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The small envelope protein of hepatitis B virus (HBsAg-S) can self-assemble into highly organized virus like
particles (VLPs) and induce an effective immune response. In this study, a restriction enzyme site was
engineered into the cDNA of HBsAg-S at a position corresponding to the exposed site within the hydrophilic
a determinant region (amino acid [aa] 127–128) to create a novel HBsAg vaccine vector allowing surface
orientation of the inserted sequence. We inserted sequences of various lengths from hypervariable region 1
(HVR1) of the hepatitis C virus (HCV) E2 protein containing immunodominant epitopes and demonstrated
secretion of the recombinant HBsAg VLPs from transfected mammalian cells. A number of different recom-
binant proteins were synthesized, and HBsAg VLPs containing inserts up to 36 aa were secreted with an
efficiency similar to that of wild-type HBsAg. The HVR1 region exposed on the particles retained an antigenic
structure similar to that recognized immunologically during natural infection. VLPs containing epitopes from
either HCV-1a or -1b strains were produced that induced strain-specific antibody responses in immunized
mice. Injection of a combination of these VLPs induced antibodies against both HVR1 epitopes that resulted
in higher titers than were achieved by vaccination with the individual VLPs, suggesting a synergistic effect. This
may lead to the development of recombinant particles which are able to induce a broad anti-HCV immune
response against the HCV quasispecies or other quasispecies-like infectious agents.

Hepatitis C virus (HCV) is now recognized as the major
cause of non-A, non-B hepatitis. It has been estimated that
about 170 million people worldwide are infected with HCV, of
whom 70 to 80% will develop chronic liver disease, leading to
cirrhosis in 10 to 20% and liver cancer (hepatocellular carci-
noma) in 1 to 5% of chronically infected individuals (6). The
linear, single-stranded, positive-sense HCV RNA genome of
ca. 9.5 kb contains a single open reading frame (ORF) encod-
ing a polyprotein which is cleaved into the individual mature
viral proteins by host- and virus-specific proteinases. Three
structural proteins have been identified, the core protein and
two envelope proteins, E1 and E2.

It has been reported that cellular and humoral immune
responses play a pivotal role in the host defense mechanism
against HCV (8, 36). Most HCV carriers have circulating an-
tibodies to the virus envelope proteins and to a region located
in the extreme amino terminus of E2, hypervariable region 1
(HVR1), which has been reported to contain neutralizing B-
cell epitopes and a T-cell epitope (16, 17, 44). HVR1 probably
represents the major site of HCV genetic drift, with amino acid
substitutions leading to escape from recognition by existing
anti-HVR1 antibodies. Due to the variability within the HVR1

region, it has been proposed that these mutations are respon-
sible for the persistence of HCV infection through neutralizing
antibody escape mutants (25, 46, 52). Qualitative antibody
changes accompany HVR1 epitope shifts during the clinical
course of hepatitis (25). Antibodies to HVR1 can be protective
against infection and contribute to the selective replication of
HCV in chimpanzees (26).

Despite its hypervariability, some amino acid positions in
HVR1 are highly conserved, and even variable positions are
occupied by a limited number of amino acids. Mimotopes of
HVR1 which react with antibodies from a range of patients
have been identified (14, 37, 54). An understanding of the
cross-reactivity of these antibodies or the induction of a spec-
trum of anti-HVR1 antibodies which react against different
HVR1 sequences may be vital for the future development of a
vaccine against HCV.

The particulate nature of virus-like particles (VLPs) gener-
ally induces a more effective immune response than denatured
or soluble proteins. VLPs have a number of advantages over
conventional immunogens as vaccines (20). Antigens from var-
ious infectious agents can be synthesized as VLPs in heterol-
ogous expression systems (20, 48). In addition to the ability of
certain capsid or envelope proteins to self-assemble, these
particles can be produced in large quantities and are easily
enriched and purified. Vaccination with chimeric VLPs can
induce both insert-specific B- and T-cell responses even in the
absence of adjuvant (40); furthermore, VLPs cannot replicate
and are noninfectious.

The hepatitis B virus (HBV) small envelope protein
(HBsAg-S) has the capacity to self-assemble with host-derived
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lipids into empty envelope particles without the participation
of nucleocapsids (reviewed in references 18, 29, and 32). These
distinct subviral particles, produced as 22-nm-diameter spher-
ical or filamentous forms, bud into the lumen of a pre-Golgi
compartment and are subsequently secreted (24, 29, 32). Dur-
ing synthesis of these particles, HBsAg-S is cotranslationally
inserted into the membrane of the endoplasmic reticulum to
result in a short, luminally exposed N-terminal sequence, two
transmembrane regions separated by a 50-amino-acid (50 aa)
cytosolic loop, a luminal (external) 60 aa domain containing
the major B-cell epitopes (the a determinant), and a glycosyl-
ation site. The a determinant consists of a limited number of
epitopes and is located within a double-looped structure with
the antigenically important residues between aa 122 and 150 of
HBsAg-S (19, 23, 45). It is estimated that one 22-nm particle
contains about 100 HBsAg-S molecules (2). These subviral
HBsAg particles are used successfully worldwide for hepatitis
B vaccination.

The aim of this study was to develop recombinant HBsAg
particles containing foreign B-cell epitopes of the HVR1 re-
gion of the E2 protein of HCV inserted within the surface-
oriented loop of HBsAg and to determine if these particles
could induce humoral immune responses in mice. By using a
range of foreign epitopes to induce a broad but specific im-
mune response, this approach may have applications to a vac-
cine for HCV and other quasispecies-like viruses.

MATERIALS AND METHODS

Plasmids. Plasmid pSVHBs (22) was used as the template to amplify the gene
for HBsAg-S. Two oligonucleotides (On#23 and On#24, Table 1) were designed
to create an AgeI restriction site in the HBsAg-S cDNA which encodes the a
determinant region. The HBsAg-S-specific oligonucleotides On#24 and On#17
(Table 1), which anneal in the pSVL vector region upstream of the multiple
cloning site, were used to amplify the 59 half of the HBsAg-S-specific cDNA. The
HBsAg-S-specific oligonucleotides On#23 and On#9 (Table 1), which anneal to
the pSVL vector region downstream of the multiple cloning site, were used to
amplify the 39 half of the HBsAg-S-specific cDNA. Both PCR products contain
an EcoRI restriction site outside the HBsAg-S ORF and an AgeI restriction site
within the HBsAg-S ORF. To obtain the construct pD3-HBs/AgeI, both PCR
fragments encoding the 59 and 39 half of the HBsAg-S ORF were digested with
EcoRI and AgeI, and the vector pcDNA3 (Invitrogen) was digested with EcoRI
followed by ligation of the DNA molecules via the EcoRI and AgeI restriction
sites. Ligation of the two PCR fragments via the AgeI site resulted in restoration
of the complete HBsAg-S ORF with an AgeI restriction site at a position that
corresponds to aa 127–128 within the HBsAg-S. Due to the introduction of this
AgeI restriction site, the codon for aa 128-alanine of the wild-type HBsAg-S
protein was mutated to glycine. To clone the construct pD3-HBsAg/AgeI-7,

oligonucleotides On#33 and On#34 (Table 1) were annealed and ligated into
pD3-HBs/AgeI via the AgeI restriction site. The construct pD3-HBsAg/AgeI-22
was generated in a similar manner by using On#35 and On#36 (Table 1). For
the other constructs, an HCV cDNA template, genotype 1b (47), was used to
amplify E2-specific products. The PCR product was digested with AgeI and then
inserted into D3-HBs/AgeI. For the construction of plasmid pD3-HBsAg/AgeI-
35-1a, a genotype 1a HCV cDNA template was used (27). The following sets of
oligonucleotides were used; for pD3-HBsAg/AgeI-35-1a, On#63 and On#64
(Table 1); for pD3-HBsAg/AgeI-36-1b, On#44 and On#62 (Table 1); for pD3-
HBsAg/AgeI-60, On#62 and On#69; and for pD3-HBsAg/AgeI-82, On#62 and
On#70 (Table 1). Plasmid pSV27, which expresses large hepatitis delta virus
antigen (L-HDAg) under the control of the simian virus 40 promoter, has been
described (7).

Cell line and transfection. The human hepatoma cell line HuH-7 (35) was
grown in Dulbecco’s modified Eagle’s medium (Gibco-BRL) supplemented with
GlutaMax-1 (Gibco-BRL), 10% fetal calf serum, penicillin, and streptomycin
(Gibco-BRL).

Transfection. HuH-7 cells were transfected by the Ca3(PO4)2 method as de-
scribed (21). The supernatant was harvested 5 days later, and HBV surface
antigen (HBsAg) was measured by the Abbott Prism HBsAg assay (Abbott
Diagnostics). The level of HBsAg-S in the cell culture fluid was quantitated by
comparison with a commercially available vaccine (Engerix-B; 20 mg/ml; Smith-
Kline Beecham). The presence of L-HDAg was identified by immunoblot using
a human anti-delta virus antibody and assayed by the ECL-Plus detection system
(Amersham). The transfection efficiency of different plasmids was normalized to
the activity of secreted alkaline phosphatase (SEAP) as described previously (1,
30). The variation in the range of SEAP activity was less than twofold.

Peptides. Peptides representing the corresponding HVR1 regions of the HCV
E2 protein, HVR1-1a and HVR1-1b, were synthesized at the Queensland Insti-
tute for Medical Research, Brisbane, Australia, and had a purity of at least 50%:
HCV HVR1-1a genotype, ETHVTGGSAGRTTAGLVGLLTPGAKQN; and
HCV HVR1-1b genotype; DTHTTGGVAGRDTLRFTGFFSFGPKQK. An un-
related peptide derived from the E7 protein of human papilloma virus type 16
(DSTLRLCVQSTHVDIRTL) was synthesized by Chiron Technologies.

ELISA. Peptides (0.5 mg/well) in phosphate-buffered saline (PBS) were bound
to microtiter plates (Maxisorb; Nunc) at 4°C overnight, and then each well was
blocked in PBS containing gelatin (0.25%) and Tween 20 (0.1%) at room tem-
perature for 2 h. Serum samples were incubated at an appropriate dilution in
PBS with gelatin (0.125%) and Tween 20 (0.05%) for 1 h at 37°C. Bound
antibody was detected with an anti-mouse or anti-human immunoglobulin (Ig)
antibody conjugated to horseradish peroxidase (Dako). After several washing
steps, antibody binding was detected by the addition of ABTS [2,29-azinobis(3-
ethylbenzthiazoline-6-sulfonic acid); Sigma] and H2O2 in a citrate phosphate
buffer. Cell culture-derived VLPs expressing the HVR1-1b peptide were purified
over a sucrose cushion and by a CsCl gradient (see below). Cell culture medium
derived from untransfected HuH-7 cells was treated in the same way, and
mock-treated fractions of the appropriate density were collected. The fractions
were concentrated, and the particles were purified from the CsCl solution using
a Microcon YM-100 filter device (Amicon). Each well was coated with about 500
ng of VLPs in PBS, as estimated by using the commercially available vaccine as
a standard. The human serum sample was incubated in cell culture medium to
decrease the background signal and then analyzed by enzyme-linked immunosor-
bent assay (ELISA). Results were deemed positive if the optical density of the

TABLE 1. Sequences of oligonucleotides

Oligonucleotide Sequence

On#9.......................59-GATGAATTCTCACTGCATTCTAGTTGTGG-39
On#17.....................59-GATGAATTCCTTCTGCTCTAAACCGGATCG-39
On#23.....................59-GACTACCGGTCAAGGAACCTCTATGTATCC-39
On#24.....................59-CTTGACCGGTAGTCATGCAGGTCCGGCATGG-39
On#33.....................59-CCGGTGGGGACACCCACACGA-39
On#34.....................59-CCGGTCGTGTGGGTGTCCCCA-39
On#35.....................59-CCGGTGGGGACACCCACACGACGGGGGGGGTGGCGGGCCGCGACACGCTGCGCTTCACGGGGTTCA-39
On#36.....................59-CCGGTGAACCCCGTGAAGCGCAGCGTGTCGCGGCCCGCCACCCCCCCCGTCGTGTGGGTGTCCCCA-39
On#44.....................59-TGACTACCGGTGGTGTTTACAAGCTGGATC-39
On#62.....................59-TGACTACCGGTGGGGACACCCACACGAC-39
On#63.....................59-TGACTACCGGTGGGGAAACCCACGTCACCGGG-39
On#64.....................59-TGACTACCGGTGTTGATCAGTTGGATG-39
On#70.....................59-GACTACCGGTGATGGGGTGGCAGCTGGC-39
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medium value was above the OD of the negative control plus 2 standard devi-
ations.

Human serum. Human serum was derived from the patient from whom the
Australian HCV isolate was cloned (47).

Animals. C57BL/6 and BALB/c mice were used at 6 to 15 weeks of age. Within
a given experiment, the mice were littermates or were closely age and sex
matched. The mice were housed under specific-pathogen-free conditions.
Groups of two to four mice were immunized subcutaneously at the base of the
tail with 250 to 500 ng of recombinant HBsAg VLPs in the presence of Alhy-
drogel adjuvant (a kind gift from Peter Cooper, Australian National University,
Canberra). Mice used as negative controls were immunized with adjuvant alone.
Mice were bled from the retro orbital plexus at intervals, and antibody levels
were measured by ELISA.

Centrifugation. Cell culture supernatant containing VLPs was overlaid on a
20% sucrose cushion (20% sucrose in STE buffer (100 mM NaCl, 10 mM Tris
[pH 8], and 1 mM EDTA), and centrifuged for 16 h at 23,000 rpm (AH-629
rotor, Sorvall). The partially purified VLPs were resuspended in HEPES buffer
and used for vaccination procedures. To determine the buoyant density of the
VLPs and for purification purposes, the resuspended VLPs were loaded onto a
10 to 40% (wt/wt) CsCl step gradient (in STE buffer) and centrifuged for 22 h at
36,000 rpm (SW41 Ti; Beckman), and 200- to 300-ml fractions were taken from
the bottom of the tube. The fractions containing VLPs were identified by the
Prism HBsAg assay (Abbott). The positive fractions were desalted, concentrated,
washed with PBS by using Microcon YM-100 (Millipore) filter devices, and used
for electron microscopy studies.

Electron microscopy. Particles in PBS were visualized by negative staining with
1% ammonium molybdate.

RESULTS

HBsAg-S/HCV HVR1 chimeric proteins. Anti-HVR1 anti-
bodies have been shown to be neutralizing, and some human
sera with anti-HVR1 activity showed a degree of cross-reac-
tivity to different HVR1 variants (37, 38). Consequently, we
used the immunodominant HVR1 region as the foreign se-
quence to be inserted into the HBsAg-S subviral particles. To
synthesize these VLPs, we modified the HBsAg-S gene to
create a new AgeI restriction site that permitted insertion of
the HVR1 into an exposed region of the major external hy-
drophilic loop of the a determinant. The construct was de-
signed to ensure a surface orientation of the inserted HCV-
specific B-cell epitope(s). The new AgeI site within the
HBsAg-S ORF led to an alanine-to-glycine change at position
128 (Fig. 1A). A series of cDNA sequences encoding HCV-
specific peptides of different lengths were inserted into the
AgeI site. Each insert begins with a glycine, followed by the
HVR1 sequence of the E2 protein derived from the Australian
HCV-1b isolate (47), then by threonine and glycine at the
C-terminal end of the insert. The different plasmids encoded 4,
19, or the complete 27 aa of the HVR1 region (Fig. 1B).
Plasmids encoding the complete HVR1 region also contained
the downstream 6, 30, or 52 aa of the E2 protein, as indicated
(Fig. 1B). In addition, one construct (pD3-HBsAg/AgeI-35-1a)
which expressed the complete HVR1 polypeptide and the
downstream 5 aa derived from an HCV-1a isolate was created
(27).

Recombinant particles are secretion competent. Individual
plasmids containing the above constructs were transfected into
HuH-7 cells, and the cell culture fluid was harvested 5 days
later and tested for secreted HBsAg by an in vitro chemilumi-
nescent immunoassay based on an anti-HBsAg IgM antibody
(Abbott Prism). The transfections were standardized by a
SEAP assay; a representative result with the corrected light
counts is shown in Fig. 2. The A128G mutation resulted in an
apparent reduction in the level of secretion from pD3-HBsAg/

AgeI to approximately 77% compared with the wild-type HBs
Ag. Insertion of 7 aa also decreased the number of light counts
to about 79%, while increasing the length of the insert beyond
this resulted in an even greater apparent reduction in light
counts. As a result, the HBsAg which contained an insert of 82
aa showed a level of HBsAg activity in the cell culture fluid
similar to that of the negative control (Fig. 2). However, the
decrease in HBsAg levels may reflect either decreased secre-
tion efficiency of the recombinant HBsAg proteins or de-
creased affinity of the anti-HBsAg IgM antibody resulting from
the insertions. To address this question, cotransfections with a
plasmid expressing the large hepatitis delta virus antigen (L-
HDAg) were performed. L-HDAg can only be packaged and
secreted in the presence of functional HBV envelope proteins,
with HBsAg-S being sufficient for packaging (3, 51). In this
case, secretion was quantified by measurement of L-HDAg in
the supernatant by immunoblot analysis (Fig. 3A); the pres-
ence of the expressed L-HDAg in the corresponding cell pel-
lets is shown in Fig. 3B. The results of this experiment showed

FIG. 1. Illustration of the strategy used to insert the HCV HVR1
peptide into the hydrophilic loop of HBsAg-S. (A) Part of the HBs
Ag-S nucleotide and corresponding amino acid sequence before and
after introduction of the AgeI cloning site. The numbers indicate the
amino acid position within HBsAg-S. The nucleotide sequence within
the rectangle represents the AgeI site. The introduction of this restric-
tion enzyme site leads to an alanine-to-glycine change at position 128.
(B) Constructs derived by inclusion of HCV sequences into the AgeI
cloning site of the modified HBsAg-S DNA sequence. The first amino
acid is glycine, which is not part of the sequence of the HCV E2
protein; the last two amino acids (threonine and glycine) are encoded
by the AgeI nucleotide sequence downstream of the HCV E2 insert.
The shaded rectangle indicates the HVR1 region of E2, and the
hatched rectangle represents the E2 sequence downstream of the
HVR1 region. The numbers above the shaded and hatched rectangles
indicate the number of encoded amino acids of the corresponding
HVR1 region and the downstream E2 region. The HBsAg-S sequence
between aa 101 and 159 represents the outer hydrophilic domain.
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that recombinant HBsAg-S proteins containing up to 35 or 36
additional aa in the external loop (Fig. 3A, lanes 5 and 6) were
as efficient as wild-type HBsAg-S (Fig. 3A, lane 1) in support-
ing L-HDAg secretion. Furthermore, secretion of L-HDAg
also indicated that these recombinant HBsAg-S proteins re-
tained the structural features necessary for the L-HDAg/
HBsAg-S interaction. Thus, the combined data from this and
the previous experiment suggest that HBsAg/Agel-35-1a and
HBsAg/AgeI -36-1b were secreted with an efficiency similar to
that of wild-type HBsAg-S. On the other hand, coexpression
with recombinant envelope proteins containing an insert of 60
aa resulted in a decreased potential to support L-HDAg se-
cretion (Fig. 3A, lane 7), and the recombinant protein with
82/aa inserted into HBsAg-S was totally unable to support
L-HDAg secretion (Fig. 3A, lane 8). These larger insertions
may interfere with the stability or the secretion ability of the
recombinant HBsAg-S and/or may lead to conformational
changes which preclude L-HDAg secretion.

Characterization of recombinant particles. Although the
above HBsAg preparations containing insertions of 36 aa ap-
peared to be secreted and recognized by the Prism HBsAg
assay, it was important to determine if particle formation oc-
curred. To this end, plasmids expressing wild-type HBsAg-S or
the recombinant HBsAg/AgeI-36-1b protein were transfected
independently into HuH-7 cells, the cell culture medium was
collected, and the particles were concentrated and purified by
centrifugation through a 20% sucrose cushion followed by a
CsCl density gradient. The HBsAg content of individual gra-
dient fractions was measured by the Prism HBsAg assay. Wild-
type and recombinant HBsAg were detected in fractions with

a density of 1.2 g/ml (Fig. 4). As this represents the density of
wild-type HBsAg particles (13, 34), this provides strong evi-
dence that the recombinant HBsAg formed particles in a sim-
ilar manner to wild-type HBsAg.

To confirm this, the putative particles were examined by
electron microscopy. Particles were derived from an HBV
chronic carrier and from the supernatant of HuH-7 cells trans-
fected with the plasmid expressing HBsAg/AgeI-36-1b and
then purified as described above. Both samples contained par-
ticles of approximately 22 nm (Fig. 5), and the particles derived
from the recombinant HBsAg were virtually indistinguishable
from wild-type particles. Filaments and Dane particles were
not present in the sample derived from the recombinant pro-
tein.

Reactivity of recombinant particles with human serum. The
recombinant particles were then examined to determine if the
HCV HVR1 region was displayed on the surface of the recom-
binant 22-nm particles and if the associated antigenicity was
retained. As the Australian isolate of HCV (genotype 1b) was
cloned from a single individual who acquired acute hepatitis C
after receiving an allogeneic bone marrow transplant (47), the
serum from this patient was examined by ELISA for antibodies
directed against the HVR1 region, initially using HVR1-spe-
cific peptides and later using the recombinant particles.
HVR1-specific peptides were used that represented the se-
quence of the authentic Australian HCV1-1b isolate and an
HVR1-1a isolate (27). The human serum showed a specific
reaction with the HVR1-1b peptide but did not react with the
HVR1-1a peptide or an unrelated peptide (Fig. 6A). We then
investigated if the HVR1-1b epitope present in the VLPs had

FIG. 2. Detection of recombinant HBsAg in cell culture fluid.
HuH-7 cells were cotransfected with plasmids encoding one of the
HBsAg proteins, a plasmid encoding L-HDAg (see Fig. 3), and
pSEAP. Supernatants were harvested, and HBsAg was measured by a
chemiluminescence assay. The light counts were normalized by an
SEAP assay.

FIG. 3. Detection of L-HDAg in the presence of the different re-
combinant HBsAg proteins. (A) Cell culture supernatant (10 ml)
(identical samples as used in Fig. 2) was pelleted through a sucrose
cushion, resuspended in sample buffer, and analyzed by an immuno-
blot specific for HDAg. Expression of L-HDAg in the presence of
(lane 1) HBsAg wild type, (lane 2) HBsAg/AgeI, (lane 3) HBsAg/
AgeI-7, (lane 4) HBsAg/AgeI-22, (lane 5) HBsAg/AgeI-36-1b, (lane 6)
HBsAg/AgeI-35-la, (lane 7) HBsAg/AgeI-60, (lane 8) HBsAg/AgeI-82,
(lane 9) no HBsAg, and (lane 10) neither HDAg-L nor HBsAg. (B)
Analysis of the corresponding cell pellets for the presence of L-HDAg.
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retained its antigenicity. The serum reacted exclusively with
the VLPs with the HVR1-1b epitope but not with VLPs con-
taining the HVR1-1a epitope, wild-type VLPs, or the mock-
treated fraction (Fig. 6B and C). This indicated that the
HVR1-1b epitope present within the a determinant of
HBsAg-S had retained its antigenicity and was most likely
displayed on the surface of the VLP in a conformation iden-
tical or similar to the conformation of HVR1 during natural
infection.

Recombinant VLPs are immunogenic in mice. We then
wished to determine if the recombinant HBsAg particles con-
taining the complete HVR1 region were immunogenic in mice.
The particles expressed from plasmids HBsAg/AgeI-35-1a and
HBsAg/AgeI-36-1b (Fig. 1B) were partially purified and in-
jected into mice. In two experiments, four mice were immu-
nized with the HVR1-1a VLPs and four mice were immunized
with the HVR1-1b VLPs. As determined by ELISA, the sera of
all four mice injected with the HBsAg-S/HVR1-1a particles

FIG. 4. Equilibrium density gradient analysis of HBsAg VLPs isolated from cell culture fluid. The VLPs were centrifuged through a 20%
sucrose cushion, resuspended in PBS, and then centrifuged to equilibrium on preformed step gradients of CsCl (10 to 40% [wt/wt]). (A) Wild-type
(wt) HBsAg particles. (B) Recombinant particles expressing HVR1-1b.
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were reactive with the HVR1-1a peptide. A representative
result for one mouse immunized with HBsAg/Agel-35-1a VLPs
is shown for the 1:50 and 1:200 dilutions (Fig. 7A). The serum
showed a highly specific immune response against the
HVR1-1a peptide and was not reactive with the HVR1-1b
peptide or an unrelated peptide. Similarly, in two experiments,
four mice were immunized with the HVR1-1b particles, and
two of four mice injected with the HBsAg-S/HVR1-1b parti-
cles were reactive with the HVR1-1b peptide. A representative
result for one mouse immunized with HBsAg/AgeI-35-1b
VLPs is shown for the 1:50 and 1:200 serum dilutions (Fig. 7B).
The serum showed a highly specific immune response against
the HVR1-1b peptide and was not reactive with the HVR1-1a
peptide or an unrelated peptide. Mice immunized with
HBsAg/AgeI-35-1a VLPs did not develop antibodies which
were cross-reactive with the HVR1-1b peptide and vice versa.

This is consistent with the above data from ELISA examina-
tion of the patient’s serum, which, although reactive with the
HVR1-1b peptide, showed no cross-reactivity with the
HVR1-1a peptide (Fig. 6A and C).

Immunization with a combination of VLPs. To investigate
whether antibodies could be raised simultaneously against the
HVR1-1a and HVR1-1b epitopes, four mice were immunized
with an equimolar mix of HBsAg/AgeI-35-1a and HBsAg/
AgeI-36-1b VLPs, and the antibody response against the indi-
vidual peptides was tested by ELISA. Serum samples from
three of four mice reacted strongly with both epitopes, and the
sample from the fourth mouse reacted weakly against the
HVR1-1a epitope (titer between 1:50 and 1:200) but not
against the HVR1-1b epitope (data not shown). A represen-
tative result for one mouse immunized with HBsAg/AgeI-
35-1a and HBsAg/AgeI-36-1b VLPs is shown for the 1:50 and

FIG. 5. Identification of particles by electron microscopy. (A) Particles derived from the serum of a chronic HBV carrier. (B) Recombinant
particles derived from the construct pD3-HBsAg/AgeI-36-1b. Bars, 100 nm.
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1:200 serum dilutions (Fig. 8). The serum samples responded
strongly to both HVR1-1a and HVR1-1b epitopes.

Antibody titer plotted as a function of time. The OD values
(Fig. 7A and B and Fig. 8) suggested that the VLPs containing
the HVR1 epitopes were immunogenic, with the generation of
a higher antibody titer after immunization with a combination
of different VLPs. Hence, the sera harvested at different time
points from each mouse were titrated. The titer of sera derived
from four animals immunized with VLPs containing the
HVR1-1a epitope in two independently performed experi-
ments was determined. These data were plotted as a function
of time (Fig. 9A1 and A2). The highest titer against the
HVR1-1a epitope measured was 1:4,800 (Fig. 9A2). Similarly,
four animals were immunized with VLPs containing the
HVR1-1b epitope. One animal responded positively against
the HVR1-1b epitope in each experiment (Fig. 9B1 and B2),
with the highest titer measured being 1:800 (Fig. 9B2). The
animals immunized with the VLPs carrying the HVR1-1a
epitope did not develop antibodies reactive with the HVR1-1b
and vice versa at any time point. For each set of experiments
(Fig. 9A1 and B1 and Fig. 9A2 and B2) the antibody titer
obtained after injection of VLPs containing the HVR1-1b
epitope was lower than the titer obtained after immunization
with VLPs containing the HVR1-1a epitope, suggesting that
the HVR1-1b epitope was less immunogenic in mice. The
anti-HVR1-1a antibody titer persisted at least to day 209 (162
days after the last booster injection), with titers of 1:1,600 and
1:2,400 for each of the two animals immunized with HVR1-
1a-specific VLPs (Fig. 9A1). The anti-HVR1-1b antibody titer
in the mouse immunized with HVR1-1b-specific VLPs was
1:75 at day 209 (Fig. 9B1).

In parallel to the experiments shown in Fig. 9A1 and B1, the
antibody titers from three mice immunized with a combination
of HVR1-1a and HVR1-1b-specific VLPs were plotted against
time. The highest antibody titer obtained was 1:19,200 against

the HVR1-1a epitope and 1:4,800 against the HVR1-1b
epitope (Fig. 9C). The antibody titer obtained persisted at least
to day 209, with an arimethic mean of 1:5,600 against the
HVR1-1a epitope (range, 1:9,600 to 1:2,400) and with a mean
of 1:470 against the HVR1-1b epitope (range, 1:600 and 1:200)
(Fig. 9C). In both instances, these titers were higher than those
generated by immunization with the individual recombinant
particles. The results suggest that a synergistic effect may ac-
count for the higher titers resulting from immunization with
the mixed recombinant particles.

DISCUSSION

For optimal immunogenicity, epitopes should ideally be pre-
sented as several copies on a defined particulate structure (20).
Subviral HBsAg particles are used for hepatitis B vaccination,
and because of their particulate structure, they are useful as a
carrier matrix for foreign epitopes. We have created particles
with an insertion site that is localized within the major anti-
genic site (a determinant) of the HBsAg protein. HCV-specific
epitopes were inserted, chimeric particles were synthesized,
and the insertion of up to 36 aa did not interfere with the
secretion efficiency compared to wild-type particles. The anti-
genicity of the HCV-specific epitope was retained, and the
particles were able to induce an immune response against the
foreign epitope.

Because of its intrinsic immunogenic potential, particulate
HBsAg has been investigated thoroughly in terms of antigen
preparation and mode of delivery (39–41). It has also been
used as a carrier for the presentation of foreign epitopes like
tetanus toxoid (4), the glycoprotein D of herpes simplex virus
(49), capsid protein of poliovirus (9, 11, 12), antigens derived
from the malaria parasite (29, 50), HCV (31), and human
immunodeficiency virus (33). The external hydrophilic loop is
a preferred site of insertion, and the BamHI restriction site

FIG. 6. Reactivity of recombinant particles with human serum as determined by ELISA. (A) Serum from a patient infected with HCV was
tested against peptides representing HVR1-1a and HVR1-1b sequences and an unrelated peptide. (B and C) Two independently performed assays
testing the human serum against recombinant (rec.) HBsAg particles containing the HVR1-1a epitope or HVR1-1b epitope, wild-type (wt) HBsAg
particles, and a control fraction derived from the cell culture fluid of untransfected HuH-7 cells (mock).
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(corresponding to aa 112 and 113) within the HBsAg gene has
been used to insert DNA fragments of various lengths (10).
This resulted in expression of the foreign epitope close to the
transmembrane region that may prevent an optimal surface
orientation of the foreign insert. Moreover, insertions of short
peptides into this site tended to reduce the level of secretion of
the corresponding particles, while chimeric proteins with in-
sertions of 24 and 33 aa failed to be secreted (10). In contrast,
Lee et al. (31) reported the secretion of chimeric HBsAg
particles with an insertion of the HCV E2/HVR1 domain at aa
position 112–113, suggesting that the level of secretion may
depend on the inserted sequence itself. This is in agreement
with the observation by Delpeyroux et al. (10, 12). Particles
with foreign sequences expressed within the external loop but

close to the transmembrane region were shown to induce a
B-cell immune response against the foreign epitope in the
presence of Freund’s adjuvant (11, 12).

To avoid any deleterious effects on secretion that may indi-
cate a misfolding of the recombinant protein resulting from
insertion of foreign sequences close to the transmembrane
region and to ensure a surface orientation of the inserted
foreign peptide on the VLP, we engineered an insertion site
for foreign sequences into the cDNA encoding the a determi-
nant. We have chosen sequences derived from the HVR1 re-
gion of the HCV envelope protein E2. It has been shown that
antibodies to HVR1 interfered with virus attachment (42, 53,
54), provided an effective prophylaxis in chimpanzees (15, 17),

FIG. 7. Immunogenicity of recombinant VLPs in mice as determined by ELISA. Serum samples were from a mouse immunized with
HBsAg/AgeI-35-1a recombinant particles (A) or HBsAg/AgeI-35-1b recombinant particles (B). The mice were immunized three times on days 0,
33, and 47, and serum samples were taken on days 56, 69, 82, and 110 and tested (1:50 and 1:200 dilutions) against the HVR1-1a peptide, the
HVR1-1b-specific peptide, and an unrelated peptide. The results show the mean OD of multiple tests and the standard deviation.
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and prevented HCV infection in cell culture (43, 55) and in
chimpanzees (5, 16).

Due to the importance of anti-HVR1 antibodies, we created
VLPs with the HVR1 peptide expressed within an exposed
region of the major antigenic site of HBsAg and investigated
the immunogenicity of these recombinant particles in the pres-
ence of aluminum hydroxide (Alhydrogel). These particles
contained the HCV epitopes within the first loop of the ex-
posed a determinant. Recombinant HBsAg-S proteins with
insertions of up to 36 aa could support the secretion of
L-HDAg as efficiently as wild-type HBsAg. This indicates that
the recombinant and wild-type envelope proteins were se-
creted with the same efficiency. Moreover, we showed that
these recombinant proteins were able to assemble into parti-
cles that were recognized by an anti-HBsAg IgM monoclonal
antibody (Abbott Prism). Thus, the overall structure of the
recombinant proteins was not changed dramatically, and con-
sequently the foreign epitope within the a determinant was
expected to be exposed in a surface-oriented way. A human
anti-HCV-positive serum which contains anti-HVR1-1b anti-
bodies was reactive with the HVR1-1b epitope contained
within the a determinant. This confirmed that the HVR1
epitope was not only exposed but retained a conformation
which mimics or is close to the natural conformation. The
recombinant HBsAg particles were injected into mice in the
presence of aluminum hydroxide. It was previously shown that
the adsorption of HBsAg to aluminum hydroxide induced a
strong B-cell immune response but inhibited the induction of a
specific CD81 cytotoxic T lymphocyte response in vivo (39–
41). Since the HBV vaccine used for humans contains alumi-

num hydroxide and its use is most successful, the insertion of
the HVR1 sequence into the major antigenic site of HBsAg
was expected to elicit a prominent antibody response against
the foreign peptide. The recombinant particles comprised of
the proteins HBsAg/Agel-35-1a and HBsAg/AgeI-36-1b were
able to induce a corresponding antibody response in mice.
Mouse antibodies raised against the HVR-1b epitope ex-
pressed on VLPs could immunoprecipitate the corresponding
E2 protein synthesized in BHK cells (S. Greive, personal com-
munication). This indicates that these antibodies recognize
native epitopes presented on the E2 protein, in agreement with
the observation that the natural conformation of the HVR1
epitope was retained within HBsAg-S. The immune response
against HBsAg/AgeI-35-1a was stronger than that against
HBsAg/AgeI-36-1b, perhaps due to the presence of a more
potent T-helper epitope in proximity to the B-cell epitope (44).
Immunization with a combination of both particles raised an
immune response against both the HVR1-1a and -1b epitopes.
Hence, the antigen contained in one population of particles is
not immunodominant over the epitopes presented by the sec-
ond population. After immunization with a combination of two
types of VLPs, we observed a higher antibody titer compared
with the titers obtained after immunization with either VLP
type alone. The combination of two particles doubled the total
amount of carrier protein injected, although the total amount
of each foreign epitope inserted into the carrier protein was
the same. Therefore, the number of T-helper epitopes present
within the carrier protein was also doubled, and this probably
contributed to the higher antibody responses.

We have combined different particles and injected these into

FIG. 8. Induction of antibodies in mice immunized with a combination of VLPs as determined by ELISA. The mice were immunized three
times on days 0, 33, and 47, and serum samples were taken on days 56, 69, 82, 110, and 143. The results shown are from a representative mouse
immunized with a combination of HBsAg/AgeI-35-1a and HBsAg/AgeI-35-1b recombinant particles. Serum samples (diluted 1:50 and 1:200) were
tested against the HVR1-1a peptide, the HVR1-1b-specific peptide, and an unrelated peptide. The results show the mean OD of multiple tests
and the standard deviation.
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mice, but it has also been shown that mixed particles can be
synthesized in which both HBsAg and a recombinant HBsAg
with a poliovirus-specific epitope are presented. These mixed
particles induced antibodies to both the HBsAg and the po-
liovirus-specific epitope (11). Therefore, it may be possible to
use a combination of different recombinant particles to induce
an appropriate immune response against a range of different
foreign epitopes.

In this article, we have reported the development of a novel
HBsAg vector with generic significance for the delivery of
foreign epitopes. We have demonstrated the applicability of
this approach to the generation of antibody responses to the
HVR1 of HCV. The use of a combination of different particles
which may themselves contain different epitopes may induce
anti-HCV antibodies that are able to recognize a spectrum of
HCV-specific sequences. Hence, these particles may have the
potential to inhibit the development of sequentially emerging
variants. A suitable combination of different hybrid particles
may represent a “potpourri” vaccine required for successful
vaccination against a quasispecies. Moreover, although it is
likely that many potential recipients of such a vaccine will have
existing anti-hepatitis B surface antigen, this can be expected
to target the recombinant particles to antigen-presenting cells,
and this may result in an enhanced immune response against
the HVR1 epitope.

FIG. 9. Antibody titer against HVR1 epitopes in mouse sera taken
at different time points, shown as a function of time. Mice were im-
munized on days 0, 33, and 47 (indicated by arrows), and the serum was
taken on days 0 (prebleed), 47, 56, 69, 82, 110, 143, and 209 (A1, B1
and C), or mice were immunized on days 0 and 15 and serum was taken
on days 0 (prebleed), 24, 44, and 57 (A2 and B2). Antibody titers
against the HVR1-1a epitope in two mice immunized with HBsAg/
Age-35-1a (A1 and A2), against HVR1-1b in one mouse immunized
with HBsAg/Age-36-1b (B1 and B2), and in three mice immunized
with a combination of particles (C). E, antibody titer against the
HVR1-1a epitope; F, antibody titer against the HVR1-1b epitope. The
titer is given as the arimethic mean, and the bars indicate the range of
antibody titers obtained. The values shown in panels A2, B2, and C
indicate titers outside the range of the y axis.
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