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ABSTRACT

The small envelope proteins (HBsAgS) derived from hepatitis B virus (HBV) represent the antigenic components of the HBV
vaccine and are platforms for the delivery of foreign antigenic sequences. To investigate structure-immunogenicity relationships
for the design of improved immunization vectors, we have generated biochemically modified virus-like particles (VLPs) exhibit-
ing glycoengineered HBsAgS. For the generation of hypoglycosylated VLPs, the wild-type (WT) HBsAgS N146 glycosylation site
was converted to N146Q; for constructing hyperglycosylated VLPs, potential glycosylation sites were introduced in the HBsAgS
external loop region at positions T116 and G130 in addition to the WT site. The introduced T116N and G130N sites were utilized
as glycosylation anchors resulting in the formation of hyperglycosylated VLPs. Mass spectroscopic analyses showed that the hy-
perglycosylated VLPs carry the same types of glycans as WT VLPs, with minor variations regarding the degree of fucosylation,
bisecting N-acetylglucosamines, and sialylation. Antigenic fingerprints for the WT and hypo- and hyperglycosylated VLPs using
a panel of 19 anti-HBsAgS monoclonal antibodies revealed that 15 antibodies retained their ability to bind to the different VLP
glyco-analogues, suggesting that the additional N-glycans did not shield extensively for the HBsAgS-specific antigenicity. Immu-
nization studies with the different VLPs showed a strong correlation between N-glycan abundance and antibody titers. The
T116N VLPs induced earlier and longer-lasting antibody responses than did the hypoglycosylated and WT VLPs. The ability of
nonnative VLPs to promote immune responses possibly due to differences in their glycosylation-related interaction with cells of
the innate immune system illustrates pathways for the design of immunogens for superior preventive applications.

IMPORTANCE

The use of biochemically modified, nonnative immunogens represents an attractive strategy for the generation of modulated or
enhanced immune responses possibly due to differences in their interaction with immune cells. We have generated virus-like
particles (VLPs) composed of hepatitis B virus envelope proteins (HBsAgS) with additional N-glycosylation sites. Hyperglycosy-
lated VLPs were synthesized and characterized, and the results demonstrated that they carry the same types of glycans as wild-
type VLPs. Comparative immunization studies demonstrated that the VLPs with the highest N-glycan density induce earlier and
longer-lasting antibody immune responses than do wild-type or hypoglycosylated VLPs, possibly allowing reduced numbers of
vaccine injections. The ability to modulate the immunogenicity of an immunogen will provide opportunities to develop opti-
mized vaccines and VLP delivery platforms for foreign antigenic sequences, possibly in synergy with the use of suitable adjuvant-
ing compounds.

Virus-like particles (VLPs) are tools of a leading innovative bio-
nanotechnology in vector and vaccine development, and they

have a number of advantages over traditional vaccines. VLPs do
not contain viral genetic material and represent high-density dis-
plays of viral structural proteins that efficiently trigger key parts of
the immune system for B cell and/or T cell responses (1–3). VLPs
composed of the small envelope proteins (HBsAgS) derived from
hepatitis B virus (HBV) are the antigenic components of a success-
ful protective vaccine (4, 5). Nevertheless, even with the availabil-
ity of a vaccine, hepatitis B still represents an enormous health
problem. Approximately 2 billion people worldwide have been
infected with HBV and more than 240 million individuals have
chronic HBV infections. An estimated 780,000 persons die each
year from acute or chronic consequences of hepatitis B (6, 7). A
cure is not available at present. Therapeutic vaccinations, includ-
ing the use of dendritic cells (DCs), are procedures under investi-
gation to establish strategies to control the infection (8, 9). The use
of biochemically modified HBsAgS VLPs, which induce enhanced

immune responses may represent an alternative way to restore
potent responses. The HBsAgS VLPs are processed by DCs and
antigens presented via the major histocompatibility complex
(MHC) class I and II antigen presentation pathways (10). In ad-
dition to HBsAgS VLPs being an immunogen of medical interest
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to prevent or to overcome HBV infections, the particles have been
used as platforms for the delivery of foreign antigenic sequences
and facilitated the induction of anti-foreign antigen-specific im-
mune responses (11–18). The most advanced malaria vaccine
RTS,S is based on HBsAgS VLPs with a circumsporozoite epitope
fused to the subunits. The vaccine was safe and showed the ability
to prevent cases of clinical malaria (19, 20).

HBV encodes three related envelope transmembrane proteins
(HBs): HBsAg-large (HBsAgL), -middle (HBsAgM) and -small
(HBsAgS). The proteins share a region known as the S-domain.
HBsAgS is composed only of the S-domain, consisting of 226
amino acids (aa); HBsAgM and -L contain additional N-terminal
extensions, the preS2 and preS1 domains. The first step in particle
morphogenesis is the cotranslational insertion of HBsAgS into the
endoplasmic reticulum (ER) membrane of the host cell with a
short luminal exposed N-terminal sequence, two transmembrane
regions separated by a 57-aa cytosolic loop, and a luminal external
hydrophilic loop (major hydrophilic region) between residues 99
and 169. The external hydrophilic region contains multiple
epitopes, including an immunodominant (“a”-determinant) re-
gion that is common to all HBV genotypes. Based on a topological
model, the external hydrophilic region is represented by a two-
loop structure defined by disulfide bridges, with the first loop
formed by residues 100 to 138 and the second loop by residues 139
to 146 (21–23). HBsAgS proteins in the absence of any other viral
gene product have the ability to assemble into lipid containing
VLPs with a diameter of 22 to 25 nm. The particles represent a
highly compact structure due to the large number of intra- and
intermolecular disulfide bonds within and between the proteins
(21–26). The three envelope proteins can be glycosylated at resi-
due N146 (via N-glycosylation) in the S-domain, but approxi-
mately half the molecules remain unglycosylated due to an under-
utilization of this site. The presence of a single glycan at position
N146 increases the molecular mass of HBsAgS from 24 kDa to
approximately 26 to 28 kDa. Three different glycan structures
were identified on subviral particles: biantennary, fucosylated bi-
antennary, and triantennary structures (27–29). The synthesis and
secretion of HBsAgS VLPs do not depend on N-glycosylation, in
contrast to the formation and release of infectious HBV particles
(30–33).

The use of biochemically modified HBsAgS VLPs represents a
design pathway to generate immunogens with modulated or en-
hanced immunogenicity, possibly allowing the development of
tools suitable for therapeutic approaches or superior platforms. In
an attempt to enhance the VLP immunogenicity, biochemically
modified VLPs were generated with a reduced level of disulfide
bonding to weaken the particulate structure and to promote anti-
gen processing (34). The modification of the disulfide bonding
pattern possibly influences antigen processing and epitope selec-
tion via the MHC class II pathway (35, 36). Similarly, changes in
disulfide bonding influenced cross-presentation of a human ma-
laria cytotoxic T lymphocyte (CTL) epitope (37). As an alternative
approach, the design of improved vaccines exploits the recogni-
tion of glycans by glycan-binding proteins. Glycan-mediated in-
teractions with immunocompetent cells impact protein antigen
uptake and enhance cell-mediated and humoral immune re-
sponses (38–40), but they also have the ability to promote viral
escape by shielding epitopes to evade neutralizing antibodies, and
they can sterically block antigen processing (41, 42). The interac-
tion of immunogens with antigen-presenting cells such as DCs is

influenced by the glycosylation status of the immunogen, and it
has become evident that the glycan presentation and their density
influence recognition by lectins (43).

Different classes of glycan-binding proteins are involved in gly-
coprotein recognition, with profound effects on the activation of
the adaptive immune response. Manipulation of protein glycosy-
lation has been recognized as a strategy to promote antigen inter-
nalization and antigen presentation via MHC class I and class II
molecules promoting cellular and humoral immune responses
(44). Targeting the mannose receptor, a C-type lectin, showed that
mannosylation provided an efficient strategy to improve antigen
uptake, processing, and presentation. Mannosylation enhanced
uptake of VLPs by antigen-presenting cells (38), and also en-
hanced the cell-mediated and humoral immunogenicity of im-
munogens (40, 45–47). Mannosylated solid lipid nanoparticles
loaded with HBsAg induced stronger cellular responses than
nanoparticles devoid of mannose (48). Similarly, glycosylated tu-
mor associated antigens induced enhanced immune responses
(39).

Protein glycosylation patterns are defining structural elements
that contribute to particle uptake and processing by antigen-pre-
senting cells. Using rational design, we have generated hypergly-
cosylated HBsAgS VLPs to develop immunogens with enhanced
or modulated immunogenicity. To investigate whether differen-
tially glycosylated VLPs vary in their antigenicity and immunoge-
nicity, additional N-glycosylation consensus sequences (sequons)
were introduced to produce hyperglycosylated VLPs, and the anti-
HBs immune response was measured. We hypothesize that non-
native differentially glycosylated VLPs interact differently with the
immune system than do wild-type (WT) VLPs, and we show that
they have the ability to induce an accelerated B cell immune re-
sponse. The design of nonnative immunogens and the careful se-
lection of novel glycosylation sites may permit the development of
innovative approaches to generate superior preventive immuno-
gens.

MATERIALS AND METHODS
In vitro SDM. Expression plasmids (p-HBs-T116N and p-HBs-G130N)
based on the pCI vector (Promega, Madison, WI) encoding HBsAgS pro-
teins (genotype D, serotype ayw) with T116N and G130N amino acid
substitutions were constructed. The mutations T116N and G130N gener-
ated consensus N-glycosylation sites 116-N-S-T-118 and 130-N-T-S-132,
respectively. Plasmids p-HBs-WT and p-HBs-N146Q encode HBsAgS
proteins with and without the WT glycosylation site, respectively. Site-
directed mutagenesis (SDM) was performed with pairs of complementary
primers introducing the appropriate mutations. The following conditions
were applied: Pfu DNA polymerase (1 �l, 10 U/�l) in the recommended
buffer (Promega), a 100 �M concentration of each deoxynucleoside
triphosphate (dNTP), 1 �M primer pair, and 50 ng of a template in a total
volume of 50 �l. The extension reaction was initiated by a preheating step
at 95°C for 1 min, followed by 18 cycles of 95°C for 30 s, 60°C for 1 min,
and 68°C for 15 min and then a final step at 68°C for 7 min. The reaction
sample was treated with 1 �l of DpnI (10 U/�l) restriction enzyme (Pro-
mega) for 1 h at 37°C and then the DNA products used for transformation
of Escherichia coli DH5� cells. Colonies were grown in the presence of
ampicillin (100 �g/ml) on Luria-Bertani agar plates. Plasmids were iso-
lated and verified by sequencing.

Cell lines. The HEK293T cell line was grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL, Grand Island, NY) supplemented
with GlutaMax-1 (Gibco-BRL), 10% fetal calf serum (FCS), and penicillin
and streptomycin (Gibco-BRL). For the production of VLPs, HEK293T
cells were transfected using polyethylenimine (25 kDa, linear) (PEI; Poly-
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sciences, Warrington, PA). The VLPs were harvested from the cell culture
supernatant 5 days posttransfection.

Purification and quantitation of VLPs. The collected tissue culture
supernatant was centrifuged using a benchtop centrifuge, then the super-
natant was transferred into an ultracentrifuge tube, underlaid with a 20%
sucrose cushion, and the particles pelleted by ultracentrifugation as de-
scribed by Cheong et al. (12). The supernatant was discarded, and the
pelleted VLPs were resuspended in sodium-Tris-EDTA (STE) buffer (100
mM NaCl, 10 mM Tris [pH 8], 1 mM EDTA) for vaccination purposes.
The presence of HBsAgS was assessed using a Monolisa Ultra assay ac-
cording to the manufacturer’s instructions (Bio-Rad, Hercules, CA).

EM analysis. Partially purified VLPs were further purified through a
10 to 40% (wt/vol) sucrose gradient in STE buffer for electron microscopy
(EM) analysis. Fractions were collected and measured using an HBsAg-
specific enzyme-linked immunosorbent assay (ELISA) (Monolisa; Bio-
Rad). The refractive index of each fraction was measured using an Abbe
refractometer (NAR-1T; Atago, Tokyo, Japan). Fractions containing
HBsAgS were dialyzed against phosphate-buffered saline (PBS). Ten mi-
croliters of sample was applied to a carbon grid, blotted, and negatively
stained with phosphotungstic acid (PTA). Images were analyzed on a
Hitachi H7500 electron microscope (Tokyo, Japan) operating at 120 keV,
at Monash Micro Imaging, Monash University, Victoria, Australia.

Immunoprecipitation and gel electrophoresis of HBsAgS proteins.
HEK293T cells (5 � 105 cells/ml) were seeded into six-well plates and
transfected using the reagent PEI (Polysciences) 2 days prior to the isoto-
pic labeling. The cell culture medium was removed, and then 1.5 ml of
methionine-free minimal essential medium was added to the cells. After
40 min, 200 �Ci of [35S]methionine-cysteine was added to the medium
and incubated for 3 h, washed twice in PBS, and incubated for up to 18 h
with 2 ml of DMEM supplemented with 10% FCS. Cell culture medium
was harvested and cells were isolated, lysed in lysis buffer (50 mM Tris HCl
[pH 7], 250 mM NaCl, 5 mM EDTA, and 1% NP-40), kept on ice for 10
min, and then spun for 10 min at 10,000 � g to remove the debris, and the
lysate supernatant was taken. Iodoacetamide was added to a final concen-
tration of 20 mM to the collected cell culture and lysate supernatants,
followed by incubation with rabbit anti-HBsAg antibodies (Meridian Life
Science, Memphis, TN) diluted to 1:500 for 2 h on ice, and 1 h of incuba-
tion with 20 �l of protein A Sepharose CL-4B (GE Healthcare, Piscataway,
NJ) at 4°C with rotation. The mixture was washed three times in radio-
immunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl [pH 7.5]),
150 mM NaCl, 1% [vol/vol] NP-40, 1% ([wt/vol] sodium deoxycholate,
0.1% ([wt/vol] sodium dodecyl sulfate [SDS]) and once with 0.1 M Tris-
HCl (pH 6.8). For digestion with peptide-N-glycosidase F (PNGase F),
aliquots of 35S-labeled HBsAgS VLPs were incubated for 5 min at 95°C in
the presence of glycoprotein denaturing buffer containing 0.5% SDS and
40 mM dithiothreitol (DTT) and then digested overnight with PNGase F
at 37°C in the presence of 50 mM sodium phosphate (pH 7.5) and 5%
NP-40 (New England BioLabs, Ipswich, MA). Samples were prepared for
SDS-15% polyacrylamide gel electrophoresis (PAGE) by adding loading
buffer (250 mM Tris-HCl [pH 6.8], 8% SDS, 0.4% [wt/vol] bromophenol
blue, 40% [vol/vol] glycerol, 20% [vol/vol] 2-mercaptoethanol) and then
boiled for 5 min. After electrophoresis, the gel was destained in 7.5%
acetic acid–5% methanol and dried before exposure to a BioMax film
(Kodak, Rochester, NY) or a Typhoon phosphorimager (GE Healthcare).

Animals and immunization procedure. BALB/c mice were used at 8
to 10 weeks of age. Mice were housed under pathogen-free conditions.
Groups of eight female mice were immunized subcutaneously at the base
of the tail with 2 �g of WT or biochemically modified HBsAgS VLPs in the
absence of an adjuvant. The mice were immunized four times in 2-week
intervals (week 1, 3, 5, and 7), and serum samples were taken at weeks 2, 4,
6, and 8 and then from week 9 every week until week 16 (final bleed). The
antibody responses were measured by an ELISA using yeast-derived
HBsAgS VLPs (serotype ayw; Meridian Life Science) as targets. GraphPad
Prism was used for statistical 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).

Multiplex immunoassay. A Bio-Plex bead-based flow cytometric
platform (Bio-Rad) was used to develop an HBsAg fingerprinting assay
and to establish and map the antigenic profile of the HBsAgS VLPs (49).
Briefly, the HBsAgS multiplex immunoassay comprises panels of fluores-
cently labeled beads, each set conjugated to a different anti-HBV envelope
antibody, which binds the HBsAgS VLPs, and a polyclonal phycoerythrin-
conjugated detector antibody. The HBsAgS multiplex panel consists of 19
monoclonal antibodies (MAbs) directed against the N terminus, the ex-
ternal hydrophilic loop region, and C-terminal domain epitopes spanning
amino acid residues 99 to 226 of HBsAgS. MAbs 1, 2, 3, and 4 (6H6B6,
27E7F10, F4-7B, and 2G2G10, respectively) were kindly provided by Béa-
trice Seignères, bioMérieux (50, 51), MAbs 18 and 19 were from XTL
Biopharmaceuticals (52), MAbs 5, 6, 7, 8, and 9 (RFHBS 1, 2, 4, 7, and 18,
respectively) were kind gifts from Howard Thomas, Imperial College
London (53), and MAbs 10-17 were kindly provided by Thomas Leary,
Abbott Diagnostics (54). The epitopes are categorized into the following
domains: N terminal (MAb 1), loop 1 (MAbs 5, 6, and 10), loop 2 (MAbs
7, 8, 11, 12, 16, 17, and 19), loop 1/2 combinational (MAbs 13, 14, and 15),
C terminal (MAbs 2, 3, and 4), and conformational (MAbs 9 and 18). The
phycoerythrin intensity provides a sensitive measure of antibody recog-
nition of a specific HBsAg epitope within the VLP. The epitope profile of
HBsAgS VLPs in comparison to the matched WT backbone was expressed
as fold change in antibody binding and epitope recognition using bioin-
formatics data analysis. VLP data were further normalized to the WT
HBsAgS VLP for specific analysis of the effect of HBsAg glycosylation
variant VLPs. The 95% consistency index (CI) for the normal range of
variation of epitope recognition from the reference backbone was estab-
lished as �0.5-fold change. A gain-of-epitope recognition corresponds to
positive fold change (�0.5-fold), and negative fold changes (�0.5-fold)
correspond to a loss or reduction of epitope binding.

N-Glycome profiling of HBsAgs. N-Glycans were released from pu-
rified WT and modified HBsAg VLPs using the protocol outlined by Jen-
sen et al. (55). Briefly, equimolar amounts of the HBsAgS variants (�500
pmol) were spotted on polyvinylidene difluoride (PVDF) membranes and
stained with Direct blue (Sigma-Aldrich, St. Louis, MO). The membrane
spots were excised and washed in separate wells in a flat-bottom polypro-
pylene 96-well plate (Corning Incorporated, NY). N-linked glycans were
released from the membrane proteins using 3 U of PNGase F (Roche
Diagnostics, Basel, Switzerland), with overnight incubation at 37°C. Re-
leased N-glycans were reduced using 20 �l of 1 M NaBH4 in 50 mM KOH
for 3 h at 50°C. Reactions were quenched using 2 �l of glacial acetic acid,
desalted using AG 50W-X8 cation-exchange resins (Bio-Rad) packed in
empty Top-tips. The N-glycans were dried by vacuum centrifugation and
washed repeatedly with 100 �l of methanol, with drying by vacuum cen-
trifugation after every wash. The N-glycans were desalted further as de-
scribed previously (55) and finally resuspended in 10 �l of water and
subjected to porous graphitized carbon liquid chromatography-electros-
pray ionization-tandem mass spectrometry (PGC-LC-ESI-MS/MS).

PGC-LC-ESI-MS/MS characterization of N-glycans. N-Glycans were
separated on a Hypercarb PGC column (5-�m particle size, 320 �m [in-
side diameter] by 10 cm; Thermo Scientific) on an Agilent 1100 capillary
LC (Agilent Technologies, Santa Clara, CA) and analyzed using an Agilent
MSD three-dimensional ion-trap XCT Plus mass spectrometer coupled
directly to the LC. Separation was carried out at a constant flow rate of 2
�l/min using a linear gradient of 2 to 16% (vol/vol) acetonitrile–10 mM
NH4HCO3 for 45 min, followed by a gradient from 16 to 45% (vol/vol)
acetonitrile–10 mM NH4HCO3 over 20 min before washing the column
with 45% (vol/vol) acetonitrile–10 mM NH4HCO3 for 6 min and reequili-
brating in 10 mM aqueous NH4HCO3. MS/MS was set up with a drying
gas temperature of 325°C and a drying gas low of 7 liters/min and nebu-
lizer gas at 18 lb/in2. Skimmer, trap drive, and capillary exit were set at
	40 V, 	99.1 V, and 	166 V, respectively. Smart fragmentation was used
with 30% start and 200% end amplitudes, a maximum accumulation time
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of 200 ms, and an ion target of 100,000 ions. ESI-MS was performed in
negative-ion mode with two scan events: MS full scan (m/z 100 to 2,200)
with a scan speed of 8,100 m/z/s and data-dependent MS/MS scan after
collision-induced dissociation (CID) of the top two most intense precur-
sor ions with a threshold of 30,000 and a relative threshold of 5% relative
to the base peak. Dynamic exclusion was inactivated. All precursors were
observed in charge state 	1 and/or 	2. The instrument was calibrated
prior to acquisition. The deviations of the observed molecular masses
from the theoretical masses were generally below 0.2 Da.

N-Glycome data analysis. Raw MS data were viewed using ESI-com-
pass 1.3 Bruker Daltonic software, and the glycan molecular masses and
their individual structures were manually assigned. The list of N-glycans
was initially filtered to only include species for which clear isotopic pat-
terns with monoisotopic masses matching a known monosaccharide
composition (http://www.expasy.ch/tools/glycomod) and/or where in-
terpretable MS/MS spectra were available. From this, the glycan structures
could be characterized from (i) accurate molecular mass, (ii) MS/MS par-
tial de novo sequencing, and (iii) PGC-LC retention time. MS/MS frag-
mentation profiles were matched to in silico fragments, and the fragmen-
tation pattern was compared qualitatively to MS/MS profiles of identical
structures using published data sets (56, 57). GlycoWorkbench was addi-
tionally employed (http://www.eurocarbdb.org/applications/ms-tools)
to assist in assigning the glycan structure using in silico fragmentation
analysis. The distribution of N-glycans of WT and glycosylation variants
of HBsAgS was mapped using the MS signal strength of the observed
N-glycan structures as an estimate of their relative abundances (58, 59).
This was performed using the areas of the extracted ion chromatograms
(EIC) of all the charge states in which the identified N-glycans appeared.
Only N-glycans which fulfilled the above-mentioned criteria and were
present in more than 0.5% of the total glycome from at least one of the
HBsAgS variants were included in the quantitative assessment; the re-
mainder of the structures were not included in the quantitation and were
presented as trace. The N-glycomes of all HBsAgS variants were analyzed
twice by technical replicates. The relative N-glycan abundance of WT and
glycosylation variants of HBsAgS was assessed by their total (summed)
EIC areas of all observed N-glycans when equimolar amounts of HBsAgS
forms were analyzed.

RESULTS
Generation and characterization of differentially glycosylated
HBsAgS VLPs. To generate nonnative particulate immunogens,
novel N-glycosylation sequons were introduced at HBsAgS amino
acid (aa) 116 and 130 in addition to the WT glycosylation site at
asparagine 146. The HBsAgS amino acid residues threonine and
glycine at aa 116 and 130 were replaced with asparagine to gener-
ate the T116N and G130N-HBsAgS proteins, respectively (Fig. 1)
to introduce novel glycosylation sites at different locations within
the external antigenic loop. To generate HBsAgS VLPs in the ab-
sence of the WT glycosylation site, the N146 was replaced with a
glutamine residue (N146Q-
HBsAgS).

The corresponding expression plasmids were transfected into
HEK293T cells to produce VLPs in a cell line allowing high-yield
protein production, and the cell culture medium was harvested to
monitor the presence of secretion competent VLPs. Immunopre-
cipitation of 35S-labeled VLPs with a polyclonal anti-HBsAgS an-
tibody demonstrated that the T116N- and G130N-HBsAgS pro-
teins produced hyperglycosylated VLPs, as indicated by the
increased molecular mass (Fig. 2A and B). The position of the
introduced glycosylation site influenced the efficiency of glycosy-
lation, resulting in T116N VLPs composed of subunits which are
predominantly mono- or diglycosylated. G130N VLPs are com-
posed of unglycosylated and mono- and diglycosylated HBsAgS
subunits. Consistently, the T116N diglycosylated subunits show a

slightly higher molecular mass than the G130N diglycosylated
subunits, possibly influenced by differences in the glycan compo-
sition and/or differences in conformational constraints (Fig. 2A).
As expected, the deletion of the glycosylation site 146 (N146Q)
resulted in VLPs composed of nonglycosylated 24-kDa subunits.
Treatment of the glycosylated HBsAgS VLPs with PNGase F re-
moved the glycan residues resulting in de-N-glycosylated HBsAgS
subunits of 24 kDa (Fig. 2C and D). Analyzing particle formation
and integrity by electron microscopy showed that WT, N146Q-

HBsAgS, T116N- and G130N-HBsAgS subunits assemble into
particles with a diameter between 22 and 30 nm and with similar
morphology (Fig. 3). Density measurements using a CsCl gradient
demonstrated that the VLPs, regardless of the glycosylation status,
had a density of 1.2 g/ml, consistent with VLPs composed of WT
HBsAgS proteins (data not shown) (60, 61). The data demonstrate
the formation of biochemically modified VLPs with an increased
glycosylation site occupation and higher glycan density.

The selected mutations T116N and G130N occur rarely in
HBV variants and also represent only a subset of the virus popu-
lation. The analysis of 1556 HBsAgS-specific DNA sequences ex-
tracted from a HBV database (SeqHepB) (34, 62) revealed that
asparagine at position 116 or 130 is present in �1% of the natu-
rally occurring sequences. The amino acids threonine at position
116 and glycine at position 130 are conserved in 99.5% and 98% of

FIG 1 Schematic diagram of HBsAgS. Wild-type (WT) HBsAgS has glycosy-
lation site at amino acid (aa) 146. To introduce new potential glycosylation
sites, site-directed mutagenesis was performed at positions T116 and G130 to
introduce an asparagine (N) in a NXT/S sequon. Cysteine residues are indi-
cated by orange circles, and disulfide bonds are indicated by “-S-S-.” Alpha-
helix transmembrane regions are shown as cylinders.
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the analyzed sequences, respectively. Based on the ex vivo clinical
sera data and clinical data, no correlation between the occurrence
of the mutations to a disease outcome can be made.

Identification of the N-glycans present on the N146Q-
�HBsAgS, T116N VLPs, G130N VLPs, and WT VLPs. To deter-
mine the total abundance of the glycan structures attached to the
VLPs, the amount of HBsAgS N-glycosylation was determined by

combining the liquid chromatography mass spectrometric (LC-
MS) intensity of the total observed N-glycans normalized to the
HBsAgS protein amount used for the N-glycome analysis (Fig.
4A). The protein-normalized N-glycan abundance calculated
from the MS data corresponded to the degree of glycosylation
shown by the immunoprecipitation study: the T116N VLPs, com-
posed of mono- and diglycosylated HBsAgS subunits and a small
fraction of unglycosylated forms, showed the highest glycan abun-
dance on the protein, followed by the G130N VLPs, which dis-
played more unglcosylated isoforms, and then WT VLPs, which
appear only approximately 50% glycosylated on the native N146
site (Fig. 2 and 4A). The N146Q-
HBsAgS VLP variant contained
trace but still detectable levels of N-glycosylation, primarily of
high-mannose type (Fig. 4B, structure 22). WT VLPs as well as the
hyperglycosylated VLPs illustrated an extensive microheterogene-
ity (57 N-glycan monosaccharide compositions and 102 unique
N-glycan structures) with core fucosylation (�1,6), terminating bi-
secting (�1,4) and antenna (�1,2) N-acetylglucosamine (GlcNAc),
and sialylation (�2,3 and �2,6) as dominating features (Fig. 4B
and C; see also Table S1 in the supplemental material). Analyzing
the features of the N-glycan structures of WT, T116N, and G130N
VLPs showed that the presence of additional N-glycosylation sites
did not substantially change the nature of the N-glycans, as indi-
cated by the relative distribution of the glycan structures. The
similarity of glycan types was demonstrated by the high correla-
tion coefficient of the N-glycomes of the WT versus T116N (R2 �
0.827) and the WT versus G130N (R2 � 0.923) (Fig. 4C; see also
Table S1 in the supplemental material). Bisecting-type glycans
remain forming the greatest percentage of the structures on all
VLPs (Fig. 4B). Slight differences in the fine structure of the gly-
cans were observed, showing that T116N and G130N VLPs have
more core fucosylation and less Lewis-type fucosylation, sialyla-
tion, and bisecting GlcNAc (data not shown). The observation
that T116N- and G130N-HBsAgS VLPs have a higher level of total
glycosylation in comparison to the WT HBsAgS VLPs demon-

FIG 2 To identify the synthesis of differentially glycosylated virus-like particles (VLPs), HEK293T cells were transfected with plasmids expressing the VLP
subunits, HBsAgS. The culture supernatant (A) and the cell lysate (B) were harvested, [35S]methionine-cysteine-labeled VLPs were immunoprecipitated with
anti-HBsAgS antibodies, and the HBsAgS subunits were separated by gel electrophoresis under reducing conditions. To verify the presence of N-glycans,
[35S]methionine-cysteine-labeled VLPs from the cell culture supernatant were immunoprecipiated (C) and digested with PNGase F (D) and then separated by
gel electrophoresis and visualized. Lane 1, VLPs composed of wild-type HBsAgS subunits with the N146 glycosylation site present. Lane 2, N146 glycosylation site
(N146Q) of HBsAgS removed. Lanes 3 and 4: VLPs composed of HBsAgS subunits with introduced glycosylation sites at positions T116N and G130N,
respectively. In addition to the newly introduced sites, the N146 glycosylation site is retained. Lane 5, samples derived from cells transfected with the empty pCI
vector. N, M, and D, nonglycosylated (24-kDa), monoglycosylated (27-kDa), and diglycosylated (30/31-kDa) HBsAgS proteins, respectively.

FIG 3 Electron micrograph of VLP samples. VLPs were derived from the cell
culture medium and purified by sucrose density gradient centrifugation, dia-
lyzed against phosphate-buffered saline (PBS), and visualized by negative
staining with phosphotungstic acid (PTA). (A) Wild-type (WT) HBsAgS
VLPs; (B) N146Q-HBsAgS VLPs; (C) T116N-HBsAgS VLPs; (D) G130N-
HBsAgS VLPs.
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strates that the variants are predominantly distinguished by a
higher N-glycan abundance per HBsAgS subunit, and not by dif-
ferent glycan types.

Antigenicity of the differentially glycosylated VLPs. To assess
whether the presence of the additional N-glycans at amino acid
position 116 or 130 influences the binding of anti-HBsAgS anti-
bodies to the VLPs, a collection of 19 monoclonal antibodies di-
rected against HBsAgS was used to monitor antigenic differences
of WT and biochemically modified VLPs (Fig. 5). Comparing WT
and hyperglycosylayted VLPs, the majority of antibodies directed
against loop 1 and loop 2 of the external region, and directed
against the N- and C-terminal regions, did not show binding dif-
ferences indicating that HBsAgS antigenicity has been retained,
and substantial shielding of epitopes is avoided. However, three
monoclonal antibodies show differences in binding to the modi-
fied VLPs, indicating that structural changes and/or restrictions to
access the antigenic site have occurred. MAb 5 (loop 1-5) com-
pared to MAb 9 (conform-9) and MAb 11 (loop 2-11) show op-
posite binding outcomes; MAb 5 (loop 1 epitope) has reduced
binding to hypoglycosylated N146Q-
HBsAgS VLPs, indicating
that the absence of glycan residues in the loop 2 region and/or the
amino acid substitution correlates with loss of epitope recogni-
tion, possibly due to structural changes compromising antibody
binding. In contrast, MAb 9 (conformational epitope) and MAb

11 (loop 2 epitope) bind to hypoglycosylated N146Q-
HBsAgS
VLPs but showed reduced binding to VLPs with the additional
glycans at T116N or G130N, indicating that a higher glycan abun-
dance may compromise access to the antigenic site. Binding of
MAb 7 (loop 2-7) is multifaceted and highly sensitive to both
hypo- and hyperglycosylation. The absence of the WT N146 resi-
due and the glycans resulted in a loss of binding to the N146Q-

HBsAgS VLPs, indicating that glycosylation site 146 and/or the
glycans are part of the epitope. But binding is also inhibited in the
presence of the WT N146 glycosylation site and an increased gly-
can abundance due to the presence of the site T116N or G130N,
suggesting that the epitope is less accessible on the hyperglycosy-
lated VLPs. The ability of the majority of MAbs to detect hypo-
and hyperglycosylated VLPs demonstrates that biochemically
modified VLPs have retained HBsAgS-specific antigenicity with
exposed B-cell epitopes, a prerequisite for the generation of anti-
HBsAgS antibody responses.

Immunogenicity of differentially N-glycosylated HBsAgS
VLPs. To test whether the presence of additional N-glycans influ-
ences the immunogenicity of the VLPs, BALB/c mice were immu-
nized with N146Q-
HBsAgS, T116N, G130N, and WT VLPs in
the absence of an adjuvant. The mice were immunized subcuta-
neously four times with 2 �g of VLPs in 2-week intervals and then
bled each week after each immunization, and after completion of

FIG 4 (A) N-Glycan abundance of HBsAgS variants as measured by the protein N-glycan mass spectrometry (MS) intensity of HBsAgS variants normalized to
the wild-type (WT) HBsAgS level (red broken line). (B) Structures of the 10 most abundant glycoforms of HBsAgS. Symbols and nomenclature are according to
the Consortium for Functional Glycomics (CFG) convention. Means � SDs are represented in panels A and C *, P � 0.05; **, P � 0.01. (C) Relative N-glycan
structure distribution on WT HBsAgS versus T116N HBsAgS (left) and G130N (right). Only N-glycans which were present at more than 0.5% of the total
N-glycome in at least one of the HBsAgS variants were included in the quantitative distribution (see Table S1 in the supplemental material for all glycan
structures). High correlation coefficients (R2) indicate similar N-glycomes. Symbols for the monosaccharides are as follows: for galactose, yellow circles; for
mannose, green circles; for N-acetylglucosamine, blue squares; for fucose, red triangles; and for N-acetylneuraminic acid, purple diamonds. The linkages are
indicated.
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the immunization schedule, blood samples were taken weekly
until week 13 after the last immunization. The presence of anti-
HBsAgS antibodies was detected using an ELISA with yeast-de-
rived VLPs as targets. Using the immunogen T116N VLPs, anti-
HBs immune responses were detected in all immunized mice 1
week after the second immunization, with an average anti-HBs
titer of 1:900, which is significantly different from the immuniza-
tion outcomes with WT HBsAgS VLPs (P � 0.01) (Fig. 6A). Mice
immunized with WT or G130N (hyperglycosylated) HBsAgS
VLPs developed anti-HBsAgS antibody titers up to 1:400 or did
not show an anti-HBsAgS immune response at an early stage of
the immunization schedule (Fig. 6A). Six of eight mice in the test
group immunized with G130N VLPs showed anti-HBsAgS anti-
bodies, with an average anti-HBs antibody titer of 1:500. The out-
come was not statistically significant compared to the outcomes
achieved with the WT and N146Q-
HBsAgS VLP immunogens
but showed a trend of an earlier antibody response. The outcomes
indicate that glycan occupancy of HBsAgS correlates with the im-
munogenicity. T116N VLPs were able to induce accelerated anti-
body responses, and G130N VLPs showed a trend toward an
enhanced early immune response. The third blood sampling per-
formed 1 week after the third immunization (week 7) showed that
anti-HBsAgS-positive mice were detectable in all four test
groups, with average antibody titers between 1:1,600 (group
immunized with N146Q-
HBsAgS VLPs) and 1:3,500 (group
immunized with T116N VLPs) (Fig. 6B). High antibody titers
persisted, and at 7 weeks after the last immunization (week 14
in the schedule), the group of mice immunized with T116N
VLPs had an average anti-HBs titer of 1:9,000, statistically sig-

nificant compared to the WT group, with an average titer of
1:2,700 (WT VLPs) (P � 0.01) (Fig. 6C). The data demonstrate
that the T116N VLPs with the highest glycan abundance main-
tain high antibody titers for a longer period in addition to the
induced accelerated anti-HBsAgS antibody response. At 13
weeks after the last immunization (week 20 in the schedule),
the final bleed was taken and the average anti-HBsAgS antibody
titers were measured; no statistical significance could be deter-
mined. The average antibody titers were 1:1,600 (WT VLP),
1:1,700 (N146Q-
HBsAgS VLP), 1:2,700 (T116N VLPs), and
1:5,000 (G130N VLPs) (Fig. 6D). Cytotoxic T lymphocyte
(CTL) activity was measured at two different time points, 1 and
4 weeks after immunization of BALB/c mice with the different
VLP types resulting in CTL responses, which were not signifi-
cantly different (data not shown), indicating that the cellular
immune response against HBsAgS VLPs is possibly dictated by
protease sensitivity and antigen processing (34).

The results demonstrate that the presence of additional glycan
residues does not efficiently shield HBsAgS-specific B cell epitopes
and has the ability to increase the HBsAgS-specific immunogenic-
ity. The ability to generate biochemically modified immunogens
with enhanced immunogenicity may allow new avenues for the
development of optimized preventive vaccine approaches.

DISCUSSION

In order to enhance or to modulate the immunogenicity of the
HBsAgS VLP immunogens, biochemically modified VLPs distin-
guished by an altered level of protein N-glycosylation were gener-
ated. The status of N-glycosylation can influence the interaction of

FIG 5 Mapping of the antigenic profile of the HBsAgS VLPs using the Bio-Plex bead-based flow cytometric platform (Bio-Rad, Hercules, CA). The HBsAgS
multiplex antibody panel consists of 19 monoclonal antibodies (MAbs) directed against epitopes located between residues 99 and 226 of HBsAgS. The x axis
defines the HBsAgS region of antibody binding, Nterm, N-terminal region preceding loop 1 domain; loop 1, amino acids 107 to 138; loop 2, amino acids 139 to
149; Combo, semiconformational loop 1/2 epitope; Cterm, C-terminal region amino acids 160 to 226; Conform, conformational epitope. The number after the
hyphen stands for the antibody. The y axis shows the ratio of antibody binding to wild-type (WT) VLPs versus N146Q VLPs, T116N VLPs, or G130N VLPs. A
gain-of-epitope recognition corresponds to positive fold change (�0.5-fold), and loss or reduction of epitope binding corresponds to negative fold changes
(�0.5-fold), a range larger or smaller than the variation of epitope recognition of WT VLPs.
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the immunogen with antigen-presenting cells (36–38). It is recog-
nized that N-glycans are relatively large molecular entities, which
decorate higher protein structures and may therefore contribute
to particle uptake and processing by antigen-presenting cells. Rec-
ognition of glycans expressed on pathogens by host lectins is dic-
tated by the nature, spatial presentation, and abundance of the
glycans. The polyvalent display of glycan epitopes on pathogens
seems to facilitate lectin binding (43). The ability of the lectin
actinohivin to recruit three high-mannose-type glycans, which are
present at high density on the human immunodeficiency virus
type 1 (HIV-1) envelope protein gp120, seems to be essential for
an efficient blocking of HIV-1 infection of target cells (63). An
enhanced uptake of hyperglycosylated VLPs derived from the rab-
bit hemorrhagic disease virus (RHDV) by antigen-presenting cells
strongly indicates that the interaction between an antigen and
immune cells can be modified depending on the glycosylation
status of the antigen (38). Utilizing glycans and targeting lectin
receptors to promote antigen uptake and presentation is a prom-
ising path to enhance subsequent antigen-specific immune re-
sponses (40, 46, 64).

To modify the immunogenicity of the HBsAgS VLPs, we suc-
cessfully generated hyperglycosylated VLPs. The introduction of
new N-glycosylation sites by replacing the amino acid residues
threonine at position 116 or glycine at position 130 with aspara-
gine residues reconstituted the consensus sequence Asn-X-Ser/
Thr. Both sites are exposed within the external and antigenic

HBsAgS loop region and should be accessible by the oligosaccha-
ryl transferase (OST) for the first initiating step of N-glycosylation
in the ER. The location of an additional site of glycosylation at
position 116 or 130 increased the N-glycan occupancy on the
HBsAgS VLPs, with the T116N site being more efficiently glyco-
sylated than the G130N site. This is consistent with the finding by
Julithe et al. (31) that the N-glycosylation site closer to the N
terminus is more efficiently glycosylated than sites closer to the
C-terminal end.

Despite differences regarding the glycosylation efficiency be-
tween amino acids 116 and 130 and the WT (N146), LC-MS/MS
analysis showed that the nature of the N-glycans at these sites is
generally similar when assessed by N-glycome profiling, and pre-
dominately of a complex type, abundantly showing immune-im-
portant determinants, including the previously unreported dom-
inance of bisecting GlcNAc residues and core fucosylation (Fig. 4).
However, detailed glycopeptide site-specific analysis of HBsAgS
may still reveal significant site-specific variations in the structure
of the glycans (core fucosylation, Lewis-type fucosylation, sialyla-
tion, and bisecting GlcNAc) between WT and the glycosylation
variants of HBsAgS, aspects we are pursuing using a recently de-
veloped approach (65). The N146Q-
HBsAgS VLPs contained
trace levels of oligomannose possibly attached to the N-terminal
NH2-1-MENIT-5 sequence. The N3 position is not efficiently rec-
ognized in HBsAgS VLPs, possibly due to the proximity of a trans-
membrane region and lipids, which may interfere with the pro-

FIG 6 Groups of eight BALB/c mice were immunized with 2 �g of VLPs in weeks 1, 3, 5, and 7 in the absence of adjuvant. Serum samples were taken in week 4
(A), week 6 (B), and week 14 (C) and at the last bleed in week 20 (D). HBsAgS-specific antibody responses were measured by an enzyme-linked immunosorbent
assay (ELISA) against yeast-derived HBsAg VLPs (serotype ayw). Endpoint titer was determined to be the highest serum dilution that gave an optical density OD
value of at least two times above background. Standard deviations were calculated and are indicated as error bars. The red asterisk indicates that the difference
between the T116N VLPs and WT VLPs is statistically significant (P � 0.01).
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cessing and maturation steps to generate complex glycans (66, 67).
To assess whether the biochemically modified VLPs have retained
HBsAgS-specific antigenicity, a panel of 19 anti-HBsAgS-specific
MAbs were used and tested for their ability to bind to the modified
VLPs versus WT VLPs. The outcome demonstrated that HBsAgS-
specific antigenicity has been retained: 15 out of 19 anti-HBsAgS
antibodies recognize the hyperglycosylated VLPs regardless of the
presence of the additional glycosylation sites at position 116 or
130. Loss of epitope recognition by the MAbs 7, 9, and 11 is most
likely due to the restricted access to the antigenic site on the hy-
perglycosylated T116N- and G130N-HBsAgS VLPs. The loss of
binding of the loop 2-specific MAbs 7 and 11 to T116N-HBsAgS
VLPs that contain additional glycans in the loop 1 region indicates
that reduced or occluded epitope access most likely prevents rec-
ognition of the VLPs. MAb 7 seems to recognize its epitope in a
highly glycosylation-sensitive manner, with epitope recognition
or access reduced in the context of both hypo- and hyperglycosy-
lated VLPs, with loss of epitopes by N146Q-
HBsAgS and also for
the WT N146 site in the presence of additional glycan residues at
either position 116 or 130. The immunization studies are consis-
tent with the antigenicity studies; both T116N- and G130N-
HBsAgS VLPs induce anti-HBsAgS-specific immune responses,
highlighting the accessibility of the B cell epitopes in the context of
hyperglycosylated VLPs. Mice immunized with the T116N VLPs
induce earlier immune responses, which is statistically significant,
followed by the G130N VLPs, which show a trend of an earlier
response than for WT and nonglycosylated VLPs. The induction
of an earlier and longer-lasting anti-HBsAgS antibody response
correlates with the increased glycan abundance of the HBsAgS
VLPs. Because of the presence of the same glycan types on the WT,
T116N, and G130N VLPs, we do not expect that the hyperglyco-
sylated VLPs interact with different sets of antigen-presenting cells
by engaging different lectin receptors but follow the uptake path-
way of the WT VLPs. The hyperglycosylated VLPs are possibly
more efficiently taken up by antigen-presenting cells to allow an
earlier and longer-lasting B cell immune response.

To investigate HBV immune escape, Yu et al. (68) analyzed a
cohort of chronically infected patients with coexisting HBsAgS
protein and anti-HBs antibodies, and they demonstrated the pres-
ence of HBV mutants encoding HBsAgS with additional glycosy-
lation sites. An increased frequency of new N-glycosylation sites
within the external hydrophilic loop region, predominately at the
positions 129 and 131, reduced antigenicity and possibly facili-
tated viral escape. Our assay system demonstrated that binding of
three antibodies (7, 9, and 11) out of 19 to hyperglycosylated VLPs
is reduced, possibly indicating that the quality of the B cell im-
mune response during a natural infection may allow escape. The
presence of anti-HBsAgS antibodies not able to engage hypergly-
cosylated particles during an ongoing infection may thus facilitate
the escape of mutant viruses with additional glycosylation sites. A
broad B cell immune response generating antibodies able to en-
gage hyperglycosylated VLPs may reduce the risk of escape of HBV
mutants with higher glycan density.

The importance of glycosylation for the improvement of re-
combinant biopharmaceuticals and immunogenic properties has
been recognized (69). To develop further superior vaccination
approaches, investigating synergistic effects of biochemically
modified immunogens and adjuvants acceptable for usage in hu-
mans possibly represents an avenue for the generation of opti-
mized vaccines and delivery platforms.
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