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The repetitive structure of compact virus-like particles (VLPs) provides high density displays of antigenic
sequences, which trigger key parts of the immune system. The hepatitis B virus (HBV) and human papil-
loma virus (HPV) vaccines exploit the assembly competence of structural proteins, which are the effective
immunogenic components of the prophylactic HBV and HPV vaccines, respectively. To optimize vaccine
designs and to promote immune responses against protective epitopes, the ‘‘Asp-Ala-Asp-Pro” (NANP)-
repeat from the Plasmodium falciparum circumsporozoite protein (CSP) was expressed within the
exposed, main antigenic site of the small HBV envelope protein (HBsAgS); this differs from the RTS,S vac-
cine, in which CSP epitopes are fused to the N-terminus of HBsAgS. The chimeric HBsAgS proteins are
assembly competent, produce VLPs, and provide a high antigenic density of the NANP repeat sequence.
Chimeric VLPs with four or nine NANP-repeats (NANP4 and NANP9, respectively) were expressed in
mammalian cells, the HBsAgS- and CSP-specific antigenicity of the VLPs was determined, and the
immunogenicity of the VLPs assessed in relation to the induction of anti-HBsAgS and anti-CSP antibody
responses. The chimeric VLPs induced high anti-CSP titres in BALB/c mice independent of the number of
the NANP repeats. However, the number of NANP repeats influenced the activity of vaccine-induced anti-
bodies measured by complement fixation to CSP, one of the proposed effector mechanisms for
Plasmodium neutralization in vivo. Sera from mice immunized with VLPs containing nine NANP repeats
performed better in the complement fixation assay than the group with four NANP repeats. The effect
of the epitope-specific density on the antibody quality may instruct VLP platform designs to optimize
immunological outcomes and vaccine efficacy.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Virus-like particle (VLP) subunit vaccines have the ability to
induce potent immune responses against their cognate virus and
can be modified for the delivery of inserted foreign antigenic
sequences [1–3]. Two cancer-preventing vaccines directed against
human hepatitis B virus (HBV) and human papilloma virus (HPV)
are composed of viral structural proteins, which are assembled into
VLPs [4–7]. VLPs display an array of antigenic sequences to the
innate immune system allowing the subsequent activation of the
adaptive system [1,8,9]. The ability to accept foreign inserts into
the VLP structure provides the basis for delivery platforms for
medically relevant sequences. The structural proteins from
different viruses, such as HBV, HPV and Qb phage have been
engineered to express foreign antigens [10–12]. Notably, the
hepatitis B small surface antigen (HBsAgS) has been engineered
to include a polypeptide derived from the Plasmodium falciparum
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circumsporozoite protein to generate the RTS,S (MosquirixTM)
malaria vaccine [11–14].

The HBV envelope contains three related transmembrane
proteins, hepatitis B surface antigen-large (HBsAgL), -middle
(HBsAgM) and -small (HBsAgS). HBsAgS subunits are the sole anti-
genic component of the hepatitis B vaccine [4,5,15,16]. HBsAgS is
composed only of the S-domain consisting of 226 amino acids
(aa); HBsAgM and -L are composed of the S-domain with addi-
tional N-terminal extensions. The expression of HBsAgS proteins
in eukaryotic cells in the absence of any other viral component is
sufficient for the assembly into VLPs. HBsAgS proteins assemble
at the endoplasmic reticulum (ER) into secretion competent, lipid
containing VLPs with a size of approximately 25 nm in diameter,
and approximately 100 HBsAgS subunits per particle [17,18], fifty
HBsAgS dimers were identified in mice-expressed VLPs [19]. The
first stage during particle morphogenesis involves the cotransla-
tional insertion of HBsAgS into the ER membrane forming a short
luminal exposed N-terminal sequence, two transmembrane
regions separated by a 57 aa cytosolic loop and a luminal external
70 aa region containing loop 1 and loop 2 regions. The external
hydrophilic region contains multiple epitopes, including an
immunodominant (’a’-determinant) domain that is common to
all HBV genotypes. HBsAgS VLPs have a compact structure due to
a large number of intra- and intermolecular disulfide bonds within
and between the individual subunits [15,16,20,21]. Expressing
HBsAgS protein subunits in mammalian cells allows post-
translational modification of HBsAgS resulting in approximately
half of the subunits being glycosylated at residue Asn146 [15,16]
contrasting the yeast-derived HBsAgS VLP vaccine, in which parti-
cles remain non-glycosylated [22–24]. Glycans provide defining
structures that contribute defining structures that contribute to
particle uptake and processing by antigen presenting cells [25].
We have previously shown that hyperglycosylated HBsAgS VLPs
with additional glycans promote an earlier and longer lasting
anti-HBsAgS antibody response compared to wild type or hypogly-
cosylated HBsAgS VLPs [26]. The presence of glycan structures may
facilitate recognition by host lectin receptors expressed by
antigen-presenting cells, and therefore allow immune modulation
[27].

HBsAgS VLPs have been used to provide high density displays of
antigenic structures leading to potent B cell and/or T cell
responses, including anti-foreign cellular and humoral immune
responses [28–32]. Immunization studies using a mouse model
showed that chimeric HBsAgS VLPs access MHC class I and class
II pathways and present inserted, ovalbumin-derived model
epitopes [9].

The RTS,S (MosquirixTM) vaccine is composed of a circumsporo-
zoite polypeptide of 189 aa that represents the NANP-repeat
and C-terminal regions, fused to the HBsAgS N-terminus, and
co-expressed with wild type HBsAgS proteins in yeast allowing
the assembly of non-glycosylated hybrid VLPs [11–14]. The cir-
cumsporozoite protein (CSP) is an abundant protein expressed on
the Plasmodium sporozoite surface; CSP is critical for establishing
a productive infection and is essential for hepatocyte invasion,
and therefore an important immune target for the development
of a pre-erythrocytic vaccine [33]. The precise mechanism by
which Plasmodium neutralization and protective immunity occurs
in vivo remains unclear. Anti-CSP antibodies at a sufficient titre
are associated with protection against sporozoite infection
supporting evidence that the humoral immune response may con-
tribute to overcome clinical malaria [34–37]. Vaccine-induced
monoclonal antibodies (mAbs) to CSP can protect against infection
in mice with humanized livers [34]. It has been suggested that
anti-CSP antibodies may confer protection, in part, by opsonization
of sporozoites to promote phagocytosis, though published findings
have not been consistent [38,39] or by blocking an invasion of
human hepatoma cells [40,41]. Recent studies have shown that
antibodies to CSP and the NANP epitope can promote complement
fixation and activation [42]; complement activation leads to sporo-
zoite cell death and inhibition of cell traversal and hepatocyte
invasion [42,43]. Furthermore, complement-fixing antibodies to
CSP were associated with protection against malaria in children
[42]. Antibodies of the cytophilic IgG1 and IgG3 isotypes specific
for CSP possibly contribute to the protection of individuals from
infection [44]. Anti-CSP antibodies are present in populations liv-
ing in malaria endemic regions and may contribute to the naturally
acquired immunity of adults in these regions [45]. The RTS,S vac-
cine has undergone phase 3 clinical trials in young children and
only showed modest protective efficacy of around 50% in the first
year of follow-up and 29–36% (depending on age group) over four
years when given a booster at 20 months [13,14,46–48]. Antibod-
ies are believed to play a major role in immunity provided by
RTS,S [35]. The CSP (NANP)n-repeat sequence is a key target of
RTS,S and other CSP-based vaccines providing protective immunity
against P. falciparum [36]. There is currently extensive evidence
indicating that antibody responses generated against the CSP
NANP-repeat region may contribute to protective immunity
making it an ideal candidate for vaccine development [33,34,46].

Given the modest efficacy of RTS,S and other vaccines, new or
additional strategies are needed to reach the World Health Organ-
isation objective of developing a vaccine with at least 75% efficacy
[49]. Therefore, in this study we evaluated strategies to promote
antibody responses against the NANP sequence. HBsAgS proteins
with NANP inserts were expressed to generate VLPs, which are
solely composed of chimeric HBsAgS to provide a high ‘‘NANP”
antigenic density. The selected ‘‘NANP” insertion site is located in
the immunodominant exposed region of the HBsAgS loop to pro-
mote B cell immune responses, rather than fusing the epitopes at
the N-terminus of HBsAgS as used in the RTS,S vaccine. Compara-
tive studies with chimeric VLPs distinguished by the number of
‘‘NANP” repeats were performed to determine the impact of epi-
tope density on antibody titre and antibody complement fixation
efficacy.
2. Material and methods

2.1. Plasmids

The parent plasmid construct has been described and expresses
HBsAgS protein (genotype D, serotype ayw) [8]. The HBsAgS gene
contains an introduced AgeI restriction site, which allows inser-
tions at a site corresponding to a location in the external hydrophi-
lic loop region between amino acids 127–128 [8]. Sequences
encoding for four or nine NANP-repeats were inserted into the AgeI
site for synthesizing chimeric HBsAgS proteins. The HBsAgS pro-
teins contain an N-terminal myc-tag sequence followed by a
‘GASGS’ linker sequence. The NANP repeats are derived from the
CSP central repeat region (Fig. 1).
2.2. Immunoprecipitation and gel electrophoresis of HBsAgS proteins

The procedure was described by Hyakumura et al. [26]. Briefly,
HEK293T cells (3 � 105 cells/well) were seeded into six-well plates
and transfected using the reagent PEI (Polysciences), after 2 days
isotopic labeling was performed. The cell culture medium was
assessed for the presence of the myc-tag and HBsAgS proteins by
ELISA. Cells were incubated with 1.5 ml of methionine/cysteine-
free minimal essential medium, after 45 min, 200 lCi of [35S]
methionine-cysteine was added, and cells were incubated for 3 h.
Cells were washed in phosphate-buffered saline (PBS), and
incubated for 18 h with 2 ml DMEM (Dulbecco’s modified Eagle’s
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medium) supplemented with 10% fetal calf serum (FCS). Cell cul-
ture medium was harvested and centrifuged to remove cell debris.
The cells were collected and lysed in 200 ll lysis buffer (150 mM
NaCl, 1%NP40, 50 mMTris HCl, pH 8) and pelleted to remove cell
debris. The clarified lysate sample was collected and diluted by
adding 900 ll PBS to 100 ll lysate. Iodoacetamide was added to
the samples to a final concentration of 20 mM, then the samples
were incubated on ice for 2 h with 25 lg polyclonal rabbit anti-
HBsAg antibody (Meridian Life Science, Memphis, TN, USA), or
25 lg monoclonal mouse anti-myc antibody (9E10). Then 20 ll
protein A Sepharose CL-4B (GE Healthcare, Piscataway, NJ) was
added and incubated at 4 �C with rotation for 1 h. The beads were
washed three times in radioimmunoprecipitation assay (RIPA) buf-
fer (150 mMNaCl, 1% v/v NP-40, 1% w/v sodium deoxycholate, 0.1%
w/v sodium dodecyl sulfate (SDS), 10 mM Tris-HCl, pH 7.5), and
once with 100 mM Tris-HCl (pH 6.8). Samples were prepared for
SDS-polyacrylamide gel electrophoresis (PAGE) by adding loading
buffer (8% SDS, 0.4% w/v bromophenol blue, 40% v/v glycerol,
20% v/v 2-mercaptoethanol, 250 mMTris-HCl, pH 6.8) and boiled
for 5 min. After electrophoresis, the gel was destained in 7.5%
acetic acid–5% methanol and dried before exposure on a Typhoon
phosphorimager (GE Healthcare).

2.3. Large scale VLP production and quantification

Suspension-adapted human embryonic kidney (HEK) 293F cells
were grown in DMEM and 10% FCS in a 1 l wave bioreactor, and
transfected with lipofectamine according to the manufacturer’s
instructions (Life Technologies). The collected tissue culture
medium was centrifuged to remove any cellular debris, the med-
ium was transferred into an ultracentrifuge tube, underlaid with
a 20% sucrose cushion in STE (100 mM NaCl, 1 mM EDTA, 10 mM
Tris pH 8), and the particles pelleted by ultracentrifugation as
described by Hyakumura et al. [26]. The supernatant was dis-
carded, and the pelleted VLPs were resuspended in 200–500 ll
STE. The resuspended myc-tagged wild type (wt) HBsAgS (M-
HBsAgS) VLPs were quantified using the Monolisa (Bio-Rad, Her-
cules CA, USA) diagnostic assay according to the manufacturer’s
instructions. Chimeric VLPs containing the NANP4 and NANP9
inserts were quantified relative to the M-HBsAgS particles via the
myc-tag. Briefly, 96 well ELISA plates (Nunc Maxisorp, Thermo
Fisher Scientific) were coated with 100 ll of 500 ng/ml polyclonal
rabbit anti-myc antibody (Sigma-Aldrich) and incubated overnight
at 4 �C. The liquid was removed and wells were blocked with
300 ll of 5% (w/v) skim milk powder suspended in PBS for 2 h at
room temperature. The blocking solution was removed and
100 ll of VLP dilutions were added and incubated for 1 h at room
temperature. Plates were washed and 100 ll of 500 ng/ml mouse
anti-myc monoclonal antibody (mAb) was added to each well
and incubated at room temperature for 1 h. Plates were washed
and 100 ll of 1 lg/ml polyclonal rabbit anti-mouse conjugated to
horseradish peroxidase (HRP) was added. Plates were incubated
for 1 h at room temperature. Wells were washed and 100 ll of
2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
H2O2 substrate was added, the plates were incubated in the dark
for 1 h before the OD of wells was recoded at 405 nm and
490 nm. The OD recording at 490 nm was deducted from the OD
recorded at 405 nm and the concentration of VLP samples was
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determined based upon their relative ODs and the standard curve
generated by the M-HBsAgS VLPs.

2.4. Multiplex assay

A Bio-Plex bead-based flow cytometric platform (Bio-Rad) to
fingerprint HBsAg has been established to characterize the anti-
genic profile of the HBsAgS VLPs [26]. Briefly, the HBsAgS multiplex
immunoassay comprizes panels of fluorescently tagged beads, each
set conjugated to a different anti-HBsAgS envelope antibody, and a
polyclonal phycoerythrin conjugated detector antibody. Seventeen
mAbs were selected from a multiplex panel with specificities
targeting the N-terminus, the external hydrophilic loop region,
and C-terminal domain epitopes spanning amino acid residues
99–226 of HBsAgS [26,50]. VLP data were normalized to the
M-HBsAgS VLP for specific analysis of the effect of the insertion
of the NANP epitope repeats. The 95% confidence interval (CI) for
the normal range of variation of epitope recognition from the
reference backbone was established as ±0.5-fold change. A fold
change <0.5 is not significant and indicates the normal variance
of this assay. A gain-of-epitope recognition corresponds to positive
fold change (>0.5-fold), and negative fold changes (>0.5-fold)
correspond to a gain or reduction of epitope binding. A fold loss
of 3 or more is considered a complete epitope knockout.

2.5. VLP preparation for electron microscopy

The collected tissue culture supernatant was spun using a
benchtop centrifuge, and then the supernatant was sterile filtered
with a 0.2 mm filter (Merck Millipore, Billerica, MA, USA). One liter
supernatant was adjusted with 5ml 3M Tris HCl (pH8) then run
through a Sephacryl 300 (Pharmacia) pre-column and anti-myc
affinity column (Minileak beads, KemEnTec, Taastrup, Denmark;
in house anti-myc antibody). Elutions were performed with recir-
culated myc-peptide. The elution volume was concentrated with
Amicon Ultra 10 kDa (Merck Millipore) and run through a S200
10/30 gel filtration column to remove the excess myc-peptide.
Carbon-coated 300-mesh copper grids were rendered hydrophilic
by glow-discharged in nitrogen. A sample volume of 5 ll was
transferred onto each grid for 10 s, the excess was removed using
a Whatman 541 filter paper. The grid was washed two times with
water for 1 min, stained with 2% aqueous uranyl acetate for 3 s,
blotted and air-dried. All samples were examined using a Tecnai
12 Transmission Electron Microscope (FEI, Eindhoven, The Nether-
lands) at an operating voltage of 120 kV. Images were taken using a
Megaview III CCD camera and AnalySIS camera control software
(Olympus.)

2.6. Animals and VLP immunization procedures

BALB/c mice were used at the age of week 6. Mice were housed
under pathogen-free conditions at a facility of the Monash animal
research platform, and the experiments were approved by the ani-
mal ethics committee. Pre-immunization bleeds were taken,
groups of seven female BALB/c mice were immunized subcuta-
neously at the base of the tail four times at two week intervals with
1 lg of M-HBsAgS VLPs or M-HBsAgS VLPs with NANP4 or NANP9
epitope inserts (M-HBsAgS-N4, M-HBsAgS-N9, respectively) in the
presence of 2.5 nmol CpG (ODN1668, GenWorks, Australia). Serum
samples were taken throughout the course of the trial. The final
sample was collected two weeks after the final vaccination. The
anti-HBsAgS or anti-NANP antibody responses were measured by
ELISA using yeast-derived HBsAgS VLPs (serotype ayw; Meridian
Life Science) or purified P. falciparum (3D7 isolate) CSP as targets,
respectively. ELISA plates were coated with 100 ll of 1 lg/ml yeast
derived HBsAg VLPs or 500 ng/ml CSP overnight at 4 �C. Wells were
blocked with 5% skim milk powder in PBS followed by washing
steps with PBS in the presence of 0.05% Tween-20. Diluted serum
samples were added to the wells and detected using anti-mouse
antibodies coupled to horseradish peroxidase (HRP). The plates
were incubated with ABTS substrate solution, and the optical den-
sity measured at 405–490 nm. GraphPad Prism was used for statis-
tical analysis; statistical significance of differences between groups
was calculated using two-way analysis of variance (ANOVA) (a P
value of <0.05 was considered significantly different).
2.7. Complement fixing assay

The complement fixing assay was performed as published with
minor modifications [42,51]. Briefly, ELISA plates (MaxiSorp plates,
Thermo Fisher Scientific) were coated with 500 ng/ml CSP, blocked
and then sera were tested at dilutions of 1:100 and 1:250, and for
extended dilutions the antisera were tested at 1:500, 1:1000 and
1:2000 dilutions. Human C1q was added to wells and C1q was
detected with goat anti-C1q antibodies and anti-goat HRP. TMB
(3,30,5,50-Tetramethylbenzidine) substrate solution was added
and incubated for 1 h, a stopping solution was added to wells
and the optical density was recorded at 450 nm. Recombinant
CSP was expressed in Pichia pastoris and purified using high-
performance liquid chromatography (Sanaria, Rockville, MD,
USA). The protein was based on the sequence of the Plasmodium
falciparum isolate 3D7 beginning at the amino acid residue 50
and contained 22 NANP repeats and four NVDP repeats.
3. Results

3.1. Generation of NANP-containing VLPs, and assessment of VLP
secretion

For promoting B-cell responses, the CSP-derived antibody tar-
get, ‘‘NANP” was introduced into the exposed immunodominant
region of the HBsAgS protein, between amino acid position 127
and 128 to allow surface exposure [8]. Four or nine repeats of
the ‘‘NANP” sequence were inserted for generating a high antigenic
density of the ‘‘NANP” insert. As the presence of foreign sequences
in the immunodominant external region of HBsAgS may alter anti-
genicity and may compromise detection by anti-HBsAgS antibod-
ies, an N-terminal myc-tag sequence was included to allow
detection of VLPs independent of the HBsAgS backbone (Fig. 1).
The plasmid pM-HBsAgS, which encodes the myc-tagged wt
HBsAgS protein, and the plasmids pM-HBsAgS-NANP4 and pM-
HBsAgS-NANP9, which encode the myc-tagged chimeric HBsAgS
proteins with four or nine ‘‘NANP” repeat inserts (M-HBsAg-N4
and M-HBsAg-N9), respectively, were individually transfected into
HEK293T cells. To assess the ability of the chimeric HBsAgS pro-
teins to secrete, the cell culture supernatant was collected two
days post-transfection and assessed via ELISA for the presence of
HBsAgS activity and myc-tagged proteins (Fig. 2A). The cells were
subsequently radiolabelled with 35S-cysteine and -methionine to
visualize the expressed HBsAgS proteins. The cell lysate and cell
culture supernatant were harvested and the presence of HBsAgS
monitored via immunoprecipitation with anti-HBsAgS or anti-
myc antibodies (Fig. 2B and C). Using ELISA, detection of the chi-
meric M-HBsAgS-N4 and M-HBsAgS-N9 proteins with anti-myc
and anti-HBsAgS antibodies was reduced compared to M-HBsAgS,
indicating that the secretion efficiency of the VLPs with NANP
inserts is diminished (Fig. 2A). Immunoprecipitation of VLPs with
anti-myc and anti-HBsAgS antibodies and analysis via SDA-PAGE
verified the presence of the correct HBsAgS proteins (Fig. 2B and
C). The M-HBsAgS protein migrates at approximately 27 kDa
and the glycoprotein at approximately 30 kDa. The unglycosylated
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M-HBsAgS-N4 and -N9 proteins showed the expected relative
molecular weights of 29 kDa and 31 kDa, respectively each being
slightly larger than M-HBsAgS due to the inserted NANP4 and
NANP9 epitope repeats (Fig. 2B and C). In contrast to the M-
HBsAgS and M-HBsAgS-N4 proteins, the M-HBsAgS-N9 VLPs seem
to be preferentially glycosylated as indicated by a stronger band
intensity of the glycosylated HBsAgS subunit at 34 kDa versus
the non-glycosylated HBsAgS subunit at 31 kDa (Fig. 2B and C).
The insertion of the extended NANP9 insert compared to NANP4
may cause an enhanced exposure of the HBsAgS glycosylation site
(Asn146). To verify that the chimeric M-HBsAgS-N4 and M-HBSAg-
N9 proteins have the ability to assemble into particulate struc-
tures, the samples were analyzed by a sucrose gradient density
centrifugation. A myc-tag specific ELISA identified myc-tagged wt
and chimeric HBsAgS proteins at a density of approximately
1.15 g/cm3 (data not shown), which is consistent with published
data obtained with patient derived VLPs [52]. To confirm assembly
competence of M-HBsAgS-N4 and M-HBsAgS-N9 proteins and par-
ticle formation, the VLPs were affinity purified from cell culture
supernatants via the myc-tag, negatively stained with uranyl acet-
ate, and then visualized by electron microscopy (Fig. 3).

3.2. Determination of antigenicity

To analyse whether the insertion of NANP-epitopes modulate
HBsAgS-specific antigenicity, the chimeric VLPs were assessed by
a Bioplex assay using 17 monoclonal anti-HBsAgS antibodies
(Fig. 4A). The M-HBsAgS VLPs have been standardized to the refer-
ence genotype D ayw HBsAgS VLP and all chimeric VLPs have been
normalized to the M-HBsAgS VLPs via the myc tag. The Bioplex
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assay is primarily composed of antibodies that are directed against
the major external loop of HBsAgS but also includes antibodies
specific for the C-terminal region of HBsAgS [26]. Three of the 17
analyzed antibodies, mAb3, mAb10, and mAb18 retain the ability
to recognize the chimeric NANP-HBsAgS VLPs to an extent equiva-
lent to the recognition of myc-tagged wt HBsAgS (M-HBsAgS) VLPs
(Fig. 4A). The antibodies recognize different antigenic sequences
within HBsAgS in proximity to the NANP insertion site proximal
to loop 1 (mAb10), a conformational epitope within the antigenic
‘a’-determinant (mAb18), or at the C-terminal end of the external
loop region (mAb3) indicating that HBsAgS-specific antigenic
structures have been retained. However, 14 of 17 tested mAbs
specific for the loop 1 and 2 regions, C-terminal region, and confor-
mational epitopes have lost their ability to bind to the chimeric
VLPs indicating an extensive loss of HBsAgS-specific antigenicity.
Similar to the finding that antigenic structures have been retained
at different HBsAgS sites, loss of HBsAgS-specific antigenicity is not
limited to antigenic sites adjacent to the NANP-insertion (Figs. 1
and 4A). The antibodies mAb8 (loop 2) and mAb9 (conformational)
detect M-HBsAgS-N4 VLPs within the normal range, but failed to
detect the M-HBsAgS-N9 VLPs. The enhanced antigenic loss in
the presence of the NANP9 insert indicates that the insertion
length affects the HBsAgS-specific antigenicity possibly due to
increased structural constraints (Fig. 4A). To demonstrate the
accessibility of the NANP repeat sequences in the context of the
M-HBsAgS-N4 and -N9 VLPs, and to show whether NANP-inserts
are presented in the correct conformation, mouse anti-myc anti-
bodies were used to capture the VLPs; VLPs were subsequently
detected using rabbit anti-myc or rabbit anti-CSP antibodies
(Fig. 4B). Similar amounts of the M-HBsAgS, M-HBsAgS-N4 and
-9 VLPs were captured and detected via the anti-myc antibodies.
Anti-CSP antibodies detected both the M-HBsAgS-N4 and -N9 VLPs
at 1:5000 and 1:10000 dilutions, but not M-HBsAgS, as expected.
The detection of the chimeric M-HBsAgS-N4 and -N9 VLPs with
rabbit anti-CSP antibodies indicated that the NANP epitopes within
the chimeric VLPs are accessible and retained their native confor-
mation (Fig. 4B). In summary, HBsAgS proteins with NANP4 and
NANP9 inserts have a reduced HBsAgS-antigenicity, but have
retained the ability to assemble into particulate structures display-
ing foreign epitopes at a high antigenic density.

3.3. Immunogenicity of chimeric particles

To evaluate the immunogenicity of the chimeric VLPs, mice
were immunized with M-HBsAgS or the chimeric M-HBsAgS-N4
and -N9 VLPs. The antibody specificities of the generated sera were
assessed using yeast-derived wt HBsAgS VLPs and P. falciparum
(3D7) CSP as targets. Mice were immunized four times with 1 lg
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VLP in the presence of CpG adjuvant to promote IgG2a/b-specific
immune responses. After the final immunization, all mice from
the M-HBsAgS VLP immunization group generated antibodies cap-
able of detecting HBsAgS VLPs between 1:500 and 1:4000 dilu-
tions, but did not develop an anti-CSP antibody response (Fig. 5A
and B). Importantly, the M-HBsAgS-N4 and -N9 VLPs generated
both anti-CSP and anti-HBsAgS antibodies. Summarized endpoint
anti-HBsAgS titres demonstrate that there is no significant differ-
ence between the M-HBsAgS VLP control group and the chimeric
HBsAgS-N4 and -N9 VLP groups (Fig. 5A) (p = 0.50 and p = 0.17,
respectively) in spite of the partial loss of HBsAgS-specific anti-
genicity demonstrated by the Bioplex assay (Fig. 4A). Similarly, in
spite of the different number of NANP repeats, there is no signifi-
cant difference in the anti-CSP antibody titres induced by immu-
nizations with M-HBsAgS-N4 and M-HBsAgS-N9 VLPs (p = 0.24)
(Fig. 5B). The VLP immunizations were performed in the presence
of the CpG adjuvant, which is known to produce Th1-biased
immune responses producing predominately IgG2a/b antibodies
in mice [53,54]. The subsequently generated mouse IgG2a and
IgG2b antibodies should enable complement fixation [55,56],
which is known to be important for Plasmodium neutralization
[42]. The generated antisera were tested by an ELISA against
yeast-derived wt VLPs and visualized using isotype specific sec-
ondary antibodies. Immunizations with M-HBsAgS, M-HBsAgS-N4
and -N9 VLPs resulted in the responses with IgG2a and IgG2b dom-
inance but also IgG1 was detected, and minor levels of IgM anti-
bodies (Fig. 5C).

3.4. Functional activity of vaccine-induced antibodies

While high antibody titres to the NANP epitope correlate with
protection, antibody fixation and activation of complement on
the sporozoite surface is thought to be an additional mechanism
of immunity [42]. Therefore, the ability of mouse antibodies to
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fix the human complement component C1q, representing the first
step in the classical pathway, was evaluated as an indirect measure
of antibody functionality. To assess the ability of mouse sera to fix
human C1q, assays were performed on full-length P. falciparum
CSP. Antisera specific for the M-HBsAgS VLPs were used as a nega-
tive control, anti-M-HBsAgS-N4 and -N9 sera were tested for the
ability to fix C1q to CSP (Fig. 6A and B). Sera generated by immu-
nization with M-HBsAgS-N4 and -N9 VLPs fixed complement at
1:100 and 1:250 dilutions in contrast to sera derived from mice
immunized with the control M-HBsAgS VLPs (Fig. 6A and B). The
sera from mice immunized with M-HBsAgS-N9 appeared to have
saturated the assay at both a 1:100 and 1:250 dilutions; as such
an extended dilution series was performed to observe a dose-
dependence in the ability to fix complement (Fig. 6C). The
extended dilution of the anti-CSP antibodies for the anti-M-
HBsAgS-N9 sera indicated that anti-CSP antibodies generated by
vaccination with M-HBsAgS-N9 VLPs promote effective antigen-
specific complement deposition at a dilution up to 1:2000. The
number of the NANP repeats seems to impact on the functionality
of the generated anti-CSP antibodies. The in vitro complement fix-
ation assay is a good indicator of in vivo function against the para-
site and indicates that the M-HBsAgS-N9 VLP is a promising
vaccine candidate.

4. Discussion

Modern technologies allow the development of rationally-
designed immunogens with the aim to generate protective
immune responses against complex pathogens, such as
Plasmodium ssp [1,3,11,12]. VLPs represent a modular system
assembled from multiple subunits, which may allow the delivery
of relevant antigenic sequences inserted in targeted locations to
promote the preferred type of immune response [1,28,30,32]. VLPs
are the antigenic components of the pre-erythrocytic RTS,S vaccine
composed of wt HBsAgS subunits and chimeric HBsAgS proteins
with N-terminal, CSP polypeptide-specific extensions [11,12]. To
generate VLPs capable of eliciting responses against CSP, the rele-
vant NANP-repeat sequence was expressed within the exposed
and immunodominant HBsAgS loop region [8,50]. In contrast to
the RTS,S vaccine, the generated M-HBsAgS-N4 and -N9 VLPs were
exclusively composed of the chimeric proteins in the absence of
wt HBsAgS subunits. Combining these particles with suitable
adjuvanting agents, the VLPs with a high NANP-specific antigenic
density may facilitate the induction of appropriate antibody
isotypes and the persistence of high anti-CSP titres.

For the generation of chimeric VLP immunogens, the modified
subunits must retain assembly competence. HBsAgS activity was
detected in the cell culture supernatant, which is indicative of
VLP assembly (Fig. 2). This was then further confirmed by density
analyses, and visualization by EM (Fig. 3). Antigenicity studies with
anti-HBsAgS specific mAbs demonstrated that the NANP insertions
are associated with loss of HBsAgS-specific antigenic recognition
(Fig. 4A). The introduction of NANP insertions, in a size dependent
manner, possibly modifies the structural folding of the VLP subunit
and/or alters the display of the HBsAgS antigenic loop domains,
thereby selectively occluding or disrupting HBsAg epitopes within
the external loop domain. Epitope loss is not restricted to neigh-
bouring sequences to the insertion site in the loop 1 of the external
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hydrophilic region. For instance, mAb2 and mAb4, which are speci-
fic to epitopes in the HBsAgS C-terminal region were unable to
detect the chimeric VLPs. The inability of the mAb2/mAb4 antibod-
ies to recognize the HBsAgS epitopes is possibly due to conforma-
tional changes, or alternatively the presence of inserted foreign
sequences prevents access to the corresponding epitopes. The use
of polyclonal anti-HBsAgS sera confirmed that the chimeric VLPs
retained HBsAgS-specific antigenicity in spite of epitope loss, and
provides further evidence for the structural integrity of the HBsAgS
backbone. The data are consistent with the outcomes achieved
using chimeric VLPs containing hepatitis C virus-specific inserts,
the partial loss of HBsAgS-specific antigenicity, and the ability of
the chimeric HBsAgS proteins to be glycosylated is retained
[8,28]. Importantly, the inserted NANP4 and NANP9 sequences
were detected using anti-CSP antibodies (Fig. 4B). The NANP4
and NANP9 sequences are exposed as expected due to the insertion
into the external hydrophilic HBsAgS loop region, and presented in
the correct conformation. This is consistent with the immunization
studies, which demonstrated that the anti-M-HBsAgS-N4 and -N9
VLP antibodies detect CSP.

Comparative immunogenicity studies with M-HBsAgS-N4 and
M-HBsAgS-N9 VLPs demonstrated that the chimeric VLPs induce
both anti-HBsAgS and anti-NANP specific antibodies (Figs. 5A, B
and 6). The ability of the chimeric HBsAgS VLPs to induce anti-
HBsAg antibodies is consistent with the finding that the chimeric
VLPs have retained some HBsAgS-specific antigenic structures
(Figs. 2C and 4A). Due to the partial HBsAgS-specific epitope loss
indicated by the BioPlex assay, the breadth of the anti-HBsAgS
antibody repertoire induced by the chimeric NANP-containing
VLPs is possibly reduced compared to the profile induced by M-
HBsAgS VLPs.

There is no significant difference in the anti-HBsAgS or anti-CSP
antibody titres induced by immunizations with M-HBsAgS-N4 and
M-HBsAgS-N9 VLPs, and no significant difference in the antibody
isotype bias (Fig. 5). HBsAgS VLPs when co-administered with
CpG oligonucleotides generate strong Th1 type responses with a
primarily IgG2a isotype [53]. In mice, the IgG2a/b isotype antibod-
ies are cytophilic, fix C1q and can activate the complement cascade
[57]. The antibodies generated by immunizations with the M-
HBsAgS VLPs and the chimeric VLPs with the NANP repeats in
the presence of CpG induced substantial levels of IgG2a/b antibod-
ies against HBsAgS VLPs (Fig. 5C). Surprisingly, when assessed for
the ability to fix C1q to CSP, the sera from the M-HBsAgS-N9
immunization group performed more effectively than the sera
from the mice immunized with M-HBsAgS-N4 (Fig. 6). The data
suggest that an increased number of NANP repeats provided by
the M-HBsAgS-N9 VLPs may induce antibodies with higher binding
affinity to the CSP to allow efficient complement fixation
outcomes.

Current and past research suggests that the development of a
highly efficacious malaria vaccine may require the inclusion of
multiple protein targets [58,59]. Here we established the success-
ful generation of chimeric VLPs containing CSP-derived sequences
with the antigenicity and immunogenicity of the CSP sequences
being retained. This has established an approach that could be used
for generating VLPs incorporating other candidate vaccine
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antigens. Combining multiple different chimeric VLP types into a
single vaccine may allow for the synergistic development of a more
effective protective response against Plasmodium to prevent clini-
cal malaria.

5. Conclusions

We have developed chimeric VLPs with the important, antigenic
NANP sequence displayed in an exposed, immunodominant loop
structure. We could demonstrate that the chimeric VLP subunits,
M-HBsAgS-N4 and M-HBsAgS-N9 were able to form VLPs, and
induced anti-NANP antibodies. Depending on the repeat number,
functionally distinguished antibodies could be produced. VLPs
with NANP9 repeats induced antibodies with the ability to activate
complement, which could contribute to the inactivation of invad-
ing sporozoites. The ability to express the chimeric VLPs in mam-
malian cell lines allows additional manipulations of the HBsAgS
backbone to further enhance immunogenicity [21,26]. This pro-
vides additional optimization strategies to enhance immunogenic-
ity and longevity of immune responses, in combination with efforts
to optimize adjuvanting compounds or immunization schedules.
Further, the platform may be adapted for the insertion of addi-
tional Plasmodium target sequences to enable the development of
a polyvalent vaccine.
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