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Primary cultures of intrahepatic bile duct epithelial (IBDE) cells isolated from duckling livers were suc-
cessfully grown for studies of duck hepatitis B virus (DHBV). The primary IBDE cells were characterized by
immunohistochemistry using CAM 5.2, a cytokeratin marker which was shown to react specifically to IBDE
cells in duck liver tissue sections and in primary cultures of total duck liver cells. Immunofluorescence assay
using anti-duck albumin, a marker for hepatocytes, revealed that these IBDE cultures did not appear to
contain hepatocytes. A striking feature of these cultures was the duct-like structures present within each cell
colony of multilayered IBDE cells. Normal duck serum in the growth medium was found to be essential for the
development of these cells into duct-like structures. When the primary cultures of duck IBDE cells were acutely
infected with DHBV, dual-labeled confocal microscopy using a combination of anti-DHBV core proteins and
CAM 5.2 or a combination of anti-pre-S1 proteins and CAM 5.2 revealed that the IBDE cell colonies contained
DHBV proteins. Immunoblot analysis of these cells showed that the DHBV pre-S1 and core proteins were
similar to their counterparts in infected primary duck hepatocyte cultures. Southern blot analysis of infected
IBDE preparations using a digoxigenin-labeled positive-sense DHBV riboprobe revealed the presence of
hepadnavirus covalently closed circular (CCC) DNA, minus-sense single-stranded (SS) DNA , double-stranded
linear DNA, and relaxed circular DNA. The presence of minus-sense SS DNA in the acutely infected IBDE
cultures is indicative of DHBV reverse transcriptase activity, while the establishment of a pool of viral CCC
DNA reveals the ability of these cells to maintain persistent infection. Taken collectively, the results from this
study demonstrated that primary duck IBDE cells supported hepadnavirus replication as shown by the de novo
synthesis of DHBV proteins and DNA replicative intermediates.

Hepatitis B virus (HBV) infection poses a major public
health threat in many countries where the infection is endemic.
Recent estimates revealed that there are approximately 350
million HBV chronic carriers worldwide, with over 1 million
deaths occurring annually from HBV-related diseases (2, 25).
Alpha interferon and lamivudine (a nucleoside analogue) are
the only approved treatments for chronic HBV infection. How-
ever, both treatment strategies are effective in suppressing viral
replication in only 30 to 40% of patients (10, 16, 21). There is
clearly a need to seek alternative antiviral treatment strategies
for this important disease.

Significant progress has been made in identifying potential
antiviral therapies for HBV disease. In this regard, duck HBV
(DHBV), a HBV-related avian hepadnavirus, has been used
extensively for the evaluation of new anti-HBV agents (38).
DHBV has proved a valuable replication and pathogenesis
model for HBV infection because it readily establishes a per-
sistent noncytopathic infection in ducklings in a manner similar
to that of perinatal HBV infection (39). Within the liver, the
relaxed circular (RC), the double-stranded linear (DSL), the
single-stranded (SS), and the covalently closed circular (CCC)

DNA replicative intermediates produced during productive
DHBV infection are similar to those of species found in HBV-
infected individuals (48). These hepadnavirus DNA replicative
intermediates serve as important markers during antiviral ther-
apy, as their level of expression is indicative of treatment suc-
cess (48).

To date, all antiviral agents tested against HBV have proved
virustatic rather than virucidal, with cessation of therapy re-
sulting in the return of all hepadnavirus replicative intermedi-
ates to at least pretreatment levels (7, 38). This relapse appears
to be due to the persistence of the hepadnavirus CCC DNA.
The CCC DNA, representing the transcriptionally active tem-
plate, exists in the nuclei of infected cells and is found as a viral
minichromosome (6, 31). This form of viral DNA does not
undergo semiconservative replication and therefore is not a
direct target for present antiviral agents. Thus, during antiviral
treatment the CCC DNA level in infected cells generally re-
mains stable (38).

Another contributing factor to the relapse phenomenon may
be the presence of hepadnavirus replication within the liver or
in extrahepatic sites where antiviral agents may be less effective
in cells other than hepatocytes (27, 28, 33, 34). Immunohisto-
chemical (IHC) and in situ hybridization (ISH) studies of tis-
sues derived from congenitally DHBV-infected ducks treated
with antiviral agents have shown the retention of virus in in-
trahepatic bile duct epithelial (IBDE) cells despite virus clear-
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ance from hepatocytes (24, 27, 28, 33–35). It has been postu-
lated that the inability of the antiviral agents to clear the virus
from IBDE cells has important implications for therapy, since
these cells may constitute an ongoing reservoir of replicating
virus that allows persistent infection in the liver and reinfection
of hepadnavirus-free hepatocytes after cessation of antiviral
therapy (23, 24, 27, 28, 33–35). IBDE cells are not the only
nonhepatocyte cells to harbor hepadnaviruses. Spleen cells,
pancreatic islet and acinar cells, and cells of the lymphoid
organs from infected humans (5, 9), Pekin ducks (14, 15, 27,
45), and woodchucks (13, 20) have all been shown to contain
and express hepadnavirus proteins and DNA. It is now well
established that replication of hepadnaviruses occurs predom-
inantly in hepatocytes, but it is not known whether active viral
replication occurs in other cells containing hepadnavirus mark-
ers. Studies in this area have been hampered by the lack of
suitable cell culture systems that can support hepadnavirus
replication. Recent technical advances in isolating primary cul-
tures of mammalian IBDE cells have allowed for such studies
to now be considered. While these cultures have been devel-
oped mainly as a model to study the pathophysiology of human
bile duct diseases (1, 3, 18), there is also a role for their
potential application in the studies of hepadnavirus replica-
tion. This study aimed to culture primary duck IBDE cells in
order to investigate whether they can support hepadnavirus
replication.

MATERIALS AND METHODS

Animals. Pekin-Aylesbury ducklings negative for DHBV were obtained from
a commercial supplier (Tegal, Sydney, New South Wales, Australia) with assis-
tance from Robert Dixon (University of New South Wales, Sydney, Australia).
The serum from each duckling was collected and tested for DHBV DNA by dot
blot hybridization as described previously (11). All protocols involving the use of
ducklings were approved by the Animal Experimentation Ethics Committee,
Royal Melbourne Hospital Research Foundation, Melbourne, Australia.

Enzymes and antibodies. Collagenase and hyaluronidase were purchased from
Worthington Biochemical Corporation, Lakewood, N.J., while pronase was ob-
tained from Roche Molecular Biochemicals, Mannheim, Germany. Monoclonal
antibodies to DHBV pre-S1 protein and to duck Kupffer cells were kind gifts
from J. Pugh (MicroBioTest Inc., Sterling, Va.), while rabbit polyclonal antibod-
ies to DHBV core protein were kindly provided by A. Jilbert (Institute of
Medical and Veterinary Science, Adelaide, Australia). CAM 5.2 and fluorescein
isothiocyanate (FITC)-conjugated CAM 5.2 were purchased from Becton Dick-
inson, Paramus, N.J. FITC-conjugated, tetramethyl rhodamine isocyanate
(TRITC)-conjugated, horseradish peroxidase (HRP)-conjugated, and alkaline
phosphatase (AP)-conjugated secondary antibodies were from Dako (Carpinte-
ria, Calif.). Texas red-conjugated anti-mouse immunoglobulins were purchase
from Pharmacia-Amersham, Uppsala, Sweden.

Isolation of duck IBDE cells. The procedure employed for the isolation of
IBDE cells is a modified method of Sirica and Gainey (40) (Fig. 1). Briefly, liver
from a 7-day-old duckling was surgically removed and perfused via the hepatic
vein as described previously (46). The liver was perfused with 0.05% (wt/vol)
collagenase in Dulbecco’s modified Eagle’s medium (DMEM) F/12 (Gibco-
BRL) supplemented with 100 U of penicillin/ml and 100 mg of streptomycin/ml
after flushing with Hanks balanced salt solution, pH 7.4 (Gibco-BRL), containing
50 mM EGTA. The collagenase-digested liver was then minced into small frag-
ments and allowed to incubate in DMEM F/12 containing 0.05% (wt/vol) colla-
genase and 0.05% (wt/vol) hyaluronidase for 30 min at 37°C. The minced tissue
was washed several times in DMEM F/12 and passed through a crude sieve to
obtain a total liver cell suspension. An aliquot of the cell suspension was pro-
cessed for primary hepatocyte culture (see below) while the rest of the hepato-
cytes in the total liver cells were lysed by incubation in 100 ml of 0.2% (wt/vol)
pronase in DMEM F/12 for 45 min at 37°C. DNase I was then added to a final
concentration of 100 mg/ml to digest released cellular DNA, which may cause cell
clumping. After incubation for a further 15 min, the enzymes were removed from
the cell suspension by several washes in DMEM F/12. The cells were then

resuspended in a minimal volume of medium and layered onto a Percoll (Phar-
macia) gradient comprised of 20 ml of 50% (vol/vol) and 5 ml of 90% (vol/vol)
isotonic Percoll. The gradients were centrifuged at 15,000 rpm for 15 min at
room temperature (RT) in a JA20 Beckman centrifuge to separate lysed hepa-
tocytes and other cell debris from the nonparenchymal cells. Cells banding lower
down the 50% Percoll gradient were collected, washed, and overlaid onto a
second gradient comprised of 2.5 ml of 30% (vol/vol), 2.5 ml of 50% (vol/vol), 2.5
ml of 70% (vol/vol), and 1 ml of 90% (vol/vol) isotonic Percoll; Percoll density
marker beads were also layered on top of a parallel gradient. The gradient was
centrifuged at 2,000 3 g for 15 min at RT, and cells banding at each Percoll
interface were collected, washed, and resuspended in growth medium, which was
DMEM F/12 containing 5% (vol/vol) fetal calf serum, 100 mg of soybean trypsin
inhibitor/ml, 0.02% (wt/vol) glucose, 450 ng of hydrocortisone 21-hemisuccinate/
ml, 13 insulin-transferrin-selenium (ITS)-A supplement (Gibco-BRL), 100 U of
penicillin/ml, 100 mg of streptomycin/ml, 1.5% (vol/vol) dimethyl sulfoxide
(DMSO), and 1.5% (vol/vol) duckling sera (virus-free). Cells found banding at
each Percoll interface were designated from the top to the bottom of the gradient
as fractions F1 (1.04/1.06 g/cm3), F2 (1.06/1.08 g/cm3), and F3 (1.08/1.11 g/cm3).
The cells from each interface were seeded onto 12-well plates (Nunc) and
coverslips (12-mm diameter) which had been thinly coated with rat tail collagen
according to the manufacturer’s instructions (Collaborative Research Products,
Bedford, Mass.). The cells were maintained by medium changing every second
day.

Primary duck hepatocyte cultures. For primary cultures of duck hepatocytes,
an aliquot of total liver cells from the above-mentioned IBDE cell isolation
procedure was overlaid onto a Percoll gradient comprised of 30% (vol/vol), 50%
(vol/vol), and 90% (vol/vol) isotonic Percoll. The gradient was centrifuged at
2,000 3 g for 10 min at RT. A yellow layer of cells banding at the 50% and 90%
Percoll interface was collected, washed several times in growth medium, and
seeded onto 12-well plates and coverslips (12-mm diameter). The culture me-
dium was changed every second day.

Acute DHBV infection. The primary duck hepatocytes or primary IBDE cells
at day 1 of culture were inoculated with 100 viral genome equivalents (vge)/ml of
DHBV (Australia strain) derived from pooled duckling sera (4, 12). The cells
were incubated for 2 h with occasional rocking prior to the addition of growth
medium. At appropriate times postinfection (p.i.), cells were harvested for the
analysis of viral proteins and DNA replicative intermediates.

Preparation of labeled probes. A full-length clone of the Australian strain of
DHBV in the plasmid pT3T7 was used as template for the generation of a
digoxigenin (DIG)-labeled riboprobe (37). The riboprobe containing DIG-la-
beled UTP was synthesized using the DIG RNA labeling kit (Roche Diagnostics,
Sydney, Australia) according to the manufacturer’s protocol. The riboprobe
generated with T7 polymerase in the reaction mix detects the minus strand of
DHBV DNA.

Detection of DHBV replicative intermediates. The procedures for extraction of
DHBV total DNA and CCC DNA have been described previously by Luscombe
et al. (27). For hepadnavirus CCC DNA analysis, 0.5 ml of lysis buffer (50 mM
Tris-HCl [pH 8.0], 1 mM EDTA, 150 mM NaCl, 1% [wt/vol] sodium dodecyl

FIG. 1. Schematic diagram of the method used for the isolation of
IBDE cells from duckling liver.
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sulfate [SDS]) was added to the cell culture to lyse the cells, followed by the
addition of 2.5 M KCl to a final concentration of 0.25 M. The resultant insoluble
protein complex was removed by centrifugation. The viral DNA was then ex-
tracted using phenol:chloroform (1:1) and precipitated with ethanol. For total
DHBV DNA analysis, cells were disrupted in Tris lysis buffer (20 mM Tris [pH
7.5], 150 mM NaCl, 10 mM EDTA, and 0.5% [wt/vol] SDS), digested with 100
mg of proteinase K/ml for 2 h at 50°C, and processed for viral DNA extraction
as described above.

Assay of DHBV virions from culture medium. DHBV DNA in virions secreted
into the culture medium was assayed by the pronase-DNase I method (22).
Infected culture medium was collected at various days p.i. and centrifuged for 5
min at 10,000 3 g to remove cellular debris. The clarified medium was then
incubated in 0.5 mg of pronase/ml for 1 h at 37°C to degrade free nucleocapsids.
Viral DNA released from the degraded nucleocapsids was removed by the
addition of magnesium acetate to a final concentration of 6 mM, followed by
digestion in DNase I (at a final concentration of 50 mg/ml) for 30 min at 37°C.
Secreted virions were lysed by the addition of EDTA and SDS to a final con-
centration of 10 mM and 0.5%, respectively. DNA was then extracted and
prepared for Southern blot analysis.

Immunoblot assay. The method for protein analysis was essentially that de-
scribed by Lin et al. (24). Briefly, protein samples in Tris lysis buffer separated on
a SDS–12% (wt/vol) polyacrylamide gel electrophoresis (PAGE) gel were trans-
ferred onto a nylon membrane (Amersham, Little Chalfont, United Kingdom).
The blot was air dried prior to being blocked with 3% (wt/vol) skim milk in PBST
buffer (phosphate-buffered saline [PBS] in 0.3% [vol/vol] Tween 20) for 1 h at
RT. The blot was then incubated with primary antibodies diluted in PBST
followed by reactivity with the appropriate HRP-conjugated secondary antibody.
An enhanced chemiluminescence (ECL) system (Amersham) was employed as
the protein detection system and was used according to the manufacturer’s
protocol.

Southern hybridization. DNA was subjected to gel electrophoresis and pro-
cessed for Southern hybridization as described previously by Luscombe et al.
(28). The DNA was transferred onto nylon membranes (Roche Molecular Bio-
chemicals) and baked for 30 min at 120°C. The hybridization and detection
methods specified by Roche Molecular Biochemicals were employed. Briefly, the
membrane was prehybridized for 2 h in a solution containing 50% (vol/vol)
deionized formamide, 53 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.5% (vol/vol) Sarkosyl, 1% (wt/vol) SDS, and 2% (wt/vol) blocking
reagent (Roche Molecular Biochemicals). The DIG-labeled riboprobe was then
added, with hybridization proceeding overnight at 42°C. After hybridization, the
membrane was washed twice with 0.1% (wt/vol) SDS in 23 SSC for 15 min and
then twice with 0.1% (wt/vol) SDS in 0.53 SSC for 30 min at 50°C. For ECL
detection of the DIG-labeled DNA, the membrane was incubated in blocking
solution (1% [wt/vol] blocking reagent [Roche Molecular Biochemicals], 0.1 M
maleic acid [pH 7.5], and 150 mM NaCl) for 1 h at RT followed by the addition
of anti-DIG-AP (Roche Molecular Biochemicals) diluted 1:20,000 in blocking
solution. After 30 min of incubation at RT, the membrane was subjected to two
15-min washes in washing buffer (0.1 M maleic acid [pH 7.5], 150 mM NaCl, and
0.3% [vol/vol] Tween 20). After equilibrating the membrane in detection buffer
(0.1 M Tris [pH 9.6] and 100 mM NaCl) for 5 min, CDP-Star (Roche Molecular
Biochemicals) diluted 1/100 in detection buffer was added to the membrane. For
detection of the chemiluminescent signal, the membrane was exposed to Fuji
medical X-ray film. DIG-labeled DNA Molecular Weight Marker VII from
Roche Molecular Biochemicals was used as a marker for hepadnavirus DNA
replicative intermediates.

IFA. Coverslip cultures were fixed with absolute methanol for 5 min at RT or
with cold ethanol:acetic acid (3:1) for 5 min. Alternatively, the cells were fixed in
2% (wt/vol) paraformaldehyde in PBS, pH 7.3, for 20 min and then permeabil-
ized with 0.1% (vol/vol) Triton X-100 for 30 min. Fixed cells were processed for
immunofluorescence assay (IFA) as described previously (29). Briefly, the cells
were incubated in blocking buffer (1% [wt/vol] bovine serum albumin in PBS) for
30 min at RT and then incubated with primary antibody for 1 h at RT. After
several washes in PBS, the cells were reacted for 1 h at RT with the appropriate
secondary-conjugated antibody diluted in blocking buffer containing Evans Blue
(Dako). For double-labeling studies, the procedure was repeated with the ap-
propriate antibodies. Coverslip preparations were mounted in fluorescent
mounting medium (Dako) and viewed with a Zeiss Axioskop or a Bio-Rad MRC
1024 laser confocal system attached to a Zeiss microscope. Image collection
parameters were adjusted to minimize cross-channel leak-over and tested using
appropriate single- and double-labeled preparations. Photographs were taken
using Kodak Ektachrome film.

IHC. Duck liver tissue was processed for IHC as described previously (27).
Alternatively, coverslip cultures were fixed in 100% (vol/vol) methanol and

processed for IHC. To remove endogenous peroxidase, cells were incubated in
1% (vol/vol) H2O2 in PBS for 10 min. The antibody reaction conditions were as
described for IFA. Following HRP or AP reaction with diaminobenzidine (DAB)
(Dako) or Fast Red (Sigma), the cells were rinsed with PBS, counterstained with
Mayer hematoxylin, mounted in Clearmount (Zymed, South San Francisco,
Calif.), and viewed with an Olympus BHS microscope. Photographs were taken
using Kodak Ektachrome film.

RESULTS

Characterization of the primary culture of duck IBDE cells.
CAM 5.2, comprising antibodies to cytokeratin, is a reliable
marker for duck IBDE cells (27, 28, 34). In this study, the
specificity of CAM 5.2 was investigated using duck liver, kid-
ney, and pancreas tissue sections and primary coverslip cul-
tures of total duck liver cells. In duck liver tissue sections
processed for IHC, only the cytoplasm of duck IBDE cells in
the liver tissue section were positively stained with CAM 5.2;
no hepatocyte staining was evident (Fig. 2A). Furthermore,
cells in duck pancreas and kidney tissue sections were not
stained with CAM 5.2 (results not shown). When primary cov-
erslip cultures of total duck liver cells were processed for IFA,
CAM 5.2 staining was observed as fluorescent filaments in the
cytoplasm of epithelium-like cells; these fluorescent cells com-
posed a small proportion (,10%) of the total liver cell popu-
lation (Fig. 2B). Hepatocytes, which were easily recognized by
their characteristic morphology, showed no detectable fluores-
cence (Fig. 2B). Presumably, the fluorescent staining cells de-
tected in the primary liver cell culture corresponded to the
CAM 5.2-positive cells detected by IHC in liver tissue sections
(Fig. 2A) and therefore represented IBDE cells. It must be
noted that there are a wide variety of commercially available
cytokeratin markers with known reactivity to mammalian
IBDE cells (19, 40). However, most were found not to react
with duck IBDE cells in liver tissue sections or in primary duck
liver cultures (results not shown).

The primary culture of duck IBDE cells was established
following isolation of nonparenchymal cells from the total liver
cell population. Hepatocytes were lysed by pronase digestion
following collagenase and hyaluronidase perfusion of the duck
liver. Lysed hepatocytes were removed from the pronase-
treated cells by employing a two-step Percoll gradient proce-
dure as described in Materials and Methods (Fig. 1). The
majority of the cells which stained positive for CAM 5.2, as
determined by IFA, were recovered at the 1.04/1.06 g/cm3

density interface; these cells were cultured and referred to as
primary duck IBDE cells. Although some CAM 5.2-positive
cells were detected in other fractions, they generally contained
a high proportion of cells that stained positive for desmin (a
marker for Stellate cells) when cultured. In addition, these
cultures generally became overgrown with fibroblasts and were
not used in this study. To determine whether hepatocytes have
been removed by the pronase-Percoll gradient method, cover-
slip cultures of primary duck IBDE cells were processed at day
2 of culture for IFA using antibodies to duck albumin, a
marker for hepatocytes. Cytoplasmic fluorescent staining was
not detected in primary IBDE cultures using the anti-duck
albumin (Fig. 3A), although cytoplasmic fluorescent staining
was observed in parallel primary duck hepatocyte (PDH) cul-
tures (Fig. 3B). Based on this analysis, it appears that the
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primary duck IBDE culture preparations did not contain con-
taminating hepatocytes.

The growth characteristics of the primary duck IBDE cul-
tures were investigated by IHC using CAM 5.2. Although the
cells were plated to ensure 80% confluency, only 30% of the
cells were adherent to the plate despite cell viability of 90% as
determined by trypan blue exclusion assay. At 2 to 3 days of
culture, positively stained CAM 5.2 cells were readily observed
as cell clusters with the nuclei generally located at the basal

region (Fig. 4A); a lumen was readily observed in these cell
clusters. By day 5 of culture, these cells had formed colonies
comprising multilayered cells, often with duct-like structures
(Fig. 4B); approximately 30% of the culture comprised these
distinct IBDE cell colonies. The primary IBDE cultures were
maintained for 12 days, after which time the majority of the
colonies were no longer positive for CAM 5.2. A common
observation during the culture of IBDE cells was the detection
of an epithelium-like cell monolayer among the IBDE colo-
nies, usually observed after day 5 of culture. When examined
by IHC using CAM 5.2, anti-desmin, anti-Kupffer, or anti-duck
albumin, the monolayer was generally found to be negative for
these markers (results not shown).

An important finding was the requirement of normal duck

FIG. 2. Reactivity of CAM 5.2 to duck IBDE cells. (A) Duck liver
tissue sections were processed for immunoalkaline phosphatase stain-
ing as described in Materials and Methods. After reactivity with the
substrate, Fast Red, the tissues were counterstained with Mayer’s
hematoxylin. Pink precipitates were detected in the cytoplasm of bile
duct cells (arrows); no precipitates were detected in hepatocytes. (B)
Primary cultures of total liver cells at day 2 of culture were fixed in
100% methanol for 5 min and processed for IFA using CAM 5.2.
Fluorescent filaments were detected in approximately 10% of the total
liver cells (solid arrows); these fluorescent cells were epithelium-like in
morphology. Fluorescent staining was not observed in hepatocytes
(open arrow) which were identified by the characteristic polygonal
morphology; hepatocytes appeared dull red because of the Evans Blue
stain.

FIG. 3. Characterization of primary cultures of duck IBDE cells
and PDHs by IFA using polyclonal antibodies to duck albumin. Cov-
erslip cultures of primary duck IBDE (A) or PDH cultures (B) were
fixed with cold ethanol:acetic acid (3:1) for 5 min at day 2 of culture
and processed for IFA using a 1/200 dilution of goat anti-albumin.
After reaction with FITC-conjugated anti-goat immunoglobulin G
containing Evans Blue, the cells were mounted and viewed. Cytoplas-
mic fluorescent staining was not detected in the primary IBDE cultures
(A, arrow) but was detected in parallel cultures of PDHs (B, arrow).
IBDE cells in panel A appeared red because of the Evans Blue coun-
terstain.
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FIG. 4. Phenotypic characterization of the primary duck IBDE cultures. At various days of culture, coverslips of primary IBDE cultures were
fixed in 100% methanol for 5 min and processed for immunoperoxidase staining using CAM 5.2. After reactivity with the substrate, DAB, the cells
were counterstained with Mayer’s hematoxylin. Cytokeratin staining was detected as dark brown precipitates in the cytoplasm of cells at 2 (A and
B) and 5 (C) days of culture. (A and B) Early in culture, IBDE cells grew as cell clusters which often contained a lumen (arrow). (C) By day 5
of culture, duct-like structures (arrow) were observed in IBDE colonies.

7655



sera (virus-free) for the development of IBDE cells into mul-
tilayered colonies. Early attempts to culture these cells without
the use of duck sera in the growth medium resulted in a
monolayer culture. Although IBDE cells were detected at day
2 as determined by IHC using CAM 5.2, these cells did not
develop into IBDE colonies with duct-like structures. The
monolayer IBDE culture that formed lost CAM 5.2 reactivity
(results not shown).

DHBV proteins in infected primary IBDE cultures. To char-
acterize the replication of DHBV in primary IBDE cells, the
cells were acutely infected with positive duckling sera contain-
ing approximately 100 vge/ml. These studies were performed in
parallel with acutely infected PDH cultures isolated from the
same duck liver. IHC, IFA, and immunoblot assays were em-
ployed to characterize the DHBV proteins in the respective
primary cultures. In IHC preparations using antibodies to
pre-S1 and DAB as substrate, brown cytoplasmic staining was
detected in DHBV-infected PDHs (Fig. 5A) and DHBV-in-
fected IBDE cell colonies (Fig. 5B) at day 11 p.i. Brown cyto-
plasmic staining was not detected in mock-infected PDHs (Fig.
5C) or mock-infected IBDE cells (Fig. 5D). Interestingly, the
epithelium-like cell monolayers of unknown identity which
were observed later in the DHBV-infected IBDE culture did
not appear to contain pre-S1 proteins (Fig. 5B).

To determine whether the cells that expressed hepadnavirus
proteins were indeed IBDE cells, studies using dual-labeled
IFA were performed. DHBV-infected primary IBDE coverslip

cultures were processed for dual-labeled IFA using a combi-
nation of anti-DHBV core/CAM 5.2 or anti-pre-S1/CAM 5.2.
Confocal microscopy analysis of preparations dual labeled with
anti-DHBV core proteins and CAM 5.2 demonstrated cyto-
plasmic TRITC (Fig. 6A) and FITC staining (Fig. 6B), respec-
tively, within the same cells. Two distinct fluorescent staining
patterns were observed within the same cells; DHBV core
proteins appeared as diffuse cytoplasmic TRITC staining (Fig.
6A), while CAM 5.2 exhibited striated fluorescent staining
indicative of cytokeratin staining (Fig. 6B). Parallel studies
using mock-infected cultures showed that fluorescent staining
was not detected in cells reacted with anti-DHBV core but was
observed with CAM 5.2 (results not shown). To ensure that the
lack of anti-DHBV core staining in the mock preparation was
not due to poor detection produced by the weaker TRITC
fluoroprobe, parallel dual-labeled studies were performed
where the fluoroprobes were switched such that the stronger-
emitting FITC fluoroprobe reacted with anti-DHBV core
while the TRITC fluoroprobe reacted with CAM 5.2. In these
studies, FITC staining was not detected (Fig. 6C), while
TRITC staining was observed as fluorescent filaments (Fig.
6D) in mock-infected IBDE cells. Thus, these findings con-
firmed the specificity of the anti-DHBV core.

In preparations processed for dual labeling using anti-pre-
S1/Texas red-conjugated secondary antibody (Fig. 6E) and
FITC-conjugated CAM 5.2 (Fig. 6F), DHBV-infected IBDE
cells containing both fluoroprobes were detected. Thus, these

A B

C
D

FIG. 5. Detection of DHBV pre-S1 in PDHs or primary cultures of IBDE cells acutely infected with DHBV. Coverslip PDH or IBDE cultures
were infected with DHBV-positive duckling sera (A and B) or mock-infected as described in the Materials and Methods (C and D). At 11 days
p.i. the cells were fixed in 100% methanol and processed for immunoperoxidase staining using anti-pre-S1. Cells were counterstained with Mayer’s
hematoxylin. Pre-S1 proteins were found localized in the cytoplasm of DHBV-infected PDHs (A) or in the cytoplasm of DHBV-infected IBDE
cell colonies (B, arrow) as seen by the brown cytoplasmic staining. No pre-S1 staining was observed in mock-infected PDHs (C) or mock-infected
IBDE cells (D).

FIG. 6. Colocalization of DHBV proteins and CAM 5.2-specific proteins in acutely infected or mock-infected primary cultures of IBDE cells.
DHBV-infected (A and B) or mock-infected primary cultures of IBDE cells (C and D) were dual labeled with anti-DHBV core proteins (A and
C) and CAM 5.2 (B and D) followed by staining with the appropriate TRITC-conjugated (A and D) and FITC-conjugated (B and C) secondary
antibodies. DHBV-infected IBDE cell cultures were also dual labeled with anti-pre-S1/Texas red-conjugated secondary antibody (E) and
FITC-conjugated CAM 5.2 (F). (A and B) Clusters of cells (arrows) emitting both TRITC and FITC signals can been seen in the IBDE colonies.
Bars, 50 mm.
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studies revealed that infected primary duck IBDE cells com-
prised CAM 5.2-positive cells that expressed DHBV pre-S1
and core proteins.

The DHBV proteins in the infected primary IBDE cultures
were characterized further by immunoblot assay with parallel
studies performed using DHBV-infected PDH preparations.
In immunoblot assays, the DHBV core and pre-S1 proteins in
DHBV-infected IBDE lysates migrated as a doublet of 34- to
36-kDa (Fig. 7A) and 36- to 38-kDa (Fig. 7B) species, respec-
tively. These pre-S1 and core protein migration patterns were
similar to those observed for DHBV-infected PDH prepara-
tions (Fig. 7A and B). Although the pre-S1 in the IBDE prep-
aration was only detected by day 11 p.i., core proteins were
detectable by day 7 p.i., with an increase in protein through to
day 11 p.i. There were considerable difficulties in lysing in-
fected IBDE cells for separation by SDS-PAGE gel analysis.
Initial attempts to detect viral proteins in primary IBDE cul-
tures using conventional methods (27) were unsuccessful.
IBDE cells harvested in Tris lysis buffer containing 0.5% SDS
required mechanical dissociation by being passed several times
through a 25G needle followed by a cycle of freeze-thaw before
SDS-PAGE analysis; this procedure was not necessary for
DHBV-infected PDH preparations. The difficulties in lysing
IBDE cells may be a reflection of the differences in membrane
composition between biliary cells and hepatocytes (32),
whereby the biliary cells may be more resistant to detergent
treatment.

DHBV replicative intermediates in acutely infected primary
duck IBDE cultures. During active DHBV replication, the
viral RC DNA, DSL DNA, minus-polarity SS DNA, and CCC
DNA are detected in infected primary duck hepatocyte cul-
tures. To determine whether these viral DNA replicative in-
termediates were present within DHBV-infected primary duck
IBDE cells, infected cultures were harvested at various times

p.i. and processed for Southern blot analysis using a DIG-
labeled DHBV riboprobe that hybridizes to the antisense (mi-
nus strand) viral DNA strand. In preparations processed for
total DHBV DNA analysis, three distinct virus-specific DNA
bands corresponding to the DHBV RC DNA, DSL DNA, and
minus-polarity SS DNA were detected in infected primary
duck IBDE preparations. The three viral replicative forms
were detectable by day 4 p.i. and increased in quantity as

FIG. 7. Immunoblot analysis of primary cultures of IBDE cells
infected with DHBV. Parallel studies were performed with DHBV-
infected PDH cultures. Duck IBDE cells or PDH cultures were in-
fected with DHBV-positive duckling sera, and at various times p.i. the
cells were harvested and processed for immunoblot analysis using
anti-core proteins (A) and anti-pre-S1 (B).

FIG. 8. Detection of DHBV DNA replicative intermediates in in-
fected duck IBDE cells or culture medium. Parallel studies were per-
formed in DHBV-infected PDH cultures. At various days p.i., cells or
culture media were harvested and processed for total DNA or CCC
DNA analysis. Ten micrograms of DNA was loaded on each lane. A
minus-strand DIG-labeled DHBV riboprobe was used. (A) Detection
of RC, DSL, and SS DNA in all preparations of DHBV-infected IBDE
or PDH cells processed for total DNA analysis. (B) Detection of RC,
DSL, and CCC DNA in preparations of DHBV-infected IBDE or
PDH cells processed for CCC DNA analysis. (C) DHBV CCC DNA in
infected IBDE or PDH preparations remained as a supercoiled species
after the respective DNA preparations were boiled for 1 min and
quenched on ice prior to gel analysis. (D) Detection of RC DNA
extracted from culture medium of DHBV-infected IBDE or PDH
cultures. For panels A through C, M represents DIG-labeled DNA
molecular size markers; for panel D, M represents a full-length cDNA
of the Australian strain of DHBV removed from the plasmid pT3T7 by
digestion with EcoRI.
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infection progressed (Fig. 8A). This was similarly observed in
parallel studies using infected PDH cultures; no differences in
DNA banding patterns were observed between the IBDE and
PDH preparations.

The viral CCC DNA was also detected in both the infected
IBDE and PDH cultures (Fig. 8B). The intensity of the CCC
DNA band also increased as infection progressed. The DHBV
CCC DNA from both the IBDE and PDH preparations re-
mained a supercoiled species even after the DNA preparations
were boiled and quenched prior to loading onto the gel, con-
firming their identity (Fig. 8C).

To determine whether virus particles were secreted in in-
fected IBDE cultures, the culture medium was harvested at
various days p.i. and assayed for enveloped virus. Parallel stud-
ies were performed for infected PDH cultures. The viral RC
DNA extracted from IBDE culture medium was detected at
day 12 p.i. (Fig. 8D), while the corresponding DNA extracted
from the PDH preparations was detected as early as day 5 p.i.
(Fig. 8D).

DISCUSSION

In this study, primary duck IBDE cells were successfully
grown and maintained in culture following isolation from
duckling liver. The IBDE cells were identified using CAM 5.2,
a monoclonal antibody to cytokeratin that has previously been
shown to be a reliable marker for duck bile ducts (27, 34). An
important aspect to the culture of IBDE cells for the studies of
hepadnavirus replication was to ensure the removal of hepa-
tocytes that may interfere with the interpretation of the data.
The use of pronase treatment in the lysis of hepatocytes fol-
lowed by their removal by isotonic Percoll gradient centrifu-
gation appeared sufficient for this purpose. IFA studies using
anti-duck albumin, a marker for hepatocytes (1), demonstrated
the absence of hepatocytes in the IBDE cultures.

A striking feature of the primary duck IBDE cultures was
the duct-like structures present within each colony of multilay-
ered cells (Fig. 4). These were observed as open ducts or
enclosed ducts (Fig. 4 and 6). Similar duct-like appearance was
reported by Sirica and Gainey (40) in the culture of primary
IBDE cells isolated from rat livers. Methods for the primary
cultures of mammalian IBDE cells isolated from rat, mouse, or
human livers are well documented, and a number of strategies
have been developed that allow cells to be maintained in cul-
ture (for a review see reference 1). Some have highlighted the
need for inclusion of growth factors, such as insulin, epidermal
growth factor, forskolin, bovine pituitary gland extract, bovine
fetal serum, and triido-L-thryronine, for the promotion of cell
proliferation and the maintenance of biliary epithelial pheno-
type (8, 17, 44). Other investigators have drawn attention to
the importance of hepatocyte growth factor because of its
potent mitogenicity for epithelial cells (41). Most have empha-
sized the requirement for collagen gel support for the mainte-
nance of cellular phenotype.

Despite such measures, many studies have only established
growth of primary mammalian IBDE cells as monolayer cul-
tures rather than as three-dimensional duct-like structures. For
the duck counterpart described in this study, the addition of
normal duck and fetal bovine sera, DMSO, ITS solution, and
hydrocortisone in the culture medium appeared sufficient to

stimulate proliferation of biliary cells into duct-like structures
without the addition of other growth factors. Duck sera were
found to be essential for the development of duct-like struc-
tures in primary IBDE cultures. Presumably there are as-yet-
unidentified growth factors in the duck sera that stimulated the
differentiation of duck IBDE cells. The inclusion of DMSO
into the culture medium was found to be necessary in inhibit-
ing the growth of fibroblast, while the addition of ITS and
hydrocortisone appeared to promote cell proliferation. Al-
though mammalian IBDE cultures required a collagen support
gel for phenotypic maintenance, this was not necessary for the
primary duck IBDE cultures; culture plates were coated only
with a thin layer of rat tail collagen to aid cell adherence rather
than to provide cellular support.

The growth characteristic of primary duck IBDE cells shown
in this study appeared similar to that described for the mam-
malian counterparts (17, 30, 40). The organization of duck
IBDE cells into clusters containing a lumen early in culture
(Fig. 4A and B) appears similar to that reported by Mano and
colleagues in the culture of mouse cholangiocytes (30). It is
likely that these IBDE cells developed into the multilayered
cell colonies containing duct-like structures observed later in
culture (Fig. 4C). In addition, these duck biliary cells were of
a density similar to that of the mammalian bile duct cells (36).
The primary duck IBDE could be maintained for 12 days, after
which time there was significant loss of biliary phenotype as
determined by the decrease in intensity or loss of CAM 5.2
staining. Also evident during the later stages of culture was the
proliferation of epithelium-like cells that grew as a monolayer.
The monolayer did not appear to represent Stellate or Kupffer
cells, as shown by the lack of reactivity to the respective anti-
body markers. It is likely that these cells represent dedifferen-
tiated IBDE cells that have lost the characteristic phenotypic
marker but retained the capacity to proliferate (43).

This study is the first to report on the characterization of
primary culture of duck intrahepatic biliary cells and the de
novo synthesis of DHBV proteins and replicative intermedi-
ates. Only CAM 5.2 staining cell colonies were found to con-
tain de novo synthesized viral proteins as demonstrated by
dual-label confocal microscopy studies. Importantly, DHBV-
infected primary IBDE cells cultured in growth medium with-
out duck sera formed monolayer cultures that did not contain
hepadnavirus proteins and DNA. In contrast, parallel infected
PDH cultures grown in the absence of duck sera demonstrated
the presence of hepadnaviral markers (results not shown). It
must be noted that duck serum is not required for the growth
of duck PDH cultures for DHBV studies (39). Thus, primary
duck IBDE cultures grown as a monolayer did not support
hepadnavirus replication. Interestingly, these observations fur-
ther confirmed the apparent absence of hepatocytes in the
DHBV-infected IBDE cultures.

This study demonstrated that the hepadnavirus proteins and
DNA replicative intermediates detected in infected duck bili-
ary cells were similar to their counterparts in infected PDHs.
In terms of the DNA replicative intermediates, the presence of
negative-sense SS DNA in infected IBDE cells is indicative of
DHBV reverse transcriptase activity, while the presence of
CCC DNA indicates that infection can be established in these
cells. For PDHs, persistent DHBV infection is dependent on
the maintenance and regulation of the transcriptionally active
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CCC DNA pool via a proposed intracellular conversion path-
way (42, 47). There may be a role for such a pathway in
infected IBDE cells, as there is clearly a pool of CCC DNA in
these cells.

The findings from this study show that the intrahepatic bile
duct can serve as an important site for hepadnavirus replica-
tion in the liver. These findings would suggest that hepadna-
virus proteins and DNA detected in IBDE cells of liver tissues
derived from in vivo studies (24, 27, 34) represent reservoirs of
active viral replication. The susceptibility of bile ducts to virus
infection is not unique to hepadnaviruses. Recent studies on
hepatitis C virus (HCV) have demonstrated HCV replication
in primary cultures of human extrahepatic bile duct, i.e., gall-
bladder epithelial cells (26). For both HCV and the hepadna-
virus, the extent to which infected bile ducts are involved in
intrahepatic spread of the virus and maintenance of viral per-
sistence remains to be elucidated.
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