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AIM: To construct a hepatitis B virus (HBV)-based vector
with a reporter gene and to establish an HBV infection
system to evaluate the availability of the vector.

METHODS: The HBV-based vectors with green
fluorescence protein (GFP) were packaged into the liver
of immunodeficient mice through transfer and helper
plasmid using hydrodynamic technology. Wild type HBV
(wt HBV) was provided by plasmid MC2009. Primary
human hepatocytes (PHH) were isolated and infected
with recombinant HBV (rHBV) or wt HBV. GFP expression
was monitored by confocal and flow cytometry. HBV DNA
and HBV surface antigen (HBSAg) were analyzed by PCR
and ELISA.

RESULTS: 3 x 10’ wt HBV copies/mL and 5 x 10° rHBV
copies/mL were collected from mice serum. In the wt
HBV infected group, HBV progeny was 2 x 10’ copies/mL
and HBSAg was 770 ng/mL. In the rHBV infected group,
GFP fluorescence was detected on d 3 post-infection
and over 85% of the parenchymal cells expressed green
fluorescence on d 12 post-infection. Compared with wt
HBV in the PHH infection system, no rHBV DNA or HBSAg
were detected in PHH culture media.

CONCLUSION: An effective HBV based vector was
developed, which proved to be a useful HBV infection
system. This vector and infection system can be applied
to develop a therapeutic vector and study the HBV life
cycle and viral pathogenesis.
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INTRODUCTION

The hepatitis B virus (HBV) belongs to the family
Hepadnaviridae and is the smallest DNA virus known'".
The HBV genome consists of a partially double-stranded,
relaxed circular DNA, which has a compact organization.
It employs widely overlapping open reading frames and
regulatory sequences”.

Despite the availability of a safe and efficient HBV
vaccine, HBV is still a major cause of infectious liver
disease throughout the world. While the majority of
acutely infected adults recover from this disease, chronic
HBYV infections remains a major public health problem,
affecting more than 350 million people worldwide.
Systemic administration of interferon has been the best
available therapy for chronic HBV infections for the past
2 decades; however, a sustained response is achieved in
only one-third of affected patientsm. Currently, nucleoside
analogues, such as lamivudine and adefovir, are new
treatment options that result in a rapid decrease in serum
HBV DNA, as well as an improvement of liver histology.
Unfortunately, these agents are associated with a rapid rate
of relapse and selection of resistant viral variants™.

As such, novel therapeutic alternatives are continually
being explored. One of the more attractive therapeutic
approaches involves the development of methods that
permit the selective delivery of genes into parenchymal
cells of the liver. While hydrodynamic injection can
result in a high level of transgene expression in the
liver, the combined effect of a large injection volume
and high injection speed can result in irregular hearty
function”. Further, few of the established viral vectors can
specifically target hepatocytesm. Because HBV is capable
of specifically targeting hepatocytes after inoculation
into the bloodstream and efficiently infects quiescent
hepatocytes, human HBV as liver-directed gene transfer
has been pursued for more than one decade. Recently, the
ability of recombinant HBV (tHBV) and duck HBV to

serve as vectors for a hepatocyte-specific gene transfer has
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been demonstrated”'”.

An appropriate and effective iz vitro infection system
that permits evaluation of antiviral drugs and the study
of the kinetics of the hepadenaviral infection, such as
replication and viral resistance, is very important yet
unavailable to date. This stems from the inability to
grow HBV in culture and the absence of a convenient
and reliable 7n vitro system to efficiently study different
mutations in the various stages of HBV replication and
their influence on viral pathogenesis.

Hepadnaviruses infect only the well-differentiated
primary hepatocytes of their specific hosts in cell
culture""!. Several cell modes based on HBV-related
hepadnaviruses, such as Pekin duck and Tupaia primary
hepatocytes, are presently available to assess antiviral drugs,
and to provide information about factors involved in the
establishment of HBV infection. Duck HBV (DHBV) is a
well characterized model system of hepadnaviral infection,
and cultures of primary duck hepatocytes (PDHs) can
be readily established and efficiently infected"”. There
are, however, significant differences between duck and
human hepatitis viruses. Most importantly perhaps is the
fact that, human HBV envelope polypeptides, the likely
mediators of entry, are N-glycosylated, whereas DHBV
envelope polypeptides are not. Thus, the degree to which
information from DHBYV applies to human HBV infection
may be limited"”.

Primary tupaia hepatocytes are susceptible to infection
with serum-derived HBV. The HBV infection of primary
tupaia hepatocytes develops slowly, and the virus life cycle is
not the same as HBV in human hepatocytes'*"”. Hepatoma
cell lines such as Huh7 and HepG2.2.15, and the HepaRG
cell line are known to be non-susceptible to HBV infection
but permit viral replication after artificial import of the
viral genome (e.g. transfection of cloned HBV DNA)!"',
Drawbacks to these transient transfections, inefficient
transfection and thereby produce low virus yields that
unavoidably vary from expetiment to experiment, since only
a fraction of the cells are transfected. This leaves a high
background of non-producer cells, and virus expression
ceases within a few days'"”. Although they ate difficult to
maintain in culture and become non-permissive for HBV
very quickly after plating, primary human hepatocytes (PHH)
are susceptible to infection with HBV™.

In light of the above-described challenges and
clinical importance of studying HBYV, the purpose of
this study was to establish an effective HBV infection
system including standard virus origin, and to construct
the HBV based vector with a reporter gene capable of
targeting hepatocytes naturally with high expression
without expressing viral DNA and protein. Ultimately,
this study will lay the foundation for the construction of
a therapeutic HBV vector and will permit the intensive
investigation of the HBV life cycle and viral pathogenesis.

MATERIALS AND METHODS

Animals

NOD/SCID mice were purchased from the Animal
center of Sun Yat-Sen University (GuangZhou, China).
All animals were maintained under specific pathogen-free

conditions on alternating 12 h light/dark cycles. Food and
watet were available ad libitum.

Isolation and culture of primary human hepatocytes (PHH)
PHH were isolated from fresh surgical specimens of
patients undergoing partial hepatectomy, with the informed
consent of each patient and the local ethics committee.
In all cases, patients were negative for HBV, hepatitis C
virus serologic markers and specific HBV-DNA sequences
(determined by PCR). Healthy human liver tissue samples
(3 cm X 3 cm X 2 cm) were placed on ice in Dulbecco's
modified Eagle's medium (DMEM) solution with 1%
Gentamycin (Sigma). Immediately after collection, the
liver tissue was treated by a two-step collagenase perfusion
procedure”!. Briefly, perfusion was initiated with the
preperfusion solution of D-Hanks balanced salt solution
(Sigma) containing 0.5 mmol/L ethylene-glycoltetraacetic
acid (EGTA, Sigma) and 50 mmol/L. HEPES heated to
37°C for 15 to 25 min at a flow rate of 20-40 ml./min,
then, continued with perfusion solution of F12 medium-
DMEM (Invitrogen) containing 0.05% collagenase type IV
(Gibco) and 5 mmol/L CaClz for 15-25 min at a flow rate
of 25-50 mL/min. After gentle mechanical dissociation,
the PHH were washed and separated by three successive
centrifugations at 50 X g, for 5 min each. The PHH were
subsequently resuspended in DMEM medium and viability
was assessed by trypan blue exclusion. After isolation,
1.0 X 10’ viable cells/cm” were seeded onto collagen-
coated culture plates (collagen type I, sigma) in medium
containing 8% fetal calf serum (FCS) and maintained at
37°C with 5% COa. Cell culture media were supplemented
with L-glutamine (5 mmol/L), HEPES (23 mmol/L,
pH 7.4), gentamycin (50 mg/mL), penicillin (50 TU/mL,
sigma), streptomycin (50 mg/ml, sigma), hydrocortisone
(4.8 mg/ml, sigma) and insulin (1 mg/mL, sigma). Culture
medium was changed at 3 h, then 12 to 16 h after seeding.
Medium was changed every 24 to 48 h thereafter, but
without the addition of serum®”.

Plasmid constructs

The DNA vector MC2009 contains 2 tandem copies of
the HBV genome by head to tail connection (Figure 1B),
This vector will produce wild-type (wt) HBV virus capable
of infection after injection into mouse liver, or delivered
to cultures of human hepatocytes. This vector can be used
to generate serum with a high titer of HBV to serve as a
standatd for this project.

The DNA vector MC2018, the helper plasmid (Figure
1C), is capable of expressing all HBV proteins, including
the large, middle, and small envelope proteins, the core
protein, and the polymerase. The DNA sequence is the
same as that in MC2009, except that it contains only
one copy of the HBV genome with a deletion of the
encapsidation signal € and direct repeats necessary for
reverse transcription and be derived by an ubiquitin
promoter (UB). Thus, the DNA vector MC2018 can only
provide HBV proteins needed for packaging in trans, but
is not able to generate a complete HBV virus™

DNA vector MC2013, the transfer plasmid (Figure 1D),
was obtained by replacing a DNA fragment containing
the small envelope gene (HBV position 1446 to 2347)
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Figure 1 Schematic representation of plasmid constructs. A: Plasmid constructs
used for the production of recombinant hepatitis B virus (rHBV)", (pgRNA
HBV = sinusoidal line; € = encapsidation signal; A (n) = poly A tail; CMV =
cytomegalovirus; UB= ubiquitin); B: The vector MC2009 contains 2 tandem
copies of HBV genome; C: The transfer plasmid DNA vector MC2013 obtained
by replacing a DNA fragment containing the small envelope gene (HBV position
1446 to 2347) with a PCR fragment encoding a fluorescence-enhanced green
fluorescence protein (€GFP), meanwhile, a DNA fragment encompassing the HBV
preS2/S promoter was substituted by a PCR fragment encoding UB promoter
which could drive transgene expression. A CMV promoter was introduced to
drive the expression of the UB.eGFP reporter expression cassette with the
HBV encapsidation signal, and premature stop codons were introduced into all
remaining HBV open reading frames; D: The helper plasmid MC2018 contains only
one copy of the HBV genome with a deletion of the encapsidation signal ¢ or direct
repeats necessary for reverse transcription. The UB promoter was introduced to
drive expression of HBV 1.2delEncap.

with a PCR fragment encoding a fluorescence-enhanced
green fluorescence protein (eGFP)". The DNA fragment
encompassing the HBV preS2/S promoter was substituted
by a PCR fragment encoding a ubiquitin promoter to
drive transgene expressionm]. A cytomegalovirus (CMV)
promoter was introduced to drive the expression of
UB, eGFP reporter expression cassette with the HBV
encapsidation signal and premature stop codons were
introduced into all remaining HBV open reading frames'"”.

Generation of HBV virions

Five ug of plasmid MC2009 was dissolved in a volume
of saline equivalent to 8% of the body mass of the target
mouse (i.e. 1.6 mL for a 20 g mouse) to obtain a working
solution. It was then injected into the tail vein of 6- to
9-wk-old NOD/SCID mice within 5-8 s, After 1 d,
blood (and ultimately serum) was collected from the
mice by cutting the mouse tail. The HBV DNA copies in
the mouse serum were determined by quantitative PCR
assay, Mouse serum containing wild-type HBV virus was
maintained at -20°C until use.

Preparation of recombinant HBV virions

Five pg of plasmids MC2013 and MC2018 (each) was
combined and diluted with saline to a volume equivalent
to 8% of the body mass of the mouse. This was then
injected into the tail vein of 6- to 9-wk-old NOD/SCID
mice within 5-8 s The number of recombinant HBV
(tHBV) DNA copes was determined by quantitative PCR.
The rtHBV was then purified from the mouse blood and
measured by a quantitative PCR assay on d 3 to 6 after
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injection, and stored until use.

Infection of PHH with HBV and rHBY

On d 2 post-seeding, PHH cultures were incubated with
wt HBV or tHBV. After infecting cultures overnight, the
PHH cells were washed three times, every third day, and
the culture medium was exchanged and collected for virus
product analysis to test the HBV infection of PHH iz
vitro, To detect the susceptibility of PHH to HBV, PHH
cultures were treated on d 12 post-seeding (using the same
method).

Detection of transgene expression

GFIP expression in PHH incubated with tHBV or wt HBV
were detected by confocal microscopy (Leica, Germany)
using a standard fluorescein isothiocyanate (FITC) filter
set with excitation by blue light (488 nm) on d 3, 6 and 12
post-infection.

Evaluation of the efficiency of transgene expression

To determine the efficiency of transgene delivery, PHH
cultures were analyzed by flow cytometry (BD FACSAria™
US) on d 12 after seeding. Liver parenchymal cells with
transgene expression were identified by GFP, Liver
sinusoidal endothelial cells were identified by acetylated
low-density lipoprotein (Alexa Fluor®594 AcLDL,
Invitrogen), and kupffer cells were identified by Dextran
conjugates (Carboxy-Q-Rhodamine, Invitrogen).

Analysis of viral DNA and proteins

HBV DNA in the culture medium was quantified using a
quantitative PCR assay (HBV-DNA detection kit, Da'an
company, China) according to the manufacturer's in-
structions. HBsAg in the supernatant of wt HBV-infected
or rHBV-infected PHH was determined using an ELISA
kit and the AxSYM system (Abbott Diagnostics, Chicago,
USA) according to the manufacturet's instructions.

RESULTS

Isolation and culture of PHH

PHH were isolated from fresh surgical specimens of liver
tissue. Mean cell yield was 5 X 107 cells/ g liver tissue with
80% mean viability. Morphology of typical PHH cultures
on d 30 post-seeding is shown in Figure 2A. PHH growth
was inhibited following the addition of DMSO, but
continued to grow when the DMSO was withdraw (data
not shown).

Production of Recombinant HBV and Wild type HBV
MC2009 DNA vector was delivered to NOD/SCID mice
using the hydrodynamic technique. On d 1 through 3
post-injection, no HBV DNA could be detected, whereas
after d 3 post-injection, HBV DNA levels were 3 X 10
copies/mlL.

MC2018 and MC2013 wete co-injected into NOD/
SCID mouse liver using hydrodynamic technology. It
was subsequently determined that tHBYV DNA could be
detected only on d 3 to d 6 post-injection. The average
amount of tHBV DNA detected was 5 X 10° copies/mL.
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Figure 2 Transduction of primary human hepatocytes (PHH) by the HBV-based
vector. PHH were infected with rHBV-GFP, a recombinant HBV that carries a GFP
gene under control of the UB promoter (described previously in Figure 1). A: Cell
morphology of PHH on d 30; B: GFP expression on d 3 post-infection; C: GFP
expression on d 6 post-infection; D: on d 12 post-infection; E: Transduction of PHH
demonstrated by an overlay of the fluorescence; F: Phase contrast of the same
field.

Gene transfer in PHH by rHBV vector

Infectivity of the rHBV particles was demonstrated by
incubating primary human hepatocytes with rtHBV at a
multiplicity of infection (moi) of 10 copies/cell for 24 h
on d 2 after plating. GFP fluorescence was clearly detected
on d 3 post-infection (Figure 2B), and cells expressing
GFP reached its maximum on d 12 post-infection (Figure
2D). This finding indicates that the HBV-based vector that
was generated can target liver cells and deliver the genetic
information in a 'natural' way.

The efficiency of transgene expression

In PHH cultures, 75.2% of the cells were GFP positive
(Figure 3B), 2% of the cells were identified as Kupffer
cells (Figure 3C), and 10.4% of the cells were liver
sinusoidal endothelial cells (Figure 3D). In addition,
cultures contained small amounts of red cells and debris.
Thus, nonparenchymal liver cells, which cannot be infected
by HBYV, accounted for only 12.4% of the total number
of cells up to d 12 after seeding. Of the 75.2% GFP-
expressing cells, over 85% of parenchymal liver cells were
infected by the tHBV, and stable GFP expression was
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Figure 3 PHH were detected by FACS. The purity of PHH cultures was analyzed
by identification of nonparenchymal and parenchymal liver cells on d 6 after
seeding. A: Control; B: FACS analysis of parenchymal liver cells with GFP; C:
FACS analysis of kupffer cells with Dextran conjugates; D: FACS analysis of liver
sinusoidal endothelial cells (LSEC) with acetylated low-density lipoprotein. The
population consisted of 10.4% AcLDL positive cells, 2% Carboxy-Q-Rhodamine
positive cells and 75.2% GFP positive cells, meaning that total parenchymal cells
is about 87.6%, approximately 85% of it were infected by HBV based vector with
GFP.

observed for up to 4 wk. These results strongly suggest
that the HBV-based vector has high infectivity to PHH
and a high efficiency of transgene expression.

Analysis the kinetics of HBV or rHBV infection in PHH
PHH cultures were incubated with mouse serum
containing wt HBV or tHBV at a moi of 10 copies/cell on
d 2 after plating. The cell culture media was collected every
3 d post-infection. In the wt HBV infected group, wt HBV
DNA copies were 1 X 10° to 2 X 10" copies/ml. (Figure
4A) and HBV surface antigen (HBSAg) was 175 to 770
ng/mL (Figure 4B). In contrast, tHBV DNA copies were
1 x 10" to 0 (Figure 4A) and HBSAg was undetectable at
all times (Figure 4B). Collectively, these results suggest that
the PHH system can be infected by wt HBV (with a time
constraint), and that the tHBV vector cannot express HBV
products in PHH.

DISCUSSION

Although PHH are difficult to maintain in culture for
HBYV infection, PHH are undoubtedly the ideal tool for
studying HBV infection and hepatotropic vectors. In the
present report, it was demonstrated that: (1) PHH cultures,
maintained under optimized PHH culture conditions, can
serve as a useful infection system for HBV in vitro; (2)
HBV from MC2009 are useful for HBV infection studies;
and (3) the constructed HBV-based vectors described
herein is highly efficient and safe.

The fundamental prerequisites for the viral life-cycle
include the ability to replicate the genome, and to produce
infectious progeny virions. At present, the major limitation
in studying HBV entry is the lack of an in vitro infection

www.wjgnet.com
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Figure 4 The efficiency of PHH infected with wt HBV or rHBV. PHH were infected
at a multiplicity of infection of 10 DNA-containing HBV particles/cell on d 1 post-
seeding, HBV DNA (A), and HBSAg (B) secreted into cell culture medium were
determined every 3 d after infection. The triangles denote PHH cells infected with
wt HBV, and squares denote PHH cells infected with rHBV. In the supernatant
from PHH infected with rHBV, no HBV DNA and HBsAg can be detected, meaning
that all viral gene were knocked out.

system capable of supporting the entire life cycle of
HBYV. Several systems derived from hepatoma cells have
previously been used to study HBV infections 7n vitro"*"",
Unfortunately, none of the described systems have proven
ideal. HPP cultures derived from liver explants have shown
to be susceptible to HBV infection, but infection occurs
in only 10% to 20% of the cells™. Further, infection
of PHH cultures is only for a limited amount of time
following explantation!""”.,

In this study, PHH were isolated from small pieces of
healthy liver tissue from patients and maintained under
optimized culture conditions. The PHH cultures survived
up to 10 wk. wt HBV DNA reached the level of 2 X 10
copies/mL, and HBSAg reached 770 ng/mL in PHH
cultures infected with wt HBV. Over 85% of parenchymal
liver cells were infected by tHBV. In previous PHH
systems and some hepatoma cell systems'**", high dose
DMSO (1.5%-2%) was used to enhance HBV infection
in vitro. In the present study, it was found that growth
of PHH cultures was seriously inhibited with addition
of DMSO, but continued to grow once the DMSO was
withdrawn. In addition, cell survival in the culture was
reduced by the addition of complement inactivated serum.
In our PHH system, cells lost their susceptibility to HBV
on d 12 after seeding. This suggests that the PHH system
has a time constraint and is consistent with prior reports'' ",

In previously described HBV infection systems”*",
HBYV virion was primarily prepared from the serum of
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chronic HBV patients, because this serum always carried
variant virus, HBV proteins and cccDNAP. Since these
products could falsify study results, the serum of chronic
HBYV patients was unsuitable for research on the HBV life
cycle. The construct MC2009 could solve this problem by
providing standard wild type HBV without accessory viral
products.

The goal of this study was to generate hepatocyte-
specific viral vectors, which only expressed the transgene
at a high level of expression. In addition, we wished to
completely eliminate HBV viral gene expression, and to
insert foreign promoter and functional transgenes of
at least 800 base pairs. In the transfer plasmid MC2013,
all viral genes were knocked out and endogenous HBV
preS2/S promotet was substituted by a UB promoter to
drive reporter gene eGFP expression. The expression of
UB. eGFP reporter expression cassette with the HBV
encapsidation signal was driven by a CMV promoter.
This helper plasmid can provide HBV proteins needed
for packaging in trans so that the mRNA is packed into a
recombinant HBV virion.

In PHH incubated with this tHBV virion, nearly
85% of parenchyma cells expressed GFP on d 12 post-
infection. The data from this study demonstrated that the
HBYV based vector can specifically infect liver cells, and
provides direct evidence that gene transfer into PHH by a
HBYV vector is possible. The data presented here go much
beyond earlier studies reporting the efficacy of transgene
expression: the use of the UB promoter leads to higher
GFP expression than the original preS2/S-and CMV-
promotersw’m]. In the vector created in this study, a greater
than 800 bp eGFP gene was inserted, This gene can
potentially be replaced with useful effector genes coding,
for example, specific antisense-RNAs or RNAI, or a large
number of immunomodulatory cytokines. This may result
in novel means of treating HBV infections in the future.
Given the high expression efficacy and larger inserts, this
study lays the foundation for construction of a therapeutic
HBYV vector.

If tHBV is to be used as a gene transfer vector, the
presence of wt HBV by homologous recombination is
a major safety issue. In the HBV system created here,
safety did not appear to be of concern: no HBSAg was
detected, only 1 x 10" HBV DNA were detected on d 3
post-infection, and no HBV DNA was detected on or
after d 6 post-infection. The identification of 1 X 10"
HBV DNA on d 3 post-infection might simply be residual
from the sample that was added. In the HBV system,
homologous recombination was possible either between
transfer and helper plasmids or in between the redundant
HBYV sequences of the helper plasmid”o’m. To avoid this,
all viral ORFs were knocked out in the transfer, and the
terminal redundant sequences were deleted to minimize
the possibility of transfer-helper recombination and to
abolish helper-helper recombination.

Despite the fact that the early steps of HBV infection
determine the virus-related pathogenesis, the molecular
basis of the steps remains pootly understood. Infection
begins with cell attachment, followed by entry and delivery
of the viral genetic information to the host cell's nucleus'.
In the absence of ideal cell and/or animal models for
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studying HBV infection, data concerning the eatly, post-
attachment steps in hepadnaviral entry are largely based
on studies performed with DHBV in primary duck liver
hepatocytes[zgj. In the infection system developed by this
research group, PHH can be infected naturally by HBV,
and the HBV-based vector with reporter gene GFP can
also easily enter the cell. As a result, this infection system
may provide a novel means of elucidating the molecular
basis of hepadnavirus infection.

In conclusion, we have established an HBV infection
system using PHH cultures, and constructed a HBV-
based vector with reporter gene. This HBV-based vector
and HBV infection system may lay the foundation for
developing a therapeutic vector and an effective tool for
studying HBV life cycle and viral pathogenesis.
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