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In this study we used duck hepatitis B virus (DHBV)-infected Pekin ducks and heron hepatitis B virus
(HHBV)-infected heron tissue to search for epitopes responsible for virus neutralization on pre-S proteins.
Monoclonal antibodies were produced by immunizing mice with purified DHBV particles. Of 10 anti-DHBV
specific hybridomas obtained, 1 was selected for this study. This monoclonal antibody recognized in both
DHBV-infected livers and viremic sera a major (36-kilodalton) protein and several minor pre-S proteins in all
seven virus strains used. In contrast, pre-S proteins of HHBV-infected tissue or viremic sera did not react.
Thus, the monoclonal antibody recognizes a highly conserved DHBV pre-S epitope. For mapping of the
epitope, polypeptides from different regions of the DHBV pre-S/S gene were expressed in Escherichia coli and
used as the substrate for immunoblotting. The epitope was delimited to a sequence of approximately 23 amino
acids within the pre-S region, which is highly conserved in four cloned DHBV isolates and coincides with the
main antigenic domain as predicted by computer algorithms. In in vitro neutralization assays performed with
primary duck hepatocyte cultures, the antibody reduced DHBV infectivity by approximately 75%. These data
demonstrate a conserved epitope of the DHBV pre-S protein which is located on the surface of the viral envelope
and is recognized by virus-neutralizing antibodies.

Human hepatitis B virus (HBV), the prototype member of
the hepadnavirus family (23, 55, 61), is a small enveloped
DNA virus which induces acute and chronic liver diseases in
humans. Related viruses have been isolated from wood-
chucks (63), ground squirrels (40), ducks (DHBV) (41, 69),
and herons (HHBV) (58). Three HBV envelope proteins,
designed pre-Si (P39/GP42), pre-S2 (GP33/GP36), and S
(P25/GP27), have been identified and are encoded within the
pre-S/S open reading frame of the viral genome (43). They
are synthesized by initiation of translation at three distinct
AUG codons and are coterminal. They carry epitopes in-
volved in immune defense mechanisms (10, 21, 24, 28, 35,
42, 46) and play a role in virus cell interaction (12, 45, 46, 49,
53). During infection, antibodies to pre-S proteins develop
early, whereas antibodies to S are late markers and signal
virus elimination (24, 28, 42, 46). The protective character of
antibodies to S protein is well documented, and epitopes
responsible for virus neutralization have been mapped (10,
21). Since there is no established cell line which can be
infected with HBV and since chimpanzees are the only other
animals susceptible to HBV, the role of pre-S antibodies in
virus neutralization is less well studied. Immunization of
chimpanzees with pre-S-specific synthetic peptides or HBV
preincubated with antibodies to a synthetic peptide was
shown to be protective (15, 27, 44). Whether the neutralizing
activity in these experiments was due solely to neutralizing
antibodies or also to cellular immune response mechanisms
is not clear. To circumvent the problems associated with the
functional analysis of pre-S proteins of HBV in immune
defense mechanisms, we used DHBV as a model.
Ducks infected with DHBV represent the most convenient

animal system in which the role of envelope proteins can be
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studied both in vitro and in vivo. Viruses with defined
nucleotide sequences can be produced by transfection of
animals with cloned viral DNA (59), which facilitates the
interpretation of neutralization studies. Primary hepatocyte
cultures can be reproducibly established and are infectable
with virus (64), permitting an investigation into the neutral-
izing activity of antibodies independent of the effects of
other immune defense mechanisms.
HBV and DHBV (or HHBV) are the least closely related

hepadnaviruses, and this has to be taken into account when
DHBV-infected animals or tissue culture cells are used. The
major envelope protein of DHBV is only 17 kilodaltons
(kDa), in contrast to that ofHBV (25 kDa), and antibodies to
human S protein do not cross-react with the DHBV S protein
(DHBs) (17, 36, 40, 58), presumably because the correspond-
ing antigenic region is lacking in the DHBV S gene (60). Also
in contrast to HBV, so far only one major pre-S protein (of
36 kDa) has been consistently identified in sera and livers of
infected ducks by several laboratories (17, 39, 50, 54, 58).
More recently, a second major putative DHBV pre-S protein
(of 28 kDa) has been discovered in infected liver and serum
(68). The synthetic pathway for this protein and its function
are not yet clear. In this paper, we describe a DHBV-specific
monoclonal antibody with neutralizing activity which binds
to a conserved epitope present on the major 36-kDa protein
and several smaller DHBV pre-S proteins located on the
surface of viral particles.

MATERIALS AND METHODS

Viruses. Several DHBV isolates originating in different
geographic areas were experimentally transmitted to domes-
tic French Pekin ducklings by inoculation with DHBV-
positive sera. The viruses used for infection were from (i) a

domestic French Pekin duck (DHBV Fp) (5), (ii) a French
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wild mallard (DHBV Fm) (6), (iii) an American wild mallard
(DHBV Am) (32), (iv) two Chinese brown ducks (DHBV C
and DHBV 26), (v) a goose (DHBV 1), and (vi) a German
domestic Pekin duck (DHBV 3) (60). The viremic sera and
infected liver tissues containing DHBV 26 and DHBV 3 were
from ducks previously transfected with the corresponding
cloned DHBV DNA of known sequence (59; unpublished
data). From both the DHBV 1- and DHBV 26-containing
sera, one DHBV DNA molecule was cloned and sequenced
(R. Sprengel and H. Will, unpublished data). For immuno-
blot analysis, virus particles were concentrated from the
serum by centrifugation through a 10 to 20% sucrose gradi-
ent as described previously (19). Heron serum containing
high titers of HHBV from which a HHBV genome has been
cloned and sequenced, and the corresponding infected liver
originated from northern Germany (58).
Hybridoma production. Hybrid cell lines producing anti-

bodies to the DHBV particles were obtained following fusion
of mouse myeloma Sp2/0 Ag 14 cells (56) with mouse spleen
cells by the method of Kohler and Milstein (29). The spleen
cell donor was a BALB/c mouse (Charles River Breeding
Laboratories, Saint-Aubin-les-Elbeuf, France) immunized
twice at 2-week intervals by intraperitoneal injection of
purified DHBV Fm particles (50 ,ug of protein in incomplete
Freund adjuvant). For mouse immunisation, DHBV parti-
cles were purified from the serum of a highly viremic French
mallard duckling (DHBV Fm) by CsCl gradient centrifuga-
tion as previously described (19). Mouse cells were fused 3
days after an intravenous booster injection of antigen (50 ,g
of protein in phosphate-buffered saline [PBS] solution).
Hybridoma supernatants were screened by the enzyme-
linked immunosorbent assay (ELISA) and an immunofluo-
rescence assay. The antibody-producing hybridoma cells
were cloned by limiting dilutions at least twice, and cells
from the last cloning were injected into BALB/c mice
pretreated by an intraperitoneal injection of Pristane (Ald-
rich Chemie, Steinheim, Federal Republic of Germany) to
make ascites fluid. The class and subclass of monoclonal
antibodies were determined by using antibody capture on
antigen-coated plates with a streptavidin-biotin system/
MonoAb SP Mouse kit (Zymed Laboratories, Inc., South
San Francisco, Calif.). For production of a monoclonal
antibody to the amino-terminal region of the polymerase
protein of bacteriophage MS2, an MS2 fusion protein was
purified and used for immunization.
ELISA. Direct ELISA was carried out by the method of

Engvall and Perlmann (16). Optimal dilutions of antigens
(0.25 to 2.5 ,ug of purified virus per 100 ,ul) were determined
by checkerboard titration (66) with a polyclonal antiserum
from a mouse previously immunized with DHBV. As a
negative control, proteins concentrated from a DHBV-neg-
ative duck serum were used. The antigen dilution in coating
buffer (100 ,ul in 0.1 M carbonate buffer [pH 9.6]) was coated
overnight at room temperature into 96-well microtiter plates
(Falcon Pro-bind; Becton Dickinson Labware, Oxnard, Cal-
if.). The plates were then washed three times in PBS buffer
containing 0.05% Tween 20 (PBS-Tween), and then 100 ,ul of
hybridoma cell supernatants diluted in PBS-Tween was
incubated for 2 h at 37°C. Alkaline phosphatase-conjugated
goat anti-mouse total immunoglobulins (Zymed Laborato-
ries, Inc., South San Francisco, Calif.) diluted 1:750 were
added to each well and incubated for 1 h at 37°C. After the
wells had been washed with PBS-Tween, substrate solution
[1 mg of bis(p-nitrophenyl)phosphate (Sigma Chemical Co.,
St. Louis, Mo.) in 10% diethanolamine buffer (pH 9.8) per

ml] was added. The optical density was read at 405 nm on a
Titertek Multiskan (Flow Laboratories, Inc., McLean, Va.).

Immunofluorescence. Indirect immunofluorescence studies
were carried out as described previously (65). Briefly, frozen
liver specimens from DHBV-infected ducks and uninfected
controls were cut on a cryomicrotome. The 4-p,m-thick liver
sections obtained were incubated with hybridoma superna-
tants, washed three times in PBS, and then incubated with
fluorescein isothiocyanate-labeled anti-mouse immunoglob-
ulins (Nordic). Finally, the slides were washed with PBS,
mounted in 50% glycerol-PBS, and examined by micros-
copy.

Immunoblotting procedure. Duck liver homogenates pre-
pared as described previously (68) or concentrated DHBV
particles were heat denatured in 1% sodium dodecyl sulfate
(SDS)-100 mM dithiothreitol in 100 mM Tris hydrochloride
(pH 6.8). Proteins were separated on SDS-12.5% polyacryl-
amide gels by the method of Laemmli (31) and electrotrans-
ferred onto nitrocellulose filters (BA85; Schleicher &
Schuell, Dassel, Federal Republic of Germany) (30). The
filters were saturated with 10% dry milk in PBS-0.65%
Tween 20 for 2 h and then incubated with diluted cell
supernatants or ascites fluid for at least 12 h. After five
washes in PBS-Tween, the blots were incubated for 1 h at
room temperature with horseradish peroxidase-conjugated
goat anti-mouse immunoglobulins (TAGO; Biosoft, Cam-
bridge, United Kingdom) at a 1:1,000 dilution. After exten-
sive washing with PBS-Tween, the filter was developed with
diaminobenzidine (Sigma) until visible bands appeared. For
the immunoblots with the recombinant viral proteins, a
previously described procedure was used (22).

In vitro neutralization assay on primary duck hepatocyte
cultures. Duck hepatocytes from a DHBV-negative animal
were obtained by two-step collagenase perfusion of the liver
(18). Briefly, cells were suspended in medium composed of
75% minimum essential medium and 25% medium 199 sup-
plemented with 0.1% bovine serum albumin, 5 mg of bovine
insulin per ml, and 7 x 10' M hydrocortisone hemisucci-
nate. Cells (7 x 106 per 75-cm2 Falcon flask) were seeded
and maintained at 37°C. The in vitro neutralization assay was
performed 1 day after plating. Two multiplicities of infection
(MOI; ratio of viral particles to hepatocytes of 280:1 and
28:1, respectively) were tested. Sera from DHBV-infected
ducklings (diluted to 2 x 109 and 2 x 108 virus particles per
ml [final dilution]) were preincubated for 1.5 h at 37°C with
1:200-diluted ascites fluid from anti-DHBV secreting clones
or from mouse myeloma cells SP2/0, respectively, and then
used to infect cells (six flasks per MOI). As a positive control
of infection, the same MOI was used without previous
incubation with monoclonal antibody. The inoculum was in
contact with the cells for 1 h at room temperature, and then
it was removed, cells were washed with PBS, and 10 ml of
fresh medium was added. The medium was changed every 2
days and saved for further studies.

Detection of viral DNA. The DHBV DNA level both in
hepatocytes and in the corresponding supernatants was
measured. DNA was detected by dot blot hybridization of
culture medium spotted onto nitrocellulose by using a Hy-
briDot apparatus (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.). After denaturation and neutralization of
the fixed DNA (5), filters were hybridized as described
below. Total DNA of hepatocytes was prepared from cells
harvested on day 9 postinfection as previously described
(18). Briefly, after incubation of the cells suspended in TEN
solution (10 mM Tris hydrochloride [pH 7.4], 1 mM EDTA,
100 mM NaCl) with proteinase K (200 p,g/ml) in the presence
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of 0.1% SDS, proteins were removed by extraction with
phenol-chloroform and nucleic acids were precipitated with
ethanol. After gel electrophoresis of 10 ,ug of total nucleic
acid, DNA was denatured and transferred to nitrocellulose
by the procedure of Southern (57) as modified by Wahl et al.
(67). DHBV DNA of infected cells and virus particles or cell
culture supernatants was quantified by dot spot hybridiza-
tion and counting of the radioactivity.
For probe preparation, genome-length DHBV DNA was

excised from a plasmid containing cloned DHBV 16 DNA (a
gift from W. Mason, Fox Chase Cancer Center, Philadel-
phia, Pa.), purified from low-melting-point agarose gel, and
labeled by nick translation (52) to a specific activity of 0.8 x
108 cpm/,ug in a reaction containing [a-32P]dCTP (3,000
Ci/mmol). Hybridization was performed at 42°C as described
previously (38).
Computer analysis of the protein sequence. DNA se-

quences from several cloned DHBV DNAs (36, 60; Sprengel
and Will, unpublished data) and one HHBV DNA (58) were
compared. Secondary structures of proteins were predicted
by using the computer package of Deldage et al. (7, 8) based
on the prediction methods of Chou and Fasman (4), Garnier
et al. (20), and Levin et al. (33). The solvent accessibility,
hydrophilicity, and antigenicity were predicted (13, 25, 47).
The method for predicting the antigenicity of the protein (47)
is based on factors such as flexibility and hydrophilicities.
The most probable antigenic sites were predicted (13, 14, 25,
47).

Expression of DHBV pre-S proteins in Escherichia coli. For
expression of DHBV pre-S proteins in E. coli, a full-length
DHBV genome was isolated from plasmid DHBV16-t-27 (59)
by BamHI digestion and cloned into a procaryotic expres-
sion vector, pEx34a (62), previously linearized with BglII.
Deletion mutants of the pre-S/S open reading frame were
created by linearization of pEx34aDHBV16 at the unique
BglII shte in DHBV 16. The DNA was incubated with
nuclease BAL 31 at 32°C in 0.6 M NaCl-20 mM Tris
hydrochloride (pH 8.0)-12 mM MgCl2-12 mM CaCl2-1 mM
EDTA, and the reaction was stopped with the same volume
of 0.1 M ethylene glycol-bis(,-aminoethyl ether)-N,N,N',
N'-tetraacetic acid (EGTA). To remove all DHBV se-
quences between the PstI site in the polylinker and the BglII
site in DHBV, we digested the mixture with PstI. The
resulting DNA fragments were blunt ended with the exonu-
clease activity of Klenow polymerase, electroeluted from a
1% agarose gel, ligated, and transformed into E. coli 2136 by
established procedures (38). Plasmid DNA was isolated from
colonies which expressed hybrid proteins visible by
Coomassie blue staining after separation by SDS-polyacryl-
amide gel electrophoresis or visible by immunoblotting only,
and the vector/DHBV-DNA junction was determined by
dideoxy sequencing with a synthetic oligonucleotide as the
primer (22). For immunoblotting, protein extracts of E. coli
cells were prepared as described previously (22).

RESULTS

Generation of anti-DHBV pre-S monoclonal antibodies. Ten
anti-DHBV-positive hybridomas as determined by ELISA
were obtained in the fusion of SP2/0 with immune spleen
cells of the mouse immunized with DHBV particles. One of
six monoclonal antibodies which gave a similar pattern in
immunoblotting (designated SD20) was selected for this
study. This clone secreted immunoglobulin GI lambda class
and reacted specifically with DHBV particles in ELISA
(data not shown). Furthermore, in immunofluorescence as-
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FIG. 1. Immunoblot analysis of envelope proteins of different
avian hepadnavirus strains with monoclonal antibody SD20. (A)
Partially purified viral particles ofDHBV Fm, Fp, C, and Am (lanes
1 to 4, respectively); (B) protein extracts of liver tissue infected with
HHBV and with DHBV Fm, Fp, C, 26, 3, and 1 (lanes 1 to 7,
respectively). For comparison, viral particles of serum containing
DHBV Fp were loaded in lane 8.

says with liver tissue sections it recognized only DHBV-
infected liver, and recognition could be inhibited by prior
incubation of the monoclonal antibody with purified DHBV
particles but not with control proteins. The fluorescent
staining was cytoplasmic (data not shown). When purified
DHBV particles were analyzed by immunoblotting, SD20
always revealed a major protein of 36 kDa (P36) and usually
also several minor bands (Fig. 1A). Occasionally, a protein
of 28 kDa was also reactive (Fig. 1A). The sizes of all
immunoreactive proteins are similar to those described by
DHBV pre-S proteins (17, 39, 50, 54, 58). This strongly
suggests that SD20 recognizes an epitope of pre-S proteins.
This interpretation is also consistent with the cytoplasmic
localization of the antigen as independently shown by immu-
nohistology with a polyclonal antibody to a pre-S protein
expressed in E. coli (data not shown).
SD20 recognizes a pre-S epitope conserved in DHBV iso-

lates. To test whether SD20 recognizes an epitope conserved
among avian hepadnaviruses, we used immunoblotting to
analyze the reactivity of the pre-S proteins in sera and livers
of different DHBV isolates and from an HHBV-infected
heron.
One major protein (36 kDa) and, with variable intensity, a

protein of 28 kDa reacted when we used concentrated
DHBV virion preparations from sera of ducks infected with
DHBV Fm, DHBV Fp, DHBV C, and DHBV Am (Fig. 1A).
In addition, several minor bands ranging from 28 to 38 kDa
were observed (Fig. 1A). In the liver samples, the pre-S
protein pattern was slightly different, as both the 36- and
28-kDa bands were present as major immunoreactive bands
(Fig. 1B). In contrast, pre-S proteins of HHBV-infected
livers were not detected by SD20 (Fig. 1B). Infection of the
heron liver was independently demonstrated by the presence
of large amounts of nucleocapsid protein as determined by
immunoblotting with anti-core antibodies and by detection
of viral DNA by Southern blot analysis (data not shown).
This suggests that SD20 recognizes a pre-S epitope that is
conserved in DHBVs but absent in HHBV pre-S protein.

Localization of the pre-S epitope. To map the binding site of
SD20, we tested its reactivity by immunoblotting to several
MS2-pre-S fusion proteins expressed in E. coli (Fig. 2).
Some of the fusion proteins were efficiently expressed in E.
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FIG. 2. DHBV pre-S/S proteins expressed in E. coli. Fragments
of cloned DHBV 16 DNA (60) inserted into expression vector pEx
34a with the amino acid positions of the pre-S/S gene. Numbered
black dots in the pre-S/S gene indicate positions of the AUG codons.
The reaction pattern of the corresponding fusion proteins with the
SD20 monoclonal antibody is indicated in the right panel. The boxed
numbers denoting fusion proteins (left-hand side) correspond to the
lanes of the immunoblot of Fig. 3 into which the cell extracts were
loaded.

coli and could be visualized by Coomassie blue staining (data
not shown); others were detected only by immunoblotting
with an anti-MS2 monoclonal antibody (Fig. 3A). The de-
duced molecular weights of the fusion proteins with the
lowest electrophoretic mobility were in close agreement with
those predicted from the sequence. Proteins with higher
electrophoretic mobility which were also detected probably
derive from degradation during synthesis in E. coli or
premature termination of translation or from partially de-
graded mRNA. SD20 reacted with five of the eight fusion
proteins tested (Fig. 3B). The reaction pattern observed
indicates that the epitope is localized between amino acids
77 and 100 of the pre-S polypeptide (Fig. 2). This region is in
a highly conserved pre-S domain of all DHBV isolates,
containing only one point mutation in one isolate (Fig. 4).

In vitro neutralizing activity. To examine whether SD20
would block infectivity of DHBV, we performed an in vitro
neutralization test. Primary duck hepatocytes were infected
with DHBV-positive duck serum (MOI of 280 and 28) with or
without previous incubation with SD20 ascites fluid. The
ascites fluid was used in excess (1:200 dilution) as deter-
mined by the method of limiting dilution (data not shown).
Intracellular viral DNA was examined 9 days after infection,
and DNA from secreted virions was determined every 2
days.
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FIG. 3. Mapping of the epitope recognized by monoclonal anti-
body SD20. MS2 fusion proteins expressed in E. coli, separated by
SDS-polyacrylamide gel electrophoresis, and blotted to nitrocellu-

+ lose were visualized by an MS2-specific monoclonal antibody (A)
+ and tested for reactivity with monoclonal antibody SD20 (B). As

negative controls, the MS2 protein expressed by the vector alone
and an MS2-DHBV polymerase fusion protein were loaded in lanes
1 and 10, respectively. In lanes 2 to 9 MS2-pre-S/S fusion proteins as
indicated in Fig. 2 were loaded.

At an MOI of 28, several bands of intracellular viral DNA
characteristic of viral replication were detected (Fig. 5A,
lane c), indicating that active DHBV replication occurs in
these cells. When the virus was preincubated with SD20, the
amount of intracellular viral DNA was strongly reduced
(73.4 ± 5.1%) (Fig. SA, lanes c and d) as quantified by dot
spot hybridization and radioactivity counting (data not
shown). Neutralization was as effective (73.6 ± 1.4%) when
a 10-fold-higher MOI was tested (Fig. 5A, lanes a and b). In
the medium, the release of DHBV particles was detectable
from day 5 until day 9 for both MOIs tested. Similarly, as
observed inside the cells, DHBV DNA released into the
medium was decreased by approximately 75% (Fig. SB).
Incubation of the inoculum with an unrelated ascites fluid did
not affect the DHBV DNA titer in cells or supernatants (data
not shown), which demonstrates the specificity of the in
vitro neutralization assay. The neutralization capacity of the
other anti-DHBV monoclonal antibodies is currently being
investigated.

DISCUSSION

In this paper a monoclonal antibody, SD20, with neutral-
izing activity against pre-S protein of DHBV has been
described. Although the neutralizing activity of SD20 was
high (75%), complete neutralization was never achieved. A
constant residual infectivity of 25% was observed under
several assay conditions and was not changed by 10-fold
dilution of the inoculum. Interference of very abundant duck
serum proteins in the binding of the SD20 antibody to viral
particles can therefore not explain the residual infectivity.
The concentration of the SD20 was not a limiting factor,
since the neutralization assay had been performed in an
excess of antibody. Our observation of only partial neutral-
ization is consistent with related studies which showed that

44
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FIG. 4. Pre-S/S protein sequence alignment of several avian hepadnaviruses. The pre-S/S proteins were translated from the nucleotide
sequence of HHBV and of various cloned DHBVs (see Materials and Methods for sources). The DHBV isolate of German origin (DHBV 3
[60]) is given on the bottom line, and amino acid differences from the other avian hepadnaviruses are shown in the corresponding upper rows.
To maximize the number of matches, a few amino acid insertions had to be made (indicated by dots). The AUG believed to be used as
translation initiation codon for the major 36-kDa pre-S protein (2) is numbered as 1. The antigenic region to which the monoclonal antibody
SD20 binds is indicated by the striped box.

for virtually all viruses a small fraction escapes neutraliza-
tion even when a large excess of neutralizing antibodies is
used (37). Several factors such as neutralization escape
variants, aggregation of viral particles, and retention of virus
infectivity despite the presence of bound antibody, have
been proposed to explain the persistent fraction of infecting
virus (9, 26, 37). Furthermore, since the neutralization test
requires 9 days, there is time for horizontal spread of virus,
which may prevent the measurement of more effective
neutralization.

During preparation of this article, another report describ-
ing DHBV pre-S monoclonal antibodies with neutralizing
activity came to our attention (3). In this study, neutralizing
monoclonal antibodies recognizing three nonoverlapping
epitopes were identified on the DHBV pre-S protein, but no
precise localisation was attempted. Like SD20, they reacted
with three pre-S proteins of 34, 36, and 37 kDa, but unlike
SD20, the 28-kDa pre-S protein was not detected. This
suggests that SD20 does not bind to the same epitope,
although it may bind within the same region.
Two major conclusions can be drawn from both indepen-

dently performed neutralization studies. First, DHBV pre-S
proteins are targets for neutralizing antibodies; second,
some pre-S sequences are located at accessible sites on the
surface of viral particles. Similar conclusions have been
drawn for pre-S proteins of HBV (1, 12, 24, 42, 43, 46) and
are also supported by the finding that protective immunity
can be successfully induced by immunization of chimpan-
zees with synthetic peptides and that pre-S-specific antibod-
ies develop during self-limited hepatitis in humans (15, 27,
28). However, neither of these observations proves the
neutralizing activity ofHBV pre-S specific antibodies alone,
because protective immunity might have been induced or
complemented by cellular immune defense mechanisms and
pre-S antibody induction during virus elimination may be

coincidental. In contrast, the in vitro neutralization studies
performed with DHBV-infected primary duck hepatocytes
provide unequivocal evidence for the neutralization activity
of the corresponding antibodies alone.

Substantial information is now available on the surface
location of HBV pre-S sequences and their accessibility to
antibodies (1, 42, 43, 46). A sequence close to the amino
terminus of pre-Sl which is implicated in host cell receptor
binding (amino acids 20 to 50), a major immunogenic region
upstream of the pre-S2 initiation codon (amino acids 94 to
117), and most of the pre-S2 sequences are probably located
on the surface of the viral particles. However, the primary
structure ofDHBV pre-S sequence shows too little sequence
homology with the pre-S sequence ofHBV (36, 60) to permit
a comparison with any of the exposed surface sites of HBV.
From the studies with HBV, it appears likely that most of the
pre-S sequence is exposed at the surface of the viral parti-
cles, and this could be similar for DHBV pre-S protein.
The pre-S region contains a total of five or six in-frame

AUGs (depending on the subtype [Fig. 4]). Only one major
putative DHBV pre-S mRNA has been described, from
which synthesis of a pre-S protein of 36 kDa initiated at the
second AUG of the pre-S frame is predicted (2). Interest-
ingly, however, immunoblotting with SD20 revealed several
pre-S proteins ranging from 28 to 37 kDa. Three DHBV
pre-S proteins of 34, 35 or 36, and 37 kDa were also observed
in four independent studies with polyclonal and monoclonal
antibodies (3, 34, 54, 68). The 36- and 37-kDa pre-S proteins
could represent the myristylated and nonmyristilated forms
of the same molecule as described for HBV (48). Their
synthesis was recently shown by transfection of mutant
DHBV genomes into HepG2 cells to initiate at the second
AUG (at viral nucleotide 801) of the pre-S region (D.
Fernholz and H. Will, unpublished data). Unlike the anti-
bodies used by Schlicht et al. (54) and Cheung et al. (3),
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FIG. 5. Neutralization of DHBV with monoclonal antibody
SD20 in primary hepatocyte cell culture. Viral DNA in the cells at
the end of the culture was monitored by Southern blotting (A), and
viral DNA in the cell culture medium was monitored every 2 days
postinfection (as indicated) by spot hybridization (B). One day after
plating, the hepatocytes were infected with DHBV-positive serum at
an MOI of 280 (lanes a and b) and 28 (lanes c and d) with (lanes b and
d) or without (lanes a and c) prior incubation with SD20 ascites fluid.
On the Southern blot the positions of the size markers (HindIII-
digested lambda DNA) and the various forms of DHBV replicative
intermediates are indicated (RC, relaxed circular; L, linear; CCC,
covalently closed circular; and SS, single stranded). No hybridiza-
tion signals were obtained with DNA from uninfected cells (data not
shown).

SD20 also reacted with several pre-S proteins smaller than
34 kDa (Fig. 1). The most prominent of these proteins was a
28-kDa protein. Consistent with our observation, a 28-kDa
protein was also seen by immunoblotting with two poly-
clonal sera produced by immunization of rabbits with pre-S
proteins derived from viral particles (68). Although these
data strongly suggested that p28 is a pre-S protein, the
immunoreactivity of p28 with an antibody to another virus-
encoded protein which might have been induced by a con-
taminating antigen used for immunization was not rigorously
excluded. The data obtained with SD20 and, especially, the
immunoreactivity of the 28-kDa protein with a polyclonal
antibody to a recombinant pre-S protein expressed in E. coli
(Fernholz and Will, unpublished), as well as with the poly-
clonal antibodies to purified viral particles (68), establish
unequivocally the 28-kDa molecule as a new viral protein
which contains DHBV pre-S sequences. The binding site of
SD20 on the pre-S polypeptide as mapped with the recom-
binant pre-S proteins expressed in E. coli indicates that
pre-S sequences between amino acids 77 and 100 are con-
tained in the 28-kDa protein. p28 could be initiated at an
internal AUG (as speculated previously [68]) or at an uncon-

L

a

b

c

d

FIG. 6. Computer-assisted prediction of antigenic sites. The
DHBV pre-S protein sequence as predicted from cloned viral
DHBV 16 DNA starting at nucleotide 801 and ending at nucleotide
1785 (nomenclature as in reference 36) was used. The secondary
structures were predicted according to Chou and Fasman (4) (line a),
Gamier et al. (20) (line b), Del6age and Roux (8) (line c), and Levin
et al. (33) (line d). The given conformational states are a-helix (-),
p-sheet (-) and turn (=). The blank regions indicate aperiodic
states. Lines e, f, and g are profiles generated with different
computer programs (13, 25, 47) predicting potential antigenic sites of
proteins. Peaks above the x axis indicate the most solvent accessible
(line e), hydrophilic (line f), and antigenic (line g) regions. For each
graph the scale is given on the y axis.

ventional codon of the pre-S region; it could represent a
proteolytic processing product, or it could derive from a
spliced mRNA which has not been detected so far. A protein
of 30 kDa reacting with SD20 is present in variable amounts
in some infected livers and virus pellets and may be initiated
at the AUG codon at nucleotide 957, which would predict a
30-kDa pre-S protein. The more complex pre-S protein
pattern seen in serum than that in infected livers is intrigu-
ing. More efficient proteolytic degradation of pre-S proteins
in serum than in liver could be a trivial explanation.
A hydrophilicity profile indicates that the DHBV pre-S

region is rather hydrophilic, whereas the S region contains
two major hydrophobic peaks (Fig. 6). As speculated for
mammalian hepadnaviruses, the hydrophobic domains of the
S protein may be involved in its anchoring to the cell
membrane, which is reminiscent of transmembrane proteins
of other viruses (11). The main antigenic site of DHBV as
predicted by computer algorithms is located in the pre-S
region between amino acids 75 and 110 (Fig. 6). Consistent
with the computer prediction, the epitope recognized by
SD20 is localized between amino acids 77 and 100 (Fig. 5).
The sequence divergence of the DHBV and HHBV pre-S
proteins is rather high (51%) and has been speculated to be at
least partly responsible for the different host ranges of the
two viruses (58). However, the predicted hydrophilicity
profile and the antigenic profile were almost indistinguish-
able (data not shown), suggesting that conservation of cer-
tain hydrophilic domains is of functional importance. SD20
binds to a region which exhibits a highly conserved 6- to
8-amino-acid helix (amino acids 92 to 100) as predicted by all
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algorithms used. A similar but longer helix (amino acids 86 to
103) is also present in the corresponding HHBV pre-S region
(data not shown).
The availability of neutralizing monoclonal antibodies

provides a useful tool for investigating mechanisms of virus
neutralization. Despite extensive studies with synthetic pep-
tides and anti-peptide antibodies which allowed the mapping
of putative virus recognition sites for cell receptors within
the pre-S region of HBV, elucidation of the mechanisms of
virus neutralization remained elusive. It appears from these
studies that the S protein has no receptor recognition site
and the pre-S2 region has only an auxiliary role in HBV
binding to hepatocytes (43, 46). However, it is known that S
and pre-S2 proteins elicit protective antibodies in humans
and chimpanzees (15, 21, 27, 46, 51). Thus, neutralization of
HBV appears complex and can also be brought about by
mechanisms other than direct interference with the receptor-
binding site, as is known for other viruses (9, 37). For
hepadnaviruses, DHBV is the only convenient model which
can be used to decipher the mechanisms of virus neutraliza-
tion both in vivo and in vitro.
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