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Entry of duck hepatitis B virus (DHBV) is initiated by specific interaction of its large envelope protein (L)
with a cellular entry receptor, recently identified as carboxypeptidase D (CPD; historically gp180). In this
report, we present evidence demonstrating that this receptor is down-regulated as a result of DHBYV infection:
(i) receptor levels determined by Western blot were much reduced in DHBV-infected duck livers and unde-
tectable by immunostaining in infected cultured hepatocytes; (ii) results from metabolic labeling experiments
indicate enhanced receptor protein turnover; (iii) the kinetics of receptor loss from newly infected cells
correlated with the accumulation of newly synthesized viral protein; (iv) expression of DHBV L protein,
transduced from a recombinant adenovirus, was sufficient to eliminate gp180/CPD from the Golgi compart-
ment, its normal predominant location; (v) gpl180/CPD remained absent from the Golgi compartment in
infected hepatocytes, even after overexpression from a recombinant adenovirus, while residual amounts
subsequently became detectable in a perinuclear compartment, containing DHBV L protein; (vi) expression of
DHBYV L protein in a HepG2 cell line, stably expressing gp180/CPD, leads to incomplete receptor maturation
and induces its degradation. Taken together, these data are consistent with a model in which the virus receptor
interacts early in the biosynthetic pathway with the viral L protein, leading to its retention in a pre-Golgi
compartment and to subsequent degradation, thus preventing receptor interference with the export of DHBV
via the secretory pathway which it shares with its receptor. Accordingly, and analogously with receptor
down-regulation in retroviral systems, DHBV receptor down-modulation may account for the much-reduced
efficiency of DHBV superinfection of preinfected hepatocytes.

Viruses enter their host cells after specific interactions with
cell surface receptors. While these molecules allow attachment
and entry of the virus, they have been evolutionarily selected
for not interfering with virus production during the later stages
in the replication cycle. Furthermore, infected cells should be
largely protected from superinfection, allowing progeny virus
to efficiently spread to other, yet-uninfected cells. Some vi-
ruses, such as measles virus (26), influenza virus, classical ret-
roviruses (17), and lentiviruses (11, 23), have evolved mecha-
nisms to circumvent these problems by down-regulating their
cellular attachment receptors upon infection. Influenza virus,
for example, encodes an enzyme, neuraminidase, to clip sialic
acid residues off glycoproteins present along the secretory
pathway and on the surface of infected cells. On the other
hand, simple retroviruses, which do not possess accessory pro-
teins, use their envelope glycoproteins to form a complex with
their receptor in the endoplasmic reticulum (ER), leading to
the retention of the receptor and subsequent degradation (6).

Hepatitis B viruses (HBVs) (hepadnaviruses) are small, en-
veloped DNA viruses, causing acute or chronic hepatitis in
infected animals (10). These viruses have a narrow host range
and show distinct liver tropism. Since the medically relevant
human HBYV entry studies are hampered by the lack of an
appropriate infection system (7), the duck HBV (DHBV)
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model has been widely used to experimentally investigate he-
padnaviral entry. With this system, a block in superinfecting
DHBV-infected cells or test animals has previously been no-
ticed (J. Pugh and J. Summers, personal communication), and
more recently this effect was quantified as an approximately
20-fold reduction in infectibility in DHBV-expressing primary
duck hepatocytes (24). However, the mechanism for the ob-
served infection interference and the fate of the entry receptor
in infected cells have not been addressed.

Studies from several groups have led to the identification
and characterization of the primary receptor molecule, the
duck carboxypeptidase D (CPD; historically termed gp180),
which is used by avian hepadnaviruses to attach to and to enter
the host hepatocytes (3, 4, 18, 21, 22, 28-31). Unlike most virus
receptors, gp180/CPD is not enriched at the cell surface but is
located in the trans-Golgi, from where it functions by cycling to
the plasma membrane and back (3, 4, 9, 32). At the plasma
membrane, gpl80/CPD binds with high affinity to a distinct
region within the pre-S ectodomain of the DHBV large (L)
envelope protein (4, 29-31). The virus is subsequently coen-
docytosed together with its receptor and fuses with an internal
membrane, presumably as a consequence of interaction with a
(yet unknown) species-specific fusion receptor (3, 4, 29).

In the study reported here, we have examined the fate of the
DHBYV entry receptor upon virus infection and found that
gp180/CPD is down-regulated upon virus infection and that
this process is mediated by synthesis of the large viral envelope
protein. This receptor modulation most likely contributes to
the superinfection interference observed for hepadnavirus in-
fection.
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MATERIALS AND METHODS

Viruses and antisera. DHBV-containing sera from ducks, infected 1 day post-
hatching with clonal DHBV-16, were collected to yield a virus pool with a titer
of about 10'%/ml. Construction and production of recombinant adenoviruses
(lacking the E1 and E3 regions) encoding gp180/CPD were described previously
(3, 15). An adenovirus expressing the DHBV L protein was generated using a
shuttle plasmid, pAD-CMV-DL, containing the following relevant sequences:
the 5’ inverted terminal repeat and the encapsidation signal of adenovirus type
5 (Ad5S) spanning nucleotides 1 to 461, an expression cassette of the DHBV large
envelope gene (DHBYV positions 727 to 815) (27) under the direction of the
cytomegalovirus (CMV) immediate-early promoter, and nucleotides 3322 to
5778 of Ad5. Recombinant adenovirus Ad-CMV-L was produced by homologous
recombination in 293 cells after cotransfection with plasmid pJM17, which con-
tains a complete Ad5 genome with the E1 gene replaced by BR322 DNA.
Adenovirus isolates were plaque purified, expanded on 293 cells, and character-
ized by restriction enzyme digestion.

Rabbit anti-gp180/CPD antisera were each generated by three consecutive
intramuscular and subcutaneous injections of 0.5 mg of the respective antigen
mixed with Freund’s complete (first injection) or incomplete (further injections)
adjuvant. The antiserum D886, used for immunostaining and as purified immu-
noglobulin G (IgG) for immunoprecipitations, was raised against the extracel-
lular domain of gp180/CPD in the native state (30). For the generation of
antiserum D887 for Western blotting, we used a denatured fragment of gp180/
CPD (amino acids Valg,; to Val;,,;), which was expressed and purified as a
hexahistidine fusion protein from Escherichia coli (2). TGN46 antiserum was
purchased from Biozol/Serotec; antiserum D084 recognizing the DHBV L pro-
tein (25) was kindly provided by Christa Kuhn.

Cell culture and infection experiments. Primary duck hepatocytes (PDHs)
were prepared and cultured as described elsewhere (16). The HepG2.18 cell line,
stably expressing gp180/CPD under control of the CMV promoter, was gener-
ated by Hiiseyin Sirma by cotransfection of HepG2 cells with plasmid pC-myc-
gp180 (4) and a plasmid expressing neomycin resistance. After clonal selection
with G418, cells were maintained in Dulbecco modified Eagle medium (DMEM)
(4.5 g of glucose per liter) containing G418 (80 wg/ml), 10% fetal calf serum, and
nonessential amino acids. Cells to be analyzed with the confocal microscope were
plated on collagen-coated, chambered cover glass (Nunc). For in vitro DHBV
infection, 8 X 10° cells, cultivated for 3 to 8 days in 12-well plates, were infected
with 4 X 107 to 8 X 107 DNA-containing DHBV particles (as determined by
DNA dot blot) and incubated overnight. After removal of the inoculum, cells
were washed twice. At various time points cells were harvested and the proteins
were analyzed by Western blotting. For transduction with recombinant adeno-
viruses encoding DHBV L protein (Ad-L) or green fluorescent protein (Ad-
GFP), the hepatocytes were incubated overnight with about 5 X 10° or 1 X 10®
expression-forming units (determined on 293 cells) per 10° cells for immuno-
staining and biochemical analysis, respectively. These cells were analyzed 6 days
postinfection as described below. For adenovirus infections in Fig. 6, DHBV-
infected and uninfected cells were incubated overnight with about 107 GFP-
expressing units of the recombinant gp180/CPD-expressing virus per 10° cells.
Cells were analyzed 4 days postinfection using indirect immunofluorescence.

Metabolic labeling experiments. Two to 5 days postplating, HepG2.18 cells (60
to 70% confluency) were washed twice with phosphate-buffered saline (PBS) and
once with methionine- and cysteine-free DMEM (Gibco). After starvation for
1 h at 37°C, cells were metabolically labeled with Pro-Mix [**S] (Amersham) at
50 or 300 wCi/six-well plate for 1 h at 37°C. Cells were washed three times with
PBS at 4°C, supplemented with either hepatocyte maintenance medium (16) or
DMEM (4.5 g of glucose per liter), containing 10% fetal calf serum and nones-
sential amino acids (HepG2.18), and further incubated at 37°C for different
periods. After the chase, the medium was removed and the cells were harvested
in 750 wl of lysis buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1%
Na-deoxycholate [pH 6.8]), supplemented with a protease inhibitor cocktail
tablet (Boehringer). After sonication to complete membrane protein solubiliza-
tion, the lysate was cleared by centrifugation (20 min, 15,000 X g, 4°C) and
preincubated for 1 h with either Staphylococcus aureus protein A (Pansorbin S;
Calbiochem) or protein A-Sepharose (Amersham/Pharmacia). After centrifuga-
tion, anti-gp180/CPD IgG was added to the lysate and incubation was continued
for 2 h. Immune complexes were collected by incubation with Pansorbin or
protein A-Sepharose (30 min) and centrifugation. Immunoprecipitates were
thoroughly washed with lysis buffer and subsequently solubilized in sodium
dodecyl sulfate (SDS) sample buffer (including 5 mM dithiothreitol) for protein
analysis.

Protein analysis. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed by standard procedures in 8 or 15% polyacrylamide gels. Prior to
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FIG. 1. The DHBV receptor is down-regulated in infected liver
cells. (A) Western blot of duck liver biopsies probed with an anti-
gp180/CPD antiserum. Samples were derived from DHBV-infected
and uninfected ducklings (equivalent amounts of total protein were
loaded). The arrow indicates the position of gp180/CPD. The position
of gp170, occurring in some of the infected liver samples, is indicated
by an asterisks. (B) Primary hepatocytes from DHBV-infected and
uninfected test animals were fixed and immunostained with an anti-
gp180/CPD antiserum (fluorescein-conjugated secondary antibody).
The fluorescence was analyzed with a confocal laser-scanning micro-
scope (63 X 1.2 lens), showing a single focal plane within the hepato-
cyte monolayer (not detecting nonhepatocytes sitting on top).

loading, proteins were dissolved in a reducing SDS sample buffer and boiled for
5 min. After electrophoresis, gels were blotted on a nitrocellulose or polyvinyli-
dene difluoride membrane using a semidry blotting apparatus (Bio-Rad) or dried
and subjected to autoradiography using a Molecular Dynamics PhosphorImager.
Proteins on Western blot membranes were probed with antibodies and detected
by enhanced chemiluminescence (ECL; Amersham) or quantified by enhanced
chemifluorescence (ECF; Amersham) as specified in the manufacturer’s manu-
als.

Immunofluorescence analysis. For indirect immunofluorescence, the cells
were washed with PBS and fixed with 3% paraformaldehyde for about 20 min at
room temperature. The fixed cells were permeabilized with 0.25% Triton X-100
in PBS and immunostained with monoclonal antibody 9E10 (recognizing the myc
epitope tag), anti-DHBV L-protein antiserum (D084), or anti-gp180/CPD anti-
serum (D886) and fluorescent secondary antibodies (goat anti-rabbit and anti-
mouse; Dianova). GFP fluorescence was basically preserved during all proce-
dures. For fluorescence analysis we used the Leica TCS NT confocal laser-
scanning microscope (63X NA; 1.2 lens; water immersion). Sequential excitation
and scanning of the two fluorescent channels (separate excitations at 488 and 568
nm) were used to avoid cross-bleeding of the fluorochromes between channels.

RESULTS

Cellular DHBV receptor levels are reduced upon DHBV
infection in duck livers and in cultured hepatocytes. To inves-
tigate the influence of DHBV production on DHBV’s primary
cellular entry receptor, gp180/CPD, we compared receptor lev-
els in livers of DHBV-infected and uninfected animals by
Western blotting. Liver samples from uninfected and infected
ducklings were homogenized, and equal amounts of protein
were loaded on an SDS gel, blotted, and probed with an anti-
gp180/CPD antibody (Fig. 1A). All DHBV-infected animals
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FIG. 2. Receptor down-modulation correlates with viral protein expression upon DHBYV infection of cultured cells. Western blots of cultured
duck hepatocytes, harvested at the indicated time points postinfection, probed with an antiserum against gp180/CPD (upper panels), DHBV L
protein (middle panels), and DHBV core protein (lower panels). 20*, anti-gp180/CPD immunoblot of the respective uninfected control cells 20
days post-mock infection. Panels A and B show two kinetically diverse experiments.

showed a marked reduction of gp180/CPD in the liver, albeit
with some variation among the individual animals. In some
cases, a second, faster-migrating species was observed (gp170;
asterisk in Fig. 1A) and was shown to be gp180/CPD related, as
it reacted with several different anti-gp180/CPD antisera (not
shown). In infected animals, receptor levels were found to be
reduced only in liver tissue and not in other organs such as lung
or kidney (data not shown).

This initial biochemical analysis was complemented on the
cellular level with liver cell cultures from congenitally DHBV-
infected ducklings in which all (>99%) hepatocytes are known
to stain positive for DHBV-specific antigens (24), as well as
from uninfected animals, using indirect immunofluorescence
and confocal laser scanning microscopy. As shown in Fig. 1B,
gp180/CPD was no longer detectable in DHBV-positive hepa-
tocytes, while uninfected control cells showed the typical Golgi
distribution of the receptor protein, shown previously to
costain with a Golgi marker protein (4). Nonhepatocytes, al-
ways present in up to 10% of the primary liver cell cultures
(20), did not display reduced receptor levels (2), an observa-
tion probably explaining the residual gpl80/CPD levels de-
tected in Western blot analysis of total liver protein. Taken
together, these findings indicate that ongoing DHBYV replica-
tion results in a strong down-regulation of the cellular entry
receptor gp180/CPD.

DHBY receptor down-regulation parallels viral protein ex-
pression in newly infected primary hepatocyte cultures. To
study the mechanism of receptor down-modulation during
DHBY infection, we assayed first whether this cellular reaction
could be reconstituted in newly infected cultured PDHs. PDHs
were infected by incubation with DHBV-containing duck se-
rum, harvested at different times postinfection, and analyzed
by Western blotting for gp180/CPD and for DHBV large en-
velope protein and core protein as markers of viral protein
synthesis (Fig. 2). While parallel, uninfected control cultures
did not show significant alterations with time, gp180/CPD lev-
els in the infected cultures remained only initially unchanged
and dropped (5- to 10-fold as determined in a parallel ECF
Western analysis) rather abruptly about 1 week postinfection.

As exemplified in two kinetically diverse experiments, this re-
duction of gpl180/CPD did not depend on the time passed
postinfection but correlated with the two viral proteins reach-
ing high intracellular levels (i.e., between days 5 and 8 in Fig.
2A or between days 9 and 12 in Fig. 2B). This correlation
suggests a mechanism involving titration of newly synthesized
gp180/CPD by a viral protein that is produced in saturating
amounts once virus replication has reached steady-state levels
followed by a slow decay of the protein preexisting in the
Golgi.

Correlation of virus spread and gp180/CPD loss in hepato-
cytes was confirmed by indirect immunofluorescence, detecting
a loss of gp180/CPD staining in cells expressing DHBV pro-
teins (not shown). As mentioned above, nonparenchymal cells
within the culture, not supporting virus production, maintained
normal levels of gp180/CPD.

DHBY large envelope protein expression is sufficient to me-
diate receptor down-regulation. As receptor down-regulation
in DHBV-infected cultures correlated with viral protein syn-
thesis, we next assessed which of the viral proteins was causing
this effect. An obvious candidate was the large viral envelope
protein, the binding partner of the virus receptor during the
entry process. To test this possibility, we induced in PDHs the
expression of DHBV L only, through infection with a recom-
binant adenovirus encoding the large envelope protein under
CMV promoter control (Ad-L). Although the DHBV DNA
insert in this adenovirus also contains the promoter for expres-
sion of the small (S) DHBV envelope protein, S expression
appeared to be suppressed at least 10-fold (probably because
of the dominance of the strong upstream CMV promoter), as
judged by Western blotting of lysates from transduced cells
with an anti-S antibody (not shown). In parallel, another set of
cells was infected with authentic DHBV. After a further 6 days
of culture, the cells were fixed, coimmunostained with an an-
tibody against the DHBV L protein and an anti-gp180/CPD
antiserum, and analyzed by confocal microscopy. As shown in
Fig. 3A, gp180/CPD was absent from cells expressing the viral
envelope protein, in contrast to neighboring uninfected cells in
the hepatocyte monolayer.
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FIG. 3. DHBV L-protein expression is sufficient for receptor down-
regulation. (A) Indirect immunofluorescence of PDHs infected for 4 h
with Ad-L (upper panels) or DHBV (lower panels). At day 6 postin-
fection, the cells were fixed and stained with an anti-L antibody and an
antiserum against gp180/CPD (secondary antibodies were rhodamine
and fluorescein conjugated for the right and left panels, respectively).
Double fluorescence was analyzed by confocal microscopy (63X lens;
sequential scans of the two fluorescent channels). (B) Anti-gp180/CPD
Western blot of lysates of PDHs, infected on day 4 postplating with
Ad-GFP or Ad-L. w/o, control cells without adenovirus infection. The
position of gp180/CPD is indicated (arrow).

This observation was complemented by a biochemical anal-
ysis. Ad-L-infected PDH cultures showed reduced gp180/CPD
levels in Western blot analysis, while control cells, infected
with an adenovirus encoding the GFP, showed no change in
receptor levels (Fig. 3B). From these results, we conclude that
expression of the DHBV large envelope protein is sufficient to
cause receptor down-modulation.
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FIG. 4. DHBYV receptor turnover differs in DHBV-infected hepa-
tocytes. DHBV-infected and uninfected duck hepatocytes were labeled
for 1 h with **S-amino acids and then either lysed directly or after a
chase for 52 h. Labeled proteins immunoprecipitated with anti-gp180/
CPD antibodies were analyzed by SDS-PAGE and autoradiography.
The positions of gp180/CPD and a gp180/CPD-precursor (gp170 [33])
are indicated on the left.

Accelerated gp180/CPD turnover in DHBV-infected hepato-
cytes. To examine the mode of receptor down-regulation by
synthesis of its viral ligand, we followed the fate of gp180/CPD
after metabolic labeling in pulse-chase experiments. DHBV-
infected and uninfected duck hepatocyte cultures were incu-
bated for 1 h with a [**S]Met-Cys-containing medium and then,
or after a chase period of 52 h, lysed by addition of a detergent-
containing buffer. gp180/CPD was recovered from cell lysates
by immunoprecipitation and subsequently analyzed by SDS-
PAGE and autoradiography (Fig. 4).

In these experiments, precipitates from infected and unin-
fected cells contained similar amounts of radiolabeled gp180/
CPD species after the pulse period (Fig. 4, 0 h), indicating
comparable synthesis rates in infected and uninfected hepato-
cytes. At later time points, gp180/CPD signals were similarly
reduced in infected cells compared to uninfected cells (Fig. 4,
52 h). Like in the livers of some of the DHBV-infected duck-
lings, a faster-migrating 170-kDa species was observed after
the pulse period, in addition to the mature gp180/CPD. This
species (gp170) has been previously identified as a biosynthetic
CPD precursor differing from gp180 in its glycosylation resi-
due(s) (33); notably, in some experiments, gp170 was found to
persist over longer periods in infected PDH cultures only (up
to several hours [not shown]), a phenomenon that became very
evident in experiments with a gpl80/CPD-expressing hepa-
toma cell line (see below).

Since the DHBV receptor was synthesized at similar rates in
infected and uninfected cells, the low receptor levels in the in-
fected cells must be the result of accelerated receptor turnover.
Accordingly, we found in infected cultures significantly reduced
signals of gp180/CPD after various chase periods following pulse-
labeling. However, varying concentrations of nonhepatocytes in
our cultures precluded the determination of the fraction of gp180/
CPD that was derived from DHBV-expressing hepatocytes.

DHBYV L transduction results in enhanced degradation of
duck gp180/CPD in a stably transfected human hepatoma cell
line. As noted above, biochemical analysis of gp180/CPD in
DHBV-infected hepatocyte cultures suffers from the presence
of significant amounts of nonhepatocytes, mainly sinusoidal
endothelial cells, that are infectible neither by DHBV nor by
transducing adenoviruses but very active in abortive uptake of
DHBYV particles (2). To circumvent these problems, we made
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FIG. 5. DHBV L-protein expression leads to incomplete process-
ing and enhances degradation of gp180/CPD in HepG2.18 cells. (A)
HepG2.18 cells, constitutively synthesizing gp180/CPD, were infected
with Ad-L or Ad-GFP to more than 95%, as judged by GFP fluores-
cence or by anti-L immunostaining performed with a parallel culture
dish. On days 4 and 6 postinfection, cellular lysates were analyzed by
Western blotting using antibodies against gp180/CPD (upper panel),
the trans-Golgi network protein TGN46 (middle panel) or the DHBV
L protein (lower panel). Lysates of uninfected cells (w/0) are shown as
a control. The immature form of gp180/CPD is indicated (gp170). (B)
HepG2.18 cells were infected with Ad-L or Ad-GFP as above, and 65 h
postinfection cells were metabolically labeled for 1 h with 3S-amino
acids and gp180/CPD was immunoprecipitated at 0, 1, 4, and 18 h after
the pulse. Immature gp170 and the fully processed gp180 are indicated.

use of a human hepatoma cell line, HepG2.18, which stably
expresses gp180/CPD under CMV promoter control. As in the
experiments with PDHs in Fig. 3B, expression of L protein
from a transducting adenovirus (Ad-L) resulted in a strong
decrease in gp180/CPD steady-state levels, whereas uninfected
HepG2.18 cells or cells infected with a GFP-expressing ade-
novirus (Ad-GFP) did not show significant alterations in re-
ceptor levels (Fig. SA). Furthermore, TGN46, a TGN-resident
protein with patterns of expression similar to those of gp180/
CPD, remained unchanged after L-protein expression (Fig.
5A), indicating that gp180/CPD down-regulation was not
caused by unspecific effects of L-protein synthesis, such as ER
stress. As observed in infected duck liver (Fig. 1A), L-protein
expression resulted in the appearance of a gp180/CPD-related
170-kDa species, the incompletely glycosylated precursor of
gp180/CPD (28).
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A pulse-chase labeling experiment with gp180/CPD in the
HepG2.18 cell line under comparable conditions confirmed
these results (Fig. 5B). Immediately after the pulse (0 h) equal
amounts of immature gp170 were detected in the Ad-L- and
the Ad-GFP-transduced cells, indicating that the rate of recep-
tor synthesis was not influenced by L-protein expression. While
at this time point mature gp180 was barely detectable, 1 h later
about one-third, and 4 h later virtually all, of the precursor
molecules had matured in the Ad-GFP-infected cells. In con-
trast, only very minor amounts of completely glycosylated
gp180 were detectable in the Ad-L-transduced control. In ad-
dition, 4 h after the pulse, more than 70% of total gp180/CPD
had been degraded in the L-protein-expressing cells while 90%
of newly synthesized receptor was still present in the GFP
control. After 18 h of chase, the gp180 level had decreased to
about 10%, whereas degradation of the p170 precursor upon L
expression was nearly complete in the control cells. We there-
fore conclude that L-protein expression prevents the complete
maturation of gpl80/CPD, thereby inducing an accelerated
degradation of the protein.

DHBYV receptor, overexpressed in DHBV-infected cells, is
detected at low levels in a pre-Golgi compartment. The above
data suggest that DHBV uses its receptor-binding envelope
protein to achieve receptor modulation in productively in-
fected cells, similarly to what has been described for some
retroviruses (5, 6). We therefore wanted to assess whether DHBV
uses a similar mechanism. However, as immunofluorescence with
our anti-gp180/CPD antiserum did not show detectable receptor
levels in DHBV-positive hepatocytes (Fig. 1B), we were not able
to localize gp180/CPD in DHBV-infected cells.

To overcome this limitation of detection, we increased the
rate of receptor synthesis (at least 10-fold [3]) by superinfec-
tion with a recombinant adenovirus encoding a myc-tagged
gp180/CPD and additionally GFP as a marker identifying
transduced cells (3). After 4 days, allowing for receptor syn-
thesis from the recombinant adenovirus, cells were fixed and
stained with an antibody against the myc tag (recognizing se-
lectively the transduced recombinant gp180/CPD) or an anti-
DHBYV L antibody and analyzed by confocal microscopy. As
shown in Fig. 6A, gp180/CPD transduction in DHBV-negative
PDHs led to a normal Golgi-like distribution of the overex-
pressed myc-tagged receptor, indistinguishable from that of
endogenous gpl80/CPD (Fig. 1A). As expected, much less
gp180/CPD (myc tag)-specific staining was observed in DHBV-
infected cells (Fig. 6B). In most cells, residual gp180/CPD
staining was concentrated in a compartment surrounding the
cell nuclei (Fig. 6B, arrows); additional gpl180/CPD was de-
tected occasionally in small vesicles. L protein, known to ac-
cumulate in the ER and/or ER-to-Golgi intermediate compart-
ment (10), showed a similar perinuclear distribution in a
parallel set of gp180/CPD-transduced, DHBV-infected hepa-
tocytes (Fig. 6C), suggesting an intimate association of L and
gp180/CPD in a common compartment. However, the distri-
bution of DHBV L seemed not to be influenced by gp180/CPD
overexpression, as it did not differ between cells transduced or
not transduced with Ad-gp180 (Fig. 6C). These results further-
more suggest that L-protein production is sufficiently strong to
override even enhanced gp180/CPD expression.
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FIG. 6. In DHBV-infected hepatocytes, overexpressed-gp180/CPD
staining is detected in a perinuclear, DHBV L-containing compart-
ment. DHBV-infected (A) or uninfected (B and C) PDHs were in-
fected with a recombinant adenovirus encoding a myc-tagged gp180/
CPD and GFP. At day 4 postinfection, the cells were fixed and
immunostained with an antibody against the myc tag (A and B) or an
anti-DHBV L antibody (C). Immunofluorescence and GFP fluores-
cence were analyzed by confocal microscopy. Arrows indicate the
gp180/CPD and DHBV L-containing compartment (B and C). Ade-
novirus-infected cells within the confluent hepatocyte monolayers are
indicated by asterisks. As noticed before (3), GFP was preferentially
preserved in the cell nuclei after formaldehyde fixation and subsequent
permeabilization with Triton X-100; however, such treatment did not
affect the detection of gp180/CPD.

DISCUSSION

In this study, we have investigated the fate of a hepadnavirus
entry receptor upon experimental infection. Taking advantage
of the DHBYV animal model where a cellular carboxypeptidase
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(gp180/CPD) has been identified as an essential part of the
receptor system (3, 4, 21, 22, 28, 29, 31), we obtained a set of
biochemical and cell biological data demonstrating that the
levels of this uptake receptor are drastically reduced in DHBV-
infected hepatocytes or upon expression of the receptor-inter-
acting large viral envelope protein. In immunofluorescence
analysis, the receptor protein virtually disappeared from the
trans-Golgi network, the compartment that it predominantly
occupies in the uninfected cell; the receptor is therefore ex-
pected to be essentially absent from the cell surface, where
receptor density is already very low even in the uninfected
hepatocyte (4). These data thus suggest that hepadnavirus
should be added to the still-limited number of well-docu-
mented examples of viral pathogens that down-modulate their
cellular receptors in the productively infected host cell.

Generally, receptor down-modulation may be envisaged to
serve two purposes: (i) to prevent receptor molecules from
interfering with virus morphogenesis by interacting intracellu-
larly with the viral ligand that it is supposed to encounter only
on the surface of the target cell and (ii) to promote virus
spread to yet-uninfected cells by preventing loss of newly syn-
thesized virus particles to cells with an already established
infection. Nonenveloped viruses avoid the former problem by
producing progeny particles separated from the cellular secre-
tory compartment, the site where the membrane-anchored cell
surface receptor molecules mature and are exported. In the
morphogenesis of enveloped viruses, receptor interference
represents a major problem, however, as the viral envelope
(glyco)proteins use the same secretory pathway for synthesis,
maturation, and export as do the cellular receptors. Concep-
tually, receptor interference may be even more relevant in the
case of hepadnaviruses, such as DHBV, where cytoplasmic
capsids bud not from the plasma membrane but intracellularly
into a post-ER, pre-Golgi compartment (10). Therefore, not
only are the viral envelope proteins cosynthesized with the
receptor at the ER membrane, but the outgoing virus particles
are also destined to pass through the trans-Golgi network,
where the bulk of the gpl180/CPD molecules are normally
localized. Interaction with the receptor is expected to lead
either to capsid reimport into the cytoplasm (i.e., intracellular
reinfection) or, more likely, to virus inactivation (3). Efficient
receptor elimination from the cellular secretory system thus
appears to be an essential element in the hepadnavirus repli-
cation strategy, a prediction that is consistent with the much-
reduced efficiency of DHBV superinfection of preinfected
hepatocytes (24).

The results obtained in this study demonstrate that the total
cellular pool of the DHBV uptake receptor is indeed strongly
down-modulated by interaction with a viral ligand in the in-
fected hepatocyte as well as in a stably gp180/CPD transfected
hepatoma cell line (HepG2.18). They furthermore suggest that
this down-modulation occurs posttranslationally through deg-
radation of the newly synthesized receptor polypeptide. Ac-
cordingly, DHBYV infection (or DHBV L transduction) did not
affect the rate of receptor synthesis in metabolic labeling ex-
periments but resulted in enhanced gp180/CPD turnover (Fig.
4). Similarly, no change in synthesis of the gp170 precursor
protein and enhanced turnover of CPD polypeptides was ob-
served in HepG2.18 cells upon DHBV L expression from a
transducing recombinant adenovirus (Fig. 5). Moreover, we
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observed an increased proportion of the faster-migrating
gp170, a species characterized in a detailed study by others as
an immature (incompletely glycosylated) gp180/CPD precur-
sor (33), in Western blots of infected duck liver tissue (Fig. 1A)
or L-expressing HepG2.18 cells (Fig. 5SA), and in metabolic
labeling of proteins in DHBV-infected hepatocytes or in
HepG2.18 cells (Fig. 5B). In agreement with these biochemical
data, gp180/CPD was no longer detectable by immunostaining
in the Golgi in hepatocytes that were either persistently DHBV
infected (Fig. 1B) or transduced with an L-protein-expressing
construct (Fig. 3A). Importantly, gp180/CPD was also absent
from the Golgi, even if gp180/CPD was overexpressed from a
transduced, CMV promoter-driven gp180/CPD construct, with
residual immunostaining now being reliably detectable in a
perinuclear, L-containing, ER-like compartment (Fig. 6B).
Taken together, these findings support the hypothesis that the
DHBYV receptor is arrested in a pre-Golgi compartment by
forming a complex with its ligand, the viral large envelope
protein. Correspondingly, it has been shown for human immu-
nodeficiency virus (HIV) that the newly synthesized envelope
protein precursor gp160 causes retention of the CD4 receptor
in the ER, thus leading to its premature degradation (5).

While we can only speculate about the subsequent steps
leading eventually to receptor degradation, our present data
indicate that the newly synthesized receptor molecules are
complexed and degraded soon after synthesis, and they there-
fore suggest that L was present in saturating levels once viral
protein synthesis had reached steady-state levels (Fig. 1B and
2). This assumption is further supported by several lines of
evidence. (i) Receptor overexpression from a transducing ad-
enovirus did not detectably affect intracellular L-protein levels
and localization as visualized by immunostaining (Fig. 6C). (ii)
In analogous experiments described elsewhere, receptor over-
expression also did not interfere with the production and re-
lease of virus particles from DHBV-infected cultured hepato-
cytes (3). (iii) In keeping with these experimental observations,
we estimate the receptor level in the uninfected liver to be
about 10° molecules per cell (S. Reuter and S. Urban, unpub-
lished results). This is about 50-fold below the amount of L
protein produced per cell per day as calculated from a value of
500 virus particles produced in cell culture (20) and assuming
a 1,000-fold excess of SVPs, each containing 10 fully translo-
cated L-protein molecules. The massive overproduction of nu-
cleocapsid-free subviral particles, a hallmark of hepadnavirus
replication, thus may also serve, among other functions, in
clearing the cellular secretory pathway from components that
otherwise would most likely interfere with virus export.

The mechanism outlined above predicts that DHBV recep-
tor down-modulation is tightly controlled by the vast excess of
L protein produced in the ER and exported as part of SVPs.
However, the highly variable degree of viral gene expression
among individual producer cells in the infected liver (12) may
also be reflected by a fluctuating potential for superinfection,
thereby creating a replication space allowing replication of
variant virus species (34). Given that receptor down-regulation
is conserved between hepadnaviruses, as it is among retrovi-
ruses, our findings may also have important implications for
medical virology as the generation and spread within individual
patients of viable and defective HBV sequence variants (with

DOWN-REGULATION OF AN HBV RECEPTOR 149

potential variations in pathogenicity) is a major issue in med-
ical HBV research (13).

Several other enveloped viruses are known to efficiently
down-modulate cellular receptor levels in productively in-
fected cells. Viruses with genomes more complex than the
DHBYV genome often encode accessory proteins to cope with
the task of receptor down-regulation (e.g., HIV vpu and nef
[8]). DHBV, and probably other HBVs, uses for this purpose
its receptor-interacting envelope protein, a strategy that is also
employed by the classical, simple retroviruses, as demonstrated
for reticuloendotheliosis virus (6). Hence, this similar mecha-
nism of receptor down-regulation adds to the list of conserved
features relating the hepadnaviruses to the classical retrovi-
ruses (1).
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