
Induction of Humoral and Cell-Mediated Immune Responses by
Hepatitis B Virus Epitope Displayed on the Virus-Like Particles of
Prawn Nodavirus

Chean Yeah Yong,a Swee Keong Yeap,b Zee Hong Goh,a Kok Lian Ho,c Abdul Rahman Omar,b,d Wen Siang Tana,b

Department of Microbiology, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia, Serdang, Selangor, Malaysiaa; Institute of Bioscience,
Universiti Putra Malaysia, Serdang, Selangor, Malaysiab; Department of Pathology, Faculty of Medicine and Health Sciences, Universiti Putra Malaysia, Serdang, Selangor,
Malaysiac; Department of Veterinary Pathology and Microbiology, Faculty of Veterinary Medicine, Universiti Putra Malaysia, Serdang, Selangor, Malaysiad

Hepatitis B virus (HBV) is a deadly pathogen that has killed countless people worldwide. Saccharomyces cerevisiae-derived HBV
vaccines based upon hepatitis B surface antigen (HBsAg) is highly effective. However, the emergence of vaccine escape mutants
due to mutations on the HBsAg and polymerase genes has produced a continuous need for the development of new HBV vac-
cines. In this study, the “a” determinant within HBsAg was displayed on the recombinant capsid protein of Macrobrachium
rosenbergii nodavirus (MrNV), which can be purified easily in a single step through immobilized metal affinity chromatography
(IMAC). The purified protein self-assembled into virus-like particles (VLPs) when observed under a transmission electron mi-
croscope (TEM). Immunization of BALB/c mice with this chimeric protein induced specific antibodies against the “a” determi-
nant. In addition, it induced significantly more natural killer and cytotoxic T cells, as well as an increase in interferon gamma
(IFN-�) secretion, which are vital for virus clearance. Collectively, these findings demonstrated that the MrNV capsid protein is a
potential carrier for the HBV “a” determinant, which can be further extended to display other foreign epitopes. This paper is the
first to report the application of MrNV VLPs as a novel platform to display foreign epitopes.

Hepatitis B virus (HBV) is a partially double-stranded DNA
virus that belongs to the family Hepadnaviridae. It is known

to be the major cause of liver-associated diseases, including liver
cirrhosis and hepatocellular carcinoma. Approximately 2 billion
people worldwide have been infected by HBV, among which
about 350 million chronically infected people serve as a reservoir
for the virus (1, 2). To date, there is no effective treatment for HBV
infection despite intensive studies on antiviral drugs. Thus, pre-
ventive measures, including immunization with HBV vaccine, re-
main necessary.

HBV surface antigens (HBsAg) purified from the sera of in-
fected patients have been used for immunization against HBV
infection since 1981. The full-length HBsAg gene has three differ-
ent start codons and a common stop codon and encodes HBsAg of
different lengths (3). The longest is the large HBsAg (L-HBsAg),
followed by the middle HBsAg (M-HBsAg), and the smallest is the
small HBsAg (S-HBsAg). L-HBsAg is composed of 389 or 400
amino acids (aa), depending on the virus genotypes. It contains
the pre-S1 region (108 or 119 aa), followed by the pre-S2 region
(55 aa) and S-HBsAg (226 aa). The N-terminal end of M-HBsAg
harbors the pre-S2 region at its S-HBsAg. The S-HBsAg contains
226 aa in the absence of the pre-S1 and pre-S2 regions.

The HBsAg in serum self-assemble into noninfectious 22-nm
spherical or filamentous particles, along with lipid components
(4), which are capable of inducing neutralizing antibodies against
HBV infection. Although highly effective, the use of plasma-de-
rived HBsAg for vaccination is limited by the production cost, as
well as the possibility of contamination by other infectious patho-
gens present in human sera. These problems have been solved by
advances in recombinant DNA technology, which culminated in
the production of recombinant HBV vaccine in Saccharomyces
cerevisiae based upon HBsAg (5, 6). A highly immunodominant
region known as the “a” determinant is located in aa 121 to 149 of

the S-HBsAg (7). The region was demonstrated to induce the pro-
duction of neutralizing antibodies against HBV infection in hu-
mans (7).

HBV vaccines containing the “a” determinant often induce
protective antibodies with high cross-reactivity against HBV of
various subtypes (8, 9). Despite the effectiveness of these yeast-
derived vaccines, HBV variants with mutations across the “a” de-
terminant have been shown to escape the immune responses gen-
erated by the yeast-derived HBsAg (10–13). In addition, vaccine
escape mutants with nucleotide changes in their polymerase and
HBsAg genes have been reported widely due to continuous treat-
ment of patients with chronic hepatitis B with nucleoside analogs
(14). These life-threatening mutants and the genetic diversity of the
HBV genome strongly justify a continuing need for the development
of new HBV vaccines (15). Therefore, the “a” determinant of HBV
was selected as a foreign epitope to be displayed on Macrobrachium
rosenbergii nodavirus (MrNV) virus-like particles (VLPs) in this
study.

MrNV was isolated from M. rosenbergii (16), which is com-
monly known as the freshwater prawn (17). The recombinant
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MrNV capsid protein expressed in Escherichia coli self-assembled
into VLPs in the absence of other viral proteins (18, 19). VLPs have
been widely used for various purposes, including drug delivery
(20, 21), gene therapy (22), vaccine development (23–27), and
display of epitopes (28). Therefore, it is hypothesized that the
VLPs of MrNV capsid protein can be used to display foreign
epitopes. In the present study, the VLPs of MrNV capsid protein
were established as a novel display system for the “a” determinant
of HBV. MrNv VLPs harboring the “a” determinant, namely,
NvC-aD, were then produced in bacteria, and their immune re-
sponses in mice were studied. A commercial HBV vaccine,
Engerix B (GlaxoSmithKline, Middlesex, United Kingdom), con-
taining S-HBsAg produced in yeast (S. cerevisiae), was included in
this study as a positive control.

MATERIALS AND METHODS
Fusion of the “a” determinant of HBV to the C-terminal end of MrNV
capsid protein. The coding sequence of the “a” determinant was ampli-
fied from pMDHBs3 (29) by PCR with DreamTaq DNA polymerase
(Thermo Scientific, Waltham, MA) in the presence of 25 �M forward
primer (SAD-NCF; 5=-GT CCT GAA TTC CCA GGA TCA TCA AC-3=
[the EcoRI restriction site is underlined]) and reverse primer (SAD-NCR;
5=-CC ATA AAG CTT CTC CGA AAG CCC AG-3=; the HindIII restric-
tion site is underlined). The initial denaturation step was carried out at
94°C for 10 min, followed by 25 cycles of 94°C (45 s), 52°C (45 s), and 72°C
(1 min) and an extension of 72°C for 10 min. The PCR product was
purified with phenol-chloroform-isoamyl alcohol (25:24:1) prior to
EcoRI and HindIII digestion.

The plasmid pTrcHis-TARNA2 (18), encoding the recombinant
MrNV capsid protein (NvC), was first digested with HindIII, followed by
EcoRI. The digested plasmid was analyzed by 1% agarose gel electropho-
resis in TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) buffer. A band of
5.5 kb was excised from the gel and purified with the Qiaquick gel extrac-
tion kit (Qiagen, Hilden, Germany). The digested PCR product contain-
ing the “a” determinant coding sequence was then ligated with the linear-
ized pTrcHis-TARNA2 via EcoRI and HindIII sites by using T4 DNA
ligase (Promega, Madison, WI, USA) at 25°C for 3 h.

The ligation mixture was introduced into E. coli TOP10 competent
cells via the heat shock method, and positive transformants were selected
on Luria-Bertani (LB) agar plates containing ampicillin (100 �g/ml). The
positive transformants were screened by PCR using PNCx-Forward (5=-
CAG GCC AAC AAT ATT GGT GAA GC-3=) as the forward primer and
SAD-NCR (see above) as the reverse primer. Recombinant plasmids were
extracted using the alkaline lysis method (30) from the positive transfor-
mants, and the presence of the insert was verified by restriction enzyme
digestion and DNA sequencing prior to protein expression.

Protein expression and purification. A single colony of the transfor-
mant carrying the recombinant plasmid (namely, pNvC-aD) harboring
the coding sequence of the fusion protein was inoculated into LB broth
(50 ml) containing ampicillin (100 �g/ml) and incubated at 37°C at 220
rpm overnight. The overnight culture (10 ml) was then transferred into
fresh LB broth (500 ml) and incubated at 37°C at 220 rpm for 2 h until an
A600 of 0.6 to 0.8 was reached. IPTG (isopropyl-�-D-thiogalactopyrano-
side) (1 mM) was added to the culture as an inducer for the expression of
the fusion protein, NvC-aD. Incubation of the culture at 25°C and 220
rpm was continued for another 4 h.

The induced cells were pelleted by centrifugation at 8,000 � g for 5
min. The pellet was then resuspended in lysis buffer (25 mM HEPES, 500
mM NaCl, pH 7.4; 15 ml), followed by the addition of MgCl2 (4 mM) and
freshly prepared lysozyme (0.2 mg/ml). The mixture was incubated at
room temperature (RT) for 2 h prior to sonication. Sonication was done
at 30 MHz in an ice bath (30 s for 12 cycles, with 30-s intervals of cooling)
(31). After sonication, the cell lysate was centrifuged at 12,000 � g for 10

min. The supernatant was filtered through a syringe filter (0.45 �m; Mil-
lipore, Billerica, MA, USA).

The filtered sample was loaded onto a His-Trap HP 1-ml column (GE
Healthcare, Buckinghamshire, United Kingdom). A total of 10 column
volumes (CV) of washing buffer A (25 mM HEPES, 500 mM NaCl, 50 mM
imidazole, pH 7.4) and washing buffer B (25 mM HEPES, 500 mM NaCl,
200 mM imidazole, pH 7.4) flowed through the column. The bound pro-
teins were then eluted from the column by 3 CV of elution buffer (25 mM
HEPES, 500 mM NaCl, 500 mM imidazole, pH 7.4). The purified sample
was then analyzed by SDS-PAGE and Western blotting.

SDS-PAGE and Western blotting. Protein samples were mixed with
loading buffer (100 mM Tris-HCl, pH 6.8, 20% [vol/vol] glycerol, 4%
[wt/vol] SDS, 0.2% [wt/vol] bromophenol blue, 200 mM mercaptoetha-
nol) and immersed in a boiling-water bath for 15 min before being loaded
onto 12% SDS-polyacrylamide gels. The gels were then electrophoresed at
16 mA for 1 h. Proteins on the polyacrylamide gels were electrotransferred
onto nitrocellulose membranes and blocked with 10% skim milk (Anlene,
Auckland, New Zealand) for 1 hour. The membranes were incubated in
anti-His monoclonal antibody (1:5,000 dilution; Invitrogen, San Diego,
CA, USA) or anti-HBsAg antibody (1:2,500 dilution; MP Biomedicals,
California, USA) separately in TBS buffer (50 mM Tris-HCl, 150 mM
NaCl, pH 7.4) for 2 h. The membranes were then rinsed 3 times with TBST
buffer (50 mM Tris-HCl, 150 mM NaCl, 0.01% [vol/vol] Tween 20, pH
7.4). TBS buffer containing anti-mouse (1:5,000 dilution; KPL, Gaithers-
burg, MD) or anti-guinea pig (1:5,000 dilution; KPL) antibody conju-
gated to alkaline phosphatase (AP) was added as the secondary antibody
and incubated for 1 h. The membranes were washed 3 times with
TBST buffer. Finally, BCIP-NBT (5-bromo-4-chloro-3=-indolylphos-
phate p-toluidine salt–Nitro Blue Tetrazolium chloride) was added as the
substrate for color development.

Enzyme-linked immunosorbent assay (ELISA). Purified NvC-aD
and NvC (negative control) were diluted to 20, 10, 5, and 2 �g/ml with
HEPES buffer (25 mM HEPES, 500 mM NaCl, pH 7.4). The samples (100
�l) were loaded in triplicate into each well of a 96-well microtiter plate and
incubated overnight at 4°C. The wells were then rinsed 3 times with
HEPES buffer containing Tween 20 (0.05% [vol/vol]). Blocking was done
by adding milk diluents (200 �l; KPL, Gaithersburg, MD) to each well and
incubated for 2 h. The wells were then rinsed 3 times with HEPES-Tween
buffer and incubated for another 2 h upon the addition of anti-HBsAg
(100 �l; 1:2,500 dilution). After that, the wells were rinsed 3 times with
HEPES-Tween buffer, anti-guinea pig-AP conjugate (100 �l; 1:5,000 di-
lution) was added, and the plate was incubated for another 2 h. Then, the
wells were washed 4 times with HEPES-Tween buffer with 5 min of incu-
bation between the washes. p-Nitrophenyl phosphate (p-NPP) (100 �l)
was added to each well as a substrate. The microtiter plate was incubated
for 45 min, and the A405 was determined.

Transmission electron microscopy. Purified samples (15 ng/�l; 15
�l) were dropped onto a parafilm, and a carbon-coated copper grid was
placed on top of the sample droplet for 5 min. Excess solution on the grid
was removed by touching blotting paper to the side of the grid, and the
grid was then placed on top of a drop of freshly prepared uranyl acetate
solution (1% [wt/vol]) for another 5 min. The excess solution was re-
moved from the grid.

For immunogold staining, purified NvC and NvCaD (15 ng/�l; 15 �l)
were mounted onto carbon-coated grids as described above. The grids
were blocked with phosphate-buffered saline (PBS) (137 mM NaCl, 2.7
mM KCl, 10 mM Na2HPO4, 1.5 mM KH2PO4, 1% [wt/vol])– bovine se-
rum albumin (BSA) (15 �l; pH 7.4) for 5 min after the removal of excess
sample with filter paper. The grids were then incubated with anti-HBsAg
(15 �l; 1:25 dilution in PBS-BSA) for 1 h. After incubation with anti-
HBsAg, the grids were rinsed thrice with PBS-BSA prior to incubation
with protein A conjugated to 5-nm gold particles (MP Biomedicals, Cal-
ifornia, USA; 15 �l; 1:25 dilution in PBS-BSA) for another 1 h. The grids
were then rinsed 4 times with PBS-BSA, followed by negative staining with
uranyl acetate (1% [wt/vol]) for 5 min. The samples were dried and
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viewed under a transmission electron microscope (TEM) (Hitachi H7700,
Japan).

Immunization of BALB/c mice. All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee, Universiti
Putra Malaysia (AUP no. R058/2013). Four- to 5-week-old female
BALB/c mice were acclimatized for 2 weeks. After the 2nd week, the mice
(n � 7) were injected with 100 �l of samples subcutaneously. The samples
included purified NvC and NvC-aD (0.34 mg/ml) emulsified in Freund’s
adjuvant (complete Freund’s adjuvant, F 5881; incomplete Freund’s ad-
juvant, F 5506; Sigma-Aldrich, St. Louis, MO, USA), HEPES buffer, and
Engerix B. In addition, 2 boosters were given at 3-week intervals. Serum
samples were collected by submandibular bleeding before every injection
and 1 week after the second booster.

Immunogenicity of the recombinant proteins. Serum samples col-
lected during the 2nd week, 5th week, 8th week, and 9th week were ana-
lyzed by ELISA. Ninety-six-well microtiter plates were coated with the
synthetic “a” determinant peptide (0.5 �g; GL Biochem, Shanghai, China)
or plasma-purified HBsAg (0.2 �g; MP Biomedicals, California, USA).
Upon blocking with 200 �l of milk diluents, 100 �l of serum samples
diluted in TBS (1:500 dilution) was added and incubated for 1 h at RT.
After washing with TBST, anti-mouse antibody conjugated to alkaline
phosphatase (100 �l; 1:5,000 dilution) was added, and the plates were
incubated for 1 h. The plates were then washed again with TBST, and color
development was performed by adding p-NPP. The plates were incubated
at RT for 20 min, and the A405 was determined.

Immunophenotyping of splenocytes. Spleens of mice (n � 2) from
each group were harvested at week 9 (1 week after the 2nd booster injec-
tion). PBS (pH 7.4) was added to the spleens, and they were passed
through a cell strainer (70 �m). Single-cell suspensions were centrifuged
at 300 � g for 10 min. The cell pellet was then resuspended in erythrocyte
lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4) and
incubated at 4°C for 10 min. The splenocytes were washed and resus-
pended in PBS. Two sets of antibodies were added to the splenocytes:
anti-CD3-fluorescein isothiocyanate (FITC), CD4-phycoerythrin (PE),
and CD8-allophycocyanin (APC) and NK1.1-APC (Abcam; Cambridge,
United Kingdom). The mixtures were incubated for 2 h on ice in the dark.
Fixation was done with 1% (wt/vol) paraformaldehyde in PBS for 24 h at
4°C. Samples were then analyzed with a flow cytometer (FACSCalibur; BD
Biosciences, California, USA).

Cytokine quantification through sandwich ELISA. The concentra-
tions of interferon gamma (IFN-�) and interleukin-10 (IL-10) present in
the peripheral blood were analyzed with the ELISA Max (BioLegend, Cal-
ifornia, USA) according to the manufacturer’s protocol. A 96-well micro-
titer plate was coated with cytokine capture antibodies (100 �l) overnight
at 4°C. The wells were rinsed 4 times with PBST (137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.5 mM KH2PO4, 0.05% [vol/vol] Tween 20, pH
7.4), followed by blocking with PBS-BSA (200 �l) for 2 h at RT. The plate
was then rinsed again with PBST. Standards (IFN-� and IL-10) and serum
samples (100 �l) were added to the wells and incubated for another 2 h at
RT. The wells were rinsed with PBST. Cytokine detection antibodies (100
�l) were added and incubated for 2 h at RT. The wells were rinsed with
PBST before the addition of avidin conjugated with horseradish peroxi-
dase (HRP) (100 �l). The plate was then incubated for 30 min at RT,
followed by 5 washes with PBST. 3,3=,5,5=-Tetramethylbenzidine (TMB)
(100 �l) was added as a substrate and incubated for 5 min. Sulfuric acid
(100 �l; 1 M) was added as a stop solution. The A450 was determined
immediately.

Statistical analysis. Variations among different immunization groups
in terms of antibody responses, splenocyte immunophenotyping, and cy-
tokine concentration in peripheral blood were analyzed using one-way
analysis of variance (ANOVA). The significant differences between differ-
ent groups were discriminated using Duncan’s multiple-range tests,
where P values of less than 0.05 were considered significant, P values of less
than 0.001 were very significant, and P values of less than 0.0001 were

extremely significant. All data were analyzed using IBM SPSS statistics
software for Windows version 19.

RESULTS
Fusion of the “a” determinant of HBV to the C-terminal end of
the MrNV capsid protein. The coding sequence of the HBV “a”
determinant (148 bases), which encodes 49 amino acids, was in-
serted into pTrcHis-TARNA2 at the EcoRI and HindIII restriction
sites. The amino acid sequence of the recombinant MrNV capsid
protein fused with the “a” determinant of HBV (namely, NvC-
aD) is depicted in Fig. 1.

Purification of the fusion protein. Cell lysate was purified by
immobilized metal affinity chromatography (IMAC). Washing
buffer containing 50 mM imidazole removed most of the host
proteins from the column (Fig. 2A, lane 3). The remaining host
proteins could be removed fully only by washing with 200 mM
imidazole (Fig. 2A, lane 4). The NvC-aD eluted with 500 mM
imidazole was approximately 95% pure (Fig. 2A, lane 5).

The purified NvC-aD was analyzed by Western blotting. A
band of approximately 51 kDa was detected with anti-His and
anti-HBsAg antibodies, which corresponded well to the calculated
molecular mass of 50.6 kDa. Another, smaller band of approxi-
mately 48 kDa was also detected with both antibodies, suggesting
that NvC-aD was proteolytically degraded at the N-terminal end
(Fig. 2B and C).

Transmission electron microscopy. TEM analysis revealed
that the purified NvC-aD assembled into spherical VLPs approx-
imately 30 nm in diameter (Fig. 3A). In order to study whether the
“a” determinant is exposed on the surfaces of VLPs, the purified
NvC-aD was treated with anti-HBsAg antibody, followed by pro-
tein A conjugated to 5-nm gold particles, and analyzed under a
TEM. The gold particles, which appeared as black granules, were
predominantly observed on the surfaces of VLPs, suggesting that
the “a” determinant is exposed on the surfaces of VLPs (Fig. 3B).
NvC, in the absence of the “a” determinant, was used as a negative
control for immunogold labeling. Only a few gold particles were
observed in the electron micrograph (Fig. 3C).

Antigenicity of the fusion protein. ELISA was performed to
study the antigenicity of the “a” determinant fused to the MrNV
capsid protein. Microtiter plate wells were coated with different
concentrations of the purified NvC-aD. Purified MrNV capsid
protein without the “a” determinant, NvC, served as a negative
control. Anti-HBsAg reacted strongly with NvC-aD, suggesting
the “a” determinant fused to NvC was antigenic (Fig. 4).

Immunogenicity of the fusion protein. Serum samples from
mice immunized with HEPES buffer, NvC, NvC-aD, and Engerix
B were collected before every injection and 1 week after the 2nd
booster injection. Total antibodies against the “a” determinant
and plasma-purified HBsAg were studied. The results showed that
both NvC-aD and Engerix B elicited the production of antibodies
against the plasma-purified HBsAg (Fig. 5A) and the “a” determi-
nant peptide (Fig. 5B). In general, the maximum antibody level
was achieved after the 1st booster injection.

Immunophenotyping. The spleens of mice were harvested 1
week after the 2nd booster injection to study the presence of
helper T lymphocytes (Th), cytotoxic T lymphocytes (CTL), and
natural killer (NK) cells via immunophenotyping (Table 1). Over-
all, Engerix B and NvC-aD induced a significantly higher CD8�/
CD4� ratio (P � 0.05), indicating CTL activities. In addition,
Engerix B and NvC-aD also induced a high level of NK cells in
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mice, especially those immunized with NvC-aD. Interestingly,
NvC also induced NK cells.

Cytokine concentrations in mouse serum samples. The con-
centrations of IFN-� and IL-10 in serum samples were analyzed by

sandwich ELISA. NvC-aD induced IFN-� production but sup-
pressed IL-10 secretion at a significant level (P � 0.001) (Table 2),
indicating a type 1 helper T cell (Th1)-biased immune response.

DISCUSSION

VLPs formed by the capsid proteins of viruses such as HBV (25,
27, 32) and human papillomavirus (33) and bacteriophages (8,
34) have been widely used for displaying foreign epitopes for vac-
cine development. The carriers enhance the antigenicity of the
fused epitopes (35–37), which are often found to be inefficient in
eliciting immune responses. In addition, VLPs allow the display of
more than a single epitope, enabling the development of multiva-
lent vaccines (25, 38, 39). MrNV capsid protein self-assembles
into VLPs (18, 19); therefore, we hypothesize that MrNV VLPs can
be used to display a foreign epitope and enhance B cell and T cell
responses.

In this experiment, the “a” determinant of HBV was fused to
the C-terminal end of NvC, forming a fusion recombinant pro-
tein, namely, NvC-aD. The production of NvC-aD can be scaled
up easily, and it can be purified rapidly in a single-step IMAC
purification, with approximately 95% purity. NvC-aD provides
an alternative to the yeast-derived HBsAg vaccine. The former is
produced in bacteria, which reduces the cost of production and
thus promotes vaccination programs in developing countries.
NvC-aD with a molecular mass of about 51 kDa was detected with
anti-HBsAg and anti-His antibodies by Western blotting, which
corresponded well to the calculated molecular mass of 50.6 kDa.

The self-assembly property of the MrNV capsid protein was
not impaired by the addition of 49 amino acid residues at the
C-terminal end of the protein. NvC-aD formed spherical VLPs

FIG 1 Primary structure of the MrNV fusion proteins. The “a” determinant was inserted at the C-terminal end of the MrNV capsid protein and the N-terminal ends
of the myc epitope and His tag. The positions of amino acids are shown below the diagram. The amino acid sequences for each part of the fusion proteins are shown. NvC,
MrNV capsid protein with a myc epitope and His tag; NvC-aD, fusion protein of MrNV capsid protein and “a” determinant with a myc epitope and His tag.

FIG 2 SDS-PAGE and Western blotting of the fusion protein. (A) Purification
of NvC-aD with a His trap HP column. Lane 1, cell lysate; lane 2, flow through;
lane 3, elution with 50 mM imidazole; lane 4, elution with 200 mM imidazole;
lane 5, purified NvC-aD eluted with 500 mM imidazole. (B) Western blotting
with anti-His antibody. (C) Western blotting with anti-HBsAg antibody. SDS-
PAGE and the Western blot of the purified protein show both the full-length
NvC-aD (51 kDa) and the N-terminal degraded NvC-aD (48 kDa).
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approximately 30 nm in diameter when observed under a TEM,
showing that the addition of extra amino acid residues did not
alter the shape of the NvC particles. Anti-HBsAg antibody, which
recognizes the “a” determinant of HBsAg, was used to detect the
“a” determinant displayed on the surfaces of NvC-aD particles
through immunogold TEM analysis and ELISA. The results indi-

cate that the “a” determinant fused at the C-terminal end of NvC
is antigenic and is displayed on the surfaces of the VLPs.

The “a” determinant of HBsAg induces HBV-neutralizing an-
tibodies regardless of the virus subtype (40), and they provide up
to 2,000-fold-higher specific activities than the polyclonal anti-
bodies induced by whole HBV (41). Immunization of BALB/c
mice with the purified NvC-aD resulted in the production of an-
tibodies specifically against both the “a” determinant peptide and
the “a” determinant present in the plasma-purified HBsAg. These
findings suggest that NvC-aD is a potential HBV vaccine candi-
date.

In addition to antibody production, immunization of BALB/c
mice with NvC-aD resulted in a significant increase of NK cells,
which are part of the innate immunity. NK cells are among the
major IFN-�-secreting cells, which provide protection through
various pathways, including recruitment of immune cells, such as
other NK cells, macrophages, CTL, and antigen-presenting cells
(42, 43). During an infection, NK cells are often the first to react
while adaptive immune responses develop. Moreover, NK cells
were shown to provide protection against HBV infection in mice
depleted of CD4� and CD8� T cells (44).

Administration of NvC-aD in mice also resulted in an increase
of CTL. CTL are believed to play a vital role during HBV infection
by killing virus-infected hepatocytes. Thimme et al. (45) showed
that CTL are the main effector cells for viral clearance, as well as
disease pathogenesis, in CD8-deficient chimpanzees. However,

FIG 3 Transmission electron micrographs of the purified fusion proteins. (A) TEM analysis of NvC-aD. (B) NvC-aD probed with anti-HBsAg, followed by
protein A conjugated to 5-nm gold particles. The arrows indicate gold particles. (C) NvC probed with anti-HBsAg, followed by protein A conjugated to 5-nm gold
particles. The samples were stained negatively with uranyl acetate (1% [wt/vol]) and viewed under �100,000 magnification.

FIG 4 Antigenicity of the “a” determinant fused to MrNV capsid protein.
Microtiter plate wells were coated with each protein diluted to 20, 10, 5, and 2
�g/ml. BSA was the negative control. NvC, MrNV capsid protein without the
“a” determinant; NvC-aD, fusion protein of MrNV capsid protein and the “a”
determinant. The error bars indicate standard deviations.
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Bertoletti et al. (46) demonstrated the inhibition of HBV replica-
tion by CTL without causing liver damage. Phillips et al. (47)
concluded that the cytolytic effect of CTL during HBV infection is
minimal, and the main mechanisms in play were secretion of
IFN-� and of tumor necrosis factor alpha (TNF-	). This conclu-

sion is supported by Guidotti et al. (48), who demonstrated that
passive transfer of virus-specific CTL strongly inhibits HBV rep-
lication through mediation by IFN-� and TNF-	. Despite the po-
tential role of TNF-	, both NvC-aD and Engerix B based upon
HBsAg did not induce TNF-	 secretion in mice (data not shown).

FIG 5 Immunogenicity of the fusion protein in mice. Total antibodies against the plasma-purified HBsAg (A) and the “a” determinant peptide (B) in serum
samples collected at week 2 (preinjection), week 5 (3 weeks after 1st injection), week 8 (3 weeks after 1st booster injection), and week 9 (1 week after 2nd booster
injection). Serum samples from mice were pooled into groups injected with HEPES buffer, NvC, NvC-aD, and Engerix B. The serum samples were then reacted
with the plasma-purified HBsAg and the “a” determinant peptide immobilized on microtiter plate wells. The letters and Roman numerals above the bars
represent the statistical significance of results within each time point; a and b, w and x, x and y, y and z, I and II, II and III, and III and IV each represent a P value
of �0.001. **, results are extremely significant (P � 0.0001) in comparison to a group of mice injected with NvC (control). The error bars indicate standard
deviations.

TABLE 1 Immunophenotyping of mouse splenocytes

Group

% cells gateda

CD3� CD4� CD3� CD8� NK1.1�

CD8�/CD4�

ratio

HEPES 27.44 
 0.28d 15.73 
 0.24k 6.74 
 1.67x 0.57 
 0.01q
NvC 16.29 
 0.56b 8.37 
 0.21i 10.72 
 0.72y 0.51 
 0.02p
NvC-aD 14.84 
 0.17a 10.98 
 0.47j 16.91 
 0.95z 0.74 
 0.03s
Engerix B 23.34 
 0.51c 15.03 
 0.83k 8.75 
 1.58x,y 0.64 
 0.02r
a Numbers followed by different letters are significantly different (P � 0.05).

TABLE 2 Cytokine concentrations in pooled serum samples

Group

Cytokine concn (pg/ml)

IFN-�a IL-10b

HEPES 498.312 
 84.619a 421.099 
 0z
NvC 620.540 
 131.630a 432.181 
 11.082z
NvC-aD 1777.001 
 122.228b 321.365 
 33.245y
Engerix B 338.476 
 0a 421.099 
 0z
a Numbers followed by different letters are significantly different (P � 0.001).
b Numbers followed by different letters are significantly different (P � 0.001).
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Instead, HBV core antigen (HBcAg) was demonstrated to induce
TNF-	 secretion in vitro and in vivo (49–51).

It is widely accepted that IFN-� plays an important role in
noncytolytic virus clearance in vivo and in vitro (47, 48, 52–56).
Several mechanisms have been proposed, such as IFN-�-induced
proteosome-dependent degradation of viral or cellular proteins
needed for viral replication (55), destabilization of viral RNA (48),
and inhibition of HBV-mediated nuclear factor kappa B activa-
tion, which signals liver diseases, including hepatocellular carci-
noma (53). Thus, an increase in IFN-� production following
NvC-aD administration is believed to provide additional protec-
tion against HBV infection in a noncytolytic way.

In summary, the “a” determinant of HBV was fused to the
C-terminal end of the MrNV capsid protein. The fusion protein
NvC-aD self-assembled into VLPs and induced the production of
specific anti-“a” determinant antibodies, CTL, NK cells, and
IFN-� in mice. Collectively, this study demonstrated the potential
of MrNV VLPs as an epitope display system for the development
of vaccines that enhance B cell and T cell responses.
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