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Hepatitis B virus (HBV), the causative agent of B-type hepatitis in humans, is a hepatotropic DNA-
containing virus that replicates via reverse transcription. Because of its narrow host range, there is as yet no
practical small-animal system for HBV infection. The hosts of the few related animal viruses, including
woodchuck hepatitis B virus and duck hepatitis B virus, are either difficult to keep or only distantly related to
humans. Some evidence suggests that tree shrews (tupaias) may be susceptible to infection with human HBYV,
albeit with low efficiency. Infection efficiency depends on interactions of the virus with factors on the surface
and inside the host cell. To bypass restrictions during the initial entry phase, we used recombinant replication-
defective adenovirus vectors, either with or without a green fluorescent protein marker gene, to deliver
complete HBV genomes into primary tupaia hepatocytes. Here we show that these cells, like the human
hepatoma cell lines HepG2 and Huh7, are efficiently transduced by the vectors and produce all HBV gene
products required to generate the secretory antigens HBsAg and HBeAg, replication-competent nucleocapsids,
and enveloped virions. We further demonstrate that covalently closed circular HBV DNA is formed. Therefore,
primary tupaia hepatocytes support all steps of HBV replication following deposition of the genome in the
nucleus, including the intracellular amplification cycle. These data provide a rational basis for in vivo

experiments aimed at developing tupaias into a useful experimental animal system for HBV infection.

Hepatitis B virus (HBV), an enveloped DNA-containing vi-
rus that replicates through an RNA intermediate (38), is the
type member of the family Hepadnaviridae and the causative
agent of B-type hepatitis in humans. Chronic infections are
widespread and associated with a greatly increased risk for the
development of liver cirrhosis and, eventually, primary liver
carcinoma (5, 35). Several fundamental aspects of the HBV
replication cycle have been elucidated, mainly by genetic tech-
niques using transfection of cloned HBV DNA into suitable
human hepatoma cell lines, such as Huh7 and HepG2 (27, 28).
These cells support virus production, but neither they nor
other cell lines can be infected. A related and similarly central
problem is the lack of a feasible small-animal model of human
HBYV infection.

All hepadnaviruses have very narrow host ranges. Efficient
infection by HBV is well documented for only humans and
chimpanzees and, in cell culture, for primary hepatocytes from
these hosts. The current generic animal models, the wood-
chuck-woodchuck hepatitis B virus (WHV) and the pekin
duck-duck hepatitis B virus systems (28), are useful in many
respects but suffer from two different limitations. Woodchucks
are difficult to keep, and their use is restricted to a few appro-
priately equipped facilities; even then, most studies have used
outbred, wild-caught animals (33). Ducks, by contrast, are con-
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venient experimental animals (19) but very distantly related to
humans.

An ideal experimental system would consist of HBV, or a
very closely related virus, plus a suseptible host that is as easily
kept and as well characterized as the mouse. Some mouse-
based surrogate systems are available; however, although
HBV-transgenic mice (1, 9) produce substantial amounts of
virus (14), they are not infectable; mice carrying heterologous
liver cells (18, 29, 32) require immunosuppression to prevent
rejection of the xenotransplant. Because the hepadnavirus host
range is controlled on several levels, many barriers would have
to be surmounted in order to establish a productive infection in
a nonauthentic host. Certainly important is the interaction with
cell surface molecules that mediate virus entry (Fig. 1A). The
large viral envelope protein is essential for these early steps (7)
and, for duck hepatitis B virus, a cellular membrane-associated
carboxypeptidase seems crucially involved in, but not sufficient
for, infection (6, 21, 42). Virtually nothing is known about the
receptors for the mammalian hepadnaviruses. Intracellularly,
hepadnavirus replication depends on host factors that can in-
teract with diverse cis elements on the viral genome. These are
not only tissue specific but also species specific, as shown, e.g.,
by the inactivity of WHV enhancer I in human hepatoma cells
(12). Further, virus-host interactions may also contribute to
species specificity. An example is the apparent lack of co-
valently closed circular DNA (cccDNA) formation in HBV-
transgenic mice. cccDNA is a central intracellular intermediate
in the HBV replication cycle. It is initially formed after nuclear
deposition, by the nucleocapsid (20), of the partially double-
stranded DNA genome present in extracellular virions. During
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FIG. 1. Ad vector-mediated HBV genome delivery. (A) Schematic outline of the transduction system. The replication-defective Ad-HBV
vector infects an appropriate cell and deposits its recombinant genome in the nucleus. The authentic HBV regulatory elements on the transduced
HBYV genome control the transcription of subgenomic and genomic HBV RNAs, which serve as mRNAs. pgRNA is used to translate core and P
protein and then is packaged into newly forming immature nucleocapsids. Using its terminal protein (TP) domain as a primer, P protein reverse
transcribes (RT) the pgRNA, yielding mature DNA-containing nucleocapsids. These can either bud into the secretory pathway and be exported
as enveloped virions or redirect the DNA genomes to the nucleus for conversion into cccDNA. In addition to virions, HBsAg and HBeAg, and
possibly naked cores, are expected to be released from the transduced cells. ER, endoplasmic reticulum. (B) Replication-defective Ad-HBV vectors
used in this study. The bars symbolize the Ad vector genomes (the horizontal numbers are nucleotide positions in Ad5) in which a 1.3X HBV
genome (shaded; the vertical numbers are HBV nucleotide positions according to reference 30) replaces the E1A-E1B region; E3 is also deleted.
HBV subgenomic (sg) and genomic transcripts (wavy lines) are controlled by the authentic elements, including the polyadenylation signal
(diamond). pgRNA initiates at position 3100. Ad-GFP-HBV1.3, in addition, contains a CMV-driven enhanced GFP expression cassette. A,

poly(A) tail.

natural infection, new capsids deliver progeny genomes to the
nucleus such that a pool of some 10 to 100 copies of cccDNA
is established (41, 47). Hence, mice apparently lack factors
required for both HBV uptake and intracellular amplification.
The chances for transspecies transmission are therefore likely
to be higher for a more closely related virus-host pair.

One potential nonauthentic host for human HBV is the
Asian tree shrew, or tupaia. Tupaias, classified in their own
order (Scandentia), are the closest relatives of the primate
lineage. Breeding colonies of the rat-size animals have been
established at numerous places. Some evidence for their sus-
ceptibility to infection with human HBV has been reported
(43, 48). Though the in vivo data were not really conclusive,
results obtained with primary tupaia hepatocytes (PTHs) sug-
gest that infection is possible (J. Kock, F. von Weizsicker, and
H. E. Blum, personal communication). However, the very low
efficiency made it difficult to directly prove the net formation of
complete progeny virions. We therefore reasoned that replac-
ing the authentic entry process with a more effective HBV

genome delivery procedure should allow us to investigate the
ability of PTHs to support all intracellular steps of the hepad-
navirus replication cycle. If so, this would provide a rational
basis for in vivo experiments aimed at artificially initiating
HBYV infection in this species.

None of the established methods for delivery of cloned HBV
DNA is ideal for in vivo applications. Naked DNA (45) and
liposomes (39) reach only a limited number of hepatocytes.
Recombinant baculoviruses are effective in cultured cells (10,
11), but the current vectors are subject to complement inacti-
vation in vivo. By contrast, replication-defective adenovirus
(Ad) vectors are widely used in gene therapy studies (2). They
infect various cells from different hosts, including resting cells;
they are relatively easily prepared at high titers by growth on
cell lines complementing their replication defect, such as the
human embryonal kidney line 293; and, with few exceptions
(40), they appear to be safe.

We therefore generated replication-defective Ad vectors
that carry complete HBV genomes under the control of the
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authentic regulatory elements (Fig. 1A). These Ad-HBV vec-
tors (Fig. 1B) were used to transduce PTHs, and the genera-
tion of viral gene products and virions was compared to that
observed in the human hepatoma cell lines Huh7 and HepG2.
Our data indicate that (i) Ad vectors can efficiently infect
primary hepatocytes from tupaias, (ii) transduction yields lev-
els of hepadnavirus structural proteins that are as high as or
higher than those obtained in human hepatoma cells, (iii) these
gene products assemble into replication-competent hepadna-
virus capsids that are released as complete virions, and (iv)
primary tupaia hepatocytes support the formation of viral
cccDNA.

MATERIALS AND METHODS

Cells and cell lines. The human hepatoma cell lines Huh7 and HepG2 were
grown under standard conditions as previously described (26). Cell densities at
confluency were around 1.2 X 107 cells per 10-cm-diameter dish. For preparation
of primary tupaia hepatocytes, animals from an in-house breeding colony were
anesthesized, and the livers were surgically exposed and perfused using a two-
step protocol as previously described (43). Cells were seeded on collagen I-
coated plates (Becton Dickinson) at a density of 4 to 5 X 10%10-cm-diameter
dish and maintained in BioCoat hepatocyte defined medium (Becton Dickinson).
Viability was usually around 70 to 90%. The cells could routinely be maintained
for at least 2 to 3 weeks.

Bacteria and plasmids. Plasmids were amplified in Escherichia coli Top10 cells
(Invitrogen), and homologous recombinations were performed in strain BJ5183
(8, 15). Shuttle plasmid pTG9530-HBV1.3 was generated by inserting, through
several steps, a 1.3X HBV genome (subtype ayw), starting at nucleotide position
2351 (with position 1 corresponding to the first nucleotide of the core gene [30]),
extending through a unit-length genome, and ending at position 88 after the
polyadenylation signal, into the unique Sall restriction site in plasmid pTG9530
(8). The shuttle plasmid pAdTrack-HBV1.3 was similarly constructed by inser-
tion of the same 1.3X HBV genome between the Sall and Xhol sites in plasmid
pAdTrack (15). The shuttle plasmids and the corresponding Ad backbone plas-
mids pTG4656 and pAdEasyl, containing Ad5 genomes with E1IA-E1B B plus
E3 deletions, were kindly provided by M. Lusky (Transgene, Molsheim, France)
and T. C. He (Howard Hughes Medical Institute, Baltimore, Md.).

Generation of recombinant Ads. Recombination between the shuttle and the
Ad backbone plasmids was performed essentially as described previously (8, 15).
For the pTG system, recombinants were preselected by colony hybridization
using an HBV-specific probe. Subsequently, the desired recombinants were iden-
tified by restriction digestion, usually after retransformation of the DNA mini-
preparations into Top10 cells to increase plasmid yields. Plasmid DNAs from one
well-characterized clone each were used to excise the Ad vector part using the
flanking Pacl restriction sites. Linear DNAs were transfected into 293 cells using
FuGENE 6 Reagent (Roche Diagnostics) according to the manufacturer’s rec-
ommendations. After 8 to 10 days, vector particles were released from the cells
by three freeze-thaw cycles, and the lysates were used to infect 293 cells (13).
After reamplification, the resulting Ad-HBV1.3 and AdGFP-HBV1.3 viruses
were concentrated by cesium chloride centrifugation. CsCl was removed by
passage through a NAP-25 gel filtration column (Amersham-Pharmacia). The
purified viruses were kept in storage buffer (10 mM HEPES [pH 7.4], 150 mM
NaCl, 1 mg of bovine serum albumin/ml, 40% glycerol) at —20°C as liquid stocks.
Physical titers were determined via absorbance at 260 nm, and infectious titers
were determined by plaque assays on 293 cells (13). The yields from 40 10-cm-
diameter dishes were usually between 3 X 10! and 11 X 10'! PFU per ml, with
physical titers being about 20-fold higher.

Infection of cultured cells. Cells were counted after trypsin digestion using a
hemocytometer. Virus stock aliquots containing the appropriate number of PFU
to obtain the desired multiplicity of infecton (MOI) were mixed with 2 ml of
Biocoat medium per 10-cm-diameter dish (PTHs) or with Dulbecco’s modified
Eagle medium (Huh7 and HepG2) and added to the cells. After 1.5 h at 37°C
with occasional rocking, the medium was added to 10 ml. Media were changed
every 2 days. Conditioned media were stored at 4°C. Cells were harvested at the
desired times, washed with TBS buffer (25 mM Tris-Cl [pH 7.4] 137 mM NaCl,
2.7 mM KClI) and stored at —80°C. The total protein concentrations in cell
lysates were determined using the Bradford assay (Bio-Rad).

Secretory HBV antigens. HBsAg levels were determined using the HBsAg
Monoclonal II enzyme-linked immunosorbent assay (ELISA) kit (Dade-Be-
hring). Total amounts of HBsAg were calculated by comparison with serial
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dilutions of a standard HBsAg-positive human serum (a gift of W. Gerlich,
University of Giessen). HBeAg was assayed with the IMx HBe 2 kit (Abbott) and
compared to positive and negative control sera provided by the manufacturer.

Intracellular replication-competent core particles. To release intracellular
cores, cells were resuspended in lysis buffer (50 mM Tris-HCI [pH 8.0], 10 mM
EDTA, 100 pg of, RNase A/ml, 0.7% NP-40) and incubated at 37°C for 15 min.
Nuclei and cellular debris were removed by centrifugation. To the supernatants,
Mg>" acetate (final concentration, 10 mM) and DNase I (final concentration,
500 wg/ml) were added, and the mixture was incubated at 37°C for 45 min to
digest nonencapsidated DNA. For native agarose gel electrophoresis, about 1%
of the lysate was loaded on a 1% agarose gel. The gel was blotted on a positively
charged nylon membrane (Roche Diagnostics) by capillary transfer in TNE
buffer (10 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA). After being
soaked in 0.2 N NaOH-150 mM NaCl and neutralized in 0.2 M Tris-HCl; (pH
7.5)-1.5 M NaCl (5 min each), the membrane was fixed by UV-cross-linking (1.5
J/em?) and briefly rinsed with water. HBV-specific nucleic acids were detected
with a digoxigeuin (DIG)-labeled probe obtained by random priming (DIG
labeling and detection kit; Roche Diagnostics) on a 3.2-kb EcoRI fragment
containing a complete linear HBV genome. Core protein was detected using the
polyclonal rabbit anti-HBcAg antiserum H800 (4) and a peroxidase-conjugated
secondary antibody with a chemiluminescent substrate (ECL-Plus; Amersham-
Pharmacia).

Extracellular HBV DNA. For enzymatic enrichment of HBV DNA contained
in enveloped particles, a procedure similar to a previously reported method was
used (44). In brief, particles from 5 to 20 ml of culture medium were precipitated
by 10% polyethylene glycol (PEG 8000) for 1 h on ice. After centrifugation, the
pellets were resuspended in 800 wl of 50 mM Tris (pH 8.0) and, after the addition
of Mg?™" acetate to a final volume of 5 mM, incubated with 750 g of pronase/ml
at 37°C for 1 h and then with 500 g of DNase I/ml. After 1 h, the samples were
adjusted to 15 mM EDTA, 0.5% sodium dodecyl sulfate (SDS) and 500 pg of
proteinase K/ml and incubated at 45°C for 1 h. After phenol extraction, the
liberated nucleic acids were precipitated with ethanol and resuspended in Tris-
EDTA (TE) buffer. For density gradient purification, the PEG pellets were
resuspended in 1.5 ml of TNE buffer and loaded on CsCl step gradients (five
steps, each of 2 ml, from 1.1 to 1.5 g/ml). After centrifugation at 32,000 rpm for
35 h at 4°C in a Kontron TST 41.14 rotor, 22 500-pl fractions were collected.
Densities were determined via the refractive index, and HBsAg concentrations
were determined by ELISA. For DNA extraction, appropriate gradient fractions
were diluted with 2 volumes of 50 mM Tris-Cl (pH 8.0), Mg>* acetate was added
to 5 mM concentration, and the samples were incubated with DNase I (500
pg/ml) and RNase A (200 wg/ml), followed by SDS-proteinase K treatment and
ethanol precipitation as described above. For Southern blotting, the same DIG-
labeled HBV probe described above was used.

Western blot analysis of HBV envelope proteins. Proteins from 5 pl of HBsAg-
positive CsCl1 fractions were separated by SDS-polyacrylamide gel electrophore-
sis (12.5% polyacrylamide, 0.1% SDS) and blotted to polyvinylidene difluoride
membranes (Bio-Rad). Individual envelope proteins were detected with the
following antibodies: human monoclonal antibody 4/7B (31), recognizing an
epitope around amino acids 178 to 186 of S protein (a gift of R. A. Heijtink,
Organon Teknika, Oss, The Netherlands); mouse monoclonal antibody S26 (25),
specific for an epitope around the motif QDPR in the pre-S2 region (provided by
V. Bichko, Scriptgen, Waltham, Mass.); and mouse monoclonal antibody
MA18/07 (16, 37), directed against an epitope close to the N terminus of the
pre-S1 domain (a gift of W. Gerlich). Detection was performed with peroxidase-
conjugated secondary antibodies and the ECL-Plus system.

Nuclear cccDNA detection. Episomal DNAs, including HBV cccDNA, were
prepared by a modification (J. Summers, personal communication) of a previ-
ously described protocol (49). In brief, cells were resuspended in lysis buffer
containing 0.2% NP-40, mixed with an equal volume of 0.15 N NaOH containing
6% SDS, incubated at 37°C for 20 min, and neutralized by adding 3 M K* acetate
(pH 5.5) to a final concentration of 0.6 M. After 30 min on ice, cellular debris and
chromosomal DNA were removed by centrifugation at 20,000 X g for 15 min at
4°C. After phenol extraction, soluble nucleic acids in the supernatant were
precipitated by adding 0.7 volumes of isopropanol. The pellets were resuspended
in 500 pl of restriction buffer 4 (New England Biolabs) containing 40 U of
Hpal/ml, 400 ng of RNase A/ml, and 300 U of Plasmid-Safe DNase (Epicentre
Technologies)/ml and incubated at 37°C for 4 to 6 h. Subsequently, a second
NaOH treatment was performed by adding 0.2 N NaOH to 0.05 N final concen-
tration. After 10 min at 37°C, the reaction was neutralized by adding 3 M K*
acetate to 0.6 M final concentration, the samples were extracted with phenol, and
nucleic acids were ethanol precipitated. Southern blot analysis was performed as
described above.
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RESULTS

Design and generation of recombinant Ad vectors carrying
complete HBV genomes. In order to test whether all HBV
control elements are functional in PTHs, we used 1.3X over-
length HBV genomes (subtype ayw) for generating the recom-
binant vectors. They imitate the circular HBV cccDNA as a
transcriptional template by having duplicated terminal regions
(Fig. 1B). The borders were essentially the same as those of an
overlength genome used to generate HBV-transgenic mice
that produce complete virions (14). The high liver specificity of
most of the authentic hepadnavirus control elements signifi-
cantly adds to the biosafety of the Ad-HBV vectors.

The previous tedious methods for generating recombinant
Ad vectors have been superseded by procedures in which ho-
mologous recombination between a small, manipulatable shut-
tle plasmid and a large Ad backbone plasmid is performed
entirely in a suitable E. coli strain. The resulting plasmid de-
rivative of the recombinant Ad vector genome is characterized
by conventional molecular biology methods, and transfection
of the excised vector genome into suitable eukaryotic cells
gives rise to a clonal population of Ad vector particles.

The vectors used in this study lack the E1A and E1B regions
essential for initiating Ad replication and, in addition, the E3
region involved in subverting the host’s immune response (46).
Their replication is therefore restricted to a complementing
cell line, such as 293. Two different systems were used. The first
was that reported by Chartier et al. (8). The 1.3X HBV DNA
was cloned into the shuttle plasmid pTG9530 and recombined
with the Ad backbone plasmid pTG4656 (Fig. 1). The second
was the AdEasy system (15), which utilizes a more advanced
antibiotic selection scheme and, in addition, provides an en-
hanced green fluorescent protein (GFP) cassette in the Ad
part. This allows for direct monitoring of virus production and
infection efficiency by fluorescence microscopy. The yields of
desired plasmid recombinants were variable with the first sys-
tem, sometimes requiring colony hybridization to identify sev-
eral potential positives within about 100 colonies. The second
system was more robust, yielding between one and four posi-
tives among 10 plasmids analyzed. One well-defined clone ob-
tained by each method was used to generate Ad-HBV1.3 and
its counterpart, Ad-GFP-HBV1.3 (Fig. 1B). After amplifica-
tion and concentration on CsCl gradients, both yielded infec-
tious titers on 293 cells in the range of 3 X 10" to 11 X 10"
PFU per ml.

Infection and Ad-HBV-mediated production of secretory
HBYV antigens in primary tupaia hepatocytes and Huh7 and
HepG2 cells. As a first test for successful transduction as well
as potential cytotoxicity, PTHs and Huh7 and HepG2 cells
were incubated with Ad-HBV1.3 and Ad-GFP-HBV1.3 at in-
creasing MOIs. All of the cells were similarly susceptible to
infection, since incubation at an MOI of 1 to 5 with the GFP
vector induced GFP expression in the majority of cells (not
shown). At higher doses, increasingly strong cytopathic effects
(CPE) became macroscopically visible within the first few days
postinfection (p.i.), eventually leading to the killing of most
cells. The dose inducing this fast CPE differed substantially
among the different cells and was also influenced by the vector
backbone. Ad-HBV1.3 was tolerated by PTHs at higher doses
(an MOI of 625) than those tolerated by Huh7 (MOI, 125),
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and HepG2 (MOL, 15) cells. Ad-GFP-HBV1.3 appeared to be
toxic to PTHs above an MOI of 25, while no significant differ-
ence in the toxicity of Ad-HBV1.3 was observed with Huh?7
and HepG?2 cells. A similarly high relative toxicity for PTHs
but not the hepatoma cell lines was also seen with a control
vector containing only a cytomegalovirus (CMV) promoter-
controlled GFP expression cassette (Ad-GFP) and a vector
carrying a CMV-driven WHV genome but not with a 1.3X
WHY construct (data not shown). This suggests that the CMV
promoter, in an unknown fashion, contributes to the increased
toxicity of the corresponding Ad vectors in PTHs.

The cultures were kept for up to 20 (PTH) or 30 (hepatoma
lines) days, and aliquots from the culture supernatants, col-
lected every 2 days, were analyzed by ELISA for HBsAg and
HBeAg. For HBsAg, absolute concentrations were estimated
by comparison with an HBsAg-positive standard serum. All of
the cells supported the production of both secretory antigens
(shown for PTHs and Huh7 cells [Fig. 2]). For the first few
days, HBsAg increased in a dose-dependent manner, except at
doses inducing fast CPE; this was particularly evident with
Ad-GFP-HBV1.3 in PTHs, where the lowest dose (MOI, 5)
gave the highest HBsAg titers (Fig. 2, middle-left graph). In-
fection of PTHs from the same preparation with Ad-HBV1.3
at an MOI of 25, by contrast, was again well tolerated and gave
very similar values. With doses not inducing fast CPE, HBsAg
expression peaked between days 4 and 10 p.i. and then de-
clined. The slope was steeper at relatively high MOIs that had
yielded higher antigen levels in the beginning. An accompany-
ing decrease in cell numbers may reflect the fact that pro-
longed infection with the Ad vector, while not immediately
killing the cells, still exerts a slow-acting CPE. However, the
remaining cells were difficult to count because they grew in
patchy islets; in addition, the metabolic activity and viability of
the primary cells is known to decrease after a few days in
culture.

As for the absolute amounts of HBsAg, PTHs gave clearly
higher maximum levels (up to 900 ng/ml/2 days) than the hu-
man hepatoma cell lines (up to 200 ng/ml for Huh7 cells and
up to 300 ng/ml for HepG2 cells), although the number of
PTHs per dish was two- to threefold lower. To account for a
potentially larger size and higher protein synthesis capacity of
the primary cells, we compared the total protein concentra-
tions in lysates from PTHs and Huh7 cells. PTHs consistently
gave values between 7 and 8 mg/ml of lysate from a 10-cm-
diameter dish, while the proliferating Huh7 cells yielded from
9 to 14 mg/ml. Hence, although the difference was less pro-
nounced, the maximum amounts of HBsAg remained higher in
PTHs than in Huh7 cells when normalized to total protein
rather than cell numbers.

The HBeAg profiles, in general, paralleled those obtained
for HBsAg, except that the maximum levels obtainable were
not higher in PTHs than in Huh7 cells.

These data showed that the HBV S promoter and the core
promoter-enhancer II responsible for transcription of the pre-
core mRNA directing HBeAg synthesis are active in PTHs.
The relatively higher production of HBsAg than of HBeAg in
PTHs may reflect differential promoter activities but could also
be influenced by the efficiencies of antigen secretion. The data
further suggested that the initial dose-dependent increase in
antigen production was due to an increased number of Ad
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FIG. 2. Dose dependence and time course of secretory HBV antigen production in transduced PTHs and Huh7 cells. Culture supernatants
from the indicated cells infected with various MOIs of Ad-HBV1.3 and Ad-GFP-HBV1.3 were collected every 2 days. Aliquots were analyzed by
ELISA for HBsAg (upper two rows) and for HBeAg (bottom row). HBeAg concentrations are indicated by S/N ratios (mean sample absorbance
minus the background absorbance [S] divided by the background absorbance [N]), with the values obtained for positive and negative control sera
indicated by the upper and lower dashed lines. Ad-GFP-HBV1.3 was much more toxic to PTHs than Ad-HBV1.3; hence, above an MOI of 5, the
HBsAg values decreased rather than increased (middle-left panel). By contrast, a parallel infection of the same cell batch with Ad-HBV1.3 (dashed

line) gave results similar to those obtained before.

vectors within one cell, which eventually reached a cytotoxic
level. Because the number of viruses infecting one cell follows
a Poisson distribution, it is plausible that the long-term-surviv-
ing cells at high MOIs were those that had received relatively
few copies. Similar bell-shaped curves, with an initial dose-
dependent signal increase and a subsequent decline due to
increased cell death, were seen in all later titration experi-
ments. Notably, during none of these experiments was any
spread of the replication-defective vector observed on either
type of cell either by plaque formation with Ad-HBV1.3 or
by an increase of GFP-positive cells with AAGFP-HBV1.3.
Hence, the presence of the entire HBV genome, including the

HBx gene, did not complement the replication defect of the Ad
vectors with E1A and E1B deleted.

Generation of intracellular replication-competent nucleo-
capsids. The formation of genome-containing nucleocap-
sids indicates the synthesis of functional pregenomic RNA
(pgRNA), core protein, and P protein (Fig. 1A). We therefore
compared intracellular nucleocapsid generation in PTHs and
Huh?7 cells transduced with both Ad vectors. In native agarose
gel electrophoresis (4), intact cores migrate as distinct bands.
After transfer to a membrane, core protein can be detected by
antibodies and packaged nucleic acid can be detected by hy-
bridization with an appropriate probe; while RNA may be
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core
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FIG. 3. Time course of replication-competent-nucleocapsid forma-
tion in transduced PTHs and Huh?7 cells. Nucleocapsids from cytoplas-
mic lysates of PTHs and Huh7 cells, infected at MOIs of 125 and 50,
respectively, with Ad-HBV1.3, were prepared at the indicated times,
subjected to gel electrophoresis in native agarose gels, and blotted on
nylon membranes. DNA and core protein were detected by chemilu-
minescence, using a DIG-labeled HBV DNA probe (upper gels) and a
core-specific antiserum (lower gels). M, DIG-labeled DNA marker,
with fragments sizes in kilobases indicated on the left; St, linear 3.2-kb
HBV genome; rec. core, 5 ng of particles from recombinant core
protein amino acids 1 to 149.

partially degraded, DNA is stable under these conditions.
When analyzed accordingly, intracellular nucleocapsids were
detected in both PTHs and Huh7 cells. The dose dependence
paralleled that of HBsAg and HBeAg production, with a sim-
ilar cell- and vector-typical decline at high MOIs because of
CPE. A time course for Ad-HBV1.3-transduced PTHs and
Huh?7 cells is shown in Fig. 3. The HBV DNA signals increased
sharply from day 2 to day 4 and then slowly declined. Detection
of core protein at the same positions indicated that the DNA
was encapsidated. A semi quantitative determination of the
DNA signals by densitometric scanning showed comparable
intensities for the samples from PTHs, corresponding to 1/100
of the lysate from three dishes (total cell count, 1.3 X 107), and
Huh?7 cells, corresponding to 1/100 of the lysate from one dish
(1.6 X 107 cells). Hence, nucleocapsid yields per dish, in con-
trast to HBsAg and in accord with HBeAg production, were
not higher in PTHs than in Huh7 cells but almost identical on
a per-cell basis. Therefore, it was evident that the tupaia cells
support generation of functional HBV pgRNA and that the
cell factors involved in nucleocapsid assembly (17) interact
productively with the HBV gene products.

Formation of extracellular enveloped virions in PTHs. Next,
we analyzed whether PTHs support HBV virion production.
The first assay exploited protection by the lipid envelope of
DNA in virions from the concerted action of pronase and
DNase, whereas naked DNA, and DNA in nonenveloped par-
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ticles, is digested. Virion DNA is subsequently isolated via
proteinase K-SDS treatment (22). Extracellular particles from
cells infected with increasing MOIs of Ad-HBV1.3 were con-
centrated by PEG precipitation. One part of each sample was
digested with EcoRI to linearize the relaxed circular (RC)
DNA, the major nucleic acid form expected in enveloped HBV
virions. Southern blotting (Fig. 4A) showed a prominent, spe-
cifically hybridzing band slightly above the 3.6-kb marker
whose intensity increased with vector dosage; the decrease in
the signal from an MOI of 125 to an MOI of 625 correlated, as
before, with increased CPE. Weaker bands in the undigested
samples corresponded to 3.2-kb linear HBV DNA and a faster-
migrating smear of immature HBV DNAs; the exact identities
of the bands at about 2.6 and 3.0 kb are not clear. In the top
region of the gel, small and slightly variable amounts of resid-
ual Ad vector DNA were visible. Upon EcoRI digestion, the
HBV RC-DNA band disappeared while the intensity of the
3.2-kb linear band increased as expected. The mobilities of the
bands appearing at about the 1.9- and 1.4-kb positions are
consistent with their being EcoRI cleavage products of linear
HBV DNA. The Ad-HBV1.3 vector should produce two HBV-
containing fragments of 2.6 and 27 kb, which were also visible.
Similar results were obtained with Huh7 cells (not shown).
These data suggested that PTHs are competent for HBV virion
formation.

The experiment was repeated in a time course fashion with
particles from supernatants collected from days 1 to 18 p.i. The
day 1 sample (Fig. 4B), containing the Ad-HBV1.3 inoculum,
showed a strong signal of the Ad vector, which at this high
concentration was only partially digested by pronase. Most but
not all vector particles were removed during subsequent me-
dium changes, as indicated by the continued presence of small
amounts of this band in later samples. From day 4 on, new
bands corresponding to HBV RC-DNA appeared, with a peak
at day 6. The day 18 signal is slightly more intense because
medium was collected for 4 rather than 2 days. Digestion of the
day 6 sample with Xhol generated a band comigrating with the
3.2-kb linear HBV DNA marker and a 1.7-kb band probably
derived from digestion of linear HBV DNA, plus the expected
HBV-containing Xhol fragments from the Ad vector. In ad-
dition, smaller, less distinct bands probably representing
replicative intermediates, such as single-stranded DNA, were
observed throughout (see below). These data indicated a con-
tinuous release of HBV virions from the PTHs for almost 3
weeks.

The presence of immature replicative HBV intermediates
with slightly varying mobilities and intensities at different time
points might have indicated varying degrees of maturation;
however, a more likely explanation, supported by the small but
detectable amounts of Ad vector DNA, was that complete en-
zymatic removal of DNA in nonenveloped particles was not eas-
ily controlled. To obtain independent physical proof for the
presence of intact virions, extracellular particles were subject-
ed to CsCl density gradient centrifugation, which separates
enveloped virions from nonenveloped cores and Ad vector par-
ticles according to their buoyant densities (around 1.24 and 1.35
g/ml, respectively). Because no protease treatment was included,
naked cores and the remaining vector particles were left intact.

The density and HBsAg profiles, and the distribution of
HBV-specific DNAs in the gradient, are shown in Fig. 5.
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FIG. 4. Enzymatic assay for enveloped HBV virion formation in PTHs. (A) Dose dependence. Particles in supernatants from PTHs transduced
with the indicated MOIs of Ad-HBV1.3 and collected on days 9 and 10 p.i. were PEG precipitated. Naked DNA and DNA in nonenveloped
particles was digested by pronase plus DNase. DNA from enveloped particles was subsequently released by proteinase K-SDS treatment. Aliquots
were loaded directly (lanes —) or after digestion with EcoRI (E. RI) (lanes +) and detected with a DIG-labeled HBV probe. M, DIG-labeled DNA
marker with fragment sizes in kilobases; St, linear 3.2-kb HBV genome. The positions of HBV RC-DNA and linear (Lin) DNA and of the
assignable HBV and Ad-HBV1.3 EcoRI fragments are indicated on the right. The arrows denote bands in the undigested samples whose exact
natures are not known. (B) Time course. Supernatants from PTHs transduced with Ad-HBV1.3 at an MOI of 100 were collected every 2 days as
indicated, except for the day 18 sample, which was collected over 4 days. Extracellular DNA was analyzed as for panel A. An aliquot from the day
6 sample was digested with X%ol (lane d6X Xho), which linearizes the circular HBV genome and generates a 1.7- plus a 1.5-kb fragment from linear
molecules. Ad-HBV1.3 produces two HBV-containing fragments of 4.3 and 2.7 kb. St, 50 pg of linear 3.2-kb HBV genome.

HBsAg was detectable in fractions 7 to 11, with a strong peak
in fraction 9 (density, 1.20 g/ml). Nearly pure RC-DNA was
present in fractions 9 to 12 (density range, 1.20 to 1.25 g/ml),
peaking in fraction 10 and therefore consistent with the pres-
ence of mature enveloped HB virions. A second peak occurred
in fractions 14 to 16 (density range, 1.31 to 1.37 g/ml), which
was accompanied, especially in the lower density fractions, by
faster-migrating nucleic acids. The presence of core protein
(not shown) indicated that they derived from naked cores at
various stages of maturation that were partially separated ac-

cording to their increasing DNA contents. Fraction 15 also
contained the bulk of the remaining Ad vector DNA at the
expected density. These data confirmed that PTHs are profi-
cient in the production of complete enveloped HBV virions
carrying largely mature DNA genomes.

HBsAg peak fractions from a similar gradient were also used
to directly test, by Western blotting, whether all three of the
HBYV envelope proteins, i.e., S, M, and L, were formed in the
tupaia cells. For comparison, the corresponding fraction from
an identical gradient loaded with particles from Ad-HBV1.3-
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FIG. 5. Physical separation of enveloped particles by density gradient centrifugation. Extracellular particles in the day 7 and day 8 supernatants
of PTHs transduced with Ad-HBV1.3 at an MOI of 100 were concentrated by PEG precipitation and centrifuged through a CsCl gradient. Because
no protease treatment was included, naked cores and Ad-HBYV particles were left intact. The density and HBsAg profiles are shown in the graph.
Subsequently, DNAs contained in fractions 7 to 18, covering a density range from 1.16 to 1.42 g/ml, were extracted and analyzed by Southern
blotting using a DIG-labeled HBV probe as described in the legend to Fig. 4. HBV RI, replicative intermediates; St, 50 pg of a 3.2-kb linear HBV

genome; M, DIG-labeled DNA marker with fragment sizes in kilobases.

transduced Huh7 cells was analyzed in parallel (Fig. 6). The
human monoclonal anti-S antibody 4/7B (31) detected similar
amounts of nonglycosylated (p24) and glycosylated (gp27) S
proteins in both samples. Of the additional slower-migrating
bands in the PTH sample, the 33-kDa band comigrated exactly
with the M protein band specifically detected in the pre-S2 blot
with the pre-S2-specific antibody S26 (37) and therefore may
represent M protein. By contrast, the two larger bands, at first
glance resembling the L proteins p39 and glycosylated gp42 in
the pre-Sl-specific blot developed with monoclonal antibody
18/07 (16), are probably nonspecific. The largest one runs more
slowly than gp42, and the second, though comigrating with
gp42, should also be present in the Huh7 lane, which, accord-
ing the pre-S1 blot, contained even more of both L proteins
than the PTH lane. The M protein patterns were slightly dif-
ferent in samples from human and tupaia cells, possibly re-
flecting some differences in the glycan moieties of the mono-
and diglycosylated forms (gp33 and gp36), while no obvious
differences were observed for the L proteins except for a
higher ratio of M to L protein in PTHs versus Huh7 cells.
Together, these data showed that tupaia hepatocytes support
the production of all structural HBV proteins and their assem-
bly into enveloped virions.

Primary tupaia hepatocytes support formation of HBV
cccDNA. Next, we analyzed the transduced PTHs, in parallel
with transduced Huh?7 cells, for the presence of cccDNA. The
procedure aimed at removing, as far as possible, other DNAs
that might give rise to bands that could be mistaken for
cccDNA, e.g., particle-borne replicative intermediates or frag-
ments from the Ad-HBV1.3 vector. To this end, the soluble
nucleic acids obtained after twofold SDS-NaOH treatment
were incubated with Plasmid-safe DNase (10), an ATP-depen-
dent nuclease that digests linear DNA much more effectively
than circular DNA, in particular covalently closed circular mol-
ecules, and in addition with Hpal, a restriction enzyme that
cuts the Ad-HBV vector but not HBV DNA.

A representative Southern blot, obtained with PTHs in-
fected with Ad-HBV1.3 at MOIs of 5 to 1,250, is shown in Fig.
7. All directly loaded samples showed two specifically hybrid-
izing bands; the one at about the 1.9-kb position comigrated
with the cccDNA form of a 3.2-kb pUC plasmid containing
about 500 nucleotides of HBV sequence (lanes St2); the sec-
ond, between the 3.6 and 4.8-kb markers, comigrated with the
open circular form of this plasmid. Incubation with Xhol,
which cuts once inside HBV cccDNA, generated a new band
comigrating with linear 3.2-kb HBV DNA (lane Stl). The
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FIG. 6. Comparison of HBV envelope proteins produced in PTHs
and Huh?7 cells. Secreted particles from Ad-HBV1.3-transduced PTHs
(lanes T; MO, 125; 9 ml of medium from days 7 and 8) and Huh7 cells
(lanes H; MOI, 400; 20 ml of medium from days 3 and 4) were
separated on similar CsCl gradients as shown in Fig. 5, and the pro-
teins from the HBsAg peak fractions were analyzed by Western blot-
ting with monoclonal antibodies specific for S (4/7B), pre-S2 (S26), and
pre-S1 (MA18/07); the apre-S2 and apre-S1 blots were obtained se-
quentially without intermediate stripping. Detection was performed
using a chemiluminescent substrate. The positions of protein size
markers (in kilodaltons) are indicated on the left, and the various
forms of the S, M, and L proteins are given on the right. The arrow
marks a doublet of bands in the T lane of the «S blot that superficially
resemble L proteins but are probably nonspecific.

weaker new bands after Xhol digestion, at 4.3 and 2.7 kb,
correspond to the only two Xhol fragments of the Ad-HBV1.3
vector that contain HBV sequences. Considering the extrac-
tion procedure, it was unlikely that the band migrating at the
nicked plasmid position corresponded to particle-borne RC-
DNA,; rather, it represented cccDNA that was nicked during
the harsh extraction procedure. This was corroborated by mix-
ing an aliquot of the plasmid DNA preparation (St2b) with
noninfected cells and taking it through the entire procedure
(St2a), which also increased the nicked DNA form. As ob-
served before, the initial dose-dependent increase in yield lev-
eled off at an MOI of about 125 and then declined because of
CPE. Qualitatively similar results were obtained with trans-
duced Huh7 cells (see below).

Somewhat surprisingly, the intensities of the Xhol-linearized
bands appeared stronger than the sum of the cccDNA plus
nicked forms in the nondigested lanes. This observation was
reproduced in many experiments, and further controls using
plasmid DNAs confirmed a selective underrepresentation of
the cccDNA signals, especially at low concentrations. Various
changes in the Southern blotting protocol had only minor ef-
fects on cccDNA detectability. Eventually, we found that a
different batch of agarose yielded improved results (see be-
low). Because linear DNA was not affected, a rough estimate
of the minimal number of cccDNA molecules produced could
be derived by densitometrically comparing the intensities of
the linear 3.2-kb Xhol product bands with that of the 50 pg of
the 3.2-kb HBV DNA marker (lane Stl) on the same gel.
Accordingly, the sample at an MOI of 5 contained about twice
as much DNA; for a 3.2-kb double-stranded DNA, 100 pg
correspond to about 3 X 107 molecules. At an average of about
5 X 10° PTHs, this translates into about six copies per cell. The
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stronger signals obtained with the samples at MOIs of 25 and
125 indicate that this number can be further increased.

Next, we monitored the time course of cccDNA generation
in PTHs infected with Ad-HBV1.3 an MOI of 100, this time
using a different batch of agarose that allowed better cccDNA
detection (Fig. 7B). A linear HBV genome (St1) and the same
HBV-containing plasmid used before (St2) taken through the
extraction (lane a) or directly loaded (lane b) served as con-
trols. Two bands corresponding to cccDNA and its nicked form
were weakly visible in the day 2 sample, increased at day 4, and
then declined. The day 6 sample was partially digested with
Xhol (lane 6X) to visualize the position of linear DNA; the
overall signal intensity was similar to that at day 4. As men-
tioned before, the number of viable cells started decreasing
around that time, certainly contributing to the decreased
cccDNA signals at later timer points. Together, these experi-
ments proved that PTHs are able to support the intracellular
HBYV amplification cycle.

As a control, we also analyzed cccDNA formation in Ad-
HBV1.3-transduced Huh7 cells. In this dose dependence ex-
periment (Fig. 7C), HindIII rather than Hpal was used during
the DNA preparations; this enzyme does not cut the HBV
genome but produces a single HBV-containing 7.5-kb Ad-
HBYV fragment which is further cleaved by Xhol into the same
4.3-and 2.7-kb fragments described above. In this experiment,
the Ad-HBYV vector DNA was only partially removed, leading
to a relatively high background at the higher doses. Nonethe-
less, an HBV-specific band migrating at about the 1.9-kb
marker position was clearly detectable; it disappeared upon
digestion with Xhol, while a new band became visible at the
3.2-kb position, indicative of cccDNA formation in the hepa-
toma cells. Although the high background made accurate de-
terminations difficult, densitometric scanning of various expo-
sures allowed for at least an approximate estimate of cccDNA
concentrations. Based on the 10- and 100-pg standards, these
ranged from slightly less than 5 pg with vector at an Mol of 5
over about 50 pg at an Mol of 25 to about 150 pg at an Mol of
125. Because one-half of the DNA preparation from 1.7 X 107
cells was loaded per lane, these values correspond numerically
to 0.2, 1, and 3 copies of cccDNA per Huh7 cell. While the
accuracy of these estimates is limited by the many steps in-
volved in sample preparation, they show that PTHs are cer-
tainly not less efficient in cccDNA formation than the human
hepatoma cells.

DISCUSSION

Tupaias would offer several advantages over the established
animal models if they could be efficiently infected with HBV or
a very closely related virus. At present, however, the evidence
for their in vivo susceptibility to HBV is, at best, indirect (48).
In vitro infection of cultured primary tupaia liver cells with
serum HBV is possible but inefficient (43). In its present form,
it does not appear suited for detailed studies of infection itself
or of antivirals, and the in vitro data cast doubt on the chances
of establishing an in vivo infection by this route.

The Ad-HBV vector-based delivery system described here
proved well suited to efficiently transduce complete HBV ge-
nomes into PTHs. As desired, the greatly increased amounts of
viral gene products allowed us to directly test whether tupaia
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FIG. 7. cccDNA generation in Ad-HBV-transduced PTHs and Huh7 cells. (A) Dose dependence in PTHs. Episomal DNAs were isolated at
day 7 p.i. from PTHs transduced with Ad-HBV1.3 at the indicated MOIs and further treated to remove most noncircular molecules. One-half of
each sample was directly loaded (lanes —), and the other half was loaded after incubation with Xhol (lanes +). HBV-specific DNAs were detected
with a DIG-labeled probe. St1, 50 pg of linear 3.2-kb HBV DNA; St2, 3.2-kb pUC plasmid containing about 0.5 kb of HBV sequence. St2b
contained 400 pg of directly loaded plasmid, and St2a contained 800 pg of plasmid that had been mixed with noninfected cell lysate and taken
through the entire extraction procedure. The arrowheads indicate the positions of HBV cccDNA and its nicked form. As we found out later, the
apparent signal increase after Xhol linearization was due to a specific cccDNA detection problem with the batch of agarose used in these
experiments. (B) Time course in PTHs. PTHs were infected with Ad-HBV1.3 at an MOI of 100, and episomal DNAs were isolated at the indicated
times. The sample from day 6 was partially digested with Xhol (lane 6X) to visualize the position of linear DNA. St1 and St2, reference DNAs
as described for panel A. (C) Dose dependence in Huh7 cells. Episomal DNAs from cells infected at the indicated MOIs with Ad-HBV1.3 were
analyzed as described above, except that during preparation HindIII rather than Hpal was used to cut DNAs not corresponding to HBV cccDNA.
HindIII digestion of Ad-HBV1.3 generates a single HBV-containing fragment of 7.5 kb whose further cleavage by Xhol gives the same fragments
as in panel A. The righthand gel shows a fivefold-shorter exposure of lanes 4 to 8, to resolve individual bands in the samples at an MOI of 125.
St1, reference DNA (10 and 100 pg) as in panel A.
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hepatocytes support all downstream events of the HBV repli-
cation cycle. This was indeed the case, as shown by the gener-
ation of complete HBV virions and nuclear HBV cccDNA in
amounts comparable to or higher than those obtained in hu-
man hepatoma cell lines. These data suggest the system will
also be useful for in vivo production of HBV in tupaias or
other potential hosts. Furthermore, the formation of HBV
cccDNA in PTHs demonstrates that the complete genomic
replication cycle from DNA to RNA and back is carried out.
The error-prone transcription and reverse-transcription steps
should allow for the relatively rapid generation of variant ge-
nomes and hence increase the chances for adapting HBV to
tupaias.

The Ad-HBYV vector system. A number of advantages led to
the widespread use of Ad vectors in gene therapy studies (2).
In addition, by intraveneous injection, they can be targeted to
the liver with reasonable specificity. We therefore chose this
system as a vehicle for the transduction of complete HBV
genomes. However, there are also potential disadvantages, in-
cluding the originally tedious generation of recombinants and
vector toxicity, at least at high doses (40). The new E. coli
recombination systems (8, 15) have greatly facilitated recom-
binant Ad vector production, and the viruses are derived from
easily characterizable plasmid clones. In our hands, and de-
pending on the system, between 1 and 40% of the bacterial
colonies contained the desired recombinant plasmids. It should
therefore be possible to generate, within a reasonable time,
vectors carrying HBV genomes with defined genetic alter-
ations. As for toxicity, the Ad vectors are certainly more cyto-
toxic than the recently described baculovirus vectors (10). They
induced dose-dependent CPE in all cells studied, although to
different extents. We did not thoroughly quantitate the cyto-
toxicity of individual vector-cell combinations, but approxi-
mate values can be inferred from the dose dependence of
HBsAg and HBeAg production (Fig. 2). The failure of an
increased vector dosage to increase antigen production plau-
sibly correlates with significant cytotoxicity, probably due to
the increased gene dosage by multiple infections of one cell.
Hence, the MOI giving the highest antigen level may be re-
garded as a guideline for the maximum useful dose. Notably, if
only short-term expression is required, much higher doses,
with correspondingly increased production of HBV gene prod-
ucts, may be employed.

Given that PTHs tolerated an MOI of at least 5 for Ad-
GFP-HBV1.3 and much higher doses of Ad-HBV1.3 and as-
suming a liver contains on the order of 10'" hepatocytes, there
are also few restrictions regarding the in vivo application of
these vectors. The current data do not allow us to propose a
specific mechanism for the increased toxicity of the GFP-en-
coding vector. However, the similarly high toxicity towards
PTHs, but not hepatoma cells, observed with two other CMV-
containing Ad vectors, including Ad-GFP without a hepadna-
virus genome, suggests an involvement of this strong promoter.
This does not rule out the possibility that cooperative effects
between Ad and hepadnavirus sequences and/or gene products
contribute to cytotoxicity.

The E1A-E1B deletion in the Ad vectors should require that
complementing cell lines be used for vector particle formation.
However, some safety concerns were raised by a report that a
cell line derived from transfection with an HBx expression
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construct could partially compensate for an E1A defect (34).
Because the X gene is present in our vectors, we carefully
monitored many experiments with HepG2 and Huh7 cells, as
well as with PTHs, for formation of plaques and, more sensi-
tively, for an increase in GFP-positive cells after infection with
Ad-GFP-HBV1.3. However, we never observed any spread of
the infection, except in 293 cells. This was also true in long-
term cultures, where even a poorly efficient complementation
should have become detectable. Notably, others also have
failed to detect a complementation by HBx when the Ad vec-
tor, as in our case, lacked both E1A and E1B (3, 24). While it
is possible that the HBx protein was not expressed in sufficient
amounts in our experiments, the data provide clear-cut evi-
dence that the presence of an intact HBx gene per se is not
sufficient to rescue the Ad vector defect.

Together, these data show that replication-defective Ad-
HBYV vectors provide an efficient and safe alternative for the
transfer of complete HBV genomes into a variety of perma-
nent cell lines and, importantly, primary cells, which are noto-
riously difficult to transfect. An added advantage over trans-
fection is that, at low MOIs, only one or few HBV genomes
rather than many copies per cell will be present.

Competence of primary tupaia hepatocytes for HBV virion
formation. As demonstrated, Ad-HBV-infected PTHs were as
proficient as human hepatoma lines for the synthesis of all viral
structural proteins, including P protein, and eventually virions.
Regarding the envelope proteins, the only discernible qualita-
tive difference between PTHs and Huh7 cells was a slightly
modified glycosylation pattern for the M protein. Quantita-
tively, with close to 1 pg of HBsAg per ml of supernatant
collected for 2 days, Ad-HBV1.3-transduced PTHs yielded
three to five-times-higher maximum levels of antigen than
Huh7 and HepG2 cells. This range is similar to that described
for baculovectors (10) at MOIs of 100 to 400 (about 1 pg per
3 ml of supernatant collected for 1 day) and about 100 times
more than the amount of HBsAg secreted by the permanent
HBYV expression line HepG2.2.15 (36). While these maximum
numbers also reflect the higher tolerance of PTHs for high
vector doses, increased HBsAg levels were also observed at
low-to-medium MOIs. These differences were more pro-
nounced when based on cell numbers but remained easily
detectable when based on total protein content. They cannot,
therefore, be explained solely by the larger size of the primary
cells.

The levels of HBeAg, by contrast, were not significantly
increased in PTHs over Huh7 cells. Possibly, the core promot-
er-enhancer II is not maximally activated in the tupaia cells.
While a definite conclusion will require quantitative mRNA
determinations, similar observations were made regarding nu-
cleocapsid amounts. Semiquantitative estimates suggest that
the yield of DNA-containing nucleocapsids per dish was about
threefold lower in PTHs than in Huh7 cells but similar on a
per-cell basis.

Irrespective of such quantitative considerations, PTHs clearly
supported the formation of nucleocapsids containing HBV-
specific nucleic acids and therefore of functional P protein.
That the originally packaged pgRNA has authentic ends is
demonstrated by the presence of HBV RC-DNA, whose syn-
thesis is strongly affected by even minor changes in the 5'-
terminal RNA regions (23). The generation of complete viri-
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ons carrying mature RC-DNA genomes was made likely by an
enzymatic procedure and was independently confirmed by den-
sity gradient separation of enveloped and nonenveloped par-
ticles. Hence, in contrast to WHYV in human cell lines, there
seems to be no species-specific impairment of HBV genome
maturation in tupaia cells.

The supernatants also contained naked cores. Such nonen-
veloped cores are often found after transfection of hepatoma
cells with efficient HBV expression constructs. Whether the
same unknown release mechanism is operating in the Ad vec-
tor-transduced cells is unclear because vector-mediated CPE
might also liberate intracellular cores.

HBYV cccDNA formation in primary tupaia hepatocytes. Be-
cause no cccDNA has been detected in HBV-transgenic mice,
an important objective of this study was to directly prove the
ability, or inability, of tupaia hepatocytes to support HBV
cccDNA formation. A potential contaminant was the Ad-HBV
vector, which is pertinent to the transduction system and, al-
though it does not replicate, remained detectable for extended
periods; another was particle-borne HBV DNA. RC-DNA in
particular would yield an indistinguishable linearization prod-
uct upon restriction digestion. We therefore used an extraction
method that counterselected against non-cccDNA molecules,
including RC-DNA, by double treatment with NaOH and, in
addition, with Plasmid-Safe DNase (10). The final products
were one band comigrating with a 3.2 kb-plasmid cccDNA
standard at about the 1.9-kb position and a second band at the
RC-DNA position. Both collapsed into a single 3.2-kb band
upon digestion with Xhol. Because the single Xhol site in HBV
lies outside the redundancy of the 1.3X HBV genome in the
Ad-HBYV vectors, they do not generate such a fragment. We
therefore conclude that the fast-migrating band indeed corre-
sponds to cccDNA while the second band represents a fraction
of cccDNA molecules that were physically nicked during ex-
traction. Consistently, a plasmid DNA preparation taken
through the entire procedure also showed an increased pro-
portion of nicked DNA.

Overall similar results were obtained with Ad-HBV1.3-
transduced Huh7 cells. Whether the nominally somewhat
lower cccDNA yields per cell in Huh7 cells versus PTHs are
significant remains to be determined because the relatively
high background made accurate measurements difficult. How-
ever, even if the results are interpreted conservatively, the
PTHs performed at least as well as the human hepatoma cells.
These results imply that hepatocytes from tupaias, in contrast
to those from mice, contain all of the host factors required
for the intracellular HBV amplification cycle. Alternatively,
though less likely, there may be differences between HBV
expression from an integrated transgene and that from an
episomal Ad vector-transduced genome. This issue is being
addressed by similar experiments with mouse and rat primary
hepatocytes.

Together, our data established transduction of HBV ge-
nomes with replication-defective Ad vectors as an effective
delivery method that may also find a use in applications cur-
rently requiring transgenic animals. With cultured cells, the
Ad-HBYV vectors are probably as useful as the recently intro-
duced baculovirus transduction system, but in addition, they
are directly suited for in vivo experiments. The ability of PTHs
to produce HBV virions and to support intracellular cccDNA
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formation and their at least low-level susceptibility to HBV
infection suggest that by using the Ad-HBV vectors it may be
possible to artificially establish HBV infections in these ani-
mals. A pilot experiment indicates that a long-lasting and high-
titer HBV antigenemia (with HBsAg levels above 10 pg/ml of
serum) can indeed by induced by intravenous injection into
newborn tupaias (S. Ren and M. Nassal, unpublished data).
While HBV production should be achievable in other species
as well, our data suggest that tupaias may be particularly suited
to support a true HBV infection. If HBV expression can be
maintained for sufficient periods, even a very low-level infec-
tion may ultimately enable the selection of HBV variants
adapted to this experimentally practical animal system.
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