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Virus-like particles (VLPs) are non-infectious subviral protein complexes, which possess structural fea-
tures identical or closely related to infectious virions. They are utilized as delivery tools for immunolog-
ically relevant antigenic sequences. In order to investigate whether mutant subunits can modulate the
VLP immunogenicity, comparative immunization studies with wild-type and non-native VLPs were per-
formed. To determine whether disulfide bonding impacts on the immunogenicity of hepatitis B virus
envelope proteins (HBsAg), mutant HBsAg subunits with single, double and triple cysteine residue sub-
stitutions were generated. The mutant proteins were expressed in cell culture, secretion competent non-
native VLPs generated, followed by immunization studies in mice to measure the cellular immune
response. The reduced ability of mutant HBsAg proteins to form disulfide bonds does not interfere with
their ability to assemble into secretion competent VLPs. Depending on specific cysteine to alanine
changes, VLPs could be generated with or without an increased ratio of monomeric versus dimeric/olig-
omeric subunits compared to wild-type VLPs. The utilization of non-native VLPs resulted in enhanced cel-
lular immune responses and does not seem to depend on the ratio between monomeric or dimeric/
oligomeric subunits. Comparative immunization studies strongly indicate that changes in the disulfide
bonding modulate the VLP immunogenicity most likely due to structural changes. We hypothesize that
structural features have evolved with reduced immunogenicity to evade the constraints imposed by the
immune system. Altering VLP conformation may represent an attractive strategy to modulate antigen
processing resulting in an enhanced immune response and/or a changed hierarchy of epitope
presentation.
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1. Introduction HBsAgL contain additional N-terminal extensions, the preS2 and

preS1 domains (Bruss, 2007; Liang, 2009). The ability of HBsAgS

Hepatitis B viruses comprise a group of small, enveloped,
partially double-stranded DNA viruses replicating via reverse tran-
scription. The human hepatitis B virus (HBV) is a major pathogen of
global importance that causes acute and chronic infections. The
genome contains four open reading frames encoding core (capsid),
surface (envelope), polymerase and X proteins. The DNA contain-
ing nucleocapsid is packaged by a lipoprotein envelope containing
three related transmembrane proteins (Liang, 2009). The synthesis
of the envelope proteins is initiated at three different in-frame
translation start sites resulting in the expression of HBsAg-large
(HBsAgL), HBsAg-middle (HBsAgM) and HBsAg-small (HBsAgS),
which have the S-domain in common. HBsAgS is composed only
of the S-domain consisting of 226 amino acids (aa); HBsAgM and
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to self-assemble in the presence of lipid results in the formation
of secretion competent, highly compact virus-like particles (VLPs)
with a size of 22-25 nm in diameter. The first step in the morpho-
genesis of the HBsAgS VLPs is the cotranslational insertion of the
protein into the membrane of the endoplasmic reticulum with a
short luminal exposed N-terminal sequence, two transmembrane
regions separated by a 57 aa cytosolic loop, a luminal external 70
aa domain containing the major B-cell epitopes (‘a’-determinant)
and a hydrophobic C-terminal end of 56 aa. Each HBsAgS subunit
contains 14 cysteine residues, which contribute to the formation
of intramolecular and intermolecular disulfide bonds (Bruss,
2007; Mangold et al., 1997). Most of the HBsAgS cysteine residues
and disulfide bonds are not essential for generating the structural
features involved in VLP formation (Mangold et al., 1995, 1997;
Mangold and Streeck, 1993). Specific cysteine to alanine changes
can generate VLPs containing HBsAgS subunits with a reduced abil-
ity to form dimeric or oligomeric subunits (Mangold et al., 1995,
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1997; Wunderlich and Bruss, 1996) indicating that the HBsAgS
assembly requirements can tolerate disruptions of disulfide bonds
without compromising particle formation. HBsAgS VLPs are the
sole antigenic components of a widely used protective vaccine
with the ability to induce neutralizing anti-HBV antibodies, and
therefore indicating that antigenicity and structural features are
shared with the infectious virion.

VLPs in general represent also an effective vaccine modality for
the delivery of immunologically relevant antigenic sequences. Both
antibody and cellular immune responses can be induced by differ-
ent types of VLPs, which are distinguished by size, structure and
the presence or absence of lipids (Buonaguro et al., 2002; Jeong
et al., 2004; Leggatt and Frazer, 2007). The application of VLPs to
present antigens to the immune system offers a great promise
for the treatment of various infectious diseases and cancer (Ludwig
and Wagner, 2007; Ramqvist et al., 2007). In addition to being an
essential vaccine component, HBsAgS VLPs hold great potential
as delivery platforms for foreign epitopes or protein domains
(Agnandji et al., 2010; Cheong et al.,, 2009; Delpeyroux et al.,
1986; Gonzalez et al., 2009; Patient et al., 2009; Phogat et al.,
2008; Vietheer et al., 2007). Based on the importance of VLPs as
medical tools and platforms for presentation of native viral struc-
tures, it is critical to understand their immunogenicity in relation
to antigen structure in order to enhance their immunogenic
potential.

VLPs are delivered as exogenous antigens and taken up by anti-
gen-presenting cells, followed by proteolytic processing to pep-
tides in an endosomal-lysosomal compartment. The peptides are
subsequently loaded onto major histocompatibility complex
(MHC) class II molecules, or onto MHC class I molecules after
cross-presentation events (Lin et al, 2008). Conformational
flexibility of protein regions seems to be an important factor for
proteolytic sensitivity where local instability can increase immu-
nogenicity in adjacent sequences (Carmicle et al., 2007; Dai
et al., 2002; Landry, 2008). Studies have shown that subtle
changes in antigen structure can modulate helper T cell responses
due to qualitative and quantitative differences in protein process-
ing (Li et al., 2002; Mirano-Bascos et al., 2010). Disulfide bonding
can regulate antigen processing and epitope selection by changing
the conformational flexibility (Li et al., 2002). Distinct helper T cell
epitope profiles emerged from human immunodeficiency virus
type 1 (HIV-1) gp120 molecules after destabilizing the three-
dimensional structure as a consequence of deleted cysteine resi-
dues (Mirano-Bascos et al., 2010). Antigen three-dimensional
structure guides processing and presentation of helper T cell epi-
topes (Carmicle et al., 2007). Similarly, Prato et al. (2006) showed
that the immune response specific for a defined malaria-specific
cytotoxic T lymphocyte (CTL) epitope is conformation-dependent.
In vitro studies showed that a malaria antigen with two disulfide
bridges induced a stronger CTL recognition in its reduced form
compared to the oxidized form. The immunization outcomes ob-
tained with modified immunogens in mice is possibly relevant
to the human system as “hot spots” of epitopes are shared be-
tween mouse and human (Sealy et al.,, 2008; Surman et al.,
2001; Zhan et al., 2007) and are likely the result of antigen degra-
dation by similar intracellular enzymes and processing pathways
(Landry 2008; Sealy et al., 2008).

In order to determine whether the immunogenicity of native
viral structures can be enhanced to design potent immunization
tools with increased effectiveness, cysteine residues within
HBsAgS subunits were mutated, and comparative immunization
studies with wild-type and non-native VLPs were performed. We
hypothesize that destabilized conformational structures may
permit the induction of enhanced and/or modulated immune re-
sponses targeting different epitope profiles.

2. Materials and methods
2.1. In vitro site-directed mutagenesis (SDM)

Expression plasmids based on the pCI vector (Promega,
Madison, WI) were constructed encoding for HBsAgS proteins
(genotype D, serotype ayw) with cysteine to alanine changes at
the amino acid positions 121 and 147. The plasmids p121-HBsAgS,
p147-HBsAgS, p121/147-HBsAgS and p121/124/147-HBsAgS en-
code HBsAgS proteins with single, double or triple mutations at
the indicated positions. SDM was carried out with pairs of comple-
mentary primers introducing the cysteine to alanine changes in the
HBsAgS open reading frame (ORF) under the following conditions:
Pfu DNA polymerase (1 pl, 10 U/ul) in the recommended buffer
(Promega), 200 uM each dNTP, 0.4 uM primer pair, and 100 ng
template in a total volume of 50 . The extension reaction was ini-
tiated by a pre-heating step at 95 °C for 2 min, then followed by
18 cycles with each cycle 95°C for 50s, 62 °C for 1min, and
68 °C for 15 min, then followed by a final step at 68 °C for 7 min.
The reaction sample was treated with 1 pul of Dpnl (10 U/ul) restric-
tion enzyme (Promega) for 1 h at 37 °C, then the DNA products
used for transformation of Escherichia coli DH5a cells. Colonies
were grown in the presence of ampicillin (100 pg/ml) on Luria-
Bertani agar plates, plasmids were isolated and verified by
sequencing.

2.2. Cell lines

HEK293-T 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), penicillin and
streptomycin (Gibco-BRL). For production of VLPs, HEK293-T cells
were transfected using polyethylenimine (MW 25000, linear) (PEI)
(Polysciences, Warrington, PA). After transfection, the VLP-produc-
ing cells were kept in FCS-free HEK293 medium (Gibco-BRL) for
5 days, then the VLPs harvested.

2.3. Purification and quantitation of VLPs

Tissue culture supernatant was collected 5 days after transfec-
tion, centrifuged at 3,500 rpm for 15 min in a benchtop centrifuge
(Labofuge 400, Heraeus, Hanau, Germany), the supernatant (25-
28 ml) was transferred to an ultracentrifuge tube (Sorvall, New-
town, CT), and underlaid with a 5 ml 20% sucrose cushion (20% su-
crose in STE buffer, 100 mM NaCl, 10 mM Tris (pH8), 1 mM EDTA).
Particles were pelleted by ultracentrifugation at 25,000 rpm for
16 h at 4°C in a Sorvall AH629 rotor (Sorvall). The supernatant
was discarded, and the pelleted VLPs resuspended in HEPES/NaCl
buffer for vaccination purposes. The presence of HBsAgS was as-
sessed using Monolisa Ultra assay according to the manufacturer’s
instructions (BioRad, Hercules, CA).

2.4. Gradient analysis and electron microscopy (EM)

Partially purified VLPs were further purified through a 10-40%
(w/v) sucrose gradient in STE for EM analysis or through a
10-40% (w/v) cesium chloride (CsCl) gradient for density
measurement. Fractions were collected and quantitated using a
HBsAg-specific enzyme immunosorbent assay (EIA) (Monolisa,
BioRad). The refractive index of each fraction was quantitated
using an Abbe refractometer NAR-1T (Atago, Tokyo, Japan). Frac-
tions containing HBsAgS at a sucrose density of approximately
1.2 g/ml were dialyzed against phosphate buffered saline (PBS).
The purified particles were concentrated to approximately
500 ng/pl. Ten microliters of sample was applied to a carbon grid,
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blotted and negatively stained with phosphotungstate acid (PTA).
Images were analyzed on a Hitachi H7500 electron microscope
(Tokyo, Japan) operating at 120 keV.

2.5. Immunoprecipitation and gel electrophoresis

Cells were seeded into 6-well plates at 5 x 10° cells/ml and
transfected using PEI (Polysciences) 2 days prior to the isotopic
labeling. Cells were aspirated and incubated for 40 min in 1.5 ml
of methionine-free minimal essential medium supplemented with
10% FCS. Two hundred pCi of 3°S-labeled cysteine/methionine was
then added to the media and incubated for 3 h, washed twice in
PBS and incubated with 2 ml of supplemented DMEM for 18 h.
Supernatant was collected and iodoacetamide was added to a final
concentration of 20 mM followed by incubation with rabbit anti-
HBsAg antibodies (Biodesign, Saco, ME) (final dilution 1:100) for
2 honice, followed by 1 hincubation with 20 pul protein A Sepharose
CL-4B (GE Healthcare, Piscataway, NJ) at 4 °C with rotation. The mix-
ture was washed three times in RIPA buffer (10 mM Tris-HCl
(pH7.5), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate,
0.1% sodium dodecyl sulfate [SDS]) and once with 0.1 M Tris-HCl,
pH6.8. Samples were prepared for SDS-15% polyacrylamide gel elec-
trophoresis (PAGE) by adding loading buffer (250 mM Tris-HCI, pH
6.8, 8% SDS, 0.4% bromophenol blue, 40% glycerol) in the presence or
absence of 20% 2-mercaptoethanol, then boiled for 5 min. After elec-
trophoresis, the gel was destained in 7.5% acetic acid, 5% methanol
and dried before exposure to a BioMax film (Kodak, Rochester, NY)
or a phosphoimager (Molecular Dynamics Inc., Sunnyvale, CA).

2.6. Immunoblot

For the detection of the large hepatitis delta antigen (dAgL),
supernatant and cell lysate were collected from human hepatoma
cells (HuH-7) 5 days after transfection. Supernatant was concen-
trated by ultracentrifugation for 4 h at 39,000 rpm hours at 4 °C
in a Sorvall TH641 rotor (Sorvall) over a 20% sucrose cushion in
STE. Pellet and cell lysate were then resuspended in loading buf-
fer in the presence of 2-mercaptoethanol, then separated on a
15% SDS PAGE. After transfer onto a Hybond-P membrane (Amer-
sham Biosciences, Piscataway, NJ), the membrane was blocked
with 5% skim milk powder in water, then incubated with a pa-
tient anti-delta antigen serum (1:1000). After incubation, the
membrane was washed twice in PBS-Tween (0.1%), twice with
PBS and then incubated with a rabbit anti-human immunoglobu-
lin G antibody conjugated to horseradish peroxidase (1:1000)
(Dako, Glostrup, Denmark). The membrane was then washed
and incubated with ECL Plus Western blotting detection substrate
(GE Healthcare), exposed to a Amersham Hyperfilm ECL (GE
Healthcare).

2.7. Animals

BALB/c mice were used at 6-10 weeks of age. Within a given
experiment, the mice were age- and sex-matched. Mice were
housed under specific pathogen-free conditions. Groups of four
mice were immunized subcutaneously at the base of the tail with
20 pg wild-type or recombinant HBsAgS VLPs. Ten days after injec-
tion, spleens were collected, and used for in vitro restimulation in
CTL and Elispot assays.

2.8. Interferon (IFN) vy Elispot assay

To measure the IFNy levels in mouse splenocyte cultures,
MAIPS4510 plates (Millipore, Billerica, MA) were coated with
50 pl/well (8 pg/ml) IFNvy-specific capture monoclonal antibody
(mAb) (BD Pharmingen, San Diego, CA) and incubated overnight

at 4°C. Splenocytes (10°/50 ul) were then added to each well
and stimulated in the presence of 40 pg/ml of cognate peptide or
in the absence of peptide. As positive control, cells were
incubated in medium containing 2 pig/ml concanavalin A (ConA)
(Sigma, St. Louis, MO). Plates were cultured for 16-17h at
37 °C, then incubated with biotinylated anti-cytokine mAb (BD
Pharmingen), followed by ExtraAvidin Alkaline Phosphatase
conjugates (BD Pharmingen). The presence of IFNy-producing
cells was visualized using Fast TM BCIP/NBT conjugate Kkit
(Sigma). Plates were dried and spots were quantitated with
AID-Elispot Reader System (Autoimmun Diagnostika GmbH,
StraBberg, Germany).

2.9. CTL assay

For in vitro restimulation, the splenocyte suspension was
adjusted to 5 x 10%/ml and transferred into T25 or T75 cell culture
flasks depending on the total cell number available, then cul-
tured with a mixture of H-29 restricted peptides (Sette et al.,
2001) at a final concentration of 1 pg/ml each (PQS-29 [NH2-
PQSLDSWWTSL-H, L4-restricted], WYW-199 [NH2-WYWGPSLYSI-
H, K9-restricted] and WGP-201 [NH2-WGPSLYSIL-H, D¢-restricted])
for 5 days at 37 °C by maintaining a CO-, level of 5%. The mastocy-
toma P815 cell line (ATCC TIB-64) displaying the peptide mixture
was utilized as target cells for H-2¢ restricted CTL lysis. The cells
were maintained in supplemented RPMI 1640 medium (JRH
Biosciences, Lenexa, KS) in the presence of 400 pg/ml G418 (Gib-
co-BRL). Target cells (1.5 x 10%) were sensitized at 37 °C for
1% hour with 1 pig/ml cognate peptide or incubated in the absence
of peptide, and labeled with 100 pCi >'Cr (MP Biomedicals, Irvine,
CA). In vitro stimulated effector cells (splenocytes) were added at
various effector to target (E:T) ratios in triplicate in 96 well micro-
titer plates (Nunc, Roskilde, Denmark). Controls included target
cells but no effector cells (minimum °'Cr release) and target cells
incubated with 10% SDS (maximum >!Cr release). A volume of
100 pl of supernatant was collected from each well and transferred
into disposable 1.2 ml microtiter tubes (QSP, Petaluma, CA). The
tubes were wax-sealed for counting in the gamma counter 1470
Wizard (LKB Wallac, Turku, Finland). The percentage specific lysis
was calculated as indicated by Woo et al. (2006).

2.10. Analysis of database

A total of 1556 DNA sequences encoding the overlapping HBV
surface and polymerase genes were extracted from a large HBV
database (SeqHepB) (Yuen et al., 2007), and were analyzed using
BioEdit (Hall, 1999) and MS Excel. The sequences used in the anal-
ysis were not stratified, containing sequences of all HBV genotypes
and variants that occur naturally and due to selection pressures
such as antiviral drug therapy and complete hepatitis B immune
globulin (HBIg). The occurrence of each amino acid at a particular
codon was counted, the amino acid with the highest frequency was
defined as the consensus, and the level of conservation of this con-
sensus amino acid reported as a percentage. If mixed amino acids
were detected at a particular codon and one of the amino acids
was the same as the consensus, it was counted as a consensus ami-
no acid. If a mixed population did not include the consensus amino
acid, it was counted as non-consensus. For the analysis, the over-
lapping HBV polymerase sequence was included. The first two
nucleotides in each surface codon correspond to the last two nucle-
otides in the overlapping polymerase codon (s1/p2 and s2/p3 or —1
frameshift). The last nucleotide of the surface codon corresponds to
the first nucleotide in the next overlapping polymerase codon (s3/
p1 or +2 frameshift, Table 1).
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Table 1

Database analysis (SeqHepB) (Yuen et al., 2007) of in total 1556 DNA sequences encoding the overlapping HBV surface (envelope) and polymerase genes (reverse transcriptase, RT
(rt) domain). The sequences were analyzed using BioEdit (Hall, 1999) and MS Excel. The first two nucleotides in each surface codon corresponding to the last two nucleotides in
the overlapping RT codon (-1 frameshift, f.s.), the last nucleotide of the surface codon corresponds to the first nucleotide in the next overlapping RT codon (+2 frameshift). Color
code: dark gray: 100% conserved, no variations detected, light gray:>99% conserved, aa substitutions can occur, White:<99% conserved. s: surface, aa: amino acid.

Surface protein Reverse transcriptase
Functional region aa Conservation |f.s. aa Conservation | Functional region
-1 ] rt56_V
® _
$48.C 299% 2| 1578 >99% . .
T3 L 679% F-A interdomain
s65_C = -
Internal loo 2| 74.S =l
P 69 C 599% || 7L Ed8i
- = +2 | r78_S >99% A domain
- O,
s76_C 95% 1] 84V 299%
+2 | r85_S >99%
Second o -1 | rt98_M >99%
transmembrane helix $90_C 299% +2 | rt99_P
rt115_L 95%
107 =
s107.C r116_S |11 599%
n129_M 94%
121_C =
stel M130_Q 94%
rn132_L >99%
5124.C M133_H
O,
Major hydrophilic | s137_C rrttyi‘z—'\lf' 49% A-B interdomain
region (‘a' =
. rt146_L
determinant —
i ) s138_C 147 L
n147_L
$139_C 48 Y | >99%
rt155_L
s147_C 1156 _H
rn157_L >99%
s149_C 1158 Y
C-terminal o -1 | 229_L 94% C-D interdomain
hydrophobic region | 5221-C 96% 72| 1230_S [599% D domain
3. Results range of 22-25 nm (Fig. 1). To determine whether the VLPs are

3.1. Generation of VLPs comprised of different mutant HBsAgS subunits

To determine whether disulfide bonding impacts on the immu-
nogenicity of HBsAgS VLPs, VLPs comprised of different mutant
HBsAgS subunits were generated. Cysteine to alanine changes at
HBsAgS amino acid (aa) positions 121, 124 or 147 (C121A,
C124A, C147A) were introduced. The residues C121 and C147 were
selected as they are involved in the formation of intermolecular
disulfide bonds and hence, are essential for the formation of
dimeric/oligomeric subunits (Mangold et al., 1997). The cysteine
residue at position 124 is probably involved in the formation of
intramolecular disulfide bonds and was selected as it blocks the
accessibility of a trypsin cleavage site. Trypsin sensitivity after a
cysteine 124 substitution is an indicator of structural changes
(Mangold et al., 1997). The HBsAgS proteins with single cysteine
mutations (C121A-HBsAgS and C147A-HBsAgS), double mutations
(C121/147A-HBsAgS), or triple mutations (C121/124/147A-
HBsAgS) were expressed in HEK293-T cells, and VLP formation
was determined. The cell culture supernatant was harvested, con-
centrated and analyzed via CsCl density gradient centrifugation.
HBsAgS activity in samples with wild-type (wt) and mutant pro-
teins was detected in fractions with a density of approximately
1.21 g/ml, which is indicative of particle formation (Mangold
et al.,, 1997; Dubois et al., 1980) (data not shown). Electron micros-
copy studies verified particle formation with particle sizes in the

composed of monomeric and dimeric/oligomeric subunits, 3°S-la-
beled VLPs were immunoprecipitated and analyzed by SDS-PAGE
analysis under reducing and non-reducing conditions. The reduc-
ing gel shows that the presence of the cysteine to alanine changes
did not change the ratio of glycosylated and unglycosylated sub-
units in non-native VLPs compared to wt-VLPs (Fig 2A). However,
the non-reducing gel revealed that the VLPs composed of C121/
147A-HBsAgS contain an increased proportion of monomeric sub-
units at a ratio of monomers versus dimers/oligomers at approxi-
mately 1:1. In contrast, VLPs composed of mutant HBsAgS
proteins with single cysteine to alanine substitutions did not con-
tain an increased proportion of monomeric subunits (Fig. 2A), pos-
sibly, the unpaired cysteine residues generated intermolecular
disulfide bonds with random cysteine partners. Consistently, possi-
bly due to fortuitous intermolecular disulfide bonds, VLPs com-
posed of C121/124/147A-HBsAgS with three cysteine to alanine
residue changes contain a reduced proportion of monomeric sub-
units compared to C121/147A-VLPs. Beside the differences in the
presence of monomeric versus dimeric/oligomeric subunits, the
C124A mutation in HBsAgS results in structural differences indi-
cated by an increased sensitivity to trypsin (Fig. 2B; Mangold
et al., 1997). The functionality of the VLPs was tested by their abil-
ity to co-package and secrete large hepatitis delta antigen (dAgL)
(Chang et al., 1991; Ryu et al., 1992). Wt or mutant HBsAgS pro-
teins supported the release of dAgL into the cell culture medium
with similar efficacy. The reduced ability of non-native HBsAgS
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Fig. 1. Electron microscopy on VLP samples. VLPs were purified by sucrose density gradient centrifugation, dialyzed against PBS, and visualized by negative staining with
phosphotungstate acid (PTA). (A) Wild-type HBsAgS VLPs, (B) C121A-VLPs (C) C147A-VLPs (D) C121/147A-VLPs (E) C121/124/147A-VLPs.

proteins to form intermolecular disulfide bonds and the presence
of monomeric subunits did not interfere with the particle forming
capability of the envelope proteins and their ability to package and
secret dAgL (Fig. 2C).

3.2. Immunogenicity of C121/147A-HBsAgS VLPs containing an
increased proportion of monomeric subunits

HBsAgS-specific CTL epitopes presented by murine MHC-I mol-
ecules have been identified (Sette et al., 2001). Three different
H-29-restricted CTL-epitopes, PQS-29, WYW-199 and WGP-201,
were selected to assess the VLP immunogenicity. The epitopes

are located at distant positions from the substituted cysteine resi-
dues. To test whether the presence of monomeric HBsAgS subunits
has an impact on the VLP immunogenicity, comparative immuni-
zation studies were performed. BALB/c mice were subcutaneously
immunized in the absence of an adjuvant with 20 pg of wt-VLPs, or
non-native VLPs composed of mutant C121/147A-HBsAgS proteins
(C121/147A-VLPs). At day 10 post immunization, the presence of
HBsAgS-specific IFNy production by ex vivo splenocytes was quan-
tified by an Elispot assay by stimulating the splenocytes overnight
with the PQS-29, WYW-199 or WGP-201 peptides. Immunizations
with VLPs containing monomeric subunits showed an equal im-
mune response compared to the wt-VLPs with a slight difference
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Fig. 2. (A) Immunoprecipitation of HBsAgS VLPs followed by the analysis of HBsAgS subunits under reducing or non-reducing conditions. HEK293-T cells were transfected
with plasmids expressing wild-type (wt), C121A, C147A, C121A/C147A, C121A/C124A/C147A mutant HBsAgS proteins. Cells were pulse-labeled with [*°S] cysteine/
methionine for 3 h and then chased for 18 h. Supernatants were immunoprecipitated with anti-HBsAg antibodies followed by 15% SDS-PAGE. Arrows indicate the
glycosylated (27 kDa), non-gylcosylated (24 kDa) and oligomeric HBsAgS proteins. (B) Trypsin digestion with the different sets of [*°S] cysteine/methionine labeled VLPs after
immunoprecipitation with anti-HBsAgS antibodies. (C) Western blot analysis of delta antigen large (dAgL) in the cell culture supernatant in the presence of wt, C121A-,
C147A-, C121A/C147A- or C121A/C124A/C147A-HBsAgS proteins. Human hepatoma cells (HuH-7) were transfected with plasmids encoding wt or mutant HBsAgS proteins.
At day 5 post transfection, the supernatant (upper panel) and cell lysate (lower panel) were collected, and separated by 15% SDS-PAGE, then assayed for the presence of dAgL
using anti-hepatitis delta virus serum. Control: transfections with plasmids expressing HBsAgS or dAgL.

in epitope selection with an enhanced response against the WGP-
epitope (Fig. 3A). To test whether differences in the CTL activity can
be measured, splenocytes were restimulated in vitro with a mix-
ture of PQS-29, WYW-199 and WGP-201 peptides for 5 days, then
incubated with >'Cr-labeled and peptide-pulsed P815 target cells

or P815 cells expressing HBsAgS. The cytolytic activity of lympho-
cytes derived from mice immunized with the non-native VLPs was
increased compared to mice immunized with wt-VLPs as indicated
by an enhanced killing of peptide-pulsed target cells or HBsAgS-
antigen expressing target cells (Fig. 3B).
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Fig. 3. Measurement of immunization outcomes with wild-type (wt), C121A-, C147A-, C121/147A-VLPs by Elispot assay (A, C), and 51-chromium release assay (CTL-assay)
(B, D). Splenocytes derived from BALB/c mice immunized with 20 pg VLPs were in vitro cultured for one day in the absence (no stimulation) or presence of HBV-specific
peptides (PQS-29, WYW-199 and WGP-201) and then the number of IFNy-producing cells was determined in the presence of the individual peptides. Histogram bars
represent means and standard deviations of samples derived from four mice at 10° cells per well, i PQS-, B WYW-, [T WGP-peptide stimulation, and no stimulation
(A, C). *P<0.05, **P < 0.01, **P < 0.001, **P<0.0001 (ANOVA). Percentage cytotoxicity obtained by splenocytes (effectors) restimulated in the absence and presence of HBV-
specific peptides was measured using P815 target cells (®), HBV-specific peptides-pulsed P815 target cells (M) or P815/S target cells expressing HBsAg-S endogenously (a).
Splenocytes derived from BALB/c mice immunized with wt-VLPs, C121/147A-VLPs, C121A-VLPs, and C147A-VLPs were in vitro restimulated with a mixture of the PQS, WYW,
and WPG peptides for 5 days, then mixed with different effector to target ratios as indicated (x-axis). Each value represents the mean of four mice in triplicates. The values
vary less than 10% within one group. As control, the Elispot outcome of the immunization with wt-VLPs is shown in graph A and C.

3.3. Immunogenicity of HBsAgS VLPs in the absence of a substantial
proportion of monomeric subunits

To further confirm that the presence of monomeric subunits or
possibly introduced structural changes facilitate the slightly en-
hanced immune response, immunization studies were performed
with VLPs composed of subunits with single cysteine substitu-
tions, C121A-HBsAgS or C147A-HBsAgS. Immunizations with both
C121A-VLPs and C147A-VLPs resulted in stronger immune
responses than immunizations with wt-VLPs as documented by
a higher level of IFNy producing lymphocytes (Fig. 3C) and an in-
creased level of cytotoxicity (Fig. 3D). The immune response has
shifted towards the epitopes WYW-199 and WGP-201 indicating
a change in the hierarchy of epitope processing. To utilize VLPs
with more profound structural changes, the cysteine residue
124, which contributes to the formation of intramolecular disul-
fide bonds, was replaced with alanine in combination with the
C121A and C147A mutations. The C121/124/147A-VLPs induced
a prominent cellular immune response with an enhanced number
of PQS-29, WYW-199 and WGP-201 specific IFNy producing lym-
phocytes compared to the immune response induced by wt-VLPs
(Fig. 4A). The outcome is confirmed by the presence of a strong
cellular cytolytic immune response in BALB/c mice immunized

with C121/124/147A-VLPs (Fig. 4B). Weakening a disulfide stabi-
lized bonding pattern seems to influence the immunogenicity of
the VLP immunogen by destabilizing structural features, and is
not necessarily determined by the presence of monomeric
subunits.

3.4. Conservation of HBsAgS cysteine residues

To support the hypothesis that the disulfide bonding pattern
provides a structure to minimize epitope processing, the HBsAgS
cysteine residues were analyzed regarding their level of conserva-
tion. A total of 1556 DNA sequences encoding the overlapping HBV
surface and polymerase genes were extracted from a large HBV
database (SeqHepB) (Yuen et al., 2007) and the conservation of
the individual amino acids was determined. The overall conserva-
tion of each HBsAg codon ranged from 48-100%, the mean varia-
tion across the HBsAgS protein was 94%. Each of the fourteen
consensus cysteine residues in the HBsAg was analyzed in more
detail (Table 1). The cysteines were highly conserved, ranging be-
tween 95-100% conservation. Eight of these fourteen cysteines
were 100% conserved with no variation detected across the entire
1556 sequences analyzed. Four of the cysteines were between 99-
99.99% conserved, and the remaining two cysteines were 95-96%



216 W.-S. Cheong et al./Antiviral Research 93 (2012) 209-218

A 250
o 200
s
o 1501
o
@ 50
0
&
()
wit-VLPs
I} 1004
804
o 50
[d
> a0
”
20-
& r R

Ratio E: T

% lysis

C121/124/147A-VLPs
100+
804
60+
40+
204
0 * == -—
204 R @-'.‘ G)Q-f‘ mﬁ‘.‘ d_,,-f‘
Ratio E:T

Fig. 4. Measurement of immunization outcomes with wild-type (wt) VLPs and VLPs composed of HBsAgS subunits with triple cysteine to alanine changes (C121/124/147A-
VLPs) by Elispot assay (A), and 51-chromium release assay (CTL-assay) (B). Splenocytes derived from BALB/c mice immunized with 20 pug VLPs were in vitro cultured for 1 day
in the absence (no stimulation) or presence of HBV-specific peptides (PQS, WYW and WGP) and then the number of IFNy-producing cells determined in the presence of the
individual peptides. Histogram bars represent means and standard deviations of samples derived from four mice at 10° cells per well, histogram fills are as described in
legend of Fig. 3, *P<0.05, **P < 0.01, **P < 0.001, ***P <0.0001 (ANOVA) (A). Percentage cytotoxicity obtained by splenocytes (effectors) restimulated in the absence and
presence of HBV-specific peptides was measured using P815 target cells (®), HBV-specific peptides-pulsed P815 target cells (M) or P815/S target cells expressing HBsAg-S
endogenously (). Splenocytes derived from BALB/c mice immunized with wt- or C121/124/147A-VLPs were in vitro restimulated with a mixture of the PQS, WYW, and WPG
peptides for five days, then mixed with different effector to target ratios as indicated (x-axis). Each value represents the mean of four mice in triplicates. The values vary less

than 10% within one group.

conserved (Table 1). For a further analysis, the reverse transcrip-
tase (RT) domains of the HBV polymerase protein were included
as they are encoded by an alternate reading frame, which overlaps
with the HBsAg-S reading frame. The level of conservation of the
two overlapping RT amino acids was also determined. With rele-
vance to the cysteine residues in the external hydrophilic loop re-
gion of HBsAgS, 6 of the 8 strictly conserved cysteines of the ‘a’-
determinant (s107, s121, s124, s137, s139, s149), had a lower level
of conservation in the overlapping RT. The other two ‘a’-determi-
nant cysteines with 100% conservation (s138, s147) also had
100% conservation in the overlapping RT. In contrast, for cysteines
in the internal loop (s48, s65, s69, s76), second transmembrane
(s90) and C-terminal hydrophobic regions (s221), only sC65 has a
higher level of constraint than the overlapping RT. The outcome
of the analysis clearly defines the cysteine residues especially in
the ‘a’-determinant region as highly conserved possibly contribut-
ing to a structure, which guides antigen processing to minimize
immunogenicity.

4. Discussion

Antigen processing is dictated by a series of different factors
such as structural stability of the external antigen, proteolytic
digestion, and the delivery of external antigens to endosomal and
lysosomal compartments. Disulfide bonds are important in confer-
ring structural stability of the protein, and hence disruption of the
native disulfide bonding pattern can result in different antigen pro-
cessing pathways due to an altered protease susceptibility, and

hence leading to a shift in epitope selection for presentation (Li
et al.,, 2002). Comparative immunization studies with different sets
of VLPs were performed to address whether the presence of
monomeric subunits and/or structural changes in a particulate
multiprotein complex can modulate the immunogenicity of the
immunogen. Three different sets of non-native VLPs were gener-
ated in addition to wt-VLPs. VLPs composed of HBsAgS subunits
with single amino acid (C121A or C147A) changes contain predom-
inantly dimeric/oligomeric subunits similar to wt-VLPs, and are
resistant to trypsin digestion. VLPs composed of HBsAgS subunits
with two amino acid (C121A and C147A) changes contain a higher
proportion of monomeric subunits compared to wt-VLPs, and are
resistant to trypsin digestion. VLPs with triple substitutions
(C121A, C124A and C147A) contain a reduced proportion of
monomeric subunits compared to C121/147A-VLPs, and are
trypsin-sensitive. The different sets of VLPs have retained at least
partially their antigenicity as they are detected by a HBsAgS-spe-
cific EIA showing that HBsAgS-specific epitope structures have
been retained. The mutant HBsAgS subunits are assembly- and
secretion-competent, and have retained the capability to co-pack-
age dAgL indicating that they have retained functionality. The
immunization outcomes strongly suggest that the introduced
structural changes by substituting cysteine residues modulated
the cellular immune response (Figs. 3 and 4). VLPs composed of
subunits with single or triple cysteine residue substitutions have
the tendency to induce more prominent immune responses than
wt-VLPs or C121/147A-VLPs, possibly due to the presence of un-
paired cysteine residues facilitating structural changes as a result
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of non-native disulfide bonding patterns. The weakening of disul-
fide-stabilized structures and changes in the local flexibility of sta-
bly folded antigen structures may have caused differences in VLP
processing and hence in the generation of epitope sets, which is
not necessarily dependent on the presence of monomeric subunits.

Twelve of the fourteen HBsAgS cysteines had very high levels of
constraint (>99%), of these, eight were 100% conserved, with no
variation detected across the 1556 patient-derived sequences ana-
lyzed. Six of these cysteines had higher levels of conservation than
the overlapping HBV polymerase, suggesting that the constraint at
these codons is likely imposed by vital functionality of the surface
proteins, not the overlapping RT. This is consistent with the find-
ings of Zaaijer et al. (2007) which showed that the overlapping
polymerase and surface protein genes of HBV evolved indepen-
dently. Most of the strictly conserved HBsAg cysteines are located
in the ‘a’-determinant region (Table 1), which overlaps with the
A-B interdomain of the HBV RT. The A-B interdomain is not part
of the active site of the RT, and possibly act as a spacer between
the A and B functional domains. The presence of highly conserved
HBsAgS cysteine residues in a region overlapping with the A-B RT
interdomain further supports the hypothesis that the cysteine res-
idues are of functional importance. HBsAgS cysteine residues lo-
cated in the ‘a’-determinant region are not necessarily essential
for generating structural features involved in viral assembly but
in infectivity. Sureau and coworkers (Abou-Jaoudé and Sureau,
2007; Le Duff et al., 2009; Salisse and Sureau, 2009) have shown
that cysteine and non-cysteine residues located in the external
loop region are important for conferring infectivity. In addition,
this study indicates that the cysteine residues and disulfide bond-
ing pattern preserves a structure which influences VLP processing,
and may facilitate immune escape. The findings in the mouse mod-
el may have direct relevance to the human system as antigenic
“hot spots” are shared between mouse and human (Sealy et al.,
2008; Surman et al., 2001; Zhan et al., 2007) possibly due to prote-
ases with similar specificity and similar processing pathways (Lan-
dry, 2008; Sealy et al., 2008).

The design of a vaccine based on modified antigens can have
practical applications. The induction of a strong immune response
against epitopes which are less efficiently generated during a nat-
ural infection and therefore fail to induce an immune response
allowing viral escape, may control the progression of infections.
Vaccines based on structurally modified antigens inducing im-
mune response against different epitope profiles can potentially
overcome chronic viral infections or may complement a vaccine
based on native proteins.
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