
HuH-7 cells, at 1 million cells per 0.1 mL (in sterile PBS) under the
skin of the scapular region. Mice were observed weekly for the follow-
ing 6 months for the appearance of tumors at the injection site.

Evaluation of HBV Production by IHBV6.7 Cells. DNA was extracted
from nuclear and cytoplasmic fractions of IHBV6.7 cells, washed
twice in ice-cold PBS, and resuspended in 10mmol/L Tris HCl
pH7.5, 150mmol/L NaCl, 10mmol/L disodium EDTA (TNE). Cells
were pelleted and resuspended in TNE containing 0.1% Triton-X100
to solubilize cell membranes. Lysates were centrifuged at 2,000 g for
5 minutes to separate the nuclei from the cytoplasmic fraction. DNA
was extracted from both the nuclear and the cytoplasmic fraction by
incubation in TNE containing 0.1% SDS and 100 mg/mL proteinase
K, at 55°C for 2 hours, followed by 2 phenol/chloroform extractions
and ethanol precipitation. The DNA fractions were analyzed by
restriction-enzyme digestion, gel electrophoresis, and Southern blot
using a full-length HBV DNA probe, labeled by random priming
with 32P-dCTP (Amersham).

Transplantation of IHBV6.7 Cells Into the Livers of Rag-2–deficient Mice.
Six- to eight-week-old homozygous Rag-2–deficient mice housed
under sterile conditions in a barrier facility were anaesthetized by
intraperitoneal injection of a sterile 2% solution of 2-2-2-
tribromoethanol solution (Aldrich Chemicals, Milwaukee, WI) in
PBS (80 mg/100 g body weight). Hepatocyte transplantation was
performed essentially as described.20 Briefly, under aseptic condi-
tions, in a laminar flow hood, the lower pole of the spleen was
exposed by a small left subcostal incision. The spleen was stabilized
by holding the fat pad of the splenic mesentery with an iris forceps.
One million IHBV6.7 cells for each transplantation were harvested
from culture plates, washed in PBS, resuspended in 0.1 mL of PBS,
and injected into the splenic pulp over 30 seconds using a 27-gauge
needle. The spleen was returned to the body cavity, and the incision
was closed in 2 layers with 4.0 chromic gut. Untreated sibling mice
were kept as controls in separate cages.

Analysis of HBV Secretion Into the Blood. After transplantation of the
IHBV6.7 cells, blood samples were collected from the mouse tail
vein at various time intervals under sterile conditions. For extract-
ing DNA, 50 mL of the plasma was added to 0.4 mL of 50 mmol/L
Tris-HCl, pH 8.0/ 100 mmol/L EDTA, and 0.5% SDS/100 mg/mL
proteinase K (Boehringer Mannheim, Indianapolis, IN). Following
overnight incubation at 55°C, the DNA was purified by phenol
extraction, phenol/chloroform extraction, and ethanol precipitation.
The DNA was then resuspended in 30 mL 10 mmol/L Tris, 1mmol/L
EDTA, pH7.5. The conserved sequences within the HBV core region
were amplified by polymerase chain reaction (PCR), using specific
amplimers (HB01 and HB02, Enzo Diagnostics, Farmingdale, NY)
and the following thermocycling program: 94°C for 8 minutes, 95°C
for 2 minutes, 55°C for 1 minute, 74°C for 2 minutes, followed by 8
cycles of 95°C for 55 seconds, 58°C for 50 seconds, and a final cycle
of 74°C for 8 minutes. Generation of the specific amplicon was
evaluated using the HBV Microplate Hybridization Assay kit (Enzo
Diagnostics, Farmingdale, NY). For dot-blot hybridization analysis,
the DNA was blotted to Biodyne B nylon membranes (Gibco/BRL) as
described24 and hybridized to a 32P-dCTP–labeled full-length HBV
DNA probe. Blots were washed under stringent conditions: 0.1 3
SSC and 0.1 % SDS at 60°C for 30 minutes.

Identification of Human Genomic DNA in Transplant Recipient Mouse
Liver. Under general anesthesia with 2-2-2-tribromoethanol, tissues
were removed from transplant recipient and control untransplanted
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mice, which were promptly euthanized by anesthesia overdose. The
presence of human genomic DNA in the liver, spleen, lung, and
kidney was evaluated by dot-blot hybridization of extracted DNA
and fluorescent in situ hybridization of tissue sections.

Dot-Blot Hybridization. Total genomic DNA was extracted by
standard methods from human hepatocytes, or Rag-2M mice, or
Rag-2 mice, which received human hepatocyte transplants intrasple-
nically.25 The DNA specimens were applied as dot-blots (5 mg/blot)
and hybridized to a 32P-labeled, purified DNA insert, derived from a
cloned human-specific Alu repetitive DNA element (Blur8, ATCC,
Rockville, MD). Serial dilutions of human DNA were prepared using
mouse DNA as the diluent. These were the standards used to
quantitate the level of human DNA present in the chimeric mouse
human livers created by the hepatocyte transplantation. Levels of
Alu hybridization of the serially diluted human controls were
compared with levels of hybridization of the experimental mice that
received human hepatocyte transplants.

Fluorescent In Situ Hybridization (FISH). Liver sections were ana-
lyzed for presence of human DNA using negative control Rag-2M
mice, or IHBV transplant recipient Rag-2M mice, or as positive
controls, HuH-7 human hepatoma tumors grown subcutaneously in
Rag-2 mice. Formalin-fixed, paraffin embedded tissue sections of
liver were deparaffinized by baking at 60°C for 2 hours, rinsed twice
in xylene, and then hydrated in progressively decreasing concentra-
tions of ethanol. After incubation with proteinase K (0.4 mg/mL in
PBS) at 37°C for 10 minutes, the tissue sections were rinsed in cold
PBS, fixed in buffered 10% formalin for 1 minute and washed again
with PBS. The sections were dehydrated in progressively increasing
concentrations of ethanol and air-dried for 10 minutes. Hybridiza-
tion was carried out using 20 ng of fluorescein-labeled DNA probe
for human chromosomes, alpha satellite (Boehringer Mannheim), in
20 mL of hybridization solution (Gibco/BRL) per slide. DNA was
denatured by a brief exposure to 100°C on a heating block, following
which the slides were kept at 42°C overnight. Slides were protected
from light. After washing twice in 2 3 SSC for 15 minutes, 2 sections
from each mouse liver were viewed and selected fields photographed
using filters for fluorescein.

Human a-1 Antitrypsin Detection in Transplant Recipient Mouse Plasma.
Human-specific rabbit antihuman human a-1 antitrypsin (HAAT)
antibody (Boehringer Mannheim) was used at 1:500 dilution for
ELISA, with a secondary antibody of goat antirabbit (BioRad) at
1:3000 dilution. The presence and concentration of HAAT in mouse
plasma from transplant recipients was determined by comparison to
dilutions of normal human plasma samples and negative control
mouse plasma samples in the same plate assay as experimental
samples.

RESULTS

Our experimental design was to transplant nontumori-
genic human hepatocytes to the liver of mice that are unable
to mount an immunological rejection of xenografts. The
engrafted human cells within the mouse liver were identified
using human genome-specific DNA probes. In addition, the
survival and function of the transplanted cells were detected
by the secretion of human proteins, HBV DNA, and viral
antigens in plasma.

Characteristics of the Immortalized Human Hepatocytes. The
immortalized cells doubled every 72 hours, but the prolifera-
tion was inhibited when the cells became confluent. Immuno-
transblot experiments showed that the immortalized hepato-
cytes contained several hepatocyte-specific proteins.
Densitometry of the immunoreactive bands indicated that the
immortalized hepatocytes contained human serum albumin,
apolipoprotein B100, bilirubin-UGT, and asialoglycoprotein
receptor at 80%, 40%, 20%, and 18% of the levels observed in
primary human hepatocytes cultured for 24 hours. A large
fraction of the cells became polarized in culture, forming bile

canaliculi-like structures.21 The cells do not form 3-dimen-
sional colonies when cultured on soft agar and do not form
tumors when transplanted into the livers of mice with severe
combined immunodeficiency (SCID) (unpublished observa-
tion, 1997).

Generation of HBV DNA by IHBV6.7 Cells. IHBV6.7 cells were
produced by DNA transfection of cloned recircularized HBV
DNA, as shown in Fig. 1. The restriction map expected from
single or tandem integrations of HBV into human chromo-
somal DNA is shown. HBV viral content of cloned popula-
tions of IHBV6.7 cells was determined by analysis of HBV
DNA in nuclear and cytoplasmic DNA fractions. The HBV
virion genome consists of a partially double-stranded, cir-
cular 3.2-kb DNA, open-circular DNA (OC DNA). The
incomplete second DNA strand is completed during viral
replication, whereby the HBV DNA molecule becomes fully
double-stranded, covalently closed circular DNA (CCC DNA).
The CCC DNA becomes supercoiled and, therefore, migrates
ahead of linear or OC HBV DNA on agarose gel electrophore-
sis. Both circular HBV genomes are linearized by EcoRI
digestion. In IHBV6.7 cells, Southern blot analysis of the
DNA extracted from the cytoplasmic fraction showed HBV
DNA forms migrate as circular episomes at linear marker
sizes of 4 kb and 2 kb, characteristic of replicating virus
open-circular and CCC (Fig. 1). Linearization of these
eposiomal virus DNA’s by EcoRI digestion resulted in a single
species of 3.2 kb, which is the size of the complete linear HBV
genome. Although it is possible that a small percentage of the
DNA isolated by this method was genomic DNA, the gross
majority of the HBV hybridization in the undigested cytoplas-
mic DNA preparation is found at the expected HBV circular
form size. The resolution of the HBV hybridizing episomes to
a single size class of 3.2 kb following EcoRI digestion,
strongly indicates that the low molecular weight HBV fraction
contains viral circular forms, including CCC DNA.

High molecular weight, genomic DNA isolated from nuclear
fraction of IHBV6.7 cells hybridized to HBV indicating that
the HBV DNA had integrated into the chromosomal DNA.
Restriction enzyme digestion of the integrated HBV DNA
resolved to 3.2-kb fragments following EcoRI digestion, 2.4
kb following Bgl2 digestion, and 1.8 kb and 1.4 kb after
BamHI digestion (Fig. 1). These are the sizes of HBV DNA
expected from full-length, unrearranged HBV genomes, inte-
grated in tandem in the human chromosomes, as shown in
the retriction map in Fig. 1.

Expression of Viral Genes by IHBV6.7 Cells. The IHBV6.7 cell
lysates contained HBV endogenous polymerase activity (not
shown). IHBV6.7 cells secrete HBsAg into the culture me-
dium at a concentration of 121 ng/mL in confluent cultures of
5 to 6 million cells per 10-cm plate in stationary phase of
growth, for up to 20 passages in culture (Table 1). The level of
HBsAg in cell culture supernatants produced the first day
after passage was 45 ng/mL and reached 121 ng/mL at 7 to 12
days after passage (i.e., at confluence, when cells have ceased
dividing). This level compares favorably with that found in
existing human hepatoma cells lines that generate HBV
(Table 1). The secreted viral marker E antigen was not
detected in cell culture supernatants using standard clinical
assays. However, the IHBV6.7 cell nuclei were positive for the
viral core protein marker, HBcAg, by standard clinical immu-
nocytochemical staining (Enzo Diagnostics, not shown).

HEPATOLOGY Vol. 31, No. 1, 2000 BROWN ET AL. 175



IHBV6.7 Cells Retain the Nontumorigenic Phenotype of Their
Progenitors, IHH. IHBV6.7 cells were characterized for poten-
tial tumorigenicity in the Rag-2 mouse host. Following
subcutaneous injection of 1 million IHBV6.7 cells into each
of 9 Rag-2M mice, 8 of the mice remained tumor free up to
and including the experimental observation period endpoint,
6 months. One mouse produced a single tumor detected at 56
days. This is in sharp contrast to the results of tumorigenic
hepatoma cell injections into Rag-2M mice, in which we
observed all mice, 4 of 4, developed tumors at 21 to 28 days,
and HepG2.2.15 hepatoma cell injections into mice, which all
developed tumors by 4 weeks.17 Therefore IHBV6.7 cells have
a low tumorigenicity in this mouse host and a long latency
period when compared with hepatoma tumor cell lines.

Long-Term Survival and Proliferation of the Transplanted IHBV6.7
Cells in Mouse Liver. At various time points after transplanta-
tion of IHBV6.7, the presence of human-specific markers in
the livers of the recipient Rag-2–deficient mice was evaluated
by dot-blot hybridization of liver DNA and by FISH–labeling
of human chromosomes in liver tissue sections. Dot-blot
analysis of genomic DNA extracted from the livers of the
transplant recipients with a human-specific, highly repetitive
DNA Alu element probe, Blur-8, showed the persistence of
human genomic DNA in the livers of transplant recipients
throughout the 8-month period of observation (Fig. 2). The
relative amount of human cell DNA contributing to total
genomic DNA of the transplanted mouse liver was deter-
mined by comparing Blur-8 hybridization signal intensity of
liver DNA of the transplanted animals to serially diluted
human DNA control DNA samples on the same blot. The
ratio of human DNA to mouse DNA detected in 12 of these
transplanted mice ranged from 0.2% to 0.5%. The dot-blot
assay for human DNA also gave detectable but low signal
from lung and kidney corresponding to approximately 0.02%,
which may indicate spill over of isolated human hepatocytes
into these organs during the transplantation to spleen.
Intrasplenic transplantation is known to result in migration
of most of the injected hepatocytes to liver parenchyma
where they can integrate and, if syngeneic, survive indefi-
nitely, but small percentages of cells can migrate to lung, or
less commonly, kidney. One example of this analysis is shown
in Fig. 2, in which the relative concentration of human DNA
was approximately 0.5% at 8 months following transplanta-
tion. In genomic DNA from livers of 6 control untransplanted
mice, hybridization to Blur-8 was undetectable, showing the
specificity of the probe for human DNA.

FISH labeling of human chromosomes with fluorescein-
tagged human satellite DNA identified the nuclei of human
cells transplanted to mice. As positive controls, the HuH-7

FIG. 1. Southern blot analysis of DNA extracted from cell fractions of
IHBV6.7 cells. (A) HBV transfection strategy. Full-length, cloned HBV DNA
was excised from a plasmid by EcoRI digestion, the HBV insert was purified
from vector sequences by gel electrophoresis (first arrow), then self ligated
(second arrow). Ligation products include circular HBV genomes and tandem
linear repeats, which may also circularize. Both products of ligation are
replication competent in transfections. (B) HBV restriction map. The restriction
sites in the HBV adw2 DNA sequence for the restriction enzymes EcoRI, Bgl2, and
BamHI are shown as they would appear if integrated as head to tail dimers. (C)
Restriction fragments expected from chromosomally integrated HBV genomes.
Sizes of the expected restriction fragments generated by EcoRI, Bgl2, and BamHI
digestion of full-length tandem multimers of HBV DNA are shown. Southern blot
of cytoplasmic IHBV6.7 DNA fractions hybridized to HBV. 100 ng of undigested
cytoplasmic IHBV6.7DNA, in the first lane, and EcoRI–digested cytoplasmic DNA
in the second lane were hybridized to an HBV probe. The undigested cytoplasmic
HBV migrates at 2 and 4 kb, as expected for circular forms CCC and OC, whereas
the EcoR1 digest migrates at 3.2 kb linear as complete linear HBV viral genomes
do. (D) Southern blot of nuclear IHBV6.7 DNA fractions. Ten micrograms of
undigested genomic DNA extracted from nuclear IHBV6.7 fractions show HBV
DNA integrated in high molecular weight genomic DNA (first lane). Digestion of
10 µg of the nuclear DNA with EcoR1 in the second lane, generated 3.2-kb
fragments, and Bgl2 digestion (third lane) generated 2.4-kb fragments, whereas
BamHI (fourth lane) generated 1.8-kb and 1.4-kb bands, as expected from
unrearranged HBV genomes, integrated in tandem into the host chromosomes
(see B).

TABLE 1. HBsAg Levels Secreted by IHBV6.7 and HBV-Producing Human
Hepatoma Cell Lines

Cell Line Origin

HBsAg Concentration
In Media
(ng/mL)

IHBV6.7 normal liver, HBV transfected 121
PLC/PRF/5(25) tumor, HBV1 18
HepG2.2.15(24) tumor, HBV transfected 94

Cell Line Transplanted to Mice
HbsAg Concentration

in Plasma

IHBV6.7 intrasplenic transplantation 7000
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human hepatoma cell line was subcutaneously injected into
Rag-2 mice and produced tumors. These human tumor
tissues embedded in mouse were excised and labeled by FISH
(Fig. 1A). FISH labeling was not detected in the 2 Rag-2M
negative control mice assayed, as shown in Fig. 3B. Two
transplant recipient mice were analyzed 3 months after
transplantation of the IHBV6.7 cells. The IHB6.7 cells are
identified in the liver sections by the fluorescent dots within
their nuclei (Fig. 3C). Clusters of human cells were observed
in the liver lobules of the transplant recipient mice. These
human cell clusters contain 24 to 112 cells in the 5 µm
section and were distributed randomly throughout the liver
lobe, interspersed with mouse hepatocytes. This indicates
human hepatocyte groups comprised 88 to 500 cells each,
and were patchily distributed throughout the liver. The

human cells were fully integrated into the normal architec-
ture of the mouse liver. We did not detect human cells in lung
or kidney by this analysis, but cannot rule out that rare,
isolated hepatocytes may have migrated to and survived in
these organs after intrasplenic transplantation.

HAAT Detection in IHBV–Transplanted Mice. Human-specific,
secreted protein HAAT is a normal component of human
plasma and a biochemical product of human hepatocytes.
Human HAAT is not detected in plasma of Rag-2 mice.
However, in Rag-2 mice, which received IHBV6.7 cell trans-
plants, HAAT is detected at levels that are 11% to 14% of the
level found in normal human plasma samples. The detection
of this biochemical marker is an indicator of survival of the
transplanted human cells.

Histological Examination of the Liver and Absence of Tumorigenic-
ity. In long-term studies of IHBV6.7–transplanted mice, no
tumors were detected in the liver of any of 12 transplant
recipients at autopsies performed at various time points up to
8 months after transplantation. Histological examination of
hematoxylin-eosin-stained liver sections from the same trans-
plant recipient mice used for the FISH analysis showed
normal architecture of the liver (Fig. 4) at 3 months following
transplantation. The spleen, kidney, and lung of these mice
were also histologically normal (not shown). The long-term
survival of the mice hosting human cell transplantation
allowed analysis of the HBV production in these mice.

IHBV6.7 Human Cells Produce HBsAg and Chronic HBV Viremia
in Transplanted Mice. The presence of HBV DNA in plasma is
the most sensitive indicator of active HBV replication in vivo.
To determine whether the human hepatocytes of the IHBV6.7
clone, when transplanted to Rag-2 knockout mice, continue
to support the replication of HBV, we transplanted IHBV6.7
into 12 mice by intrasplenic injection and then assayed HBV
DNA in the mouse plasma. Plasma virus load was analyzed by
DNA dot-blot, with a lower limit of detection of 20 pg HBV
DNA per mL plasma. Three and five mice were tested at 8
to 11 days and 5 to 12 weeks after transplantation, respec-
tively. Four additional mice were tested at a long-term time
point, 5 months after transplantation, 12 mice in total.
Untreated sibling mice were examined as negative controls.
At all time points from day 11 onward, samples of 50 µL each
of the sera of IHBV6.7–transplanted mice contained detect-
able levels of HBV DNA (Fig. 5), corresponding to from 100

FIG. 2. Human cell detection in mouse by Alu DNA probe. Dot-blot of
DNA from tissues of mice transplanted with human hepatocytes 8 months
previously, hybridized to the Human BLUR-8 probe detects human DNA in
the liver. Control and experimental mouse liver, spleen, lung, or kidney
tissue DNA’s are compared with dilutions of human IHBV6.7 DNA (second
row). Mouse DNA, which does not hybridized to BLUR-8, was used as
diluent for the concentration controls.

FIG. 3. FISH (fluorescence in situ hybridization) of IHBV transplanted liver tissue sections with Human-specific alfa satellite probe. (A) Positive control
HuH-7 human hepatoma cells implanted in mice subcutaneously, (B) Rag-2 mouse negative control tissue is shown, and (C)IHBV transplanted mouse liver
tissue 3 months post transplant. Human cells are detected in this method by their bright nuclear fluorescence, seen in the postive control A and the
experimental transplant C, marked with arrows labeled ‘‘h’’. Mouse cells in the section are indicated by arrows labeled ‘‘m’’.
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pg to 1 ng HBV DNA per mL mouse plasma, a viral load of up
to 3 3 108/mL. Plasma HBV DNA was evaluated by PCR as
well, which showed HBV DNA sequences in the plasma of
transplant recipient mice by 4 days following transplantation,
absent in untransplanted control mice. This constitutes a
chronic, HBV viremia among transplanted Rag-2M mice.
Similarly, the secreted form of the HBV envelope protein,
which is produced by IHBV6.7 cells in culture, is also

detected in plasma of IHBV6.7 transplanted mice, at levels of
up to 7 µg/mL (Table 1B).

DISCUSSION

The requirement for specific interactions between HBV
virions and host cell membranes has limited the natural HBV
infection to humans and a few other primate species.26

Because the higher primates are expensive, endangered, and

FIG. 4. Histology of IHBV transplanted liver. Hematoxylin and eosin stained sections of liver tissue serial to sections used in the FISH analysis 3 months
post-transplant show normal liver structure and cell morphology. Sections shown are (A) mouse control and (B) 3 months post-transplantation.

A

B

C

FIG. 5. Human HBV detection in blood of
transplanted mice. Dot-blot of DNA prepared
from 50 µL sera of control mice or mice
transplanted with HBV1 human cells at time
points following transplantation are hybrid-
ized to an HBV probe. (A) Five negative
control mice (first row). Three IHBV trans-
planted mice at 8 days and 11 days post-
transplant (rows 2 and 3). HBV DNA is
detected in sera of 1 mouse at day 11. (B) Five
negative control mice (first row). Five IHBV
transplanted mice at 5 weeks and 12 weeks
post-transplant (rows 2 and 3). HBV DNA is
detected in 2 of the mice at 5 weeks and all of
the mice at 12 weeks. (C) Four IHBV–
transplanted mice at 5 months post-trans-
plant (first row). HBV DNA detected in all
mice. Control HBV DNA standards shown are
dilutions of HBV DNA in mouse DNA to
quantitate the viral load.
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in short supply, we have transplanted HBV–producing human
hepatocytes into the livers of immune-deficient Rag-2 knock-
out mice to generate a new murine model. The Rag-2
deficient mice have a combined immunodeficient pheno-
type15 in which B and T cell lineages are absent, although NK
cells, macrophages, and granulocytes are present. Because of
their lack of the humoral and cellular immune response,
these mice may accept xenografts as the Swiss athymic nude
nu/nu mice are known to,27 without exogenous immunosup-
pression.

IHBV6.7, the human cell line used in this study, produces
HBsAg at a level comparable with those produced by com-
monly used HBV–expressing human hepatoma tumor cell
lines such as HepG2 2.2.1528 and Alexander cells PLC/PRF/
5.29 HBV core protein is detected in IHBV6.7 nuclei, and also
episomal viral replication intermediates are found in the
cytoplasm, apparently including CCC DNA. As in human
infection, but in contrast to transgenic mouse models, the
immortalized human hepatocytes are the natural host for
HBV infection. Following transplantation, the human cells
are engrafted in the mouse liver, secrete human specific
products HAAT and HBsAg into the mouse plasma, and
appear in normal anatomical relationship with the host cells.
Most importantly, unlike the HBV–producing human hepa-
toma cell lines, the IHBV6.7 cells do not generate tumors in
the host liver. This allows long-term survival of mice after
transplantation of IHBV.7 cells to the liver. Therefore, the
transplanted cells support chronic HBV viremia, without
limiting the longevity and health of the recipient mice.

Long-term survival of nontumorigenic human hepatocytes
in a nonhuman host is a novel aspect of this work. Two
different markers, specific for human genomic DNA, were
used to evaluate the survival of the transplanted cells.
Dot-blot hybridization of the genomic DNA extracted from
the liver of recipient mice with a human-specific Alu se-
quence probe (Blur8) unequivocally showed the long-term
survival up to 8 months of the transplanted human cells in 12
mice. This method revealed that 0.2% to 0.5% of the liver
mass of the recipient mice had been replaced by human
hepatocytes. The human cells were also readily visible in
histological sections of transplanted mouse liver when stained
by FISH for human chromosomes using an alpha satellite
probe. Groups of 24 to 112 human cells in a planar section,
representing 88 to 500 cell clusters, were found integrated
normally within the architecture of mouse liver lobule at 3

months following transplantation. The number of the trans-
planted IHB6.7 cells initially represented only 1% of the
hepatocyte mass of the recipient. Because previous experi-
ments indicate that 10% to 20% of injected syngeneic cells30

engraft, our findings indicate amplification of our xenogeneic
transplanted cells in some of the mice. Immediately following
transplantation, single transplanted cells are typically found
in the liver. Cell clusters are therefore formed only on
proliferation of the transplanted cells. Our data indicate that,
although the transplanted human immortalized hepatocytes
are not tumorigenic, they retain proliferative capacity, approxi-
mately 5 to 9 divisions within the liver of the recipient mice.

Human-specific secreted protein HAAT is an abundant
serum protease inhibitor and a biochemical product of
human hepatocytes. Human HAAT is detected in plasma of
mice, which received IHBV6.7 cell transplants at 12% of the
level found in normal human plasma samples. The detection
of this biochemical marker indicates that the transplanted
human cells continue their natural hepatocyte functions in
the mouse liver environment.

Characteristics of the IHBV6.7–transplanted Rag-2 mice as
HBV animal models are summarized in Table 2. When
compared with the previously published HBV transgenic
models or ectopic HepG2.2.15 mouse model, the IHBV-Rag-2
model has the unique features of using human cells as hosts
of HBV, and long-term in vivo survival. The levels of HBV
DNA sustained in the mouse plasma and the levels of HBsAg
detected in plasma are high relative to the human tumor cell
subcutaneous transplant model, perhaps because of the
location of the human hepatocytes in liver, which is their
native organ location.

Long-term, continuous secretion of HBV into the trans-
plant recipient mouse plasma is a feature of our model. HBV
virion DNA was detected in the peripheral circulation of
recipient mice throughout the duration of the study (5
months). The presence of HBV DNA in blood is a reliable
indicator of HBV viral replication in human liver.1 HBV virion
DNA present in human HBV carrier plasma samples is
normally cleared from Rag-2M mouse plasma within 2 hours
of intraperitoneal injection (J.J. Brown, unpublished observa-
tion, 1998). Because HBV does not infect mouse liver cells,
our finding of HBV DNA in blood by PCR and dot-blot
analysis supports the conclusion that HBV is continuously
replicating for up to 5 months in the transplanted cells. This
viremia, combined with evidence of human cell survival in

TABLE 2. Comparison of Results With Cell Culture Systems and Mouse Models Regarding HBV Expression

Markers

Model System

Cells (In Vitro)28 Mice (In Vivo)17

Transgenic
Mice15IHBV 6 HepG2215 IHBV 6 HepG2215

DNA
Integrated transgenes 1 1 1 1 1

Replicative intermediate 1 1 1 1 1

ccc-DNA 1 1 NT 2

Secreted DNA (pg/mL) 2 1 100-1000 0.5-2 1

Antigens
HBs-Ag secreted (ng/ml) 121 94 7000 NT 1/2
e-antigen secreted (ng/ml) 2 1 NT NT 1

c-antigen (nuclear) 1 1 1 NT 1

Host cell type Human Human Human Human Mouse
Duration of HBV marker detection .20 passages ~ 5 months 4 weeks ~
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the mouse liver, indicates that it is unlikely that HBV DNA is
derived from degradation of the injected HBV–positive hu-
man hepatocytes, which are relatively few in number. Rather,
we believe the high levels of human serum proteins, and of
HBV DNA and HBsAg present in transplanted mouse blood
indicate ongoing differentiated function of the human hepato-
cytes engrafted in the mouse liver. The observed viral load, up
to 300 million viral particles per mL of mouse plasma,
parallels that found in some cases of chronic active HBV viral
hepatitis.31 Similarly, the secreted envelope protein HBsAg is
detected in IHBV6.7 transplant recipient mouse plasma,
whereas the normal half-life of HBsAg in mice is relatively
short (less than 6 hours).32 The viremia in the IHB6.7–
transplanted immune-deficient mice, which lack T-cell and
B-cell differentiated functions, may mimic the viral replica-
tion seen in those human subjects whose immune systems are
unable to eliminate the virus.33

In summary, the mouse model described in this article has
several important novel features. First, we demonstrated
long-term survival of mice transplanted with nontumorigenic
human hepatocytes in the liver. This is an advance over
transplantation of human hepatoma cells, in which tumors
rapidly kill the hosts.17,18 Previously, woodchuck liver cells
have been transplanted into immune deficient mice as hosts
of woodchuck hepatitis virus, but similar to human hepa-
toma cell lines, they develop hepatocellular carcinoma in the
host.34 Second, in contrast to previous studies in which
HBV–producing human cell lines were transplanted ectopi-
cally, we transplanted the IHBV6.7 cells into the liver,
permitting their exposure to portal venous blood and their
natural interactions with the parenchymal and nonparenchy-
mal cells in the host mouse liver. This may contribute to their
long-term survival and function. Development of this model
overcomes the constraints of previous models and presents
opportunities to perform pathophysiological and pharmaco-
logical studies of human hepatocytes in an in vivo setting. It is
also likely that the human hepatocyte-mouse chimera will
support other human specific infectious agents, such as
hepatitis virus C and malaria parasites35 and will, therefore,
have an even broader application.
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